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NUMERICAL SIMULATION OF THE MASS TRANSFER IN A
HEMODIALYSIS CELL MACHINE

BHenpeHue coBpeMEHHBIX MATeMATHYECKHX MeTOAOB B H3yYeHHe IPOLECcCOB
OMOJIOTHYECKUX CHCTEM SIBJISIETCA XapaKTepHbIM /i Hamero BpeMeHu. HapaOoranubrii
rpOMaJHbIii HAYYHBIH MOTEHIHAJ TOYHBIX HAYK U COBPeMEHHAsi BbIYHUCJIMTEJIbHASI TEeXHHKA
NMO3BOJIAIOT pelliaTh CJI0XKHbIe 3agauyd ¢ OoabmmMM HabGopoMm mnapaMerpoB. OaHum u3
CJI0KHEHIINX HANpPaBJeHUIl B COBPEMEHHOH HayKe fIBJISIETCS MOJEJHMPOBAHHE MAaCCOOOMEHHBIX
MPOIECCOB B KUBBIX CHCTEMAX U, B YACTHOCTH, B OPraHU3Me YeJIOBeKa U CO3aHue MeIULIMHCKOI
anmapatypbl JJIf BbINOJHEHHMs] TeX WJIM HMHBIX Je4deOHbIX omepaunuii. Camo co3iaHue Takoi
anmapatypbl HeBO3MOKHO 0e3 4YeTKOro MOHUMaHHusl 0HMOPU3HYECKHUX U XUHMHYECKHUX MPOLECCOB,
KaK B anmnapare, Tak U B OpraHu3Me, HaxoJsimieMcsi MO BJIMSIHHMeM padoThl amnmapara.
HanbGosiee sipkuM mnpuMepoM B3aMMOCBSI3M OPraHM3Ma U anmapara siBJseTcs mnpouecc
remoauanu3za. MareMaTuuecKoOMy ONUCAHUIO 3TOr0 Mpoliecca MOCBSIIEHO y:ke HeMayio pador. B
JaHHOH CcTaThbe NpeACTaBJIeHA MaTeMaTH4YecKas Moje/ib, OMUCHIBAIOIIAS TH/APABIUYECKYIO
CTOPOHY I@Ipolecca ¢ Yy4eroM compoBoxIammx 3PQeKToB, a TaKKe KOHBEKTHBHO-
Au(pPYy3MOHHBIIE MacconepeHoC HeNTPaIbHBIX KOMIIOHEHTOB MNPH B3aMMOJIEHCTBMH HX C
NnoJynpoHunaeMoii Memopanoii. IlpoBeaennsie pacuersl MOKa3aau BaKHbIE 0COOCHHOCTH TAKHUX
CHCTEM, a TaKiKe BJMsSHHE 3aJaI0IIUX MapaMeTPOB Ha pachnpejejieHHe paccMaTPUBaeMbIX
BeJMYMH B KallWLJIsIpe M IMAJTU3HOM KaHaJie.

Knrouesvie cnoea: Mamemamuueckoe Mmooenupoganue, MAacCONepeHoc, KOoHYeHmpayuu
KOMNOHEHmMO8 KpoeUu, OHKOmu4ecKoe da@neime, 2emoouanus

BrnpoBajkeHHs1 CyYacHHX MaTeMATHYHMX METOIB /10 BUBYEHHsl mpoueciB 0ioJorivyHux
CHCTEM € XapaKTepHUM /Ui Hamoro yacy. HanpanboBanuii BeJu4e3HHH HAYKOBMIl IOTeHIIa
TOYHHMX HAYK i Cy4acHa 00YHCIIOBAJBHA TEXHIKa 103BOJISAIOTh BUPILIYBATH CKJIAJAHI 3aBJaHHA 3
BeJIMKHM Ha0opoM mnapamerpiB. OIHHUM 3 HANHCKJIAJHIIIMX HANPSAMKIB y Cy4acHid Haymi €
MO/EJI0BAHHA MAacCOOOMIHHUX IpoLeECiB B KHBMX CHCTeMax i, 30kpeMa, B OpraHi3mi JIIOAUHH i
CTBOPEHHS MEJUYHOI anapaTypu 1Jisi BAKOHAHHS THX YM iHIIMX JIKyBaJbHUX omepanii. Came
CTBOPEHHS TAKOI anaparypu HeMOMAJIMBO 0e3 4YiTKOro po3yMiHHsi Oio(i3MyHMX i XiMIYHHX
npouecis, sik B anapari, Tak i B opraHiami, o 3HaX0OMTbCS MiJ BIVIMBOM po0OTH amapary.
Haji0inbm sickpaBuM NPHUKJAI0OM B3a€MO3B'SI3KY OPraHi3my i amapary € mpouec remMogiajisy.
MaTteMaTH4YHOMY ONHCY LbOr0 MpOLeECY NPHCBAYEHO BiKe 4YMMAaJO0 PpodiTt. Y npawHid crarri
npeAcTaB/JeHa MaTeMAaTUYHA MO/eJib, 10 ONMCYE TiApaBJivyHy CTOPOHY Npouecy 3 ypaxXyBaHHAM
CYNIPOBOKYIOYHX e(eKTiB, a TaKoK KOHBEKTHBHO-IM(Y3iiiHMII MacconmepeHOC HeHTpPaJbHHUX
KOMIIOHEHTIB MPH B3a€EMO/Ii iX 3 HANIBIPOHUKHOIO MEMOPAaHOI0.
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IIpoBeneHi po3paxyHKH NMOKa3aJM Ba:KJIMBI 0COOJMBOCTI TAKHX CHCTEM, 2 TAKOK BILJIMB
3aJlaHUX NapaMeTpiB HA PO3MOAILT PO3IJISIHYTHX BeJIMYMH B Kansapi i AianizHoMy KaHaJIi.

Knwuosi cnoga: MaremaTuyHe MOJEIIOBaHHS, MAacOIIEPEHOC, KOHIIEHTpalli KOMIIOHEHTIB
KpOBi, OHKOTUYHUI THCK, TeMOTiai3

The introduction of modern mathematical methods in the study of the processes of
biological systems is characteristic of our time. The accumulated huge scientific potential of exact
sciences and modern computer technology allow solving complex problems with a large set of
parameters. One of the most difficult areas in modern science is the modeling of mass-exchange
processes in living systems and, in particular, in the human body and the creation of medical
equipment for performing certain medical operations. The very creation of such equipment is
impossible without a clear understanding of biophysical and chemical processes, both in the
apparatus and in the body, which is under the influence of the apparatus. The most striking
example of the relationship between the body and the apparatus is the process of hemodialysis. A
lot of work has already been devoted to the mathematical description of this process. This paper
presents a mathematical model describing the hydraulic side of the process with allowance for
accompanying effects, as well as convective-diffusion mass transfer of neutral components when
they interact with a semipermeable membrane. The calculations carried out showed important
features of such systems, as well as the influence of the control parameters on the distribution of
the quantities under consideration in the capillary and the dialysis channel.

Keywords: Mathematical modeling, mass transfer, concentration of blood components, oncotic
pressure, hemodialysis

Introduction. One of the directions of the modern scientific development of the
space industry is associated with a long stay and life support of a person in extreme
conditions. The range of problems related to the creation of space technology currently
includes not only the tasks of uninterrupted power supply and ensuring the reliability of
mechanisms, but also, first of all, providing high-quality medical services based on
modern medical equipment, in particular using membrane technology. Artificial blood
purification (hemodialysis) in modern medicine has been universally recognized and is
used as an effective method for ionic homeostasis, detoxification and dehydration of the
body. The process of hemodialysis is associated with the occurrence of complex mass-
exchange processes in the channels separated by membrane partitions through which the
fluid is filtered and diffuses relatively low molecular weight blood components
(muscular, creatine, toxic substances, allergens, etc.). One of the circuits of the
hemodialysis apparatus used is a bundle of hollow fibers, the walls of which are
semipermeable membranes. The blood of the patient is delivered inside the fiber, and the
dialysis solution is injected into the interfiber space, as a rule, in countercurrent. Due to
a certain pressure drop across the membrane, the fluid flow, which constitutes 90% of
blood plasma, together with the metabolites, flows into the dialysis channel, as a result
of which the concentration of the formed material and proteins in the fiber increases,
which is accompanied by an increase in viscosity blood. Blood is a heterogeneous
medium, it consists of blood particles (shaped material, dispersed medium) and
dispersive fluid mass - plasma. Plasma is a biological colloidal solution that contains
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both low molecular weight substances and high molecular weight protein compounds
(proteins). One of the most important effects associated with the hemodialysis process is
the osmotic increase in pressure in the capillary pressure (oncotic pressure), which is due
to the interaction of the plasma pro- teins with the membrane and the carrier fluid. In
general, the hemodialysis process can be considered both from hydrodynamic positions
and from the positions of diffusional mass transfer in the presence of molecular
interaction of the components with each other and with the surfaces of the apparatus [1,
2]. At present, the hydraulic side of the theory of hemodialysis has acquired a relatively
simple form, based on the solutions of the equations of hydrodynamics under the laser
mode of flow in the channels [2—4].
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Fig. 1 Flow Chart

Mathematical formulation of the problem. Flow dynamics. If the cell shown in
Fig. 1 is taken as the cell element, then the equations describing the dynamics of the
fluxes and the preservation of the masses of the blood components can be written as
follows (the Newtonian model of the liquid is considered):

G — 17ch 4de (1)
8 /JC dX
1 \RE -RZ ) dp
Gp =--*R R=MJIR2 —RZ )+ 2R In(Ry /Rg )|t —R | 2
R 78 4 {( R ) - in(Ry /R3) (R& ~R3 )+ 2R%, In(Ry R)] i (2)
dGg
—= =27R VMR 3
dx M PRVMR ( )
Gpr =Const, Gg =Const, 4)
R
Veur = Km(Pe — PR = Pone)s VR :ﬁVCM : (5)
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where G., G., Gs, Gpgr, G - costs, respectively, of blood, dialysis fluid, liquid
released from the blood into the dialysis channel, proteins, formulated material ; p., ps
Is the pressure in the capillary and dialysis channel accordingly; p., p IS density of
blood, dialysis solution (the density of the emitted liquid is taken equal pg); u-, 1 are
the dynamic coefficients of viscosity, respectively, of blood and solution; Rz, Ry, Ry

are radii (see fig. 1).
To these equations it is necessary to add the dependencies of viscosity and
oncocteric pressure on the corresponding parameters [5]:

sie = papy [L+2.5H +0.0735H2), (6)
Pone =0.21-cp, +1.6-1072-c3, +9-107°.¢3 (7)

where up, is dynamic coefficient of viscosity of the plasma; H is volume fraction of
the form material (hematocrit); cp, IS mass concentration of proteins in plasma.

Somewhat more complex dependences of the dynamic viscosity on the hematocrit
fraction are given in [2], the formula for the blood density is also given there.

pc =1030(1-H)+1090H . (8)

The written system of equations forms the basis of the hydrodynamic theory of
hemodialysis, and with varying degrees of simplification has been considered in
contemporary literature [2—4, 6].

In fig. 2 - 5 shows the results of calculations of costs and pressures in the channels
of the device (Rc = 0.3 mm; Ry, =0.34 mm; Ry =0.7 mm).
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Fig. 2 Changes in blood flow in the fiber (A - fiber length 15 cm; B - fiber length 20 cm):
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Fig. 3 Pressure drop in the fiber (same designations)
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Fig. 4 The change of oncotic pressure in the fiber (the same designations)
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Fig. 5 Changes in the flow rate of fluid through the membrane (designations are the same)

The curves show qualitatively a change in the hydrodynamic parameters from the
channel length and membrane resistance. From fig. 2 it follows that the costs in the
capillaries, quite noticeably react to the magnitude of the flows. This is natural, because
the flow rates themselves in the capillaries are not rational, as a result of which the
membrane resistance must be clearly defined. Shown in fig. 4, the separation of oncotic
pressure curves suggests that its values may be significant in the process. The
calculations carried out in [3] for a more complex rheological model of a fluid, showed
small differences in the pressure distribution in the channels compared to the Newtonian
model, as a result of which the authors of this work - use the Newton model of a liquid
to study mass transfer processes. The mathematical model and the method of successive
approximations of this work allows one to determine the fluxes and pressures in the
capillary and dialysis channels, depending on the driving parameters and hydraulic
characteristics of the membrane.
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Mass transfer. In addition to flow distribution during hemodialysis, an important
Issue is the distribution of blood components in the dialysis cell. In the previous section,
emphasis was placed on the separation of flows due to the corresponding pressure drops,
which determine the hydraulic behavior of media, i.e. it was assumed that the diffusion
fluxes are small compared to the dynamic ones. In real cases, the gradients of the
components can be significant, and the filtration hydrodynamic velocities are small,
which should lead to an increase in the weight of the diffusion component. In addition,
diffusion processes may also be of self-interest, since With the help of the introduction
of some active components that prevent, for example, blood coagulation, it is possible to
regulate the process itself, either to fix the output of the desired component, or, for
example, to regulate the patient's calcium-phosphorus metabolism [ one]. Finally,
significant scientific interest are ion-exchange processes in which the presence of
membranes or phase supernotes has a great influence on the dynamics in general and on
mass transfer [7,8]. Here we consider the diffusion processes of neutral components, one
of which (1) is associated with blood, the other is distributed from the dialysis channel
(component 2). A similar problem related to calcium metabolism was considered in [3].
The basic equation can be written as:

8@-0-) opiCi 0piCij | o OCj 0 oc;
J¥] I J¥] ] J
+ U +V =|—| piDi— |+—| piDir— ||+ J;, 9
ot OX or OX he OX ror Pivi or J ®)

where t is time; x,r- coordinate system; u,v- speed components derived from the
hydraulic task; c;j- concentration of the j-th component; D; - diffusion coefficient; J;

determines the change in concentration due to reactions. We further assume that the
densities and diffusion coefficients are constant J; =0, and the initial values of the

concentrations are zero. As the boundary conditions, we use the following relations.
In capillary:

a0r)=cyq, (6c/0x), | =0;
(6cy/0x),_o =0, (6cy/0X),_, =0; (10)

in the membrane:

(6c,/0x),_q =0, (oc/0x),_, =0;
(Gcy/0x),_o =0, (6, /0x),_, =0; (11)

in dialysis channel:
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(acllax)xzo =0, (acllax)sz =0;
(8(32 /6X)X20 =0 y Cz(l_, I’) = C20 . (12)

At the boundaries of the regions, in accordance with the theory of mass transfer, we
accept the corresponding equality of the concentrations and fluxes of the components

[9].
On the axis of the capillary symmetry conditions

(6cy/0r),_q =(0cy10r),_o =0; (13)

on the border of the capillary membrane: ¢;(x,r)_ge40 = Hmc €%, Fr—ro—o

aCj aCJ
VCj—Dj— = VCj_Dj_ ; (14)
or or
r=Rc-0 r=Rc+0
on the border of the membrane - dialysis channel: ¢;(x,r),_gm_o = Hwr jCj (X, F)r—rm.0-
OC ; OC ;
{VCJ'—DJ‘—JJ :(VCJ'—DJ‘—JJ ; (15)
or or
r=Rm-0 r=Rm+0

on the canal wall (6c,/ar),_g, =(dc, /0r),_g, =0. The written system of equations and

boundary conditions is sufficiently general. It makes it possible, through the use of
certain quantities or other, to model interesting, complex cases of mass exchange, and
also to move to simpler equations. In particular, in a number of papers, for example, in
[10, 11], mass transfer coefficients are used for mass fluxes of components between
channels (through a membrane). In this paper, a model problem is considered — the
transfer of a low-molecular complex from the blood to the dialysis channel and,
conversely, some component from the diamal solution to the capillary when the speeds
and Henry coefficients change Hmc and Hmr.

In fig. 6 - 9 shows the distribution curves of the considered compounds in the
capillary and the dialysis channel for various cases (Hmr=1; v =a(uc /Ugg)/d(x/L) was
taken constant along the capillary, the diffusion coefficients in the membrane are an
order of magnitude smaller than in solutions). The main changes of the setting
parameters and the corresponding numbers of curves are given in the table.
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Table 1. The main changes of the setting parameters

1 2 3 4 5 6
UcO | 001 | 001 | 001 | 0,01 | 0,00 | 0,01
uf0 | 002 | 002 | 0,04 | 0,04 | 0,02 | 0,02
v 0,1 0,2 0,1 0,1 0,1 0,2
Hmc 1 1 1 2 2 2
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Fig. 6 - The distribution of the concentration of C1 in the capillary
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Fig. 7 - The distribution of the concentration of C1 in the dialysis channel
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Fig. 9 - Distribution of C2 concentration in the dialysis channel

The given concentration curves of the considered components give an idea of their
distribution in the channels, depending on the input velocities, filtration filtration flows
in the membrane and Henry coefficients. Here, an important circumstance is the
transition of component 2 from the dialysis solution to the capillary with blood, which is
generally undesirable. This issue requires special attention and must be carefully
developed. The second important point is related to the magnitude of the Henry
coefficient, which has a significant effect on the distribution of the companion under
consideration. This formulation of the problem and the numerical solution method allow
calculating the distribution of blood components and dialysis solution in the capillary
and dialysis channel depending on the determining parameters of the convective-
diffusion process.

Conclusions. In the most general form, the problems of fluid hydraulics and
convective-diffusive mass transfer in a cell of a hemodynamic apparatus are formulated.
The performed numerical solutions have shown the effect of flows on the flow of fluid
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in the channels and on the change in oncotic pressure of the blood. The distributions of
the considered components of blood and dialysis solution in the channels are found, the
effect of Henry overflows and coefficients on the concentrations of these substances is
shown.
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J[nenpoeckuu nayuonanvuviu ynusepcumem umenu O.1 onuapa

BEKTOPHO-®A30OBBIE XAPAKTEPUCTUKHN HU3KOYACTOTHOI'O
AKYCTHYECKAA4 I1OJIA B ITIOJIOCTH PYIIOPA

IIpoBenén ananu3 BeKTOPHO-(a30BBIX XaPAKTEPUCTHK HU3KOYACTOTHOIO AKYCTHYECKOI0
nojisi B  MOJOCTH  pynopa. IJKCHEPUMEHTAJbHO MOJYY€Ha  AMIUIMTYJAHO-4aCTOTHAasl
XapakTepucTuka 0e3pa3MepHOH AKTHUBHOM COCTABJISIOLIE MMIIeaHCA.

Knrouegvie cnosa: nuzxouacmomuulii, 6eKMOpHO-ha3oevle XapaKmepucmuKu, pynop.

IIpoBeaeno aHai3 BeKTOPHO-Ga30BMX XapPAKTEPUCTHK HHU3bKOYACTOTHOI0 AKYCTHYHOIO
nojasi B MNOPOXHHMHI pynopa. EkcnepuMeHTaJlbHO OTpHMMaHAa  AMILIITYAHO-4aCTOTHA
XapakTepucTHKA 0e3p0o3MipHOT AKTMBHOI CKJI1a10BOI iMIIeJaHCy.

Knwuogi cnosa: nusvbkouacmommuil, 6eKmMopHo-@azosi Xxapakxmepucmuxu, pynop.

The analysis of vector-phase characteristics of a low-frequency acoustic field in the cavity of
the horn is carried out. The amplitude-frequency characteristic of the dimensionless active
component of the impedance is experimentally obtained.

Key words: low-frequency, vector-phase characteristics, horn.

AKTYaJIbHOCTb T€MBbl.

Meton BEeKTOpHO-(a30BbIX XapakTepucTHK [1-4] ObuT paHee TpPUMEHEH IS
UCCJIeIOBAHUSI  MPOCTPAHCTBEHHOTO  PACHPENEICHUS OCHOBHBIX  XapaKTEPUCTUK
3BYKOBBIX M HMH(Pa3BYKOBbIX mojeil. OIHAKO CTPYKTypa aKyCTHYECKOro MOjs Ha
HU3KUX YacTOTax B MOJIOCTSAX pynopax OO0 CUX NHOp He u3ydanack. [loctaHOBKa M
pelieHrne JaHHOM  TpoOJieMbl  OMpefeNseT AaKTyaJdbHOCTh  BBIOPAHHOH  TEMBI
UCCIICIOBAHUMN.

© Coxon I'"., Omemomko O.C., 2018
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

Heabio naHHO padoThI SBISETCS aHAIN3 BEKTOPHO-(DA30BBIX XapaKTEPUCTHUK
HU3KOYACTOTHOTO aKyCTHYECKOTO MOJIsl B TOJIOCTH PYIopa.

OO01ast yacThb.
1. AHanuTnyeckuii 0030p

B u3BecTHBIX paboTax MO MCCIIEAOBAHHIO M3IYYCHHUS BOJIH 3BYKOT'CHEPATOPAMH C
pyrnopaMu HH(GPA3BYKOBOH IHAITa30H YaCTOT paHee He PacCMaTPUBAJICS.

OnpefensionmM MOMEHTOM B Pa3BUTHH TEOPUM HU3JIYYCHUS BOJH pPyHOpaMu
sBIsIach TyOnukarus padotel A.I.BeGctepa [5] B KOoTOpo# NpUBEACHO BOJTHOBOE
ypaBHEHHUE B BUJIC

,0'p  ,00 O
+c¢" —-—(IgS
ox’ ¢ Ox ax(g ),

¢p=c

r7e (—MOTEHIMaN, C-CKOPOCTh 3BYKa, X-TEKyIllas KOOpIWHATa BAOJb OCH pymopa, S-
IJIOLIA/lb CEYEHUS.

B [6] BBeeHO MOHATHE aKyCTHYECKOTO CONMpOTHBIECHUA. B pabote [7] nmpuBeneHo
OMHCaHWE PACHPOCTPAHCHHS BOJH B KOHMYECKOM M HKCIOHEHIIMAJIHLHOM pyHopax
OECKOHEYHOM M KOHEUHOM IiuH. /[[nuHy pymopa mnpeasiaraeTcsi BbIOpaTh TaKoOM
00JIBI1I0H, KaK TOJHFKO BO3MOXKHO Ha MpakTUKe. B ciyyae KCMOHEHIIMAIBHOTO pyIopa
MOJIy4YEHO peIIeHHE ISl PacXOJsIIeiics BOJHBI. PaccMOTpeH mporecc H3Iy4YeHHS B
3aBHCHUMOCTH OT KPUTHUYECKOW YacTOThI, HUKE KOTOPOW BJIOJIb SKCIIOHEHIIMAIHEHOTO
pynopa cornacHo [7, 8] 3Byk He pacmpoctpansiercsi. Pazpaborana MeTojuka pacuéra
aKyCTHMYECKON MOIIHOCTH H3JIydaTelisi ¢ PymopoM KOHEYHOW AJUHBI, HO TOJBKO JIS
pyrnopa 3KCIoHeHIManbHOU (opmbl. K TomMy ke, Monenbio ycThs pynopa NpUHSTa
TpyOa c OeckoHeuHbIM (iaHieM win Toiiychepa B OSCKOHEYHOM OJKpaHe, UTO He
OIpaBIaHo s u3ny4darenei, mapametp KR xoropsix nexut B npenenax ot 0,7 < kR <
2. DTOT e HeJIOCTaTOK MMeeT padoTta [8].

B pabote [8] mpuBomsaTcs pacuyérHbie (GOPMYINBI IS OMPEACICHHS 3BYKOBOTO
JaBJIeHUs, KojeOaTelbHOW CKOPOCTH, HMMIIEaHCa M aKyCTHMYECKOM MOIIHOCTH ISl
pynopa OECKOHEYHOH M KOHEYHOM IJMHBI KaTeHOWJadbHOU (opMmbl. [ns cpaBHeHUS
XapaKTePUCTHK PYMOPOB Pa3MMUHBIX (HopM BBEAEH KOIPPHUIMEHT OTHa4u T, PaBHBIN
OTHOIICHUIO AaKTHUBHOW COCTaBIIAIONIEH WMIIEAaHCA B TOpJie K BEIMYMHE YIEIHHOTO
aKyCTHUYECKOTO compoTuBieHusi. Dopmyna KOIPPUIIMEHTA OTAAYH, YUUTHIBAIOIIAS
s deKT oTpakeHUs: MPsIMOW BOJHBI OT YCThSl PYNOpa, BBHIBEJACHA B IMPEIIOJIOKCHUU:
pynop u3iydaeT 3BYK TaK ke, Kak TpyOa, cHaOkeHHas OECKOHEYHBIM (hJaHIEM, YTO
SBIISIETCSI HEIOCTATKOM TEOPHH.

CyliecTBeHHBIM BKJIaJ B TEOPHIO PACTIPOCTPAHEHHsS] BOJH B OECKOHEYHBIX W
KOHEUHBIX pynopax BHeciau pabotsl JI.S. ['yruna [9, 10]. B padote [9] paccmorpeno
pacrpocTpaHeHHEe BOJH B PyIIopax KOHHYECKOH, mapaboJIMIeCKOr M AKCIIOHCHITUATILHOM
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

(dopmbl kKoHeuHO# JuHbL. [ Hux JI.A. I'ytun onpenenun ko3 GULMEHT U3TyYeHUs o
KaK

_ X(ag — bf1)

(VX)) + (a + f1YY)?

a

rae X,Y — akTUBHAsl U PEaKTHBHAs COCTABIISIONINE UMIIEIaHCa B TOpIIe pymopa, a, b, fy,
 — HEKOTOpBbIE QYHKITUH, 3aBUCSIIINE OT BEIMIMHBI KOJICOATEIIBHON CKOPOCTH B TOPJIC U
B YCThE PYIIOpPa, OHU BBIYUCISIFOTCS JUIS PyIOpa KOHHYECKOW (POPMBI U OTIPEICIICHHBIX
pa3MepoB.

BaXHBIM MOMEHTOM B Pa3BUTHH TEOPHH O XapaKTEPUCTHKAaX 3BYKOBOTO IIOJI,
BO3HHUKAIONIETO B CpEAe MPU M3IYYCHUU 3BYKAa T'€HEPATOPOM C PYIOPOM, SIBHUIIHCH
padotsl [11-15] rae BBeaeHo mousTHe KO3 (dUIMEHTA HANPABICHHOCTH U PACCUHUTAHBI
XapaKTEPUCTHKH ITOJIS B 3aBUCMMOCTH OT mapameTpoB KR.

2. MaremaTuyeckoe ONHCAHHME PACHPOCTPaHEHMs BOJHBI B  pynope
KaTeHOUIAJIbHOU (POPMBI.

[Ipu mManbpiX aMIUIMTyAaX KoJieOaHW BOJIHOBOW MPOIIECC B PyHope MEPEMEHHOTO

CEUEHHSI OTIMCHIBACTCSI BOTHOBBIM YpaBHEHUEM [5]

x> S ox ox ¢, or (1)

6240+1_6S_8g0: 1 o%¢

rje - MOTEHIMal BOJIHOBOTO mojisi, S (X) - mepeMeHHas Iionaab CEUeHUs pymnopa, -
KOOpAMHATA, TPOXOAUT BJIOJIb OCH PYIIOpPa, C - CKOPOCTH 3ByKa B CPEXE, t - BpeMsl.

Pemienue BostHOBOTO ypaBHeHUs (1) SBIsIETCS M3BECTHBIM U 3aBUCUT OT BUAA (PYHKIIUU
S (X). B mannoii paboTe comnocTaBieHUsI TECOPETUIECKUX U MPAKTUUECKUX PE3yJIbTaTOB
OyzeM MpOBOIUTH JJIsi Pymopa KareHouaaabHou ¢opMbl. B a3TOM ciyuae BTOpoit uiieH

ypaBHeHwus (1) umeet Bu

1%} 2 x
2 (1eS)=“%/02X
o (es) e

Torz[a miIomanab CCHCHUA U3MCHSCTCS 110 3aKOHY

!
S, =8S.,ch2 —
2 1€ I

27

rae h - mapametp pacmupenus, h = Ay , 7 - JUIMHA BOJIHBI HA KPUTUYECKOU YaCTOTE,
S1u S; - momanu cedenus pymnopa B ceueHusx npu x = 0 u x =l, e | - nmHa pynopa.
[ToHsiTHE KPUTHMYECKOM YACTOTHI CBS3aHO C H3YYEHHEM PACHPOCTPAHECHUS B BOJIH
pynopax nepeMeHHOT0 CeYeHs] OECKOHEUHOM JJIUHBI.
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

3. BKCI[epI/lMeHTaJIBHBIe HCCJICI0BAHUSA aKYCTHYCCKHUX XapPAaKTEPUCTHUK pylopa.

C uenbro M3yyeHUs YACTOTHOW XapaKTEPUCTHKH KOA(PPUIMEHTA H3JIy4YE€HUs Ha
KOHKPETHOM MOJIENIM MTPOBEIECHA CepHUsl IKCIEPUMEHTOB. Tak Kak o ecTh Oe3pazMepHas
aKTHBHAs COCTAaBIJIAIOIIASl MMIIEJAHCA B TOpJIE pymnopa, TO IPHU SKCIEPUMEHTAIBHBIX
HCCIICIOBAaHUSIX BO3HUKAET HEOOXOAMMOCTh B OMNPEICICHUH BEKTOPHO-(Pa30BBIX
XapaKTEPUCTHK aKyCTUYECKOTO IIOJIAI pymopa C MOCICAYIOIIMM BBIIECICHUEM HX
JIEHCTBUTEIILHOM YacCTH.

Pa3paboTana MeToMKa 3KCIEPUMEHTAIBHBIX UCCIIEIOBAHUN aKyCTUYECKOIO MOJIen
MH(PPA3BYKOBOIO pynopa KOHEYHOM [UIMHBI. MeETOAuKa COCTOUT B OIpENEICHUU
CKAIISIPHBIX U (PEKTOPHO-(a30BBIX XapaKTEPUCTUK MOJIA IKCIIEPUMEHTAIbHBIM MyTEM. B
JAHHOM CJIy4dae CKaJspHas BEJIMYMHA — YPOBEHb 3BYKOBOI'O JIaBJIICHUS B TOpJIe pyIopa,
BEKTOpHas — KoJiebaTeapbHasi CKOPOCTh YaCTHIL B FOpJIE€ PyIopa.

OmnpeneneHne aKTUBHOM M PEAKTHUBHOW YaCcTH HMIIEJAHCa B TOpJEe pyropa
U3BECTHBIMM  METOJAMM, OCHOBAaHHBIMH HAa IPUMEHEHUHM B  M3MEPEHUSX
MOJIYJITMHHOBOJIHOBOW TPYOBbI MOCTOSIHHOTO CEYEHHS], B IAHHOM CIIy4ae TPYI0EMKO, TaK
KaK K ropJy pynopa Heo0X0uMO MPUCTBIKOBATh TPYOy IJIMHHOMI He MeHee 1 7M.

Ha nepBom 3Tane MOXHO MpPEAIoIOKUTh, YTO KoJieOaTeabHasi CKOPOCTh YacTHULL B
ropje pymnopa ONpEAeNIeTCs] BEJIMYMHON KOoJIeOATENbHOW CKOPOCTH BO30YXIAIOLIETO
alIeMeHTa. B cilydyae mopIiHs 3To NpeAnoiokKeHHe MOTHOCThIO ONpaBaaHo U {; paBHa (i
(rne Cm —xonebaTenpHasi CKOpOCTh MOpIIHA). [Ipu odyeHb MEUIEHHO pacXoIsIieMcs
ceueHun pyrnopa (a B ciydae pymopa mimuHHOH L=10m m f=17T'm cymectBeHHas
pacxoaAUMOCTh 00BO/Ia HAYMHAETCS C JUIMHBI L=6M) MOKHO MPENOI0KUTh, UTO B TOPJIE
pyHopa pacrnpoCTpaHseTcs IIOCKask BOJIHA.

JIng  u3MepeHuss aKyCTHYECKOM  MOIIHOCTH  3[€Ch  JOCTaTOYHO  HMETh
aKceJIepoMeTp, YKPEIUIEHHBI Ha MOpIIHE, U MHUKPO(OH, YCTAHOBJIEHHBI B ropJje
pyrnopa. TakuM METOJIOM ITPOBEACHBI U3MEPECHHUS, ONTMcCaHHbIe B paboTax [14, 15].

Opnnako, Oosiee TOUYHO KOIPGHUIMEHT U3TYUYECHHUS] MOMXKHO OMPENETUTh TOJBKO C
UCIIOJIb30BAHUEM METOJa HM3MEpPEHUN BEKTOPHO-()A30BBIX XapaKTEPUCTHK B TropJie
pynopa. Meroa BeKTOpHO-(A30BbIX XapaKTEPUCTHK ObUT paHee MNPUMEHEH s
VCCIIEIOBAHNST  NPOCTPAHCTBEHHOTO  PACIPENEICHUs OCHOBHBIX  XapaKTEPUCTHK
MH(}pPa3ByKOBOro TmoJiA B 3aMKHYTHIX oObémax [l]. Ilpumenum »sTOT Meron mms
ompeneneHus 6e3pa3MepHOil aKTUBHOW COCTABIISIONICH uMIieaanca (i koddduimenta
U3ITyYEHUS o B TOpJjie pynopa mpHu Bo30YXI€HUHU ero Ha HH(PPa3BYKOBBIX 4aCTOTAX.

Jlnst onpeneneHust BeMYMHbI KO QUIIEeHTa U3TydYeHUsI 0. HEOOXOAUMO U3MEPUTH
MT'HOBEHHbIE 3HAUEHHUsI 3BYKOBOT'O JIaBJICHUS Py U KoJieOaTeNbHOU CKOpOCTH (yx B TOpiie
pynopa, a Takxe (a30Bble COOTHOLIEHUS MEXIy HUMHU. Onpenenutb aKTUBHYIO
COCTABJISIFOLIYIO UMII€/IaHCA HA OCHOBAHWU U3MEPEHUI TOJBKO P2 U (x BO3MOKHO JIMIIb
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

B Cllydyae MpOCTEHIIMX MOJIEW: B MOJI€ IJIOCKOW Oerymieid BOJHBI, B JAJIbHEM IIOJIE
CBOOOHON IWJIMHAPUYECKON U ceprudeckoil BOIH. B ycIoBHsIX CI0XKHOTO 3ByKOBOTO
MOJIE IPU HAJIWYUHU CTOSYMX BOJH HEOOXOAMMO 3HATh emé U (ha30BbIE COOTHOIICHUS
Mexay p; 1 Cx.

Benuunna p,; - ckaisdpHas XapakTEpUCTHKA 3BYKOBOIO TOJs, H3MepsiemMas
MHUKPO(POHOM MO OTPaOOTAaHBIM METOIUKAM.

Bennunna (; - KonebarenpHash CKOPOCTbh YAaCTUIl CPebl B 3BYKOBOH BOJHE -
BEJIMUYMHA BEKTOpHas. B cioyuyae CII0)KHOrO 3BYKOBOTO IIOJII  HEOOXOJUMO
paccMaTpuBaTh NPOEKLIUU MPOCTPAHCTBEHHOTO BEKTOpa KOJIEOATENbHOM CKOPOCTH.
AMIUIMTYya TPOEKIUH CKOpocTH (; Ha ocb X JaéT BO3MOXHOCTb BBIYHUCIHUTH
KO3 GULIMEHT U3Ty4YeHUs 0 B TOpJie pyrnopa

Cx: I Cx*e-i(PpZCx,

IIIE Qpocx~ PA3HOCTH (ha3 MEXKIy 3BYKOBBIM JABJICHUEM M COOTBETCTBYIOILEH MPOEKIHEH
CKOpOCTH, (yx — COCTaBIIAIONIAs BEKTOpa KOJeOaTeIbHOM CKOPOCTH, COBIAJAIOIIasi C
IIPOIOJILHOM KOOPAMHATOM, HAIIPaBIEHHOM BJI0JIb OCH pyIIOpa.

Taxum oOpa3om, CTpyKTypa 3ByKOBOI'O I0JI B TOpJI€ pyrnopa TAK)KE BIIOJHE MOXKET
OBITH OmpeneneHa Ha OCHOBAHMHU M3MEPEHMH TPEX OCHOBHBIX IAPaMETPOB P2, Cx, Ppocx.
[ToaTomMy sKcIepUMEHTaIbHbIE MCCIEIOBAHUS 3BYKOBOI'O IOJISL B ropje pynopa ObLIH
OCHOBAHbI HA U3MEPEHUH ITUX TPEX BEIUUMH.

Ha pucynke | npencraBieHa cxema U3MEPUTENBHOM annapaTypsbl.

JUis mpoBeneHUsT TaKMX H3MEPEHUH HeoOXOIMMO HMETh JBa aKyCTHYECKUX
MPUEMHUKA: MPUEMHHUK 3BYKOBOIO JIABJICHUS U TPUEMHUK KOJIEOATEIIbHONU CKOPOCTH.

<

2706 2635 C1-72

2807 55A-85
r3-47
55/1-26

55M-01

2031 |

Puc. 1. Cxema usmepurenbHON annaparypsbl. 4344- akcesnepomerp, 2635- npeaycnanreib
3apsina, 2807- 6;ok nuranus, Cl-72 ocunisiorpad, 2031- anaau3aTop cnekrpa.
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

B kauectBe npuEMHHMKA 3BYKOBOTO JIaBJICHUS HMCHOJIb30BAJICA KOHIAEHCATOPHBIN
MukpodoH 4165. B kadecTBe npuéMHHKa KoJaeOaTeIbHOM CKOPOCTH ObLT MCIOJIBb30BaH
akcenepoMeTp 4344, curaai ¢ KOTOpOro HHTErPUPOBAJICS HA UHTErpaTope. Paza Mexay
p2 1 {x buxcupoBanack pazomerpom 2971.

[Ipu momaye curHajioB C 3ajaromiero reHeparopa [3-47 dyepe3 yCHIMTEIb
MomrHocTH 2706  mpuBoauMiack B KojeOaTeapHOE — JBIDKCHHE — auadparma
rpomkoroBopuresis EvM MODELI15L, npucThlIKOBaHHOTO K TOPJAY KaT€HOWIAIBHOTO
pynopa. B ropie pymopa HEMOCpPEACTBEHHO Iiepen amadparMoil amHamMuKa (Ha
pacctossuun  0,Im) Obu1  ycraHoBiaeH Mukpodon 4165. Axcenepomerp 4344
YCTaHABIWBAJCS B TIEHTPE MeMOpaHbl TPOMKOTOBOPHUTENS Ha Koier. JlaHHbIe
M3MEPEeHUI 3BYKOBOTO JaBiieHUs MHKpopoHOM 4165 u KonebarenbHON CKOPOCTH
IIEHTpa MEeMOpaHbl TPOMKOTOBOPUTENISL akcenepoMeTpoMm 4344 depe3 MpeayCUITUTENb
3apsana 2635, Onoxk nutanus 2807, (GUKCUPOBAIUCH BHU3YyaIbHO Ha IIIKalIax
ocmorpada CI-72 u ananuzaropa cnekrpa 2031. YacToTHbIN quana3oH U3MEpEeHH
coctaBmia 15-50111.

B mporiecce sKCepUMEHTANIBHBIX HUCCIEIOBAaHUN YPOBEHb BHEIIHUX IIYMOB OBLI
HUKE M3MEpPSIEMOT0 YpOBHS 3BYKOBOro pnaBiieHus Ha 15 nb. IlpeaBapurenbHO Takxke
OBLIO YCTAaHOBJIEHO, YTO aMIUIUTYAHO-YAaCTOTHASI XapaKTEPUCTUKA TPOMKOTOBOPUTEIIS,
MIPUMEHSIEMOTO JIJIsl BO30YXKIeHUs CT0JI0a BO3/lyXa B PyINope, B Mpejiesiax UCCIIeTyeMbIX
JacTOT SBJSIETCS, NpaKTHYecku JuHerHou [16, 17]. IlpuMeHsemas i WU3MEpEHHI
anmaparypa ¢upmbl bprons u Kbep mo3Bonwia omnpenenuTs (a3oBble COOTHOIICHUS
Ppacx € TouHOCTBIO + 1 1B[18].

N3mepenust Npou3BOIUIUCH COTIIACHO TpeOoBaHUAM, u3NokeHHbIM B 'OCT 17187-
81 M MHCTPYKIIMH 110 MPUMEHEHUIO anmaparypsl Gupmsl bprons 1 Keep [18].

[lepen HauaroM U3MEPEHHI TMpPEABAPUTEIHHO OblIa MpPOBEAEHA KaaTuOpOBKa
U3MEPUTENLHOTO TpakTa, JJig Yero ObUla coOpaHa yCTAaHOBKA, COCTOSINAs W3
AJTUHAPUYECKON TPYOBI MOCTOSTHHOTO CEYECHHS, TPOMKOTOBOPHUTEIIS U OMMCAHOTO BHIIIIE
KOMIUIEKTa M3MEpUTENIbHOW amnmnapaTypbl. OHa MO3BOJIMIIA ONPEAECIUTh MOTPEIIHOCTD,
BHOCHMYIO KOMILUIEKTOM HW3MEPUTENIbHOM anmapatrypbl B U3MEPEHHS Ppy. C yd€Tom
JTAHHBIX KaJMOPOBKU HM3MEPUTEIHHOTO TPaKTa MOJYYEHO, YTO @, B TOpJe pymnopa
KaTeHoOuAabHOU hopMbl 61u3ka k 0°, a B ropiie pynopa Bo30ysk/1ajach MIOCcKas BOJIHA.
®da30-yacTOTHas XapaKTePUCTHUKA MPEJICTABIICHA HA PUCYHKE 2.
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0
[2pad]

20
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; \\\/ .//

g 5 2;7\ ~—" \\_//35

b filyl

Puc. 2. ®a30-4acToTHAsI XapaKTEePUCTHKA B ropJie pynopa.

BBugy TOro, 4Tto 3ByKOBOE€ JaBJICHHE M3MEPSIOCh MUKPO(POHOM, YCTAaHOBIECHHBIM
Ha paccrosiHuu 0,1m oT nuddy3opa rpoMKOroBopuTENs, a KojiebaTenbHasi CKOPOCTh
HEINOCPEACTBEHHO Ha caMoM aud@y3ope, ObUIO NPOBENEHO CPAaBHEHUU BEJIMYHHBI
KoJ1e0aTeIbHOM CKOPOCTH YacCTHI] HEMTOCPEACTBEHHO B MECTE YCTAaHOBKM MHUKpO(]OHa U
KoseOaTeNnbHOM CKOpocTH moBepxHocTU Juddy3opa. CpaBHEHHE OCYLIECTBISUIOCH
MyTEM COIMOCTABJIEHUS JIEKTPUUYECKHUX CUTHAJIOB C akcejlepoMerpa U anemomerpa. [lpu
ATOM aHeMoOMeTp ObUl YycCTaHOBIEH psaoM ¢ MukpodpoHom 4165. CpaBHeHue
KOJIeOaTeNbHbIX CKOPOCTEM  OCYHIECTBISIOCH MYTEM COIMOCTABIEHUS TOKazarenen
ANEKTPUYECKUX CUTHAJIOB C akcejlepoMerpa W aHemoMerpa. Ha pucynke 3
MPEJICTABIICHBl JaHHbIE M3MEpeHHil. B mporecce comocTaBieHUs NAHHBIX H3MEPEHU
BBISIBJICHO, YTO YaCTHUI[bI CPEAbl B MECTE YCTAaHOBKM MHUKpOo(doHa 4165 konedanuch ¢ TO
K€ CKOPOCTBIO, UYTO M IMOBEPXHOCTb aAupdy3opa rpomkoroBoputreis. OTMeUeHbI
OTKJIOHEHUS B MOKA3aHUSIX aHEMOMETPA JIUIIb HA HECKOJbKHX M3 33/1aBa€MbIX 4acTOT,
He npeBbimaromue 15% oT HOMUHANBHBIX 3HaueHui. [10aTOMYy BMOJIHE AOCTOBEPHBIM
CUHMTATh pacy€T KOIPGUIIMEHTA N3ITyUYeHHs & 110 JaHHBIM MUKPO(]OHA U akcenepoMeTpa.

C uenpl0 HMCKIIOYEHUS BJIUSHHS PE30HAHCHBIX SBJICHUM JJIEKTPUYECKOW YacTH
IPOMKOTOBOPUTEJII HA YHUCTOTY OJKCIEPUMEHTAJIbHBIX HCCIEIOBAHUMN, YacTOTHas
XapaKTEepUCTHKAa 3BYKOBOI'O  JIaBJIEHHWS CHUMAJaCh IMPU  TOCTOSSHHOM  YPOBHE
KoJiebaTenbHOM quadparmel rpoMkoroBoputens (;=0,1m/c.
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Puc. 3. Ilokazanue BeJJMYNHBI K0J1e0aTeIbHOI CKOPOCTH IO aHEMOMeTpPY ’0” u
HHTEerPUPOBAHMEM € aKcejiepoMeTrpa”X”

Ha pucynke 4 mnpezacraBieHsl (a30-4acTOTHBIE XapaKTEPUCTUKH Oe3pazMepHOit
AKTUBHOM COCTaBJISIOLIECH UMIIEJAaHCa B TOPJIE PYIIOPOB
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Puc. 4. AMIVINTYJHO - 4YaCTOTHbIE XapPaKTEPUCTUKHU 0e3pa3sMepHOii AKTUBHOI COCTABJIAIOLICH
HMIIeJaHCa B ropJie pynopos 1- kKarTeHOnAaAbHOU (POPMBI, 2- IKCIIOHEHIIHAJIBHOTO,
3- KOHMY€eCcKOro.
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Ha ocHOBaHMM TMOJYYEHHBIX HM3MEPUTENbHBIX JAHHBIX IMOCTPOCHA YaCTOTHAs
xapakTepucTuka kodpduuuenta uznydeHus ¢. OHa MpeAcTaBiIeHa KpUBOM 2 Ha
pucynke 5. Kak BUIHO W3 pHUCYHKa, 3HAUYECHUS PE30OHAHCHBIX YaCTOT, MOJYYCHHbBIC
pacy€THBIM MYTEM M HSKCHEPUMEHTAIBHO, MOJHOCTHIO COBHAAAIOT. AMILUIUTYIHBIE

3HaueHus Kod(puirenta n3nydeHus pasusaroes B 0,92 paza.
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Puc. 5. — AMIVIMTYITHO-4aCTOTHAsl XapAKTEPUCTHKA KO3 PHUIMEHTA H3TydeHH.
1-pacyeTHble 3HAYEHHS, 2-IKCIIEPUMEHTAJIbHBIE 1J1s1 pynopa =10 M, R1=0,17 M, R;=2 m.

W3mepeHuss aMIIUTyJHO-4YaCTOTHOM XapaKTePUCTUKU KOd(D(PUIIMEHTa U3ITyYCHUS
MOKa3aJd, 4YTO aKyCTHYECKas MOUIIHOCTh OblIa MaKCUMaJbHOW Ha pPE30HAHCHBIX
4acTOTaxX U3J1y4eHUs / 1=19,5T'n, / »=30I"0, J =52I"n. [Tpu sTom napametp kR, pynopa
COOTBETCTBEHHO cocTaBiisul BeanunHbl kR,=0,74; kR,=1.15; kR,=1.7.

C nenpto pacuéra aKyCTMYECKON MOIIHOCTH T'€HepaTopa Ha 3TUX YacTOTax ObLIN
OMpeNeNeHbl TPU €ro XapaKTEpPUCTHKU HampaBieHHOCTH. OHU MpeacTaBleHbl Ha

PUCYHKC 5 BHUJIHO M3 PUCYHKA, Ha YaCTOTax fl, f2 HaIpaBJICHHOCTb HU3JIYUYCHUA
OTCYTCTBYCT, XapaKTCPUCTHUKA HAIIPABJICHHOCTH ABJISACTCA prrOBOfI. HaHpaBHeHHOCTB

W3JIyYEHUS MOSIBUJIACh HA PE30HAHCHOM 4YacTOTE ! 3 = 52I'u. Ilo maHHBIM HU3MEpEeHUM
pPacCUMTAaHHBIM aKyCTHYECKass MOIMHOCTh ycTporictBa W,=0,3BT u koaddumnment
KOHIeHTparuu (2=1,6.
Ha pucynke 6 npuBeeHbl XapaKTepUCTUKH HAMPABICHHOCTH pyIHopa.
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kR=1.7
A R(e) f=52ry,

60°

90° 90°

kR=1.15
A R(0) £=30.25M1

90°

kR=0.74
f=19.5My

90° 90°

Puc.6. XapakTepucTHKH HaNPaBJICHHOCTH Pynopa
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Ha pucynke 7 npuBenéH BHEITHUN BUJ] pylopa KaTEHOUIATbHON (POPMBI.

Puc.7. BHeluHu#i B KaTeHOUAAJIBLHOIO pylopa.
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UDC 532.595:532.59
M.V. Polyakov, S.A. Davudov, A.V. Davudova, K.V. Heti
Oles Honchar Dnipro National University

DESIGN PARAMETERS OF MESH PHASE DELIMETERS FOR
ENSURING REPEATED STARTING OF SPACECRAFT IN THE
CONDITIONS OF HEIGHTLESS

Y crarTi HaBeeHO OCHOBHI Pe3yJIbTATH TEOPETHYHHUX i eKCIIePUMEHTATbHUX JOCTiIKEeHb
NPOEKTHUX MapaMeTpiB CiTYACTHX PO3ALIIOBAaYiB (pa3, AK OCHOBHOIO 3ac00y 1Jis1 3a0e3neyeHHs
MOBTOPHOIO 3aMYyCKY JBUI'YHIB KOCMIiYHHUX JITAJbHUX anapartiB 0aratoniyib0BOro nNpu3HavdeHHs
B YMOBax MNPAaKTHYHOI HEBAromMocTi, fIKi NPOBOAMJIMCH, B JadoparTopii TrigpoAuHaAMIKH
J{HinpoBCcHKOro HaLiOHANBLHOTO yHiBepcuTeTy iMeHi Ouecsa I'oH4apa npoTAroM ocTaHHix Tpbox
aecATHpIY

KarouoBi cioBa: namusui Oaxku, paxkemwui O8USYHU, HEBACOMICMb, KOCMIYHUU JIMATbHIL
anapam,cimuacmi po30inoeayi ¢asz

B craTtbe mpuBegeHbl OCHOBHBbIE Pe3yJIbTATHI TEOPEeTHYECKMX M JIKCIHEPUMEHTATbHBIX
HCCJIEOBAHMI TPOEKTHBIX IapaMeTpPoOB ceT4YaTbIX pasjgeaurteneil ¢a3, Kak OCHOBHOIO
yCTpoOiicTBa AJs1 o0ecredyeHusl MOBTOPHOIO 3aNyCKa JBHrarTeseil KOCMHYECKHMX JIeTATeJbHBIX
annmapaTtoB MHOIOLEJIEBOI0 HA3HAYEeHUS! B YCJOBHMAX NPAKTHYECKOH HEBECOMOCTH, KOTOpPbIe
NPOBOJMJINCH B J1a00paTOpPHH THAPOAMHAMHMKH JIHENPOBCKOr0 HANMOHAJIBLHOIO YHMBEPCHTETA
nmeHH Ouiecst 'oHYapa B Te4eHHe MOCJICAHUX TPeX JeCATHIeTHH

Knrwoueswvie cnosa: monnusuvie Oaku, pakemmuvie O08Ucamenu, HEBECOMOCMb, KOCMUYECKUL
JlemamenvHulll annapam, cemyamole pazoeaumenu ¢as

The article presents the main results of theoretical and experimental studies of design
parameters of mesh phase separators, as the main device for ensuring the re-launch of multi-
purpose spacecraft engines under conditions of practical weightlessness, which were conducted in
the laboratory of hydrodynamics of the Oles Honchar Dnipro National University during the last
three decades

Keywords: fuel tanks, rocket engines, weightlessness, spacecraft, mesh phase separators

Introduction. Under the conditions of motion of a spacecraft (SC) along a passive
trajectory section, components of a liquid rocket fuel are mixed with pressurized gas. At
the same time it is impossible to guarantee the contact of the drainage hole with the gas
phase, and the drain - with the fuel. As a result, the launch of a SC engine may be
disrupted.

© M.V. Polyakov, S.A. Davudov, A.V. Davudova, K.V. Heti, 2018
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To solve this problem, it is proposed to use a variety of so-called means of
ensuring the fuel continuity (MEFC). The effectiveness of controlling and controlling
the position of the fluid in the flight conditions of an aircraft (AC) along the passive
trajectory section is determined by the ability of the MEFC to ensure that the fluid is
drained from the tank without gas inclusions at any desired time with a given flow rate
and in the right quantity with a minimum amount of residues. The work of MEFC is
complicated by external power influences that are both random in nature and provided
for by the flight program.

Mechanical methods for phase separation (elastic bags, membranes, bellows), the
use of inertial forces for pre-launch separation of liquid and gas phases, fuel gelling are
widely known [1]. However, the most widely spread MEFC, whose work is based on the
use of the capillary properties of the liquid.

The main advantage of capillary MEFC is the passive nature of their action, which
does not require any additional energy costs for their functioning. In addition, they do
not have moving parts, are compatible with any type of fuel, are insensitive to the
ambient temperature, the number of launches of SC engines. Capillary MEFC easily
adapts to the existing tank geometry.

The main disadvantage of capillary MEFC is an insignificant amount of capillary
forces and, as a result, a decrease in the effectiveness of the functioning of a MEFC of
this type with an increase in the intensity of external force effects.

There are various types of capillary MEFC [14]. In particular, “lobed” systems,
perforated plates, blocks of metal discs with grooves etched on their surface, mesh phase
separators, capillary pumps.

Among the above types of capillary MEFC, mesh phase separators (MPS) have
the greatest versatility and adaptability. Net type MEFC can be used in a wide range of
multidirectional external force effects, for tanks of relatively large volume, to ensure
high levels of fuel consumption, for highly maneuverable multi-purpose SC. At present,
dozens of various designs of the MEFC mesh type have been developed and are
successfully functioning.

The purpose of research. Over the past thirty years, a variety of theoretical and
experimental studies have been carried out at the hydrodynamics laboratory of the Oles
Honchar Dnipro National University in the fuel supply system during the performance
of a SC flight task. On the basis of these studies, engineering methods were developed
for calculating the design parameters of the MPS to perform preliminary design of
promising aircraft. The purpose of this work is to summarize the results already
obtained, as well as to identify areas for further research on the features of the
functioning of devices of this type.

The presentation of the main material. Mesh phase delimeters are woven metal
nets with micron-sized cells. When a gas-liquid flow passes through them when the SC
engine is started up from a state of weightlessness, the fuel passes through the MPS, and
gas bubbles remain on its surface due to the action of capillary forces. As the fuel enters
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the combustion chambers of the engines and increases their thrust, gas bubbles move
away from the MPS surface and a simply connected liquid-gas interface is generated in
the tank.

The main design parameters of the MPS are their so-called static retention
capacity (SRC) and dynamic retention capacity (DRC). SRC is the pressure drop on the
surface of the MPS, at which gas bubbles start to break through the MPS cells. The
dynamic holding capacity of the MPS is determined by the maximum amount of work
that MPS of a single area is capable of accomplishing by slowing down the fluid flow at
the stage of passing through its cells to the free surface of the liquid in the passive flight
of the aircraft.

The highest level of SRC and DRC of MPS can be achieved, first of all, by
reducing the size of the MPS cells. However, modern MPS manufacturing technologies
do not allow cell sizes to be less than 10 microns. Therefore, studies of the MPS
operability are aimed at a reasonable reduction in the requirements for the minimum
allowable level of the spacecraft and SRC of MPS in the fuel supply system of a
particular aircraft.

As gas bubbles are deposited on a mesh surface, this surface that is available for
the passage of fuel decreases, and the pressure drop increases while maintaining the
desired fuel consumption. When the pressure drop on the MPS surface equal to its SRC,
the MPS will be impaired, i.e. breakthrough gas phase in the drain line. Therefore, the
calculation of the actual pressure drops on the MPS at the stage of launching the engines
of spacecraft in zero gravity conditions is of considerable practical interest at the stage
of preliminary design.

The characteristics of the contact of gas bubbles with MPS were studied
theoretically and experimentally. As a result of mathematical modeling, the following
equation was obtained for calculating the deformation of the gas bubble on the surface
of the MPS under the conditions of the launch of the propulsion system (PS) [15]:

(R’
(R ~(")*)* "

(2(2/)2 _(Z/)1/2 _(Z/)—S/Z) _ _BOZ/ —\We

z : : . :
where z' =~ — the dimensionless length of the semiaxis of a bubble along an axis

rp

: R : : :
perpendicular to the MPS plane; R’ =— — reduced dimensionless surface radius of
r
p

MPS, through which fluid flows; b’ = b the dimensionless length of the semiaxis of

rp

27



CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

2

r
the bubble along the surface of the MPS;Bo= W _ Bond number; r, — reduced
o)
. AV, . . .
bubble radius; We = > — Weber number; p — fluid density; ¢ — liquid surface
o

tension coefficient; g — effective mass acceleration in the direction perpendicular to the
surface of the MPS; V — average velocity of the liquid flow passing through MPS.

Experimental studies of this process were carried out at the facility, the scheme
of which and the general view are shown in Figures 1 and 2, respectively. The
cylindrical model 1 (Fig. 1), the centrifugal pump 7 and the connecting piping were
filled with working fluid. Using the generator of gas bubbles 5, a bubble of a given
volume was located under the mesh surface. The centrifugal pump 7 set in motion the
fluid in the direction indicated by arrow in Fig. 1. The current pressure drop on the
woven mesh 2 was recorded using a pressure gauge 8.

10| 7 —

Fig. 1. Scheme of the experimental setup for studying the interaction of gas bubbles with
MPS: 1 - a cylindrical model; 2 - frame with woven mesh; 3 - working fluid; 4 gas bubble; 5 - gas
bubble generator; 6 - flow sensor; 7 - centrifugal pump; 8 - liquid manometer; 9- drainage
fitting; 10 - filling-drain capacity.
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Fig.2. General view of the experimental setup for the study of the interaction of gas
bubbles with a mesh phase separator

As a result of comparing the experimental data with numerical calculations, the
developed mathematical model was corrected by introducing an empirical coefficient
that takes into account the peculiarities of the gas bubble contact with the MPS surface
in the incoming liquid flow [16].

According to the results of the research, a technique was developed for the
engineering calculation of the current pressure drop on the MPS surface during the
deposition of gas bubbles on it depending on the average fluid flow rate, bubble size and
physical properties of the fuel. Using this technique allows you to specify the minimum
allowable level of the DRC of MPS for the successful launch of the remote control of
spacecraft in zero gravity.

Directly related to the peculiarities of the contact of gas bubbles with the surface
of the MPS is the question of the magnitude of the change in the current differential
pressure on the MPS as a result of an abrupt change in fuel consumption characteristic
of the stage of starting the remote control. The increase in pressure drop on the MPS,
caused by the acceleration of the fuel flow, can lead to permanent deformation of the
woven mesh, up to a mechanical rupture of the braiding wires.

The scheme and general view of the experimental setup (ES) for the study of the
hydraulic resistance of the MPS in a non-stationary liquid flow are shown in Fig. 3 and
4, respectively. A metal ring with MPS 3 (Fig. 3) was installed inside a cylindrical
model 2 filled with working fluid. The liquid was set in motion with the help of the
consumable block 7. The current pressure drop was recorded by a system of strain
gauges that were placed on a metal ring with MPS 3.

As a result of a theoretical analysis of this hydrodynamic process [11], as well as
physical modeling [13], it was found that in a non-stationary liquid flow the pressure
drop on the MPS Ap should be calculated using the formula [12]
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Ap:(a+£+ ¢ )pV :

Re Fr*" 2

where a, B, C and A — empirical constants depending on the type of weaving MPS;

V? i .
Re = v, _ Reynolds number; Fr=—— — Froude number; V — current fluid velocity; a
14 a

C

— current fluid acceleration; d. — hydraulic diameter of MPS cells; v — fluid kinematic
viscosity.

Fig.3. The experimental setup for the study of the hydraulic resistance of MPS in a non-
stationary liquid flow: 1 - drainage fitting; 2 - cylindrical model; 3 - mesh phase separator;
4 - liquid; 5 - drain line; 6 - refueling capacity; 7 - consumable unit.
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Fig.4. General view of the experimental setup for the study of the hydraulic
resistance of mesh phase separators in non-stationary liquid flow

Net type of capillary MEFC, depending on the purpose and flight task of the
spacecraft, may have a different design. However, a mandatory element of this design is
a woven metal mesh, which is fixed on the perimeter to the supporting frame. This
support frame perceives the main force action from the flow of fuel passing through the
MPS. The woven mesh placed on the support frame must have the greatest possible
elasticity, which is usually achieved by stretching the mesh before fastening it to the
support. When an MPS is stretched, its internal structure inevitably changes, and, as a
result, its performance as a phase separator. The results of studies of the relationship
between the level of elasticity and the SRC of MPS are given below.

The experiments were carried out on the installation, the scheme of which and the
general view are shown in Figs 5 and 6. The sample MPS 2 (Fig. 5) was fixed in
clamping devices 3 and 4, and then stretched with screws 5 and 6. This tension was
carried out in two mutually perpendicular directions (not shown in Fig. 5). The
coefficient of elasticity was determined using the linear displacement meter MPS 7. The
static holding capacity of the MPS at a given level of the coefficient of elasticity was
determined using a differential pressure gauge 13.
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Fig.5. The experimantal scheme for investigation the influence of the coefficient of elasticity of
the MPS on its SRC: 1 - supporting frame; 2 - MPS; 3,4 - clamping device; 5,6 - tensile screws;
7 - linear displacement meter MPS; 8 - loading table; 9 - cargo; 10 - pipe to create excess pressure
on MPS; 11 - valve; 12 - overpressure tank; 13 - differential pressure gauge; 14 - pipeline;

15 - the direction of stretching.

Fig.6. General view of experimantal scheme for investigation
the influence of the coefficient of elasticity MPS on its SRC

As a result of the theoretical analysis [5], as well as taking into account the
experimental studies carried out [9], the following relationship was obtained for
calculating the reduction rate of the SRC of MPS K. depending on its elasticity

coefficient o,
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aO
“ a_ +d,yQEa,

where a,_, =+/(a’ +(a, +d,)*)1+Q Ea,, )* —d? —d — side length of the MPS cell;
ag, dp — the length of the side of the cell MPS and the diameter of the wire weaving in the

: : : . . = E
relaxed state, respectively; y — Poisson's ratio; Q — empirical coefficient; E :E— —
relative modulus of elasticity of the material of weaving mesh; E. — Young's modulus of
elasticity for steel; a, — coefficient of elasticity of the MPS in the support window.

Under weightless conditions, under the action of external multidirectional power
pulses of various origins, the fuel moves in the cavity of the SC tank. Gas bubbles are
carried along with the fuel flow and collide with the surface of the MPS. When this
occurs, the dynamic loading of MPS. When fuel moves, a part of it passes through the
MPS, and another part passes over the surface of the MPS. Depending on the features of
the separation of the fuel flow on the MPS, the level of its dynamic loading will change
when it collides with a gas bubble.

In order to physically simulate the separation process of the MPS liquid flow, an
engine system was developed, the circuit of which and the general view are shown in
Fig.7 and 8, respectively [8]. The working fluid is driven by a centrifugal pump 5 (Fig.
7) and is directed to a tank model with MPS 1. In model 1, a submerged jet of fluid
collides with MPS and subsequently the separated flow moves along two separate
pipelines. After measuring the flow rate in these pipelines, the flows are again connected
together. During the experiments, the types of MPS, the working fluid, and the flow rate
of the fluid varied.

As a result of mathematical modeling [4], the following equation was proposed
for calculating the separation coefficient of the liquid flow on the surface of the MPS k:

Q rv

where kza; Re =-<—— Reynolds number; V =7ng the speed of the liquid flow in
14

> J—
c

- d, - I, - L, . M
contact with MPS; d, =—; |, ==+, LO:r—O; t:r—;dc—hydraulic mesh radius;
C

C

Q - total fluid flow; Q" — fluid flow through the MPS surface; R — reduced surface
radius MPS; r. — the radius of the submerged jet of fluid at the point of exit from the
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pipeline; |, — distance from MPS surface to tank wall; L, — distance from the exit point
of the submerged jet of liquid over the MPS surface.

- -
- _-—

=l
Fig.7. ES scheme for separation studies
liquid flow MPS: 1 - tank model with MPS; 2 - filling and drainage tank;

3 - connecting pipelines; 4 - manometer; 5 - centrifugal pump; 6 - the direction of
movement of the fluid; 7 - turbine flow sensor.

!

Fig. 8. General view of the ES on the study of the separation of the liquid flow MPS

In addition, studies were carried out to study the dynamics of the free surface of
the liquid in the tank and the conditions for the breakthrough of the gas phase through
the MPS under the action of an external power pulse. The scheme and general view of
the ES for the physical modeling of this process are shown in Fig.9 and 10 [3].
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The experimental setup is a movable unit 3 (Fig. 9) with a model 4 containing
MPS and filled to a predetermined level with a working fluid. A backlight unit 6 and a
video recording device 8 are installed on the movable unit. The movable unit moves
with a given acceleration along the guides in the horizontal plane. During the
experiments, the type of MPS, the working fluid, the filling level of the model with the
working fluid, and the effective horizontal acceleration varied.

Fig.9. The ES scheme for the study of the reorientation of fuel in the tank under the action
of an external power pulse: 1 - base plate with guides; 2 - electromagnet; 3 - mobile unit;
4 - model with MPS; 5 - fittings; 6 - backlight unit; 7 - device for fixing the current
coordinate of the moving unit; 8 - video recorder; 9 - depreciation pad;
10 - unit for creating horizontal acceleration; 11 - control panel.

Fig.10. General view of the ES on the study of the dynamics of fuel in the tank under the action of
an external power pulse
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For the theoretical description of this process, the following system of differential
equations was used [2]

where a,,d, — vectors of longitudinal and transverse mass accelerations, respectively;

—

V' —fluid velocity vector; p, p — pressure and fluid density, respectively.

To calculate the pressure field, the Poisson equation was used.

The calculation of the velocity field and pressures of a liquid volume with a free
surface in a tank with MPS, making uniformly accelerated horizontal movement under
normal gravity, was carried out numerically using the finite volume method.
Comparison of the results of numerical calculations with experimental data showed
satisfactory agreement.

When designing a grid-type of MEFC, it is assumed that during the entire flight
time of a spacecraft, up to the full production of fuel, a breakthrough of the gas phase
through the MPS does not occur. However, of considerable practical interest is the
process of breaking through the gas phase through the MPS and the peculiarities of its
functioning in the event of a violation of regular working conditions.

Interest in the functioning of the MPS after a breakthrough of the gas phase
through them arises in situations when the conditions of the spacecraft operation allow
limited penetration of the gas phase through the MPS. Some structures of the MPS
provide on the way of the movement of fuel to the discharge line several MPS, through
which pressurized gas will pass as tank is emptied [14].

An experimental study of the breakthrough of the gas phase through the MPS was
carried out at the ES [10], whose diagram and general view are shown in Fig. 11 and 12,
respectively. The tank model with MPS 1 (fig.11) is filled above the MPS level with the
working fluid from the tank 9. After that, with the help of the consumable block 7, the
free surface of the fluid moves towards the MPS and the gas breaks through the mesh
surface. The current static pressure at the same time is fixed by the sensor 3, and the
coordinate of the free surface is displaced by the displacement sensor 8. During the
experiments, the working fluid, MPS and fluid flow varied.
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Fig.11. ES scheme for the study of gas phase breakthrough through MPS: 1 - tank model with
MPS; 2 - gas bubble; 3 - pressure sensor; 4 - supporting platform; 5 - the direction of movement
of the fluid; 6 - connecting pipeline; 7 - consumable unit; 8 - displacement sensor; 9 - filling-drain
capacity.

Fig.12. General view of the ES on the study of the breakthrough of the gas phase
through the MPS

As a result of mathematical modeling [7] of this process, a calculation method [6]
was developed, which allows, under the condition of introducing two empirical
coefficients into the calculation equations, to adequately describe the real physical
process.

Conclusions. The above results of studies of the functioning of the MPS in the
system of fuel supply to the spacecraft make it possible to clarify the required values of
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the main design parameters of the MPS, first of all, SRC and DRC. Developed methods
for calculating the values of pressure drop on MPS in the conditions of contact of its
surface with gas bubbles, as well as changes in pressure drop when the remote control is
turned on in conditions of weightlessness. In addition, a method was proposed for
calculating the separation coefficient of the liquid flow of the MPS during inertial
movement of fuel in the cavity of a spacecraft tank under the action of an external power
pulse. The influence on the design parameters of the MPS features of their attachment to
the support frame is investigated. Finally, the results of studies of the functioning of the
MPS in the supercritical mode, ie, in the conditions of breakthrough of the gas phase
through the cells of the MPS.

Despite the considerable variety of investigated MPS operating conditions in the
spacesraft fuel supply system, these results still do not fully allow to optimize the design
parameters of the MPS of promising spacesraft at the stage of preliminary design. The
limitation of the maximum value of the SRC and DRC of the MPS, caused by the
peculiarities of their manufacturing technology, requires conducting comprehensive
studies of the operation of the MPS under vibrational and pulsed loading conditions. The
lack of currently reliable methodologies for calculating the required level of MPS
operability under these dynamic conditions leads to a significant overestimation of the
requirements for the value of the main design parameters of these devices and, as a
result, the narrowing of the scope of capillary MEFC of the mesh type.
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REVIEW OF EXTERNAL PROBLEMS OF REACTIVE MISSILES OF
REACTIVE VOLLEY FIRE SYSTEMS

CrarTsl mpeacTaBisi€ OIVIA] CYYACHMX KePOBAaHMX PeaKTHMBHUX CHapsAiB 3apyOiKHUX
PEAKTHBHHMX CHCTEM 3aJIII0BOr0 BOTHIO. AHAI3YIOTHCH OCHOBHI CBITOBI TeHJeHIiI pO3BUTKY, Ta
3a3HAYAETHCS HEOOXiAHICTH CTBOPEHHSI CYYACHOr0 KePOBAHOI0 PeaKTHMBHOIO CHapsigy Ajs
Ykpainu.

Knwuoei cnoga: peakxmusna cucmema 3aino6o20 602HIO, KEPOBAHUL PEeAKMUBHUL CHAPSO,
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3apy0eKHbIX PEeaAKTHBHBIX CHCTEM 3aJII0BOI0 OrHsl. AHAJIM3MPYIOTCS OCHOBHbIE MHPOBBIE
TeH/JIeHUMH Pa3BUTHS, U OTMe4yaeTcsl HeOOXOAMMOCTH CO3aHUSI COBPEMEHHOr0 YNpPaBJsieMOro
PEaKTHBHOIO CHAPSIAA 1JI1 Y KPauHBbI.

Knroueswvie cnosa: peaxmuenas cucmema 3aino8020 02Hs, YNPAGIAEeMblll peaKmuHblii CHApso,
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The article presents the review of the modern guided reactive missiles of the foreign
multiple volley fire systems. The main world tendencies of the development are analyzed,
although the attention is drawn to the necessity to create the modern guided rocket for Ukraine.

Keywords: reactive volley fire systems, guided reactive missile, guidance system, management
system.

Introduction

One of the widely used, highly effective and promising types of tactical missile
artillery weapons is the reactive volley fire systems (RVFS). With the help of the RVFS
at any time of day and in different weather conditions it is possible to inflict the enemy's
living force, armored and light-armored equipment on marches and places of
concentration, artillery and mortar batteries, to destroy command posts, military
infrastructure objects and communication nodes . Taking into account the aggravation of
the military-political situation in the world, the RVFS is one of the most demanded types
of weapons in most of the world's armies. In particular, it is for Ukraine in conditions of
armed conflict in the east of the country.

Ammunition for similar RVFS may be: unmanaged rockets, the flight of which is
carried out on a ballistic trajectory without any adjustments or control; corrected rockets,
the flight of which is adjusted only on the active part of the trajectory with the help of

© Ye.A. Kondratyuk, V.I. Lipovsky, 2018
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a special angular correction engine; as well as rective guided missiles (RGM), equipped
with a control system and controls to improve the accuracy of the shooting. The latter
can also be classified as a guided missile class.

Guided missiles are by definition the most accurate and, accordingly, the most
effective in terms of carrying out combat missions. Undoubtedly, high accuracy is
achieved by installing more complex and expensive equipment, which affects the cost of
unitary ammunition. However, the use of high-precision shells reduces the overall
material and time costs for the task, by reducing the number of munitions needed for its
Implementation, as well as reducing the high risk of losses and failures by reducing the
number of operations. In addition to a significant increase in the effectiveness of strikes,
the use of controlled shells reduces casualties among the civilian population, which is
also an important factor.

Accordingly, in this review, guided missiles of foreign SVFS were considered in
order to analyze the main trends and prospects for their development. In particular, the
cattle in Russia, the USA, China and Israel were considered.

SVFS “Smerch” (Russia)

The reactive volley fire system 9K58 "Smerch" was developed in the USSR and
was adopted in 1987. The distinguishing features of this SVFS are the availability of an
autonomous correction system for the flight of the missile [1].

Developed by FSUP DNVP "Splav", rocket launchers are equipped with a flight
control system that corrects the trajectory of pitch and riding. Correction is carried out
by a gas-dynamic device driven by a high-pressure gas from an on-board gas generator

[1].

In addition, the stabilization of the missile in flight is due to its rotation around the
longitudinal axis, which is provided by the previous promotion during the movement of
the tubular guide when the two conductive pins with the P-shaped screw grooves
interact, supported in flight by the installation of the openings of the stabilizing blades,
under some angle to the longitudinal axis of the missile. When firing a gun, the missile
dispersion of this design does not exceed 0.21% of the firing range. 300-mm projectiles
SVFES "Smerch" are equipped with a solid-fuel jet engine on blended fuel, have a length
of 7600 mm and a mass of 800 kg [1].

In the case of an adjusted 9M55K missile, the combat part is 243 kg. In the
cassette, 72 pieces of ammunition weighing 2 kg each. The angle of their meeting with
the target is not 30-60°, as in the ordinary missile, but direct due to a special device. The
cones of such shells with ease break through the towers, the upper cover of armored
personnel carriers, combat vehicles, SAC, where the armor is not too thick, and the
covers of tank transmissions [1].

In the ammunition complex SVFS "Smerch" includes the following types of
missiles:
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1. OMS55K — is 300-mm rocket missile with a cassette main part 9H139 with
fragmentary combat elements 9H235. It contains 72 combat elements carrying 6912
ready-made heavy fragments designed to defeat unarmed equipment, and 25920 ready-
made light fragments designed to defeat the enemy's live force in places of its
accumulation; total - up to 32,832 fragments. The area of the element's defeat is 300-
1100 m?. At a distance of 10 m the shell punches armor in the thickness of 5-7 mm, at a
distance of 100 m - 1-3 mm. 16 shells contain 52,512 ready-made fragments. The most
effective in open areas is in the steppe and the desert [2].

2. OMS55K1 — is rocket missile from a cassette HR 9H142 with self-aiming
warheads (SAW). Cassette HF carries 5 SAW "Motiv-3M" 9H349 equipped with dual-
band infrared coordinators looking for a target at an angle of 30 degrees. Each of them is
able to break through an angle of 30 ° armor in a thickness of 70 mm from a height of
100 m. Suitable for outdoor use - in the steppes and in the desert, almost impossible to
use in the woods, difficult to use in the city. It is designed for vertical damage to groups
of armored vehicles and tanks [2].

3. OMS55K4 — is rocket missile with a cassette 9H539 GH for anti-tank landing.
Each projectile contains 25 anti-tank mines PTM-3 with an electron non-contact
detonator. In total in one volley of installation of 300 anti-tank mines. It is intended for
operative remote creation of anti-tank minefields in front of units of enemy combat
equipment, located at the turn of the attack or in the area of their concentration [2].

4. 9OMS55KS5 — is rocket missile with a cassette 9H176 HD with cumulative and
fragile fighting elements. Cassette HF contains 646 military elements of a cylindrical
shape with a length of 118 mm, or 588 elements of length 128 mm and weighing up to
240 g. 118 mm elements capable of breaking through the normal to 120 mm of
homogeneous armor, 128 mm to 160 mm. Missile is as effective against the motorcycle
on the march, located in the BTR and BMP. A total of 12 shells contain 7752 or 7056
combat elements. It is intended for the defeat of open and hidden vitality and light-
armored military equipment [2].

5. OMS5F — is reactive missile with a split-high-explosive HF separator. It is
designed for defeat of living power, unbridled and light-armored military equipment in
places of its concentration, the destruction of command posts, communication nodes and
infrastructure objects [2].

6. 9MS55C — is reactive missile with thermobaric HF 9M216 "Excitement”. The
explosion of one projectile creates a thermal field of not less than 25 m in diameter
(depending on the terrain). The temperature of the field - more than + 1000 ° C, time of
action - not less than 1,4 s. It is intended for the defeat of the living power, open and
hidden in the fortified structures of the open type and objects of unarmed and light-
armored military equipment. Maximally effective in the steppe, desert, city, objects
located on plain terrain [2].

7. OMS528 — is reactive missile with a fragmentary-high-explosive HF. It is
pinpoint pin, instant and slow action. It was designed for defeat of living power,
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unarmed and light-armored military equipment in places of its concentration, the
destruction of command posts, communication nodes and infrastructure objects [2].

8. 9M534 — is experimental reactive missile with a small-sized reconnaissance
unmanned aerial vehicle type "Tipchak". It was designed for operational intelligence
purposes within 20 minutes. In the vicinity of the UAV goal falls down on a parachute,
scanning the situation and transmitting information by coordinates of the explored goals
to a management complex at a distance of up to 70 km for the rapid decision-making on
destruction [2].

At the end of April 2012, an export sample passport was approved for a 300-mm
CGS 9M542 increased firing range with a non-separable fragmentation-explosive main
part. The minimum range is 40 km, the maximum range is 120 km [3].

The 9M542 sink has the following technical characteristics: the caliber is 300
mm, the weight of the projectile is 820 kg, the weight of the main part is 150 kg, the
length of the projectile is 7600 mm, the mass of the explosive 70 kg, the number of
finished fragments weighing 50 g, 500 pieces, range 40 — 120 km [3].

The projectile consists of an electron-temporary device, a control system block, a
main part and a rocket part [3].

Thus, an increase in the flight range of this projectile was achieved by reducing
the mass of the main part, as well as increasing the mass of the charge of solid fuel by
extending the rocket part. At the same time, the total length of 7.6 m for all shells was
preserved, while the total mass of the projectile was increased by 5-10 kg [3].

SVFS M270 MLRS (USA)

M270 MLRS (Multiple Launch Rocket System) —is american universal launcher,
used as a RCD and a setup for launching tactical missiles. Designed by Lockheed Martin
Missiles and Fire Control. Adopted for the armed forces of the United States in 1983 [4].

American rockets missiles are class-driven and equipped with an inertial guiding
unit based on the global GPS positioning system and small aerodynamic controls located
behind the aerodynamic "duck™ scheme, which provides overall maneuverability and
increased accuracy of the rocket. The new US-controlled missiles (guided missiles)
include the M30 Guided MLRS Rocket and the XM30 Guided Unitary MLRS Rocket

[5].

The M30 Guided MLRS Rocket, developed since the late 80's, has a maximum
range of 70 km. Main characteristics of the M30 GMLRS projectile: 227 mm; length -
4000 mm; main part - cassette; The mass of the projectile is 308 kg. The HD is equipped
with 404 cumulative and fragmented military elements M77 or M85 [5].

Controlled missile XM30 Guided Unitary MLRS Rocket with a flight range of up
to 70 km developed by Lockheed Martin in 2003. The XM30 is equipped with a high-
explosive non-separable main part of the penetrating type (mass up to 89 kg) and
designed to destroy protected objects of the military industrial infrastructure of the
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enemy. The main part is equipped with a detonator with three units, which provides an
airborne burst, when encountering the obstacle and slowing after penetration into the
target. Main characteristics of the projectile XM30: caliber 227 mm; length - 4000 mm;
the mass of the projectile - 308 kg [5].

In 2008, Lockheed Martin reported testing a GMLRS Rocket missile with an
increased flight range, which struck a target at a distance of 85 km from the launch
point. In 2009, due to similar tests, a range of 92 km was achieved [6].

In 2008, Lockheed Martin announced the first launch of four guided missiles with
the use of a new universal fire control system, which provides the ability to shoot guided
shells, in the construction of which is using impedance protection technology. And in
2010, Lockheed Martin announced the successful testing of a GMLRS + Rocket guided
missile equipped with a semiautomatic self-homing head (SHH) [7].

SVFS Lynx (Israel)

The Lynx Modular PCB is developed by Israel Military Industries. This SVFS
surpassed the American analogue of the M270 SVFS MLRS for universality.

In our consideration, the main interest is the EXTRA rocket. EXTRA (Extended
Range Artillery) Ammunition refers to tactical-range artillery missile and provides
outstanding accuracy for land-based targets. It was designed for the arming of Israeli and
foreign armies. The main characteristics of the RS: the caliber is 300 mm, the length of
the RM is 3970 mm, the range of shooting is 20-150 km, the starting mass is 450 kg, the
weight of the combat unit is 120 kg, the circular probable deviation <10 m [8].

EXTRA missiles are placed in container packs of four units in each. For use by
ground-based launchers and for more precise strikes, these RM may be equipped with a
GPS guidance system. Among the design features of the presence of gas rudders, which
correct the trajectory during the flight of the projectile, in addition to the nose and tail
are aerodynamic surfaces. Thanks to disposable sealed container packages, long service
life and low maintenance costs are achieved [8].

SVFS type WS-2 (China)

In 2004, the SCAIC Corporation introduced a new WS-2 SVFS with rocket
propulsion systems equipped with a trajectory correction system. By creating a 400mm
projectile, the SCAIC has proven the maximum range of the RS WS-2 to 200 km, the
minimum distance is 70 km. The weight of the projectile WS-2 was 1285 kg. For rocket
launchers, four types of MC are developed: a cassette with 560 or 660 anti-tank; high-
explosive fragmentation with pre-minted spectacular elements - steel balls; high-power
high-power; bulk explosion. The WS-2 catcher is equipped with a 200-kg combat unit.
On the shells, a three-channel flight control system, which includes an inertial platform
with inexpensive sensors, is used. Chinese missiles do not twist at startup. During the
flight, they accelerate to a speed of 5.6 times the sound. Number of guides is 6 pcs. The
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transition of the MRC from the original position into combat takes no more than 12
minutes [9].

In 2007, Chinese sources announced the development of a version of the WS-2C
with a range of 300 km. The missile is equipped with a passive radar, which is used on
the final section of the trajectory. According to some sources, the WS-2C SVFS range
can reach 350 km [9].

In addition, the CPMIEC Corporation, together with SCAIC Corporation, has
developed the following modification of the WS-2D SVFS with a maximum range of
400 km (the minimum is still 70 km). This allows the WS-2D SVFS to be positioned as
the most widely used shooting range in the world. At the same time, the mass-gross
characteristics of the WS-2D are higher than in the base version. The length is 8.1 m, the
diameter is 425 mm in comparison with 7.15 m and 400 mm respectively in WS-2, the
mass of the HH remains unchanged - 200 kg, as well as the maximum flight speed - 5.6
M. KIU at the maximum range is less than 600 m. For comparison, KIW WS-2 is 600
meters on a distance of 200 km. The WS-2D can be equipped with various types of
combat units, including a cassette carrying three self-powered shells [9].

Number of guides on control system is 6 pcs. The transition of CS from the
original position in the combat room takes no more than 12 minutes [9].

SVFS type WS-3 (China)

The new Chinese SVFS WS-3, developed by the SCAIC Corporation, is equipped
with six 400-mm rockets. Externally, the WS-3 launchers are very similar to those of the
previously developed WS-2 SVFS, but they are equipped with new RDS. The range of
shooting remained the same - 70-200 km. At the same time, the accuracy of firing shells
has significantly increased. The KIW of a new munition, equipped in the basic version
with an inertial navigation system, at a maximum range of shooting is 300 m. RPS can
be equipped with guidance systems based on the GPS complex. This allows you to aim a
fire with a very high accuracy. Deviation from the target at a distance of about 200 km
does not exceed 50 m [10].

The length of the new cattle is 7.15 m, the diameter is 400 mm. It is equipped
with four stabilizers in the tail section and four control planes in the bow. The shell may
be equipped with various combat units of up to 200 kg mass, including a high-explosive,
bulk explosion, and a cassette with 540 sub-ammunition of small caliber. Time of
deployment of CS at the firing position is about 12 minutes [10].

Global positioning systems are actively being used to create new Chinese SVFS.
This kit allows the cattle to detect the target and hit it as accurately and effectively as
possible. In order to prevent the impact power of the SVFS suppressed by interceptor
missiles, Chinese engineers have decided to provide some models of their installations
with so-called WS-1B misspelled labels that are virtually devoid of charge [10].

45



CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

Shortly thereafter, an updated version of this SVFS WS-3A was launched with an
increased maximum flight range of cattle to 280 km (the minimum - former, 70 km),
resulting in an increase in the starting mass of the projectile to 1398 kg. In this case, the
diameter of the projectile - 400 mm, length - 7150 mm, as well as the mass of the GP -
200 kg, remained unchanged [11].

The number of guides also did not change is 6 pcs, but now the time of
deployment CS at the firing position decreased to 7 minutes. Type BH - fragmentation-
high-pressure, cassette. The guidance system is an inertial + satellite that operates
throughout the flight, while the KIW is less than 50 m. The flight path of the RM is
aerobalistic [11].

In their press release, developers claim that the WS-3A is a SVFS with controlled
ammunition, with the use of the launching technology for RBM from TPK, which
simplifies the processes of storage, transportation and launching of the projectile. For a
single WS-3S shotgun, the SVFS WS-3A can hit 6 different targets in an area of 10x10
km [11].

SVFS WS-63 and WS-64 (China)

Designed by SCAIC, the SVFS WS-63 is a representative of the new generation,
which can be used both for fire support on the battlefield and for high-precision impact.
This SVFS uses a system for starting a projectile from TPK, integrating the processes of
storage, transportation and launching of cattle. For one salvo, the RCC can hit a few
point goals. Number of guides is 8 pieces [11].

The starting mass of the projectile is 957 kg, the weight of the HC is 150 kg, the
length is 7400 mm, the diameter is 300 mm. The flight range of the catcher is 120 to 260
km. The KIW, in the case of an inertial guidance system with satellite correction, does
not exceed 30 m, and in the presence of a radar GSN for guidance in the final section of
the trajectory is reduced to 10 m. The developer also specifies the KIW less than 90 m
for the case of carbon fiber HF corps. It is also reported that the missile is maneuvering
in flight in order to overcome the enemy's air defenses. In addition, he can perform a
heights turn over the target area and apply a vertical blow to maximize the impact
power. The WS-63 can be equipped with a fragmentation-explosive, semi-armored,
penetrating BF, as well as a BF, the body of which is made of carbon fiber (presumably
to reduce the mass of BF) [11].

A similar characteristic is the further modification of this SVFS WS-64. This
system applies single-stage solid-state catalytic converters, whose flight takes place in
low atmospheric layers. At an insignificant (20 km) increase in the flight range of cattle
to 280 km, the weight of the warhead was increased by one third - 200 kg, resulting in a
significantly increased starting mass of the projectile, becoming equal to 1470 kg, as
well as an increase in diameter - 400 mm. At the same time, the length of the cattle even
slightly decreased (by 200 mm) to 7200 mm. It is also believed that the system has
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adaptive and simplified startup capabilities, since it can launch the RM, both in the
upright position and at a certain angle. The flight path of RS is aerobalistic. Number of
guides on PU is 6 pieces. The time for deployment of the system at the firing position is
8-9 minutes [11].

SCAIC is positioning the WS-64 as the world's first SVFS adapted for the
effective use of anti-precision precision guided missiles. For what, in particular, they use
a half-armored combat unit. Thanks to the combined inertial and satellite (using the
Beidou satellite navigation system), the system of guidance and broadband passive radar
reconnaissance of the warhead at the end of the trajectory system is capable of
effectively striking targets with high accuracy. The KIW is less than 30 meters and in
the radar direction KIW is less than 10 m. Thus, the WS-64 radar guidance system can
even destroy even moving targets, such as warships [11].

SVFS A200 and A300 (China)

The A200 and A300 are the latest Chinese SFVS equipped with the same name-
guided missiles. A200 is able to cover a range of 50-200 km, and its modification A300
IS 90-290 km. On the launcher, there are 2 containers with 4013 mm cattle each [11].

The A300 is a two-stage, which allowed to increase the maximum flight range
compared with the A200 by 90 km. The flight of both shells is controlled, the guidance
system is mixed: inertial and satellite, operating throughout the flight. KIW is from 30
(high warhead) to 45 (cassette warhead) meters. Thus, these projectiles are very accurate
even at such a high range. The starting mass of the projectile A200 is 730 kg, A300 is
765 kg, with a length of 7264 mm and 7496 mm respectively [11].

As for the A200, this missile has a cubicle body with a maximum diameter of 301
mm. In the front part of the body of the main part are X-shaped steering, and in the tail -
stabilizers of a similar design. The maximum width of the tail stabilizer's planes reaches
615 mm. The main part at the final stage of the trajectory is separated from the body and
moves to the goal independently, control is carried out using aerodynamic steering
wheels [12].

Both racers are equipped with 150 kg warheads. The combat unit is separated.
Several kinds of BW are available: high-explosive, fragmentary-rich, penetrating and
cassette. The launch unit is capable of operating as a single shot or a gun. It takes 50
seconds to complete a volley of 8 shells. Each of them can be provided individually.
Thus, the A200 in one salvo can strike eight different targets on an area of 10x10 km,
but the A300 can hit a similar number of targets already on an area of 20x20 km. The
maximum flight speed of the catcher reaches 4.5 Mach, and the maximum flight altitude
reaches 48,000 meters. The flight path of the RM is aerobalistic. It is reported that the
missile maneuvered in flight in order to overcome enemy air defenses. In addition, the
cattle can make an elevation over the target area and apply a vertical blow to maximize
damage [11].
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The time for the LS to start from the march less than 7 minutes, with a horizontal
position of less than 3 minutes and less than 0.5 minutes from the incline [11].

SVFS AR-3 (China)

The SVFS AR-3 was developed by specialists of NORINCO Corporation. The
AR-3 rocket firewall is designed to destroy the enemy's most important goals, located
far from the front line. The AR-3 missile system includes unmanaged and guided
300mm caliber rockets, which can be completed with different types of head parts.
These include fragmentation, explosive, inflammatory, volume detonating action, as
well as cassettes equipped with anti-personnel, anti-tank mines and SPBE [13].

All AR-3 missile shells are similar in design - a cylindrical body with a tapered
main ramp. In the tail section of the body is provided with a stabilizer with six planes,
decaying after leaving the TPK. In addition, there are small X-shaped steering wheels in
the back of the main flap that are used to control the projectile in flight. The design of
complex tail stabilizers is unique for all shells of the family, and the shape and other
features of the steering wheel depend on the particular product. Used as large complex
rods, and relatively small, the size of which allows you to not fold them before placing a
shell in the container [13].

The shells of a caliber of 300 mm have a start weight of 840-850 kg and carry a
combat part weighing about 200 kg. Similar information about 370-mm projectiles is
missing. Probably, their starting mass exceeds 1000-1100 kg, and the mass of the
combat unit reaches 250-300 kg. The shells have a similar design. In their main part
there is a guidance device, a combat part is located behind it, and a solid fuel engine is
located in the tail compartment. According to official data, only some shells of the
family are managed. However, the flight range of officially unmanaged shells (up to 130
km) suggests that they are equipped with some means of preserving a given flight path,
such as the inertial control system used on the “Smerch” SVFS [13].

It is known that the following SVFS are used for the AR-3 RM:

— BRC3. RM with caliber 300 mm equipped with a cassette combat unit with
various types of combat equipment. Range of flight - up to 70 km [13];

— BRC4. A similar caliber ammunition 300 mm with a cassette combat unit. The
BRC3 is characterized by a more powerful engine, which provides a range of 20 to
130 km [13];

— BRE2. 300-mm RM with a fragmentation-explosive military unit. By its size
and characteristics, a similar product BRC4 [13];

— BRES3. Controlled (with a system of guidance to a given target) RM caliber
300 mm. Carries a fragmentation-explosive combat unit and can hit targets at distances
of up to 130 km [13];
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— Fire Dragon 140A. Controlled ammunition with a range of up to 140 km. Has
been presented relatively recently and is the further development of the previous RM
type [13];

— BRESG6. Another one controlled by RM with a fragmentation-explosive military
unit. It has a caliber of 370 mm and can fly at a distance of 100-220 km [13];

— Fire Dragon 280. Relatively new development. Chassis caliber 370 mm with a
range of up to 280 km [13].

According to the manufacturer, all RM-controlled SVFS for AR-3 with a range of
up to 220-280 km have a KIW of 50 m. There is no precise information about the type
of guidance system that achieves such indicators. The appearance of the cattle, which do
not have any specific features of the main ramp, suggests the presence of an inertial or
satellite navigation system [13].

New Chinese munitions have considerably smaller dimensions, so that at one
launcher is placed up to 8 RM with the maximum possible range of shooting up to 280
km. Thus, with the increase in the maximum range of shooting, the Chinese complex
retains the ability to shoot guns in the area. The time for a full salvo is 60 seconds, and
the reload time is about 20 minutes [13].

Conclusions

Thus, after analyzing various samples of RM in the countries of the world, one
can distinguish the main tendencies of recent years in the field of development of SVFS
and Rhizosphere in particular. The main directions of development at the moment are
increasing the range of flight and accuracy of missiles.

The first is achieved, mainly due to the increase in fuel charge, which in turn leads
to an increase in the diameter and length of the rocket, as well as its launch mass, as is
observed in a number of Chinese RM. The second option is to reduce the weight of the
payload, as was done in the case of RM 9M542. However, there are certain "but" here.
For example, it is advantageous to replace old, heavy and large equipment, new, lighter
and more compact. However, a decrease in the mass directly of the charge of the BC
will lead to a decrease in the power of the projectile. Finally, the last resort is the use of
a multi-stage scheme, as in the Chinese A300, although traditionally the RMs are
developed exclusively in single-step. Such a constructive solution allowed to increase
the maximum range of the projectile compared with its predecessor, A200, by 45% from
200 to 290 km [11], while maintaining the mass-overall characteristics and not reducing
the payload. However, in this case, the design should have been complicated and the
product's reliability lowered. It is also not necessary to forget about the creation of new
high-energy blended fuels for solid-fuel engines, although this issue is rather
technological rather than design.

The precision of the missiles is increased by installing on board a combined
inertial and satellite guidance system that reduces the KIW to 30-50 m, as well as the
establishment of radar (and other) GSN, as in the case of the Chinese high-precision
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SVFS WS-64, where at a range of 280 km of KIW was reduced to 10 m [11], but
American GMLRS + Rocket.

High precision, together with a large range, allows you to strike point targets that
are deeply in the blaze of the enemy. At the same time, the most important advantage is
that at one launcher there are several guides at once. On modern samples is about 6-8.
Also, the latest installations allow each shell to be used for its own purpose.
Accordingly, one installation can cause a series of punch-strokes due to the enemy's
burst resulting from one start-up. At the same time, the SVFS, in addition to high-
precision, also retains the possibility of massive rocket attack on the area.

It should be noted that a number of the above factors allows us to bring as much
as possible the modern SVFS into operational tactical missile systems. At the same time,
SVFS retains its advantages in the form of high mobility and speed of deployment,
which reduces the vulnerability of artillery fire and strikes of aircraft of the enemy.

We should not forget the probability of overcoming anti-missile defense (missile
defense) of the enemy. On the one hand, the cattle keep a high flight speed, reaching the
mark 5.6 Maxy (WS-2D) [9], which greatly complicates the task of interception. On the
other hand, modern BFDs have the ability to maneuver in flight in order to overcome the
enemy's air defenses as a result of the use of aerobalistic trajectories of flight at altitudes
of up to 50 km. It is also important to note the possibility of a high-speed turn over the
target zone for vertical impact to maximize the impact power (A200, A300, WS-63,
WS-64)

Considering a number of advantages of modern high-caliber SVFSs, such as high
precision and efficiency, high flight range, maneuvering capabilities to overcome the
enemy's missile defense, and high-level rotation over the target area to maximize
damage. And also a number of advantages of the system as a whole, such as the
possibility of applying both point and salvo shocks, high mobility and speed of the
launch of the launch. It is worth considering the possibility of developing in Ukraine as a
modern large-caliber jet system of salvo fire as a whole, as well as cattle to it, which
would correspond to the best foreign models and would take into account the main
world trends in the development of RM SVFS.

Previously, it is possible to formulate such requirements for a promising RM: the
mass of the projectile up to 1500 kg, the weight of the payload to 250 kg, the range from
300 to 500 km (the limitation under the international agreement "Mode of control over
rocket technology"). The maximum accuracy is KIW of about 10 m, the aerobaltic
trajectory with the possibility of maneuvering throughout the flight, as well as turning
over the target area for a vertical impact. It is also worth considering the development of
various types of MS: a fragmentation-explosive, penetrating, cassette, bulk explosion, as
well as a projectile with a small-scale reconnaissance unmanned aerial vehicle for
conducting operational intelligence in the target area and the transfer of information to
the fire control complex for adjusting the firing.
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nenpoeckui nHayuonanbuviu ynueepcumem umenu Onecst I onuapa

BJIUSTHUE XUMHYECKOI'O COCTABA KOJIECHOM CTAJIM MAPKH
R7 HA MEXAHUYECKHWE CBOVCTBA ITPA TAPHOM U I'PYIIIIOBOM
KOPPEJIALUAX

B naniii crarTi mpoBeneHO aHAJI3 BUILIABKH KOJICHOI cTaju Mapku R7, BcraHoBJeHi
NPUYMHU HeJ0JIeTYBAHHS KOJICHOI CTajJu Wi€i MapKH, a TaKoX PO3IVISHYTO BILUIMB
Moau(iKyBaHHsI Ha cradidizamilo XIMIYHOro CkKJaaxy 1 NiABUIIEHHS PIBHA MeXaHiYHUX
BJIACTHBOCTel KoJicHOi crtanu Mapku R7. /loBeneHo 3a gomomoror koediunieHTIB Kopesasinii
Pi3HHX BHAIB, 10 BBeJAeHHS B Ppo3ILIaB 0araTtoQpyHKUiOHAJbHHUX MoAudikaTopiB cHpusie
A0JIeTYBAHHIO PO3IJIaBy, crTalijgizamii xiMiuyHOro ckJaaay i migBHINEHHSI PIBHA MeXaHIYHMX
BJIACTMBOCTEM KOJICHOI cTanu mapku R7.

KuarouoBi cioBa: xozicna cmane R7, mooughikysanns, koegiyiecum xopensyii, Ximiunuil cxiao,
MeXaHiyHi 1acmugocmi.

B nanHoii cTaThe NpoBe/ieH AaHAJIU3 BHINJIABKU KOJIeCHOI cTajau Mapku R7, ycraHoBieHbI
NPUYMHBI HEI0JIeTHPOBAHMUSA KOJECHOH CTaJM 3TOM MAapPKH, a TaK:Ke PacCMOTPEHO BJIMSIHHE
MOAU(UUMPOBAHMA HA CTAOMIM3ALMI0 XHMHYECKOI0 COCTAaBAa M MOBBILICHHE YPOBHS
MeXaHMYEeCKUX CBOMCTB KoJiecHOH ctanu mapku R7. Jlokazano npu noMouu ko3¢ duuueHTon
KOppeJsiiii  Pa3JIMYHbIX BH/JI0B, 4YTO BBeJAe¢HHE B PACILUIaB MHOTOQyHKIMOHAJIBHBIX
MOAN(PUKATOPOB CHOCOOCTBYET /0JETHPOBAHMIO PAaCI/IaBa, CTA0MJIM3ALUM XMMHYECKOIo
COCTaBAa M NMOBBIIIEHUIO YPOBHSI MeXaHUYECKHX CBOICTB KOJIeCHOH cTajiu Mapku R7.

KuroueBble caoBa: xonecnas cmanv R7, moouduyuposanue, xospguyuenm xoppensayuu,
XUMUYECKUU COCMAB, MEXAHUYECKUE CEOUCMEA.

This article dial with analysis of the R7 wheel steel smelting has been carried out, the
reasons for the non-alloying of the wheel steel of this brand have been determined, and the
influence of the modification on the stabilization of the chemical composition and the increase in
the mechanical properties of the R7 wheel steel has been considered. It has been proved with the
help of correlation coefficients of various types that the introduction of multifunctional modifiers
into the melt promotes alloying of the melt, stabilization of the chemical composition and an
increase in the level of mechanical characteristics of the R7 wheel steel.

Keywords: wheel steel R7, modification, coefficient of correlation, chemical composition,
mechanical characteristics.

BBenenne. Ilpu wucciaenoBanuyd OOJIBIIONO MAacCHMBa CTATHCTHYECKHUX JTaHHBIX
COBpEeMEHHOU cTtaiid R7 ompeneneHo, 4to Ha BCEX METALTYPTHYECKUX MPOU3BOJICTBAX
HaOrogaeTcs 60IBIION pa3Max (pa3HHUIA MEXTY MaxX U min) CoAep>KaHUs JIETUPYIOIINX
AJIEMEHTOB KaK B IIpe/iesiaX OQHOM MIABKH, TAK U MEXK]y TUIaBKaMHU.

© C.A. ITommxo, 2018
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JIefiCTBUTEIBHO, KOJIECHBIE CTAIM B YCIOBUSIX COBPEMEHHOT'O MPOU3BOICTBA SBIISIOTCS
MHOTOKOMIIOHEHTHBIMH ~ cucTeMamMu. W HecTaOMIBbHOCTh XUMHUYECKOTO COCTaBa
NpUBEACT HECOMHEHHO K MOHMKEHHOMY YPOBHIO MEXaHUUYECKHUX cBOMCTB. HecMoTps Ha
NpPUMEHEHUE TEXHOJIOTHI BaKyyMHUPOBAHUSI CIUIABOB B KUIKOM COCTOSIHHH, BHEJIPEHUE
HETPEPHIBHOTO JIUThSI, 0OpabOTKY pacIUIaBOB QIIOMUHUEBON KaTaHKOW, Pa3IUYHBIX
auraryp, Takux kak FeSi, FeMn, SiMn, FeV, FeMo, SiCa, Al, CaO, CaF, u .1,
npo0JieMa CTaOHMITM3aIiU COCTaBa M CBOMCTB OCTACTCS aKTyallbHOM [ 1-3].

IlocranoBka 3agauu. OmnpenencHue BIUSHUS KaKIOTO U3 DJIEMEHTOB
XUMUYECKOTO COCTaBa M HMX COBOKYITHOCTH Ha YypPOBEHb MEXAHMUYECKHX CBOWCTB
KOJIECHOM ctanu R7 ¢ moMoIIpio MeTo1a perprucCHOHHO-KOPPENSIIIMOHHOTO aHAIH3a.

Metox pemieHusi M aHAJAU3 TMOJYYEHHBIX Ppe3yJabTaToB. B cBsi3u C
nocTaBieHHoU 3aaaueit, B ycioBusix OAO «Murepnaiin HT3» Obiu BeituiaBiens 111
miaBok (108 cepuitnbie u 3 MoaudumpoBanusie) ctaau R7. B tabn. 1 npeacrasieHs
XUMUYECKUU cocTaB ctanu R7 u pe3ynpTaThl 00paOOTKHM CTATUCTHYECKOTO MacCHBa
JAHHBIX IO PEaJTHLHBIM IJIABKaM.

Tabnuya 1 — Xumuueckuii cocmas cmanu mapxu R7

MaccoBast 10J1s1 3JeMEHTOB, %
Mapka | C [Mn | Si [ P [ S T Cr[ N [Cu|Ti|]V][Mo]|AI [CrtM
cTajau 0+Ni
He Oouee
1 | 23] 456 7] 8]910]11]12]13]14

EN 132624 0,49 | 0,80 | 0,40 [0,020(0,015| 0,30 [ 0,30 [ 030 | - |[0,06 | 0,08 | - | 0,50
2011
KosmeBas
npoba R7,
cpennce | 0483] 0,691 0,324/0,010 0,008 | 0,197 |0,049 | 0,060 0,006 | 0,028 0,001 0,021 0,246
BHAYCHHUC
Max 0,51 | 0,76 | 0,37 [0,017]0,013] 0,24 | 0,09 | 0,10 0,007 |0,036 | 0,002 0,028 0,332
Min 0,47 | 0,65 | 0,28 [0,005]/0,004| 0,17 | 0,04 | 0,03 [0,005[0,020]0,000(0,015[0,211
Pasmax 0,04 | 0,11 | 0,09 [0,012]0,009] 0,07 | 0,05 | 0,07 |0,002|0,0160,002]0,013]0,121
Paznuia
MOy MaX g5 | 16,9 | 32,1 | 240 | 225 | 41 | 125 | 233 | 40 | 80 | 200 | 86,7 | 57,3
min 3Ha4.
%
Cpennexs. |0,008(0,026(0,018(0,003(0,002]0,012]0,007(0,015] 0 [0,003] - [0,003| -
OTKJIOH.
Kod. 0,017 |0,038]0,055|0,297 0,252 [ 0,062|0,149|0,251(0,085(0,108| - [0,140| -
BapHaluu
Dkerece  |0,652]0,055 -0,228]-0,954] 0,625 2,516[7,897[1,039[0,125[0,531| - |-0511] -
Acnmmerp. |0,278[0,597[0,177]0,439 | 0,964 [ 1,008 1,602 | 1,055 [-0,430[0,276 | - [0,316] -

[To nmpencraBieHHBIM B Ta0d. 1 TaHHBIM XUMHUYECKOTO COCTaBa (KOBIIEBBIX MPOO)
ctanu R7 1 3HaU€HUSIM CTATUCTUYECKUX MMapaMeTPOB YCTAHOBJIEHO CIIEAYIOLIEE.
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

BrisiBieHa HemoaerupoBaHHOCTh ctanu R7 mo kpemuuio (Ha 25 %), 0 HUKEIIO
(Ha 512 %), mo moymmbaeny (Ha 7900 %), mo Banaauto (Ha 114 %) (puc. 1).

10000 e —

1000 51 2%,

11444
100 e

10

CTENEHHEE HEDONETHPOBAHHOCTH, Y OTH.

=31 Cr+Ti+ e W I o

Puc.l - Crenenb HegoslerupoBaHHoOCTH cTaau R7
B cooTBercTBUM ¢ EN 13262-2011.

Cpennuit xumudeckuii coctaB cranu R7 orBeuan tpedoanusm EN 13262-2011,
3a HMCKIIOUYEHUEM OJHOM IUIaBKU, T/I€ COJEpKaHUE yriiepoda ObLIO BBIINIE HOPMBI,
0,51% C Bwmecto 0,49 % C. Ilockoabky Si, Ni, Mo, Cr ympounstor deppur,
HEJIOJIETUPOBAHHOCTh 3TUMHU 3JIEMEHTAMU CHHXKAET €r0 COMPOTUBIICHHE Pa3pyLICHUIO
MIpH [UKIUYECKUX Harpy3kax craimu R7.

BrisiBiieHHass CTENeHb HEAOJIETrMPOBAHHOCTH cTanud R7 meapiM KOMILUIEKCOM
anemeHToB (Si, Ni, Mo, V, Cr) noarBepxaaercs yctraHoBieHHOH 1o 108 mmaBkaM cTaim
R7 pazuunieli 3HaueHU MUKPOTBEpAOCTH ¢deppuTra U MEpiIUTa, KOTOpas COCTABISIET
48 % BMmecto 22 % nns cranu ¢ comepkanmem yriaepoma ot 0,48 % mo 0,50 % C
(puc. 2).

VYcranoBieHa Ooiblasi pasHUIA MEXAY MaKCUMaJIbHOM (max) ¥ MUHUMAJIbHOU
(min) BeIMYMHAMHU MUKPOTBEPAOCTH IJsi (eppuTa W mnepaura no 21 u3MepeHuro Ha
oOpasnax, BbIpe3aHHbIX U3 Kosiec ctaim R7 (puc. 3). ns ¢eppura oHa cocTaBiseT
26 %, nua nepauta — 22 %. ITO CBUAETEIBCTBYET O HEOAHOPOIHOCTH pacIpeeieHus
JIETUPYIOIIUX DJIEMEHTOB B (PeppUTE U MEPIUTE U HEIOJICTUPOBAHHOCTH (eppuTa.
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV
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Puc. 2 - Pa3uuna cpeaHux 3HavyeHuii Mmuxkporepaoctu H B % (oTH.)
deppuTa u nepaura aus crageii R7 (mo nanapiM OAO "UHTEPIIAWII HT3") u s
yrjiepoaucToii crajau ¢ coaep:xxanuem 0,48-0,5 % C
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Puc. 3 - Pazauna (pa3max) Me:kay max ¥ min 3HaYeHHAMH
MHMKPOTBepaocTH Gepputa u nepjaura B craju R7 (108 nnasok)

HecrabunsHoe comep:kanue octanbHbXx kKoMmoHeHTOB — V, Al, Ni, S, P cBs3ano ¢
HECOOJII0ICHUEM TEXHOJIOTHH BBIIIABKU cTaym R7.

Omnpenenenre CTENEHU HEIOJIETUPOBAHHOCTH W HECTAOWIBLHOCTH cTamu R7 mo
KOMIUIEKCY AJIEMEHTOB €€ XHMHYECKOrOo COCTaBa MPOBEPEHO HaMu Mo aHanuzy 108
NPOMBINIJICHHBIX ~ IJIaBOK B CpaBHeHMH ¢ TpeboBanmsmu EN  13262-2011,

55



CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

MUKpPOTBEpAOCTU (eppuTa M MEpiuTa; ONPEICICHHEM Pa3HUIBl MEXIy max U min
collepKaHUEM KakJIoro ajiemeHTa (pa3maxa B %); ycTaHOBJIEHUEM KOA(D(PUIIMEHTOB
BapUallMu ¥ OCTaJbHBIX CTATUCTHYECKUX MapamMeTpoB. DTO OIMpPEAEIeT JOCTOBEPHOCTh
MOJIYYCHHBIX JAHHBIX W TIO3BOJISIET C/ENaTh CJICAYIOIIUE BBIBOJBI MO XUMHUYECKOMY
COCTaBY UCCIICJIOBAaHHBIX IJIaBOK U3 cTanu RY.

1. Xumunuecknii cocta mi1aBok R7 (108 miaBok) He MpeBbIIIA BEPXHETO YPOBHS
tpeboBanuiit EN 13262-2011. YcTtanoBneHo, 0JHaKO, YTO 00Ias cyMMa JIETUPYIOIIUX
aneMeHToB, pexkomeHaoBanHas EN 13262-2011, pasnas 2,65 %, na 42,5 % Obuta
MEHBIIIE CYMMBI JIETUpYIOIIUX 3jeMeHToB (XJID) B peanbHbix 108 mnaBkax,
BBITIJIABJISIEMBIX MapTeHOBCKUM IiexoM HT3. bimsku k TpeOOBaHMSIM JTHIIH COCP KAHUS
C, Mn.

2. Ilokazano, 4to comepkanue S W P 3HaYUTENBHO HUXKE MPEABSIBISIEMBIX
TpeOoBaHMM, COOTBEeTCTBeHHO Ha ~ 88 % wu 100%, duro sBiIseTcs BechbMma
MOJIOKUTENBHBIM (pakToM. B TO ke BpeMs pa3zmax (pa3HHIla MEXAY MaKCUMAaJIbHBIM U
MUHHUMAJIbHBIM 3HAUE€HUAMH) cojiep>kaHus S u P cocraBisier cooTBeTCTBEHHO 225 % 1
250 %. Cronb OombIION pa3dpoc CBUAETENHCTBYET O 3HAYUTEIHHOW HECTAOWMIILHOCTH
cocraBa 1o cepe u (ocdopy. DTO OTpHUIATENIHHO CKa3bIBACTCS HA IUKINYECKON
BSI3KOCTH U TPEIIMHOCTONKOCTH, TIOCKOJIBKY COSTUHEHUS CePhI — CYIb(MUIBI — SBISTIOTCS
OCHOBHBIMH MECTAMH 3apOXKACHUS TPEIIWH MIPH 3HAKOIIEPEMEHHBIX Harpy3Kax.

3. YcTaHOBIEHO, YTO BCE IUIABKH CYIIECTBEHHO HEIOJICTHUPOBAHBI TaKUMU
komronentamu (V — Ha 114 %, Ni — na 512 %, Mo — na 7900 %, Si- Ha 25 %),
KOTOpbIE€ ONpPENENs0T TPEUMHOCTOMKOCTh ctaiiu R7. B TO ke Bpems coaepxaHue
MMEHHO JTHX JJIEMEHTOB SIBIIICTCS HanOoJiee HecTaOMIbHBIM. Tak, pa3mMax colepKaHus
moymmoaeHa coctaBisieT 200 %; Hukens — 125 %; Banagus — 80 %; turana — 40 %;
kpemuust — 32 %. HecrabunbHOCTh copeprxkanus JID moaTBepkmaeTcs JUisi BCEX IIaBOK
TaK)K€ TOBBIICHHBIMM  3HAYEHUSIMU  KOY(DPUIIMEHTOB Bapualuu W JPYTUMU
CTATUCTUYECKUMU TTapaMeTPaMH.

4. HeoOXxomuMo ¢ y4YeTOM BCEX JEHCTBYIOIIMX Ha MEXaHUYECKHE CBONCTBA
(dakTOpoB pa3zpaboTarh ONTHUMANBHBIA cOcTaB crTanu R7, BkiIodas erupyronme
anementsl Cr, Ni, V, Cu, snementsi-packuciaurenu Al, Ti, razossie mpumecu O, N, H u
BpeAHbIC TpuMecH S, P, yka3aB He BEpXHHMH JONMYCTUMBIM mpeaen, a Min m max
KOHIICHTpAITUH.

B cBsi3u ¢ BhIIeyKa3aHHBIMU TTpoOJieMaMu, ObLIO TTPOBEACHO MOIU(DUITUpOBaHNE
MHOTO()YHKIIMOHAJIbHBIMU MOAU(PHUKATOpaMH paciiiaBa ctainu Mapku R7 (puc.4 ).
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

Puc. 4. Buemnnii Bua moaudukaropa ais craium R7

MoauduiupoBaHie crocoOCTBOBAIO MOBBIIMICHUIO CTAOMIBHOCTA XUMHUYECKOTO
coCTaBa KOJIECHOM cTainu Mapku R7

Tabnuya 2- Ceputinvie niasku

XuMudeckuii coctaB, % 1o Macce
C Mn Si p S Cr Ni Cu V Mo Al Ti [H]
Maxenvaneioe | 51 | 971 | 036 | 0,016 | 0,006 | 0,24 | 015 | 012 | 0,037 | 0,047 | 0,025 | 0,007 | 1.8
3HAYCHUC
Munmvanbroe | o 40| 7 | 031 | 0,007 | 0,004 | 019 | 004 | 005 | 0034|0033 | 0021 | 0006 | 1
3HAYCHUC
Pasmax 0,03 | 0,01 | 0,05 | 0,000 | 0,002 0,05 | 0,11 | 0,07 | 0,003 | 0,014 | 0,004 | 0,001 | 0,8
Cpennee 0,49 | 0,70 | 0,34 | 0,011 | 0,005 | 0,21 | 0,11 | 0,08 | 0,036 | 0,038 | 0,023 | 0,006 | 1,5
3HAYCHUC
Kospduument | 501 501 | 0075 | 0417 | 0217 | 0,140 | 0,553 | 0,494 | 0,043 | 0.215 | 0,089 | 0,091 | 0,284
BapI/Ia]_II/II/I
Tabauya 3- Moouguyuposanmvie niasku
XuMudeckui coctas, % 1o macce
Mn Si P S Cr Ni Cu \% Mo Al Ti [H]
Makcuma 001 0.00
JIbHOE 051 | 076 | 0,37 | 0018 | 0,015| 029 | 008 | 011 | 0039 | ~,~ | 0030 | "¢~ | 20
3HAQYCHUC
MuHumadn 001 0.00
BHOE 046 | 065 | 0,28 | 0005|0004 | 017 | 003 | 004 | 0019 | ")~ | 0012 | "¢~ | 05
3HAQYCHUC
005 | 011 | 009 | 0013|0011 | 012 | 005 | 007 | 0020 | %9 | 0018| o0 1,5
Pa3zmax 4
Cpemee | 648 | 069 | 033 | 0010|0008 | 019 | 005 | 0,06 | 0030 | ®O1 | 0022 | %90 | 14
3HaYEHUE 1 5
Koad
HeHT 0,018 0'83 0,052 | 0,291 | 0,281 0’58 0,192 | 0,268 | 0,110 0'714 0124 | 0 Ofl
BapUalnu
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

HccnenoBanne MHUKPOCTPYKTYpbl cTanu R7 HeMoIu(UUUpPOBAHHBIX CEPUMHBIX
IUIABOK, M  MOJU(PUIMPOBAHHBIX CHEHUAIBHBIMM  MOJU(PUKATOpPAMU  I10KA3ajo
CJIETyIOIIIEE.

CepuitHass HeMmonuduuupoBaHHas cTanb R7 oTiIM4YaeTcss HEOJAHOPOIAHOCTBIO
CTPYKTYpBl, 3HAUWUTEIBHONH pPAa3HO3EPHUCTOCTHIO M  (POPMHUPOBAHUEM  CIUIOIIHBIX
oKaiiMJIeHn# N30BITOYHOTO (peppuTa BOKPYT KOJOHUHN mepiuTa (puc. Sa). [Ipu OGonpiimx
YBEJIMYEHUSX B MUKPOCTPYKTYpe OOHapy>KE€HbI MEJKHE BBIJEICHUS BTOpoil ¢a3bl. He
MCKJTIOYEHO, YTO 3TO BBIJCJIICHUS TPETUYHOTO [IEMEHTUTA, BBIICTSIONIErocs B (peppure B
MpOLIECCE OXJAXICHUSI KOJEC IOCIE€ TEePMHUYECKOW OOpabOTKH W3-3a YMEHBLICHUS
PacTBOPUMOCTH YTIiepojia B peppHUTe MpH MOHIKEHUU TeMIIepaTyphl 10 KOMHATHOH. B
U30BITOYHOM  (eppuTe HaMu ObUIO OOHApYXEHO 3HAYUTENIbHOE  KOJUYECTBO
HEMETAJUTMUECKUX BKIIOYEHUH (CyIb(hUI0B, OKCUCYTh(UI0B, OKCUIOB), pUC. 6-8.

Puc. 5 — Mukpoctpykrypa HemoauunupoBantoi craiau R7 ninasku Ne 21477 u nnaBku
Ne 22811, o6paboTaHHOl cnenuaaIbHbIM MoaudukaTopoMm, x280

Puc. 6 — HemonudunupoBanunas craib R7. Puc. 7 — MoaudunupoBaHHas
Pa3Ho3epHHCTOCTD M HeNpepbIBHBIC cnenuaIbHbIM MOAU(PUKATOPOM cTalIb R7
OKaiiMJIeHUs] BOKPYT KOJIOHUH MepJiuTa, € NPepbIBUCTHIMHU Bbl/leJICHUSIMU
HEOJIHOPOJAHOCTb CTPYKTYPHI (hepputa H30BbITOYHOIO (peppuTA B IEPJIHUTE
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CucTeMHe NPOEKTYBaHHS Ta aHAJIi3 XapaKTEPUCTUK aepoKocMiyHoi TexHiku. Tom XXV

Puc. 8 — HemeTtaninueckue BKJIOYEHNUS B BbIIEJIeHUSX
H30bITOYHOTO (peppuTa (CyabPuaAbL, OKCUABI, OKCUCYIb(UIBI) B cTaau R7

Hemeranmnnueckue BKIIIOUEHHS TAaK)Ke UMEIU CIOXKHYIO0 (JOpPMY B CEpUMHON CTaH
B OTJIMYKE OT MOJIU(DUIIMPOBAHHOM.

PerpeccnoHHO-KOPPENSALIMOHHBIM ~ METOJIOM  YCTAaHOBJIEHBI  KO3()PUIIMEHTHI

[IAPHOM M TPYNIIOBOM KOPPEJBILUU I Ipeaesaa MPOYHOCTU M YIApHOM BA3KOCTH C
3JIEMEHTAMU XHUMHUYECKOro coctaBa ctanu R7 (puc. 9-12).
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

N N N RN O

C TiAICrMnSiNi P V S Cu

V TiNiSi S CrCuP C AlMn

Puc. 9 - 'mcrorpamma ko3(ppuiineHTOB NAPHOiIi KOPPeJISIIUH MeXK1Y NpeaeaIoM
NMPOYHOCTH U XUMUYecKUM coctaBoMm crajam KII-T

KCUas0
ma 0,70
0,50

0,30

0,10

-0,10

0,30

0,50

0,70

VCuAlINi P Ti C S Si CrMn

K 0,90
KCU®,70
0,50
0,30

0,10

-0,10
-0,30
-0,50
-0,70

P Si Ni Ti Cu C

Pucynok 10 - I'mcrorpamma k03¢ GpuuneHTOB NAPHO KOPPeIsiiuU MeKAy YIAPHOH
BSI3KOCTHIO (0001) 1 xXuMuYeckuM coctaBom craau KII-T

60



CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV
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Puc. 12 - T'ucrorpamma k03¢ QpuuneHTOB KOppeJsiliii MeK1y YAApHOH BA3KOCTHIO (000/1)
H xumMu4deckuM coctapoMm cranu KII-T

Kak BuaHO, Ha mpeaen MPOYHOCTH HauOoJee CYIIECTBEHHO BIUSIOT YTJIEPOJ,
KpPEMHHM, alOMUHUM, BaHaaui. Ha ymapHyro0 BA3KOCTH OKa3bIBalOT 3HAYUTEIBHOE
BIIMSIHUE BaHAJAUM, XpOM, HUKEb, TUTAH, OBBIIIAA €€.

Ecau roBopuTh 0 rpynmnoBOM BJIMSHUM SJIEMEHTOB, TO HauboJyiee CYIIECTBEHHO,
KakK BUJIHO U3 TUCTOTPaMM, OKa3bIBAIOT BJIIMSHUE BCE KOMIIOHEHTHI BMECTE MMEHHO B
MOJIU(DUITUPOBAHHOM MeTajljIe. ITO CBSA3aHO ¢ KOMIOHEHTAMH MHOTO()YHKITMOHATBHBIX
MO (HKATOPOB.

BeiBogpl. B 1aHHOM cTaTbe yCTAHOBJIEHA HEIOJETMPOBAHHOCTH TaKUMH
atemeHTtamu, kak V, Ni, Mo, Si, koTopble B 3HAYHTEIHLHOW CTEIICHU OMPEICIISIOT
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

TPEHIMHOCTONKOCTh cTanu R7. OTMeueHa HeCTaOMJIBHOCTh COJIEpPKAHUS JIETUPYIOIINX
AJIEMEHTOB B CEpUMHOM METAJLJIE, MOJATBEPKICHHAS CTATUCTUYECKUMHU NTapaMmeTrpamu. B
MOJAU(PUIIUPOBAHHOM METaJJIE C UCIHOJIb30BAHUEM CHEIUATbHBIX MOIU(UKATOPOB,
KoMMYecTBO depputa momydeHo ~12 %. TIpu MUKIHYecKuX MCIBITaHMIX Ha 6ase 1-10°
LIUKIOB, TPOBEIEHHbIX B ['epMaHMH, TpPEIIMHOCTOMKOCTh KoOJieca OTBedasa
TpeboBanusiMm. Kpome TOro, B MOAU(PUIMPOBAHHBIX CTAIAX CHOPMUPOBATIOCH
3HAYUTEIIbHO MEHbBIIEE IO pa3MepaM IEePBUYHOE 3€pHO; H3OBITOUHBIM (QEeppUT HE
oOpa3yeT CIUIOIIHBIX OKailMJIIEHWI 1O TpaHMLaM MEpPIUTHBIX KOJOHHM, CHW)XXEHa
PA3HO3EPHUCTOCTh. DTO YKa3bIBa€T Ha MEPCIEKTUBHOCTh MCIIOJIb30BAHUS CIEUATBHBIX
MOAU(PUKATOPOB st 00paOOTKH PaCILIaBOB.
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CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

UDC 532.526 : 532.24
S.V. Alekseyenko

Oles Honchar Dnipro National University

SIMULATION OF THE AIR-DROPLET FLOW IN THE AIRCRAFT ICING
PROBLEMS

Meteorological conditions presupposing the occurrence of icing is possible are analyzed. To
describe the external air-droplet flow and the process of moisture precipitation on the
streamlined aerodynamic surfaces in icing problems a model of interpenetrating media is
proposed to use. This model allows one to take into account the law of droplet size distribution in
an icing cloud, to consider the problem in a three-dimensional statement, and also to take into
account the exchange of mechanical and thermal energy between supercooled water droplets and
air flow.

Key words: air-droplet flow, moisture precipitation on the streamlined surface, icing of
aerodynamic surfaces.

IIpoananizoBaHo MeTeopoOJIOriYHI YMOBH, IiJl YaC MOJbOTY B SIKUX MOKJIMBE BUHUKHEHHS
oOMep3anHs. [[uis1 onucy 30BHIIIHBOIO NMOBITPSIHO-KPAIEJIbHOIO MOTOKY I MpoLecy OCaJKeHHS
BOJIOTH HAa O0TiYHY NMOBEPXHIO B 33/ia4yax o0Mep3aHHsl aepoOAMHAMIYHMX NMOBEPXOHb JITAJbHHUX
anapariB 3anpoNOHOBAHO BHKOPHUCTOBYBATH MOJe/Ib B3a€EMONPOHMKHHUX CepPeAOBMIL, IO
J03BOJISIE BPAXOBYBATH 3aKOH PO3MNOAiJIYy po3MipiB Kpamejb B XMapi o0Mep3aHHs, po3IsAaTu
3aja4y B TPUBHMMIPHIii NOCTAHOBLi, a TAaKOK BPaxOBYBaTH OOMIH MEXaHiYHOK i TENJIOBOIO
eHepPri€l MixK Mmepeoxo/i0AKeHNMHU BOASTHUMU KPAIJIAMHM i OBITPAM.

Knrouoei cnosa: nogimpsano-kpaneibHuti NOmiK, 0CAONCEHHS 60]102U HA OOMIUH)Y NOBEPXHIO,
00Mep3aHHs aepoOUHAMIYHUX NOBEPXOHD.

IIpoanamu3upoBaHbl METEOPOJIOrHYECKHE YCJIOBHS, NPH I0JeTe B KOTOPbIX BO3MOKHO
BO3HMKHOBeHHMe oOJiefeHeHusl. /[yl onMcaHusi BHEIIHEr0 BO3AYLIHO-KAaNeJIbHOr0 IOTOKA H
npouecca OCaXKIeHHs BJarH Ha 00TeKaeMyl IMOBEPXHOCTh B 3ajJadax o0jeJeHeHHs
23POAMHAMMYECKHX MOBEPXHOCTEH JIeTaTeIbHbBIX ANNAPATOB MPEAJI0KeHO HCI0JIb30BaTh MOJe/Ib
B3aHMONPOHUKAIOIIUX Cpel, IO3BOJAIONIYI0 YYHMTBLIBATH 3aKOH paclpelejeHusi pPasMepoB
KanejJb B o0Jlake 00J/1elcHeHHsI, pacCMATPUBATh 3a/ladyy B TpPeXMePHOH INOCTAHOBKe, a TaKikKe
YYUTBHIBATH 00MEH MeXaHMYeCKOl M TelJioBoii IHeprueii Me:X1y nepeoxJiazkAeHHbIMU BOASTHBIMH
KAIUISIMH M BO3yXOM.

KnroueBble cjioBa: BO3IYIIHO-KAaNeNIbHBIM IOTOK, OCAXACHWE BIAard Ha O00TEKAeMYHo
MOBEPXHOCTh, 00JIeICHEHUE a9POTMHAMUYECKUX TOBEPXHOCTEH.

Introduction. In modern conditions, ensuring the safety of aircraft flights,
including in adverse weather conditions, is an actual problem causes a constant interest.
Under certain flying conditions, supercooled water droplets contained in clouds can
freeze, falling on the aerodynamic surfaces of the aircraft, forming ice growths.

© S.V. Alekseyenko, 2018
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Depending on the amount, shape and location, such growths can have a significant
negative influence on the aircraft: disturb the flow structure, increase turbulent wake,
increase in drag, decrease in lift force and stall angle of the wing affecting adversely the
stability of aircraft and its handling on the whole, lead to weight gain.

According to accepted safety standards [1], the main research instruments to be
included in the certification plan for aircraft for flight in icing conditions are: flight tests
in natural icing conditions, and using spray systems installed on the ahead-of-flight
aircraft and creating an icing cloud; experiments in wind tunnels, both "dry" and
modeling icing conditions; numerical methods. It should be noted that flight tests,
although being the most reliable means of research, have significant limitations related
to the danger, as well as the difficulty of ensuring the reproduction of experimental
conditions, in addition, they require significant financial and time costs. Ground-based
experimental methods also require the use of expensive and complex cooled high-speed
wind tunnels equipped with a system for the reproduction of icing conditions. Such
methods, although they make it possible to significantly expand the range of the
investigated parameters, but, in turn, also do not give a complete idea of the distribution
of the parameters of the air-droplet flow in the investigated region. In addition,
experiments conducted under ground conditions can not accurately reproduce the icing
conditions in flight, requiring the use of scaled models. As a result, in order to reduce
the financial and time cost of developing anti-icing systems, to assess their effectiveness,
to understand the effects of changing the geometry of the aerodynamic surfaces due to
the formation of ice build-up on the flow field and, accordingly, to create the most
advanced anti-icing systems in modern conditions, there is a need to apply numerical
simulation methods.

Until now, a number of well-known techniques and software products have been
developed in various countries to simulate the icing processes (LEWICE, ONERA,
CANICE, etc.) [2-4], in which, as a rule, the external airflow is described using the
potential equations, and motion of supercooled water droplets — using a trajectory
model. Also, the application of the trajectory model in combination with the Navier-
Stokes equations of compressible gas for the describing of the air-droplet flow is
considered in [5-6]. When implementing this approach, the airflow parameters are first
calculated, along which a number of trajectories of supercooled droplets with a small
margin of "enveloping” a streamlined profile are built. The concentration of droplets
directly at the surface and, correspondingly, the local collection efficiency for the
streamlined profile, is determined by the condition for the conservation of the mass flow
of droplets in the cross section, limited by neighboring droplet trajectories.

It should be noted that the traditional approach using the trajectory model [2-4]
does not take into account the mutual exchange of mechanical and thermal energy
between supercooled droplets and air flow, is associated with certain difficulties in
implementation of three-dimensional statement of the problem: in the case of complex
geometry of streamlined bodies, multi-body configurations.
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Objective of the paper is to develop a mathematical model describing the motion
of the air-droplet flow taking into account the mutual exchange of mechanical and
thermal energy between supercooled water droplets and airflow in a three-dimensional
statement.

Physical Problem Statement. All observed weather phenomena, including
meteorological conditions, in which the occurrence of icing is possible, are formed in
the troposphere at heights of up to 7 km at the poles and up to 16 km at the equator. The
powerful thermal vertical streams of moist air, the continuous mixing of air masses with
different temperatures and pressures, the lowering of the temperature and air pressure
with altitude, also cause a change in the water concentration in the air, condense water
vapor and form clouds, fog, rain, snow or hail. It is known that under certain conditions,
water droplets, contained in clouds or rain at a negative temperature of the ambient air,
can be in a supercooled state [7]. The icing of aircraft in most cases occurs during a
flight in this environment.

The main meteorological parameters on which the intensity of icing depends are:
 the amount of condensed water per unit cloud volume (liquid water content,
LWC);

* the air temperature (T);

* the size of the water droplets.

Water content varies considerably with temperature and can fluctuate strongly for
both the same cloud type and the same cloud. In practice, usually used water content
averaged over large areas, equivalent in volume of 1 m® and a length of several
kilometers. As the temperature decreases, the water content decreases, and the
probability of icing decreases. It should also be noted that an icing cloud represents a
polydisperse aerosol, which contains supercooled water droplets of different sizes —
from a few up to tens of microns, and during rain up to hundreds of microns. To
estimate the size of droplets contained in the cloud, in practice, the mean volume
diameter (MVD) is often used, determined in such a way that 50% of the total water
droplets contained in a unit of cloud volume have a diameter larger, and 50% — smaller
than MVD.

It is believed that the major types of clouds, which may cause icing are stratiform
and cumuliform clouds and also freezing drizzle or freezing rain conditions (in the
presence in atmosphere of so-called supercooled large droplets, SLD). Herewith the
range of meteorological parameters presupposing the occurrence of icing is determined
by the Aviation Rules of the International Aviation Committee part 25 [8] and also Title
14 of the Code of Federal Regulations, part 25, Appendices C and O [1], which also
regulate the law of distribution of sizes of supercooled water droplets in the cloud.
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Mathematical Problem Statement. When describing the external air-droplet flow
in a three-dimensional statement, a model of interpenetrating media proposed by H.A.
Rakhmatullin [9-11] was used. This model is based on the concept of a multiple-
velocity/multiple-temperature  medium, with each point of the medium being
characterized by as many velocities and temperatures as the amount of layers that the
considered medium contains. Each phase continuously fills the space.

The main assumptions of the model are the following:

e the medium is assumed to be multiple-velocity and multiple-temperature,
consisting of air — viscous compressible carrying gas and supercooled water
droplets — fractions of incompressible spherical particles of specified diameter with
no interaction between them;

¢ heat capacities of the air and droplets are constant;

o the droplets sizes are many times larger than the molecular-kinetic distances and

many times smaller than the distances, and the averaged macroscopic parameters of

flow vary significantly;

¢ the interaction of the supercooled water droplets and the carrying air is taken into

account via air viscosity;

¢ the temperature of a single droplet is constant throughout its volume.

The equations that describe the carrying air flow and supercooled water droplets
are coupled through the source terms, taking into account the momentum and energy
exchange between states. They differ from the Navier-Stokes equations only by the
presence of these sources. In order to specify the terms that describe the interphase
interaction, the results of studies of the processes occurring at the gas flow over particles
are used [12].

The unsteady equations of the multi-phase flow are written as follows [9-11]:

g on &G

a@E m & @)

a OF aF L6 4 [aR &S GTJ
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e:p{s+%(u2 +Vv2 +W2)} €k :ijkl(DTjk +(U12k +V12k +W12k)J- (3)

The following notations are used in the equations: u,v,w — are the velocity
components in the directions x,y,z; p, p, e — are the density, pressure, and total energy
of the unit volume of air; a — is the sound velocity; y — is the specific heat ratio; u — is
the dynamic viscosity coefficient; Re — is the Reynolds number; Pr— is the Prandtl
number; &,.&,.&,.n.n,M,.8,.6,.6,, 3 — are the metric coefficients and Jacobian of the
coordinate transforms ¢=¢(x,y,z,t) n=n(x,y,zt), £ =¢(x,y,z t), respectively. u, v, w — are
the contravariant components of the velocity vectors of the carrying air and supercooled
droplets; variables with subscript j describe the particles; @ — is the specific heat ratio of
the droplets and air at a constant pressure, subscript k varies from 1 to n, where n is the
number of intervals that correspond to the mass fractions of droplets of a given size in
the air-droplet flow (according to the accepted law of droplet size distribution by volume
of the cloud).

The magnitude of the momentum and energy exchange between the layers is
specified as [12]:

Huk =ijAjk(U_Ujk)1 Hyk =ijAjk(V_ij)’ Huwk =ijAjk(W_ij)a Hek =P jkAjkBijk » (4)

n n n n
HMZZHuk, Hvzszk! HWZZHW/C’ He:ZHekv
k=1 k=1 k=1 k=1
where A, By are dimensionless coefficients determining the momentum and energy

exchange,

9ugfjk L
Ajk =~ =,
2 mjkrjzk v
Bjic = 2y kA jk — 9eTj~T ). 5)
qjkquk =Ujk(u—Ujk)+ij(V—ij)+ij(W—ij), gc = Nujk/ijk Pr. (6)

Normalized friction coefficient ¢; is calculated by the following formula:

Cc
T —— (7)
Dstokeg

where c, —is the drag coefficient of the drops, and

24

Chstokes, = Rep’
j
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Re j , is determined in terms of the relative drop velocity by:

‘quk‘:\/(u—ujk)2+(v—vjk)2+(w—wjk)2 ) (8)
was calculated using the formula:

2AQ jk|rjkp
RejI(:&' (9)
Hg

In the calculations, the normalized friction coefficient and Nusselt number for the
drops are determined as follows:

1,Re ik <0,49,
1125 Re%!3049<Re;, <80,
f ik Ik (10)
=
¥ Joo12s Re'?t"80<Rej <1000
Rejk/12, Re jk >1000,

Nu=2+0,459Re%%°pro32 | (11)

In the relations (4) — (11) L — is a typical length scale; r;, — is the drop radius,
corresponding to the k-th interval; ., — is the dynamic viscosity coefficient of the
carrying air; mj, — mass density of droplets, corresponding to the k-th interval; v —is
the datum speed; , — is the dimensionless density of the carrying air; and the remaining

notations are universally accepted.
The initial distribution of the droplet concentration in the air-droplet flow,
corresponding to the k-th interval:

Pik =P /L—dx), (12)
where ¢, =Wj, /W, — the mass fraction of droplets in the air-droplet flow having
dimensions, corresponding to the k-th interval.

Conclusions: A mathematical model that can be used to solve the problem of icing
of aircraft aerodynamic surfaces during the flight in adverse meteorological conditions
has been developed. The model makes it possible to describe the motion of the air-

droplet flow taking into account the law of the droplet size distribution in the icing
cloud, the mutual exchange of mechanical and thermal energy between the supercooled
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water droplets and the air flow, and proceed to the solution of the problem in a three-
dimensional statement.
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ninpoescwvkuti nayionanvrnuu yHieepcumem im. Onecs I onuapa

JATUYUK I'OPU3OHTY KOCMIYHOI'O AITAPATY

IIpononyerncst  cnocid BH3HAYeHHs1 KYTOBOI Opi€HTalili KOCMIYHOIO amapary mo JiHil
TOPU30HTY IUVIAHETH BiIHOCHO OPOITAJIBHOI CHCTEMH KOOPAMHAT, AJIrOPUTM KYTOBOI Opi€HTAIIL
KOCMIYHOI0 amapary B HaJup IUIaHeTH 3 BHKOPHCTAHHSIM MAaJIOTa0APUTHOrO [aT4YHKAa
TOPHU30HTY.

KuiouoBi caoBa: xocmiunuil anapam, O0amuux 20pu3oHmy, Kymoea OpieHmayis y Haoup
niaHemu.

IIpennaraercs cnocod ompeneaeHusi YIJI0BOi OPHEHTAIIMH KOCMHYECKOr0 ammapara Imo
JIMHUM TOPHU30HTA IJIAHEThl OTHOCHTEJIbHO OPOMTAJBLHOW CHCTEMbI KOOPJAMHAT, AJTOPHTM
YIJIOBOii OpPHEHTAIIMM KOCMHYECKOT0 amnmapara B HAAdp IUIAHEThl ¢ HCHOJb30BAHUEM
MaJIOra0apuTHOIO JaTYNKA FOPH3OHTA.

KiaoueBble ciaoBa: xocmuueckuil annapam, oamyux copusoHma, y2ioeas opueHmayusl,
opuenmayusi 8 HaOup NJiaHemsl.

A method for attitude determination of a spacecraft along the horizon line of the planet
relative to the orbital coordinate system, the algorithm for the angular orientation of the
spacecraft in the nadir of the planet using a small horizon sensor is proposed.

Key words: spacecraft, horizon sensor, angular orientation, orientation to the nadir of the
planet.

Beryn

[IpakTyHO BCl KOCMIYHI anmapatv nNoTpeOyloTh KyTOBOI OpieHTalli 1 cTadiimizamii
B MPOCTOP1 AJIs pilleHHs [UIbOBUX 3anad. CucreMy, sika 3/1MCHIOE KyTOBY OpPIEHTALIIIO
kocMmigHoro amapary (KA) BiIHOCHO BHM3HAYE€HHUX OPIEHTHUPIB HA3UBAIOTh CHCTEMOIO
KyTOBO1 oOpieHTamii (BM3HAUEHHS KYyTOBOTO IIOJIOKEHHsS) 1 crabumizamii (KyToBi
PO3BOPOTH 1 yTpUMaHHS BIJHOCHO Bu3HaYeHuX opieHTupir) — CKOC.

Ax mxepeno iHdopMalii I BU3HAUEHHS KYyTOBOI opieHTauli cydacHi KA
BUKOPUCTOBYIOTh ~MAarHiTOMETpH, I1H(QpauyepBOHAa BEPTHKaJIb, COHSIYHI JIATYUKH,
acTpOJATYMKH, TaTYUKU KYTOBUX HIBUAKOCTEH. JJaTUMKU MOXYTh BUKOPHUCTOBYBATH K
TpagUIiiHI TEXHOJIOTIT BUT'OTOBJIEHHS, TaK 1 TEXHOJIOTI] MEMC
(MikpoeJIeKTpOMEXaHiuHI CHCTEMH) — BUTOTOBJICHHS CJIEKTPHYHOT 1 MEXaHIYHOT YaCTHHHU
JaTyrKa y BUTJIsI1 Mikpocxemu [1].

© Mamit M.C., PaxmaroB M.O., [peberkina O.A., Kymadyxos A.M., 2018
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Sk BuKOHaABY1 opranu ctabumizarii 1 opieHTaii KA mupoko 3acTOCOBYIOTHCS JBUTYHH-
MaxOBHKH (IIpOrpamMHi PO3BOPOTH 1 TpeleH3iiiHa cTalimi3amis) 1 eJeKTPOMAarHiTH
(BUKOPHCTOBYIOTBCS JIJIsl TAaCIHHS MTOYATKOBMX KYyTOBHUX IIBHIKOCTeH KA mipu BijijIeHHI
BIJl paKeTH HOCIS 1 pO3BaHTaKEHHS JBUT'YHIB-MaXOBHKIB).

AJTOpUTMH KYyTOBOTO KEpyBaHHS MPHU LIbOMY BUMAararoThb 3HAYHUX PO3PaXyHKIB
MOB’SI3aHUX 3 TEPEXO0JOM B Pi3HI CHCTEMU KOOpPAWHAT 3 BUKOPHCTAHHSAM iH(opmarii
po HaBiramiHi mapameTpu cymyTHHKa (iHpopmaris 3 amapaTypw CyIyTHHKOBOI
HaBiraiii) i popMyBaHHS KEpYIOUNX CUTHAIIB HA BUKOHABYI OPTaHHU.

Jatunku ropu3oHTty Ha KA NpakTUYHO HE BUKOPHUCTOBYIOTHCA. B OCHOBHOMY 1X
3aCTOCYBaHHS OOMEKEHO aBlalllfHOI0 TEXHIKOI0 3 MaJlMM 4acoM (YHKIIIOHYBaHHS (B
OCHOBHOMY BUKOPHCTOBYIOTBCS T1POCKOIIYHI JATYUKH ).

Takox iCHYIOTh PO3pPOOKH 3 Opi€HTallli OE3MUIOTHUX amapartiB 3a 300pa’KeHHAM
Bineokamepu [2]. OCHOBHI CKJIQIHOCTI BHKOPHCTaHHsS JaTYUKIB KyTiB IO JIiHIi
ropu3onTy Ha KA moB’s3aHi 3 HasgBHICTIO aTMoc(hepu 1 HENIHIMHICTIO 3HIMKY MpH
HIMPOKUX KyTaxX orysny. B medakux poboTax po3risiialoTbCs MOKIMBOCTI BpaxXyBaHHS
HEJIIHIHHOCTEH /i1 BU3HAYeHHs KyTtoBoro mnosiokeHHs KA [3, 4, 5]. Opnak 1e
OPUBOJUTH O 3HAYHUX OOUMCIIOBAJIBHMX ONEpaliid 3 ypaxyBaHHSIM OCOOJIMBOCTEM
KOHKPETHOI BIJICOKaMEpPH.

ITocTanoBKka 3aaaui.
Po3rissHeMO MOKJIMBICTh BUKOPUCTaHHS 1H(OpMaLlil PO JIHIK0 TOPU3OHTY IS
opieHTanii KA B Hajup njaaHeTH NMpy HACTYITHUX OOMEKEHHSIX:

- aHeTa Mae popMy Kyl 3 pajiycom R;

- KOCMIYHHMH amapaT 3HaXOJUThCS Ha KOJIOBiK opOiTi 3 BUcCOTOIO h, BemuunHa
K01 MOKe OyTH BU3HAYEHA 32 JIOTIOMOTOI0 PaliOBHCOTOMIPA;

- BlJIeOKamepa Ma€ KyT OTJIsiy o,

- KamMmepa BcTaHOBJIeHa Ha oci KA;

- Bick KA BiaxuseHa BiJ HAIUPy HA KYT ;

- ICHTpaJIbHUM MOJOBUHHUN KyT BUAUMOCTI KA — f;

- 300pakeHHS TUTAHETH 1 HABKOJIOTIJIAHETHOTO MPOCTOPY KOHTPACTHI;

- KaMepa Ma€ XapaKTEePHCTUKH 3HIMKA: @ — BHCOTa 300pa)keHHs, D — mupuna
300pakeHHs (300paKeHHSI B MIKCENX);

- pO3MOJUIbHA 3/JaTHICTh 300payKeHHS — | MiKCeIb.

Po3B’s130Kk 3ajaui.

Ha puc. 1 HaBenena cxema BHU3HAYEHHS KyTOBOTO ToJiockeHHsT KA 3a momoMororo
OJIHI€T KaMepu MO JIHIT TOPU3OHTY B OpOiTaNbHIN cucTemi kKoopauHat. [lomoBuHHMI
HEeHTpabHUM KyT BuanMocTi KA 3 maneTn

B =cos 1=, (1)

Rz+h
Paniyc BuAMMOI OKpYKHOCTI IUIAHETH, 110 BiIOOpaKa€ThCS HA KaMmepi
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-l\,'l{Rg"'h:]z_Rg

r=R_sinf =R, Roh (2)

VY Tabn. 1 HaBedeHi JaHi pO3paxyHKIB MapameTpiB BUAMMOCTI TOPU3OHTY IS
3emili Ha PI3HUX BUCOTaX.

L )

Puc. 1 — Cxema BU3Ha4YeHHS KyTOBOIo moJioxkeHHss KA
3a 10NMOMOrom 1 kamepu 1o JiHil TOPU30HTY

Tabauys 1-/]ani po3paxyHxise 0isi 30H BUOUMOCIE OOPMOBOT Kamepu CYNYMHUKA
3emni Ha pi3HUX 8UCOMAX

Re, KM h, km [, rpan I, KM Kyt BinHomeHHs
BHIMMOcCTi | &
manetn, | %e
rpa.
6370 400 19,80411 2157,141 140,3918 | 0,338641
6370 500 22,00566 2385,677 135,9887 | 0,374518
6370 600 23,95978 2585,593 132,0804 | 0,405902
6370 700 25,72452 2763,559 128,551 0,43384
6370 800 27,33799 2923,981 125,324 0,459024
6370 1000 30,21076 3203,799 119,5785 | 0,502951
6370 2000 40,46354 4132,166 99,07292 | 0,648692
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Ha puc. 2 nokaszaHo BioOpa)keHHS JiHIT ropu30HTY Ha Bigeokamepi KA.

Sk BugHO 3 puc. 2 KA Mae nmopopot B miomuH1 XOY 3B's13H01 cUCTEMU KOOpAUHAT
3 OpOITaIbHOI HA KYT @, B TOM Yac sIK BIIHOCHO OpOiTaIbHOT CHCTEMH KOOPIMHAT KyTOBI
koopauHatu KA BU3HaualoThCs 3cyBaMU KOOPJIMHAT 3B'I3HOI CUCTEMU KOOPJAUHAT
XO1Y o (neHTpy Bimeokamepn) B mionuHi XOZ Ha BennmunHy X; 1 B rurommHI YOZ Ha

BennunHy Y. [Tpu nbomy nienTp KA (O;) 3HaX0IUThCS Ha BiJACTaHI BiJI IEHTPY IUIAHETH
HA BEJINYMHY

0,0 =R, + h. (3)

¥ra

Puc. 2 - 38's130k opienTauii KA 3 300pa:xeHHsiM Ha Bineokamepi

3Binacu kyT BiaxuieHHs: KA B mmonuai XOZ

— ein—1 M
4, = sin P 4
BignoBigno
— aia—1 ¥y
6, = sin o 5)

AJroput™M ympasiiHHS KyTOBUM MoJiokeHHsIM KA 3 ofHi€ero kameporo,
BCTaHOBJIEHOIO Ha oci KA Moske OyTu BU3HaYEHUI TAKUM YHHOM:
- moBopoT KA nHaBkoo oci Z,, Ha KyT y (puc. 3) 10 OTpPUMAaHHS CHMETPUYHOCTI

3HIMKa Ha BiJieokaMmepi (30ir koopauHaT Y KOHTPACTHOIO 30HM JIIBOI 1 TPaBO1 YaCTHHHU
300paXeHHs );
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- moBopoT KA HaBKo10 0OCi X, 10 CYyMIIIICHHSI IEHTPAJILHOI OCi KaMepH 3 IIEHTPOM
3emi1i Ha OOYMCIIEHUH KYT Oy.

VY 1mpoMy BUMAAKY KYT OTJISIAy KaMepu MOBUHEH OyTH Oibllle KyTa BUIUMOCTI
IJIaHeTH Ha JaHii BucOTi (Tabs. 1), mo0 AaT4MK TOpU30HTY 3abe3ledyBaB BHIAUY
iHpopMmariii B MoMeHT yctaHoBkM KA B Hamup (3a0e3nedyeTbcsi Oe3nepepBHICTD
YIPaBIIiHHSA KYTOBHM ITOJIOXKCHHSIM).

PosrisHeMo Bu3HaueHHS KyTOBOTO ToyIokeHHsT KA 3a pesynpTaTamu 3HIMKA (pHC.
4). Ipunyctumo, mo B 3B's13aHiid cuctemi kKoopauHat (XY x4Zx4) BIIOMI KOOPJAUHATH
TOYOK A (Xa, Ya), C (xc, Yc) 1 B (Xg, Yg). Lli KoopaHHATH 3HAXOASATHCS SK KOHTPACTHI
TOYKH 3 3HIMKA.

Puc. 3 — BupiBHIOBaHHS 3HIMKa FOPH30HTY
(IOBOPOT HA KYT V)
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Puc. 4 — BuzHayeHHs1 napaMeTpiB KyTOBOI'0
noJioskeHHs1 KA no 3HiMKy

JI71st BUBHaYEHHA pajiyca BUIUMOI OKPY>KHOCTI TUTAHETH I' CKIIaZAEMO PiBHSIHHS

MpsAMOT, 110 NPOXOaUTh uepe3 Touku 4 1 C
Y=Y4 +

(Yve—va){x—xy4)

(xc—axa)

(6)

PiBHSIHHS TIPsIMO1, IO MPOXOJUTH Yepe3 TOUKY £ (110 3HAXOAUTHCS Ha CEpeIuHi

Bizpizka AC) 1 mepneHauKyIsspHoI npsamoi (6) Oye
Y=y — ':xc_xA:]':x_xA:].

(¥e-va)
[MpuBenemo piBasiHHSA (7) 10 BUILY
}J+A1X_Bl= D,

e
_ xe=xa).
1 (}’c—}"%]’ ]
B.=v +M;
1= JVE (¥e—¥a)
Vg = Yatle

2
AHANOTiYHO  pIBHSAHHSA  NOpsIMOi, IO MPOXOAUTH  uepes

MEPIIEHIUKYIISIPHOL 10 ipsiMoi CB MaTuMe BUTIISIA
J’+A2X_Bz = {],
ne
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(xp—xc).
A, =——=; 13
2 (e —J"E::] ] (13)
B, =y, + —E~TcD. 14
? iDH} (ve—¥c) (14)
J}D — %. (15)
Koopaunatu Touku O BU3HAYAIOTHCS BUpa3aMu
v, = 22751 (16)
o AZ_A:L’
Ai{EZ_El:]

o =B ———"—=. 17
Yo 1™ "(a,-ay) (17)

BinmoBigHO MOKHA BUHAYUTH PalyC BUANMOI OKPYKHOCTI TOPU3OHTY
r= \KXA_XG]E + (Va4 —Yo)* (18)

3 puc. 3 MOXHa BU3HAUUTHU KYT Y/, Ha sIKUi TOTpiOHO noBepHyTH KA B 3B's13H1M
cHCTeMi KOOpJMHAT JJIsl HallpaBJeHHs oci Y3, Bil IEHTPY IIaHEeTH
P = tan! % (19)
[Tpunyctumo, mo cucrteMa ynpasiiHHs noBepHyina KA Ha KyT y. Anroputm
VIOPABIIHHS B I[bOMY BUMAJAKY TOCUThH MpocTuil. HanmpsiMok mOBOPOTY BU3HAYAETHCS
3HAKOM BUpPa3y
Y — Ya. (20)
Bennuuna KyTOBOTO nepeMiiieHHs BU3Ha4aeThesi BupazoM (19). [epeminieHHs
3I1HCHIOCTHECS IIOKU HE BUKOHAETHCS CIIBBITHOIIECHHS
Vs —Ya = 0. (21)
Buznaunmo BeIMUMHY KyTOBOTO MEepeMIIieHHs JTsl HanpaBiieHHs oci KA mo
BEPTHUKAJIl JI0 IJIAHETH 32 YMOBH, 110 IIEHTP ONTHUYHOI KaMepu 301raeThes 3 JHIEI0
ropu3oHTy (puc. 5). [lpu nboMy 300pa>keHHs Ha Bijieokamepi Oy1e BIAMOBIAATH pUC. S6.
3 puc. 5 MaeMo:

siny = R:ih. (22)
r=R,sin(90—y) =R, [1— (:ﬁ)% (23)
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Puc. 5 — 3B's130k kyToBOro nososxkeHnsi KA i3 300pa:keHHsiM kamepu

Bucora op0iT 1 KyT ¥ BH3HA4YarOThCA BUpa3aMu
1

h=R,(———1) (24)
ﬂll_{nlg)

y=sin"! [1— (Rig)?. (25)

SAx Bxe Oyno ckazaHo Bupa3z (25) chpaBeIMBUEN JJIS BHUITAJIKY, HABEJIEHOTO Ha
puc. 50. [Ins BumankiB, HaBEJEHUX Ha pHUC. Sc 1 puc. 50 Bupa3 (25) 3a paxyHOK
J0JaTKOBOTO 3MIIIEHHSI MAaTUME BUTJIST

y = sin~? I1—(§g)2—@al, (26)

ne (Vg —Vo1) — KoopaumHaTa 10 BepTHKaii Toukd K B 3B's3aHiil cMcTeMi KOOpAHWHAT
(momo Touku Oy);

b - po3mip 300pakeHHsT KaMepH 110 BEPTHUKAJTL;

@4 - KyT OTJISATy KaMepH 110 BEPTUKATI.

JI71s1 BUKOHAHHS MOCTaBJIEHOI 3a/1a4l BUKOPUCTOBYEThCS MiHI Kamepa SQ11 (puc.
66) 3 TaKUMH XapaKTEepPHCTUKAMH. pO3/ilbHA 3aatHicTh (oTo — 4032*3024 12MP;
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dbopmar doro — JPG; popmar 300paxenns — 4:3, 16:9; kyr ornsany o6'ektuBa — 140
rpaayciB; rabaputu 23x23x23 Mm.

Anroputm o0OpoOku BijgeoiHdopmallli 3 KamMepu HE CKJIATHUN, IO J03BOJISIE
peaiti3yBaTd HOro Ha majorabapuTHOMY MiKpokoHTpouiepi tuny Beagle Bone Black
(puc. 6a).

a) 0)

Puc. 6 — Cxi1agoBi 1aTYMKa TOPU3OHTY:
MikpokoHTpoep BeagleBone Black (a), manoradapurna kamepa SQ11 (6)

Anpo0aiisi anroputMy o0poOku 1H@opmauii Oyna mnpoBedeHa Ha 3HIMKaxX 3
MixxHapoIHOT KOCMIYHOi cTaHLii. Pe3ynbTaTu po3paxyHKIB 3 JOCTATHBOIO TOYHICTIO
BU3HAYWINA KYTOBE MOJIOKEHHS BII€OKAMEPU Y MOMEHT 3MOMKH.

BucHoBkn

1. Tadopmariro mpo JNiHIIO TOPU3OHTY aJisi opieHTamii KA B Hamgup TUiaHeTH
MO>KHa BUKOPHUCTOBYBATH JJIsl BU3HAUCHHS KyTa HaXwiy anapary. [lpu 1ipoMmy TOYHICTb
KyToBOro nojoxxeHHs KA B Hanupl Moke OyTH BHCOKOIO HE3BaXKar0UM Ha HETIHIMHICTD
MajnorabapuTHOI KaMepH 3 BEJIMKUM KYTOM OTJISTY.

2. 3anponoHoBaHWil cmoci0 peanmizauii gatyuka ropu3oHTy s KA  wmae
HEBHMCOKY BapTICTh 32 PaXyHOK BUKOPUCTAHHS MaJIOrabapuTHUX BiJ€OKaAMep 3 IIUPOKUM
KYTOM OIVISITY 1 MaJIorabapuTHOTO KOHTpoJIepa.

3. JlaTuuKk TOpHU3OHTY 3 3alPONOHOBAHUM AQJITOPUTMOM OpIEHTALl B HaAHUP
MO’K€ BUKOPUCTOBYBATHCh IPH BIJCYTHOCTI HaBiramiiiHux napametpis KA (oco0amnBo
MpU BIACYTHOCTI cucteM TiobansHOro mnosuiiionyBanHs tuny GPS 1 ['JIOHACC) na
HABKOJIO3eMHHMX OpOiTax, a TaKOXK Ha opOiTax IHIMMX TJIaHeT 1 ix cymyTHukiB (Mapc,
FOmirep i ioro cynyTHuku, Micsup 1 T.1.).
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4. Tlpoctuil ajropuT™M cTabiai3amii KOCMIYHOTO amapary y Haadp J03BOJIsE
3aiiicHioBaTH ctabimizamito KA B peanpHOMY yaci 3 3eMJli 3a JOMOMOTOIO JHKOMCTHKA
(mns cynmyTHUKIB 3emuti), a00 acTpOHABTOM, II0 3HAXOAUTHCS Ha KOCMIYHOMY KopaO:ii
Ha opOiTax IJIaHEeT 1 X CYMyTHHUKIB.
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YK 629.764
K.B. KopocTtiok, H.M. JIpons

Jnenposckuiu nayuonanvrwiti ynusepcumem umenu Onecs I'onuapa

COBPEMEHHBIE TEHAEHIIUHU B COEPE IPUMEHEHMUSA
CYBOPBUTAJIBHBIX PAKET-HOCUTEJIEN

CrarTs npUCBsAYeHA JOCTI/IKeHHIO TeH1eH il cdep 3acTocyBaHHs cy00opOiTAJIbHUX paKeT-
HociiB (PH) i ix oco0muBocTel. Y cTaTTi PO3KPHUTI MUTAHHA 3aCTOCYBaHHA cyOopOitanbHux PH.
Hapnano ananiz icHyrouux mnpororumiB. Byam po3risiHyTi HacTynmHi BapiaHTH JOCSATHEHHS
MAaKCUMAaJbHOI BUCOTH NOJBLOTY cyOopOiTaiabHux PH: npocesiloBaHHsSI TArM, BCTABKa NMACHBHOI
AJISIHKH TPAEKTOPIl, Mi/IBUIIEHHS TAT0030POEHHOCTI HA CTapTi.

Knrwowuosi cnoea: cybopbimanrvna paxema-Hociil, OpOCentO8anHs mseu, NACUBHA OLIAHKA
mpaexmopii, msa20030pocHicmb.

CraTbsl NOCBSILIIEHA MCCJIEOBAHUIO TeHJAeHUMH cdep NpuMeHeHHs CyOOpPOMTAIBLHBIX
paker-nocutesneir (PH) m ux ocobenHocreil. B crarbe packpbIThbl BONPOCHI NPUMEHEHHS
cyoopouranbubix PH. IlpenocraBiieH aHain3 cymiecTBYOIIMX NPOTOTOMNOB. PaccmoTpeHbl
cilelyolue BAPUAHThI JOCTH:KEHMS MAaKCHMAJbHOH BBICOTHI mojera cybopouTanbHbix PH:
ApOcCceJIMPOBaHUE  TACH, BCTABKA MAaCCHBHOIO Yy4YacTKa TPAaeKTOPUHM, MOBbILIEHHE
TATOBOOPYKEHHOCTH HA CTapTe.

Knwouesvie cnoga: cybopoumanvnas pakema-nHocumenb, OpOCCENUPOSAHUe MAU, NACCUBHBII
yuacmok mpaeKkmopuu, nmAaco800pPYIHCEHHOCMb.

The article is devoted to research of tendencies of spheres of application of sounding
launch vehicle (SLV) and their features. The article deals with the use of SLV. The analysis of
existing proto-types is given. The following options for achieving the maximum altitude of flight
of SLV are considered: thrust throttling, insertion of the inactive leg, increase of thrust-to-weight
ratio at the launch.

Keywords: sounding launch vehicle, thrust throttling, inactive leg, thrust-weight ratio.

Ha cerogusimHuii neHb OOJBIIMHCTBO CTpaH MHpA, KOTOPbIE 3aHUMAIOTCS
pa3pabOTKOI JIeTaTeNbHbIX ammnapaToB cTpemsTcs paspadotats PH nerkoro wmum
CBEpPXJIETKOTO KJlacca. JTO CBA3AHO C TEM, 4YTO PAa3BUTHE DIJIEKTPOHHKH BEIET K
YMEHBILIEHUI0O MacCOBO-Ta0APUTHBIX XapaKTEPUCTUK 3JIEMEHTHOM 0a3bl KOCMHUYECKHX
annapaTtoB. CHYTHHKM CTaHOBSTCS BCE MEHBIIMX pPa3MEpPOB, a TaKXKe pacTeT uX
GbyHKIIMOHATBbHAS TOTPEOHOCTh. 3a MOCIEIHUE TOAbI TOUTH MOJIOBUHA MUPOBOTO PHIHKA
KA Hyxnaercs B BBIBEIGHUM MHUKPO W HAHOCHYTHHKOB Ha HHM3KHE OKOJO3EMHBIE

op6utsr (HOO).

© K.B. Kopocttok, HM. /Ipons, 2018
81



CucTeMHe NPOeKTYBaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

Ha pucynke 1 u3o0pakeHa THHAMHUKA U3MEHCHHUS KOJMYECTBA BBIBEIACHHBIX CITyTHHUKOB
Ha opOuTy Maccoit 10 SOKT 3a mocieaHue 8 JIeT, a TakKe MPOrHO3UpyeMast THHAMUKa Ha
ommxaiimmue 6 et [1].

-
250
= 200
B
= 150
100 |
50 I I
2013 201 017 020 2021

2010 2011 2012 2014 2015 2016 2 2018 201

Konuuecreo sanyweHHbIX cry THUKOB

2

=)

Pl

2022 2023

KaneHpaapHelid ropg,

Puc. 1. I[I/IHaMI/IKa HU3MEHCHUA KOJINIECTBA BLIBCACHUA CIIYTHUKOB Maccoi 10 50kr

Crnoxxunach TEHACHIMS HCIOJb30BaHUS CyOOpOUTANbHBIX PAaKET-HOCUTENEH IS
BbIBeicHUs1 HaHOCTTYTHUKOB Ha HOO mnocne nopabotku u mogudukanuu. K npumepy,
ATOHCKas JByXcTyrneH4datas cyoopoutanpHas PH SS-520 myrem noGaBnmenus Tperei
TBEPJOTOIJIMBHOM CTyIeHH BbIBOAUT noJie3Hbid rpy3 (I1I') mopsinka 4 kr na HOO.

PaccmoTpum ocobeHHocTH cyoopouTanbabix PH 1 001acTi X mpuMeHeHusl.

3HauuTeIbHAS YacTh CYOOpPOUTAJIBHBIX TIOJIETOB HOCHUT HCCIIEI0BATEIbCKUN
XapakTep M KX OCHOBHOE HA3HAYEHHE — 3TO IEPBUYHOE TECTHUPOBAHUE HOBBIX
TEXHOJIOTHH, pe3ylbTaThl KOTOPOro B JaJbHENIIEM OyAyT MPUMEHEHbI K pa3padoTKam
KOCMUYECKHX allapaTroB. 3HAYUTENbHAas YacThb MCCICAOBAaHUNA MPOBOAUTCA B
YHUBEPCUTETAX TaK, KaK PaCIIMPEHHE CIIPOCa HAa HOBBIE TEXHOJOTHH CTPEMHUTEIIBHO
pPacTET U YHUBEPCUTETHI SIBISIOTCS HCTOYHUKOM HOBBIX TEXHOJIOTUYECKHUX UACH.

Hau6Gonee BoctpeboBannbie chephl MpuMeHeHus cyoopouTanpHbix PH:

1. Ucnonb3oBanue cybopOutansubix PH B  kadecTBe MeETEOPOJIOTUYECKHX,
reopusnyeckux PH 11 wuccnenmoBaHus BEpXHUX CiOeB arMmochepbl U
OJM3JIeKaIIeEro KocMoca

2. llpenocraBienrie BO3MOXXHOCTH MNPOBEJCHUS SKCIEPUMEHTOB C 3aJaHHBIMU
peXUMaMy ~ MHUKpOTpaBUTalMK Il anpoOaluu  pe3yJbTaTOB  HAay4yHO-
MCCJIEI0BATENbCKOM alapaTypbl pa3IMyHbIX CIIEKTPOB ACSATEIbHOCTU

3. Pazpabotka cybOopOutansHoii PH B kadecTBe mnepBOoro j3Tama co3AaHUs
cBepxJjerkoro/aerkoro kjacca PH ans mocraBku manmoraGapuTHOTO, JIETKOTO
nosne3Horo rpy3za Ha HOO. Ha »sTom »Tame npeaocTaBisieTcsl BO3MOKHOCTD
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oTpaboTaTh TEPCIEKTUBHBIE CHUCTEMBI, NpHEeMIeMble Ha BapuaHTax PH mis
BbIBOJIa Ha HOO.

4. Vicnonw3oBanue cyOopOutampbHoii PH B KkadecTBe co3MaHus STajJIOHHOTO
o0Opa3sia Jy1s oTpabOTKH OLIEHKH Pab0TOCIIOCOOHOCTH CUCTEM HAOIIOACHUS

5. HUcnons3oBanue cybopbutanbHoii PH B y4eOHBIX HEnsX OpH MOATOTOBKE
MOJIOJIBIX CIIEITUAIMCTOB B YHUBEPCUTETAX, MHCTUTYTaX, KOJUIC/KAX.

Cdepa mnpumenenus cybopOutansupix PH He orpanuumBaercs pakeTHO-
KOCMHYECKOW oTpacibio. OHH MOTYT OBITh NPUMEHEHBI IS PEIICHUS aKTyabHBIX
3a]a4 Ha dTale Hay4YHO-HCCIENOBATENbCKUX paboT B (hapmakosoruu, OMOMeIUIHE,
MaTepHuanioBe/ieHue, THAPOPU3ZUKE U T.]I.

Ha pucynke 2 B KadecTBe TmpUMepa IMOKa3aHbl O00JAaCTH TMPUMEHEHUS
amepukaHckoi cyoopourtansaoit PH «Improved Orion» [2]. BuaHo, 4To 3HaYMTEIbHAS
4acTh 3allyCKOB JlaHHOW cyOopOuTanbHo PH Obulo CBsi3aHO € HcclieOBaHUEM
aTMocdepsl 3eMiid U 0TpabOTKOM cucTeM cyoopOuTanbHbix PH.

B Tabnume 1 mnpuBeICHBI OCHOBHBIC XapaKTEPUCTHKH CYHICCTBYIOMMX /
pa3zpabateiBaemMbix cyOopoOutansubix PH nHa sxunkux (OKPT) u tBepabix (TPT)
koMrioHeHTax paketHoro TormBa (KPT). PaccmarpuBamuicek cybopbutanmsueie PH co
CTapTOBOW Maccoi B quana3one ot 250 g0 12500 kr [3-7].

OtpabioTra
OBWraTensHoH

YCTAHOBKH

3%
OtpaboTea cucTEM

CBASH
1%

OrpafioTka cHcTeEM
PacKpbITHA
napawTa
11%

Hcnegosanue
atmocdepel
20%

PagmwaymonHa
A dH3aMKa
11%

Apyroe
13%

OtpaboTtra MartepuanosefeHH
CHCTEMBI
YNpasAeHHA
6%

Buonorua

OtpaboTea cHcTem 4% MapogMHammea

HABHFALLMM MArH|THOrC NoOnA 59

Honeposauue

6% 2%

Puc. 2. O6aactu npumenenus cyoopouraabnoii PH «Improved Orion»
B EBponeiickoii nporpamme REXUS
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B cBa3u ¢ Tem, 4YTO OOJBIIMHCTBO MPEIOCTABICHHBIX TBEPAOTOIIIMBHBIX
cyoopoutaneubix PH  aByxcrymeHuarble, a  KUAKOCTHbIE  Kak  MPABUIIO
OJIHOCTYIICHUaThle — B paboTe CpaBHUBAIUCH cyOopOuTanbHbie PH mo xoaddunuenty
Ecyx — KOOPQUIUEHT COBEPIICHCTBA KOHCTPYKIIMU (OTHOLIEHHE MAacChl KOHCTPYKIMU K
3ampaBieHHON Macce) sl pakeTHbIX 010k0B (PB), a He cTtynenu. B nanHOM cpaBHEHUH
cyoopoutansnas PH «MAXUS» He ucnonb3yercs.

Cpennee 3Hauenue & ana TtBeppororumBHbIX Pb  cocrasnsger 0.31, s
xuakocTHeix Pb 0.38. Oto rosopur o Tom, uro mns PH cBepxierkoro kmacca ¢
auanasoHoM craptoBor Macchl oT 250 1o 3000 xr & Pb na TPT numxe, yem &« Pb Ha
JKPT B oTniumu ot nerkux u cpeanux PH.

Ha pucynke 3 mpenocraBieHa 3aBUCUMOCTh CTapTOBOM MacChl CyOOpOUTaNIbHOU
PH nva TPT u KPT ot usmenenus maccsl [1I" npu noanstuu II" Ha BeicoTy 100KM. T1o
METOJly HAUMEHBIINX KBaapaToB [8] Obuta mocTpoeHa mpsMasi 3aBUCMMOCTH CTapTOBOM
Maccel PH ot maccer I1I" va 2KPT u TPT.

CPH Ha WPT CPH Ha WPFT CPH na TPT CPH Ha TPT

10

1800

1600

CraproBan macca, Kr

Macca N, kr

Puc. 3. 3aBucumocTth usmeHeHus maccol [T oT cTapToBoii Macchl Cy0opOUTAILHOIM
PH npu nogusitum III' Ha 100xkm
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CucTeMHe NPOEKTYBAaHHSA Ta aHaJli3 XapaKTepPUCTUK aepOKOCMidyHOI TexHiKU. Tom XXV

Tabnuya 1
Ceoonas mabauya cyoopoOuUmanbHulx pakem-Hocumereu
ITapameTp Hocureanb
PH E{I'Se?(fs? Maxus Oljir:rﬁ)zgz\;i%s) M-I;E;i';e SpaceloftXL SS-520 Black Brant 111
Crpana Bpazmms CIIA CIIA CIIA CIIA SAnonns Kanana
KommaecTtBo cryneHei I I | I | I I
Komnonentsl | ctynenu TBepnoe TBepnoe TBepnoe TBepnoe TBepnoe TBepnoe TBepnoe
Komnonenrtsl Il ctynenn TBepnoe - - TBepnoe - TBepnoe -
Jmuna PH, M 13 15,5 5,6 12,7 6 9,65 55
Max nuamerp, M 0,57 1 0,35 0,46 0,27 0,52 0,26
CraproBas Macca, KT 2570 12400 515 1609 355 2740 286
Macca TorumBa | cT. 616 10042 290 578 219 1587 170
Macca Torumsa 11 cr. 859 - - 500 - 325 -
Macca koHCTpyKIHH | CT. 284 1558 125 322 100 513 98
Macca xorcTpykmm# I cT. 341 - - 100 - 175 -
Tsra I crynern, kH 240 500 7 2575 36,6 145 49
Tsra Il ctynernn, kH 102 - - 55,1 - - -
Bpewms pabotei [ ctT., ¢ 11 63 26 5 12 65 -
Bpewms pabotsi Il cT., ¢ 20 - - 22 - - -
Bpemst MUKporpaBHTaLlUH, 6 14 2 i 2 13 i
MHH
Kasectro 10* 10* 10* . 10* 10* .
MHKPOTpaBHTALUH
Max neperpyska Ha AYT 10 10 21 26 25 - -
Macca I, kr 400 800 100 230 36 140 18
Aroreii, KM 260 705 90 400 115 800 177
& 0,316 0,134 0,301 0,358 0,313 0,244 0,366
&n 0,284 - - 0,167 - 0,350 -
Craryc AKTHUBHas AKTHBHast AKTHUBHas AKTHUBHast AKTHUBHAas AKTHUBHas 3akpbiTa
TTocnenuuit TTocnenuuit IMocnenuuii Tocte it IMocnenuuii Tocte it Tocte it
[Tpumeuanue 3aIyCK: 3aIyCK: 3aIyCK: ’ 3aIyCK: ’ ’
23.01.2016 07.04.2017 16.03.2017 sanyck: 2012 23.10.2014 sanyek: 2017 | sanyeic: 1985
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ITapameTp Hocureanb
PH Black MH-300 MOMO Arion 1 Ariel Ex0s Nexs II HEAT-2X
Brant IX
Crpana Kanama Poccus Snonns Ucnanns ABCTpaus CIIA Hanns Hanns
Cunramyp
KommaecTBo cTynenei I | I I | I | |
Kommnonentsl | crynenn Teepmoe Taepmoe O, + sTanon 0O, + kepocuH I'ubpuanOE 0O, + kepocuH O, + »Tanon O, + »Tanon
Komnonenrtsl Il ctynenn TBepnoe - - - - - - -
Jmuna PH, M 14,5 8 10 12 7,2 11 6,7 10,7
Max auamerp, M 0,44 0,45 0,5 0,65 0,68 0,5 0,3 0,65
CraproBas Macca, KT 2100 1564 1020 - - 1130 292 1753
Macca TorumBa | cT. 578 1032 700 - - 744 114 1200
Macca Torumsa 11 cr. 750 - - - - - - -
Macca koHCTpyKIHH | CT. 322 532 300 - - 343 178 473
Macca xorcTpykmm# I cT. 450 - - - - - - -
Tsra I crynern, kH 257,5 - 12 30 70 29 5 45
Tsra Il ctynernn, kH 111 - - - - - -
Bpewms pabotei [ ctT., ¢ 5 23 120 - - 135 35 100
Bpewms pabotsi Il cT., ¢ 34 - - - - - - -
Bpemst MUKporpaBHTaLlUH, 6+ ) 25 6 i 3 i 2
MHH
Kasectro 10* . 10* 10* . 10* . 10*
MUKPOTpaBUTALUN
Max neperpy3ka Ha AYT - 25 5 - - - - -
Macca II', kr 500 150 20 200 130 43 - 80
Arnoreii, kM 300 300 100 250 150 128 - 100
& 0,358 0,340 0,300 - - 0,316 0,610 0,283
& 0,375 - : : . . . :
Cratyc AKTHBHas AKTHBHas AKTHBHas Pazpabotka PazpaboTka Paspadorka Pa3paboTka Asapus
AKTHBHas 3akpbiTa
Ilocnennuit N Ilepsrii Tepaerii Tepabrii IlepBrlii Tepesiii

ITocnennui 3aIyCK 3aILyCK N 3aILyCK ABapus Ha

[Mpumeuanue 3aIycK: 3aIycK: TECTOBBIN
3amyck: 2015 TUTAaHUPYETCS IUTAaHUpYyeTCs mianupyercs | crapre B 2014
2017 30.07.2017 nyck B 2015
Ha 2018 Ha 2019 Ha 2018
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CucTeMHe MPOEKTYBAHHSA TA aHAJII3 XapaKTePUCTHK aepokocMiuHoi TexHiku. Tom XXV

Hcxons u3 aHanm3a paccMOTpeHHBIX cyoopOuTtanbubix PH, s mogustus I1T°
Maccoit 20 — 80kr npumensitorcst PH nHa TPT co craproBoii maccoit 290 — 515kr, nns
nonuATus Takoro xe [1I" craproBas macca cyoopOutansubix PH na XKPT cocraBuser
1020 — 1750kr. D10 cBuaeTenabcTBYeT O ToM, uto s moaustus [II" Ha 100xm
Tpedyercs cyoopoutanpaas PH wa )KPT B 3.5 paza Tsokenee, ueM cyOopOuTabHAS
PH na TPT. Ognako cy6opOutansusie PH na XKPT umeror nmpeumyiectBa nepen
cybopoutansueiMu PH Ha TPT.

Henocratku cyoopoutansubix PH na TPT:

e bomnbmas neperpy3ka Ha AVYT, mopsaka 250, 4TO MOXKET CYIIECTBEHHO

OrpaHuyuTh nuanas3ol [1I°

e OTtCcyTCcTBHE BO3MOXHOCTA MHOTOPa30BOT'0 UCIIOJIb30BAHUS

B cBs3u ¢ HEOOXOAMMOCTBIO OLIEHKHM BO3MOXHOCTH MHUHHUMH3ALUMU TOTEPh
ckopoctd Ha AYT myig moBBbIIIEHUS BBICOTHOCTH cyOopOutansHeix PH, ciemyer
HCCIIEIOBATh BIMSHUE PEKUMOB U3MEHEHMSI TATH, OCOOEHHO Ha y4yacTKax OOJIbLIMX
CKOPOCTHBIX HAIIOpPOB.

PaccMOTpUM ~ HECKOJIBKO  BApUAaHTOB  WM3MEHEHHUs  JWarpamMMbl  TSTH
KUJKOCTHOI'O PAKETHOIO JBUIaTellsi OO0 MOMEHTAa IPOXOXKIAECHUS MAaKCUMAJIBHOIO
CKOpPOCTHOTI'O HaIopa.

110000 140

100000 - 100

BoicoTa anorea (H), m
\
NoTepH ckopocTd (OV), %

5 90 95 100

50 33 &0 63 70 73 BO

[+]

Pemum tark, %

Puc. 4. 3aBucuMocTh H3MEHEHHE BBLICOTHI anores v
NOTEePb CKOPOCTH OT JAPOCCEJIUPOBAHUSA

JlpoccennpoBaHUe OCYIIECTBISUIOCh HA BBICOTE OPHUEHTUPOBOYHO DKM, TJIE
3HaueHue uncia maxa M = 0,9, u CKOpoCTHOM Harmop Ha JAHHOUW BBHICOTE COCTABIISICT
29 klla. PaccmaTpuBanock 5 BapuaHTOB ApoccenupoBanus Taru: ot 50 1o 90% c
marom 10%. Ilyrem apoccenupoBaHMsl TATM HAa AKTUBHOM YYacTKE TPaeKTOPUU
(AYT) ynmanoch CHU3UTH IMOTEPU CKOpPOCTH Ha a’ponuHamuky (AVy) na 1-2%,
norepu Ha mnpoTuBojasicHue (AVp) mopsaka 1%, HO 3HAYMTEITHLHO BO3POCIH
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CucTeMHe MPOEKTYBAHHSA TA aHAJII3 XapaKTePUCTHK aepokocMiuHoi TexHiku. Tom XXV

rpaBuTanoHHble notepu (AVy) Ha 3-34% wu3-3a yBenmuenus Bpemenu AVYT. Ha
pUCYHKE 4 MPEOCTABIIEHBI PE3YJIbTaThl PACYETOB.

PaccMOTpuM ~ HECKOJIBKO ~ BapUMaHTOB  JUIMTEJIBHOCTH  MPUMEHEHUs
MIPOMEKYTOUYHOTO MACCUBHOIO YYacTKa TPACKTOPUHM HA YYACTKE IPOXOKICHUS
MaKCUMaJbHOTO CKOPOCTHOT'O HAropa.

[TacCuBHBINM y4acTOK TPaeKTOPUU IPUMEHSJICS HA BBICOTE OPUEHTHUPOBOYHO
SKM, rae 3HaueHue uuciaa maxa M = 0,9, u ckOpoCTHON Hamop Ha JaHHOM BBICOTE
cocrapisier 29 klla. PaccmaTpuBaioch 5 BapuaHTOB C NMPUMEHEHHEM MACCUBHOIO
y4yacTKa JJIUTENIBHOCThIO OT 5 A0 25c¢ ¢ marom Sc. IlyreM BCTaBKM MacCHBHOIO
y4acTKa TPAEKTOPHUH YIaJI0Ch CHU3UTH TOTEPU CKOPOCTH Ha a3pOAMHAMHUKY Ha 2-6%0,
[OTEpU HA MPOTUBOAABICHHUE 10 1%, HO BO3pOCIM I'PaBUTALIMOHHBIE NIOTEPU HA 3-
15%. Ha pucynke 5 npenocTaBieHbl pe3yJIbTaThl PACYETOB.

)
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=
=
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=

110000 140

. 100

Boicota anorea (H), m
5
]
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Momepu ckopoctn (BV), %

]
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10 15 20 25

Bpema MaccMBHOTO Y4acTka, C

Puc. 5. 3aBucuMocTh N3MeHEHHE BbICOThI anorest U moTepb CKOPOCTH
OT IJIMTCJIbHOCTH BCTABKH IMACCHUBHOI'0 YYAaCTKA I10J1€TA

PaccMmoTpum BiMsiHME U3MEHEHUS TSITOBOOPYKEHHOCTH HAa BBICOTY BBIBEICHUS
[II" u motepu ckopoctu. [lpu pemennn gaHHOM 3a1auu OBUTH TIPUHSTHI CIEAYIONINE
O0COOCHHOCTH U JOIMYILECHUS:
® Macca KOHCTPYKLMH CONSt;
e Macca TOoILUIMBa CONSt;
® H3MEHEHHE TIATOBOOPYKEHHOCTU OCYILECTBIIAETCA IYTEM M3MEHEHHS TITH 32
cuetr u3MeHeHus pacxona KPT.

TsroBOOpYKEHHOCTD OMpeAesaeTcs o cienyromen Gopmyne:

P,
U= — 1
G, @)

rae Py — Tsra Ha ypoBHe Mops, Gy — cTapToBas macca.
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CucTeMHe MPOEKTYBAHHSA TA aHAJII3 XapaKTePUCTHK aepokocMiuHoi TexHiku. Tom XXV

[Ipy yBenWuYEHHM TATOBOOPYKEHHOCTM Ha crapre a0 4 enuHwul,
a’poJIMHAMUYEeCKre ToTepu pacTtyT Ha 10%, mnoTepu HaA MNPOTUBOJABICHUE
MPAKTUYECKA HE HM3MEHSIIOTCS,, HO TPaBUTAIIMOHHBIE MOTEPU CHILKarOTCs Ha 60%,
CJIEIOBATENBHO, CYMMAapHBIE TOTEPU CKOPOCTH HA AY'T CHMXKAIOTCS ¢ YBEIIMYEHUEM
TSTOBOOPYXKEHHOCTU. B CBSI3M C yMEHBIIEHHEM IIOTEPh CKOPOCTH, KOHEYHAas
cKopocTh cybopouTanibHo PH yBenuumBaeTcsi, cienoBaTelbHO, BBICOTA arores
yYBEJIMYUBAETCS. Pe3ylbTaThl HCCIIEIOBAHUS TPEAOCTABIECHBI HA PUCYHKE 6.

Bce pacuerbl KMHEMAaTHYECKHX MAapaMETPOB TPACKTOPUU MPOBOJMIINCH IO
meToauke [9].

160000 140
120

100

Breicota anorea (H), m
=
]
]
1
Norepu chopocty (AV), 3%

nnnnn
1 15 2 25 3 3,5 4

TAroB00pYHEHHOCTE

Puc. 6. 3aBucuMOCTHL H3MEHEHHE BHICOTHI anores u
NMOTePb CKOPOCTH OT TATOBOOPYKEHHOCTH

BeiBoabl. B pesynbprare CONOCTAaBUTEIBHOIO AHANM3a XapaKTEPUCTHK,
cymecTByromux cyoopourtanbHeix PH co craproBoii maccoit 10 3000Kr, BBISBICHBI
npeumymectBa cyoopoutansubix PH Ha TPT B cpaBaenun ¢ XXPT npu ogmHakoBbIx
3HayeHMs1X Maccsl [1I' ¥ BBICOTHI BEIBEACHUS:

1. KoadpduuueHT 0THOCUTENHbHON MacChl JIJIsl TAaKOTO Kiacca pakeT Ha TPT Huoke,
yeM 115 pakeT Ha JKPT.

2. TsarosoopyxeHHOCTh pakeT Ha TPT MoxeT ObITh JOCTUTHYTa 3HAYUTEIHHO
BBIIIE, YEM TAroBoopyxkeHHOCcTh paker Ha JKPT. Ho ¢ pocrom
TATOBOOPYKEHHOCTH YBEJIMYMBAIOTCS TEPETPY3KH, YTO MOXKET IPUBECTH K
OTPAaHUYEHMIO COCTAaBA U3MEPUTEIILHOM aIlapaTyphl.

B craTthe mokazaHo, 4To npu CyOOpOUTAILHOM MOJIETE, TPACKTOPHUS KOTOPOTO
Onmu3Ka K BEPTUKAIBHOW, HeleaecooOpa3HO NPUMEHSATh IPOCCEIUPOBAHHUE TSTU
JBUTATENId M IPOMEXYTOUYHBIM ITACCUBHBIA YYaCTOK TPACKTOPUHU IS TOCTHIKEHUS
MAaKCHMAJIBHOW BBICOTHI, TaK KaK 3TO NPUBOJUT K YBEJIMYEHHUIO CYMMAapHBIX ITOTEPH

89



CucTeMHe MPOEKTYBAHHSA TA aHAJII3 XapaKTePUCTHK aepokocMiuHoi TexHiku. Tom XXV

CKOpPOCTH, CJEIOBATEIbHO, K YMEHBIICHUIO BBICOTHOCTH, YTO SIBIISICTCS TJIABHBIM
nokasatreseM s cyoopOurtansHoil PH.

YCTaHOBIIEHO, YTO JIi MUHHMH3AIUKA CYMMapHBIX IOTEPh CKOPOCTH, UYTO
MPUBOJNT K YBEJIMYEHUIO BBICOTHOCTH CYOOPOMTAIBHBIX paKeT IeJIecOo00pa3Ho
MOBBIIIATH TATOBOOPYKEHHOCTh Ha CTapTe.
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VIIK-629.78(075.8)

T.A. Mansko, A.B. Jlutot, C.A. lllnmmu
J[nenpoesckuti Hayuonanvuwuill yrueepcumem umenu Onecs onuapa
'l «KB «IOxcnoe» umenu M. K. Aneensay

TEXHOJOI'MYECKHUE OCOBEHHOCTH U3TI'OTOBJIEHUA
KOMIIO3UTHOI'O KOPITYCA TOIIVIMBHOI'O BAKA C ®JIAHIHIAMMU U3
YTUIEIIVIACTHUKA

B poGoTi npencraBiieHi TexHOJIOTiYHI 0CO0JIMBOCTI BUTOTOBJIEHHSI KOMIIO3UTHOT0 KOPIYCY
NajJuBHOTO 0aky 3 po3polueHumu ¢uaaHuaMu i3 ByrjemiaacTuky. Po3rjsiHyra KOHCTPYKIList
¢nranniB i oxkpemux ejieMeHTIB TexHOJIOTiuHOI onpaBku. IlpuBeneHi oCHOBHI KOHCTPYKTHBHO-
TeXHOJIOTiYHi pillleHHS] BUTOTOBJIEHHSI KOMIIO3UTHOI0 KOPIYCY MAJMBHOr0 6aky 3 (uiaHusiMu i3
BYIJICILUIACTHKY.

Knwouogi cnosa: Ilanusnuii 6ax, gyanennacmuk, garaneysb, HAMOMKA, MEXHOI02IYHA ONPABKA

B palGore wu310kKeHBI TEXHOJIOTHYECKHE OCOOEHHOCTH W3rOTOBJIECHHS KOMIIO3UTHOIO
KOpIyca TOIUIMBHOTO 0aka c¢ pa3spa0oTaHHbIMHM (UIaHOAMH M3 yriemiacTuka. Paccmorpena
KOHCTPYKIUSI (MIaHLEB M OTAEeJbHBIX 3JIEMEHTOB TeXHoJIornueckoil ompaBku. IIpuBenensi
OCHOBHbI¢ KOHCTPYKTHBHO-TE€XHOJIOTHYECKHE PelIeHHUs H3TrOTOBJIEHUS] KOMIIO3UTHOIO KOpIyca
TONJIMBHOIO 0aKa ¢ (IaHIaMM U3 yIiIeIIacTUKA.

Knrouesvie cnosa: Tonnusnviii Oax, yeneniacmuk, @raney, HAMOMKA, MEXHOI0SUYECKAs
onpaska.

The paper describes the technological features of manufacturing a composite fuel tank
body with developed flanges of carbon fiber reinforced plastic. The design of flanges and
individual elements of the technological mandrel is considered. The main structural and
technological solutions for the manufacture of a composite fuel tank with flanges made of carbon
plastic are given.

Keywords: Fuel tank, CFRP, flange, winding, process mandrel

BBenenue. B Hacrosimee Bpemsa nepen ['oCcynapCTBEHHBIM MPEANPUSTAEM
«Konctpykropckoe 0ropo «HOkHOE» CTOUT 3ajada 1mo pa3paboTKe U U3TOTOBJICHUIO
TOIUIMBHBIX 0aKoB 00a4ar0llMM MHUHHUMAJIBHO-BO3MOKHONH Maccoi. B03MOXHBIM
pelieHreM JaHHOM 3ajadyd SBISETCS CO3JaHHE CBEPXJIETKHMX TOIUIMBHBIX OakKoB, a
TAK)K€ KOHCTPYKTHBHO-TEXHOJOTHYECKUE PEIICHUS €r0 COCTaBHBIX JJIEMEHTOB W3
YIJIETIIACTHKA.

TonnuBHBIE OakK MpeIHA3HAYCHBI ISl XpAaHCHUS TaKUX KOMIIOHEHTOB TOILJINBA
KaK OJKUJKUH KHUCJIOPOJ, CXKWKEHHBI Ta3 W KepocuH. TomnuBHBIE Oaku
WCHOJIB3YIOTCS KaK U3JEIUs B aBUALIMOHHOM, TAK U PAKETHO-KOCMUYECKON TEXHUKE U
pa3MemarTcs BHYTPU (PIO3EIDKEH W MOTYT SBJIATHCS KaK OTACITBHBIM 3JIEMEHTOM,
TaK U COCTAaBHOM YaCThIO KOPITYCOB PAKETOHOCUTEIICH.

© T.A. Manbko, A.B. JIutor, C.A. I1mm, 2018
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YuuTteIBas, 4To OOJBIIYI0 YaCTh KOHCTPYKIIMH PAKET COCTABJISIIOT TOIUIMBHbBIE OaKH,
OJTHUM U3 BaXXHEUIINX (PAKTOPOB OIMPEACTSIONINX, OMPECNIAIONINX COBEPIICHCTBO
KOHCTPYKLMH, SIBJISIETCS CO3/IaHNE MPUHIMITNATBHO HOBBIX TEXHOJIOTHI UX CO3/IaHus,
MO3BOJIAIOIINX CYIIECTBEHHO CHU3UTh Maccy 0aKOB M CTOUMOCTh W3TOTOBJICHHS.

B pabore mpencTtaBieHbl OCHOBHBIE TEXHOJOTHYECKHE OCOOEHHOCTHU
U3TOTOBJIEHUSI TOHKOCTEHHOI'O TOIUIMBHOrO Oaka Oe3leHEpHON KOHCTPYKIIUH.
OOt Bua Kopiyca TOINIMBHOrO Oaka MpeCTaBiIeH Ha PUCYHKE 1.

Puc.1 O0mmii Bu1 Kopnyca TONJIMBHOIO Haka
1 — CunoBas o6osouka kopryca; 4 — 3JIeMeHT repMeTH3alllu;
2 — naner; S — 3JIEMEHT METAJNINYECKOTO Kpernexa,
3 — KpBbIIIIKa; 6 — myuep.

Ocoboe BHMMaHuE B paboTe yaensercs ¢iaHIly KOpIyca TOIJIMBHOTO Oaka
(pucynox 2). dnaHer; BBINOIHSIET poJib (HOPMOOOPA3YIOMICH MOBEPXHOCTH TpHU
HAMOTKE B 30HE TOJIIOCHBIX OTBEPCTHH, W OOECIEYMBAET B3aMMHOE CKPEIUICHUE
BCTBIK C KPBIMKOW. OH BBIMIOJHEH M3 YIJIETUIACTUKA HAa OCHOBE BBICOKOTPOYHOMU
yriepoaHoil Tkanu 3752 u snokcuaHoro csazyrouero J/T-1011, uzroroBneHHoOro
METO/IOM BaKyyMHOTO (DOpMOBaHMUSI.
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Puc.2 ®nanen kopmyca TONJIMBHOIO 0aKa U3 YIJICIUIACTHKA € YCTAHOBJIEHHbIMH
3JIEMEHTAMH Kpelnexa

Kppika (puc. 3) mnpeacrtaBiasieT u3 ceOs 3JEMEHT TOIUIMBHOrO Oaka

3aKpBIBAIOIIMN TEXHOJIOTUYECKOE OTBEPCTHE HA €ro MOJI0CAX W BBINOJIHSAIONIASA
Mepexo]l K MajopasMepHOMY MITyLnepy. Kpblllika BBIIOJHEHA U3 YTJICIUIACTUKA Ha

OCHOBE BBICOKOIIPOYHOM YII€pOAHOM TKaHU 3752 U 3n0KCUAHOTO cBaA3ytomero J/T-
10IT M3roTOBIEHHOTO METOJOM BaKyyMHOTO (DOPMOBAHUSI.

Puc.3 IIpenBapuresibHasi CTBIKOBKA NMOJTY4eHHON KPBIMIKHU ¢ (py1aHmeM

JI71st BBITIOTHEHUST PA3bEMHOTO TEPMETHYHOTO COSAMHEHUS (hIIaHEI-KPHIIIKA B
paboTe pacCMOTPEH KOMIUIEKT CTaHJAPTHBIX METAJUIMYECKUX 3JIEMEHTOB. Bec aTux
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AJIEMEHTOB B COCTaBE KOPITyca COCTaBWJI 78 rpamm, 4TO HE YTsDKEIsIeT OOIIUiH Bec
TOTUTMBHOTO OaKa.

JIJIsI TepMETHYHOTO COCTUHEHHS TOILUTUBHOTO 0aKa ¢ MaruCTPabio B MPOIIECCE
AKCIDIyaTaIlui pa3paboTaHa KOHCTPYKIIHS 3alPaBOYHOTO MITYIEpa MPEICTABIISIOIIAS
13 ce0s yIOPHYIO BTYIIKY.

B paGote kpome pa3pabOTKH JOMOJHUTEIBHBIX 3JIEMEHTOB KOHCTPYKIIUH
TEXHOJIOTHYECKUH TPOIECC IMPEeIyCMaTpUBaeT: TOJATOTOBKY TEXHOJOTHYCCKOM
OCHACTKH JiJIsi (pOPMOBaHUS TeoMeTpuH (DJIaHIa W KPBIIIKH, PACKPOH M BBIKIAIKY
MaKeTa 3aroToBKU ()UIaHIA U KPBIKH (pUc. 4, 5), peKuM HOJIMMEPHU3alMKA 3ar0TOBOK,
MexaHudeckas o0paboTka (puc. 6), MOArOTOBKA ONPaBKH, HAMOTKA M IPOBEICHHE
OKOHYATEJIBHOTO pPEeXHMMa IMOJTMMEPH3alUd KOpPIyca TOIUIMBHOTO 0aka, KOHTPOJIb
BBIXO/IHBIX T€OMETPHUCCKHUX TTapaMeTpoB U repmeTraHoctr (Puc.9).

28 s ) A

Puc.4 Ilpouecc pa3MeTKH ¥ pacKposi 3aroTOBOK YIJICPOJAHOI TKaHU

N3roToBneHne yriemiacTUKOBBIX 3aroTOBOK (hIaHIla M KPBIIIKH BBITIOTHSIIN
METOJIOM PYYHOM BBIKJIAJKH B COOTBETCBHUM C 33JaHHOM CXEMOM apMUpPOBAHUA U
cxemoii ykiaaku. KoamdecTBo ciioeB B 3aroToBKe (hiiaHIia COCTaBUIIO 74, B 3aTOTOBKE
Kpblliku — 18. Tlocie BBIMOJHEHHS YKIIAJIKU BCEX CJIOE€B Ha OCHACTKY MPOBOJUTCS
PEXKHUM TMOJMMEPU3AUMUA B MEYM A3POJUHAMUYECKOrO ITOAOTPEBA IOJ JaBJICHUEM
BaKyyMa.
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Puc.6 Bux orBepkeHHOM 3aroTOBKH (MJIaHIA U3 YIUIEMJIACTUKA 10 MEXaHUYeCKO
00padoTKu

B xagectBe ¢opmMooOpasyromieii MOBEPXHOCTH MpPH HAMOTKE CHJIOBOU
00O0JIOUKH HCIIOJIb30BAJIM  pa30OpHYI0 METAJUIMYECKYI0 ONpaBKy JAHaMETPOM
295 mwM. IloaroroBneHHas onpaBka ¢ YCTaHOBJICHHBIMU (DJIaHIIaMU TIPEICTaBeHA Ha
pUcyHke 7.
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o

Puc.7 OnpaBka kopnyca TOINIMBHOTO 0aKa ¢ YCTAHOBJIEHHbIMH (pJIaHIIaMHU

HamoTky cuinoBoil 000JOYKHM KOpIyca BBINOJHSUIM HA CHEUUAIBbHOM
HamotounoM cranke MAW 20 FB5/1 ¢ mporpaMMHBIM yrpaBieHHeM (puc. 8).
Martepuan cuiIOBOH OOOJIOYKM — VYIJIETUIACTUK Ha OCHOBE BBICOKOIIPOYHOTO
yriiepogHoro BoJiokHa Tuna T1-800 wm asmokcuaHOro cBssyromiero. Hamotky
BBIIOJIHSUIA B COOTBETCTBMM C 3aJJaHHOM cxeMmol apmupoBaHus. I[lomydeHHyro
KOHCTPYKLMIO TOIUIMBHOTO ©0aka OTBEpXkJadd B IEYd M0 pa3pabOTaHHOMY
TEPMOBPEMEHHOMY PEXHUMY. 8.

Puc.8 IIpouecc HaMOTKH CHJIOBOI 000/I0YKH KOPILYCa TOIIMBHOIO 0aKa
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Puc.9 KoHTpo/ib repMeTHYHOCTH TOIJIMBHOIO 0aKa

Jlns oOecrieyeHue TEPMETHUYHOCTH TOIUIMBHOIO Oaka MNPOBOAMINA BKJIEHKY
METAJUIMYECKUX JJIEMEHTOB C IPUMEHEHHE DJIOKCHIHOTO Kied XOJIOJHOIO
otBepxkacHUA Mapku DIIOTEPM-03T Tum A.

3akirouenue

B pesynbraTe mpoBeneHHbIX paboT BIiepBble ObuTa OTpaOOTaHA TEXHOJIOTHS
M3TOTOBJICHHUS] KOMIIO3UTHOTO TOIUIMBHOrO Oaka ¢ (aHIamMu M3 YIJIEIJIacTHKa.
IIpuBeneHa onTuUManbHas CXEMa PacKpos, YKJIAIKH WM apMHUPOBAHUS YIJIEPOIHOU
TKaHU 175 (aaHieB W Kpbimek. CopoekTHpoBaHa M M3TOTOBJIEHA HEOOXoAuMast
TEXHOJIOTHYECKasi ocHacTka. Ha ocHOBaHMM pa3pabOTaHHBIX U anpoOMPOBAHHBIX
AJIEMEHTOB  KOHCTPYKLIMHM  oOecrieueHbl  TpeOyemble  3HAYEHUs  BBIXOJHBIX
r€OMETPUYECKUX TaPAMETPOB U MACCHI M OLIEHEHA FePMETUYHOCTh KOHCTPYKHH.
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10 YBAI'M ABTOPIB

1. CtaTTs MOBUHHA MICTUTU PE3yJIbTaTH HOBUX JTOCIIIHKEHb aBTOpPa 3 MTOBHUM
ixaiMm goBeneHHsM. IlocuianHs Ha HeEOmyOJiKOBaHI Tparli  HEMPHUITYCTHME.
[IpuiiMaroThCsi CTaTTi, 3aMPOMOHOBAHI YKPAiHCHKOIO, POCIMCHKOIO Ta aHTJIHCHKOIO
MOBaMH.

2. Pykomuc craTTi MOBMHEH MaTH TakKy CTPYKTypy (3riIHO 3 BUMOTaMu
[ToctanoBu BAK VYkpainu Ne 7-05/1 Bix 15 ciuns 2003 poky):

— IIOCTaHOBKa MpoOJIEeMU y 3arajlbHOMY BUTJISL Ta ii 3B'30K 13 BaKJIMBUMU
HayYKOBMMH YM NPAKTUYHUMHU 3aBJAHHSAMU;

— aHaJI3 OCTAaHHIX JOCHIDKeHb 1 MyOJiKalii, B SKHX 3all04aTKOBAaHO
PO3B'sI3aHHA aHOI NPOOJIEMH 1 Ha Kl CIHPAETHCS aBTOP, BUIJICHHS HE
BHUPILIEHUX PaHille YaCTHH 3arajbHoOi MPOOJIEMU, KOTPUM MPUCBIUYETHCS
O3Hau€Ha CTATTS;

— (QopMyIroBaHHA LJIEN CTATTI (IOCTaHOBKA 3aBJAHH);

— BHKJIAJl OCHOBHOI'O Martepiany JOCHII)KEHHS 3 MOBHUM OOTPYHTYBAHHSIM
OTPUMaHUX HAYKOBUX PE3yJbTATIB;

— BHMCHOBKHM 3 JJAHOTO JOCTIKEHHS 1 MEPCHEKTUBU MOJAIbIINX PO3BIIOK Y
JaHOMY HaIPSIMKY.

3. Bumoru 1o Habopy.

» Texct Habupatots y Microsoft Word.

» ®opwmar nanepy A4 (210x297).

» Ilapametpu cTopinku (mons): BepxHe — 20 MM; HIDKHE — 20 MM; JIiBE —
20 mm; ipaBe — 20 mm.

» Crui i1 popmaTyBaHHS AJIsl €JIEMEHTIB CTaTTI.

MixpsAKOBUHM 1HTEpBAN JIJIsl YCI1X €JEMEHTIB CTAaTTI OIMHAPHUU.

YK Ulpugpm: Times New Roman, 14 pt, npsmwuii, yci sitepu
BEJIUKI, BUDIGHIOBAHHS: 3a JIIBUM KPAEM; IHmMep8al Nicjsi.
OJIMH PAIOK

Imimianun 1 npizBuma | [lpugpm: Times New Roman, 14 pt, npsmuii;
aBTOPIB BUDIBHIOBAHHSA. 34 CEPEOUHON0; I[HMEpean nicaAd: OIUH
psagok. CrioyaTky HaOUpParOTh IHIMAIN, TTOTIM — MPI3BUIIE

Micue poboTH Hlpugpm: Times New Roman, 14 pt, kypcus;
BUDIGHIOBAHHA: 34 CEPEAUHON0; IHmMepeanl nicii: OIUH
PAIOK

HasBa crarTi Llpugpm: Times New Roman, 14 pt, HaniBXKUPHHIA,
OpsIMUM, YC1 JIITEPU BEJHKI; BUPIGHIOBAHHS: 33 CEPEIUHOIO;
IHmMmep8asl NiciA: OIUH PSIIOK

AmHoTarii Hlpugpm: Times New Roman, 12 pt, HamiBXHPHHIA,
NPSIMUN; 8UPI6HIOBAHHS: 3 TIUPUHOIO; ab3ay. 1,25 cm
«KirouoBi cioBay Ulpugpm: Times New Roman, 12 pt, HamiBXUpHUIA,

KYPCUB; GUPIGHIOBAHHA: 3a WIMPUHOIO; abzay: 1,25 cwm;
IHmMepeal NICA: OOUH PSIIOK
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OCHOBHHI TEKCT
CTaTTI

Hlpugpm: Times New Roman, 14 pt, npsvwii;
8UPIGHIOBAHHA. 34 WIHUPUHOW; abszay: 1,25 cM; inmepsarn
nicis: OJHAH PSAIOK

Ha3zBa pucynka

Hlpugpm: Times New Roman, 12 pt, HamiBXUPHHIA,
IPSAMHUIA; 6UPIGHIO6ANHS: 38 CEPEANHOIO, alic HE NIMPIIC 3a
PHCYHOK

[TinpucyHkoBi Hlpugpm: Times New Roman, 12 pt, npsamuii;
nianucu BUPIBHIOBAHH: 3a TIIMPUHOIO, aJIe HE IIHPIIIe 32 PUCYHOK
«Tabnuisy» Ulpugpm: Times New Roman, 14 pt, «kypcus;

BUDIBHIOBANHS: 33 TIPABUM KPAaeEM

Haszsa tabnuri

Ulpugpm: Times New Roman, 14 pt, HamiBXUpHUH,
NPAMUN; 8UPIGHIOBAHHS: 3 CEPEIUHOIO

3arogoBOK Hlpugpm: Times New Roman, 16 pt, HamiBXUpHUIA,
«bi6miorpadiuni NPSIMUI, GUPIGHIOBAHHA: 3a CEPEAUHONO; IHMep8an Micisi:
MTOCHJIAHHSI OJIMH PSI0K

bibmiorpadiuni Hlpugpm: Times New Roman, 14 pt, npsvuii;
MTOCUJIAHHS HYMEPOBAHUM CHHCOK; 6UPIGHIOBAHHA: 3a IIHUPUHOIO;

abzay: 1,25 cM; inmepean nicis: OJUH PSIOK

JlaTa HagXOMKEHHS 110
peaKoJerii

HIpugpm: Times New Roman, 12 pt, xypcus; ab3ay:
1,25 cm

» AHOTamio 10 CTaTTi Ta KJIIOYOBI CIIOBA CIIiJ MOJAaBaTH YKPATHCHKOIO,
POCIHCBHKOIO Ta aHTJIIHCHKOI0 MOBaMH.

» Ilix gac HaOopy cTaTTi 000B’I3KOBO PO3PIZHAITH «aedicy i «Tupey.

» ®opmynu ¢ HabupaTH TIbKKM B penaktopi Microsoft Equation 3.0
3 TAKUMH YCTAHOBKaMU: [HmMep8an 00: OJUH PANOK, IHmepean nicis:
OJIVH PSJIOK; mabyaayis: 8,5 ¢cM — 3a cepeinHo0, 17 cM — IpaBopyd:

CTHNE

DyHELHA . ... |Times Mew Rornan CYR

MepererHan . .

LWpuchT POpMAT CHMEONDE

Many#HpHER  HaknoHHEIA

-

5

|Times Mew Roman

OTHEHS

<]

< 7

|Times Mew Rorman CYR

TP, rpeYeckHe , |Times Mew Rorman CYR

Mp. rpEYECEHE | | |Times Mew Rornan CYR

CHMBON . . o .. |5ymbo|

MaTpHLA-BEKTOR |Times Mew Roman CYR

Lo L Lo Lo flo e fLafLed
m i B B e B
m B Bl B Bl

|Times Mew Foman CYR

Azbik:

CThne "Tekct" |F\.HrnnﬁcKnﬁ (LAY

Lol Lo

Apyrve cTHIK |.0.Hrnwﬁcrcwﬁ (LAY

» Pucynku ciij BUKOHYBaTH B Oylb-KOMY (hOpMarti, IO IMIOPTYETHCS
rpadiuaumu  pineTpamu  Microsoft Word. Pucynku BCTaBisioTh y
TEKCT CTaTT1 K OKpEeMHI He3alieKHUNU 00’ €KT (TOJIOKEHHS — Y TEKCT1),
Opy 1bOMY MOXIJIMBE TMEpeCyBaHHA TEKCTY BIIHOCHO Hboro. Ilix
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PUCYHKOM 00OB’SI3KOBHM € PO3MILICHHSI 1OT0 Ha3BU 13 HOMEPOM; SIKIIIO
HEOOX1IHO — HOSCHIOBAJIbHUHN IT1IITHC.

» bibniorpagiuni nocwianHs odopmimooTe BiamoBigHo a0 ['OCT
7.1:2006 1 BoHM MOBHHHI OyTH PO3TAIIOBaHI y TOMY X MOPSAKY, IO 1
MMOCWJIAHHS HA HUX y TEKCTI.

» B KiHIII cTaTTi HABOAATHCS IMPI3BUINA, iHII[IaIM aBTOPIB Ta Ha3Ba CTATTI
aHTJINCHKO0, YKPATHCHKOIO Ta POCIHCHKOI0 MOBaMHU.

4. Jlo penakiiitHo1 KoJjerii moTpiOHO MoaBaTH:

— OJIMH MPUMIPHUK CTATTI 3 MIJAMUCOM aBTOpa (CIIBaBTOPIB) Ha OCTaHHIN
CTOPIHIIL;

— eKCIEepPTHUN BUCHOBOK MPO MOXIIUBICTD MyOJIiKallii cTaTTi;

—  PpeLEeH3110 TPOBIAHOTO (haxiBIls BIIHOCHO HAYKOBOTO PiBHSI CTATTI;

—  eJIeKTpOHHMI BapiaHT cTarTi Ha CD abo eneKTpOHHOO MOIITOI0;

— B OKpeMux ¢aiax puCyHKH J0 CTaTTI;

— Ha OKpPEMOMY apKylll JOBIJIKY MpO aBTopa (CHIBaBTOPIB), Y SKIH CIiJ
3a3HAYUTH: IM’s, IO 0AaTHKOBI Ta MPI3BHILE aBTOpA, MICIE POOOTH, MOCaAy, HAYKOBI
iHTepecH, TenedOoH Ta eJIeKTPOHHY aJpecy.

5. CtaTTi, BUKOHAHI 3 MOPYIIEHHSIM MPaBUJI, /10 301pHUKA HE OYIyTh BKIIIOUECHI.

6. Anpeca penkonerii: JIHIOpONMETPOBCHKUN HaIlOHAJIBLHUN  YHIBEPCHUTET
iMmeHi Onecsi ['oHuapa, (izuko-TexHIYHUI ¢akynabTeT, Kadeapa MPOEKTYBaHHA Ta
koHcTpykiii JIA, Byn. Haykoga, 10, m. JIninpo, 49050, Ykpaina (teun.: (056)375-05-
29, 066-179-70-83, e-mail: hetikris@gmail.com).
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