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ABSTRACT

Andrievsky M. V. Developmentof Rocket Propulsion Systems Running on
Highly Concentrated Hydrogen Peroxide and Kerosenei Qualification
scientific paper, manuscript.

Thesis for a Candidate Degree in Technical sciences (PhD): Specialty 134
Aviation and Spac&ocket Technology i Oles Honchar Dnipro National
University.

In the XXI century, three main factors, that make the development oétrock
and space technology, were identified. The first factor is the active
commercialization of space. It means that the creation of a launch vehicle is no
based on the requirements of ensuring the prestige of the country, as it was in th
XX century, but aly on the requirements of the market. It is obvious that market
interactions give a rise to competition, which changes the understanding of the
effectiveness of the rocket and space complex (RSC). In the market aspect, th
effectiveness of the RSC is detened by the mobility of launch services, the ability
to adapt to specific market requirements, as well as the minimum price for the launcl
mission.

The second significant factor that forms the direction of development of rocket
and space technology isetiminiaturization of electronics. This factor increases the
demand for the launch of small launch vehicles. Obviously, the concept of a small
launch vehicle should provide maximum autonomy from the spaceport to reduce the
cost of operation and ensure thebniity of launch services.

The third important factor is the requirements for environmental friendliness
and safety of missile technology. This factor creates the need to find and use fue
components that would be safe not only during operation, bu¢ iprtcess aheir
manufacturing.

The first two factors make the developmentstdrable propellantaunch
vehicles relevant. However, the third factor makes it impossible to use classic

storable propellarguch asinsymdimethylhydrazinenddinitrogen téroxide The



only fuel that meets all the requirements is a match of hydrogen perdadesene.

This fuel has a number of advantages over the classic cryogenic components. Firs
in the event of a start delay, there is no need to drain the fuel comgowarch
ensures the mobility of the launch mission. Secondly, there is no need for constar
refueling of the launch vehicle, which increases the independence of the launcl
vehicle from the spaceport. Third, there is no need for a complex system of
thermastating and cooling units.

The purpose and objectives of the stiidio investigate the throttling and
launch processes of the rocket engine running on hydrogen perdkadasene, as
well as the formation of recommendations for the design of modern trocke
propulsion systems, taking into account trends in the market of the launch services

The object of the study rocket engines running on fuel components hydrogen
peroxidel kerosene.

The subject of the studg a method of rocket engindhrust chamber
manufacturing; processestbfustchambers (TCh) cooling organization; static and
dynamic processes occurring in rocket propulsion systems. Also the internal tant
processes that occur during the inflation of the engine fuel tanks are the subject c
the sudy.

Research methodology methods of solving nonlinear boundary value gas
dynamics problems, numerical methods of integrating Cauchy problems during the
calculation of a liquid rocket engine (LRE) stapg, numerical methods of
thermodynamics equatingggem integration of variable mass and heat transfer
equations, the analysis of experimental data obtained after tests and method ¢
metallographic samples analysis, that were made on a 3D printer.

The introduction substantiates the choice of the thepis smd the relevance
of the research, also, the purpose and objectives of the research are formulated. |
connection with existing scientific programs and topics is shown, the scientific
novelty and practical value of the results are considered. Dataeoapplicant's
personal contribution, approbation of the study and publications are given. The

content of the study is revealed in five chapters.



The first chapter is devoted to the analysis of the world experience level in the
design of rocket engines, ethods of LRE elements manufacturing and the
formulation of problematic issues. The approach to the development of LRE and
technical solutions used earlier has been studied. The most common classic engin
running on liqguid oxygen componenis kerosene, donot meet all modern
requirements and have a number of disadvantages, but there are no launch vehicl
that would run on environmentally friendbtorable propellantThe necessity of
creating such launch vehicles is substantiated.

The analysis of the réet and space technology development state as well as
the approaches to the elements of rocket engines manufacture, that was conducte
has proved the following. Almost all the existing launch vehicles were not developed
exclusively for the space purposésit had military requirements, which led to a
significant complication of the complexes. Methods of rocket engine components
manufacturing are outdated and do not meet any of modern requirements, becau:
they are expensive, not flexible and require sigaiit investment in equipment.

Prototypes that could form the basis for the development of modern engine
systems running on environmentally friendstorable propellanthave been
identified among the propulsion systems implemented in the past.

Modern metlods of rocket engine parts production such as thrust chambers are
considered in the second chapter of the study. Examples of parts production an
testing by alternative manufacturing are given. The procedure of a thrust chambe
production by additive mana€turing using SLM technology is shown. This is an
innovative technology for the production of complex products using laser melting
of metal powder on 3D models developed in CAD systems. The operation of a 3C
printer is based on layday-layer surfacing ofetal with a focused light beam. The
thickness of the | ayer depending on t

Recommendations for the elements design on SLM technology manufacturing
are formulated. Possibilities of auxiliary structures usage for ystamh of
overhanging elements are revealed, and also suggestions on application c

constructive receptions for creation of the models which aresgpfforting in the



course of construction on the 3D printer are given. Examples of elements develope
and ested by a number of fire tests are given.

In the third chapter peculiarities of additive technologies applying for cooling
channels manufacturing have been shown. First peculiarity is that wall surface tha
Is in contact with the coolant is more roughrthesual (Rz 40).Second peculiarity
is that porosity of the wall is precent. Also, it was shown tisatg of hydrogen
peroxide is connected with other peculiarities such as lower flow velocity in the
channels and different shape of channels in compangtn the combustion
chambers which are cooled with kerosene. These factors lead to necessity of he
flow rate calculation formula clarification.

In order to clarify this coefficient combustion chamber cooling was calculated
according to V. M. levlev mbbd where heat flow coefficient is determined
according to the Nussdltraussold formula. In this formula Nusselt number is
determined asio mi¢yFoie 1. A hot fire test was conducted with data
acquisition of temperature in along theoting channelsDuring the fire test the
difference between calculated and registered value of temperature increase hay
been registeredn order to reduce the calculation error a clarified Nusselt number
formula have been offeresch st o preBoi 8 1.

Accuracy of the offered formula have been verifieoting hot fire test of 2.5
kN and 30 kN engine®A comparison of the calculated value of the heating of the
coolant with the value obtained during the fire test of the rocket engine chaitiber
a thrust of 2500 NThe issues that can arise during the design of hydrogen peroxide
cooled chambers are shown. It is shown that thermal decomposition of hydroger
peroxide in the cooling path leads to kmequency combustion instabilityrhe
influenae of the velocity of hydrogen peroxide in the cooling tract on the stability of
the rocket engine chamber is investigated.

In the fourthchaptertheregulationof two schemebave beemonsidered: with
full expense of oxidizer on the gas generator and pattial expense of oxidizer on
the gas generator. Mathematical modeling of motors of two schemes and thei

comparison are performedhe ratio of the combined losses on the throttle installed



on the supply line of the chamber with hydrogen peroxide amddmbined losses

on the throttle supply of the gas generator with hydrogen peroxide is introduced. It
is proved that under conditions of significant excess of oxidant, the proposed schem
with a partial consumption of highly concentrated hydrogen perop&tegas
generator has qualitative advantages over the "classic" scheme, where all the oxida
is gasified in the gas generator.

A mathematical model of rocket engine operation with partial mass flow of
oxidizer per gas generator has been developed.dhasvn that in closed cycle
engines with partial consumption of hydrogen peroxide on the gas gertarasir
controlmust be performed with two chokes.

Also, in the fourth section theressurizatiomf fuel tanks of rocket engines by
decompositionproductsof hydrogen peroxides considered. A thermodynamic
relation is derived without which it is impossible to organize the supercharging of
fuel tanks without the occurrence of volumetric condensation of water vapor.

The fifth chapter presents mathematical dels for calculating thestart
transienceof a rocket engine, with particle oxidant consumption per gas generator
It was shown thgbroductvariation oftemperature and gas consthaads to a huge
error of mathematical simulation. In order to determimedependence a few tests

have been conductett. was proven that in order to simplify the simulation the
formula may be presented &Y — T.

Mathematical modeling of different modes of a rocket engjiad transience
are performed; the main factors influencing the reliability of a launch are identified;
the results of mathematical modeling of several launch modes are given.

The general statement of the problem of rocket enginewgtastdescribed and
the mathematical odel of dynamic processes of the rocket engine calculation is
described in general.

The calculation results of different methods of rocket engine launch are

presented and the main criteria influencing the reliability of a launch are revealed.



Keywords: highly concentrated hydrogen peroxidé kerosene, additive
manufacturing, cooling of combustion chamber with oxidizer, start and regulation

of rocket engine.
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9 COd3J to' HIB datsd3h dzOD didetiztly dztsd jj dizflay d dgds;ls s ydets®™ 9 §

Wsls@ig ¢ HEs dzsdd' dzO dkmikisrii o8 jazbl g dafizy § sls sy dats e

My 299 Hzsh jdedzgw C i tsdzj dzls’ o ;fpP @affte o HHs] dits dFs 'dac
olstcOlsd dzOpRME EAs Kz zOB ©zO o j dzd Y2dzO o st Ols

JudodHdes, s L3 dzgO CtsjW' y' ' delsO My’
Yyofm tjceclzdzt 9o Odzgdzy tojyddsz HodceclzdzO ftodL ot
Citolzo Odzgdzg? ofas@.Olsksw t ©Ofdds Oo d dz0 M ted yd dz
M sk ©jckd® 9 0dedzy, ftod wWCtsdBz SC4W
fOzdo O L Odzdh Ooafmqw B dgj L &3 dzdzd .



124

{MC dz ¢d LB dzr hjdzdzw dzOo j H j dadshH Welsls tg C
L &3" dzd o dzd uddzd MY " o of Giddelse" @ dpdz" s He dstsizif iAs dzy
LA ded IsdMmSE o COd3j to L G tsteW dzdzW o
tesLtcOrzo Olsd tjcelzdzt 9 Odedz? 1SOC ddz yd dzts a3,
M 990" Hdesh jdadew C s sdzj dzls' © f Odzdo © o ¢

10 Kdfc] HlsOmjdejzddz SOIsd L ORzdzGC & M
Ho dc kzdzO Hictsfj dwWed R Hilstcd3IBEzs Is! dzts 3"«
My 99" Hdzsh j dzda” C sz ®dzj WA B d3ts ¢zOHrd y@Bls
BRBsHj dzt 9 Odzdzg? MdMmisj B tj czdzt 9 Odedz, Bz
B Nd Hjpded &3 9 Istc OO dzOs GWe® g @3 ed o ° H
HtesMj dz ¢ OL tsd3fs tej toeikdeQ] dzO0L @ & Gztzdzdzdztzdzo d

Wr- -  Wr-- O Wr-- Owr-- ;B (4.21)

Hir--TLeo jHjda obtizOOodgptedtctsj

Wr--TLojHjdzg oltcOIsd dzO .HtetsMj dz' cOL tsC

[dZ" HodCEZdOW BE&ERWO7 § B2 B3O kOS2 odcd

WA - T TUTC Owlf)- - THTT Yoo f)- - cl T T@A- - Y G &

Il 5dz0 sy j Bhklsd odCttedmisOtz0 Ode@  §j &Y d B
fteOYs0 oL ¢ dv dzzlstsé dg® j Sissds € deiddgs O ™4 . 39 dzd o O
CJtosidpdz M el OCEEZSEZ H' Of OLdk L o j HJ dzd .
kO COLBGj dzj tOBEO.

1t figd . 6 ohdm dafsted tHdAdzsyOmdz 2 L d3'yddd -~ td
HicsfMj v e 2L GO B jssdjldad toj ¢ 2 dzs o Odedz®5 H o «
% HBO% tojyddz. 1ted y' sz M 99 " Hdesh j dz
LOdzdh OF Is' MW ‘dap'L hd3'L Idadzefd®®. W ‘v Clzts | hts o j dzd yc
ftcdo jHjddr ¢ ledEdD oHdE tsUiplgddz’  o2ls i dzOH ®72 4 8
BOtO®, hts Mkilsls' oftprn datfff yd o d Oz dg@ tol' Offialso dats ©
¢ d fdzeda@CoLOs G j dzj tcOls s tc.

ltesOdzOdz' L2 i3t o f dzdo B tSlIsd Htetsmj dzw
Yy! 56§ tsdz@@Odgty i3OIsd ydpjOdzdgs H jtdlige SIsd Ho d G Lz
toj ) JHEEO2 dz' sz dz' etsdzgz IsO CtcO2de sz f to
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Bkzmwj HY sacjmQlskiz W steof g @iz@edsj d20 %, +° toj M
Hictsmj ozt o Odzdz20%0izd [ @dpy WPIsd ydzy dEtsH j dz¥ 9 O dzc
Moz, Z&tse ° HdzZW HodcekzdzO L ftso detst RO
CGOLBGjdzj cOIststeg dls@Bd dgtosdzyd Stsj W' y' * dals f
dzts d3' dzO dz' dgfs GlaO© dpQf M1j5 dzts d3'%dzOdz' dzsegts dzO 2 0

tdLizdz sOIsd BOIsj B3BOIs d Y dzts ¢ s z GZtisHEAR d® , 0 Ow
wNilagduyuddzO ftedoe j HJ dzdBls cdz@ terOte tslA) judlzd =1 ,9 IS
fts dz dz2' ' dodzj dedgv f Odg'Cdrd &% ' GIFY ' adgloH’ fHARE Nt
Cti3lf tsdzj dzls W ls P Yidadjoddff dedf o j Hj dz2d = G ' HtcOo ¢

Hicsmjazw As© 3, hjsdz' o Mifs® dztsly’ ddz' W - dz 3 O a gzgi3c
CGOLBGJjdzgj cOIststcO s, BOS O@RBHEEdFG o9 HIDE t58 * 1 @fs to,
Ho Gk dzO.

) Is.@lB. 2 9o dHdes fa j B3O L YyomlsC so ts® 9 C
CGOL 5G| dzgj cOlsEtdnw 8 s o gL' Odzj ¥ dzts to | delisdzstsds@d
tejqdtt HoadelkzdzO IO MdMmilsj d3d ©H dats A PHdzth OF
sL dzOyo* , hts dzj Ld2@izj ¥ Sztsdzle " 68§ Msdsd3's Isw G d
Ho dc¢ Izdz, My o9 ' Hdzsh j dzdgv Ctsdif sdzj dzls ' o
oj dzdyddd ftedejHjddn GHWewIPodz J dzd nd3tf &
oMis Odztso dIsd 1Cazdssidys Cff sy ' tyfs s Is Izt jHotal gl dav dzOly
CBy W Oy "dalso ' Hdatsh j dedev € tzdgtpts(dejzddls ', o ddfj @ dx
fcdzcy jdz@ HtesMmjdz' @8 2 ° 3.

1 dz2h Issets, MrjdBO HoadekzdO L yYyoOMmlst t
2O ¢ OL tscHjpjordsizsStc Mizlsls ots L dadL dIsd o f dzd
MdMmilsj &3d o dff stetsy dz dedz? B OC ' 9 dzgO toj ) d d3
LsBteOy jdzdAd. 820 k@ MHOR] ro dlsi@esdz M s tsH dzO

Htesfj dz @ 2 ° 3 LOBJLYjyke sy dfjtg@fsls doy
f tsdztsy j dzdzwl .H tessd@ifj oo j dzd yd dz fted o j Hj dafims &
CBCMs@N XKBGE G HitsMjd 9 2 3 fHtod ¢

Hietsmj dzw 1, hts o' Hftseo' HO' 29 BOtO, t
dets 3" dzO dz! dzteas W ts(eHnasd dlzts dzO 30 %) . 1 tod
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ftcdo jHjdzedr G HtcQo dz' ydzedr o lstcqils dg@ drotg i
olstois ¢BCGIs Nts o' Hfse"  HO' MY 99" Hdesh | oz
' H desd3’ dzOdz! dets’ o9 j dzd yd dzd, 26j yod dg tadiEBds I
o j dzd ud dzdS O SR f sdzsy j dedz’ fted o5 dz
HodekdzO L digidz" 2 s mMw dzO 3 % f tstc' o dgv dzts

v OB dzd. 2y v
lfdzde twBBIsd HsMj dv 1 dzC

- "
9 mm 9 9 - - .,

2 2 77,74 0,85 1,26 1,18
2,1 9 62,51 0,85 1,15 11
2,1 14 54,85 0,85 1,08 1,05
2,2 19 48,8 0,85 1,01 1
2,2 24 44 0,85 0,96 0,96
2,2 29 40,05 0,85 0,91 0,92
2,2 34 36,75 0,85 0,86 0,88
2,25 39 34 0,85 0,82 0,85
2,25 44 31,65 0,85 0,79 0,82
2,3 49 29,6 0,85 0,75 0,8
70,5 2 77,74 1,2 1,34 1,28
70,5 9 62,51 1,2 1,23 1,19
70,5 14 54,85 1,2 1,16 1,14
70,4 19 48,8 1,2 1,1 1,09
70,4 24 44 1,2 1,04 1,04

70,35 29 40,05 1,2 0,99 1
70,35 34 36,75 1,2 0,94 0,97
70,3 39 34 1,2 0,9 0,93
70,3 44 31,65 1,2 0,86 0,9
70,3 49 29,6 1,2 0,83 0,88
70 54 27,55 1,2 0,79 0,85

[ dzw odJdzdyddz ftede jHjdzd@dn OTHIGmE @ Yy
wh Cpe @O f§tod detsd3’ dzO dz'ndptisdply df s dets ¥ jtedgdy
HodekzdzO M EZOHO® 0, 79 o' H desd3 d&)dz' diEae
Yy! sdiBz ftcd Isdr nHOdg s H L dzPr ] dzldzis Ols dzO H 1o
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9 4 dzd yd dz' G' Hta®p vy GBER o BEEBIs esB siIsd H O
0, 7 5dztod3' HAzO dz! dzts®™ o § dzd yd dzq .

OO e ydz® Mmdlskz @3 Sk ' 1 BdzvY L daf) tgf tizetzis o
B el C¢BCGB®N XRMWjydd HodekdzO MmS dzOH O
o &zd uddzd, O fifedy fuedBm dasze Tk @1 ¢ tpe @
tcjyddz tesBtslsd HodelkzdzO ME AZOHO® 0, 83 9 +

43. edfmlsj gOHHEZO Odz®" € & P&z 9O WD d ¢ z dzdzd
blsOdzsoa COR, hts fwOys sls! :dQ g € dii)sidajsal
Ciltesmddz

[ujodudets, "t IstcOHdY' 2dz ¢ OL tsB Odzts dack
[JUdJodHdets, h ] 60 B 0dkzteizdz MdMmisj disd dzOH
odCtsted Mdz@dzH v @zdzvr B OC " © v, hts ftoOyYs ¢
otsH M jtosmddze. 1ttslsy otsded BjL L ORtSdziSH Y
BOs s L dgOydzz dBROMEz s B " MEsBdkiEls sl S fzj
mMdMmisd Bz, KOS ° ° daW tc O fidsteX, Is Hiadzy  fryflsj e Isdismo
L dOmtshdetss MdMmisj ddtss  f sfls ©y O dzdzV) GLodEdy @
olsOCdr kEd@isco OR odittcdMmlssoksls! § Otese "’ C

[ dzw f' HistddB&Ld o BOFE O tcdseO@BJBd o 5 B
oditcdMmlstsolzoa Olsd ftoesHEZC IS ot &K KZO H © HzBiAS
BZOHHEZY Odzdz? . v OCH j®BI D Pdadz?y RO oW H

fTLB'dhlz' Oolstsdesdidz fMls- t1 o' H M
T Ldijde" 2 ¢ dz2 €' Mlsy MC ZOHBsOa dr | dzj
T L3 &gk BOME [ v.

lteslsy OS] ' b j dedes Bz [ ©dz§ 5 ko Qi
s @Ot H dz2OEZC sy’ MIsT'd = f tf lsftds jORdAz ¥ Is ¢ odte" h j
§dls0odz st ddej & Mg difzsh’ HIOG Is4 s of
CtsdzH § dzlM Oy "~  Ote’ ayvzD Ig j-tesditisiH PaEG o' @ det©’ dzc
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rdzv odte' h jdedgw y' seéts §dlsOdedgy dzj B
BEHj & tsLORbkdSlk odizlste’ hdz' sBOC o 0
HdWJ tej dzy’ Odz' dzd - ‘ Odzeg j Bt O’ ydzad m tc' 9
SH dzts L dzO[R3ets s Mls j &3O dis" & dz* dg* Mw  &Bj ssH Od
sByYydmdzj dz@ , dzOP®B S ¢bimizcls|@ .2 dgjweHE ' dzlsj ctolz

I Bhdse® ®BOlj BOdydats’ BsHj d  dzj ¥
L o3 dzdzts[84]: ©3O0 M d

— — 0 B & ‘g, —Nw ——Nh (4.22)
Hf—Tftsa" HdZO IsdMCEOL ® Y B8MEEHY' BOC
a1 MiSkdH 20 GO pEw @& GLdds taids QzOH H 2 9 O dzdz
G- T Mj SkdzH d20 BOMBSo O o9 dlstcOIO cOLEZ odl

O i J dzlstO'dz SHdses ¢ d&zsctcOBRBO cOL Iz,
dzOH H Iz p O dzdzV

Of jdzlsOdz' " v c0OL Eyj a@fadls Y@ 2 1€ EFX
Wifslssyded?2 o' dzt dzgd?2 BBO ' d©F 6 OLEZ ©® BO
Wifsn HdZO 9 ' dz! desegts tsBO ' gz EcOL EZz L O -
N slstsydzO® o j dzd yp dz@z' lslafsififzlz s @L ' 9 ¢ OL
kKif sCOLdzdS OH®  OBOId ¢cOLEZ 9 BOSCE;

s  HdO fsCOLddSCO OH' O0BOIsd L O yof

lted y! sz dzj sB R " H dztso ' adie Qlgstiplzlz o OESE], d3'
zOW o dets Nz dxr OL sd B dzO M ZOHO' Is! Mw L § Ote’
dzZOH H 9, Odpd®L " 9 Y tsdz! Slsdatsets dzgOHH Iz9o Odadzav .
mMitejHdz BdRBOMBe " o jddyddd cOLtets’™ MlsOdzt

1 sCOLdzdE OH® OBOId Mkd3" "' cOL[8% o B

~

0 h (4.23)

l jdzdyddz® cOL o’ Mis@lks’ fMkd ' oL
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¢

Y (4.24)

l jdzduddz®@ §sn' Hdzs [B4SCOL dzdS O OH' OB O

~

0 h (4.25)

HJY; Y; YT cOLBa O MsOdzO e0OLEZz o BOCE dzO

GOLEZ dzO dOHHEZ9 Odzdz? °~ f Ote’ &9 C sdi3ff tsdzj dzls’
T Q Qi fsCOLddS OH' OEZOIHO ¢V zdzsailkz
"dzlsj Glzo OdzdzY G OL Iz dzZO dzZOHHEZ9 Odzdzy *° f Ot

d T BOMO cOLk © BOCE d2O CtydesdBz € tots-

d ;0 1T MjSCEdidd?2 ®@GOMseaO odlstcOIsO cOL |
GO jt' Odzk, "S 2 Bf EhPsOLd sMNe ZdzH Bt

HjjHd SEOMSs 0O Isj &k jOkzec® ¢OLE o
SO j2isdz0 HAV[84:H | Od dgce s G OL Iz

Ug o, p —N (4.26)

~ ~ ~

Hj O O VL ilsdmMe d2O Ctydtsdiiz Sy’ ' Isj
W W W 19 d dzd?2 wB&E'EIZ cOLEZ o BO

a «a 1T BOMO 0Lk dO Ctydtsdkiz Sty

v dzssB 3 dz 3 3§y CcOLBoat® fsHEZMN Ok O
LO Wisttdilz dzts®

1.uvj B jtcOlskztc @Odz®IsC HAf dps iFOCJABsy*® ' Isj toC

cOL E

oy

: (4.27)

HiYi f &zsh @ MO;dzC d B OF

QY{Jtedte' iMls f dzsh* (L O tcORkdesC o dlstcOL
G i kjfdztfaed? C o HOHBSE@®@IHE B OS

g 1 h' dz dg' Mis! Omils' dz2¢ d B OC
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Wi Istsoh ddzO fPs' dz¢ d B OC

[ iz tsL dzdlgp GBfotcsyj M o € sdsphdefis®y ‘o' ,HB Mzt
BOCE tobLedvdy d&3s o f jtehk yYyjteck ftodtotsHI
o Isdf o §HBa@d¢ &Y &Y j tcOls zusQdediued HISO o 5 O d3
ZOMmd Wiss [Isyj, [k o dOdssHiz dssiHOgHOMIPYO
o SHYYdafle “SO MNEsEttOU dhd@coled WS 2 dzf ¢4
sdMm¢ dzOnduj disj BYjAddls iz ftc de B jotz J B GLuigo):O
2 (s0) Ot (Vs o) &

wdzh 58 By osfc, 5 L3ty dz0 L tesB dIsd pSdunddzs o
fMJ toj Hdz d3asH H OGO C B * BiAsh) ji3 | @Gz 'tcy j da
fOt' 9, Ists fttsyjm tBO  dddets’ CtsdzgH j dzgmOy* °

10 Ctydtsdg ¢ Isj tcOytz0o jfHejsdejs a dzdztzdzw .
fjtejodhjddgv, Ists yOmlsddzo ¢ jtejodhjdad
f Otcd. stdzlstctsdz! so Odzdd3 f OO stesd3 o Y! ¢
1 O9 HOdzdzw o d ¢ dzs g dedev € tsdzH § dzOyE § o i 13 ak
5j &k jtcOlktess cEOLEZ o BOCE Isj d&3tf jdw O Isyz tas
f slstclf B dztiz'Is@Hd] cOlsztelz tods® Izid3dza| = B @Y b ON

i SLedwW dzj d3s dz@2B " dz h 9 03Cd2 odf OHBEC
fs oadlsdmCdzs™ Mmnaj &3 f ts fidsHOOUO@AWdZzY 1f, j tdf jteCtsoH izt
odrm HdddBd HOdd di3d, 43200 jHjdzd &3 o IsOB dz.

v OB dzd v 4
lfdzde twiBtslsd HtetsMmj dzv 1

vsdmMC fijHfEMCSoatsets dzOHHE 45 B Ot
v B jtcOIsktc® f jtcjHf EME tse tsg 310 S
] OMsea O o9dlsteOIsO § Otetse OL 2 ¢ 0,22 Cae/ M
] syObkSsoad?2 o' dz dzd?2 B' ' d3| 80 dz
[ ORBiIstc BOCE 750 33
[B' dB3dz0O o9 dltcOIsO fjtej Sdmkz | 8,36 dz/
vl BB JtcOllktc® §f itcj SdMmMk otsH g 293 S
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p [6ap]; Mt [kr];
TK];

50 543
45 518
40 483
35 468
30 443
25 418
20 393
15 368
10 343
5 318
0 293
0 20 40 &0 BO 100 120 140
T. [c]
THCK ra3ie ¥ BinbHomy ob'emi Daka CyMapHa maca rasie 6 Daui
——— TEMMEPATYPA ra3ie y BinbHOMY 00emi Daka TEMNEPETYPE BEPXHEOTO OHHILE DaKa

t dM8 4 .dsmdiso dzd = 1 I© fk® dggsisifizr dptsB B OC O

M; [krl; m [krfc];

16 0,16

14 0,14

12 0,12

10 0,1
g8 0,08
G 0,06
7 0n2

==
o
A

A

&0 80 100 120 140
T [c]

e MACA NAPOra3y ¥ BiNbHOMY 00'emi Daka

——— CEKYHZHA BHTPATA a3y Ha KOHOEHCAL W

t dmo.) BtcGels@L * & diNOCysSdzgH j LB dzt b j dzdzy B3O Md
sBO' @3 BOCO o kZd@iso OfF rBdzsHMSEt dO



132

J HOddEHRE tO- 2dz0 § 4§ ©dgl Iz i J todz@ Hf @rtgezvts o
LH® 2Mdz " Is! MB" " dzB@2?  fgfits i Bisdsdis 3 L s 4 d3f
ZzOo Ctsdzdh dz' ségts MjtejHBadN O. OEzOBSH | desja @
ftcjHMIsOo dzj kG r PN Mulse jtcHy 2° , hs f to
LZOfidzdL oY BkicOls tofetyBdiE @Ok o { 51
yomkz wseBlsd 1 v.

] Otew yJ fJjtej HY zmfttshdpy HAOm aHtlz o O@edy d dzlz

l totso j H jIszisdz0 3O y dzj d3 2 HQ) f diz o Oeris'e O dats
mMdMmisj d3d O PO H azO dzse ' ydzdr § OO Iste’ o
(sOB, As3pdStstcdmistso z° Iso j toH B Odzd o dg'
zOIst¢ ‘988 % ydmissd® @L Blsls)pdzcedOflEdsfipShiz] & & dzH
tesBtslsd jrte" hj dedgv f tsCHfdDsijj sz ov Wsti@zsdedz, s
VIl . 1dLEkd Odf Bisu OO &r.dafOdzdor 142D  Hdfeftdris
s§, Mt By ddf | st Bt shiedziptgO s b 5 &Y | G @ls k2t
9 ' dzt dzs 3B ©OOB WA s BHxzOMd yj ded s § O’ 9 9 tSH
o ts& Yyjteclz HBLOBAW® f sodz Mmisk o d¢ dzt y
otsHY des A j f Ofgftsisdets " Headh k' JW,JjCIlsdedz Ml

p [Bap]; M5 [kr];

50 r\-/\—/—_\_

80 100 120 140

——— THCK ra2iB y sinsHosy ob'eni Daxa CyMapHa maca rasis s Dayj

TEMNEPATYPA FA3IB ¥ BiNsHOMy ob'cMi Baxa

t dml0 4y ds'dids o ded » § O &l dyjtslaiflz’ dgis BIB Ok ©
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M= [Kr]; m [krfc];

80 100 120 140

e MACA NAporazy y BinsHoMy of'cui Baxa

——— CEKyHAHa BHTPATA A3y HA KOHGEHCAUiK

t dM1ll4s.tcOlsd dz@ O€ tselzH j dzfpOy*™ & * LB ' dz' " j dzda”
sBO' d3d' BOCO ©® G'BtodHMS  d1

| dfdzse € ' tsf)detm dieds L W jdzbz dz' s Ols g

VU BLH' dZ 4 toL ¢ ¢ thlzls © dagdy s 8 dzth § 15 Iy Iz
hts fteOys * dzO € i3 tsdaj dzlsiC®En] tfChyrd@ . e Q etagzfC
sCdMmde o Odz desE 5 ¢ j dzs to® s ts tisaa@isdy 3@ B i jzdz
HdzY L ORbkdSE ©jchkd® o Odzd®L H 856 aldrsdz’ az0
o (stcOtss ©CgMmds o OyU® dz0 cOL 56 dzj L0 s
ZzO cOLtGjdzj cOIstste.

1 Of et SifZsjp@AzOL j ¢ L dzs 0 Odzdz? 3O  dzdL S bz

1. U (e odwdedz L tojclczd o Ocedzy o5 tSH
' Misslsdes LokLdIsd dzjtsBr  Hdzd?2 H' Of OL sdz t
LOBJ LY Jyjdedzgt L OHOdsGs H' Of OL tsdgz toj G lzc

2. wif' d dzj toj Gk & O@det S By & ¢3¢ H s
LdzOyJ dedzy Ctsj W' y' * dzgs© M 99  Hdatsh j dadzgw
fsdztsy j dedz? 5 Htctsfjdzv C jtclkzo Odedza" o dlstcOlstse
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3. 1 Of etstf sdzso OdzO Mo j &3O HBL o sdzw L ¢

MdMmisy d3d toj ¢ zdzk 0 @datlzddzOtc j ¥ hcgpIs j d3d 2§ tcOo
4 . 10 totsf sdzetso OdzO Mn j BO  toj ¢ zdzt 9 Odz

Ld3j dz" dIsd cOBOtdlsd cOLtsEj dzgj cOIststcO.

5. 10ftesf sdeso OdzO Mr j BO HBLOtSAY " L &
tcOn zdztsC L d3g dzgh J dzdzv H 59 15 6f dzf detztizfizOIstsC HE
BOMso st o dlsteOlsts tCdMmdztk 9 OYoO dzO S OL 556G

6. 1 do Jj H | dats Isj ted3sH d dz0d3' y dzj mf " 99" H
od¢dzs yo sB' " d3dzgz S sdzH J A2l Oy ¥ f Ot 9 9
dB3sH § dz¥ o O dzdzvdz'B O Eizls B f - fricdevy j fig'jeO.dz' L @@P2 H §
M 99" Hdatsh jdeda" L Of ol sdzeso OwasL th 5 fipttcH] ]
o jteHsf Odzdo dzgd?2 cOL G j dzj tOlstste dzO tofndats
fsHEZhCOR BjLYjSCd Ooalstsdisse ' dz' 9) .

[ Mdzseo dz'  sdztsy § dedzv ytsisciskz gedz'Lt HO WzizW »
VI
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tdrrwf 5
rdefwrrryvc }tdArawl Y olovesv tos(w
19fs1v0vd4d ArRsfuv, 2{ JrRs{trRueuvllu[ ]
Csdovw [ewr L1141 {sre[OIdY

Vf OWIstdsssglzH * dz' H toj HMIsOo dzj wWasL HOL P dzDly § b
tcOC j sdetsc 51 WOMstizamapistc Ols s o Q@ Mde® 6 QL 56
o (¢ HaB@s j] B3OIs d ydzj dgSh paifto Oelgda'd d3' @ L OF
Ho d ¢ lzdzO, s sdndiatsepdly dz W OC Iststecd hts off dzdo O |
ftod o jHig fla Edz' IsOIsd BOIs j BOIsdr el CAEH j i
LOf EMCE

L f° HiSSLH ] 1 Olrd Gdg'lsdxdz®s OQY ZME 2z t60OC
Ho dcG lzdaPtc jlsiGndE® o dBOIs j BOIsd ydzz dBsH j dz tc ts
ftosydimM' o ©OCjIsdetse s HoadcekdzO o L O6 Odz' dzt

VL ' HiORzZOHERE | L Zdz' SOl ttcmMEB@HE@&] E MEE
cOC jlsdzse s Hadp O g@sddpY Ctodlsjte’ ~, Rt
LOf EMC

51. 1 sMsOdsoCO LOHOY' tsLEsBCd Mo j de
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