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MOAeﬂVIpOBaHVIe oxnaxageHud npoueccopa B HAHOCNyTHUKe
C NMOMOLbIO KOHTYPHbIX TEennoBbiX pr6

Ban IOii, O.B. Jlenucos, JI.B. J/lenucoBa

MOCKOBCKHH TOCYIapCTBEHHBIN TEXHIYECKUH yHUBepcuTeT UMeHr H.O. bayMmaHa (HaloHAIBHBIH HCCITEIOBATEIbCKHII YHHUBEPCHUTET),
Poccuiickas @edepayus, 105005, Mockea, 2-s baymanckas yu., 0. 5, cmp. 1
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Knrouegwvie cnosa:

HAHOCIIYTHUKH, KOHTYPHBIE TETLIOBEBIE
TpyOBI, KOMITO3UI[HOHHBIC MATSPHAIIBI,
YIJICTJIaCTHK, aHU30TPOIHsI KO3 duiu-
€HTa TEeIJIONPOBOJHOCTH, MaTeMaTHe-
CKO€ MOJEIHMPOBAHNE, METOA KOHEUHBIX
JJIEMEHTOB

BBepeHune

B mocmenaue romel Ay MpoBEACHUS HAYIHBIX
AKCIIEPUMEHTOB, MOHUTOPHHTA 36MHON ITOBEPXHOCTH,

Ban IOii, marucrpant kadeapsl CM 13 «PakeTHO-KOCMUYECKHE KOMITO3HTHBIE

koHCTpykuum» MI'TY umenn H.D. baymana.

OnHO# U3 KIF0YEBBIX IPOOJIEM MPH NPOESKTHPOBAHUM HAHOCITYTHUKOB SIB-
JseTcst oOecrieyeHue 3alaHHOTO TeMIIEpaTypHOro JHana3oHa paboThl paguo-
9JIEKTPOHHOM ammaparypsl, MOIIHOCTh TEIUIOBBIAEIECHUS KOTOPOH MOXET CO-
CTaBIIITH ICCATKH BatT. TpamIMOHHBIE I OOJBIINX KOCMITIECKUX aIllapaToB
CHCTEMBI TEPMOPETYIMPOBAHUS HE TIOAXOAT ULl HAHOCITY THUKOB 13-32 OTPaHU-
YeHU Ha MaccorabapUTHbIE XapaKTEPUCTUKY. 3aJaHHbII TEIIOBOH pexUM
HAHOCITyTHHKOB MO>KHO OOECTICUHTh C TIOMOIIBIO CHCTEM C yHaTeHHBIM CTOKOM
TEIJIOThl — MUHUATIOPHBIX KOHTYPHBIX TEIUIOBBIX TpyO. B mocnennue roms! B
Poccuy HalaxxeHO UX CepUITHOE IIPOU3BOJICTBO, OHAKO OHU €IIIe HE HAIIUIX LIU-
POKOTO TIPAMEHEHNsI B HAHOCITyTHHKAX. Llenbro paboThI sBMseTcss 000CHOBaHHE
BO3MOXKHOCTH HMCIIOJIb30BAHUSI MUHHATIOPHBIX KOHTYPHBIX TEIUIOBBIX TPYO It
OTBEJCHUS. M30BITOYHOH TEIUIOTHI OT HpoLEeccopa OOPTOBOrO KOMIIbIOTEPA Ha
VIJIEIUIACTUKOBBIN KOpITyc HaHocmyTHHKA. B mporpamme ANSY'S npoBeneHO
HapaMeTpUYecKoe MOIEIUPOBAHUE BIMSHUS TE€OMETPHUECKHX Pa3sMepoB M 3Ha-
yeHuil 3¢dekTuBHOro Ko3(hduIMenTa TEwIONPOBOAHOCTH KOHTYPHBIX TEILIO-
BBIX TPyO Ha TeMIlepaTypy mporieccopa. PacdeTs! mokasaim, 9To HCTONb30BaHHe
KOHTYPHBIX TEIUIOBBIX TPYO MO3BOJMT CHU3UTH TEMIIEpaTypy IpoLeccopa JIo
JOIyCTUMBIX 3HadeHui. AHU30Tponus Ko3(hUIeHTa TeIIONPOBOIHOCTH B
IUIOCKOCTU apMUPOBAaHUsl KOMITO3ULIMOHHOTO MaTepHaja KOpITyca HAHOCITy THUKA
MOXET OKa3bIBaTh CYIIECTBEHHOE BIMSHUE Ha TEMIIEpaTypy Ipoueccopa. 1o
OTKPBIBAET NEPCIEKTUBbI IPUMEHEHHS aHU30TPOIHbBIX KOMIIO3ULMOHHBIX MaTe-
puaoB UL 00eCIeYeHHs TEIUIOBOTIO PEKMMA HAHOCITY THUKA.

TEJIEKOMMYHUKAINH U IPYTUX LeJIeH MPUMEHSIOTCS
MaJible KOCMHUYECKHUE almnapaTsl — MEKPO- U HaHO-
CIIyTHUKH. Bonpmoil cnpoc Ha UX UCIOJIB30BAHUE
00YCIIOBJICH CPaBHUTEIBHO HU3KOH CTOMMOCTBIO BBI-
BEACHUS U OOJBIINM MOTEHLHAIOM HAa MHPOBOM PBIH-
Ke KOCMHUYEeCKUX ToBapoB [1-3].

[enucoe Onez Banepvesuu, nouent xadenper CM13 «PakeTHo-KocMHYeCKHE
KOMIO3UTHBIE KOHCTpYKIm» MI'TY nm. H.D. baymana, kaHIuaaT TEXHUHYECKUX
Hayk; denisov.sml3@mail.ru; ORCID iD: https://orcid.org/0000-0002-7320-0201,
AuthorID: 176625, eLIBRARY SPIN-koxa: 6884-6227.

[enucosa Jlunuana Banenmunoena, nouent kapenpst CM13 «PaketHo-xocmu-
YyeckHe KOMIO3UTHbIE KOHCTpYKimm» MI'TY um. H.D. baymana, kaHaMIaT Tex-
Hudeckux Hayk; ORCID iD: https://orcid.org/0000-0003-4748-5351, eLIBRARY
SPIN-kox: 3508-7617.
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ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

TenaoBoi peXUM HAHOCITYTHUKOB 00YCIOBICH
BO3JICHCTBIEM BHEIITHUX TEIUIOBBIX HATPY30K U BhIJC-
JICHWEM TEIIOTH OOPTOBEIM 00OpymoBaHueM [4—6].
B cocraBe 6opTOBOTO 000PY/IOBaHKS BaXKHOE MECTO
3aHAMaeT OOPTOBOI KOMITBIOTEP C LIEHTPATHLHBIM TPO-
1eccopoM. B coBpeMEHHBIX HAHOCITYTHUKAX B Kade-
CTBE «HAYMHKM» B OCHOBHOM HCITOJIB3YETCS DIIEMEHT-
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Has Ga3a cmapTdoHoB. IlocTosHHO Bo3pacTaromas
MH(OPMAIFIOHHAST HAarpy3Ka BBI3BIBACT HEOOXOIMMOCTD
MpUMEHEHHs1 B OOPTOBBIX KOMITBbIOTEpPaxX Ooliee coBep-
LIEHHBIX MPOLECccopoB, TemnoBas MoutHocTs (TDP)
KOTOPBIX MOXKET COCTaBIITh NIECATKH BarT. J[iist HOp-
MaJILHOTO (DYHKIIMOHUPOBAHUS OOJIBITMHCTBA TIPO-
LIECCOPOB UX JOITyCTHMAas TeMIlepaTypa He JOJDKHA
npesbimats 80-90 °C [7].

B ycnoBmsX KOCMIYECKOTrO MPOCTPaHCTBA CTaH-
JapTHasi cXxeMa KOHBEKTUBHOTO OXJIXKAECHHS MpoIiec-
copa ¢ MOMOIIBI0 pasivaTopa U BEHTWIATOPa HEBO3-
MOJKHA. 3-3a BBICOKOM IIOTHOCTH KOMIIOHOBKH 000-
PYAOBaHMS M MaJIOTO 00beMa HAaHOCITYTHUKOB OTBOJ
TEIUIOTHI U3NyueHueM 3aTpyaHed. Huskas temnoBas
HMHEPTHOCTh HAHOCITYTHHKOB U TIPOJODKHUTEIBHOE TETI-
JIOBBIJIETIEHE MOYKET TIPHBECTH K TIEPETPEBy MpoIiec-
Copa M BBIXOAY U3 CTPOsI O0OPTOBOTO KOMITBIOTEPA.

OnHUM U3 COCO0OB PEIICHUs TaHHOM MpooIIe-
MBI MOXET OBITh MMPUMEHEHHE KOHTYPHBIX TETLIO-
BIX TpyO (KTT), KoTOpBhIe HMEIOT BBICOKYIO 3 dek-
TUBHYIO TEIUIONPOBOIHOCTh U JIETKO aJalTUPYIOTCA
K ycnoBusM 3kcmutyatanuu [8—11]. Onu moryT pa-
00TaTh B YCIOBHAX KOCMHYECKOTO IPOCTPAHCTBA,
OTJIMYAIOTCS OTHOCHUTENBHON MPOCTOTON KOHCTPYK-
LMY, HE3HAYUTEIBHOW MAaccOH, MOJHON aBTOHOM-

HOCTBIO ¥ CIIOCOOHBI NiepeaBaTh OONBIIOE KOJUYe-
CTBO TEIJIOTHI HAa HeoOxoxumoe paccrossaue. Kon-
nerncatop KTT cOpachiBaeT TEIIOTYy B OKpY’Karomiee
MPOCTPAHCTBO Yepe3 KOpIyc HAaHOCIyTHUKA. B HacTo-
sAIIee BpeMs KOpIlyca HaHOCIYTHHKOB W3rOTaBJIMBa-
I0TCSL B OCHOBHOM U3 &IIOMHUHHEBBIX CIUIABOB, OJHAKO
0O0JBIION TOTEHIMA UMEIOT BBICOKOTEILIONPOBO/I-
HbI€ NOJMMEPHBIE KOMIIO3UIMOHHbBIE MaTepUalIbl U3
YTIIEpOIHBIX BOJOKOH [12]. IIpu 3TOM Takme mare-
puansl (Ipu MEHbBIIEH MJIOTHOCTH) MUMEIOT Ooliee
BBICOKYIO YAETbHYIO MPOYHOCTD M YJAENBHYIO JKeCT-
KOCTb.

Leab HacToseidl padoTBl — TEOPETUYECKOE
obocHoBanue Bo3MoxHOCTH npuMeHenuss KTT s
obecrnieueHns1 paboToCOCOOHOCTH TIporieccopa OopTo-
BOrO KOMIIbIOTEPA HAHOCIIyTHHKA C KOPILyCOM W3
YTJIETIaCTHKA.

IocTanoBka 3amxauyu. Ha mepBom stame HeoO-
XOJMMO OIPENENUTHCS ¢ TUIIOM IIPOLIEcCOpa H, CO-
OTBETCTBEHHO, €TI0 TEIJIOBOW MOIIHOCTHIO. {151 Mo-
JenupoBaHus OblIa BEIOpaHa OecKapKkacHas KOHCTPYK-
ISl HAaHOCITyTHHKA B BHUJIE€ TOHKOCTEHHOTO MHapa-
JIeJIeIMIIeN1a, B LIEHTPE KOTOPOro YCTAHOBJICHA Ma-
TEpUHCKasl IUIaTa C MPOLIECCOPOM M LIECTBIO YCTPOH-
cTBamMHu aMsTH (puc. 1).

[\

6

Puc. 1. KOHCTpyKTMBHAsa cxema HaHOCNYyTHMKa:
a — obwwwmii Bua,; 6 — BuA ceepxy v cboky; 1- namsite; 2 — npoueccop; 3 — MateprHckas nnata; 4 — Kpblllka npoLeccopa; 5 — nnata npoweccopa
[Figure 1. The structural diagram of the nanosatellite:
a - general view; 6 — top and side view; 7 — memory; 2 — processor; 3 — motherboard; 4 — processor cover; 5 — processor board]

Mesxmy mporieccopoM (2) M KPHIIIKO# (4) HaHe-
CEeH TOHKHUH cioit Tepmonactsl Tuna Evercool Nano
Diamond, xoTopslii oOecriednBaeT nacaIbHBIA Tell-
JIOBOW KOHTAKT MeX Ty HUMU (Tadu. 1).

INonaranoce, 9T MPOLECCOp M 3JIEMEHTHI aMSITH
SIBJIAIOTCS €AMHCTBEHHBIMH HCTOYHHKAMH TEIJIOBBI-
nenenus. Bee moBepxHocTH HaHOCIyTHHKA T (DY3HO
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OTpaXXaloT M MCITYCKAIOT U3ITyuYeHHe BO BHYTPEHHEE
MIPOCTPAHCTBO, 3aMOJHEHHOE JUATePMHUECKOM cpe-
noit. C Hapy»KHOW MOBEPXHOCTH TEIIOTa COpPachI-
BaeTCA B OKPYXAIONIYI0 Cpey, UMEIOIIYI0 TeMIIle-
patypy 4 K. Ontuueckue CBOHCTBa MOBEPXHOCTEH
HE 3aBUCAT OT TEMIEPATyphl U JJIUHBI BOJHBI U3IIY-
yeHHs. TeroBble KOHTAKThI TpaHel KopIyca Mex-

AEROSPACE ENGINEERING
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Iy co0oil U ¢ MaTEPUHCKOW IIATOW CUHTAIOTCS
naeanbHbIMA. MaTepuall KopIyca HaHOCITyTHUKA —
OPTOTPOIHBIN yTAEIUIACTHK ToamuHoU 1 Mm. [Ipu-
HATO, 4TO Ay U A — KOOQQHULUUEHTH TEIUIONPOBOI-
HOCTH B HamlpaBlICHUAX Y U Z IJIOCKOCTH apMUPO-
BAaHMSI KaKJOU rpaHu KOPIyca HAHOCIYTHHUKA COOT-
BETCTBCHHO, a Ay — KOA((QUIIUCHT TEILUIONPOBOIHO-
CTHU B HampapJieHUU HOpMaiu X KakJI0il rpaHu Kop-
Imyca HaHOCITyTHUKA (Tabi. 2).

Tabavua 1
FeomeTpuyeckue pasmepbl KOHCTPYKLIMU HAHOCNYTHUKA

HasBaHue Martepuan Pa3mep, mm
MaTtepuHckasa nnata  CTeK/I0TEKCTONUT 100x100x1
Mnarta npoueccopa CTEKNIOTEeKCTONUT 60x60x0,8
lMpoueccop KPEeMHUN 24x42x1,3
MamaTb (6 WTyK) KpeMHuiA 10x10x1,5
TepM0r_|aCTa Evercool anmMasHble 24x42x0,1
Nano Diamond MUKpOYacTULbl
KpblLwka npoueccopa anioMVHIEBBLIN 53x53x0,5

cnnase
100x100x200
Kopnyc HaHocnyTHMKA yrnennacTuk C TOJILLINHOM
aicta 1 mm
Table 1

Geometrical dimensions of the nanosatellite design

Name Material Size, mm
Motherboard fiberglass 100x100x1
Processor board fiberglass 60x60x0.8
Processor silicon 24x42x1.3
Memory (6 pcs.) silicon 10x10x1.5
Thermal grease Evef‘- _Dlamor?d 24%42%0.1
cool Nano Diamond microparticles
Processor cover Aluminium alloy 53x53x0.5

. Carbon fiber 100x1 0.0X200
Nanosatellite case . . sheet thickness
reinforced plastic 1 mm

3HaYeHUs TEIIOBOM MOIIHOCTH Tporieccopa Wi,
BapbupoBaKch B auamna3oHe 1-100 Bt. Temmosas
MOIIHOCTh KaXJOTO d3JEeMEHTa MaMSATH TpUHUMA-
Jlach paBHO 5 BT.

3anaua pemieHa B nporpamme ANSYS B mony-
ne Steady-State Thermal. Hactpoiikn HenmmHEHHOTO
pemIatens A1 paAualioHHOTO TEeII000MeHa MCIIONb-
30BAJIMCh MO yMom4yaHuio. OeHKa CXOIUMOCTH MO-
Ka3ajia, 4TO NMPH YMEHBIICHHH pa3Mepa KOHEYHBIX
JJIEMEHTOB B JIBa pa3a TOYHOCTh PEUICHHS OTINYa-
nach He Oosiee ueM Ha 5 %.

B pesynbrare MomenmpoBaHus yCTaHOBIICHO, YTO
npu Wy MeHee 6 BT Temneparypa npoueccopa He
npeBblaeT aonycrumyro. Ilpu 3HadeHusx W, mpo-

ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

reccopa 15-20 B (kimacc gerkux HoyTOyKOB) €ro Mak-
cuMarbHas Temrieparypa Tpo coctaBisier 150-200 °C
(puc. 2). B To xe BpeMs Oousblasi 4acTh MOBEPXHO-
CTH KOPITyCca OCTAeTCs XOJIOJHON U UMEET TeMIlepa-
Typy —50-60 °C. HecmoTps Ha TO, 4TO TeMIepaTy-
pa mpoleccopa IpeBbIIaeT JO0IYyCTUMYI0, HU3Kas
TeMIieparypa Kopiyca co3JaeT MPeInOoChUIKH IS
OTBOZIa HA HETO M30BITOYHOW TEIUIOTHI C HOCJIEAY-
IOIIMM cOPOCOM €€ B KOCMHUYECKOE IIPOCTPAHCTBO.

Tabavuya 2
Tennodusunyeckme n onTuyeckne
XapaKTepucTUKN MaTepuasnos
Marepunan KoadppuumeHT Cre-
TEenJaonpoBOAHOCTU  NEHb
A, Bt/(m-K) YyepHo-

Tbl €
CreknoTekcTonut 0,244 0,9
KpemHnin 148,0 0,9

AnmMasHble MUKPOYacTULLbI 8,0 -

ANIOMUHNEBDLIV CNnas 144,0 0,7

YrnennacTtuk A=0,5;1,=6,0;1,=4,0 0,8

Table 2
Thermophysical and optical characteristics of materials

Material Thermal conductivity Emis-
coefficientA, W/(m-K) sivity
&
Fiberglass 0.244 0.9
Silicon 148.0 0.9
Diamond microparticles 8.0 -
Aluminium alloy 144.0 0.7

Carbon fiber reinforced

plastic A=0.5;1,=6.0;1,=40 0.8

500

400

300

200

T C 100

o
pros

0 10 20 30 40 50 60 70 80 90 100

W,

pros
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Puc. 2. 3aBMCUMOCTb MakCMMasibHOM TemMnepaTypbl
npoLeccopa oT ero Ternja0Bo MOLLHOCTH
[Figure 2. The dependence of the processor
maximum temperature on its thermal power]

Haxomirenasiit onsiT ncrons3oBadust KTT mos-
BOJIACT C OIITUMHU3MOM paCCManI/IBaTI) BO3MOXHOCTbH
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UX TPUMEHEHUs B MACCHBHOW CHCTEME TEPMOpEry-
JIUPOBAHUS HAHOCITY THHKOB.

[Ipumenenue mporeccopoB ¢ Wy, Oomee 20 Bt
B HAHOCIYTHHKE 33/IaHHBIX Pa3MEpPOB MOXKET OBITh
3aTpyAHUTEIBHO, TOITOMY MPH NaTbHEHIIUX pac-
yetax ObUT HCIOJIB30BaH MPOTOTHI TPOIECCcopa st
HoyTOyKOB Intelcorei 7-8650U momiHocThIO 15 BT.

PacueTt TennootrBoaa
C MOMOLLIbIO KOHTYPHbIX TEMNJIOBbIX TPYO

KonTypHBIe TeTIoBBIE TPYOHI pabOTAIOT 110 3aM-
KHYTOMY HUCIIAPUTECIbHO-KOHACHCAIITMOHHOMY IUKITY
Y UCTIONB3YIOT KAIMMIUIAPHOE JABJICHUE JUTS TIPOKAYKH

TETUIOHOCHUTENSI. Y CTPOMCTBO BBIMOJHEHO B BHIE 3a-
MKHYTOT'O KOHTYPa, KOTOPBIH COCTOUT U3 UCHAPUTEIS
C KallWUIIPHO-NIOPUCTON CTPYKTYpPOM M KOHJEHCa-
TOpa, COSNMHEHHBIMU MEXAy coOoi TpyOompoBoaa-
MH U pa3fe’bHOTO LMPKYIUPYIOLUIETO IBHKCHUS
MMapoBOH (IMTApOTPOBOI) M KUAKOCTHOH (KOHIEHCA-
TorpoBon) (a3 Terutonocurenst (puc. 3, Tadm. 3). Ten-
JI0Ta, BBLAETsIEMas IporeccopoM (3), uepes aaroMu-
HUEBYIO KPHIIIKY (4) TiepemaeTcss B MEIHBIN HHTEP-
¢eiic (2), BHYyTpH KOTOPOTO HAXOJUTCS HCIIApH-
tenb (/). Aas yBenuueHus iomaan KOHTaKTa MeX-
Iy KOHJIEHCATOpOM (7) TeIIOBOW TPYOBl W BHYT-
pEHHEH MOBEPXHOCTHIO CTEHKH KOpPITyca HAHOCITYT-
HUKa (9) mpuMeHsieTcs Tepmonacta (8).

Puc. 3. Cxema 1ennooTsoa C MOMOLLbIO KOHTYPHO TEMNOBOW TPYObI:

a — obwwii Bua,; 6 — cbopka nHTepdeiica ncnaputenst; B — anemeHtbl KTT; r — cxema KOHTakTa KOHAEeHcaTopa ¢ MOBEPXHOCTbIO KOPryca HaHOCMYTHUKA;
1 — ncnaputens; 2 — uHTepdeiic ncnaputens; 3 — npoueccop; 4 — KpbiLka NpoLeccopa; 5 — nnarta npoueccopa; 6 — MaTepuHckas nnata; 7 — KOHAeHcaTop;
8 — Tepmonacta; 9 — kopnyc HaHocnyTHuKa; 10, 11 — Tpy6onpoBoAbl (MaponpoBOA, U KOHAEHCATONPOBOA, COOTBETCTBEHHO)

[Figure 3. Processor cooling circuit using a loop heat pipe:

a — general view; 6 — assembly of the evaporator interface; B — loop heat pipe elements; r —contact diagram of the condenser with the surface of
the nanosatellite case; 17— evaporator; 2 — evaporator interface; 3 — processor; 4 — processor cover; 5 — processor board; 6 — motherboard;

7 —condenser; 8 — thermal grease; 9 — nanosatellite case; 10, 71 - pipelines (varopline and liquidline respectively)]

Tabnvua 3

OCHOBHbI€ KOHCTPYKTUBHbIE NapaMeTpbl
KOHTYPHOIA TeNJIOBOW TPYObl

KomnoHeHT Xapaktepuctuka 3Ha4YyeHue, MM
ovnameTp 8,0
Wcnaputenb MHA 50,0
KoHnpeHcaTonposo, AnameTp 3.0
A poBOA OnnHa 68,5
ovnameTp 3,0
Maponposon, AMHA 68.5
KoHpeHcaTop ANameTp 3,0
OJvHa 400,0
. LnHa 50,0
r;.:aep;ﬂzﬁ: LmpmrHa 50,0
P TONLWMHA 10,0
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Table 3
Structural parameters of the loop heat pipe
Component Characteristic Value, mm
Evaporator diameter 8.0
P length 50.0
- diameter 3.0
Liquidline length 68.5
Varopline diameter 3.0
P length 68.5
Condenser diameter 3.0
length 400.0
length 50.0
Evaporator interface width 50.0
thickness 10.0

AEROSPACE ENGINEERING
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[Tpn mocTpoeHNr KOHEYHO-3JIEMEHTHON MOAECIN
IUI KOpILyca, MAaTepPUHCKOM IUIAThI, IUIaThl POLIECCOpa,
namsITH, HHTepdeiica, TEPMOIMAacThl MEXIy Ipoliec-
COpPOM M KpbIKo#i mpumeHsics Hex Dominant
Method, a anst KTT u cnost TepMoniacTel MeXTy KOH-
JIEHCATOPOM U KopIycoM HaHocmyTHrKa — Patch Con-
forming Method u Sweep Method cooTBeTcTBEHHO
(puc. 4). Ilonaramnocs, yto KTT — MoHONHMTHOE TETIO
¢ ko3 durmenToM 3G (PEKTUBHOW TETIIOTPOBOI-
HOCTH Aef

Tounslit pacuer xapakrepuctuk KTT, B yactHO-
ctu ko3duuuenrta 3¢ (HeKTUBHON TEIIONPOBOIHO-
CTH Ao, IPEICTABISIET COOOM JOCTATOYHO CIOKHYIO
WHXEHEpHYI0 3anauy [13—-19]. Ananus nuteparypsl
MOKa3aJl, YTO 3HAYCHUE Ay MOXKET HPEBBIIATH KO-
(urreHT TerIonpoBoaHOCTH amfoMuHuA B 10...100
pa3. Tak, koaddureHT >3QpPeKTUBHOM TEIITONPOBOI-
HOCTH IUIOCKOW TEIUIOBOH TPYOBI MOKET W3MEHSTh-
cst ot 10 000 mo 17 000 B1/(M-K) B 3aBucuMocTH OT
TeMIeparypsl 00JIacTH 0TBOJIA TEIUIOTHI [19].

B cBs131 ¢ HeonpeAeneHHOCTHIO Ay OBLTH MPOBEICHBI
HapaMeTPHIECKUE NCCIIEI0BAHNS €T0 BIMSHMS Ha TEMIIe-
paTypHOE COCTOSIHHE HAHOCITyTHHKA. VICXoHbIe JaHHbIe
TI0 TEOMETPHYECKUM pa3MepaM HAHOCITYTHUKA, TETIO(pH-
3UYECKUM M ONITHYECKUM XapaKTEPUCTHKAM MAaTepUaIoB
NPUHUMAJIMCH TaKUMH XK€, KaK U B NPEIbIIYIIEM IIpHU-
Mepe (Tabm. 1, 2), a OCHOBHBIE KOHCTPYKTHBHBIE Tapa-
METpPbI KOHTYPHOH TEIJIOBOH TpyOb! ObUIH, KaK B Ta0II. 3.

[Ipu 3HageHMAX Aer 0T 5000 10 20 000 BT/(M-K)
TeMIIeparypa nporeccopa U3MeHsIeTCs] He3HAYUTEITLHO
U cocTaBiseT 65 u 59 °C COOTBETCTBEHHO, YTO HUXKE
ero momyctuMon temmepatypsl (puc. 5). Temmepa-
Typa 3JIEMEHTOB TIaMSTH, PAaCIIOJIOKEHHBIX MEXTy MH-
Tepdeiicom n koHaeHcatopoM KTT, MoxkeT mpeBbIIIaTh
100 °C, mo3aToMy Ha JalbHEHIIMX 3Tanax MPOEKTH-
pOBaHUS HAaHOCHYTHHKA HEOOXOAMMO OIpEenTs 00-
Jiee palMoOHAIFHOE MECTO PACIIONIOKEHHUS DJIEMEHTOB
NaMsITH HAa MOHTQ)KHOW IJIaTe WIM M3MEHUTH KOH-
crpykuuto uaTepdeiica KTT ¢ menpio obecrieuenns
JUTSL HUX JTOTIOJTHUTENBHOTO TETJIO0TBO/A.

Puc. 4. KoHeuHo-anemeHTHasa moaens B ANSYS
[Figure 4. Finite element model in ANSYS]

28468
10452
75645 50
L] 25581 > o
-43.507 S 10.236
-61.613 Min 77259
L] -25.688
-43.649
-61.611 Min

Puc. 5. TemnepaTypHOe COCTOSIHME HAaHOCMYTHMKA npu A, = 20 000 B1/(M-K), d = 3 Mmwm:
a — o6wWwii BUA, 6 — 91eMEeHTbl BHYTPEHHE KOMMOHOBKW; B — MPOLIECCOP
[Figure 5. The temperature state of the nanosatellite at A., = 20,000 W/(m-K):
a - general view; 6 — interior elementsc; 8 — processor]

Jlns vccnetoBaHusi BO3MOKHOCTH YMEHBIIEHUSA
maccel KTT npoBesieH pacyeT TeMIepaTypHOTo Co-
CTOSIHUS TIPOLIECCOpa C PA3IMIHBIMU AaMeTpaMu d

ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

TpyOOIPOBOIOB M KOHIeHcaTopa (puc. 6). [Ipu ymeHb-
IIeHUU 3HaueHus d ¢ 3 10 2 MM TeMmIieparypa mpo-
neccopa BospactaeT npumepHo Ha 30 °C u Moxer
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MPEBBICUTH AOMycTUMYylo. TernoBsle TpyOsI ¢ Aua-
METpPOM TPYOONIPOBOJIOB U KOHIEHCATOpa 2 MM H
mHON KoHAeHcatopa 400 MM MOTyT 00ecrednuTh
3aJaHHBIA TEIUIOBOM PEXUM Mpoleccopa MpH 3Ha-
YEHHSIX A, peBbimatonmx 10 000 Bt/(m-K).

T,

ro °Co 80

55
5000 10000 15000 20000
Aeg, BT/(M - K)-

Puc. 6. 3aB1McuMOCTb TEMMepaTypbl NpoLeccopa
0T pa3mMepoB TPYOONPOBOAOB U KOHAEHcATopa:
1-di=2mMM;2-d,=3 MM
[Figure 6. The dependence of the processor temperature
on the size of the pipelines and condenser:
1-di=2mm;2-d.=3mm]

o
pros

0 10 20 30 40 50 60 70 80 90 100
Ay, Bt/(M- K)

Puc. 7. 3aB1McuMoCTb TEMMNEpPaTypbI NpoLieccopa
OT KO3 PULUMEHTa TENI0NPOBOLHOCTH A,
[Figure 7. The dependence of the processor temperature
on the thermal conductivity coefficient A]

Tpror °C -

0 10 20 30 40 50 60 70 80 90 100

22, BT/ (M- K)

Puc. 8. 3aBrMcuMocCTb TeMMepaTypbl npoLeccopa
OT KO3 duLmMeHTa TENNONPOBOAHOCTU A,

[Figure 8. The dependence of the processor temperature
on the thermal conductivity coefficient A,]

HccnenoBano BiMsiHUE aHU30TPONUHM KO3 HU-
LUEHTa TEIUIONPOBOJHOCTH B IIOCKOCTH apMHPOBa-
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Hus [20; 21] ka0 TpaHy YITIETUIACTUKOBOTO KOPITY-
Ca Ha TEeMIEepaTypHOE COCTOSIHME HAHOCITyTHHKA. Pac-
YeThl TIPOBOMIINCH JJISl IHAMETpa TPyOOIPOBOIOB
1 KoHzeHcatopa d> = 3 MM u A = 20 000 B1/(M-K)
(puc. 7, 8). YcraHOBIEHO, YTO IS PACCMOTPEHHON
KOHCTPYKITHH A, OKa3bIBaeT 0oJiee CHIHHOE BIIMSHUE
Ha TeMIlepaTypy IMpoleccopa, 4YeMm A,. YBelIndeHne
K03 dUIMeHTa TEIIONPOBOAHOCTH B HAIIPABICHUU Z
Kaxmoi rpanu kopmyca (puc. 1) ¢ 4 no 100 Br/(m°K)
yMEHBIIAeT TeMIeparypy mpormeccopa Ha 22 °C,
a B HaIlpaBJIeHUHU Y, COOTBETCTBEHHO, Ha 5 °C.
Crnenyer OTMETHTB, YTO NPU U3MEHEHHH A; OT 4
1o 50 Bt/(m-K) mpoueccop oxnaxnmaercs Ha 18 °C,
W JalbHelliee ABYKPAaTHOE YBEJIHYEHHE A: 0
100 B1/(M-K) ymeHnbmIaer ero temmnepartypy BCero
Ha 4 °C.

3aknioyeHue

Teopernueckn 000CHOBaHA BO3MOKHOCTH MpH-
MEHEHMs B HaHOCIYTHHUKaX KOHTYPHBIX TEIJIOBBIX
TpyO I OXJIaXKIIEHUS IPOLIeCCopa ¢ TEIUIOBOIM MOII-
HOCThIO 15 BT (Kiacc jierkux HOyTOYKOB). Y CTaHOB-
JICHO, YTO IIPU AWAMETpax TPyOONpOBOAOB U KOH-
JleHcaTtopa 3 MM TeMIlepaTypa MpoLeccopa COCTaB-
nsget npumepHo 60 °C B MMPOKOM JHana3oHe 3Ha-
yennii 3¢dekruBHoi TermonpoBognocTr KTT. s
pPacCMOTPEHHOW KOHCTPYKLMM HAaHOCIYTHHKA JKe-
JIaTeNbHO MPUMEHSATH YTJICIUIACTHKH ¢ 0oJiee BBICO-
KAM KO3(Q(HUIHEHTOM TEIUIONPOBOTHOCTH B HAIpaB-
JIEHUN Z TUIOCKOCTH apMHUPOBaHUS KaXXJOW TpaHU
KopIyca, yeM B HampasieHuu Y. OpHako yBenude-
HUE KOX(pPUIMEHTA TEIIONPOBOAHOCTH A; ¢ 50 10
100 Bt/(M-K) cmabo BiauseT Ha M3MEHEHHUE TEMIIC-
paTypsl mporeccopa.

BnaropapHocTtu

ABTOpBI O1aroIapsaT TOKTOpa TEXHUYECKUX HAYK, TPO-
deccopa I1.B. IIpocyHIioBa 3a COBETHI U IICHHBIC
3aMeyaHus pu paboTe Haj JaHHOMH CTaThel.
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Kniouesvie cnosa:

TpyMIia CIlyTHUKOB, OJI€pKaHUE Op-
OUTBL, TOAJICPKAHUE OTHOCHTEIBHON
KoH(UTypanum, cyMMapHasi XapakTepu-
CTHYECKast CKOPOCTh, MEXXOPOUTAIIbHBIC
TepeseThl, MaHEBPbI IEPEX0/10B, MAHEB-
PpBI BCTpeun

BBeneHune

HJ’ISI COOYTHUKOBBIX CHUCTCM PpCIIAOTCA Ba

PaccMoTpeHo nopiepykaHue 3aIJaHHON KOH(UTYpAIK CITyTHUKOBOM TPyTI-
nbl Tina TerraSAR-X — TanDEM-X. [penmnonaraercs, 4To BeAyLIMi CITyTHHUK
BBITIOJHSIET TOJIEKO MAHEBPHI MOJIepykaHus! paboueii opOUTHI, a BEJOMBIN CITyT-
HHK COBEpIIAeT MICHTHYHBIE MAaHEBPHI VI MOAACPIKaHUs pabodeil opOUTHI 1
JIOTIONTHUTEJILHO BBINIOJIHAET MAHEBPbI, 00ECTICUHBAIOILINE MO/ICPIKAHKE 33/1aH-
HOW OTHOCHTENBHON KOoH(Urypamwy rpynmsl. [t padodeli opOUTHI BEIyIEro
CITyTHHKA HCCJIEZIOBaHA 3aBHCHMOCTb 3aTpaT CyMMAapHOH XapaKTePHCTHUECKOH
CKOPOCTH Ha MOJUICpKaHME B 38JIaHHbIX JMaria3oHax OOJIbIION MOJIYyOCH, IKCLICH-
TPHCUTETA, HAKIOHEHHS W WX PA3INYHBIX COUETAHWH OT TOYHOCTH ITOAZEpIKa-
HUS. YCTaHOBJEHbI MUHUMAJIGHBIE TPAHUIGI TOYHOCTH TOIACPIKAHUS MO KaXK-
JIOMY U3 3JIEMEHTOB, TIPU KOTOPhIX MaHEBPUPOBaHUE He TpeOyercs. JlaHHoe uc-
CJIeIOBaHME HOCUT OOILMIT XapaKTep U MO3BOJISIET CIUTAHUPOBATh Oy TyIIfe MIC-
cnn, 00ecTieyrB HeOOXOAMMBIH KOMIIPOMHECC MEXTY TOUYHOCTBIO TIOAEPKaHUS 1
3aTpaTaMi CyMMapHOH XapaKTepPUCTHYECKOH CKOPOCTH, KOTOpBIE PacTyT HpH
TIOBBIIIEHHH TOYHOCTH TO/IepKaHusl. Takke MpOBEIeHO MCCIEeI0BaHNE 3aTpar
Ha OTHOCHTENBHOE MOJIEPKAHKUE NPH YCIIOBHY, YTO JBUTATENN Y BEAyLIEro U
BEJIOMOT'O CITyTHHKOB pa0OTarOT MPaKTHYECKH OMHAK0BO. [TokazaHo, 4To OTHO-
CHTENIbHOE TOIUIepKaHue TpeOyeT CYIECTBEHHO MEHBIIMX 3aTpar TOIUINBA,
JI@Ke TIPYU TOYHOCTSIX, TPeOyeMBIX B MpoekTe. Pa3paboTaHHbIN 11 JaHHOTO UC-
CIIeIOBaHUS IIPOTPAMMHBIN MPOIYKT UMEET YHUBEPCAIbHOE MPUMEHEHHe U Oy-
JIeT WICTIOJI30BAH VISl MCCIIEIOBAHMS 3aTpaT Ha MOJ/iepKaHue Oojee CII0KHON
CHCTEMBI U3 YEThIPEX CITyTHHUKOB, B KOTOPOH TPH CITyTHHKA BPAILAIOTCS] OTHOCH-
TeJIbHO 0a30BOTO CITYTHHKA.

JiepKaHusl CO3JJAaHHOW KOH(PUTypalnu CIIy THUKOBON
CUCTEMBI.
MaHeBpbl GOPMUPOBAHUSA CNYMHUKOBLIX CU-

OCHOBHBIX THUIIA 3aJla4 MaHCBpPHUPOBAHUA: MaHCBPbI
CO31aHHuA CHYTHHKOBOﬁ CUCTEMBI 1 MAaHCBPHBI IO~
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cmem (Satellite Constellation, SC) u cnymuuxosvix
epynn (Satellite Formation, SF) umeror cBou ocobeH-
HoCTH. MOYHO BBIJISITUTH JIBa THIA 331129 (popMupo-
BaHMsI CIIyTHUKOBBIX CHCTeM. B mepBom Turie 3amaq
TUTOCKOCTH Ha4YaJIbHOM U KOHEYHOH OpOHT OJM3KH,
U IS pacueTa MaHEBPOB, MEPEBOSAIINX KOCMUYE-
ckuit anmapat (KA) B 3a7aHHYIO TTO3HITNIO, JOCTa-
TOYHO PEIINThH KJIACCUYECKYIO 3a1ady BcTpeun [1-3].
Ecnu monrora BOCXOJAINEro y3iia HAYaJIBHOW U KO-
HEYHOI OpOUTHI OTJINYAETCSI HA HECKOJIBKO JIECSTKOB
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rpasycoB, YTO UMEET MECTO, KOTAa CIYyTHHK HeoO-
XOAMMO IEPEeBECTU B APYTYIO pabOdyI0 IIOCKOCTS,
TpeOYIOTCs crelranbHbIe METO/IbI pacyeTa mapameT-
poB ManeBpoB [4—7]. Ilpu pacuere MaHeBpOB (op-
MHUPOBAHUS CITyTHUKOBBIX TPYII BO3HHKAaeT HEOO-
XOAMMOCTb YYUTHIBaTh BO3MOXHOCTb CTOJIKHOBEHUS
CITyTHHKOB [8; 9].

Jnst nogaepkaHus KOHUIypaLiy CITy THUKOBBIX
CHCTEM Pa3jIM4aloT IBE OCHOBHBIX CTPATEIUH: KECT-
Koe W TMOKoe mojjepkanue (B 3apyOeKHOW JHTe-
parype HCIONB3YIOTCS TePMUHBI a0COIOTHOE M OTHO-
cutenbHOE monzepkanue). [lpu xecTkoMm nmoamepxa-
HUH JIBIKCHUE KQXKIOTO U3 CITyTHUKOB COTJIACyETCs
C HEKOTOPBIM 3aJaHHBIM JBIKEHHEM, YTO TTO3BOJIS-
€T PacCUMTHIBATh MapaMeTPhl MAHEBPOB KKIOTO CITYT-
HHKa HE3aBUCUMO OT IIOJIOKEHUSI IPYTUX CIIyTHUKOB,
BXOJAIINX B cucTeMy. [Ipu THOKOM moanepKanum —
obecreunBaeTcs COrIacOBaHHOE ABUIKEHUE BCEX
CITyTHUKOB CHCTEeMBI. [ mOKoe moanepskanme TpeOy-
€T MEHBIINX 3aTpaT CyMMapHOW XapakTephCcTHYe-
CKOW CKOPOCTH M MEHBILIET0 YHCIIa UMITYJIbCOB CKO-
poctu [10].

HawnbGomee ciioxHOW sSBISETCS 3amada Moaaep-
KaHUS 33JaHHON KOH(HUIYpallK CIyTHUKOBOW TPpyI-
nbl. OOBEKTHl JAHHOTO BHIA CITyTHUKOBBIX CHCTEM
HaXOJATCSI B HETIOCPEACTBEHHOW OJIM30CTH APYT OT
Jpyra ¥ ommOKa B YIPaBICHUH WX JBIKCHHEM MO-
KET MPHUBECTH K CTOJIKHOBEHHIO 3TUX OOBEKTOB H
TEM CaMbIM K TOTepe 3Toil cuctembl. Kpome Toro,
JUIs YCTICHIHOTO BBITIOJHEHHsSI 3a/1a4 CITyTHUKOBOMH
rpynmnoii TpeOyeTcsi BhICOYAMIIas TOYHOCTh MOAIEP-
XKaHWs ee KoHGUrypauuu. B Haweil crpane emie HET
IPYMEpPa YCIEIHOTO CO3aHMsI U SKCIUTyaTalliy CIIyT-
HHUKOBOM rpynmbl. Ha 3amage cryTHUKOBBIE TPYIIITBI
YCIEIIHO 3KCILTyaTHPYIOTCS Y)ke OoJee ABYX AecAT-
KOB JIET, XOTA YHCJIO TaKUX YCHEIIHBIX CUCTEM OT-
HOCHTEIIFHO HEBEJIHKO.

Jnst CIlyTHUKOBBIX TPYyMIT OJHOBPEMEHHO MpH-
MEHSIOTCs 00a Tuma noanepskanust. s opOUTe! oc-
HOBHOTO (BEJIyIIIEro) CIyTHUKA UCTIONB3YeTCs KECTKOE
(abcomoTHOE) MONAEPKAHKE, B TO BpPEeMsS Kak JUIs
BTOPOT'O CITyTHUKA (OCTANBHBIX CITyTHUKOB IPYIIIIHI)
KpOME aHAJIOTHYHOT'O JKECTKOT'O TIOUIEPKAHUS UCIIONb-
3yercs 1 THOKOE (OTHOCHTENBHOE) MOIACpKaHHe.

1. O6GWme NpUHLUNbI NoAAepPXaHNA
3apaHHON KOHPUrypauum CnyTHUKOBOW rpynnbl

B nporecce noanepaanusi BeIyIMHA CITyTHUK J0JI-
JKCH HAaXOJUTHLCA B 3a/IaHHOM JHAIIA30HC 110 KaXXIAOMY
13 KOHTPOJHMPYEMBIX 3JIEMEHTOB OPOUTHI (HAXOAUTh-
cs B OOKce 3amaHHOTO pasmepa). Korga cryTHHK B

ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

MpoIIecce dBOJIOIHMU €r0 OPOUTHI JOCTHTAEeT OJHOM
U3 CTEHOK OOKCa, C IIOMOLIBI0 MaHEBPOB €ro MEPeBO-
JIIT Ha MPOTUBOIIOJIOKHYIO CTEHKY. Bemomslil coyT-
HUK (WJIM CITyTHHKH) JOJDKEH OIHOBPEMEHHO BBITIOMN-
HSTh TOYHO TaKHe K€ MaHEBPBI, YTOObI MOANCPKU-
BaTh CBOIO OpOUTY.

JlononHuTenbHo, A1 BEJOMOTO CITyTHHKA 3aia-
FOTCSl HOMUHAJIBHBIE 3HAUEHHSI OTKJIOHEHUH JIIEMEH-
TOB €r0 OpPOWTHI OT BJIEMEHTOB OPOWUTHI BEAYIIETO
CIIyTHUKA U JTMANa30HbI JIOMYCTHUMBIX OTKJIIOHEHUH
OT 3TUX HOMMHAJBbHBIX 3HaueHui. Korzna 3HadeHus
OTHOCHUTEIIbHBIX OTKJIOHEHUH 3JEMEHTOB €ro opou-
THI OT 3JIEMEHTOB OPOUTHI BEAYIIETO CITyTHUKA BbI-
XOJAT U3 JOIyCTUMOTO AMAIla30Ha, PACCUNUTHIBAIOT-
s MapaMeTpbl MAaHEBPOB, BO3BPALIAIONINX BEIOMBIN
CIIyTHUK Ha €r0 HOMUHAJBbHYIO OPOUTY OTHOCHUTEIb-
HO BEAYULIETO CIyTHHKA. Bepymuil CyTHHK B 3TOT
MOMEHT He MaHeBpupyeT. CKoJbKo OBl He OBLIO
CIlyTHUKOB B CITyTHUKOBOW TpYIIIE, €CIN KaxXIbIN
W3 HUX TOJJCPKUBAET 33JJaHHOE TTOJI0KEHHUE OTHO-
CUTENFHO BEIYIIEro CIyTHHUKA, TO BCE CITyTHHKU MOJ-
JIEP>)KUBAIOT 3alaHHOE TOJIOKEHNUE U OTHOCUTEIBHO

JIPYT JIpyTa.

2. BbiGop 6e3onacHoin KOHUrypauum
Satellite Formation TerraSAR-X — TanDEM-X

[Ipumepom Upe3BBIYAIHO YCIIEITHOTO CO3aHMS
1 (DyHKIMOHUPOBAHUS CITyTHUKOBOM TPYTIITHI SIBIISIET-
cst SF TerraSAR-X — TanDEM-X [11-13]. OcHosg-
Hasl 1IeJIb 3aIyCKa JaHHOM CITyTHHUKOBOH TPYIITbI —
co31aHre TI00aTHHOM MTUGPOBOI MOIEH BBICOT TIO-
BBIIIICHHOW TOYHOCTH JUIS IIIMPOKOTO JHara3oHa Hayd-
HBIX UCCIICJIOBAHUN M KOMMEPYECKOI'0 UCIOIh30Ba-
HUsl. DTa 3aja4a ObUTa yCIIENTHO BBIITOJIHEHA.

Hac B nmepByro ouepens HHTEpeCyeT BIOOP KOH-
¢urypanuu 3Tol CIIyTHHUKOBOUW TPYMIBI U MOAJEP-
’KaHUE C BBICOKOM TOYHOCTBIO 3TOH 3aJaHHOU KOH-
¢dburyparun.

Jaxxe HEOOIBIIIOE PACXOXKICHUE B BEIUUMHAX
OOJBINX MOyOoCcel OPOUT CITyTHUKOB MOCTEIIEHHO
MPUBOJIUT K CYIIECTBEHHOMY U3MEHEHUIO UX B3aUM-
HOT'O TOJIOXKEHUS BAOJIb OPOUTHI U, CICIOBATEILHO,
pazBaity cuctembl. Hanmurie pa3HbIX 3HaYEHHI HAKIIO-
HEeHUS W/WiH OOJBIION TIOMYOCH TaKXKe MPHUBOIUT K
pasBay KOH(HTYpaIllMd CHUCTEMBI M3-32 yBEITHICHUS
PacXOoXACHUS TI0 IOJTOTe Bocxoasiero y3ia (ABY).
OoecrieunTh 0€30MacHOE W TPONODKHUTEIBHOE (DYHK-
IIMOHNPOBaHKE OJM3KO PACTIONOKEHHOH IPYITHI CITyT-
HHKOB MO’KHO 3a CYET pa3HEecCeHHs cjeaa OpOuT B
TUIOCKOCTH, MEPIICHIUKYIIIPHOH BEKTOPY CKOPOCTH
W/WITN UX CIIBHTY BJIOJIb TPACKTOPWH JBIDKeHNs. Harpu-
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Mep, A co3Nanus ycToiunBoit SF MOXXKHO UCTIONB-
30BaTh pasHuily B JIBY u pasnuily B BeKTOpe 3KC-
nentpucutera. Pasuuia B JIBY npuBener k obecrie-
YHBaIOIEeMy 0€30HacCHOCTh CMEILCHHUIO BOJb IKBa-
TOpa, OJHAKO B alleKCce M BEpTeKce OPOHTHI 3TO CMe-
LIEHHE UCYE3HET. cIpaBUTh CUTYaIMI0 IOMOXKET pas-
HHULIA B BEKTOpE OSKCLEHTPUCUTETA, HalpaBieHHAs
Ha areKc WiH BepTekc opoutel. Torma B ToUkax, Hau-
OoJlee yIAICHHBIX OT 3KBaTopa, OyaeT MaKkCHMailb-
HO€ OTHOCHTENIFHOE CMEIIEHHE B PaabHOM Halpas-
nennu. [logOGopom BenuunH oTkiIOHEHUH 10 JIBY 1
BEKTOPY IKCIICHTPUCHTETA MOXKHO JIOOUTHCS, YTOOBI
BEIOMBIIl CITyTHUK JBHUTAJICSl OTHOCHTENBHO BEIyIIle-
ro MOYTH MO OKPY>KHOCTH B IJIOCKOCTH, MIEPICHIU-
KYJISIpDHOW BEKTOPY CKOPOCTH BEIYIIETO CITyTHHKA.
HNmMenHo Takas cxeMa OTKIIOHCHHH ObLTa IMpuMeHe-
Ha B ciyTHHKOBO# rpymre TerraSAR-X — TanDEM-X.
OTKJIOHEHNE B TOPU3OHTAIBHOM HANPABICHUU ObI-
50 362 M, a B BeptukainbHoM 400 m. Jlna npenot-
BpallleHUs] CMEIIEHUS] TPacChl OTKIOHEHUE BIOJb Op-
OUTHI OBLTO YMEHBIIICHO JI0 5,5 KM, YTO COOTBETCTBYET
pa3HHUILIe BO BpeMeHU nepeceueHus skBaropa 0,72 c.

UTtoObI OMYYXTh parialIbHOE CMETIIEHIE B afleKce
400 M, HaJgO MPUIIOKUTH HA SKBATOPE PATUAIBHBIN
HAMITYJILC CKOPOCTH, HampaBiIeHHbIH BBepX (1). DToT
HAMITYJIbC CKOPOCTH AACT HAIIPABJICHHOE BHU3 U3MeE-
HEHHE BEKTOpa SKCLIEHTPUCHUTETA!

A 0,4
AV =Ly = —27609,2 ~ 0,5m/c,
ro 886
AV. 05
Ae ==t =—_=0,000066. (1)
v, 76092

0

B pesynbrare AeiCTBUS 3TOr0 MMIYJbCA CKO-
POCTH MIPOU3OUIET CMEUICHUE CITyTHUKA BAOJb Op-
outhl (2) B HECXOAIIEM y3ie (OyIeT oTcTaBaTh OT
BEIyIIEro CIyTHHUKA) 3a CUET TOTO, YTO BEAOMBIH
CHYTHHUK OT BOCXOJSIIErO 10 HUCXOMSIIEro y3Ja
JeTHT 1o OoJiee BEICOKOH opOuTe:

0

AV
An = Aury = —4—=r, 1600 M. 2)
v,

0

PaccTosiHre Mexy CIyTHHUKaMH BJIOJIb OPOUTHI
YBEJIMYUTCS B HUCXOs1eM y3ie Ao 7,1 kM. Ha yuact-
K€ TPACKTOPUH HIDKE TUIOCKOCTH DKBATOPa BEIOMBIN
CIYTHHK OyJeT JeTeTh Ommxke K 3eMie, U 3TO OTCTa-
BaHUE OyJIeT KOMIICHCUPOBAHO.

Heob6xomumoe cmemenue o JABY (AQ) B Boc-
XOJIAIIEM y3JIe:

222

Ar 0,4
A= - =0,000053, 3)

0

TakuM obpazom, AQ = (0,003°.

B pesynbrare nefcTBUS 3TUX OTKJIOHEHHH OTHO-
CUTETIbHASL TPACKTOPUS CITyTHUKA JIEKHUT Ha MOBEPX-
HOCTH OTpe3Ka TpyObl pammycoM mpuMepro 400 M u
mmHON 1600 M (CM. pHCYHOK).

B tabn. 1 mpuBeneHs mapaMeTpsl OPOUT BEdy-
miero (00bekT 1) 1 BemoMoro (00BEKT 2) CIIyTHHKOB,
OTKJIOHEHUSI BeKTopa 3kcieHTpucutera u JIBY ko-
TOPBIX COOTBETCTBYIOT BHIUMCIICHHBIM OTKJIOHEHUSIM.

Tabnnua 1

MapameTpbl op6ouT Beaywero (06bekT 1)
n BeaoMoro (06beKT 2) CnyTHUKOB
[Table 1. The orbital parameters of the master (object 1)
and slave (object 2) satellites]

06bekT 1 [Object 1] O6bekT 2 [Object 2]

a 6892,93 6892,93
ex 0,000468 0,000468
ey 0,001238 0,001171
i 97,44 97,44
Q 66,733 66,736
u 360 359,95
Hata 7/1/2005 7/1/2005
[Date] 20:31:56,14 20:31:56,14
Bannuctuyeckuin
RbET 0o

coefficient]

OTH HadaJbHBIE YCIOBHS OBLIM HCIIONb30BaHBI
JUIS U3y4YeHUs! ABMKECHUS TEepPBOTO ammnapara (Bedy-
IIEr0 CIyTHUKA) U OTHOCUTEJILHOTO JBHKEHHS BEIO-
MOT0 CILyTHHKA.

PucyHok. TpaekTopmnsa BeOOMOro CnyTHuKa
OTHOCUTENIbHO TPAEKTOPUM BEAYLLEro CNyTHUKA
[Figure. The trajectory of the slave satellite
relative to the trajectory of the master satellite]

AEROSPACE ENGINEERING
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Cama oTHOcHUTENbHAS TPAGKTOPUS IBMKEHHUS Be-
JIOMOTO CITyTHHKA TI0 TIOBEPXHOCTH TPYOBI H300pare-
HA Ha PUCYHKE CIUIOIIHOM KUPHOW JINHUEH, a TPACKTO-
pHs IBMKEHUS BEAYLIETO CITyTHUKA KUPHOW ITyHK-
TUpHOU JuHMeH. [lonoxenue Benymero cyTHuKa 5
0003Ha4€HO 3BE310YKOM.

3. NoppepxaHne 3agaHHOW OPOUTDI
BeAyLiero cnyTHMKa

3agaua moanepxkaHus pabodell KOHUTypauuu
IpYMIIB CIIyTHUKOB pa30MBaeTCs Ha ABE MO3a1a4H.
B miepBoii nonzanaye tpedyercs 00ecednuTs CHHXPO-
HU3UPOBAaHHOE MOAJCPKaHUe paboyell OpOUTHI Kax-
JIOTO U3 CITyTHHKOB, BXO[SIIUX B IPYIIIUPOBKY, BO BTO-
Ppoit — obecreunTs HeOOXOMMMYH0 KOHPUTYPALIHIO TIO-
JIO’KEHUSI CIIYTHUKOB BHYTPH CaMO TPYIITHPOBKH.

[Ipennonaraercs, 4To TeKymas opOUTa Bexylle-
IO CIIyTHHUKA JOJDKHA HAXOAUTHCS B Ipenenax Tpy-
651 paguycoM 250 M BOKPYT HOMHHAJIBHON OpPOUTHI
(Ha pucyHKe OCHOBaHUE TPYOBI 1 ee 00pa3yroIue Ha-
PHCOBaHBI JIMHUSIMH, COCTOSIIIIUMHA U3 TO4YeK). OUeHb
Ba)KHO, YTO MaHEBPHI, HCIOIHAEMbIC BEAYIM CITyT-
HHUKOM, HE JIOJDKHBI BBIBOJIUTH €T0 3a KpYyTr paanyca
250 M B IJIOCKOCTH, NEPIEHANKYIISIPHON BEKTOPY CKO-
poctu. Takum oOpa3om, octaHeTcs He MeHee 150 M
Mexny TSX n TDX B mimockocTy, nepneHauKysp-
HOW HanpaBJICHUIO ABWXEHUS CIIyTHHKA, YTO obec-
reunBaeT OezomnacHoe pyHkImoHupoBadue SF. UToOsI
YIOBIETBOPHUTH OrpaHHueHuio B 250 M B IUIOCKO-
CTH, NEPHEHINKYJSIPHON HaNpaBlICHUIO IBHKEHUS
CILyTHHMKA, H3MEHEHUE OOJBILION MOIYOoCH HE JOJIK-
HO mpeBbIaTh 250 M (AV; < 0,16 m/c), u3MeHeHHue
HakioHeHus Ai < 0,002° (AV: < 0,27 m/c), n3meHe-
Hue s3kcieHTpucurera Ae < 0,000041 (AV, < 0,31 m/c,
AV < 0,16 m/c), mamenernune JIBY AQ < 0,002°
(AV-.<0,27 m/c).

s Toro 4roObl 3ajaHHast KOH(Urypauus CIyT-
HHMKOBOH I'PYIIIBI HE paclafanach, HEOOX0IUMO OJi-
HOBPEMEHHO BBINOJIHATh UIICHTHYHBIE MaHEBPHI MO~
JepKaHus OpOMTHI HE TOJBKO BEAYIIEro, HO U BEHO-
Moro cityTHHKa. Eciu 11t mogaep:xanust opOUTHI KOp-
PEKTHPYIOTCS OOJbIIast MOIYOCh /UM HAKIIOHEHHE,
TO JUIA UX KOPPEKLUHU JOCTATOYHO OJHOTO UMITYJIb-
ca CKOPOCTH, NPUKJIAAbIBAEMOI0 B paiilOHE HKBATO-
pa. Eciu omHOBpeMEHHO KOPPEKTUPYETCS €lle U BEK-
TOp SKCUEHTPHCUTETA, TO HEOOXOIUMO HCHOIB30-
BaTh [IBA WJIM TPU UMILyJibca cKopocTu. Pacuer ma-
paMeTpoB TaKMX MaHEBPOB HE IPEICTaBIAET OCO-
Ooii cioxxuoctu [14; 15].

Jlanee Ha OCHOBaHMH HECKOJIBKHX MPHMEPOB
AHAJM3UPYIOTCS YacTOTa BBHIIIOJHEHUS MAaHEBPOB H

ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

3aTpaThl CyMMapHOH XapaKTepUCTUIECKOH CKOPO-
ctu (CXC) B 3aBUCHMOCTH OT TOYHOCTH TOJCpIKa-
Hust opoutsl Beaymero KA. Ilepen kaxapM mprume-
POM yKa3aHO, OTKJIOHEHHE KaKuX 3JIEMEHTOB KOHTPO-
JIMPYETCs, a TAK)KE BETMYNHA CAMUX MaKCHUMaJIbHBIX
KOHTPOJUPYEMbIX oTKJIoHeHuH. [lonnepxanue pac-
CMaTpUuBaCTCA Ha MHTEPBAJIC BPpEMCHHU NJIMHOIO B IIATH
MECSIIIEB.

®@aiinel ¢ pe3yibTaTaMd B MPOrpamMme J10CTa-
TOYHO OOJIBIIKE, COJIEPKAT MHOTO ITPOMEKYTOUHON
nH(pOpMaLUu O mapaMeTpax OpOHUTHI 10 U IMOCHe
Ka)XJIOTO MaHeBpa, IOATOMY B CTaThe MIPUBOJAUTCS
TOJIBKO Haumbosiee BakHas WHPOpMaLHUs, KOTOpas
MO3BOJIIET TMOHSTH, CKOJIBKO MaHEBPOB M KakHe 3a-
tparbl CXC TpeOyroTcs Ha MoAepKaHie OpOUTHI.

Js xaxmoro mpuMmepa (Tabmn. 2—5) mpuBOIUT-
Csl YMCIIO MaHEBPOB, YHCIIO MOJBEMOB (€CIH JIBYX-
UMITYJILCHBIA MaHEBp, TO YHCJIO MaHEBPOB B 2 pasa
OoJpITlie YHCIa MOJABEMOB), 3aTeM CyMMapHas Xa-
paKTepHCTHYECKasi CKOPOCTh BCEX MAaHEBPOB M OT-
JeNBbHO 3aTpaThl HA MaHEBPHPOBAHHE B IJIOCKOCTH
OpOUTHI M HA TIOBOPOT IFIOCKOCTH OPOUTHI.

3aTeMm uaeT HHPOPMAITUI O KKIOM U3 MAHEB-
POB: €ero HOMep, HOMEp BUTKA, Ha KOTOPOM BBITIOJ-
HSUJICSI MAHEBp, apT'YMEHT IIMPOTHI Hayalla MaHEeBPa,
COCTaBIISIONINE MMITYJIbCA CKOPOCTH, YTIIOBAs TPO-
JOJDKUTETLHOCTD MaHeBpa. [10CKOIbKy MaHEBPOB MO-
JKeT OBITh OYEHb MHOTO, TO MPHUBOAUTCA WH(OpMAa-
U O ABYX MEPBBIX U JBYX TMOCIETHIUX MaHEBpPax.

Tabnnya 2

Mpumepbl pe3ynbTaToB
npv noaaepXaHumv 6onbLIOK MONyoCcHu
[Table 2. Examples of results
when maintaining a large semi-axis]

lMpumep 1. ToyHoCTb NoanepxaHusi: a = 0,200 km
[Example 1. Maintenance accuracy: a = 0.200 km]

Num.oflmp. N, dV,.(m/s) dV,.(m/s) dV.(m/s)
392 196 23.186899 23.186899 0.000000
Num. REV U dv, dv, dv, du
Imp. (deg.) (m/s) (m/s) (m/s) (deg.)
1 59 70413095 0,00000000 0,06242040 0,00000000 3,957064
2 59 250,413095 0,00000000 0,06271513 0,00000000 3,957064

391 2257 67,940506 0,00000000 -0,05718145 0,00000000 3,583502
392 2257 247,940506 0,00000000 -0,05745051 0,00000000 3,583502

Mpumep 2. TouHocTb noanepxanus: a = 0,250 km
[Example 2. Maintenance accuracy: a = 0.250 km]

Num.oflmp. N, dV,.(m/s) dVen(m/s) dV,.(m/s)
2 1 0,139744 0,139744 0,000000
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Num. REV V] av, dv, dv, au Num. REV u dv, dv, dv, du
Imp. (deg.) (m/s) (m/s) (m/s) (deg.) Imp. (deg.) (m/s) (m/s) (m/s) (deg.)
1 89 70289161 0,00000000 0,06970808 0,00000000 4,419048 1 89 70289119 0,00000000 0,12456869 0,00000000 7,896774
2 89 250,289161 0,00000000 0,07003587 0,00000000 4,419048 2 250,289119 0,00000000 0,01494584 0,00000000 0,942972
91 2284 254,698455 0,00000000 0,07960424 0,00000000 5,003325
R 2285 74698455 0,00000000 -0,08151828 0,00000000 5,148478
Tabnnya 3

Mpumepsbl pe3ynbTaToB NpU NoaaepXaHun
0ONbLUOI MOSTYOCU U HAKJIOHEHUS
[Table 3. Examples of results
in maintaining a large semi-axis and inclination]

lMpumep 3. ToyHoCTL Nogaepxanus: a = 0,250 km, i = 0,0040°
[Example 3. Maintenance accuracy: a = 0.250 km, i = 0.0040°]

Num. ofImp. N,, dV..(m/s) dV,..(m/s) dV..,(m/s)

102 102 55,649149 4,636243  55,346186
Num. REV U dv, dv, dv, du
Imp. (deg.) (m/s) (m/s) (m/s) (deg.)

1 88 360,000000 000000000 0,13922012 048351157 31,830354

2 92 360,000000 0,00000000 -0,06287404 054503071 34,699967
101 2229 360,000000 0,00000000 0,07273763 -0,53638274 33317671
102 2293 360,000000 0,00000000 -0,07333842 053656962 33,326187

lMpumep 4. TouHocTb nogaepxarus: a = 0,250 km, i = 0,0043°
[Example 4. Maintenance accuracy: a = 0.250 km, i = 0.0043°]

IMpumep 7. ToyHOCTL Noaaepxanus: a = 0,250 km, e = 0,000050
[Example 7. Maintenance accuracy: a = 0.250 km, e = 0.000050]

Num.oflmp. N, dV..(m/s) dV,..(m/s) dVz,,(m/s)
36 18  3,436308  3,436308 0,000000

Num. REV U av, av, dv, du

Imp. (deg.) (m/s) (m/s) (m/s) (deg.)
1 89 70289119 000000000 0,12456869 0,00000000 7,896774

2 89 250289119 0,00000000 0,01494584 0,00000000 0,942972
35 2284 253,190702 0,00000000 0,09585113 0,00000000 6037372
36 2285 73,190702 0,00000000 -0,10079034 0,00000000 6379022

Tabavua 5

MoppepxaHue 6onbLIOI NONyoCcH,
HaKJIOHEHUS U 3KCL,eHTpUucuTeTa
[Table 5. Maintaining the large semi-axis,
inclination and eccentricity]

IMpumep 8. TouHocTs nogaepxaxust: a = 0,200 km, e = 0,000040, i = 0,0050°

Num.ofImp. N dVer (M/S) dViun (M/S) AV (M/S) [Example 8. Maintenance accuracy: a =0.200 km, e = 0.000040, i=0.0050]
32 32 18,566270 2,285957 18,372802
Num. oflmp. N,. dV..(m/s) dVyu.(Mm/s) dV..(m/s)
Num. REV U av dv, dv; du 84 42 8356246  7,399970  3,061436
Imp. (deg.) (m/s) (m/s) (m/s) (deg.)
1 88 360000000 0000000 0,139220 -04&3512 31830354 Nom REV U vy v, av. oU
2 122 360,000000 0,000000 -0,028862 0583749 36965446 Imp. (deg.) (m/s) (m/s) (m/s) (deg.)
St 1333 360000000 0000000 0111494 -0580231 37.048646 1 50 360000000 000000000 004211674 035430236 22573048

32 1367 360,000000 0,000000 -0028437 0571256 35855597

Tabnvuya 4

MopnepxaHue GoONbLUOI NOYOCU U BKCLEHTPUCUTETA
[Table 4. Maintaining a large semi-axis and eccentricity]

lMpumep 5. ToyHocTs nogaepxarus: a = 0,200 km, e = 0,00004

2 60 126773085 000000000 004797374 0,00000000 3039900
83 2223 76000000 000000000 -0,09911209 -0,00087498 6258485
84 2223 252795666 000000000 009984579 -0,000893811 6274116

IMpumep 9. TouHocTs nogaepxanus: a = 0,250 kv, e = 0,000040, i = 0,0070°
[Example 9. Maintenance accuracy: a = 0.250 km, e = 0.000040, i=0.0070°]

[Example 5. Maintenance accuracy: a = 0.200 km, e = 0.00004] Num. oflmp. N, dV..(m/s) dV,..(m/s) dV,.(m/s)
130 65 13,256772 11,461227 5,602099
Num.oflmp. N dVi.(m/s) dVuu(m/s) dV.,(m/s)
100 50 8,393690 8,393690 0,000000 Num. REV U dv, dv, dv, du
Imp. (deg.) (m/s) (m/s) (m/s) (deg.)
Num. REV U dv, dv, dv, du 1 89 360,000000 000000000 003198747 -045166000 28643946
Imp. (deg.) (m/s) (m/s) (m/s) (deg.) 2 90 88821038 000000000 009470102 0,00000000 6,002449

1 59 70413064 0,00000000 0,09552725 0,00000000 6055792
2 59 250413064 0,00000000 0,02946955 0,00000000 1,859329
9 2284 254699446 0,00000000 0,07966285 0,00000000 5005170
100 2285 74699446 0,00000000 -0,08158077 0,00000000 5,150533

IMpumep 6. ToyHOCTb Noaaepxarus: a = 0,250 km, e = 0,000040
[Example 6. Maintenance accuracy: a = 0.250 km, e = 0.000040]

AV (M/s)
0,000000

dV.... (m/s)
7,658421

Voo (M/S)
7,658421

Num. ofImp. N
92 46
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120 2268 94000000 000000000 -0,11033447 003132133 7,225086
130 2268 221,273429 000000000 006262888 004754978 4,934365

4. MNoppepxaHne OTHOCUTEJIbHOI O NOJIOXKEeHUN
BeA0MOro CryTHUKa

[pu monep>kaHuK MONOKEHHUS BEIOMOTO CITyT-
HHKa OTHOCHTEJIFHO BEIyIIEro BBIMOJIHsIACH OJJHO-
BpEMEHHasi KOPPEKIWsI BCEX JJIEMEHTOB opOuThHL Ta-
KUM 00pa3oM, o CYILECTBY, peliaiach 3aa4a HeKOM-
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IJIaHApHOU BCTpeun. PaccMoTpuM npouenypy ornpene-
JIEHUS TIapaMeTPOB ONTHMAJIBHBIX JBYXHUMITYJIbCHBIX
MaHEeBpOB BcTpeun, korga KA neobxomumo mepe-
BECTH B 33JIaHHYI0 TOYKY Ha MPOU3BOJIBHON HEKOM-
IJIaHapHON opOuTe 32 GPUKCUPOBAHHOE BPEMSL.

B at0it 3amage nmeeTcss BoceMb CBOOOTHEIX TIepe-
MEHHBIX (7[Ba yTria MPUJIOKEHUS UMITYJIHCOB CKOPO-
CTU 1, (2 U LIECTh COCTABISIOLIUX UMITYJIBLCOB AV,
AV, AV, AVi, AV, AV2) 1 mecTs orpaHudeHuiH
B Buzie paBeHCTB. CHcTeMa U3 MIECTH JIMHEHHBIX ypaB-
HEHUiA, KOTOPYI0 HEOOXOIUMO PEIINTh, MPUBEACHA
B [16]. MoxHO 3ahUKCHpOBaTH 3HAUYCHUE ABYX ITe-
PEMEHHBIX, HAPUMEP YIJIbI MPHIOKEHUS MEPBOTO
1 BTOPOI'0 UMITYJIBCOB CKOPOCTH P1 = QiU P2 = P2f,
a 3aTeM, pelIMB CUCTEMY JIMHCHHBIX ypaBHEHUH,
OTIPEICTNTh BEIMYHHBI COCTABIISIFOIINX HMITYJIHCOB
ckopoctd AV, AV,1, AVzy, AV, AVia, AVz).

Jlanee mocraroyHo mepeObOpOM MPOBECTH ONTH-
MU3AIIMIO TI0 BYM TIEPEMEHHBIM @1, (02, YTOOBI HAUTH
rmapaMeTphl ONTUMaNIbHOTO pemeHus. UToOsr obec-
[IEYUTh HEOOXOJUMYIO METOIMYECKYIO TOUHOCTh pe-
IICHUS 3a]1a4H, TApaMeTPbl MAHEBPOB YTOUHSIIHCH C
MIOMOILBEO U3BECTHOM UTEPALMOHHOM Tipoueypsl [17].

B mepBoM mpumMepe OTKIOHEHUS I OPOUTHI
Benaymero KA Opanvch HOMUHAIIBHBIC, YTOOBI OH HE
BBIXOJWI 3a mpenensl kpyra paauyca 250 m. Ilon-
JepXKaHMe pacCMaTPUBAIIOCh Ha MHTEPBAJIC B OIHMH
Mmecs. [TorpeboBanock 123 paza (Tabi. 6) H3MEHHTH
opbuty Bemymero KA, B OCHOBHOM W3-3a HapylIlie-
HUS OTPaHWYEHIS 10 HAKJIOHEHUIO, HO HHOTa U TI0
9KCUEHTPUCHUTETY.

Tabnuvua 6

Mpumep pe3ynbTaTtoB
npuv noaaepXXaHum NoJI0XKEeHUs BeA0MOro CnyTHUKa
[Table 6. Example of results
when maintaining the position of the slave satellite]

Num.oflmp. N, dV..(m/s) dV,..(m/s) dV.,..(m/s)
KA 1 246 123 56,631043 16,776420 50,576005

OtHOcHuTENBEHOE TIOJIep)KaHue MoTpeboBao Cy-
LIECTBEHHO MEHbIIE KOppEeKUUi ABMXKEeHMs. Huxe
MIPUBEICHBI 3HAYCHHS TIOIICPKUBACMBIX OTHOCHUTEIIb-
HBIX OTKJIOHEHHH (0003HaYeHBI OYKBOW d) U TOYHO-
CTel NoJiIepKaHUus COOTBETCTBYIOIIMUX OTKJIOHEHUM
(oboznauens! OykBamu dd): da = 0,0 kM, dda = 0,15 kM,
dex = 0, ddex 0,000025, dey 0,000066,
ddey 0,000025, di = 0,0°, ddi = 0,00115°,
dOMG =—-0,003°, ddOMG = 0,00115°, dn =-5,5 xm,
ddn = 0,1 xm.

Orpannuenus ObUTH HapyIIIEHBI BCETO IIECTh Pas,
JIBa pa3a HapyIIeHO orpaHUYeHUE ddn (TIOJI0KEHNE

ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

BJIOJIb OPOUTHI) U YETHIPE pa3a HAPYIICHO OrpaHHye-
HUE ddex (cocTaBiAIONIas BEKTOPA dKCICHTPUCHTE-
Ta). BBUTO MpOM3BENEHO IECTh U3MEHEHHI OPOUTHI
(12 maneBpoB). 3aTpaTsl cocTaBuian Bcero 1,67 m/c,
1,00 m/c B mockoctu opoutsl u 0,96 M/c Ha MOBO-
POT TIOCKOCTH OPOUTEHI.

B tabn. 7 npusenena nudpopmaius 00 UMITYJIb-
cax CKOPOCTH.

Tabavua 7

UHndopmaumsa 06 umnynbcax CKOpoCcTu
npu noaaepXXaHum NoJI0XXEeHUs BeJ0MOro CnyTHUKa
[Table 7. Information about speed pulses
while maintaining the position of the slave satellite]

Num. REV U dv, av, dv, au

Imp. (deg.) (m/s) (m/s) (m/s) (deg.)
1 0 5244 0,001  -0,015 0,001 0,94
2 1 35644  -0,02 0015 0,001 1,54
3 4 1501  -0,004 -0,003  -0,03 1,69
4 5 17901  -0,045 0,002 0,45 28,43
5 101 86,12 0,17  -0,001 0,001 10,82
6 102 350,12 0,001 0,011 -0,001 0,68
7 198 86,08 0,17  -0,011 0,002 10,77
8 199 350,08 0,001 0,011 0,001 0,67
9 295 86,05 0,17  -0,010 -0,0014 10,74
10 296 350,05 0,001 0,010  -0,001 0,65
11 392 40,90 0,068 0024  -0,16 10,93
12 393 340,90 -0,281 0,054  -0318 26,47

12 398 340900006 -028189176 0,05404431 -031841602 26471034

OTHOCHTENBHOE TIOIepKaHue He TpeOyeT Kop-
PEKITHIA, €CTIM TOMyCTUMBIE OTHOCHTEIbHBIE OTKIIO-
HeHUs OOoJbIle clenyromux 3HadeHuit: dda = 0,15,
ddex = 0,000066, ddey = 0,000132, ddi = 0,001120,
ddOMG = 0,001120, ddn = 3,300000.

3akniovyeHue

[IpoBeneHHBIE HCCITENOBAHNS TTOKA3ATIH BBICOKYIO
3aprcuMOCTh 3aTpar CXC Ha moamepkaHue OpOUTHI
Beaymiero KA u, COOTBETCTBEHHO, Ha aHAJOTHYHOE
nojjaepkanue opoutel BenomMoro KA ot TouHocTH
noepxanus paboueit OpOUTHI.

Ecau ipu mounocmu noodeporcanusi 6orvuion
noayocu (tadn. 2) opoutst 200 M Ha WHTEpBajc B
AT MecsleB Tpedyercs 196 u3meHeHUI OpOUTHI
(392 maneBpa) u 3arpatsl 23,19 M/c, TO TIPH TOYHO-
CTH TIOAJEP KaHMs OOJBIION MOIYOCH pabodeit op-
outel 250 M Ha 3TOM ke MHTepBalie TpeOyeTcs Bce-
T0 OJTHO M3MEHEHHEe OpOuTHI (2 MaHeBpa) M 3aTpaThl
0,139 m/c. I3mMeHeHre TOYHOCTH TOICPKAHHS BCETO
Ha 50 M JenaeT MpakTUYECKH HYJICBBIMHU 3aTpPaThl
Ha Tofiep>kaHue OOJBIION TTOTYOCH.
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Jns TOYHOCTH TOAJEpKaHUs OONBLION TOy-
ocu opoutsl 250 M ObLTa HCCIe0BaHA 3aBUCHMOCTh
3atpat CXC oT mounocmu nodoepicanus HaKioHe-
nus (Tabm. 3). [Ipu TOUHOCTH MOAAEpKaHUS HAKIIO-
Henus (.004° Ha MHTEpBaJe B MATh MECAIEB TPeOy-
ercst 102 m3menenus opoutsl (102 mMaHeBpa) u 3a-
Tpathl 55,65 M/c (4,63 M/C B IJIOCKOCTH OPOUTHI H
55,34 m/c Ha OBOPOT MIocKOCTH 0TOMTHI). [Ipn ToU-
HOCTH Tojep)aHust HakiaoHeHus (.0043° tpebyet-
cs 32 uzmeHeHust opOuthl (32 maHeBpa), 3aTpaTsl
18,57 m/c (2,29 m/c B umockocTe opoutsl U 18,37 m/c
Ha TIOBOPOT TUTOCKOCTH OTOHUTHI). OHAKO yKe MpH
TOYHOCTHU ToAafepkaHus HakigoHeHUs 0.0045° xop-
PEKLMS HAKJIOHEHUs He TpeOyeTcsl.

Brura nccnenoBana Takke 3aBUCHMOCTH 3aTpar
CXC oT TOYHOCTH TIOAIEPIKAHUS OOIbULOU NOTYOCU
opbumol u sxcyenmpucumema (tabn. 4). Ins tou-
HOCTH TIOJICPKaHusl OOJIBIIION 1oTyocH opouThel 200 m
U TOYHOCTH Tojiiepxanust skcuentpucureta 0,00004
Tpedyercs 50 usmenenuit opouts! (100 MaHeBpOB)
u 3arpatel CXC 8,39 m/c. [Ans TouyHOCTH TOAIED-
JKaHus OOJNBIION TMoyocH opOuTHl 250 M ¥ TOYHO-
CTU mojjepxanusa skcueHTpucurera 0,00004 Ttpe-
Oyercs 46 usMeHeHuit opOuThl (92 MaHeBpa) u 3a-
tpatel CXC 7,66 m/c. MaHeBpupOBaHUE MPOUCXO-
IUT B OCHOBHOM H3-32 HapyUICHHUS OTPaHIYEHUS 110
9KCHEHTPUCHUTETY. MaHeBpbI YepenyIoTCs Yepe3 O/IUH.
OnuH MaHEBp YBEIUYHBACT SKCIEHTPUCUTET, KOT/Ia
JOCTUTAETCS] HWKHSSI TPAHUIIA, CIETYIOIINNA YMEHb-
[IaeT HKCIEHTPUCHUTET, KOT/Ia TOCTUTAeTCsl BEPXHSS
rpanuna. MHTepecHo, YTo KOPPEeKIHs SKCLIEHTPUCH-
TeTa CYIIECTBEHHO MEHSET KapTHHY KOPPEKIIUHU OOJIb-
ol moryoc. TOYHOCTE MOaaepKaHusS OOIBITION
MOJTYOCH TIPAaKTUYECKH HE BIMSET Ha 4acTOTy Ipo-
BeJIeHVsI MaHeBPOB. [Ipy ToUHOCTH TIOATEPKAHKS IKC-
neatpucurera 0,00005 tpebyercs 18 m3meHeHU# Op-
outsl (36 maneBpoB) u 3aTpaThl CXC 3,43 M/c, a pu
TOYHOCTH TMoJAepXkaHus 3kcueHTpucutera 0,000051
KOPPEKIIUS IKCIEHTPUCHUTETA HE TPeOyeTcs.

Ta ke KapTHHa HUMEET MECTO W TPU 00HO8pe-
MEHHOM N000epIICanHuy HOIbULOU NOLYOCU OpOUmbL,
aKcyeHmpucumema u Haxionenus (tadn. 5). Ilpm
OIMHAKOBOW TOYHOCTH MOJAEP)KaHUS SKCIECHTPH-
cuteta 0,00004 ms TOYHOCTH MOAACPIKAHUSA OOTb-
o mosyocu opoutsl 200 M ¥ TOYHOCTH TOAJEP-
kauus HakmoHeHus 0,005° tpebyercs 42 m3MeHe-
HUs opoutsl (84 manespa) u 3arparel CXC 8,36 m/c
(7,40 M/c B mmockocTu opoutsl u 3,06 M/c Ha MOBO-
POT TUTOCKOCTH OTOWTHI), a JUII TOYHOCTH TOJAEp-
JKaHUsT OOJBIION MOITyocH opOouTH 250 M U TOYHO-
ctu noaxaepskanus HaknoHeHus 0,007° Tpedyercs
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65 m3menenuii opouts! (130 MaHEBPOB) U 3aTpaThl
CXC 13,26 m/c (11,46 m/c B ImockocTH OPOUTH U
5,60 M/c Ha TOBOPOT TIOCKOCTH OpOUTHI). Pe3yib-
TaT JOBOJILHO NapajoKCaIbHBIN, TaK KaK TOYHOCTH
MOJIIep KaHus OOJIBIION TIOTyOCH OPOUTHI U TOYHOCTD
MoJiIepKaHus HAKJIOHEHUS! YMEHBIIMIINCH, & YHCIIO0
MaHEBPOB YBEJIUYMUIIOCh. Bce MaHEBPBI HYKHBI IS
KOPPEKIMH SKCICHTPUCUTETA, MPUYEM OHHU TIOTIe-
pEMEHHO yMEHBIIAIOT U YBEIIMYNBAIOT HKCIEHTPH-
CHUTET, UTO SIBHO HE SBJSICTCS ONTHUMAaJbHBIM. Takas
KapTHHA ObLJa M MPU HEONTHMAJIbHOM MOJACPKA-
HUU OOJIBIION TOJTYOCH OpOUTHI.

Hccnenoranre nokasaso, 4To MPU YMEHBIICHUH
TOYHOCTH MOJACPKAHUS 1O IKCIEHTPUCUTETY 10
Ae = 0,000056 He0OXOIUMOCTh B MaHEBPHPOBAHUU
MpakTHYecKy ucye3aeT. Ocraercs TOIBKO OAWH Ma-
HEBP ISl TOIHSATHUS BBICOTHI.

JlaHHBIE pPe3yIbTaThl CBUICTEIBCTBYIOT O Upe3-
BBIYAHOW Ba)KHOCTH TPABHILHOTO BEIOOpa MaKCH-
MaJIbHBIX TOYHOCTEH MOJICPIKAHUS 110 KAKIOMY U3
ANIEMEHTOB OPOUTHI, TIPH KOTOPBIX 3aTpaThl HA TOJIEP-
JKaHHe MUHUMAITBHBL J[J1s1 paccMaTprBaeMol CHCTEMBI
a10 Aa = 0,250 M, Ai = 0,0045°, Ae = 0,000056.

CrnenoBaTellbHO, TUAMETP TPYObI, BHYTPH KO-
TOPOH TOJMKEH HAXOAWTHCS BEAYUIWH CITyTHUK, Iie-
nmecoobpa3Ho yBenuunuTh 10 600 M BMecTo 250 M,
YTO MPAKTHIECKU N30aBUT OT HEOOXOTUMOCTH IIPO-
BOJIUTh MaHEBPbI MOJAJCPKAHM. YBEIUYCHUE IHa-
MeTpa 10 ATHX pa3MepoB B MEPBYIO OUYepeab CBA3A-
HO C OTPAaHUYCHUEM TI0 IKCI[CHTPUCHUTETY.

OTHOCUTENbHOE TONJIepKaHue TpeOyeT cyle-
CTBEHHO MEHBINUX 3aTpar, Jake NpU TOYHOCTIX,
TpeOyeMBIX B IPOCKTE.

Jlist noniepokanvist 3a7aHHOM KOH(DUTY ALK CITyT-
HHUKOB B TE€UYEHHE OJTHOI'O MecsIla 3aTpaThl CyMMap-
HOM XapaKTEepPUCTHYECKONW CKOPOCTH COCTABUJIM BCETO
1,67 m/c, 1,00 m/c B tutockoctu opoutst u 0,96 m/c
Ha TIOBOPOT IJIOCKOCTH OPOUTHI.

OtHocHTENFHOE TIOAJIEPXKAHNEe HE TpeOyeT Kop-
PEKIIHiA, €CJTU JIOMYyCTHUMbIE OTHOCHTEIBHBIC OTKIIO-
HeHUs Oouiblle cienyrommx 3HadeHuit: dda = 0.15,
ddex = 0,000066, ddey = 0,000132, ddi = 0.001120,
ddOMG = 0,001120, ddn = 3,300000.

Cnucok nutepaTypbl

1. Marec J.-P. Optimal Space Trajectories // Stu-
dies in Astronautics. Amsterdam — Oxford — New York:
Elsevier Sci. Pub. Co., 1979. Vol. 1. P. 329.

2. Jones J.B. Optimal Rendezvous in the Neigh-
borhood of a Circular Orbit // Journal of the Astronauti-
cal Sciences. 1976. Vol. XXIV. No. 1. Pp. 55-90.

AEROSPACE ENGINEERING



BapaHoB A.A., YepHoB H.B. BectHuk PY/]H. Cepusi: UHxeHepHbie nccnepoBanus. 2019. T. 20. Ne 3. C. 220-228

3. baparos A.A. UncieHHO-aHAIMTAYECKOE OTIpe/erte-
HHE TTapaMeTPOB MaHEBPOB MHOTOBUTKOBOM BcTpeun KA
Ha OJIM3KMX OKOJIOKPYTOBBIX HEKOMIUIaHAPHBIX opOuTax //
Kocmuueckue ncenenosanus. 2008. T. 46. Ne 5. C. 430-439.

4. Damario L., Bollman W., Lee W. Roncoli R.,
Smith J. Mars Orbit Rendezvous Strategy for the Mars
2003/2005 Sample Return Mission // AAS/AIAA Astro-
dynamics Specialist Conference (Girwood, Alaska,
16-19 August 1999). Paper AAS 99-306. Pp. 1-19.

5. Ocampo C., Guinn J., Breeden J. Rendezvous
options and dynamics for the Mars sample return mission //
AAS/AIAA Astrodynamics Specialist Conference. Paper
AAS 01-415.2001. Pp. 1-20.

6. bapanos A.A., baparos A.A. Anroput™ pacdera ma-
pameTpoB MaHeBpOB (DOPMHPOBAHUSI CITyTHUKOBBIX CHUCTEM //
Kocmuueckue uccnenosanust. 2009. T. 47. Ne 3. C. 256-262.

7. Pazymmuvui B.FO., bapanos A.A. IlnanupoBanue 00-
CITy)KMBaHUsI Pa3HOPO/IHBIX CITyTHHKOBBIX cucTeM // BecTHrk
Poccuiickoro ynuBepcurera npyx0bl Haponos. Cepust: VH-
sxeHepHble ucenenoBanus. 2016. T. 17. Ne 4. C. 16-26.

8. Boutonnet A., Baranov A., Martinot V., Escudier B.,
Nodailles J. Optimal Small Formation Flying Initialization
in Circular Orbit // Proceedings of the 17" International
Symposium on Space Flight Dynamics (1620 June 2003).
Moscow, 2003. Pp. 83-96.

9. Boutonnet A., Martinot V., Baranov A., Escudier B.
Optimal Invariant Spacecraft Formation Deployment with
Collision Risk Management // Journal of Spacecraft and
Rockets. Vol. 42. No. 5. Pp. 913-920.

10. Mooicaes I'.B. Perenne HEKOTOPBIX 3a7a4d OITH-
MHU3AIHAH TIPOIECCOB THOKON KOPPEKIMH JBIKEHHUS CITyT-
HukoBbIX cucteM. Y. I // Kocmuueckue wuccienoBaHus.
2001. T. 39. Ne 5. C. 518-530.

11. Mooicaes I'.B. Penienne HEKOTOPBIX 33134 ONTH-
MH3AIUKA TPOIIECCOB THOKOW KOPPEKIMH JBHXKCHHUS CITyT-

HuKkoBbIX cucteM. Y. II // KocMmuueckue mcciaemoBaHus.
2001. T. 39. Ne 6. C. 634-647.

12. Krieger G., Moreira A., Fiedler H., Hainsek L,
Eineder M., Zink M., Werner M. TanDEM-X: A Satellite
Formation for High Resolution SAR Interferometry //
FRINGE 2005 Workshop. ESA/ESRIN (Frascati, Italy,
28 November — 2 December 2005). URL: http://earth.
esa.int/fringe2005/proceedings/papers/382 krieger.pdf

13. Krieger G., Moreira A., Fiedler H., Hajnsek L,
Werner M., Younis M., Zink M. TanDEM-X: A Satellite
Formation for High-Resolution SAR Interferometry // IEEE
Transactions on Geoscience and Remote Sensing. 2007.
Vol. 45. No. 11. Pp. 3317-3341.

14. Edelbaum T.N. Minimum Impulse Transfer in the
Vicinity of a Circular Orbit // Journal of the Astronauti-
cal Sciences. 1967. Vol. XIV. No. 2. Pp. 66-73.

15. bapanoé A.A. MaHEeBpUPOBAaHUE KOCMHUYECKUX
anmapaToB B OKPECTHOCTH KpyroBoi opOutsl. M.: CoyT-
Huk+, 2016. 512 c.

16. bapanose A.A. AnropuTMm pacdera HnapaMeTpoB
MHOTOBHTKOBBIX MaHEBpOB AajbHero HaBenenus // Koc-
muueckue ucciaemosanud. 1990. T. 28. Ne 1. C. 69-76.

17. bapanog A.A. O reOMETPUIECKOM PEIIEHUH 3a-
Jlaud BCTPEUYM Ha OJIM3KUX MOYTH KPYTOBBIX KOMIUIAHAP-
HBIX opbuTtax // Kocmmaeckue mccnenoBanms. 1989. T. 27.
Ne 6. C. 808-816.

Ang uMTnpoBaHns

bapanos A.A., Yeprose H.B. AHanm3 sHEpreTHIECKUX 3aTpar
Ha MOAJCPKaHUE KOH(GUTYPAIMH CITYTHHKOBOH TPYIIITEI
tuna TerraSAR-X — TanDEM-X // Bectuuk Poccuiicko-
ro yHUBepcuTeTa ApyxO0bl Haponos. Cepust: MHmkeHepHbIE
uccrnegoBanmst. 2019. T. 20. Ne 3. C. 220-228. http://
dx.doi.org/10.22363/2312-8143-2019-20-3-220-228

Research paper

Energy cost analysis to station keeping
for satellite formation type “TerraSAR-X — TanDEM-X”

Andrey A. Baranov

Peoples’ Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya St., Moscow, 117198, Russian Federation
Keldysh Institute of Applied Mathematics Russian Academy of Sciences, 4 Miusskaya Sq., Moscow, 125047, Russian Federation

Nikita V. Chernov
Peoples’ Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya St., Moscow, 117198, Russian Federation

Article history:

Received: August 15, 2020
Revised: October 10, 2020
Accepted: October 18, 2020

The maintenance of a given configuration of the satellite formation of
the “TerraSAR-X — TanDEM-X" type is considered. It is assumed that
the master satellite performs only maneuvers to maintain the working orbit,
and the slave satellite performs identical maneuvers to maintain the wor-

king orbit and additionally performs maneuvers to maintain a given relative

Andrey A. Baranov, leading researcher at KIAM RAS, Professor at the Department of Mechanics and Mechatronics of Institute of Space Technologies at Academy of
Engineering in RUDN University, PhD (Physics and Mathematics); ORCID iD: https://orcid.org/0000-0003-1823-9354, eLIBRARY SPIN-code: 6606-3690.

Nikita V. Chernov, senior lecturer at the Department of Mechanics and Mechatronics of Institute of Space Technologies at Academy of Engineering in RUDN University;
nikital45@yandex.ru; ORCID iD: https://orcid.org/ 0000-0002-8421-9768, eLIBRARY SPIN-code: 5425-7960.

ABVNALUMOHHAA N KOCMUYECKAA TEXHNKA

227



Baranov A.A., Chernov N.V. RUDN Journal of Engineering Researches. 2019;20(3):220-228

Keywords:

satellite formation, maintaining orbit,
station keeping of relative configuration,
total delta-v, inter-orbital flights, transfer
maneuvers, rendezvous maneuvers

configuration of the group. For the working orbit of the master satellite,
the dependence of the total characteristic velocity costs for maintaining
a large semi-axis, eccentricity, inclination, and their various combinations
on the maintenance accuracy is studied. The minimum limits of accuracy at
which maneuvering is not required are set for each of the elements. This
study is general in nature and allows future missions to be planned, provi-
ding the necessary trade-offs between the accuracy of maintenance and
the total characteristic speed costs that increase as maintenance accuracy
increases. Also, a study of the energy costs of relative maintenance, provi-
ded that the engines of the master and slave satellites operate almost
the same. It is shown that the relative maintenance requires significantly
lower fuel costs, even with the accuracy required in the project. The soft-
ware product developed for this study is of universal application and will be
used to investigate the cost of maintaining a more complex system of four

satellites, in which three satellites rotate relative to the base satellite.
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Introduction

A set of laboratory experiments were conducted to study the effect of
using a Strip Guide Flow Panel device to reduce scour process effects
around a bridge pier. Three cylindrical piers of different diameter values
and three different Strip Guide Flow Panel devices were used. Every Strip
Guide Flow Panel device is simulated by two arms connected together at
one of their edges at a right angle. The length of every arm is selected in
a way to cover the pier diameter. Every Strip Guide Flow Panel was
mounted on the upstream face of the corresponding cylindrical pier diame-
ter at elevation adjacent to the flume bed. A uniform sized sediment were
used as a bed material. Based on the experimental data, an acceptable range
of scour reduction efficiency (35.71-66.67%) and high hydraulic safety
factors were obtained when using Strip Guide Flow Panel. Also it is found
that the scour depth when using Strip Guide Flow Panel is small comparing
with corresponding potential and maximum scour depth values. So it can be
concluded that the Strip Guide Flow Panel device can work like a turbu-
lence kinetic energy dissipater to reduce the risk of scour around the pier
during the serviceability life of bridge structure.

suitable scour reduction measures. The main purpose

Local scouring around bridge piers is conside-
red the most risky problem that affects the bridge
safety. In order to decrease the effect of this prob-
lem, extensive efforts have been spent to develop
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for developing these scour reduction measures is to
increase the resistance against the scour phenomena
and modifying the flow. Reference [1] has classified
the scour reduction measures into two types; the first
type is flow altering reduction measure, whereas
the second is bed armoring reduction measure.
The study has focused on an application of the flow
altering scour reduction measure.

To reduce the scour depth around bridge pier,
several scour reduction measure devises have been
proposed such as, collar, bed sill, and pier slot. A lot
of studies have been conducted to investigate the ef-
ficiency of collar such as in [2—6]. The collar effi-
ciency is slightly related to its thickness (¢c), and for
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large value of (#c¢/Dp) the effective pier diameter (Dp)
increases which causes an increase in scour depth.
Bed sill scour reduction measure can be considering
as an example of the passive control technique of
flow altering reduction measure. There are two types
of bed sill scour reduction measures: upstream and
downstream. Several research studies were carried
out in order to investigate the bed sill efficiency such
as in [7-10]. Many studies were carried out in order
to investigate the efficiency of slot such as in [11],
[3], [8], and [10].

In this study, a Strip Guide Flow Panel (SGFP)
device which located at a specified location at the bridge
pier has been used to reduce the local scour process
effect. The SGFP device is one of the altering scour
reduction measure that used adequately to prevent
and/or deflect the local scour mechanisms in order
to reduce the local scour adjacent to the pier. So this
study has been investigated the effect and efficiency
of SGFP device in reducing the local scour depth
that formed around bridge pier. This study is based
on several experimental runs that using a physical
hydraulic model. The study is limited to clear water
scour condition and a uniform cohesion less material.

1. Experimental work

A set of 18 experimental runs were conducted
in an open channel flume at the hydraulic laborato-
ry, Department of Civil Engineering, University of
Basrah. The flume is 5.72 m long, 0.61 m width and
0.97 m height and is made of fiber glass reinforced
plastic with steel reinforcement. The inlet tank 0.2 m
long which located at the downstream side of the flume
and the working section is 4.37 m long and 0.2 m
depth. The working section is filled with sand as
bed materials of 8 cm depth. A pump of maximum
capacity 5.4 l/sec was used to provide water to
the flume and the flow rate was controlled by a con-
trol valve installed at the inlet pipe. A sharp crested
suppressed rectangular weir located at the beginning
of the flume was used to measure flow rate (Q).

All experimental runs were conducted with a sin-
gle cylindrical pier. The cylindrical pier has 22 cm
height and three different diameter (Dp) values of 2.5,
5, 7.5 cm and placed at the midpoint of the working
section. All three cylindrical piers were made of wood
with smooth surface and painted to prevent any rough-
ness or/and swelling when submerged in water for
a long time. The ratio of the flume width to the pier
diameter is more than 8, so that blockage effects were
minimized for clear water scour conditions [12].
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For all experiments, the SGFP was mounted on
the upstream face of cylindrical pier at elevation ad-
jacent to the bed as shown in Figure 1, 4 and 1, C.
Three SGFPs were used with one SGFP for every
cylindrical pier diameter. All three SGFPs were made
of iron arms connected at one of their edged with
a constant angle (asg) of 90°. The length of each
side (Lsg) is selected in a way to cover the diameter
of the pier as shown in Figure 1, B.

A uniform sized sediment with the mean size
(dso) of 0.385 mm was used as a bed material.
The geometric standard deviation of the sediment size

(04 = +/dgsa/d16 ) is equal to (1.296), which is in-
dicate that the sand is of a uniform size distribution.
According to [13], sediment mixture with the value
of o, less than 1.4 can be considered as uniformed.

The Dp values indicated earlier were carefully
chosen so that the effect of sediment size on the local
scour can be negligible. The minimum ratio between
pier diameter and dso is more than 25 in the present
study which satisfy the criteria of Melville and Suther-
land as in [14].

Several preliminary experiments were conducted
in order to find the discharge calibration curve and
the limiting time at which the scour hole will reach
the equilibrium state. These experiments reveal that
there is a reduction in scour at the upstream nose of
the pier at specific time intervals during runs. It is ob-
served that the depth of scour hole increases clearly
at the first one-third time period of the experiments'
time duration and then becomes approximately con-
stant (or develops at a constant rate). It is concluded
that the approximately 95% of the local scour depth
has achieved in 2-hours and this matches the con-
clusion that reached by Melville and Chiew [15].
For more accuracy of the equilibrium time, 3-hours'
time duration is adopted for all experimental runs.

Nine experiments were conducted for case with-
out SGFP device and the other nine ones were con-
ducted for case with SGFP device as shown in Ta-
ble 1. Same flow characteristics, flow velocity (V) and
flow depth (H), were used for every two experiments,
with and without SGFP, to study the effect of SGFP
on scour process around the pier. All measurements
of V and H values, shown in Table 1, were taken after
the flow has reached the steady state. The maximum
scour depths for cases without and with SGFP, d;
and d;,, respectively, were measured when the expe-
riments reach the equilibrium time. Hereafter any
variable with subscript (w) means that this variable
is measured at the case with using SGFP device.

MECHANICAL ENGINEERING AND MACHINE SCIENCE
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Figure 1. Pier and SGFP configuration
Table 1 Reference [16] proposed the following equation
Experimental runs data to calculate the maximum possible value of local scour
Runnumber d;, Dp v H d. d., depth (dsmax) at piers:
(without& (mm) (cm) (m/sec) (m) (cm) (cm)
with SGFP) dsmax = 2.4 K * Ko * D), 2)
1&2 0.385 25 0.1965 0.028 170 0.65 . .
3&4 0.385 2.5 02276 0032 250 1.60 where K; and Ko are the pier shape and alignment
5&6  0.385 25 02531 0036 280 1.80 factors and they are equal to 1 for piers of circular
7&8 0.385 5.0 0.11965 0.028 1.80 0.60 cross-section
9&10 0.385 5.0 02276 0.032 2.60 1.00 . .
11&12 0385 50 02562 0036 3.00 1.50 To find the potential maximum scour depth (dpor)
13&14 038 7.5 02001 0.028 2.65 1.00 value, the following equation is proposed as in [17];
15&16 0.385 7.5 02327 0.033 3.90 1.90
17 & 18 0.385 7.5 0.2465 0.036 4.55 2.70

2. Finding the SGFP performance
and critical velocity

To find the performance of the SGFP, the maxi-
mum efficiency, maximum possible and potential maxi-
mum scour depths, and safety factor were computed.

The efficiency of the SGFP protection in terms
of the maximum reduction in scour depth is com-
puted using the following equation:

E (%) = “=22 4100,

S

6]
where, E is the efficiency of scour reduction.
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0.4
ot _ 5 5 tanh [(i) ] 3)
Dp Dp

The Safety Factor (SF) against scouring is cal-
culated using the following equation;

SF =72, 4)

where /s represents total penetrating length of pier in
soil media and it is equal to 8 cm in this study.

Reference [18] proposed the following equation
to calculate the critical flow velocity:

Ve

= 5.7510g(5.53 * —), (5)
dso

*C
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where V. is the critical flow velocity (m/sec); Vs is
the critical shear velocity (m/sec) for sediment par-
ticles.

Reference [19] proposed the following equation
to calculate the Vx:

Ve = 0.0115 + 0.0125 * (dso)* 0.1 mm <dso<1mm (6)

After calculating the V. value, flow intensity
(V/V.) is determined. If ((V/V.) < 0.5) there is no
scour, whereas if (0.5 < (V/V.) < 1) the local scour
happens and it is in the type of clear water scour.
If (V/V:) > 1) the local scour happens and it is
in the type of live bed scour as in [20]. Also,
if (V< V.) the clear water scour happens, whereas
if (V> V.) the live bed scour happens [21].

3. Results and discussion

Any structural elements that have direct contact
with water and soil media can suffer from the action
of scour processes as a result of flow in porous media,
fluid interaction with soil and structure. The purpose
of this study is to reduce the scour processes around
any constructed pier without damaging it. This can
be achieved by using the SGFP to dissipate the flow
energy and modifying the flow.

Figure 2 shows the variation of scour depth with
time for different pier diameter values with and with-
out using SGFP for constant values of /" and H. It is
shown from this figure that the scour depth increas-
es with increasing in pier diameter for both cases
with and without SGFP. For constant H, as the pier
diameter increases, the pier wetted area increase and
this led to increasing in eroding forces that exerted
on the sand material close to pier and then increas-
ing the scour depth. For every pier diameter and at
every time step, the scour depth for case with SGFP
is less than that for the case without SGFP. This
means that there is a reduction in turbulence energy
and eddies effects at the pier face when using SGFP
and it works as an energy dissipater.

Figure 3 expresses the variation of scour depth
with time for Dp value of 7.5 cm at different water
depth values for cases with and without SGFP. It can
be shown from this figure that the scour depth in-
creases with increasing in water depth for both cases
with and without SGFP. For constant pier diameter
and with increasing in water depth, the wetted area
of the pier is increased and this in turn causes an in-
creasing in eroding force at the pier face which causes
an increase in scour depth as indicated earlier. Also for
every water depth and at every time step, the scour
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depth for case with SGFP is less than that for the case
without SGFP and this means that there is dissipation
in turbulence energy due to using the SGFP device.
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Figure 2. Variation of scour depth with time for different values
of pier diameter with (Dpw) and without (Dp) using SGFP
(V=0.196 m/sec, H=0.028 m)
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Figure 3. Variation of scour depth with time for different
H values with (Hw) and without (H) SGFP (Dp = 0.075m)

Figure 4 shows the time variation of scour depth
for Dp value of 5 cm with various flow intensity
(V/V.) values for cases with and without SGFP.
The V. value is computed using equations 5 and 6.
The flow intensity values of (V /V. = 0.88), (V/V.= 1),
and (V/V. = 1.11) represent clear water scour, criti-
cal, and live bed scour conditions as indicated earli-
er. Figure 4 clarifies that the scour depth increases
with increasing in flow intensity for cases with and
without SGFP. For case without SGFP, there is
a high variation in scour depths during the first two
hours especially for intensity values of (V/V. = 1),
and (V/V. = 1.11) and after that the scour depth be-
comes approximately constant. Whereas for case with
SGFP, the scour depth has less variation for all in-
tensity values during the first two hours and then be-
comes constant. At all time periods and for the same
flow intensity, the scour depth for case with SGFP

MECHANICAL ENGINEERING AND MACHINE SCIENCE
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is less than that for case without SGFP. It is very im-
portant to take into consideration that the flow ve-
locity and particle size have major effect on flow
intensity.
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Figure 4. Variation of scour depth with time for different values
of flow intensity with ((V/V.)w) and without (V/V,) SGFP
(Dp=0.05m)

Figure 5 shows the relationship between scour
depth and Froude number (Fr = \/%) for pier for

cases with and without SGFP. All Fr values are less
than 1, which means that the flow is subcritical.
For case without SGFP, it is obvious that the scour
depth around pier increases and decreases with a low
variation rate when Fr changes from 0.375 to 0.41,
whereas it increases and decreases with a high varia-
tion rate when Fr changes from 0.41 to 0.43. Whereas
for case with SGFP, the scour depth increases when
Fr varies from 0.375 to 0.409 and then decreases
rapidly when Fr is 0.41. And after that the scour
depth takes the same trend as in the case without
SGFP but with less values. The same trend of scour
depth. The reason for the above relations is related
to the complex interaction among the factors the af-
fecting the scour depth and these factors are: geo-
metrical dimensions of pier (pier diameter), bed mate-
rial (particle size), and flow velocity and water depth.
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Figure 5. Variation of scour depth with Froud number
for cases with and without SGFP
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Figure 6 shows the relationship between scour
depth and Reynolds number ((Re = %) where v is

the water kinematic viscosity) for pier with and
without SGFP. Generally Re value describes the flow
turbulence and represents the capability of water
recirculation zone (eddies) to erode bed material.
As in Figure 5, Figure 6 expresses a complex non-
linear relationship. It is evident as Reynolds number
increases the scour depth will increase take incon-
sideration the major effect of flow velocity.
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Figure 6. Variation of scour depth with Reynolds number
for cases with and without SGFP

Table 2 shows the efficiency (£) of using SGFP
and possible maximum (dsmax) and potential (dpor)
scour depth values. The above values were compu-
ted using equations (1), (2), and (3), respectively.
It is clear from Table 2 that the range of £ values
is between (35.71-66.67%) which considers a good
indicator for adopting the SGFP device to reduce
the risk of scour around the pier during the service-
ability life of bridge structure. Also it can be shown
from this table that the scour depth for case with
SGFP (dsw) gives a good result comparing with
the corresponding dsmax and dpor values.

Table 2
SGFP efficiency, maximum and potential scour depths

Run Dp H d, d., E max deot
number (cm) (m) (cm) (cm) (%) (cm) (cm)

(without

& with

SGFP)

1&2 25 0.028 1.70 0.65 61.76 6 4.88
3&4 2.5 0.082 2,50 1.60 36.00 6 5.00
58&6 25 0.086 2.80 1.80 35.71 6 5.11
7&8 5.0 0.028 1.80 0.60 66.67 12 8.25
9&10 5.0 0.032 260 1.00 61.54 12 8.51
11&12 5.0 0.036 3.00 1.50 50.00 12 8.81
13&14 7.5 0.028 2.65 1.00 62.26 18 10.96
15&16 7.5 0.033 3.90 1.90 51.28 18 11.54
17&18 7.5 0.036 4.55 2.70 40.66 18 11.81
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Table 3
Safety factor of whole system
Run number
(without (3 :‘) ( c‘:;) (g;) (SF)  (SF).
& with SGFP)
1&2 2.5 1.70 0.65 4.71 12.31
3&4 2.5 2.50 1.60 3.20 5.00
5&6 2.5 2.80 1.80 2.86 4.44
7&8 5.0 1.80 0.60 4.44 13.33
9&10 5.0 2.60 1.00 3.08 8.00
11&12 5.0 3.00 1.50 2.67 5.33
13& 14 7.5 2.65 1.00 3.02 8.00
15 & 16 7.5 3.90 1.90 2.05 4.21
17 & 18 7.5 4.55 2.70 1.76 2.96

Table 3 shows the values of safety factor (SF)
against scouring for cases with and without SGFP.
The SF values were estimated using equation (4).
Safety factor with SGFP gives excellent response of
pier under turbulent flow regime. Also, as the pier
diameter, flow velocity, and depth of water increase
the safety factor decreases.

Conclusion

A series of laboratory experiments were conduct-
ed in an open channel flume to study the effect of
the SGFP device in reducing the scour effects around
a bridge pier. Regardless of using SGFP device, it is
found that the scour depth increases with time until
it reach the equilibrium value. Also the scour depth
increases with increasing in pier diameter, water depth,
and flow intensity. Complex non-linear relations were
obtained for scour depth versus Froude number and
scour depth versus Reynolds number for both cases
with and without SGFP device. For the same flow
characteristics, flow velocity and depth, the scour depth
for case with SGFP was reduced clearly compared
with that for case without SGFP. An acceptable range
of scour reduction efficiency (35.71-66.67%) was
obtained when using SGFP. Also high safety factors
were obtained with adopting SGFP. Also it is found
that the scour depth for case with SGFP is small
comparing with corresponding potential and maxi-
mum scour depth values. This means that the SGFP
device has great effect in dissipating the turbulence
kinetic energy of vertices and eddies that generated
around the pier and in turns reducing the risk of scour.
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HayyHag ctatbsa

YMeHbLUeHne BAUSHUS npouecca O4UCcTKM nupca
npv ucnosib3oBaHum yctponcrtea Strip Guide Flow Panel

Hxcan A. Adpyaxyceiin, Pagpu M. Kacum
HOxHbIi TexHMYecKuil yHUBEpCUTET, Pecnybauxa Upax, bBacpa, ya. Anv-3yoaiip

Xaaua Aab-Acaau

Vuusepcurer bacpsl, Pecnyonuxa Hpax, bacpa, wiocce Kapmam Anu

Hcmopusa cmamou: C nenbio uzyuenus 3¢¢dexra ucrnonp3oBanus ycrpoiicta Strip Guide
Iloctynuna B penakuuto: 01 utons 2019 Flow Panel (SGFP) myis yMeHbIIeHHS BIMSHUS MPOIIECCa OYUCTKH BOKPYT
Jopabotana: 27 urons 2019 nupca OblI IPOBEJEH P 1a00PaTOPHBIX 3KCIIEPUMEHTOB. IIpuMensanuch
Tpunsrta k myonmukanuuy: 06 centsiops 2019 TPH IIIMHAPUIECKUX MHUPCa Pa3HOTO JUAMETPa U TPU Pa3NUIHBIX yCTPOU-

crea SGFP. Kaxnoe ycrpoiictBo SGFP mozmenupoanock ¢ 2 pbluaramu,
COEZIMHEHHBIMM Ha OJJHOM M3 MX KpaeB MOJ MPSAMbBIM yrioM. JiIuHa Kax0-
ro pbruara Obula BbIOpaHa TaKUM 00pa3oM, YTOObI IOKPBITh JUAMETD IHp-
ca. Kaxxnoe ycrpoiictBo SGFP ycranaBnmmBanoch Ha BOCXOJSIIEH MOBEPX-
HOCTH COOTBETCTBYIOLIETO AMaMeTpa LMJIMHIPUYECKOTO MUpPCa HA YPOBHE
xeno0a. B kauecTBe OCHOBHOTO MaTepHaia BBICTYIAl 0CaJ0K OIHOPOIHO-
ro pazmepa. Ha ocCHOBaHUM SKCIIEPUMEHTAIbHBIX JAHHBIX MOTYyUYEH MIPUEM-
JIeMBI{ TMana30H CHIDKEHUS BIMSHUA 04uCTKH (35,71-66,67 %) u BeIcOKHe
k03¢ GULHEHTH THAPABIMYECKOH 0€30MaCHOCTH NPU UCHOJIb30BAaHUU
ycrpoiictBa SGFP. Takxke ycTaHOBICHO, YTO TJIyOMHA OYMCTKH TPU HC-
nons3oBaHud SGFP Mana 1o cpaBHEHHUIO ¢ COOTBETCTBYIOMIUMH IOTEHIIU-
QIBHBIMM U MaKCHUMAJbHBIMM 3HAUYCHHUAMH ITyOMHbI ouncTku. Cienosa-
TenbHO, ycTpoiicTBo SGFP moxer paboTaTh Kak pacceuBaTelb KUHETHUE-
CKOM 3HEepruu TypOyJIEeHTHOCTH, yMEHbIAs PUCK pa3MbIBa BOKPYT IHpca B
TEUEHUE CPOKA CILYKObl MOCTOBON KOHCTPYKIIUHU

Kniouesvie cnosa:
YMEHBIIEHUE Pa3MbIBa, OIIOPBI MOCTA,
TUJIPOTEXHUYECKUE COOPYKEHUSA

Ana umTupoBaHmsa
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MpumMeHeHUue HTenNeKkTyasnbHbIX CACTEM Ha TPaHCNopTe
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Ipunsra k my6mukanuu: 25 oxkTsi6ps 2019

Kniouesvie crosa:

JKEJIe3HOJOPOKHBIHM TPaHCIOPT, MHTE-
JIeKTyalbHas TPAHCIIOPTHAS CUCTEMA,
3¢ GEeKTUBHOCTH PAOOTHI, TEXHUYECKOE
COCTOSIHUE JJOKOMOTHBHOTO 000py0Ba-
HUSI, aBTOMATH3UPOBAaHHAs CHCTEMA KOH-
TpOJIS TAPAMETPOB PAOOThI, MEXKPEMOHT-
HBII Ipober

BBepeHue

B HaCTOsAIIECC BPEMS )KCJ'IGBHO,Z[OpO)KHBIf/i TpaHC-

B cratbe paccMmaTpuBaeTcsi IPUMEHEHUE UHTCIUIEKTYAIbHBIX TPAHCIIOPT-
HBIX CHCTEM Ha TpaHcHopte. LlemsiMu pa3paboTKH NHTEIUICKTYalbHbIX TPaHC-
MOPTHBIX CHCTEM Ha JKEeJIe3HOIOPOXKHOM TPAHCIIOPTE SBIAFOTCS HEYKOCHHTENb-
HOE BBINOJHEHUE TpeOOoBaHUil 0 00ecIeueHHIO Oe30MacHOCTH NEPEBO30K, CO-
KpallleHHe YPOBHS BIIMSHUS HA OKPY>KAIOLIYIO CPEAy, CYLIECTBEHHOE IIOBbIIIE-
HHe 3Q(HEKTUBHOCTH TPOU3BOACTBEHHON AeaTensHOcTH. Ha ocHOBe mormydeH-
HBIX JIaHHBIX NPOrpaMMHOE OOEecIeueHUE MPOM3BOIUT ABTOMATHUECKHIl ydeT,
KOHTPOJ/Ib U aHAJIM3 PacXofia TOIUIMBHO-3HEPreTUUECKUX pecypcoB. IIpu aToMm Ha
9KpaHe MOHHTOPA HATILIIHO B PEXKMME PEabHOTO BPEMEHH OTPaXKaeTcsl IUHa-
MUKA M3MEHEHHS [IOKa3aTeNell TOIUTMBONUCIIONE30BaH s, (haKTHUECKUE U pacyueT-
HBbIE 3aTpaThl AU3TOIUIMBA. B ciiyyae HEOOXOAUMOCTH CUCTEMA MOMOXET BbI-
SBUTH MPHYHHBI HECOCTBIKOBKM JTHX ITApaMeTPOB M ONEPATHBHO CBA3ATHCA C
JIOKOMOTHBHOH Opuramoil 11 okazaHus KBaIu(UIMPOBAHHON IOMOIIM MO UX
yCTpaHEeHNI0. BakHO, 9TO KOHCTPYKIHS AaIIapaTHOH YacTH M CTPYKTYpa IIpo-
TPaMMHOTO OOECTIeUeHHs MPELyCMaTPUBAET PACIIUPEHHe ee (hyHKIMOHAIBHBIX
BO3MOXKHOCTEH, B TOM YHCIIE 32 CUET OPTraHU3aLUK HEIPEPHIBHOTO BUACOHAOMIO-
JICHHS 32 ICHCTBISIMH JIOKOMOTHBHBIX U PEMOHTHBIX OpHTaj, YBEIMYCHHS KOJIH-
YecTBa M3MEPAEMBIX MapaMeTpoB, CO3NAHHS 3aMKHYTOH CHCTEMBI KOHTPOIS
pacxoja TOIUIMBA B JIOKOMOTUBHOM XO03sicTBe. [IprMeHeHNe TaHHBIX CHCTEM
HO3BOJISIET MOJIyYUTh MHTETPAIBHYIO OLEHKY TEILIOTEXHUYECKOIO COCTOSHMS
JIOKOMOTHBA C JIAIbHEHIIeH HAay4YHO-O0OCHOBAHHOM KOPPEKIUEH MEKPEMOHT-
HBIX NPOOETOB, IMPOKOHTPOIUPOBATH €0 MECTOHAXOXKIICHUS M PEIIUTh MHOXE-
CTBO JIPYTHX 3a]1a4, YTO CIIOCOOCTBYET yBEIUUECHUIO MEXXPEMOHTHBIX IIPOOETOB U
CPOKOB IKCILTyaTaIl[HOHHON PabOTHI IOKOMOTHBA.
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TPAHCIIOPTHBIX KOPHIOPOB U T. J.) HE MO3BOJISICT
OCYIIECTBIISATh PA0OTY B TIOJIHOCTHIO AaBTOMATHYECKOM
pexume [1-3]. DddexTuBHOE yIIpaBiIcHUE TAaHHOU
CHUCTEMOH C MMPUBJICYCHUEM TOJIBKO KJIIACCHYCCKHX
METOJIOB PEIICHUS 33a]a4 MaTeMaTHYECKOTO MOJe-
JIUPOBAHUS HEBO3MOXKHO, TIO3TOMY BO3HHKACT BOTPOC
0 TNPUMEHEHHH WHTEJUICKTYalbHBIX CHCTEM, KOTO-
pbIie Hapsay C TOYHBIMH MAaTEMaTHUYECKUMHU MOJIC-
JISIMH UCTIONB3YIOT IaHHBIC M 3HAHUSI, HAKOTIJICHHBIC
B TIPOIIECCE UX JICATCIHHOCTH.
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1. NMNocTaHoOBKa 3apaun

B nporiecce npon3BoACTBa HOBBIX IOKOMOTHBOB
1 MOJICPHHU3AIMU CTapbIX HA HUX YCTaHABIMBAIOTCS
00pTOBbIC (BCTPOCHHBIC) CUCTEMBI YIIPABJICHHS U JTHa-
THOCTHKH, KOTOpBIE, IOMUMO peIleHHs 3aaad orle-
PaTUBHOTO AMAarHOCTUPOBAHUS BCEX CHCTEM TEILIO-
B03a, CIIOCOOHBI KOHTPOJIUPOBATh U HAKAIUIMBATh Lie-
JIBIHA PSAA TapamMeTpoB 00opynoBaHusl. JleTabHbIi aHa-
JIU3 3apPETHCTPUPOBAHHBIX JAHHBIX IIOMOTAeT OIpe-
JETUThH TEKyIlee TEXHUIECKOE COCTOSIHUE JIOKOMOTHUB-
HOro 00OpYyIOBaHUS M BIIOTHYIO TOZOMTH K 00OC-
HOBaHHON KOPPEKTUPOBKE CPOKOB IUIAHOBO-TIPEIY-
MIPEIUTENBHBIX PEMOHTOB JTOKOMOTHBOB Ha OCHOBE
ydeTa TeKyIIero TeXHu4eckoro coctosuusa. K romy
e TpY HAIWYHMU YAaJCHHOTO OECIpOBOAHOTO KOH-
TPOJISL HapaMeTPOB JIOKOMOTHBA BO3MOXKHO BbISIBIIE-
HUE HEUCIIPaBHOCTEH ellle B IPOLIECCE ero IKCILIya-
Taluy MpsMO BO BpeMs MOE3AKH, YTO MO3BOJSAET
00ecreunTh ONepaTUBHEIN PEMOHT U 3P PEeKTHBHOE
HCIIOJIb30BaHUE BCEro pabodyero BpeMEHH CIelua-
JIICTOB B JIETIO MO MPUOBITHU JIOKOMOTHUBA.

I'pynmupoBKY CIyTHUKOB
GPS u I'JIOHACC

GPS and GLONASS
satellite groupings VHUQUIMPOBAHHBII IPOTOKOJ MEPEauH TAaHHBIX
Unified data transfer protocol

//

obecTounBaHUs
Cassp 1o GSM B )

30HC MOKPBITHSA CCTH
GSM communication
in the network
coverage area

de-energizing)

Boproeoii HakorHTesL

Tepenaya CMC OTBETCTBEHHBIM
JMIaM (B Cliydae B3JIOMa WK

Transfer of SMS to responsible
persons (in cases of hacking or

2. MaTtepuanbi n MeToabl

B OAO «BHUKTW» pa3paborana u B HacTos-
mee BpeMsi BHEAPSETCS Ha HOBBIX TEIJIOBO3aX aB-
TOMAaTH3MPOBaHHAsI CHCTEMa KOHTPOJIS apameTpoB
paboThl TU3ENBHOTO TMOJBUKHOTO COCTaBa M ydeTa
nmuzenbHOTO TotunBa (ACK).

JaHHas cucteMa INpeqHa3Ha4YeHa IS U3Mepe-
HUSl ¥ PETUCTPAIlUU B aBTOMATHYCCKOM PEeKUME Ha
0OpTYy JTOKOMOTHBa OCHOBHBIX IapaMeTpoOB, Xapak-
TEPU3YIOIINX PEXAM M 3KOHOMHYHOCTH pabOTHI CH-
JIOBOH yCTAHOBKH, Tepellaud 3TUX JaHHBIX MO Oec-
MIPOBOTHOMY KaHAIly CBSI3M Ha CepBEp aBTOMATH3H-
POBAaHHOM CHCTEMBI MOHUTOPHHTA PabOTHI TEIIIOBO-
30B (AC MPT) [4]. Kpome Toro, cuctema ACK ocy-
HIECTBIET cOOp, PErucTpalMio U Tepeaady Beei
OTIEPAaTUBHON IHMArHOCTHYECKOW HWH(OpMAIUH, 1mo-
Jy4aeMoi OT OOPTOBBIX CUCTEM YIPABIICHHS U JHa-
THOCTHKH JIOKOMOTHBA, N0 OECIPOBOAHOMY KaHATy
CBSI3M B COOTBETCTBYIONIYIO 0a3y JaHHBIX aBTOMa-
TH3UPOBAHHOTO padouero mecrta (APM), ycranasim-
BaeMyIO B JIETIO 3KCIUTyaTalluH U peMoHTa (puc. 1).

30Ha MOKPBITUS
Wi-Fi-cern
Wi-Fi network
coverage area

CepBep aBTOMAaTH3MPOBAHHOMN CHCTEMBI
Temnoso3oB AC MPT OAO «PX/1»
The server of the automated system of
locomotives as MRT of JSC “RZD”

JlparHocTHeCKAs Ga3a JAHHBIX SN0

1. ABromatiieckoe OGHOBJICHHE JIAHHBIX JICTIO.
2. HarnsiiHoe npeJiCTaB/IeHue TapaMeTpoB.

3. [poctota 06paboTKH Pe3y ILTATOB.

4. Beyienyie KapTOTEKH T10 KaxKIOMY JIOKOMOTHBY.
Diagnostic database of depot

1. Automatic update of depot data.

2. A visual representation of the parameters.

3. Simplicity treatment results.

4. Maintenance of a card files for each locomotive.

Touka nocryna Wi-Fi
YCTaHaBIMBACTCA

Ha TEPPUTOPHHU JCTIO
Wi-Fi access point

is installed on the
territory of the depot

O6men o Wi-Fi
110 50 M6ur/cex
'Wi-Fi sharing
up to 50 Mbps

Cosmemernas GSM/GPS/ 1. Hakoruienne 1 XpaHeHme
TJIOHACC/Wi-Fi antenna ncpopmarin 3a 30 CyToK paGoThL. HOHKHS]‘:eHHCt
\ Support GSM/GPS/ 2. J10 2 4acoB aBTOHOMHOI paGOTBL. no crne
Onpenecnre | GLONASS/Wi-Fi antenna 3. CooBIIIEHHE O TOMEXAX HITH The Ethernet
00CCTOUHBAHHH. connection
MmecTo- On-Board storage
TIONIOYKCHUS 1. Accumulation and storage of
W CKOPOCTH information for 30 days of work.

. 2. Upto 2 hours of battery life. ) h
L‘(’ica"o'(‘i 3. The message about inferference or - CO
and spee loss of electrical power. —
detection —\

JIokoMOTHB B TyTH Cile/loBaHus (Mepeiaya
narHbIX 1o GSM ceTn uepes HHTEpHET )
Locomotive in transit (data transmission

over the GSM network via the internet) Hydrostatic sensors of

TuapocTaTHIECKHE JAaTYHKH
KOJIMYECTBA TOIIHBA B Gake

the amount of fuel in the tank

JlokoMoTHB Ha TCPPUTOPHH JICTIO
(coenunenue mo Wi-Fi)
Locomotive in the depot

(connection by Wi-Fi)

Puc.1. MpuHumn paboTbl cuctemol ACK
[Figure 1. Principle of operation of ASC system]
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B cucteme ACK peanmzoBaHbl ABa HE3aBUCUMBIX
0ecpOBOMHBIX KaHANA Tepenavyd WHGOPMAIH CTaH-
naptoB GSM (GPRS) u IEEE 802.11 b/g (Wi-Fi).
[lepenaua mapamMeTpoB MOKET OCYIIECTBIATHCS KaK
B ITyTH CJIEIOBaHUsI JIOKOMOTHBA C UCTIOJIh30BAaHHEM
mobmpHOTO GPRS-MHTEpHET COeTUHEHUS, TaK U TI0
NpUOBITHN B JIETIO C WCIIOJB30BAHUEM TEXHOJIOTUH
Wi-Fi unm xe mpoBogHOTO coefauHeHUs Internet.
B nmensx cokpamenust o0bemMa nepeaBaeMbIX depes
cetb GSM fmaHHBIX TpeaycMOTpeHa BO3MOXKHOCTH
nepesiaun Ha cTaluoHapHeli APM He Bcex mapamer-
POB, a TONBKO BHEIOPAHHBIX 32 ONpPEAENICHHBIN MPOo-
MEXYTOK BPEMEHH U NPH ONPEAETCHHBIX yCIOBHIX
nyteM SQL-3anpoca [4]. Tak, onepatop APM nua-
THOCTHUKH MOYET 3alPOCHTh HWHTEPECYIOIHUE €ro
JaHHBIE O MOITHOCTH TATOBOTO T€HEPaTopa U KOJH-
YeCTBE TOIIMBA B Oake Ha 15-i O3UITMN KOHTPOII-
Jepa mpu TeMieparype Boasl Beime 70 °C u Macna
Boire 60 °C 3a 3agaHHBIA OTPE30K BPEMEHHU, TO €CTh
000 MHTEPECYIONIHMM mapaMeTp TEIIOBO3a M €Tro
JHEPreTUYECKOW YCTAaHOBKH B PEKUME PEATBLHOTO
BpeMeHH (OHJIalH). DTO MO3BOJISET 3HAUYUTEINEHO CHHU-
3uTh pacxoabl Ha omiaty GPRS-Internet-tpaduka,
YMEHBIIUTh BpEMs OXKHJAHUS HA OOMEH JaHHBIMH
C JIOKOMOTHUBOM W HEOOXOIMMBIE OOBEMBI IMaMSATH
IUT XpaHeHus WH(GOpPMAINH, COKPATUTH BpeMsl ee
00paboTku. [Ipn HaxXOXKIEHUH TEIUIOBO3a B IyTH CJIE-
nosanus cuctema ACK HerpepbIBHO QUKCHPYET BCe
IUArHOCTUYECKHE MapamMeTphl OOPTOBOM CHCTEMEI,
a TakXe M3MepsieT KOJU4eCTBO (Maccy) TOIUIMBA B
0ake, CKOPOCTb JABHXCHUS, Teorpaduyeckyro Koop-
nuHaTy. ACK ocyliecTBiIsIeT HAKOIUIEHHE PECYPCHBIX
ToKazaTesiell padoThl OCHOBHOTO OOOPYIOBAHUS TEI-
JI0BO3a (BBIMOJIHEHHAs paboTa AU3eNb-TeHEPATOPOM,

BpeMsi pabOThl OCHOBHOTO 00OpPYJIOBaHUSA JTOKOMO-
TUBA, YHCJIO ITUKJIOB BKIFOYCHUS/OTKITIOUSHHS KOM-
mpeccopa, BEHTWIATOPOB, BpeMs pabOThl 000pyI0-
BaHMsI Ha MPEICBHBIX PEKHUMAX MO TOKY M TEMIIe-
partype, pacxoJ TOIUIMBA, HAPAOOTKA KOMMYTAIIMOHHON
arnmaparypsl, cpabaTbIBaHHE alllapaToOB 3aIIUTHI).

3. PacueT pacxopa Toruimea

Undopmarms, mepenaBaemas Ha cepeep AC MPT,
NpenHa3HayeHa ISl CITy>KObl SKCIUTyaTallld U MOXKET
UCIIOJIB30BaThCs AJIST KOHTPOJIL HOTPEOJICHUs TOII-
nuBa TeroBozamu [4)]. Ilpu 3ToM pacdeTHBIN pacxof
3aTpayeHHOI0 AMW3EIBbHOTO TOIUIMBA Ha KAXKIOM M3
YUYaCTKOB ITyTH HEOOXOAMMO ONPEAEIUTh HAa OCHOBA-
HHUH TIPEABAPUTENHHO BBICTPOEHHBIX AMArpaMM CKO-
poctit v = f(s) n Bpemermt = f(s) 1 umerommxes ws
KaXJIOTO TEIJI0BO3a JTaHHBIX O PacXofie TOIJIMBA MpH
OIIPEICIICHHOM PEeKUME PabOThI AN3ENA, TO €CTh

G=f(v11,), (1)

rae 11, — nosuuus ynpassieHust KOHTpOJLIEpA.

OOmmii pacxol IW3ENbHOTO TOIUIMBA 338 OTHY
MOE3/IKy orpeenseM 1mo gopmyde [S]:

E:ZGi-Ati+gx-Atx, )
i=1
rae Gi -Ati — pacxod B TSACOBOM pPEXKHUME 3a IPO-

MeKyTOK BpemeHu Af; ; g - At — pacxon Ha XoIo-

CTOM XOJI€ TEIIOBO3A.
Pacuets! mpuBeieHBI B TAOIHIIE.

Tabnvuya
TexHUKO-3KcnyaTauuoHHbIe NoKa3aTenu
[Table. Technical and operational indicators]
Homep anemeHTa nytn Veiarts Viinais Vaverages G, t, G;-t,
[The number of the road element] km/4[km/h] km/4[km/h] km/4[km/h] kr/muH [kg/min] ™MwuH [min] Kr [kg]
1 2 3 4 5 6 7
1 60 65 62,5 20,4 0,5 10,2
2 70 71 70,5 20,4 0,3 6,12
3 55 51 53 20,4 0,3 6,12
4 45 36,5 41,25 20,4 1,5 30,6
5 45 50 47,5 20,4 0,6 12,24
6 26,6 26,6 26,6 20,4 41 83,64
7 50 53 51,5 20,4 0,4 8,16
8 70 73 71,5 20,4 0,3 6,2
9 73 75 74 20,4 0,5 10,2
10 74 65 69,5 20,4 0,8 16,32
11 65 67,5 66,25 20,4 1,6 32,64
12 67,5 60 63,75 20,4 2,3 46,92
NTOIO [TOTAL] 31,1 631,32
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Jist Kakaoro BPEMEHHOTO MPOMEKYTKa OIpe-
TIEJSIETCS] CPETHSS CKOPOCTh IBIKEHUS TToe3/a:

— VHi + Vki

3
Vep > 3)

ITo paccunTaHHOl cpenHEl CKOPOCTH U3 Xapak-
TEPUCTHUKH JIOKOMOTHBA OTIPE/IEIISIETCS PACXO]l TU3€b-

HOTO TOILTHBA 3a OJHY MUHYTy G, Ha HamBBICHIEH
MO3ULIMK KOHTpoJUiepa ympasieHus [5]. Pacxon Ton-
nuBa Ha XonoctoM xony cocrasun g - 0,54 kr/mun.
Pacxon nu3enbHOro TOILUIMBA HA TATY IO€37a:

G, -t, =63132xr,
g, t,=0,54-8,5=4,59 xr,
E=63132+4,59=63591kr.

JIst TOro 4toObl CPABHUThL PACXOJ TOIUIMBA Pa3-
HBIMH JIOKOMOTHBAaMH HEOOXOJMMO HWCIOJIb30BAThH
YACTbHBINA PAacXo/ TOIIMBA Ha U3MEPUTENb BBITOJ-
HeHHOH paboTs! 10* T-KkM 6pyTTO:

E
e=—-10* [kr/10* T-kM 6pyTTO],
m,-L
e e — YIEIbHBII pacxo]l TOIUIMBA, kr/10* T-km
OpyTTO; £ — pacxoj TOIUIMBA Ha TATY MOE3[a, KT}

L - JJIMHA 3aaHHOI'0 y4acCTKa, KM.

635,91

e=—"——.10* =33,86 [kr/10* -km 6pyTTO].
5734-32,75 [ pyTTo]

Jnst cpaBHEHHSI pacxoja pa3HbIX MapoK U COp-
TOB AW3EIBbHOIO TOIUIMBA, UMEIOIIUX Pa3HYIO TeM-
repaTtypy CropaHus, HCIONb3YIOT TaK Ha3bIBaEMOE
YCIIOBHOE TOIUIMBO:

e,=e 3, 4)

rie e, — YIACIbHBIH PacXoJ yCIOBHOIO TOILINBA,

kr/10* T-km GpyTTO; D =143 — TEIIOBOI >KBUBA-
JICHT JIN3EBHOTO TOTUINBA.

e, =33,86-1,43 = 48,42 [kr/10* T-kM 6pyTTO].

PazpaboranHbie anropuT™Mel paboThl CHCTEMBI 00-
pabOTKK JaHHBIX M PETUCTpPAlMU TMO3BOJISIOT pac-
mHU(POBEIBATE M aHAIM3UPOBATH UCXOIHBIE (haiiibl
peructpauuu (PP) ¢ BRIBOAOM pe3ynbTaToOB B BUE
rpadukoB u Tabmun o BceM OP u ¢ pa3OuBKoii 1o
cMeHaM pal0OThl MAIIMHUCTOB. Tak, pacyeTHBIH pac-

MALUMHOCTPOEHME N MALLMHOBEOEHUE

X0/l TOIUIMBA Bp 3a CMEHY OIPEIENIETCS KaK CyMMa
pacxoloB Ha PeXUMax XOJIOCTOTO Xonaa — Bp xx H
Harpy3ku — Bp g JU3eIs:

Bpr=Bp xx+ Bp n. Q)

PacueTHbIi pacxo/] TOMIMBA HA XOJIOCTOM X0y
3a cMeHy — Bp xx (KT') ompeaemnseTcst Kak

Abxx
B, =) B, —=, (6)
XX ZP: P 3600

rae By, — 4acoBOH pacxon TOIUIMBA Ha XOJOCTOM
X0y TI0 HOPMaTHBHOM XapaKTepUCTUKE JU3EIs IS
MO3ULUHN KOHTpOJUIEpa — p, Kr/4; Afxxp — 3aperu-
CTPUPOBAHHOE BpeMs pabOTHI Iu3eNs Ha XOJIOCTOM
XOJy IPH NMO3ULUHU KOHTPOJUIEpa — p, U.

PacuerHblil pacxon TOIUIMBA HA PEKUMAX HOMU-
HaJIbHOM Harpy3ku Bp u, K omnpenenseTcs Ha OCHO-
BE ypaBHEHHUs OajaHca >HEprud Ha KOJIEHYATOM
BaJly Ju3elisi, BRIpabOTaHHOM MpH pacxoie TOTUTUBA
3a BpeMs pabOThI B JAHHOM pexXHuMe — Aty, ¢ [6]:

iPBCH(Wi)'Ati +i.i[ri U, - AL
T n, =

L , (7
- Qf(PE) @

rne Pecn(w;) — MOIITHOCTH Ha MPHUBOJ BCIIOMOTATEIh-

B

HBIX arperatoB B i-i MOMeHT BpemenH, Br; Af, —
1rar U3MEHEHHsI BPEMEHHU PEerucTpalud napamer-
pos, ¢; U, — HanpshkeHUe TeHepaTopa B i-ii MOMEHT
BpeMeHH, B; O — Hu3mas Temiora cropaHusl Au-

3CJIBHOI'O TOIIJIMBA, ﬂ)K/KF; W, —4acToTa BpallCHUA
1

KOJIEHYaTOr0 Bajla B i-d MOMEHT BPEMEHH, MHUH
I ,— Tok TATOBOrO reHepatropa B i-ii MOMEHT Bpe-
MeHH, A4; 1 — cpenuuit KI1/] TsroBoro reneparopa;
S (P;) — >ddexrusnniit KITJ] nusens npu peanu-
3anuu cpeHeil 3 eKTHBHON MomHOCTH ausens Iy,

onpeuenﬂeMoﬁ N3 BbIPAXKCHUSA

ZPBCH(VVI‘)'Ati 1 Z[,i-Uri-Ati
Iy n, 1y

3aknioyeHue

YcTaHOBIIGHO, YTO MOCIE BHEIPEHUS CHUCTEM
ACK-PIIPT (PIIPT — peructparop mapameTpoB pa-
OOTHI TEIIOBO3a) CHIDKEHHE YICIBLHOTO pacxoia Iu-
3eNbHOr0 ToIuMBa B utoHe 2018 . Mo cpaBHEHUIO C
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ntoHeM 2017 1. Ha pacCCMOTPEHHBIX MATHA/IIATH y4acT-
Kax paboTsl Tem1oBo30B coctaBmio 12,8 %. Ilocie
BHenpeHus cucteM ACK B TOKOMOTHBHOM JETIO Ha
ATHUX K€ y4acTKax MO CTaTUCTHKE 3a 4 MecsIa CHU-
JKeHne (PaKTHYECKUX YIENbHBIX PAcXOJO0B TOILINBA
mMensock ot 3,5 mo 12,4 %. Kpome Toro, B mipo-
Llecce KCIUTyaTallii JTOKOMOTHBA OCYIIECTBISETCS
repeava OnepaTUBHBIX JAHHBIX CHCTEMBI TUATHO-
CTUKH Ha cepBep auarHoctuku [7]. [Tomumo ocHOB-
HBIX TIapaMeTpoB PabOTHl KOHTPOIUPYEMOTO 000py-
JIOBaHHUS TIepeacTcss MHPOPMAIHS O 3apPEerUCTPUPO-
BaHHBIX HEHCIIPABHOCTSX TEIUIOBO3a (aBapHifHBIE H
TIpeyTpeAUTEIbHBIC COOOICHIUS U CBSI3aHHBIC C HUMU

29.07.20121519:03

[583 | zs.07.2mz 113508

KOHTPOIIUPYEMBIC ITapaMeTPhl), PECYPCHBIX IMOKa3a-
Tensx paboTsl obopymoBanus [8—10]. Madopmarws,
XPaHSIIAsACS B CEPBEPE NUArHOCTHKH, MTPEIHA3HAYC-
Ha JIIsl MCIIOJI30BaHUs CIIYy)K00i peMOoHTa, pa3pa-
0OTYMKAMH U U3TOTOBUTEISMH O0OPYIOBaHUS TeTl-
10B030B. Ilepenavya naHHBIX 1O KaHaitam cetu WH-
TEPHET OCYIIECTBISCTCS C HCIOJIb30BAaHUEM 3a-
mmumeHHoro VPN-coemunaenus (Virtual Private Net-
work) [11-13]. Ilpu 3axome TemioBo3a B JEMO U 00-
Hapyxxenun crctemoit ACK GecripoBoaHOM ceTH mpo-
HCXOJIMT aBTOMATHYECKas BBITPYy3Ka BCETO apXyBa Ha-
KOILICHHBIX [TApaMEeTPOB B TUAarHOCTHYECKYIO 0azy
JTaHHBIX (puc. 2).

Puc. 2. CKpnHLIOT nporpamMmsbl asis 06paboTku apxmeoB gaHHbIXx ACK
Figure 2. Screenshot of the program for processing archives of ASC data

JanHag nHpopManys npeaHa3HaueHa s 1aJlb-
Helimel oOpaboTKH € LEeNbl0 ONpeeNieHns] TeXHU-
YECKOTO COCTOSIHHSI KOHTPOJMPYEMOTo 00O0pyIoBa-
HUA. [l 5TOTO B JIOKOMOTHBHOM JIETIO 00OpYIOBa-
HO APM nmarHoctuku ¢ 0a3oi NaHHBIX U pa3Bep-
HyTa ceTh OecrpoBoAHON mepenaun AaHHbIX [EEE
802.11 b/g (Wi-Fi). Cucrema ACK xoHTpoONHpyeT
KOJINYECTBO TOIUIMBA B Oake TEIIOBO3a MPH ITOMO-
M JBYX JATYMKOB JAaBJICHUSA, YCTaHABIMBAEMBIX
10 IMarOHAJIH WM OCH TOTUTUBHOTO Oaka. B matum-
Kax HCHONB3yeTcs MU(POBOI BBIXOJHON CUTHAI C
unrepgeiicom RS-485, obmen ¢ mnaroii mponeccopa
ACK ocymectisiercs no nporokony HART [14-15].
B cocras cuctemsr ACK BXoIaT MOIYITh HAKOIIATE-
7S, Ba JAaT4YMKa KOJMYECTBA TOIINBA, aHTEHHA, KOM-
IUIeKT Kaleseil. BHelHee nmuTaHne MOy Is-HAKOIIUTeE-
JISL OCYIIECTBIISIETCS] OT OOPTOBOM CETH JIOKOMOTHBA,
K MOJYJIFO TIOAKIIo4YaeTcs copmerteHHass GSM/Wi-Fi/
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GPS/TJIOHACC-anrenna. BerpoeHHBIN SHEproHe-
3aBUCHMBI HAKOMUTENb pacCUnTaH Ha XpaHeHHe 00b-
eMa JTaHHBIX, PeTUCTPUPYEeMbIX B TeueHune 30 cyTok
paboOTHI TEIUIOBO3a C TOCIICAYIONINM KOJIBIIEBEIM 00-
HOBJIeHWeM HH(popMaly. B HacTosimee Bpemst ompe-
JieTieHre Teorpaduaeckoil KOOPAUHATEI U CKOPOCTH
TEIUIOBO3a B MOJYJIE HAKOMHUTENS OCYIIECTBISETCS
mo naHHeM cucteMbl GPS. OmHako MOAyIh MOXKET
OBITh JIETKO aJanTHPOBaH Ui MCIOJIB30BaHUS HABH-
raioHHbIX ga”HHbeIX oT cucteMbl [ JIOHACC. Mo-
JyJIb HaKOIHUTEIS WMEeT MCTOYHHK aBTOHOMHOTO
MUTaHHA, PACCUNTAHHBIN Ha 2 yaca pabOTHI cUcTe-
MbI B ciaydae oTkioueHus ACK oT akkymyJsiTop-
HO# OGatapen TeruioBo3a [16]. I1pu oTKIFOUeHNN BHETII-
Hero mutanust ACK uim BCKpBITUM MOJYJIS-HaKOIHTe-
71 IPOU3BOAUTCST WH(QOPMUPOBAHNE OTBETCTBEHHBIX
JIUIT ITyTeM OTTIpaBku SMS Ha 1Ba Teae(OHHBIX HOMe-
pa. B cucreme ACK peanmnzoBana pyHKIIUS caMou-
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arHocTUKU. OCYIIECTBISIETCS] KOHTPOIIb psijia TapaMeT-
POB TUTATHI TPOIIECCOpPa, TEMIIEPATYPHl BHYTPHU MO-
Iy JIST-HAKOTIUTEJS, TOCIEI0BATEIFHBIX KAHAIOB CBS3U
(0OMeH ¢ cucTeMOi JUarHOCTUKH, TaTYMKaAMH TOTI-
nuBa), Hamuausgs GSM-ceTH, CBSI3U CO CITyTHHKAMH
cuctemsl GPS [16].

Taxum 00pa3oM, WHTEILIEKTyaTbHBIC TPAHCIIOPT-
HBIE CUCTEMEI MTO3BOJISIOT TONYYHTh HHTETPaIbHYIO
OIIEHKY TEIUIOTEXHHYECKOTO COCTOSTHHUS JIOKOMOTH-
Ba C JajbHeHIel HayyHo 000CHOBAaHHOW KOppeKLIne
MEXPEMOHTHBIX MPOOETOB M MOCTAHOBKOW JIOKOMO-
THBa B PEMOHT, YTO YBEIHUYHBAET CPOKH €Tr0 JKC-
IUTyaTaluoHHON paboThl. OMHIM U3 BaXKHBIX ACTICK-
TOB IMPUMEHEHHSI CUCTEMbI HEMPEPLIBHOTO YIaJICH-
HOTO KOHTPOJIISI TEXHHYECKUX TTapaMETPOB SBISETCS
CHIDKEHHUE Pacxoa TU3EIbHOTO TOIUIHBA B CPETHEM
Ha 5-10 %, 9TO MO3BONUT cAenaTh paboTy Mpen-
MPUSITUN JKEJIE3HOJOPOKHOTO TpaHCcImopTa Oonee
3¢ PeKTHBHOI.
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The article discusses the application of intelligent transport systems
for railway transport. The purpose of developing intelligent transport sys-
tems on railway transport is to strictly comply with the requirements for
ensuring transport safety, reducing the level of environmental impact, sig-
nificantly improving the efficiency of production activities. The software
makes automatic accounting, control and analysis of fuel and energy re-
sources consumption on the basis of the obtained data. At the same time,
the dynamics of changes in fuel consumption indicators, actual and esti-
mated costs of diesel fuel are visually reflected in real time on the monitor
screen. If necessary, the system will help to identify the reasons for non-
matching of these parameters and quickly contact the locomotive team to
provide qualified assistance in their elimination. It is important that the hard-
ware structure and the structure of the system software expand functionali-
ty, providing continuous operation and repair work, increasing the number
of measured parameters, creating a closed fuel consumption control system
in a locomotive economy. The use of these systems makes it possible to
obtain an integrated assessment of the heat engineering condition of a lo-
comotive with further scientifically substantiated correction of overhaul runs,
to control its location and solve many other problems, which contributes to

an increase in overhaul runs and the operational life of the locomotive.
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Introduction

Crude oils are the essential resources for the usages of industrial pur-
poses in various forms and the refining is a key process of separating
the mixture of raw crude oils. In the existing research there were expected
to investigate the impact of salts, organic acids, mercaptans and elemental
sulfur of crude oils on the corrosion rates of seven different types of ferrous
metals in both qualitatively and quantitatively. The chemical compositions
of such selected ferrous metals and the above mentioned corrosive proper-
ties of two different types of crude oils were measured by the standard in-
struments and methodologies. A set of similar sized metal coupons were
prepared from seven different types of metals and the corrosion rates of
such metals were determined by the relative weight loss method. In addi-
tion, that the corroded metal surfaces were analyzed under the microscope,
decayed metal concentrations and deductions of the initial hardness of me-
tal coupons were measured. According to the obtained results that there
were observed the lower corrosion rates from stainless steels with at least
12% of chromium and nickel, higher corrosive impact from salt, formations
of FeS, Fex0s, corrosion cracks and pitting corrosion.

role in the most of metal based industries such as

Crude oils are the mixture of hydrocarbons that
containing some of various traces compounds such
as corrosive compounds since the occurrence. In fact,
that the corrosive compounds play a considerable
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the crude oils refining because there are vast range
of applications of metals. Usually the term of corro-
sion is defined as the formations of metal oxides,
sulphide or the sulphide on the metal surfaces as
a result of either chemical or electrochemical pro-
cess. According to the mechanism of such corrosion
processes the metal need to expose either strong
oxidizing agent or any kind of medium which is
containing both oxygen and water even in the form
of moisture [1-6]. According to the chemical com-
positions of crude oils they are containing various
corrosive compounds foremost of the sulphur com-
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pounds, salts and organic aids in various forms since
the occurrence of crude oils because of the abundance
of such compounds in the various interior parts of
the earth. The impact of such corrosive compounds
may be varied with the different physical and chemi-
cal conditions such as the temperature and concen-
trations [2—15].

In the existing research there were expected to
investigate the impact of the salts, organic acids, ele-
mental sulphur and mercaptans of two different types
of crude oils on the corrosion rates of seven different
types of ferrous metals which are applicable in the in-
dustry of crude oil refining for the various tasks un-
der different conditions mainly under different tem-
perature and concentrations. The major experiments
were based on the analysis of corrosion of such metals
as both qualitatively and quantitatively [1-18].

1. Materials and methods

According to the scope of the research and the re-
quirements seven different types of metals were se-
lected as the samples which are applicable in the in-
dustry of crude oil refining at around different units
as given in the below:

— Carbon Steel (High) — transportation tubes,
storage tanks;

— Carbon Steel (Medium) — storage tanks, ves-
sels;

— Carbon Steel (Mild Steel) — storage tanks,
crude distillation units;

— 410-MN: 1.8 420-MN: 2.8 (Stainless Steel) —
heat exchangers;

—410-MN: 1.7 420-MN: 1.7 (Stainless Steel) —
crude distillation columns;

— 321-MN:1.4 304-MN:1.9 (Stainless Steel) —
crude distillation columns;

— Monel 400 — pre heaters, de-Salter.

The chemical compositions of such metals were
detected by the X-ray fluorescence (XRF) detector
as the percentages of each composite metal and most
of nonmetals excluding carbon.

In the selections of the crude oils two different
types of crude oils were selected as the fluids name-
ly as Murban and Das Blend which are slightly dif-
ferent in their chemical compositions including cor-
rosive compounds. Regarding the classifications Das
Blend is known as a “sour” crude oil because of
the high sulphur content of such crude oils which
a predominant factor for the corrosion [2; 4; 9].
The concentrations of the foremost corrosive com-
pounds of both crude oils were measured by the stan-
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dard methodologies and instruments as discussed in
the Table 1.

Table 1
Analysis of the corrosive compounds of crude oils

Property Method Readings
Sulfur Directly used the crude oil samples  Direct
content  to the XRF analyzer. reading

Each sample was dissolved in a mix-

Acidity ture of toluene and isopropyl and End point
titrated with potassium hydroxide.
Mercaptans Each sample was dissolved in so-
contht dium acetate and titrated with sil- End point

ver nitrate.

Each sample was dissolved in orga-
Salt content nic solvent and exposed to the cell
of analyzer.

Direct
reading

A batch of similar sized metals coupons was pre-
pared by the seven different types of selected ferrous
metals as six metal coupons from each metal type and
altogether forty two metal coupons also the surfaces
of such metal coupons were cleaned, weighted, mea-
sured the dimensions and observed by the optical
microscope until free of any other compounds such
as the corroded particles. The prepared metal cou-
pons are shown in the Figure 1.

The prepared metal coupons were immersed in
both crude oil containers separately as three homo-
geneous metal coupons per one crude oil container.
The apparatus setup is shown in the Figure 2.

After the 15 days from the immersion one metal
coupon from each crude oil container was taken out
altogether fourteen metal coupons from all crude oil
containers. The corroded metal surfaces were ob-
served under the 400X lens of an optical micro-
scope and the corroded metal surfaces were cleaned
by isooctane and sand papers and also measured
the final weight of each metal coupon. The corro-
sion rate of each metal was determined by the rela-
tive weight loss method as explained in the below
[9; 10].

CR=Wx*k/(D*Ax*t),

where W — weight loss due to the corrosion in grams;
k — constant (22,300); D — metal density in g/cm’;
A — area of metal piece (inch?); ¢ — time (days); CR —
corrosion rate of metal piece.

The same procedure was repeated again twice
for another two similar batches of metal coupons in
order of after 30 and 45 days immersion time peri-
ods to determine the corrosion rates of such metal
coupons.
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Figure 2. Apparatus setup

Apart from the determinations of the corrosion
rates of metals the decay of metallic elements from
metal coupons during the immersion into crude oils
were measured by the atomic absorption spectros-
copy (AAS). According to the purpose of the current
research the decayed ferrous and copper concentra-
tions from metals in to crude oils were measured. In
the sample preparation 1 ml of each crude oil sam-
ple was diluted with 9 ml of 2-propanol and filtered.

Finally, the variations of the initial hardness of
metal coupons due to the corrosion of the metals were
analyzed. The initial hardness and the hardness after
the corrosion of each metal coupon were measured
by the Vicker’s hardness tester. The working prin-
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ciples of Vicker’s hardness tester are shown in the Fi-

gure 3 [1; 3; 5].
e &
<> XK

Figure 3. Indenter of the Vicker’s hardness tester

HV = 1.854 % P2 /12,

where P — applied load on the surface of metal; L —
diagonal length of square; HV — hardness.
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For the one measurement of hardness at least
three positions of the metal surfaces were selected
randomly and measured the hardness of such points
and the average values were interpreted.

2. Results and discussion

The obtained results for the analysis of che-
mical compositions of selected ferrous metals by
the X-ray fluorescence (XRF) have been shortlisted
in the Table 2.

According to the results mainly there were iden-
tified relatively higher ferrous compositions from car-

bon steels, moderate ferrous concentrations in stain-
less steels and trace ferrous concentrations in Mo-
nel. As a special observation the trace amounts of
d-block elements were observed from stainless steels
such as nickel and chromium. The doping of trace
metals into the major raw metal is based on some
enhancements of the essential properties of those
metals such as the improvements of the strength and
the reduction of the corrosion [1; 3—6].

The obtained results for the analysis of major
corrosive properties of both crude oils have been
interpreted in the Table 3.

Table 2
Chemical compositions of metals
Metal Fe (%) Mn (%) Co (%) Ni(%) Cr (%) Cu (%) P (%) Mo (%) Si(%) S (%) Ti(%) V(%)
(1) Carbon Steel (High) 98.60 0.43 - 0.17 0.14 037 0.12 0.086 0.09 - - -
(2)Carbon Steel (Medium) 99.36 0.39 - - - - 0.109 - 0.14 <0.02 <0.04 -
(8) Carbon Steel (Mild Steel) 99.46 0.54 <0.30 - <0.07 - - - - - <0.19 <0.07

(4)410-MN: 1.8 420-MN:28 g9 55 o8 _ 018 1092 010 0.16 - 011 - - -
(Stainless Steel)

(5)410-MN: 1.7420-MN: 1.7 g7 44 39 - 1199 - 018 - 009 - - -
(Stainless Steel)

(6)321 MN:1.4; 304-MN:1.9 25 47 144 - 865 1714 - 018 - 012 - - -
(Stainless Steel)

(7) Monel 400 140 0.84 0.11 64.36 <0.04 33.29 - - - - - -

Table 3
Corrosive properties of crude oils
Property Murban Das Blend
Sulfur content (Wt. %) 0.758 1.135
Salt content (ptb) 4.4 3.6
Acidity (mg KOH/qg) 0.01 0.02
Mercaptans content (ppm) 25 56

According the obtained results the Das Blend
crude oils was composed relatively higher amounts
of sulphur, mercaptans, organic acids and relatively
lower amount of salts. But according to the most of
related researches there were investigated the impact
of such compounds may not depend only on the amount
or the concentrations and they are highly sensitive in
the environmental conditions as well such as the tem-
perature. Therefore, in the discussions of the im-
pacts of such corrosive compounds on the metallic
corrosion the supportive conditions also mandatory
to be mentioned with the observations.

Organic acids are the major corrosive compounds
that presence in the crude oils since the occurrences
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also known as the naphthenic acids which are having
a formula of RCOOH. The total acid content of some
crude oil is known as the acidity or total acid num-
ber (TAN) of such crude oil [2; 4; 9; 12; 15].

Fe + 2RCOOH — Fe(RCO0), + H,,
FeS + 2RCOOH - Fe(COOR), + H,S,
Fe(COOR), + H,S — FeS + 2RCOOH.

Salts are the dominant corrosive compounds found
in crude oils since the occurrences because of the abun-

dance of the interior part of the earth. Basically, such
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salts are found from crude oils in the forms of NaCl,
MgCl; and CaCl; and also the total amount of such
halides presence in some crude oil is known as the salt
content of that crude oil. When increasing the tem-
perature of crude oils such salts tend to be broken
into HCI molecules although show some inert prop-
erties at that occasion. But later on with the reduc-
tions of the temperature such HCI molecules react
with water and even moisture presence in crude oils
and tend to form hydrochloric acid. It is highly cor-
rosive compound because of the strong oxidizing
ability of that and on the other hand it is a strong
acid. The general chemical reactions for the corro-
sion process of metals due to the slats are given in
the following chemical reactions [2; 4; 7; 18].

CaCl, + H,0 - CaO + 2HC],
HCl + Fe — FeCl, + H,,

H, +S - H,S§,

FeCl, + H,S — FeS + 2HCI.

Sulphur is an element that abundance in the in-
terior part of the earth and possible to find from most
of various crude oils in different forms such as the ele-
mental sulphur, sulfoxides, thiophenes, mercaptans
and hydrogen sulphides. Most of them are corrosive
compounds and their corrosion process also may be
varied with the functional groups and reactivity of

that functional groups. The corrosion process due to
the elemental sulphur is known as the “localized cor-
rosion” which is occurred at about 80 °C properly and
formed FeS as the major corrosion compound. Mer-
captans are the active sulphur compounds that pre-
sence in crude oils which are having a molecular
formula of “RSH” and the corrosion process due to
the mercaptans is known as the “sulfidation” also hap-
pened in the temperature range between 230460 °C.
The initiations of above corrosion process is normally
happened with the contributions of water or even
moisture to produce the sulphuric acid or hydrogen
sulphides which are corrosive compounds and strong
oxidizing agents. The general chemical reactions for
above processes are given in the following equa-
tions [2; 4; 13; 14; 16; 17].

Ss(s) + 8 H>O (1) — 6 HaS (aq) + 2 H>S0y (aq),

8Fe + S8 —  8FeS.

By considering the progress of corrosion of above
corrosion reactions it is impossible to concluded or
estimate the overall corrosive impact of all corro-
sive compounds because the required conditions are
dissimilar and their might be affected some various
corrosive compounds on the metallic corrosion which
were not investigated in the current research.

According to the determinations of the corro-
sion rates of metals in order of after 15, 30 and 45
days from the immersion time have been interpreted
in the Tables 4 and 5.

Table 4

Corrosion rates of metals in Murban

Metal Corrosion rate after

Corrosion rate after
15days (cm’inch'day”) 30days (cm’inch™ day”) 45 days (cm®inch™ day™)

Corrosion rate after Average corrosion rate

(ecm®inch™ day™)

(1) Carbon Steel

) 0.811971 0.466425 0.068794 0.4490632
(High)
(2) Carbon Steel 0.817791 0.180339 0.073358 0.3571623
(Medium)
(3) Carbon Steel
(Mild Steel) 0.10973 0.048244 0.038592 0.0655217
(4) 410-MN: 1.8
420-MN: 2.8 0.041784 0.016075 0.011801 0.02322
(Stainless Steel)
(5) 410-MN: 1.7
420-MN: 1.7 0.11626 0.011968 0.007574 0.0452676
(Stainless Steel)
(6) 321-N:1.4
304-MN:1.9 0.016612 0.007453 0.005599 0.009888
(Stainless Steel)
(7) Monel 400 0.356263 0.034877 0.026729 0.13929
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Table 5

Corrosion rates of metals in Das Blend

Metal Corrosion rate after

Corrosion rate after
15 days (cm®inch” day™') 30days (cm’inch™day ™) 45 days (cm’inch™ day™)

Corrosion rate after Average corrosion rate

(cm®’inch™ day™)

(1) Carbon Steel

(High) 0.350249
(2) Carbon Steel
(Medium) 0.481055
(3) Carbon Steel
(Mild Steel) 0.162883
(4)410-MN: 1.8
420-MN: 2.8 0.044146
(Stainless Steel)
(5)410-MN: 1.7
420-MN: 1.7 0.053701
(Stainless Steel)
(6) 321-MN:1.4
304-MN:1.9 0.022894
(Stainless Steel)
(7) Monel 400 0.061554

0.224901

0.140654

0.141093

0.034035

0.034841

0.006503

0.037655

0.024738 0.1999627
0.05911 0.2269396
0.100635 0.1348702
0.006149 0.0281102
0.016363 0.0349681
0.002825 0.0107404
0.016067 0.0384254

As the summary of above interpreted results
the average corrosion rates of metal coupons with re-
spect to crude oils have been shown in the Figure 4.
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Figure 4. Average corrosion rates of metals

According to the above conclusion there were
observed higher corrosion rates from carbon steels,
moderate corrosion rates from Monel metal and least
corrosion rates from stainless steels. Among the lower
corrosion rates of stainless steels, the least corrosion
rates were observed from 321-MN: 1.4 304-MN: 1.9
(Stainless Steel) with respect to both crude oils. When
considering the chemical composition of that metal
it was composed ~18% of chromium and ~8.5% of
nickel. According to the combination of both nickel
and at least 12% of chromium tends to be created
some self-corrosive protection film on the metal sur-
faces and it is able act as a barrier of corrosion.
Therefore, with the obtained results that it can be con-
cluded the higher performance of the corrosion pro-
tection when having the higher amount of chromi-
um with sufficient amount of nickel [1; 3; 5; 6; 17].
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When comparing the corrosion rates of metals
with respect to the crude oils four types of metals
showed their higher corrosion rates in Murban crude
oil while other three types of metals were showing
their higher corrosion rates in Das Blend. The com-
parison of the corrosive strengths of crude oils and
corrosion rates of metals in both crude oils it seems
the corrosive impact of salts is high at the room tem-
peratures because of the less progressiveness of sul-
phur compounds at the lower temperatures. By re-
ferring the basic results it is possible to recommend
to be continued even the same methodology for
the investigation of the more different corrosive com-
pounds in various crude oils and also it is better to
perform the experiments to investigate the impact of
such corrosive compounds at different temperatures
for the further research works for more advanced re-
sults [2; 4; 9; 12; 15; 18].

The variations of the corrosion rates of metals
with the exposure time in both crude oils have been
interpreted in the graphs which are shown in the Figu-
res 5 and 6.

0,4
0,2
0 ) o

15 Days 30 Days 45 Days

Immersion Period

1 2 3 4 5 6 Metal 7

Corrosion Rate

Figure 5. Variations of the corrosion rates of
metals with the exposure time in Murban
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% By referring the above variations that it is pos-
LI sible to conclude the applicability of the weight loss
g on method for the various kinds of materials because in
8] ° 15 Days 3002y 45 Days here there were observed approximately similar curves
for the corrosion rates of each metal. In each distri-

' ’ ’ ! ’ ° v bution it can be found the inversely proportional re-

) - . lationship between the two parameters of the corro-
Figure 6. Variations of the corrosion rates of A .
metals with the exposure time in Das Blend sion rate and the exposure time [9; 10].

Figure 7. Corroded metal surfaces that observed under the microscope:
A — ferrous sulphide (FeS); B - ferrous oxides (Fe.O:); C — corrosion cracks; D — pits and trace compounds

250 EARTH SCIENCE



Anysuxapa C., Mpemavangpa Ox.K. BectHuk PY/H. Cepusi: UHxeHepHbie nccnegoBanus. 2019. T. 20. Ne 3. C. 244-253

According to the microscopic analysis of the cor-
roded metal surfaces simultaneously with the deter-
minations of the corrosion rates of metals the spe-
cific observations have been shown in the Figure 7.

Among such results some of special observa-
tions have been discussed with the absolute features
of the observed features in the Table 6 [1; 3—6; 17].

Table 6
Visible appearances of the corrosion compounds

Compound Appearances Observations

Black, brownish black, Observed most of

FeS property of powder, featuresin each
pitting, cracks metal piece
Fe,O, Rusty color Observed rarely.
cus Dark indigo/dark blue, Unable to specify
property of powder
Table 7

Decays of the metallic elements from metals into crude oils

Metal Crude oil Feconcentra- Cuconcentra-
tion/ppm tion/ppm
Carbon Steel ~ Murban 0.47 -
(High) Das Blend 1.10 -
Carbon Steel ~ Murban 0.54 -
(Medium) Das Blend 0.02 -
Carbon Steel ~ Murban -0.08 -
(Mild Steel)  p,g Blend ~0.48 -
410-MN: 1.8 Murban -0.65 _
420-MN: 2.8
(Stainless Steel) Das Blend -0.78 -
410-MN: 1.7 Murban -0.71 —
420-MN: 1.7
(Stainless Steel) Das Blend -0.79 -
321-MN:1.4 Murban -0.44 _
304-MN:1.9
(Stainless Steel) Das Blend -0.17 -
Murban - 10.47
Monel 400
Das Blend - 9.49

Regards the explanations and comparisons be-
tween the features of corrosion compounds basically
it is possible to conclude the formations of some spe-
cific corrosion compounds during the current experi-
ment such as the FeS, Fe,O;3, corrosion cracks and pit-
ting corrosion on the metal surfaces. In addition, that a
black color compounds which is similar to FeS was
indicated on the Monel metal surface although im-
possible to conclude as CuS only having visible fea-
tures and better to recommend some advanced com-
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positional analysis method for the analysis of corro-
sion compounds such as X-ray diffraction (XRD).

The obtained results for the experimental ana-
lysis of the decayed ferrous and copper from metals
into crude oils by the atomic absorption spectrosco-
py (AAS) have been interpreted in the Table 7.

The obtained results for the analysis of decayed
ferrous and copper amounts from metals into crude
oils by the atomic absorption spectroscopy (AAS)
have been shortlisted and interpreted in the follow-
ing graphs that shown in the Figures 8 and 9.
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Figure 8. Decayed ferrous concentrations from metals
into crude oils
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Figure 9. Decayed copper concentrations from metals
into crude oils

The above graphs showed some significant decay
of copper from Monel metal and relatively higher
decay of ferrous from carbon steels into both crude
oils during the immersion. As special observations there
were not observed any decay concentration of metal
from any stainless steel into crude oils also found least
corrosion rates from stainless steels. After the formations
of the corrosion compounds on the metal surfaces such
corrosion compounds tend to be removed from the re-
levant metal surfaces either partially or completely
because of the repulsive and attractive forces between
the successive electrons and protons of relevant com-
pounds [1; 3— 6]. Usually the corrosion compounds
are the metal oxides, sulphides and other possible com-
pounds. Therefore, the decay of metals into crude oils
is feasible to happen due to the metallic corrosion.
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According to the analysis of the variations of
the initial hardness of metals by the Vicker’s hard-
ness tester the obtained results have been shortlisted
in the Figures 10 and 11.
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Figure 10. Variations of the initial hardness of metals in Murban
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Figure 11. Variations of the initial hardness of metals in Das Blend

Those results showed slight reductions of the ini-
tial hardness of most of metals after the formation of
the corrosion on the metal surfaces. The incident of
the reductions of the initial hardness is possible to
explain with the theory of electron repulsive because
after the formations of corrosion compounds on
the metal surfaces such corrosion compounds tend
to be removed from the metal surfaces while creating
unstable occasions on the metal surfaces because of
the repulsive an attractive forces between the succes-
sive electrons and protons of existing compounds and
also it is impossible to find a homogeneous metal
surface after the formation of the corrosion com-
pounds on the metal surfaces since they may be re-
moved either partially or completely from the metal
surfaces [1; 3; 5; 6]. Therefore, the initial conditions
on the metal surfaces may be varied. As a result of
the formation of the different corrosion compounds
on the metallic surfaces, the most outer layer of
the metal would be a heterogeneous one. The deduc-
tion of the initial hardness of might be caused due to
the heterogeneity. However, the authentic reason for
the reduction of the initial hardness must be investi-
gated through some advanced material engineering
theoretical explanations and experiments
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Conclusion

As the important investigations of the existing
experimental study that there were obtained and it is
possible to conclude after analysis of the results it is
emphasized the relatively lower corrosion tendency
of stainless steels against the petroleum oils because
of the self-corrosive protection film of the stainless
steels when having at least 12% of chromium with
sufficient amount of nickel, considerable progress
of the process of corrosion regarding the salts when
comparing with the impact of other corrosive com-
pounds, irregular distributions of the corrosion, for-
mations of the FeS, Fe;O;, corrosion cracks and pit-
ting due as the corrosion compounds, destruction of
the copper and ferrous from some of metals into petro-
leum oils and the deductions of the initial hardness
of the metal coupons due to the formations of the cor-
rosion compounds on such metal surfaces.

Recommendations for Future Improvements and
Research Works: implementation of an appropriate
experiment to measure or indicate the reduction of
the hardness that associated with material engineering
of friction science.
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Chlpble He(hTU ABIIAIOTCS OCHOBHBIM PECYPCOM ISl CIIONBb30BAHUS B IIPO-
MBIIUIEHHBIX LIEISX B PA3IUUHbIX (OpMaX, a UX nepepaboTka — KIHOYEBOU 1po-
I[ecC pa3JieNieHHsi CMeCH CBHIPBIX HedTell. B mpoBeneHHOM HCcCIejoBaHNN Tpei-
HONIAarajJoch U3y4uTh BIMSHUE CONEH, OPraHUYECKUX KUCIOT, MEPKAITAHOB U 71e-
MEHTapHOH Cepbl ChIPbIX HeTell Ha CKOPOCTh KOPPO3UH CEMH PA3IUYHBIX TUIIOB
YepHBIX META/UIOB KaK B KaYeCTBEHHOM, TaK U B KOJIMYECTBCHHOM OTHOIICHUH.
XUMHYECKHE COCTABBI OTO6paHHbIX YCPHBIX METAJUIOB M BBIINICYIIOMSAHYTHIC
KOPPO3HOHHBIE CBOKCTBA ABYX PA3iIMUHBIX THIIOB CHIPOH HE(TU U3MEPSIIUCH C
TIOMOIIBIO CTAaHJAPTHBIX IPHOOPOB 1 MeTouK. Habop Merammmdeckix KyrmoHOB
OZIMHAKOBOI'0 pa3Mepa OBLT TNIPUTOTOBJICH U3 CEMU PA3JIMIHBIX THUIIOB MCTAJIIIOB,
CKOPOCTH KOPPO3HU META/UIOB OIpPEE/SUIUCh METOOM OTHOCUTENBHOI noTepu
Beca. Kpome Toro, Mo MHKPOCKOIIOM aHAIHM3HPOBAIICH KOPPOANPOBAHHEIE
MCTAJINIMYCCKHUC IMOBEPXHOCTU, UBMCPSJINCh KOHUEHTPAIMK paciaJdaroluxcs
METAJUIOB ¥ BbIYETh! HAYAIIbHON TBEPIOCTU METAJUIMUECKUX KyNOHOB. COIIACHO
TOTyYeHHBIM pe3ylIbTaTaM, HaOIOJA0TCA Oomee HU3KHE CKOPOCTH KOPPO3UH
KYTIOHOB U3 HEp>KaBEIOLIUX CTAeH C COAEpXKaHUEM XpOMa M HUKENS He MeHee
12 %, Gonee BBICOKOE KOPPO3HOHHOE BO3AEUCTBHIE — CO CTOPOHBI COJIEH, 00pa3o-
Banus FeS, Fe;Os, Koppo3nOHHBIX TPEIIMH U IUTTHHIOBOH KOPPO3UH.
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Topa, K03 pUIUEeHT TIoIe3HOTO AeH-
CTBHS KEKTOPA, MUHEPAIU3AIIUs, Pa-
IIMOHAIbHAs KOHIEHTpanus coiel

BBeneHune

CrpyiiHast TexHHKa (B TOM YHCIE >KHIKOCTHO-

Ipennaraemoe B cTaThe PEIIEHHE OTHOCUTCS K CTPYHHOH TEXHUKE U MOJKET
OBITh MCIIOJIB30BAHO, HAIIPUMED, B 100bde HedTH H ra3a, cOope W MOArOTOBKE
He(TH, ra3a U BOJIpI, M3BJICUCHUH METaHa U3 METaHOYTOJbHBIX IUIaCTOB, HedyTe-
niepepaboTke. TEeXHUUECKHUM Pe3yJIbTaToM SIBJISETCS TOBBIIICHHE Y(PPEKTHBHOCTH
JKUIKOCTHO-Ta30BOTO KEKTOpA ITyTeM OOecTiedeH st ero paboThI B 00JIACTH Paryo-
HAJIBHBIX KOHLICHTPAIMIA M COCTaBa COJieH, B KOTOPO# JOCTHIaeTcsi HHTCHCH(HKA-
11 SHEProoOMeHa MeXIy pabodell SKUAKOCTBIO U MKEKTUPYeMbIM razoM. Cy1i-
HOCTB HPEUTaraéMoro pereHust: crocod paboThI JKMAKOCTHO-Ta30BOT0 3KEKTOpa
BKJTIOYAET HaTHETaHHE Pabodell KUIIKOCTH CHIIOBBIM HACOCOM B COIUIO YKEKTOPA,
OTKAuKy Ta3a »KEeKTOPOM, CO3/IaHHE, IUCIIEPTUPOBAHKE U TIOBBILIIEHUE JABICHUS
Ta30)KHAKOCTHOM CMECH KEKTOPOM C HCTIONB30BAaHUEM B KauecTBe paboUei sKusl-
KOCTH BOJIHBIX PAacTBOPOB COJIEH. 3HaueHHsI KOHIIEHTPALMK 1 COCTaBa COJieH B pa-
0ouel YKUIIKOCTH TMOICPIKUBAOT B TIpeiesiaX 00JacTH PalMOHAIBHBIX KOHIICH-
Tpalii U COCTaBa COJIEH, B KOTOPOH JOCTHTAIOTCS MOBBILICHHBIE BETMINHBI
k0d(uIIMeHTa TONIE3HOTO ACHCTBHS BKEKTOpa. B criaboMuHepan30BaHHbIE BOJI-
HbIC PACTBOPBI 100ABJIIOT COMY, a CHIILHOMUHEPATIN30BAHHBIC BOJHBIC PACTBOPBI
pa30aBILIIOT MPECHBIMHA BojaMH. B kauectBe paboueil )KUIKOCTH HCIONB3YIOT
SIBISTIOLIMECS BOIHBIMHI PACTBOpaMHM COJIEH IIaCTOBBIE W/MIN TIOIyTHO AOOBIBa-
€MbIC BOAbI He(i)TﬂHle, Ta30BbIX, 'A30KOHACHCATHBIX U METAHOYT'OJIbHBIX MECTO-
POXKIEHMIA, €CITM COCTaB W KOHLIEHTPAIWSI COJIeld B HUX HAXOMATCS B TIpefelnax
00JacTy palMOHATEHBIX KOHIICHTPAIIMIA ¥ COCTaBa COJICH, B KOTOPO# o0ecreun-
BAETCsI MOBLILICHUE Koaq)(pmu/leHTa TIOJIE3HOTO JEUCTBHUS MKEKTopa. [ paHuIis!
00J7acTH palMOHATBHBIX KOHIIEHTPAIMA W COCTaBa COJEH NpeIBapUTENHHO
ONPEIEISIOT IyTEM MPOBENCHHS Ta00PATOPHBIX CTEHIOBBIX HCCIIEIOBAHNH.
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JICHHOCTH.

Bwmecre ¢ TeM adeKTHBHOCTh CTPYHHBIX arma-
paToB M CIIOCOOOB UX IKCIUTyaTalldd OCTaeTCs He-
JIOCTaTOYHO BBICOKOM.

U3BecteH, HanpuMep, cnoco0d paboThl KHUAKOCT-
HO-Ta30BOT'0 2KEKTOPA, BKIFOUAIOIIHA (OpMHpOBa-
HUE CTPYH aKTUBHOMW >KHIKOCTHOM CpeJlbl IYyTEM IIO-
JTaun pabouel JKUIKOCTH TOJ JABICHHEM B COILIO
IUTsl TIOACAchIBAaHHUS MAacCMBHON ra3zoo0Opas3Hoil cpe-
Il ¥ TaJbHEWUIEr0 CMEIeHUs] TOTOKOB JKHUIKOCTH
W rasa, IpuyYeM B IMOTOK Ta3a J0 CMELIEHHS ero ¢
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ITOTOKOM YKHJIKOCTH TOJAIOT JOMOJHUTEIbHBIN I10-
TOK JKHIKOCTH TIOJ| NaBJICHUEM, PaBHBIM JaBJICHUIO
[I0/ICAChIBAEMOTO Ta3a, MIPU 3TOM Pacxoj JAOMOIHH-
TEIBLHOTO MOTOKa >kuakocTu coctabmsger 0,01-1,15
OT pacxojia MmoicackiBaeMoro rasa [1]. 9toT cmocod
MMeeT, KaK TOKa3ali TOCIeIyIoIne KCIIepUMEH-
TaJbHbIE HCCIEOBAHNS, OTPAaHUYEHHYIO 00J1acTh MpHU-
MeHEHUsI ¥ HU3KHe ()yHKIIMOHAIBHBIE BO3MOYKHOCTH.

Hpyroii croco® paboTHl KUAKOCTHO-Ta30BOTO
KEKTOpa 3aKJII0YAeTCs B OTKAUKe ra3a HarHETaeMo
B COIUIO KEeKTopa pabodell KUIKOCThIO, B Ka4eCTBE
KOTOPOW HWCHOJB3YETCs YTIIEBOAOPOI0COIEpIKAIIIas
XKHUJKOCTh — KaIlpoJaKTaM, TPU 3TOM COJepXKaHHe
KarpoJiakTama B paboueil )KUIKOCTH COCTABIISET
He MeHee 75 % 1o Macce, a coiep)KaHue IMpuMe-
ceil — octanpHOe [2]. JlaHHBIH crTocO0 MMeeT HH3-
KyI0 3Q(QEKTHBHOCTD, 8 TaKKe OTrpaHHYCHHYIO 00-
JacTh MPUMEHEHHS U3-3a BBICOKOW IICHBI U TOKCHY-
HOCTH KaIpoJiaKTama.

Eme oauH croco6 pabGoThl KUIKOCTHO-Ta30BOTO
KEKTOpa COCTOUT B OTKAuKe ra3a HarHeTaeMou B
COILIO KeKTopa pabouel KUIKOCThIO, B Ka4eCTBE
KOTOPOHM HCHONB3YyeTCsS YTIIEBOIOPOJOCOaepIKAIIAs
XKHUAKOCTh, COAepxkamiasi cMech OeH301a, TOMYO-
Ja, KCHIJIOJOB M XUIKUX yTieBomoponoB oT Cs
no Cio IpU CIIEAYIONMEM COOTHOIIEHHH KOMIIOHEH-
ToB (Macc. %): 6enson 20—40; tomyon 10-25; kcu-
nonel 2—-10; nmpumecu 1-9; cMech KUIKHUX YIIJIEBO-
mopoaoB oT Ce mo Cio — ocrampHoe [3]. Kak u mpe-
JbIAyIINE, criocod UMeeT HU3KYI0 d(QEKTUBHOCTS,
00J1acTh MPUMEHEHUS U OTPaHMYEHA M3-3a BBICOKOH
LIEHBI UCTIONB3yEMOU YTIIEBOIOPOIOCOIEPIKAIICH KU I-
KOCTH, SIBJISIFOIIENCS K TOMY JK€ S/TIOBHUTHIM W KaH-
LIEPOT€HHBIM BEIIECTBOM.

Hmzko a¢ddexTrBen n orpanuyeH B 00nacT npu-
MEHEeHHS 110 IPUYIMHE BBICOKOH 1E€HBI, TOKCHYHOCTH
1 KaHIEPOTEHHOCTH HCIIOIb3yEeMOIl YIIIeBOI0pOIO0-
coJieprKaliel KHUAKOCTH crocold paboThI JKUIKOCTHO-
ra30BOT0 KEKTOpa, BKJIFOUAOIIMIA OTKAYKy Ta3a Ha-
THETAeMO B COIUIO PKEKTOpa paboUeit KUIKOCTHIO,
B Ka4eCTBE KOTOPOM HCMONB3YyeTCs YIIEBOJIOPONIO-
coJieprKalast KUAKOCTh C aJKIIOSH30JI0M, COJeprKa-
HHE KOTOPOTO B pabodeil KHUIKOCTH COCTABIISET HE
MeHee 75 % 1o Macce, a cojep)kaHue ImpruMeceil —
ocranbHOe [4]. U3BecTHBIN cmocod nMeer

Haxoneri, ManospheKTHBHBIM SIBIIIETCS CIOCO0
paboThl KHUIKOCTHO-Ta30BOTO KEKTOPA, BKIIIOYAIO-
MK OTKAYKy T'a3a HarHETAeMOW B COILIO MKEKTOpa
paboyeii )KUIKOCThIO, B KAYECTBE KOTOPOH HCIOIb-
3yeTcsl BOJa, BCIEACTBHE HEIOCTATOYHO WHTEHCHB-
HOTO MEePEMEITUBaHMsI BOJbI M OTKAYMBAEMOTO ra3a.

HAYKW O 3EMJIE

HauGonee mepcneKTHBHBIM Ui ATBHEUIIETO
VIAYUIICHHS SBIIIETCS CIOCO0 pabOTHI KUIKOCTHO-
ra30BOr0 KEKTOPA, BKIHOYAMOIINN HarHETaHUE Pa-
00uYei )KUKOCTH CHIJIOBBIM HACOCOM B COIUIO KEK-
TOpa, OTKAYKY Ta3a MKEKTOPOM, CO3/IaHue, TUCTIep-
TUPOBAHUE U MOBHIIIEHNAE JABJICHUS Ta30’KUIKOCTHOM
CMECH MKEKTOPOM C HMCIOJIb30BAHUEM B KauecTBE pa-
0ouell KUIKOCTH BOIAHBIX PACTBOPOB COJel [6], XOTS
U OH UMeeT HU3KYI0 3(PGEeKTUBHOCTH MO MPUIMHE
HEJOCTAaTOYHO MHTEHCHUBHOTO SHEProoOMEHa MEX-
Iy pabodei )KUKOCTBIO U MKEKTUPYEMbIM T'a30M.

1. Llenb n meTtoabl paboThl

Lens paboTel — pa3paboTka METOAOB MHTEHCH-
(dbuKanuy 3HEProoOMEeHa MEX Ty ITOTOKaMH pabodeit
JKUJIKOCTH M OTKauHWBAaEeMOro T'a3a U, COOTBETCTBECH-
HO, TOBBIICHUE YP(EKTHBHOCTH PabOTHI JKUIKOCTHO-
ra30BOT0 KEKTOpa

YkazanHas mpobJeMa perraeTcsi TeM, 4TO B CIIO-
cobe paboThI KUIKOCTHO-Ta30BOI0 3KEKTOpa, BKIIO-
YaloleM HarHeTaHue paboueil MKHUIKOCTH CHIIOBBIM
HAacCOCOM B COILIO »KEKTOPa, OTKAYKY ra3za 33KeKTO-
POM, CO3JIaHHUE, AUCTICPTUPOBAHUE U MTOBBIIICHHUE JaB-
JICHUS Ta30’KUIKOCTHOM CMECH KEKTOPOM C HCIIOJb-
30BaHHEM B KadeCTBE pabodeil >KMIKOCTH BOIHBIX
pacTBOPOB COJICH, 3HAUCHUS] KOHIICHTPAIIUH U CO-
CTaBa coJyiell B paboueii )KUAKOCTH TMOJICPKUBAIOT B
npejenax o0JIacTH palMOHATBHBIX KOHIICHTPAIHA 1
COCTaBa COJEH, B KOTOPOU JOCTUTAXOTCS MOBBIILICHHBIE
BENIMYMHBI KO3 durmenTa nonesnoro aericteust (KI1JT)
MKEKTOpA.

Kpome Toro, B cnabommHepann3oBaHHBIE BOJ-
HBIE pacTBOPHI JOOABISAIOT COJIM, & CHILHOMHHEPA-
JIM30BAHHBIC BOJHBIC PACTBOPBI Pa30aBISIOT Mpec-
HBIMH BOJIaMH.

Taxke B KauecTBe pabodel JKUIKOCTH MOMKHO
WCIOJb30BaTh SIBISIONINECS BOJHBIMH PacTBOPAMU
colleil IIacTOBbIe W/WIN MOMYTHO A00BIBaEMBbIE BO-
Il HE(PTAHBIX, Ta30BBIX, TA30KOHIEHCATHBIX U Me-
TaHOYTOJIBHBIX MECTOPOXKACHHH, €CJIM COCTaB U KOH-
LEHTpaIHs coJield B HUX HaXOJATCS B Mpeenax o0-
JIACTH PAIlOHATBHBIX KOHIIEHTPAIlMd W COCTaBa CO-
Jel, B KoToporr obecneunBaercst nopbimenne KI1J]
KEKTOpA.

B ogHOM M3 BapuaHTOB crioco0a B MOTOK pado-
Yeil JKUJIKOCTH W/WIK ra3a A00aBJIAIOT MeHOo0pasy-
IOIMe TIOBEPXHOCTHO-akTHBHEBIE BemiecTBa ([IAB).
B npyrom BapuanTe — rpaHHIBI 00JIACTH PAIlMOHAE-
HBIX KOHIIEHTpallMi M cOCTaBa COJIEM MpeBapUTEb-
HO OMNpPENENSIOT IyTEM IPOBEISHUS Ta00paTOPHBIX
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CTEHOBBIX HCCICIOBAHUI XapaKTEPUCTHUK KUAKOCTHO-
ra30BbIX 3KEKTOPOB.

JlomycTUMO TpaHHUIlbl 00JACTH paliOHAIBHBIX
KOHIICHTpAIil U cOCTaBa COJEH OMpeneisaTh, UCXO-
Il U3 yCIOBHs, 4yTO nomyctumoe cHipkeHnue KIIJ]
KEKTOpa B ONTHMAIHHOM pEXHUME Ha TpaHUIax
00J1aCTH 10 CPaBHEHHUIO C €r0 MaKCUMAJIbHBIM 3Ha-
YEeHHEM COCTaBIIIET He Ooee 5 %.

B xadecTBe emme 0THOTO BapraHTa OTKAYKy rasza
MIPOBOJIAT MPHU NABICHUU Trasa, MPEBBIIIAIONIEM aT-
Moc(hepHoe AaBJICHUE.

2. PesynbTtartbl

JlocTuraemMple TEXHHYECKUE PE3yJIbTAThl 3aKIIIO-
YaloTcsl B TTOBBINICHUH () (HEKTHBHOCTH KHKOCTHO-
ra3oBOro »KeKTopa MyTeM obecredeHus ero pado-
THI B 00JIACTH PallMOHAJBHBIX KOHIEHTPAIMH U CO-
CTaBa COJIel, B KOTOPOW JOCTHraeTcs WHTeHCH(DHU-
Kalusl SHeprooOMeHa Mexay paboueil >KUAKOCTHIO
U 2)KEKTHPYEMBIM T'a30M.

CymHOCTh METOHa TOSCHSACTCS PUCYHKAMH:
Ha puc. | mpexncTaBieHa cxema yCTpOUCTBa AJIs pe-
aM3aluy METO/Ia, Ha PHC. 2 — BAPHAHT yCTPOKUCTBA
IUIS peal3aliii MeTo/ia, Ha puc. 3 — CTEHIOBbIE Xa-
PaKTEPUCTHUKH KUJKOCTHO-TA30BOTO MKEKTOpA TP OT-
Kauke rasa, Ha puc. 4 — mpuMep onpeaeeHus odna-
CTH PalMOHAIBHBIX KOHLEHTPAIWA 10 rpauKy 3aBH-
cumoctu 3HaueHuil KIIJI sKMIKOCTHO-ra30BOr0 :KEK-
TOpa B ONTHUMAIBHBIX PEKUMAaxX OT KOHLEHTPAaLUU
coum.

Puc. 1. Cxema ycTpoicTsa ojis peannsaumm metona
[Figure 1. Scheme of the device for implementing the method]

YerpoicTBo uis peanuzanuu crocoba (puc. 1)
COZIEPKUT CUJIOBOM Hacoc (/), >KUIKOCTHO-Ta30BbIH
PKEKTOp (2), a TaKKe JMHUIO MMOJIadl pabovelt sKu-
KOCTH — BOJHBIX PacTBOPOB couiei (3), JIMHUIO IO-
Jnaud Taza (4) ¥ JTMHHUI0 3aKa4KH Ta30KUIKOCTHOM
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cmect (5). K nuanm nmonaum padoyeii sxuaxoctu (3)
MIPUCOETUHEHA JIMHKS Toa4qu coH (6) ¢ 6akom (7),
3aIBMKKON (8) ¥ BOPOHKOW IS 3aCBIKH coH (9),
a TaKKe JIMHHS MoJayu npecHoi Boabl (/0) ¢ 3a-
nBwkkod (/1) m muaus momaum ITAB (12) ¢ 3a-
IBWKKOH (13).

B npyrom BapuaHTe BBIIIOJIHEHUS YCTPOUCTBA K
JIMHUY TI0/1a4u Ta3a (4) moakitodeH kommpeccop (14)

(puc. 2).

Puc. 2. BapnaHT yCTpOICTBa 4Nns peanndaumm metoaa
[Figure 2. A variant of the device for implementing the method]

APc/APp, n

Uex

—&— APc/APp - pacTeop [solution of] 0,5% NaCl == 1 - pacTBop [solution of] 0,5% NaCl

=& APc/APp - pacTeop [solution of] 6,62% NaCl;  —@=n - pacTeop [solution of] 6,62% NaCl;

Puc. 3. XapakrepucTunkm xXmnakoCTHO-ra3oBoro axekropa
[Figure 3. Characteristics of a liquid-gas ejector]

Croco6 paboThl )KHIKOCTHO-TA30BOTO KEKTO-
pa OCYIIECTBISIOT CIEAYIOUIMM 00pa3oM.

Harnerator pabouyto >KUAKOCTH CHJIOBBIM Haco-
coMm (/) m3 nmuaMH mogadu (3) B COIIIO KUAKOCTHO-
ra3oBoro 3«ekropa (2), KOTOpPbIM OTKaYUBAIOT Ta3
13 Ta30BOH HHUHM (4). DKeKTopoM (2) CO3/IaI0T, JHC-
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MEPrUPYIOT U MOBBIIAIOT JAABICHUE Ta30KUAKOCTHON
CMECH, HaIpaBIIsAs €€ B TUHUIO 3aKavKH ().

3HaueHHs] KOHIICHTpAIlM U COCTaBa COJICH B
BOJIE B Ipezaenax o0JacTh paluOHAIBHBIX KOHIICH-
Tpamuid ¥ cOCTaBa COJIel 0OECTIeYNBAIOT TaK.

Jist cmaboMuHepaM30BaHHBIX BOJI 3TO OCYIIECT-
BIIIOT ITyTeM J00aBiIeHUs coiel B Boay. Ilpu aTom
yepe3 BOPOHKY (9) HachIMarOT HEOOXOIUMOE KOJH-
YEeCTBO cOJM TpedyeMoro cocTaBa B 6ak (7). Tam comb
pacTBopsieTcs B BOJE W 3aTeM MO JIMHUM (6) ¢ OT-
KpBITOH 3aABMKKOI1 (&) MOCTyHaeT B JIMHUIO MOJIa4H
Boxel (3) W majee Ha BXOA CHIIOBOTO Hacoca (7).
3ansuxku (/1) u (13) mpu 3TOM 3aKpBITHI.

JA7nst cUIbHOMHUHEPAIN30BAaHHBIX BOJ 3TO MPOU3-
BOIIAT yTeM HMX pa30aBlIeHHs MPECHBIMUA BOJAMHU.
[Ipecuyro Boxy momaroT 1o tHWUH (/()) ¢ OTKPHITOH
3anBrxkoit (/7). 3agsuwkku (/0) u (/2) npu sToMm
3aKPBITHI.

Hcnonp3ytoT Takke HalpapisieMble 10 JTHHUH (3)
TUIACTOBBIE /WM TIOIYTHO JOOBIBAEMBIE BOJBI HETSI-
HBIX, TA30BBIX, TA30KOHACHCATHBIX U METaHOYTOJIb-
HBIX MECTOPOXKICHUH, €CIIM COCTaB U KOHIIEHTpa-
IAS COJIEH B TTACTOBBIX W/WIJIM TIOITyTHO MOOBIBae-
MBIX BOJIAaX HAaXOASTCS B Ipeaenax o01acTH pamuo-
HaJBHBIX KOHIEHTPAIM M COCTaBa COJEH, B KOTO-
poit obecnieunBaeTcs mosbeimenne KIIJ 3xexropa.
3ansuxku (§), (/1) u (/3) npu 3TOM 3aKPHITHL.

B psze ciydaeB sKcIutyaTaudy B TOTOK BOJBI
W/WUTH Ta3a AOTOJHUTEIHFHO TOOABIISIOT MTEHO00pa-
3ytouue [1AB, Hanpumep B mOTOK paboueil kuaKo-
¢ty 1o nuHuu (/) ¢ OTKpBITON 3aaBUkKOH (/3). 3a-
IBWKKH (8) 1 (/1) Ipy 3TOM 3aKPHITHL
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. B

0 2 4 6 8 10
C, % macc.
C, % mass

Puc. 4. MNMpumep onpeaeneHus obnactun
paunoHasbHbIX KOHLEHTPaLumi no rpaduky 3aBUCMMOCTHU
3HavyeHun KMNAO XnaKoCTHO-ra3oBOro 9ekropa
B ONTUMAaJIbHbIX PEXMMaX OT KOHLLEHTpauumn conm
[Figure 4. An example of determining the region of
rational concentrations according to a graph of
the dependence of the efficiency values of a liquid-gas ejector
in optimal conditions on the salt concentration]

HAYKW O 3EMJIE

Hnst nononautensHoro nosbimenus KI1/1 axex-
TOpa OTKA4Ky Ia3a MPOBOIAT TaKXKe IPU IABICHUU
rasa, TpeBbIIIaromeM armocepHoe naBienue. JlaB-
JIEHWE ra3za Ha MpHeMe KUAKOCTHO-Ta30BOT0 IKEK-
Topa (2) mpu 3TOM YBEJIUYMBAIOT C MOMOIIBIO KOM-
npeccopa (/4).

B BapuanTe crioco6a rpaHUITBI 00IACTH PAIHO-
HaJIbHBIX KOHLEHTPALU M COCTaBa COJei mpenBa-
PHUTENBHO ONPEIEIAIOT IIyTeM IIPOBEAEHHS J1abopa-
TOPHBIX CTEH/IOBBIX HCCIICIOBAHUI XapaKTEPHCTHK
JKHJKOCTHO-Ta30BbIX 33KeKTOpOB. JlabopaTopHsie nc-
CJICZOBAHMS MPOBOAAT HA CHELUATIBHBIX CTCHAAX, TI03-
BOJISIFOIIMX TOJyYaTh HAOPHO-3HEPreTHYeCKUe Xa-
PaKTEpUCTUKHU CTPYHHBIX anmapartos [7; 8].

3. 06cyxaeHue

Wrax, B kagecTBe paboueii KUIKOCTH HCITONb3Y-
0T BOJIHBIE PAacCTBOPHI COJIEH, MEHSS UX KOHIIEHTpPA-
LIUIO U COCTaB B Mpolecce 3KkcnepuMeHToB. Ilo gan-
HBIM 3THX HCCIIEIOBAaHUI CTPOST HAIOPHO-dHEPIeTH-
YeCKHe XapaKTePHCTUKH JKUIKOCTHO-Ta30BbIX 3KEKTO-
poB u 3aBucuMoctd KI1/] sKUIIKOCTHO-T'a30BbIX 3KEK-
TOPOB OT KOHIIEHTPAIINU U COCTaBa coJiei B paboueii
KHUIKOCTH.

Ha puc. 3 mpencraBieHsl B KauecTBe MpUMepa
MOJTyYeHHBIC TIPU JTa00PaTOPHBIX CTEHJIOBBIX UCCIIEIO-
BaHMSX 3aBUCUMOCTH OTHOCHUTEIBHOTO Haropa APJ/AP,
u KIIJ 1 ot xoadpdunmenta umxekumu raza Uy 1uis
KEKTOpa ¢ JUaMeTpoM coria d. = 3,6 MM, IuameT-
POM KaMephl CMEIIeHUs dic = 5,4 MM TIpHU OTKadKe
BO3IyXa M3 aTtMoc(hepsl CTpye BOIBI C MacCOBO
konnentparwmeit NaCl, cocrapmstrortieii 0,5 %, u ctpyeit
BOJBI ¢ MaccoBoil koHmeHTpanmeld NaCl, cocraB-
nsrornent 6,62%. 3HadeHns TaBaeHus paboyeit KUIKo-
ctu P, mepex comtom coctasns 1,3—1,35 Mlla,
pacxona paboueil XHAKOCTH (), Yepe3 COII0 —
1,07-1,08 m’/u.

HabmomaeTcst 3aMeTHOe yIydIIeHHe XapakTe-
PUCTHK XHUJIKOCTHO-Ta30BOTO KEKTOpA MPU OTKAY-
Ke ra3a cTpyei 0oJee coJIeHOM BOABI TI0 CPABHEHHUIO
C 2KEKTUPOBAHUEM Ta3a CTPYe MaJIOCOJIEHOM BOJBI.
OTO CBf3aHO C YJy4IIEHHEM JHEProoOMeHa MEXIY
CTpyel paboueil )KUIKOCTH H OTKaYMBACMBIM T'a30M
B 00JIaCTH pallMOHAIBHBIX KOHIICHTPAINHA TTOBAPEH-
HOM comu.

Ha puc. 4 nmokasaHo, kak 1o JaHHBIM j1abopa-
TOPHBIX CTEHJIOBBIX MCCIIEOBAHUHN ONPEIEISIFOT Tpa-
HUIIBI 00JIaCTH PalMOHATFHBIX KOHIIEHTPAUN COJIH.
Ha rpadux nanecensl 3nauenust KI1/I 3xekTopa B
ONTUMAJBHBIX PEKAMaX B 3aBUCUMOCTH OT KOHIIEH-
Tpaluu ToBapeHHOM coiiu. JIeByro U mpaByro TpaHU-
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LBl PAJMOHATIGHON 00JaCTH HAXOIAT U3 YCIOBHS, YTO
nonyctumoe cHuxenue KIIII axexTopa Ha rpaHu-
ax 00JacTH MO0 CPaBHEHHUIO C €r0 MaKCUMallbHBIM
3HAaYeHUEM COCTaBIsieT He Ooree 5 %.

Jnis maHHBIX Tpaduka Ha puc. 4 eBas rpaHUIla
00JacTH parMOHATBFHBIX MAaCCOBBIX KOHIICHTPAIUI
conu coctasisiet 6 %, mpaBoit — 8,8 %.

AHaIOTHYHBIM METOJIOM OTIPEIETISIFOT ¥ TPaHHUITBI
obJacTeil pallOHAIBHBIX COCTABOB COJICH.

[IpakTryeckoe mMpUMeHeHne pe3yIbTaToB UcCIIe-
JIOBaHHH B MEPBYIO OUEPElb aKTYyaTIbHO ISl PEILIEHUS
OJTHOW M3 BOKHEUIMX TpoOieM He(TIHON MPOMBIII-
JIEHHOCTH, KOTOPOI1 SBIISIETCS] HEPAIIMOHAIBHOE CXKH-
ranue nomyTHoro Hedrsuoro rasa (ITHI') Ha daxe-
nax. B mupe cropaet oxomno 150 mapx m® ITHT exe-
romao. B 2017 r. B Poccun cropeno B dakemax
12,9 mapa M°, wmm 13,1 % ot obmueit no6srau ITHI [9].
Bwmecre ¢ TeM yTHIN3MpOBaTh HU3KOHAMOPHBIHN ra3
MOXXHO C TIPUMEHEHHEM MPOCTHIX 10 KOHCTPYKITHH
U HaJeKHBIX CHCTEM, COAEP KALINX HACOCH M KU/~
KOCTHO-Ta30Bble »kekTopbl [10]. IloMmumo ytumm-
3anuu [THI B razomnpoBox winu HeGpTecOOPHBINA KO-
sektop [10; 11], mepCIIeKTHBHBIM BapHAHTOM HCIIOJb-
30BaHUs MOIMYTHOI'O ra3a ¢ MOMOIIBIO YKUJIKOCTHO-
ra30BBIX 3’KEKTOPOB SBISAETCS BOJOTa30BOE BO3/IEH-
cTBre Ha miacT [12-14]. JlanHas 3amada umeer 00ib-
II0€ MIPAKTHYECKOE 3HAYCHHE W JJIS pallMOHAIbHOMN
SKCIUTyaTaluy He(TSHBIX CKBAKWUH, 000PYIOBaHHBIX
YCTaHOBKaMU TMOTPYKHBIX JIEKTPOIEHTPOOEIKHBIX
HACOCOB C MKeKkTopamu [15], mpu oTkauke raza u3
3aTpyOHOr0 MPOCTPAHCTBA B KOJIOHHY HACOCHO-KOM-
MIPECCOPHBIX TPYO.

3aksnouyeHne

IIpemnosxeHHass METOOIOTHSL TO3BOJISET TOBBI-
CHUTb 3(PPEKTUBHOCTH PAOOTHI KUAKOCTHO-TA30BOTO
KEKTOpa MO CPABHEHUIO C M3BECTHBIMH TEXHHYE-
CKUMH DEIICHUSIMH. DTO NOCTHraeTcs 3a CYeT WH-
TeHCU(UKALIMK HEProoOMeHa MEXIy padouer Kua-
KOCTBIO U 3’)KEKTUPYEMBIM I'a30M C UCIOIb30BaHUEM
B KayecTBe paboueil )KUAKOCTH BOAHBIX PacTBOPOB
coiieil. 3HaUCHMSI KOHIICHTPAIIMKA U COCTaBa COJiei B
pabouyeil )KUIKOCTH MOJICPKUBAIOT B TpeAenax ooa-
CTH pallMOHAJIBHBIX KOHIIEHTPAIlMK U COCTaBa COJIeH,
B KOTOPOH JOCTHTalOTCS IMOBBIIICHHbIE BEIHMYUHBI
KIIA axekropa. B cnabomuHepann3oBaHHBIE BOJI-
HBIE PAacTBOPbI JOOABISIOT COJHM, & CHIBHOMHUHEPA-
JIM30BaHHBIC BOAHBIE PAacTBOPHI Pa30aBIAIOT Ipec-
HBIMH BoJlaMU. B kaudecTBe pabodeil >KMIKOCTH HC-
MOJIB3YIOT SIBIIIIOIIUECS] BOAHBIMHM PacTBOPaMH CO-
JIeH TUIaCTOBBIE M/MJIM MOITyTHO A0OBIBA€MbIE BOIBI
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HE(TAHBIX, TA30BBIX, FA30KOHIEHCATHBIX H METaHO-
YIOJIBHBIX MECTOPOXKACHUM, €CIIM COCTaB U KOHIICH-
Tpauus coyiell B TUIACTOBBIX H/WMJIM TIOIYTHO JOOBI-
BaeMBIX BOJAX HaxoIsATcd B MpeAenax o0iacTu pa-
LMOHAJIBHBIX KOHLIEHTPALMK U COCTaBa COJIEH, B KO-
Topoii obecrieunBaeTcs nosbimenne KI1J a»xexTopa.
B moTok paboueii )KUAKOCTH W/WIIK Ta3a J00aBIISIOT
neHooOpa3zyromue [TAB. ['panunbr obnactu pammo-
HaJIbHBIX KOHIIEHTpalMi M cocTaBa COJied mpenBa-
PUTEIBHO ONPEAETIIOT MyTeM MPOBEACHHUs J1abopa-
TOPHBIX CTEHAOBBIX HCCIENOBAaHHM XapaKTEPUCTUK
SKUJKOCTHO-Ta30BbIX 3KEKTOPOB.
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The proposed solution relates to fluidics and can be used, for example,
in the extraction of oil and gas, the collection and preparation of oil, gas and wa-
ter, the extraction of methane from methane beds, oil refining. The technical result
is to increase the efficiency of a liquid-gas ejector by ensuring its work in the field
of rational concentrations and salt composition, in which the intensification of
energy exchange between the working fluid and the ejected gas is achieved.
The essence of the proposed solution: the method of operation of a liquid-gas
ejector involves injecting a working fluid with a power pump into the ejector noz-
zle, pumping gas with an ejector, creating, dispersing and increasing the pressure
of a gas-liquid mixture with an ejector using aqueous solutions of salts as a wor-
king fluid. The values of the concentration and composition of salts in the wor-
king fluid are maintained within the range of rational concentrations and com-
position of salts, in which increased values of the efficiency of the ejector are
achieved. Salts are added to the weakly mineralized aqueous solutions, and
the highly mineralized aqueous solutions are diluted with fresh water. As the wor-
king fluid, the formation and/or incidentally produced waters of oil, gas, gas con-
densate and methane-coal deposits, which are aqueous solutions of salts, are used
if the composition and concentration of salts in the produced and/or incidentally
produced waters are within the range of rational concentrations and composition
of salts in which provides an increase in the efficiency of the ejector. The bounda-
ries of the field of rational concentrations and salt composition are preliminarily
determined by laboratory bench studies.
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