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YK 621.436.12
OneHKa TeXHIYECKOr0 COCTOSIHUS IN3e/Is1 METOI0M ONMOPHBIX BEKTOPOB
M.H. Ilan4yenko, B.B. I'paues, A.B. I'puiienko
OI'BOY BO «IletepOyprekuii TOCYAAPCTBCHHBIA YHABCPCHTET My Tel cooOmenna MmnepaTopa Anekcanapa [»
Diesel engine technical state assessment by the support vector machine

M.N. Panchenko, V.V. Grachev, A.V. Grischenko

Emperor Alexander I St. Petersburg State Transport University

IIpobnema KOHMPOIS U NPOCHOIUPOBAHUSL USMEHEHUS] MEXHUYECKO20 CO-
CMOSIHUSL. MPAHCNOPMHO20 OU3ejisi 8 npoyecce sKcnryamayuu 6e3 ucnoib306d-
HUSL OOPO2OCMOSIYUX CPeOCm8 DOPMoBoll OUACHOCMUKYU He mepsiem C8oeli dK-
myaneHocmu. CogpemeHHbie Cucmemvl YNpaeieHus OU3eabHbiX ogueamereii 00-
pabamuieaiom OOILULOT 00BEM UMEPUMeTbHOl UHpOpMAyUL, KOMOPLI MO-
oicem Obimb UCNOTBL30BAH O] (POPMUPOBAHUSI BEKMOPA OUACHOCMUYECKUX NPU-
3HAKOB U NOCIeOYVIOWell ABMOMAMUYECcKoll UOeHMUpUKAyUYU COCMOSHUSL Y3108 U
cucmem ogueamersi ¢ UCNOIb308AHUEM MEMOO08 MAUMUHHO20 0DYyYeHus. B cma-
mbe paccmomper cnocod uoeHmuurayuy COCMOosIHUSL MENI0803HO20 OU3eIs NO
pesyrvmamam wavelet - ananuza Kpueoti HANPSICEHUSL HA 8bIX00€ UMNYTbCHOSO
OamyuKa 4acmomvl SPAULEHUS KOJCHYAMO20 8dld C UCNONB30GAHUEM MEmood
ONOpHBLX 8eKMOPOE. Hcnonv306anue TUHeH020 KIldccuguramopd, CuHme3upo-
BAHHO2O C UCNONB30BAHUCM OAHHO2O Memood, obecneyusaem UoeHmupurayuio
COUHUYHBIX OMKA308 ¢ moyHocmvlo 00 [00%, muoxcecmeeHnvlx OMKA308 ¢

moyunocmuio 75-100%.

Kroueswie ciosa: ousenviviil Oeueameﬂb, OYEHKA MEXHUUECKOCO COCNOA-

HUsl, HEUPOHHbIE Cemu, MemooO ONOPHBIX 8EKIMOPOB.

The problem of monitoring and forecasting changes in the technical con-
dition of the transport diesel engine in the process of operation without using
expensive on-board diagnostics does not lose its relevance. Modern control sys-
tems for diesel engines handle a large amount of measurement information that

can be used to form the vector of diagnostic features and subsequent automatic



identification of the state of the nodes and engine systems using machine learn-
ing techniques. In the article the way of identification of diesel locomotive diesel
locomotive by the results of wavelet - analysis of the voltage curve at the output
of the impulse speed sensor of the crankshaft using the support vector machine
is considered. The use of a linear classifier synthesized using this method pro-
vides identification of single failures with an accuracy of 100%, multiple fail-

ures with an accuracy of 75-100%.

Keywords: diesel engine, reciprocating engine, technical condition as-

sessment, neural networks, support vector machine.

Onenka kauecTBa pabovero npouecca B UIMHIPAX MHOTOLMIMHAPOBOTO
TPAHCIOPTHOTO AU3EIISI MO U3MEHEHUIO MTHOBEHHOW YaCTOThI BPALLIEHUS KOJICH-
YaToro Bajia Mo-MpeKHEMY OCTACTCS AKTYAIBHOW 3a1a4€i, MOCKOIBKY MO3BOJIS-
€T NOBBICUTH MAPAMETPUUECCKYIO HAAC)KHOCTh KaK JBUTATENS, TAK U TPAHCIOPT-
HOTO CpEeACTBA B IEJIOM 0O€3 MCMONb30BAHUS JOPOrOCTOSIIIMX amnmapaTHbIX
CPEICTB KOHTPOJIS NApaMETPOB paboyero npouecca OTASIbHBIX IAIUHAPOB.

B npocreiiiem ciiyyae oHa nmpeAcTaBisieT coO0i 3aaa4y IByMEpHOi (Ou-
HAPHOM ) KiTaccu(PUKaIMU, COCTOSIIYIO B OTHECEHUH BEKTOPA AMArHOCTUYECKUX
npusHakoB X = {x° ...x™} mu3ens Kk OMHOMY U3 IBYX KJIA4CCOB COCTOSIHMI («HC-
NpaBeH» WM «HEUCHPABEH»). PemaroTcs Takue 3aJadyd C MCHOJb30BAHUEM
KJIACCU(PMKALMOHHBIX aJITOPUTMOB MAIIMHHOTO o0yuyeHus [1] (kmaccudukaro-
POB), ONMPEACIAOIIMX TEKYIIEE MOJOKEHUE BEKTOpPa X MUArHOCTHYECKHUX MPH-
3HAKOB B /M-MEPHOM MPOCTPAHCTBE COCTOSIHUH OOBEKTA AMATHOCTUKHA OTHOCH-
TenbHO m-1 — MepHoit nosepxHocty Z = f(x°,...,x™ 1), pasnensromeii knac-
CBhI COCTOSTHUIA.

JUts onpeneneHus KOOPAMHAT TMOBEPXHOCTH Z MOTYT MCMOJIb30BATHCS
pasnuuHbie MeTOAbl (HauBHBIA baiiecoBckuii knaccuduiartop, k-Onmvkaimmx
cocenei, IepeBO PEUICHHIA, METO/I OMOPHBIX BEKTOPOB, HEHPOHHBIE CETH U T.1. ),

N3 KOTOPBIX HanOOJIbIIICE BHUMAHUE HUCCIIC0BATEIICH IIPUBJICKAIOT B HACTOALLICC



BpeMSs (M BIOJHE 3aCITYKEHHO) METO/IbI, UCIOJB3YIOIIME anmnapaT UCKYCCTBEH-
HbIX HelpoHHbIX ceteid (HC) [2,3.4]. Onnako, Hapsay ¢ O€3YCIOBHBIMM JTOCTO-
WHCTBAMU (pacnapauicIMBAHUE BBIYMCIICHUN, YHUBEPCAIBHOCTh MO OTHOLIE-
HUIO K PA3MEPHOCTH U (POPME pa3aeIIIOIEH MOBEPXHOCTH, aJalITUBHOCTD, €11~
HOOOpa3Hue MOIX0A0B K (POPMUPOBAHUIO CTPYKTYPHI, OOYUEHHIO U Mepeolyye-
HUIO CETH U JIP. ), HEHPOCETEBBIE METOIbI KJIaCCU(PUKALMHU XaAPAKTEPUIYIOTCS, 10
KpaitHeil Mmepe, omHuM 00IMM HeaocTaTkoM. OH 3aKIH0YaeTCs B TOM, YTO HEOO-
XOJUMBIM YCIIOBUEM BBICOKOTO KadecTBa OOYUYEHHMS] HEHPOCETEBOro Kiaccudu-
KaTopa SIBJISICTCS 3HAYMTEIBbHBIA (OT HECKOJIBKUAX JECATKOB /10 HECKOJBKHAX CO-
TEH 00pa3LoB I KaKIOTO Kacca COCTOsTHUS) 00beM oOyuaromeil BeIOopku. B
OTJMYME OT CUCTEM MEIMIMHCKON AMArHOCTHKH M CUCTEM pacro3HaBaHUs 00-
pa3oB, (OPMHPOBAHME BBHIOOPOK TAKOTO OOBEMA JUISi CUCTEM JTUATHOCTUKH
CJIO’KHBIX TEXHHUYECKUX OOBEKTOB, K KOTOPBIM OTHOCATCSI TPAHCIIOPTHBIE TU3ETH
000K MOIIHOCTH, MPEACTABISIET OYEHb CEPhE3HYI0, BO MHOTMX Cly4yasx He-
paspelmmMyro npoodsiemy.

MeTon ONOpHBIX BEKTOPOB (Support Vectors Machine ) mO3BOJSET Onpe-
JEJINTh KOOPAUHATH ONTHMAJIBHON pa3eNIOICi TMIEPITIOCKOCTH Z € UCTIOJb-
30BAHMEM TOJIKO OMmmkalimx K Heil o0pa3noB oOywaromiei BBIOOPKH, TpH
3TOM OCTaJIbHBIE OOPA3LBl HE MCHOJIB3YIOTCS, YTO MO3BOJISIET CYIIECTBEHHO (B
pa3bl) YMEHBIIUTHL 00beM O0yYaroNieid BEIOOPKH, HEOOXOAUMBINA Il OOYUYCHUS
Knaccuukaropa. B 3aBUCMMOCTH OT pacmoyioKeHHs 00JiacTeil mpOCTpaHCTBA
NPU3HAKOB, COOTBETCTBYIOIIMX PA3JIMYHBIM KJIacCaM COCTOSIHUS JIBHTATENIs,
oOyJaromast BBI0OOPKa MOXKET ObITh TMHEHHO Pa3ICIMMON U HEPA3ICTUMOHN.

Paccmotpum ciyuali nmuHelHO pazaenuMoi BeIOOpkM [S]. MmeeTcst BbI-
Oopka (IPU3HAKK) X;, TIE X; € R” U MHOKECTBO OTBETOB (KJ1accoB) y; € {-1, 1},

i=1, ...,/ Heobxoaumo moCTpOUTh JUHEHHBIN MOPOTOBBIN KiacCupuKaTop:

a(x) = Slgn(Z] L wjx! a)o) = sign({w, x) — wy), (1)

10



rae x = (x', ..., X™) — npu3HakoBoe omucanue o0bekTa X, ® = (®!, ..., ®™) € R™
— HOPMAJIBHBIN BEKTOP THITEPINIOCKOCTH U (O — CKAISPHBIHN ITOPOT.
VYpaBHeHuE (W, X) — Wy = 0 OMHUCHIBACT TUICPILIOCKOCTD, Pa3CIIAIOIIYIO
KJIacChl B IpocTpaHcTBe R™. Pa3MEPHOCTD THIIEPIITIOCKOCTH paBHA m-1.
[Tpouecc MOCTPOECHUS PABACISIOMICH THNEPIIOCKOCTH 3aKIIFOYACTCA B
PELICHUH 33/1a4¥ KBaAPATUYHOIO MPOrPaAMMHUPOBAHHUS, KOTOPast CBOAUTCS K IO-

UCKY CEIOBOM TOUkM (pyHKIMU Jlarpanxa:

1 min;
L) = %:1 A; —3 %:1 2§'=1 A Ajyiyj«xi;xj)) - 2

1,=0i=1,..,1 (2)
%:1 Ay =0,
rJie A; — MHOKUTEM JlarpaHxka.

KBagpaTtnuHblii (yHKIMOHAI UMEET HEOTPULIATEIBHYIO BBINYKIIYIO KBaJ-
patuuHyto popmy. OOnacTh, onpeaensemMas OrpaHUYEHUSIMA HEPABCHCTBAMU U
PABEHCTBAMHM, TOXKE BBINYKJIAs, CICAOBATEIbHO, JAaHHAs 337a4a MMEET C/IWH-
CTBEHHOE PEIIECHHUE.

[Tocne onpeneneHus BceX MHOKHUTENEH Jlarpanika yYuTBIBAOTCS TOJIBKO
A; >0, a Bce MHOXKUTENIM paBHbIC HYNIO oTOpachiBatoTcs. [Ipu3Haku, As KOTo-
PBIX MHOXMTENB JlarpaHka MOJIOKUTENEH, SBJISIOTCS ONOPHBIMH BEKTOPAMMU.
HopManbHblli BEKTOP TMIEPINIOCKOCTH ONPEAEIACTCA TMHEHHONH KOMOMHAUKEH
00y4aroImux MpU3HAKOB:

® = Yiq A XY 3)

CKalspHBIM TOPOT OMPEICNIIETCS M3 PaBEHCTBA Wy = (W, X;) — y; JUIA
MPOU3BOJIBLHOTO OMOPHOTO BEKTOPA.

B urore anroputMm NMHEHHON pa3AenvMoOi KiacCU(PUKALUU MOXKET OBITh
ONPENEIEH CICTYOIMM 00pa3oM:

a(x) = sign(Tley Lyi(x, 1) — ). )

B ypaBHeHur (4) cyMMUpPOBaHUE MPOU3BOAUTCS HE IO BCEM MPU3HAKAM, a

TOJIBKO I10 OIIOPHBIM BCKTOPAM.
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B cnydae nuHelHO Hepa3AaenuMol Kiaccu(PUKanuu BBOJATCS JOMOTHU-
TENbHBIE KOA()PUIIMEHTHI, MO3BOJISIONIME OMUOATHCS AJIrOPUTMY Ha 0O0ydaro-

nmx 00bekTax. Toraa (2) mpuMeT BUI;

1 min;
L) = %:1 A — 52%:1 2§'=1 A Ajyiyj«xi;xj)) - 2
o<A<Ci=1,..,1 (5)
%=1 Al’ yi = OJ

rae C — ko3ppuumeHT omudku. C MOMOIIBIO 3TOr0 KO3 PUIMEHTa PEryaupy-
€TCsl BOXKHOCTh JBYX NPOTHUBOpEHAIMX TPeOOBaHWIA: MoJIoca, Pa3ACHsroImas
KJIACCBhI, TOJDKHBI MAKCUMAJIBHO INMPOKOM; OIIMOOK TOJHKHO OBITh KaK MOKHO
MEHBLIE.
PaccMOTpUM BO3MOKHOCTH MCIIOJIB30BAHMSI METOJA OMOPHBIX BEKTOPOB
JUIS. OLEHKHA TEXHUYECKOrO COCTOSIHMS TEIIOBO3HOIrO nm3ens tuna 16UH26/26
(1-81I"). MUcxoaHBIMU JAaHHBIMU ISl AMATHOCTUKH SIBJISIFOTCSL CKATOTPAMMBI BbI-
XOJTHOTO HAMPSDKEHUS UMOYJIBCHOTO MPeoOpa3oBaTelist 4YacTOThl BPAILCHUST KO-
JIEHYATOr0 Baja JM3elis, BXOIALIEro B cocta peryisaropa DPUM30T, 3anucan-
HOro mpu padbote auzens B pexumax 350, 770 u 845 00/MHH Kak CO BCEMM pa-
OO0TAONIMMK WIMHAPAMH, TAK U TIPUA OTKIOYEHHBIX 5-M U 8-M MPABBIX [[UJIMH-
apax [6]. B ckajiorpamMmax BBIIEISIFOTCS CEYCHUS (MACITAObl) ¢ MAaKCUMAIbHOMN
SHEPrueil, KoTopeie pazduBaroTcs Ha 16 (MO KOMTWYECTBY LMAJIMHAPOB) UHTEPBA-
JoB 1o 15 mMnynabcoB (3yObeB) B KaxkaoM. [lomyueHHble (pparMeHTHl CKaslo-
IrpaMM CPaBHUBAKOTCS C HCIOJIB30BAHUEM KO3(P(PUIMEHTOB ABTOKOPPESALUU
[Tupcona. 3areM BBINOTHSETCS CMEIICHUE CKaJIOorpaMMbl Ha 1 MMITyJibC, OCIE
4Yero CpaBHECHUE MOBTOpsETCs. llpuMep aBTOKOPPENSLUMOHHON MaTpuLbl AJs
pekuma 770 06/MuH NpU BceX padOTAONIMX [WJIMHIPAX ABUTATENIs MPUBEICH B
TaGmuue 1.
Tabmuna 1

Marpuna ko3 puireHToB aBTokoppensuuu [Tupcona jist pexuma 770
00/MHH MpU Bcex padOTaIOMUX [IMJIUHIPAX

Oprm m

3y6 1L [ 2 [ 3 [ 4] 5| w1213 ] 14
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1 0,989 | 0,998 | 0,989 | 0,999 | 0,974 0,984 | 0,968 | 1,000 | 0,970 | 1,000
2 10,990 (0,998 0,990 | 0,999 | 0,984 0,990 | 0,977 [ 0,999 [ 0,968 | 1,000
3 0,990 [ 0,997 | 0,991 | 0,995 | 0,984 0,980 [ 0,962 [ 0,999 [ 0,978 | 1,000
4 10,984 ]0,997 0,992 {0,999 | 0,984 0,978 | 0,960 | 1,000 [ 0,976 | 1,000
5 0,991 [ 0,997 | 0,990 { 0,999 | 0,991 0,987 [ 0,970 [ 0,990 [ 0,983 | 1,000
6 0,984 0,997 (0,993 [ 0,991 | 0,984 0,994 [ 0,935 [ 0,999 | 0,971 | 0,998
7 10,983]0,997 [ 0,990 [ 0,998 | 0,984 0,994 | 0,964 [ 0,999 [ 0,968 | 1,000
8 0,970 [ 0,999 | 0,985 | 0,088 | 0,984 0,999 [ 0,961 [ 0,985 [ 0,965 | 1,000
o 10,979]0,999 | 0,991 [ 0,986 | 0,984 0,999 [ 0,972 [ 0,998 [ 0,962 | 0,999
10 |0977[0,999 [ 0,991 [ 0,997 | 0,983 0,995 [ 0,970 [ 0,997 [ 0,972 | 0,999
11 |0962[0,999 | 0,984 [ 0,991 | 0,982 0,997 [ 0,968 [ 0,999 [ 0,956 | 0,999
12 109820997 0,983 0,996 | 0,969 0,996 | 0,978 [ 0,999 [ 0,967 | 0,999
13 |0,969[0,997 [ 0,989 [ 0,995 [ 0,979 0,997 [ 0,977 [ 0,998 | 0,977 | 0,998
14 [0,950[0,998 | 0,969 | 0,988 | 0,986 0,993 [ 0,985 [ 0,998 | 0,962 | 0,998
15 |0974 (0,998 | 0,979 | 0,998 | 0,976 0,990 | 0,974 [ 0,997 [ 0,973 | 0,997

OOyuaroias BHIOOpKa BKJIIOYAET MATPHIBl KO3((PUIIMEHTOB aBTOKOPpE-
JSUUKA JUTsE UICIIPABHOTO JIBUTATENSl M JUISl JBUTATENSl C OTKJIFOUEHHBIM LWJIMH-
JPOM IPH OJMHAKOBOM 4acTOTe BpalleHus. MicnpaBHOMY JBUTATENO0 COOTBET-
CTBYET NMpH3HAK Kjacca {+1}, 1BAraTeto ¢ OTKIIFOUYEHHBIM HUAHHAPOM {-1}.

C nenpro o0ecnevyeHrst BO3MOKHOCTH BU3yallM3allMKl PE3yJIbTaTOB 00yye-
HUSl KJIacCU(UKATOPA MPEABAPUTENBHO BBINIOJHEHO YMEHBIICHUE PA3MEPHOCTH
BEKTOPA JUArHOCTHYECKHUX MPU3HAKOB [7] METOIOM S5-KpaTHOM MEpPEKPECTHOMN
nPOBEPKH (Kpocc-Bamaanyn). [Ipu 3T7oM ncxoaHas BEIOOpPKaA pazaensercs Ha S
OJIMHAKOBBIX HEMEPECCKAIOMIMXCS MATPHILL, MTOCIIE YEro KaKaas U3 Marpul B MO-
PSIKE OYEPENM BBICTYMACT B KAYECTBE KOHTPOJBLHOW BBIOOPKH, a OCTalbHBIE
00BEUHSAIOTCS B 00yUarollyto BeIOOPKY. KadecTBo knaccudukaropa onpeaeis-
€TCsl YCPEAHEHUEM OIIUOOK 1O BCEM KOHTPOJIBHBIM BbIOOpKaM. B pesynbrare u3
BCETO0 MAacCHBa BHIOOPKM BBIOMPAKOTCS JIBa CTOJI0IA MPU3HAKOB C HAMMEHBIINM
3HAQYCHHUEM OILIHUOKH, T.€. HAKOOoJIee 3HAUMMBbIE. 3a/1a4a ONPEACICHUS Kaccupu-
KaTopa CTAHOBHUTCS JBYMEPHOM, & TUIIEPIUIOCKOCTh BBIPOKAACTCS B TIPSIMYIO.

JUts onpeaeneHust THIEPIUIOCKOCTH HavdallbHas BHIOOPKA CITydaiHbIM 00-
pa3oM pazOuBacTcs Ha 1BE B cooTHOMIEHUN 80% oOyuaromas Beioopka u 20% —

KOHTpPOJIbHAA. B pe3ynpTate pelicHrs ONTHMH3ALMOHHONW 3amaun (5) ompenae-
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JAKOTCA MHOKHATENN Jlarpanika, a 1o HUM HOPMAJIbHBIN BEKTOP THITEPIIIOCKOCTH
(W ¥ CKJISIPHBIN ITOPOT Wy.

TodHOCTh KiTaccuPpukaTopa onpeaeseTcs no Gopmyiie:

TP
TP+FP

AC = 100, (6)

rae TP — KOIMYeCTBO NMPU3HAKOB, MPABUIBHO KJIACCU(PUIIMPOBAHHBIX; /P — KO-
JMYECTBO MPU3HAKOB, HEBEPHO KITACCH(PUIMPOBAHHBIX.

OCHOBHBIE pE3yNbTATBl ONPEACICHUS JIMHEHHON THIEPIIIOCKOCTH IS
PA3JIMYHBIX YaCTOT BPAILCHUS KOJEHYATOrO W COCTOSHUS OW3ENs (COUeTaHUs
OTKJIFOUEHHBIX [WIMHIPOB) NPEACTaBJICHbI B Tabnuie 2.

Tabnuna 2

[TapameTpbl TUHEHHOTO KiTACCU(UKATOPA TPH PA3IMYHBIX COUETAHUSIX
OTKJIKOYEHHBIX TUIMHAPOB

Howmepa ot- Kon-Bo HobMalbHb
n, 00/MuH KJIFOUEHHBIX OTIOPHBIX P AC, %
BEKTOD, O
L[I/IJ'II/IHI[pOB BeKTOpOB

5 3 (:0,035 0,042) 100
8 18 (27,6 41,2) 75
350 5,8 9 (0.005 -0.005) 79
ObnepuHenyas 20 (0.041 0.02) 77

BBIOOpKA
5 15 (-16.7 20.8) 83
8 2 (:37.778.2) 100
770 5,8 6 (-0.006 0.025) 96

06

peAtHeHHaA 24 (0.033 0.063) 77

BbIOOpKA
5 3 (6.13 6.21) 100
8 5 (0.007 0.03) 96
845 5,8 8 (0.68 0.27) 02
Obsenmmennas 19 (0.38 0.54) 85

BBIOOpKA

BusyansHoe npencrasienne OWHAPHOTO JTMHEHHOTO Kiaccu(ukaropa npu
MAaKCHMAJIbHOM U MUHAMAJIbHOW TOUHOCTH Pa30MEHMs KJIACCOB MOKA3aHO HA PHU-

CyHKax 1 wu 2.
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0.955 0.96 0.965 0.97 0.975 0.98 0.985 0.99

Puc. 1. JInHeinHaa knaccuurkaumna Koap@uumneHToB aBTOKOppensymm ncnpas-
HOro ABUTaTens u C OTK/JKOYEHHbIM 8 NpaBbiM LUAUHAPOM Npu n = 770 06/MUH.
«/Icnp MHOX» - MHOXeCTBO NPU3HAKOB, KNacCUMPULIMPOBAHHOE KakK «MCMpaBHbIi», nocne
pasfefieHns rmneprnaocKocTbio; «Hencnp MHOX» - MHOXECTBO MPU3HAKOB, KNacCUpuLIMpo-
BaHHOE KaK «HenCrpaBHbIi», Nocne pasgeneHns runepniockocTblo; «Acnp TpeH» - npu3sHa-
Ky 06y4atoLLei BbIBOPKK, KTacCUMULMPOBaHHbIE KaK «MCMPaBHbIn»; «Henucnp TpeH» - npu-
3HaKu 0byuaroLLei BbIGOPKY, KNacCU(hULMPOBaHHbIE Kak «HEeUCrnpasHbIi»; «licnp TecT -
MPU3HaKM KOHTPO/IbHOM BbIGOPKY, KNacCUULIMPOBaHHbIE KaK «MCMPaBHbIi»; «Heucnp TecT»
- NPU3HaKN KOHTPO/bHOM BbIOOPKM, KnaccumumpoBaHHble Kak «HeMCrnpaBHblin»; «OnopHble
BEKTOPbI» - MPU3HAKW, MPUHATbIE MO UTOraM BbIYMCNEHWIA ONOPHLIMK BeKTOpamu; «I mnep-

MNMIOCKOCTb» - NpAMad, pa3fendroan Knaccol.
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Wecnp MHOX
Hewncnp MHOX

hd y
«  Wcnp TpeH e * /*
. y

+ Hewucnp TpeH
YX vicnp Tect
Hewncnp Tect
O OnopHble BEKTOPbI
rrrrrrrr rMnepnnockocTL / * Y

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

Puc. 2. JInHenHas knaccudukayna KoahhuumneHToB aBTOKOPPENALUmn mnc-
NPaBHOT0 ABUTaTens U ¢ OTKAKOYUYEHHbLIM 8 NnpasbiM LMUAnHAPOM npu n = 350

06/MUH.

TOYHOCTbL Knaccugpukaunuy TEXHUYECKOro COCTOAHWA fABUraTens Ha fBa
Knacca Haxogutca mexay 75 n 100%. ToyHOCTb Knaccu@ukaropa MOXeT ObITb
MOBbILIEHA 38 CYET UCMNONb30BAHNA HEIMHENHOTO KiaccuukaTopa c onpejene-
HUEeM LeHTpouAa KNacCUMUKALMOHHbLIX MPU3HAKOB. HeucnpaBHbIA UWUANHAP
MOXET 6bITb I0KasM30BaH C UCNOMb30BAHWEM MHOTOMEPHOr0o Knaccugukaropa.

Taknum 06pasom, NnpuBeLeHHble pe3ynbTaTbl CBUAETENbCTBYHOT O BO3MOX-
HOCTM MCNOJNIb30BaHUA MeTofa OMOPHbIX BEKTOPOB (SVM) and cuHTesa adgek-

TUBHBbIX KJ'IaCCI/I(pVIKaTOpOB TEXHNYECKOIO COCTOAHNA AN3ENBHOIO ABUTaTeNA.
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Hccnenosanue BAUAHHS HHAHKATOPHOI0 KaHA/Ia
HA TOYHOCTb H3MepeHHs AaBjieHus B nuiaunape IBC

A.WU. TpyHnos, A.1O. Konbkos, I'.b. I'opeaux
TuxookeaHckuti 20cy0apcmeentbiil yHugepcumem

Investigation of the Influence of the Indicator Channel on the In-Cylinder
Pressure Measurement Accuracy for ICE

A.L Trunov, A.Yu. Konkov, G.B. Gorelik,

Pacific national university

B nacmosuyee epemsi omevecmeennvie u 3apyoeschvie hupmvl 6binycKd-
1om 6obULOe YUCTO IIEKMPOHHBIX UHOUKAMOPOE, pa3pabomanHbiX OJis YCI06UT
SKCHILYamayu ¢ YCMAaHo8Kol OamyuKa Odelienuss 4epe3 WmamHulii UHOUKA-
mopuuiti Kpan. B bonvuiutcmee ciydaes npooiema uCKaxiceHus, UHOUKAmMopHot
ouaspammvl nPocmo ucHopupyemcs. FEciu Onsi Manioobopommusix ogueamelel
MAaxoii No0xXo0 GnoJiHe Npuemiem, mo no mepe yeeaudenus OblCmpoxoOHOCHU
ogueamejisi 6OIHOBOT XAPAKMeEp paAcnpocmpaneHus OasieHus 6 UHOUKAMOPHOM
KaHaile oKazuledem CYuecmeenHoe GausHue Ha pesyabmamovl adHaIu3d UHOUKA-
mopHoti ouazpavmel. 1lenvio nacmosiyeil pabomul SGIAIOCh USYHEHUE XAPAK-
mepa u cmeneHu GLUSHUS WMAMHO20 UHOUKAMOPHO20 KpaHa ouszens YH26/26
HA pe3ylbmamsl AHAAU3A UHOUKAMOPHOTL ouazpammel. Flccieoosanue 6uinoiitsi-
JIOCL € NOMOWBIO MAMEMAMUYECKOU MOOeIU medeHus: 2azd 6 NPsIMOM YUiuH-
Opuyeckom Kauaie, ydumviéaioujell mpemnue, meniooomen u nepemenHylo CKo-
pocmu pacnpocmpanenst 36yKo6oli 6olHvl. B pabome npeocmasienivi pesyiib-
mamul CpasHenusi OasieHuss Ha KOHYAX UHOUKAMOPHO20 KAHAA, d MAKiCe Xd-
PAKmMepucmuKky meniogeloeieHus, noaydentsie ux ananuzom. Ilokasano, ymo
pazoseie OMKIOHEHUS HENOCMOANHBL N0 PEeMeHI YUKIA U, C1e008AMeNIbHO, He
Mocym Ovimb  CKOPPeKmupoBatvt. NPOCMbIM  CMeUjeHUeM CUSHANA OdGIeHUSL.
Haubonvuie owubru GO3HUKAIOM NPU OYEHKE CKOPOCMU Menio8uloeeHls,

Maxcumym Komopoti modicem Ovlmbs 3a8viuteH ooiee yem Ha 20%.
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Kuiouesvle cnosa: unOukamophviii Kamal, UHOUKAMOPHAS Oudepammd,

OU3ejib, MAMEMAMUYCCKAS MOOE]Ib, MENI0B8bIOCTCHUE.

Currently, domestic and foreign firms produce a large number of elec-
tronic indicators designed for operating conditions with the installation of a
pressure sensor through a standard indicator valve. In most cases, the problem
of distortion of the indicator diagram is simply ignored. This approach is ac-
ceptable for low-speed engines, but as the speed of the engine increases, the
wave character of pressure propagation in the indicator channel has a signifi-
cant effect on the results of the analysis of the indicator diagram. The goal of
this work was to study the nature and degree of influence of the standard indica-
tor channel of diesel ChN26/26 on the results of the analysis of the indicator di-
agram. The study was carried out with the help of a mathematical model of gas
flow in a straight cylindrical channel, taking into account friction, heat transfer
and variable velocity of sound wave propagation. The paper presents the results
of comparing the pressure at the ends of the indicator channel, as well as the
heat release characteristics obtained by their analysis. It is shown that the phase
deviations are not constant with respect to the cycle time, and, therefore, can not
be corrected by a simple displacement of the pressure signal. The greatest er-
rors arise when estimating the rate of heat release, the maximum of which can

be overestimated by more than 20%.

Keywords: indicator channel, indicator diagram, diesel engine, mathe-

matical model, heat release.

Wnpukaropnas nuarpamma (MJ]) paboyero mpouecca HamOosee MOITHO
oTpakaeT MH(POPMALMIO O MPOLECcCcaX, TPOUCXOAIINX B HUWIMHIAPE ABUTATEN,
MO3TOMY €€ UCTIOJB3YIOT B CUCTEMAX aBTOMATH3UPOBAHHOTO TUATHOCTUPOBAHUS
u HacTpoiiku [1-3]. XKectkue TpeOOBaHMS IO OrPAHUYCHUIO BEIOPOCOB BPEIHBIX

BEIIECTB CTUMYJIMPYIOT MHKEHEPOB MCMONb30BaTh U/I B KauecTBe curHana o0-
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PaTHOM CBSI3W MPHU CO3/IAHUKM COBPEMECHHBIX CHCTEM YIPABJICHUS MOPITHEBBIMU
JBC [4,5]. Taxxe ananu3 M/{ mO3BOISAET MOMYUYUTh XAPAKTEPUCTUKH TEMNIIOBBI-
JICJTICHHSI, KOTOPBIE UCMOJIB3YIOTCS JIJISl U3YUYEHUSI U COBEPIICHCTBOBAHMS Pado-
yero mpounecca asurareas [6]. IlIupokoe ucnonw3oBanue WJ[ B mpakTuke
ynpaeicHuss U auarHoctupoBanus [IBC cuepxuBaeTcs, B OCHOBHOM, ABYMS
(akTopamMu: MaJIbIM CPOKOM CJTy>KObI MPH BBICOKOW CTOMMOCTH JATYUKOB JIaB-
JIEHUS M CJIOYKHOCTBIO MOJTyYeHUs TOCTOBEPHBIX W[ B YCITOBHSIX SKCIUTyaTaluu.

Hcnonb30BaHUE JOMOJHUTENBHBIX, OXJAKIAOMAX W COCTUHUTEIIBHBIX
KAHAJIOB MIPU YCTAHOBKE JATYMKOB AABJICHUS B IWJIMH]PHI ABUTATENS MTO3BOJISIET
CHU3UTH TEMIICPATYPHBIEC HATPY3KH U TEM CAMBIM MPOJJIUTH CPOK CITY>KOBI JaT-
yukoB [7]. Ilpu skcnepumeHTanibHOM onpeaencHnn U] cpenHeoO0pOTHBIX U
MaJI0000POTHBIX JU3ENICH B AKCILIyaTallMM MCIOJB3YIOT IITATHBIE WHAWKATOP-
HbIE KpaHbl [1-3]. Hanuuue AOMOJHUTETBHBIX KAHAIOB, COEAUHSIONINX TaTUYUK
JABJICHUS U LUAJIMHJIP JBUraress, HE MO3BOJSET monyuuth MJI 6€3 nckakeHuid
[1,2,8]. 310 0OcTosTENBCTBO AcnacT MJI, MOJyd4EHHYIO TaKMM CIOCOOOM, HE-
MPUTOHOM /17151 TITyOOKOro aHamm3a [9].

Cormacao I'OCT 18509-88 [10] mpu m3mepennn ][ oTHOIICHHME nna-
METpa COCAMHUTENBHOIO KaHaja K €ro JJIMHE JOJDKHO ObITh OOJIbIIE €MHMIIBI,
YTO OKAa3bIBAECTCS TPYMHOBBIMOJHUMBIM JIsi JABUTATENCH C BEPXHUM PACMOJIO-
JKEHUEM KJIamaHOB JaXe B ycioBHsxX jgabopatopuu. [losTomy mpobiema TOYHO-
ro usmepenuss MJ| depe3 MHAMKATOPHBIN (COCAMHUTEBbHBIN) KaHA SBISIETCS
aAKTyaJIbHOM.

H3BECTHO HECKOBKO MOAXOJ0B JJIsL OLIEHKU U ONPEACIICHUSI TapaMETPOB
ra30JJMHAMUYECCKUX TMPONECCOB, MPOTEKAIINX B WHAMKATOPHOM KaHaie. Co-
[JIACHO OJHOMY W3 HUX, MAPAMETPhl MPOLECCOB B MHAMKATOPHOM KaHAJIE Ompe-
JENSOT TO COOTHOUIEHWSIM, TOJIYYEHHBIM [UJIi YCTAHOBHBIIWXCS BOJIHOBBIX
npoueccoB. Hampumep, B ucroununkax [1, 2, 8, 11] npeanaraercs paccmarpu-
BaTh WHJMKATOPHBIA KaHaj Kak KojedarenbHOE 3BeHO. Mcxoas w3 reomerpun

KaHaya, OMpeNeNiaTh COOCTBEHHYIO YacTOTy KaHaja U (pa3oBblid CABUT WHAMKA-
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TOPHOW AMarpammbl, OOYCIIOBJIEHHBIN KOHEYHOM CKOPOCTHIO PacHpOCTPaHEHUS
BOJIHBI JaBjicHUs. TakoW MOAXOJ MO3BOJSET, M30€kKaTh rpyObIX OMIMOOK, BbI-
3BAHHBIX PE30HAHCOM B KAHAJIEC M CKOPPEKTUPOBATH NosiokeHue MJI oTHOCH-
TeapHo BMT, HO He pelraet npoOsiemMy MOTHOCTbIO.

ABTOD [2] B cBOcH paboTe paccMaTpyBal WHAMKATOPHBIA KaHA KaK KO-
nedareapbHOe JUHAMUYECKOE 3BEHO M3MEPUTENBHON CHCTEMBI, OMUCHIBAS €0
NOBE/JICHUE BOJIHOBBIM ypaBHEHUEM. B paboTe mpeiaractcss METOIMKA BOCCTA-
HoByicHus WJI, Gasupyromasics Ha rapMoHuyeckoMm aHammsze WJ| m aHammse
CBOMCTB MHAMKATOPHOIO KaHajaa B YaCTOTHOM obOnacth. Takoil moaxon He yuu-
THIBAET (PU3MKY TEPMOIra30JMHAMUYECKUX MPOLIECCOB MPOUCXOASIINX B UHAM-
KaTOPHOM KaHaJIe.

H3BecTHBI pabOThI, MOCBALICHHBIE UCCIICIOBAHUIO MPOLIECCOB B MHAMKA-
TopHOM KaHane [IBC ¢ TOYKM 3peHuss MareMaTU4eCKOro MOICIMPOBAHUS.
Hanpumep, aBTopsl [12] aHATUTHYECKH UCCIICIOBAIA CUCTEMY YPABHCHUH aKy-
CTUKHA U JAJIM PEKOMEHJALMHU 10 YMEHBIICHUIO MOTPEIIHOCTH MPU U3MEPECHUH
4yepe3 UHAMKATOPHBINA KaHal. AKYCTHUYECKOE MPUOIMKEHUE HE YUUTHIBAET MPO-
LIECCOB TEMIIO0OMEHA U U3MEHEHUS TEMITEPATYPHI ra3a B TEUCHUH LUKIIA.

B pabore [13] uccnenoBanbl Nporecchl B MHAUKATOPHOM KaHAJIe MyTEM
MAaTEMaTUYECKOrO0 MOJCIIMPOBAHUS Ta30AMHAMUYECKUX MPOLECCOB, C YUYETOM
TpeHusl U TeniaooOMeHa. [lomydeHsl pe3ysbTarhl Juisi BBICOKOOOOPOTHBIX JBUTA-
TEJICH, MOKA3bIBAKOLINE BIUSHUE T€OMETPUM WHIMKATOPHOTO KaHala (JUIMHA,
AMaMETP) W 4aCTOTHI BPALIEHHUS KOJEHYATOro Basa apurarens Ha W/ paGouero
nporecca Mpyu U3MEPEHNUN YePE3 UHAMKATOPHBIN KaHaJl.

B u3ydeHHOH nuTeparype HE BCTpevaeTcss MH(OpMauuu O BIMSHUW HC-
KQKECHUI, BHOCUMBIX MHIMKATOPHBIM KaHAJIOM, HA MapaMeTpbl pabovyero mpo-
1ecca, B TOM YUCIIE XapaKTEPUCTUKKU TEIUIOBBIIEIIEHNS, onpenenseMsie mo U1,
Tak ke HE SCHO, B KaKOW MEpE MHAMKATOPHBIA KaHAJ OKA3bIBACT BIUSHUE HA

TOYHOCTL OIPCACIICHUA OTHUX IIapaMCTPOB.
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Takvum o6pasoM, Lenbo faHHON paboTbl CTano YNCNEHHOEe UccnefoBaHue
BANAHUA WHAMKATOPHOro KaHana Ha W/ paboyero npouecca n onpegensemblie
Mo Hel XapakKTepucTuKu.

[na nccnefoBaHna TepMorasofMHaMMyecKnx NpPoLeccoB NPoTeKam L nx B
WHOMKATOPHOM KaHane nopwHesoro ABC 6bina peannsoBaHa matematuyeckas

Mofenb. PacyéTHas cxema UHANMKATOPHOTO KaHana nokasaHa Ha puc.l.

Puc. 1. Cxema MHAUKATOPHOTIO KaHana

MaTtemaTnyeckas Mofenb CTPOUTCA Ha OCHOBE (PyHAaMeHTa/lbHblX 3aKOHOB: 3a-
KOH COXpaHeHWa MmaccCbl, 3aKOH COXPaHeHWa UMNynbca N 3aKOH COXpPaHeHus
3HEpPrumM v NO3BONAET ONMCATb C MaTeMaTUYeCKON TOUYKN 3PEHUA TEYEHUSA CXU-
MaeMoOi XNLKOCTU C YY4eTOM TpeHUa u TennoobmeHa. MogpobHOe M3N0XKeHUe
OCHOBHbIX MOJIOXEHUA MOLENN MOXHO HanTu B paboTe [13].

Ana vccneposaHna 6bin BblbpaH asuratens paga YH 26/26 ¢ umnnHppo-
BOW Mol HoCTb 220 KBT, npu yvactoTe BpaweHnd 1100MuH-1. JaHHbIA ABUTa-
TeNb UMeeT MHAMKATOPHbIN KaHan AnnHon 290Mm 1 guameTpom 5,5Mm.
Ona n3yydyeHus BAMAHUA HArpy3oyHOro pexmma Ha MOrpewHoOCTU, BHOCKUMbIE
WHAMKATOPHbLIM KaHanoMm, Ha paboyem nosie XxapakTepucTuk 6bin onpefeneH psag
TOYEK, B KOTOPbIX BbIMOMHANOCL MOfennpoBaHne paboyero npouecca fu3ens
puc.2. MogenuposaHue paboyero npouecca AU3ensd OCYLW,eCTBNANOCbL B NPO-
rpamme «Ansenb-PK» [14], paspaboTaHHOM Ha kKadeape «lopLHeBble ABUTra-
Tenu» MI'TY um. H.9. baymaHa. /13 nporpamMmbl MMNOPTUPOBAIMCL MacCCUBLI
JAaHHbIX 0 JaBNeHWM WU TemnepaType rasa B LUAnHApe gBuratend. Micnonb3ys

3TN AaHHbIE N MaTeEMaTUYECKYHO MOJESIb TEpPMOrasognHaMn4ecKnXx npoLeccos B
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MHAMKATOPHOM KaHase, BbIMONHANCA PacyéT TepMOAMHAMMYEeCKNX MapaMeTpoB

rasa y 3aKpblTOro KoOHua NHANKaTOPHOTO KaHana.

Oip IHMuTenbHas
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Puc. 2. XapakTepuctuku gsuratensa cepum YHH26/26
N pacCUYMTbiBAEMble PEXUMBbI
B paHHO paboTe nccnefoBanochb BAUAHUE UCKAXKEHMWA, BHOCUMbIX LWITAT-
HbIM MHAWKATOPHbLIM KaHanoM, Ha N[ 1 xapakKTepuUCTUKK TENIOBbIAENIEHNSA, TaK
KakK 3TV 3aBMCMMOCTM MOLBeprawTCca aHann3y npu nsyvyeHuun paboyero npowec-
ca, pa3paboTke anropuTMOB ynpaBieHUA U AUAarHOCTUPOBAHUWN ABuUraTens. Xa-
paKTepMcTMKa CKOpPOCTU TEMNOBbIAENEeHUA onpeAenanacb Ha OCHOBe MeEpPBOro
3aKOHa TepMOLNHAMUKM
K dv 1 dp
dg = p— + V—
K -1 dlp «k -1 d(p
rie K - nokasatenb agmabartbl, p - AaBfeHue B uuauHape, V - 006beM LUINH-
Apa, » - yros nosopoTta KosieH4yatoro sana (n.K.B.).
PesyfnbTaTbl UccnefoBaHna nokasbiBalT (puc. 3), YTO M3MepeHue BHYT-
PULWINHAPOBOIO AaBneHUA 4yepe3 MHAMKATOPHbLIA KaHan MPUBOAUT K aMniu-
TYAHbIM UCKaXEeHUAM W ¢a3oBbiM cMeuweHuam WA. BennumHa pa3oBoro cme-

weHusa N n3meHaeTca B Te4eHUU LuKna. MNpu yacTtoTe Bpal,eHUa KoneH4aToro
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Bana 1100 MMH-1, cMelWweHNne guarpammbl Ha IMHUWN CXaTUA COCTaBNAeT 2 rpag.

M.K.B., @ HA MHUN pacluupeHns 1rpag. n.K.B. (puc. 3a, 6).
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Puc. 3. UHaMKaTOpHble anarpaMMbl, CKOPOCTM aKTUBHOTO TEMNJIOBbILEeHNA U
TennoTta, NofBeAeHHas B UuKne, ansens paga YH 26/26 Ha pasnmMyHbIiX pexmmax
paboTbl: a) N=1100 muH-1, [,=220kBT1; 6) n =1100mMnH-1, Ne=110kBT;

B) N =800MunH-1, Ne=95kBT

BblfAB/NEHHbIE 3aKOHOMEPHOCTM NPUBOAAT K YMEHbLUEHNO naowaan gua-

rprammbl U, KakK C/negcTteue, 3aHMXKEHHOMN OLEHKE nokasaTenemn, onpeaendemMblX
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N0 UHAWKATOPHOHM auarpammMe. Tak, HampuMep, OIuOKa ONMPEACTIEHUS CPETHETO
WHAMKATOPHOTO JIABJICHUS HA PEKUME MAKCHMAIbHOW MOLIHOCTH COCTaBJISIET
11,5%. Ilpu 5TOM 0YEBUAHO, YTO KOPPEKTHPOBKA nonoxxenus BMT na U/ cu-
TYalXIO HE UCITPABHT.

AMINUTYIHBIE UCKaXeHHs MJ] mposBASIOTCS B 3aBBIMICHHON OLEHKE
MAaKCHMAJIBbHOTO JIABJIEHUSI CTOPAHUS W TAaBJICHUS] KOHIA CXKaTHsl, OIIMUOKa ompe-
JCTICHUS 3TUX MApPaMETPOB HA BCEX UCCIICYEMBIX PEKUMAX HE MPEBBILAET 2%.

HckaxkeHns:, BHOCUMBIE WHAMKATOPHBIM KaHAJIOM O0Jiee OTYETIMBO BUJ-
Hbl Ha XapaKTEPUCTUKAX TEIUIOBbIACIEHHs. Ha KprBOi CKOPOCTH TEIMIOBBIACIIC-
HUSl BOBHUKAKOT OCLMJUISILIH, PUBOISIINE K 3aBBILICHHON OLICHKE MAaKCHMAJIb-
HOM CKOPOCTH TEIUIOBBIACICHUS, s PEKUMa MAKCUMAIBHOW MOLIHOCTH
ommOKa coctasiseT 23% (cMm. puc 3a). i3MeHeHue Harpy3Kku Mpu MOCTOSIHHON
4aCcTOTE BPALICHHs Bajla MPUBOJUT K U3MEHEHUSIM HA KPUBOM CKOPOCTH TEIJIO-
BBIJICJICHHSI B KUHETUYECKOW (paze cropaHus (CM. puc. 3 a, 6), a CHI)KCHHE Ya-
CTOTHI BPALCHHS KOJIEHYATOTO BaJia BBI3BIBAECT YMEHBIICHUE (Da30BOTO CMEILLE-
Hus (cM. puc. 30, ¢). KOaM4ecTBO TEMIOTHI, MOABEICHHOE B IUKJIE MTPH OMpPEAC-
nenun no MJI, n3MepeHHOH 4epe3 WHAMKATOPHBIA KaHaJ, OKa3bIBAETCS 3aBbl-
meHHBIM Ha 5—11%, B 3aBUCUMOCTH OT HArpy304HOTO PEKAMAL.

HeoOxonmmmMo OTMETHTH YTO, YAaCTOTa BPALICHMs KOJICHYATOrO Bajia OKa-
3bIBACT O0JIee 3aMETHOE BJIMSHHE HA MOTPEUIHOCTH, BO3HUKAIOIIME B MHAMKA-
TOPHOM KaHaJIe, YeM Harpy3Ka JBUTATEIS.

Takum oOpa3oM, mo pe3yapTaTaM YUCICHHOTO HCCIEAOBAHUS MOKHO
CAENATh CICAYIOIIUE BHIBOIBL:

1. ®a3zoBoe cmewmenne M/ HEpaBHOMEPHO, HA YYACTKE HAPACTAHUS J1aB-
JIEHUS] CMELIEHUE OOJIBIIE YEM HA YYACTKE PACUIMPEHUSI.

2. JInid uccieryeMoro ABUTaTeNsl NCKaKEHU S, BHOCUMBIE HHIMKATOPHBIM
KAHAJIOM, HE3HAUMTENIBHO BIUSIOT HA JABJICHUE KOHIA CXKATHS M MAKCUMAIbHOE

AAaBJICHUA CrOpaHusl.
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3. HckaxkeHus, BHOCUMBIE WHIMKATOPHBIM KaHAJIOM, 3HAYATEIIBHO MCKA-
JKAIOT XApaKTEPUCTUKHA AKTUBHOIO TEIUIOBBIICIICHUS, 3TO HPUBOAUT K 3aBBI-
[IEHHOM OLIEHKE CKOPOCTH TETUJIOBBIICIICHNAS U KOJMYECTBA TEIUIOTHI TOABEAEH-
HOH B LIMKIJIE.

4. BiastHUE 4acTOTHI BPAUICHUs KOJICHYATOTO BAJIa HA MOTPEITHOCTH H3-
MEPEHUST MHAMKATOPHON AvarpaMMbl Y€pe3 WHIUKATOPHBIA KaHAT 00JIee BhIpa-

JKCHHO, YCM BJIMAHHC HAI'PDY3KH.
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Thermal Overload of Piston Crowns due to the Formation
of Oil Coke Deposits on Surfaces of the Cooling Gallery
S. Bludszuweit, S. Chrobak

MET Motoren- und Energietechnik GmbH, Germany

The design process of the modern combustion engines and their pistons is de-
terminated by still increasing power density and emission limitations. To support this
complicated design process a Virtual Piston Model (VPM) has been developed. This
numerical model enables coupling of the main thermal calculation models used for a
long time for analyses of the piston: combustion model, piston shaker cooling model
and model of the heat transport in the piston body. The VPM includes a new developed
cooling oil carbonization model. This model is able to predict the oil coke deposit for-
mation on the walls of the piston cooling gallery. The oil coke layer has a very good
thermal isolation property — thermal conductivity is approximate 100 times lower than
steel. The formation of the coke deposit causes significant temperature increase in the
piston crown. Such an increase in temperature could considerably influence the real
thermal load on the piston and in some cases lead to thermal overload of the piston

crown and piston damage.

Keywords: virtual piston model, piston design and analyses, piston shaker cool-

ing, cooling oil carbonization, oil coke deposit
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1. Motivation

Increasing the power density in currently developed engines is still one of the
central development goals of engine manufacturers. In particular, the further develop-
ment of two-stage turbocharging technology opens up new possibilities for increasing
the power density of future engines. Current limitations result on the one hand from
the increased emission limitations / emission requirements. On the other hand, the ma-
terials of the combustion chamber components including piston crone define allowed
thermal stress level.

In modern large engines with very high mean effective pressures, piston damage
occurs increasingly in the form of heavy material removal on the combustion chamber
side of the piston crown. In many cases, these damages lead to a dramatic shortening
of the life time of the pistons.

While the cylinder head and cylinder liners are cooled with cooling water, the
pistons are usually cooled with engine oil. This results in a significantly lower heat
transfer coefficient for piston cooling compared to water-cooled components. This dis-
advantage is best compensated by efficient shaker cooling procedure in the cooling
gallery of the pistons. This procedure leads to a significantly better piston cooling in
comparison to the salt-core cooling channel or spray jet cooling in small pistons (Fig-
ure 1).

Another trend 1n future engine development is aimed at extremely lightweight
design. This trend means for piston designs, the use of higher strength materials (e.g.
heat-treatable steels instead of aluminium alloys). This transition to lightweight con-
struction results in significantly lower wall thicknesses between the cooling gallery
and combustion chambers. This is necessary for not exceeding the piston crown mate-

rial temperature limit on the combustion chamber side.
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Figure 1 Schematic diagram ofthe three most commonly used types of pis-

ton cooling: a. Salt-core cooling channel, b. Spray jet cooling, c. Shaker cooling

On the oil cooling side of the piston crown, the upper limit for the surface tem-
perature is given by the thermal stability of the engine oil used for cooling independent
from the selected cooling kind of the piston (Figure 1). Depending on the antioxidant
additives selected, engine oils can be used up to surface temperatures of 240 °C in the

cooling chamber.

Figure 2. Oil coke deposit at wall ofthe cooling gallery in piston crown of

large-bore engine
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By modern high-performance engines with effective mean pressure of 30 bar,
these temperatures can be significantly exceeded both locally and over time. These ex-

ceedances lead to local coking in the cooling chamber (Figure 2).

2. Virtual Piston Model (VPM)

As in the chapter 1 mentioned, the specific power density of the newly devel-
oped combustion engines and thermal load of the piston are further increasing.

For that reason the piston cooling is one of the most important aspects in piston
design process. It is necessary to develop a virtual model of the piston including the
physically and mathematically description of main heat flow ways inside the piston.
This model has been developed for the gas engine pistons with piston cooling realised
by the oil shaker in the inner and outer cooling gallery - Figure 3. The developed nu-
merical algorithms can be applied for all combustion engine pistons with different pis-

ton cooling approaches (Figure 1).

Figure 3: 3D CAD model of the piston for gas engine.
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The first development step considers for the Virtual Piston Model only the pis-
ton crown, which also is the part that has to resist the highest thermal stresses.

The virtual model of the piston crown includes following heat transport compo-
nents (Figure 4):

. Thermal energy input generated in the combustion process
This heat flow calculated in a 3D combustion simulation is mapped on the piston as
the transient, location-dependent gas temperature and as the wall heat transfer coeffi-
cient.

. Thermal energy output to the oil in cooling gallery
The heat transfer between piston and cooling oil was calculated in the two-phase com-
putational fluid dynamic simulation (CFD). This 3D calculation model is able to char-
acterize the detailed oil flow and heat transfer in the cooling gallery under dynamic
conditions considering the temperature depending oil parameters. The output of this
CFD oil shaker simulation - the heat flux on the wall of cooling gallery was transferred

to the Virtual Piston Model.

Figure 4:  Heat flow in the Virtual Piston Model
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. Thermal energy output to the piston rings set
The main heat flow from the piston to the cylinder liner goes through the piston ring
set. This heat flow is defined in the Virtual Piston Model, based on literature values
and own experiences.

On the contact surface between piston crown and piston lower part a constant

temperature was assumed as a boundary condition.

The Figure 5 shows the calculation results for the temperature field in the piston
crown (steel) and for cooling oil temperature in the cooling gallery. The temperatures
of the piston are shown as time average temperature field. The calculated temperature
distribution was evaluated by a measurement on the engine test bed by the project
partner. As can be clearly seen, the piston surface reflects the flame patterns from pre-

combustion chamber as well as the influence of intake and exhaust flows (Figure 6).

Piston coolingjet 1

Figure 5: Temperature field in piston crown (steel) and cooling oil temperature

in cooling gallery.
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As an extension of the Virtual Piston Model, an additional numerical model has
been developed which takes into account the isolating properties of the coking layer.
This model can be used to predict whether formation of the coke layer is to be ex-
pected and how a possible coke layer will affect the temperature field in the piston
crown. In the current model, an oil coking layer of constant thickness is implemented
in the areas of cooling gallery walls, where the wall surface temperatures are higher
than the allowed operating temperature of the oil. The result of this a study is present-
ed in Figure 6. A constant thickness of 0.5 mm was assumed for the coked deposit

layer. The material properties of the coked oil were used as follows:
Density: o = 1500 kg /3
Thermal Conductivity: 1=03 W/ .

Heat Capacity: ¢y =400 1/ kg K

The temperature fields shown in Figure 6, taking into account the above as-
sumed coking layer properties, show a significant temperature increase (up to approx.
80K) for the piston with the coking layer on the wall of the cooling gallery. Such an
increase in temperature could considerably influence the real thermal load on the pis-
ton.

On the other hand, this temperature increase is strongly dependent on the ther-
mal properties of the coking layer, which are again not widely documented in the liter-
ature. For this reason, an investigation of the formation of the coking layer and deter-
mination of its most important thermal properties was included in the project. The cur-
rent status of the study will be described in Chapter 3.

In the next step, the Virtual Piston Model is extended by an algorithm that can
locally assume different thicknesses of the oil coke layer. This model will represent a
real structure of the coking layer and predict more precisely the effect of it on the tem-

perature field in the piston crown.
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Figure 6:  Comparison of calculated temperature field in piston crown without

coke deposit (left) and with coke deposit (right)
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3. Investigation of the formation of the coking layer in an oil coking test sta-

tion

All oils used for the lubrication and cooling of engines and pistons are subject to
an oxidation process at higher temperatures. This process causes changes in the oil that
leads to deposits on the hot walls. Modern oils contain corresponding additive sub-
stances which increase the thermal stability of the oils. In order to investigate the
thermal properties of coke deposits, the oil coke layer was produced on a metal sample
first. For this purpose, a test station was developed and built. In that station the metal
samples are periodically heated and then immersed again in the oil to wet the surfaces
of the samples with the oil. This periodic procedure approximately corresponds to the
conditions acting on the oil in the shaker chamber of the piston by each rotation of the
engine crankshaft. The 3D model of the test bench is shown in Figure 7.

The metal sample was subjected to several heating and oil wetting cycles. The
sample was then ground on one of the two lateral surfaces and examined under a mi-
croscope to measure the thickness of the deposit layers (Figure 8).

The material of the samples 1s 42CrMo4V. This material is often used for the
manufacturing of the piston upper part. The oil for the tests was typical oil for the high
loaded gas engine.

The above-mentioned specimens with deposit layers will be used in the next step

for the experimental analysis of the thermal conductivity of coke layers.
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Figure 7: 3D model ofthe test station for the oil coke formation (1 - metal
test sample, 2 - oil tank, 3 - thermocouple, 4 - stepper motor, 5- induction heating, 6

- control box, 7 - fan)

Figure 8: Investigation ofthe oil coke deposit on the metal test sample using

a microscope.
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4. Summary

Based on increasingly observed thermal damage of pistons with very high effec-
tive mean pressures, accurate prediction and optimization tools are required which de-
scribe realistically the complete heat transfer process in the engine piston. The solution
for this problem leads to the development of a Virtual Piston Model that realistically
describes the physical transient and location-dependent process of heat transfer from
the combustion chamber to the cooling gallery of the piston.

The article reports on the development and exemplary application of this Virtual
Piston Model.

By use of the simulation models, the design condition of the piston is compared
with a piston with the oil coke deposits on the cooling gallery surfaces.

The accuracy of the simulation results depends strongly on the accuracy of the
used material values. While the material values for the combustion chamber gases, for
the material of the piston crown and for the cooling o1l are known, more precise in-
formation on the formation and material properties of the coking layers 1s missing. For
this reason, a model test was designed and developed which has a great physical and
chemical similarity to the oil coking processes on pistons crown of highly efficient en-
gines. This article describes the developed test station. The structure of the coking lay-
ers obtained in the experiment 1s very similar to that observed in real pistons. With the
developed test station, good conditions have been created to gain a deeper insight into
the formation of such coking layers. In addition, the coking layers produced on the
metal test sample can be used to reliably determine the material properties of these oil
coking layers.

The research results presented 1n this article provide direct support for future en-
gine development. In particular, the physically based modelling of the heat transfer
from the combustion chamber to the cooling chamber extends by development of new

engines the possibilities for future performance increases and emission reductions.
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A deeper understanding of the formation of o1l coke layers enables an extension
of the service life of modern pistons and prevents engine damages due to thermal over-

load of the pistons.

In this article described research and development work carried out within the frame-
work of project “SimShaker” FKZ: 03SX415B founded by German Federal Ministry
for Economic Affairs and Energy.
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The paper describes principles of operation of a novel rotary type Stirling cycle
machine based on the twin-screw rotary positive displacement mechanism. When
rotary positive displacement mechanisms are used for expanding or compressing
gases, the flow of the gas is one-directional with volumes of chambers varying in
accordance with a saw-tooth type function. The proposed design solution combines at
least two units of gas-coupled compressor and expander arrangements with a required
shift in the shaft angle. Units are connected to each other via a set of heat exchangers,
which are conventional for Stirling cycle machines and include recuperative cooling
and warm heat exchangers with a regenerator, built between them.

The operational capability is demonstrated using three-dimensional CFD
simulations. Computational results demonstrate reciprocating flow of the gas between
units and pressure variation as in conventional Stirling machines, and functioning of
the proposed design as a multi-cylinder, double acting Stirling machine. In the
suggested design it is possible to achieve full dynamic balancing due to the rotation of
screws around their axes. It also eliminates a number of design and operational
problems of Stirling machines with reciprocating pistons and their kinematic drive
mechanisms.

1. INTRODUCTION

The ideal Stirling cycle is a thermodynamic cycle, in which there is a cyclic
compression and expansion of gas working fluid at different temperatures, such that
there i1s a net conversion of thermal energy to mechanical work. The cycle is
reversible: if supplied with mechanical power, the apparatus can function as a heat
pump or cooling machine for respective heating or cooling.

The ideal Stirling cycle is a closed regenerative cycle which means that the
working fluid is permanently contained within the thermodynamic system in which an
internal heat exchanger, called a regenerator, is used. The regenerator increases the
thermal efficiency by recycling internal heat that would otherwise pass through the
system irreversibly. The ideal Stirling cycle, like many other thermodynamic cycles,
comprises the four main processes of (1) compression, (i1) heat addition, (111)
expansion, and (iv) heat removal. However, in real engines these processes are not
discrete and overlap.

An example of a typical Stirling engine with a crank-drive mechanism is shown in
Figure 1 [1].
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Figure 1. Conventional Stirling Cycle Machine with reciprocating pistons and
crank-drive mechanism [1].

Here, a single gas circuit is made of two cylinders 4, 5 that are connected to each
other through channels of three heat exchangers, a heater 1, a regenerator 3 and a
cooler 2. The external surface of the heater 1 has an elevated temperature due to
exposure to a high temperature environment and its function is to transfer heat into the
working fluid inside the engine, whilst the working fluid flows through the channels of
the heater 1 The external surface of the cooler 2 is exposed to relatively low
temperature environment and its function is to reject heat from the working fluid
whilst it flows through the channels of the cooler 2.

A regenerator 3 is introduced between the heater 1 and the cooler 2 to prevent heat
losses that would otherwise occur if the heater 1 and cooler 2 were in direct contact.
The regenerator 3 in this example comprises a porous medium that is enclosed in a
metallic casing. This porous medium is made from a material with a high heat capacity
and should ideally have infinite radial- and zero axial thermal conductance. The
porous medium can be understood to act as a heat sponge, where heat is transferred to
the material of the regenerator and stored when the working fluid flows from the “hot”
zone to the “cold” zone. When the working fluid flows in the opposite direction, the
stored heat is returned from the regenerator to the working fluid. Thermo-insulation is
usually used to separate the porous medium from the walls of its casing in order to
further reduce heat losses.

To provide for most of the working fluid to be in the hot zones (i.e. hot cylinder 4
and heater 1) during the heat input phase, and for most of the working fluid to be in the
cold zone (i.e. cold cylinder 5 and the cooler 2) during the heat rejection phase, the
piston 6 in the hot cylinder 4 is leading the piston 7 of the cold cylinder 5 by usually
90° to 110° (degrees of crankshaft angle) in the displacement, so the volume of the hot
cylinder 4 leads the volume of the cold cylinder 5 in its variation by 90° to 120°
degrees.

Figure 2(a) shows an example diagram of volume change (variation) in the hot
cylinder 4 (dashed line) and in the cold cylinder 5 (solid line).

The two variable volumes (hot and cold) that are connected by a set of heat
exchangers (heater 1, regenerator 3 and cooler 2), the variation of volume in the hot
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space which is leading the variation of volume in the cold space by 90° to 110°
(degrees), and the reciprocating flow of the working gas between the variable hot
space and cold space through channels of a set of heat exchangers 1, 2, 3, are
characterizing features of Stirling cycle machines. Typical PV-diagrams for the
variable hot or expansion volume (dashed line) and the cold or compression variable
volume (solid line) are shown in Figure 2(b).

Therefore, if the heater 1is exposed to a relatively high temperature environment
and the cooler 2 is exposed to a relatively low temperature environment, then the
machine works as an engine that exerts power (i.e. the hot or expansion space area is
greater than the cold or compression space area in the PV diagram, see Figure 2(b).

P (MPa)

n angle (deg) n

Figure 2. (a) - Variation of volumes of cylinders; (b) - pressure- volume
diagrams.

However, if the cooler 2 is exposed to a relatively low temperature environment
and the pistons are driven using an electric motor (e.g. via a shaft) or any other
actuation sources, then the temperature of the working fluid in the heat exchanger 1
and variable expansion space 4 will reduce significantly (e.g. down to cryogenic
levels), so that the machine operates as a cooling device generating cold (i.e. the
expansion space area is less than the compressions space area in the PV diagram).

Alternatively, if the heat exchanger 1is exposed to the relatively low temperature
environment and the pistons are driven using an electric motor (e.g. via a shaft) or
using any other actuation sources, then the temperature of the heat rejection in the
cooler 2 will be significantly higher than the temperature of the heat exchanger 1, and
the machine is working as a heat pump (i.e. absorbing heat at low temperature and
delivering it ah high temperature).

The cycle of conventional Stirling machines with reciprocating motion of pistons
in cylinders is usually completed in 360 degrees of the shaft angle.

However, conventional Stirling machines with reciprocating piston motion in
cylinders (kinematical drive engines or free piston reciprocating machines) come with
considerable disadvantages, such as, for example:

» Relatively large volumes and large specific areas of the variable volumes in the

cylinders, which result in greater weight and dimensions of machines;
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e Relatively large volume and weight of a crankcase and complexity of crank-

drive or other types of kinematical drive mechanisms;

¢ Relatively low linear velocities of pistons, resulting in a relatively low

rotational speed of a shaft or frequency of piston oscillations in free piston
machines (typically up to 3000-4000 RPM).

In order to reduce the size and weight of these machines, designers may separate
the crankcase from the gas circuit of the engine using a “sealing” of the vertical rod
connecting pistons and drive mechanism (i.e. a so called unpressurised crank-case).
Such a sealing has been achieved only on a very limited number of Stirling machines,
and even in those engines the working fluid in the internal gas circuit has to be
replenished repeatedly, since it is not possible to fully eliminate working fluid
leakages in a rod sealing.

In free piston machines there is no conventional drive mechanism and pistons are
driven reciprocally utilizing the gas forces provided in the internal gas circuit of
machines and mechanical springs. The oscillating motion of the cold piston may be
converted into electrical power by attaching rare-earth magnets to the piston and these
magnets are surrounded by copper coils (i.e. the concept of linear generator). Such
machines do not have a large crankcase and the engine is fully sealed by placing the
linear alternator inside the engine casing. Its specific weight and dimensions are
significantly improved than those of conventional kinematical machines, but to date
the power output is limited to about 3 to 10 kW (Kilowatts), which is considerably
lower than the output of conventional kinematical engines. The frequency of
oscillation of the pistons corresponds to a rotational speed of the shafts between 2000
and 4000 RPM (revolutions per minute).

2. PREVIOUS WORK ON CONVENTIONAL STIRLING ENGINES

The first two authors of this article have long experience of R & D in the area of
conventional Stirling engines and the following two cases demonstrate examples of
such Stirling cycle machines.

The first case presents a 1-kWel kinematical Dish-Stirling system [2], see Figure
3. The steel frame of the Concentrator had a parabolic form with a focal length of 3.5
m and 89 separate quadratic 0.5 mx0.5 m spherical mirrors of various diameters
were installed on its surface. A tracking mechanism allowed the Concentrator to
follow the motion of the sun. Figure 3 also shows experimental results and at solar
irradiance of about 850 W/m? the system produced 1-kW of electrical power.

Figure 4 shows the schematic diagram of the 1-kW Stirling Engine which was
installed on the system and it was of the «-configuration. The Stirling engine
consisted of two cylinders - a cylinder for the expansion space (16) and a cylinder for
the compression space (10) -mounted on a pressurized crankcase (11). The expansion
and compression cylinders were arranged as a 'V' type at an angle 90° between their
axes. The engine heater (3) was of a cylindrical cavity type and its external surface
(1) was for the input heat flux due to solar irradiation from the Concentrator. The
regenerator (4) was also cylindrical in shape and had mesh gauzes which had been
manufactured from a stainless steel type of material. The cooler (7) consisted of a
package of tubes which were washed with water. The water jackets on the cylinders

43



and the cooler were connected by the tubes (5, 6) of the cooling system. To reduce the
heat losses, the heater, the regenerator, the cylinder of the expansion space and the
tube joint (17) between the "hot" cylinder and the heater were surrounded by thermo-
insulation (2,15). The piston of the expansion space (14), and the piston of the
compression space (9), had two guiding and two sealing rings which had been made
from a fluoroplastic based material. The drive mechanism shaft had a sealing brush
which had been made from the same material on the exit from the crankcase and the
fly-wheel set on the nozzle of the shaft. Rolling bearings were used in the ends of the
connecting rods (12, 13) and in the bearings for the crank mechanism. Helium was
the working gas for the engine and an alternator is used as a load device.

1000-1

f 950-

600--
600 65 700 750 800 850 900 950 1000

Solar insolation [W per sg.m]

Figure 3. A Dish/Stirling engine Power Unit.

1 2 3 456 7 8 9 10

17 16 15 14 13 12 1
Figure 4. The schematic diagram of the 1-kW Stirling Engine.
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The principal parameters of the engine are given in the Table 1 Later
modifications of this engine were made with the electrical alternator built into the
crankcase.

Table 1 Specifications of the Stirling Engine

Working fluid Helium
Maximum working fluid pressure 4.177 MPa
Cycles per second 20
Diameter of the "hot" and "cold" cylinders 0.095 m
Stroke of the pistons 0.033 m
External diameter of the guide and sealing rings 0.095 m
Internal diameter/height of sealing rings 0.085/0.004 m
Diameter/width of the shaft sealing brush 0.004/0.0365 m
Diameter/width of the fly-wheel 22.3/8.2 cm
Diameter of the connecting rod small/big end 0.02/0.04 m
bearings

Length of the connecting rods 0.165 m
Minimum volume of the crankcase 4*10-3m3

The second case describes a small gamma-type Stirling engine. Figure 5 presents a
photograph of the test rig which consisted of such small gamma-type kinematical
Stirling engine with a gas burner and combustion chamber and a boiler for utilisation
of exhaust gases [1, 3].

Figure 5. A photograph of the experimental test rig with a small Stirling engine.
1- the Stirling engine; 2- the combustion chamber; 3- the gas burner; 4- the boiler.

Figure 6 shows the main cross-sections of the Stirling engine which is installed on
the test rig. The Stirling engine is of a y-type and for the production of 400 W. The
machine consists of two - “hot” (1) and “cold” (2)- cylinders installed on a pressurised
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crankcase (3) which houses a crankshaft drive mechanism (4) with a fly-wheel (5).
The crankshaft is installed in the crankcase using rolling bearings (6). The displacer
(7), made from a titanium alloy, and the power piston (8), made from an aluminium
alloy, are connected to the crankshaft by rods (9) and (10). Both the pistons have
guiding (11) and sealing (12) rings made from a fluoroplastic based material. Fins (13)
on the crank-case are used to cool the guiding and sealing rings of the power piston
(8). The same type of fluoroplastic material is used to manufacture the sealing (14) of
the displacer rod. The piston (15) is also connected to the crankshaft and is used to
unload the displacer (7) from side forces during its movement. A three-phase induction
alternator (16) is installed on the shaft (17) of the drive mechanism and is enclosed in
the sealed casing (18). The angle between the axes of the cylinders is 90° and the
displacer (7) splits the volume of the “hot” cylinder (1) into two parts. The volume
(19) which is above the displacer (7) is the expansion space. The volume (20) which is
below the displacer (7) is the first part of the compression space, whilst volume (21) is
second part. Both parts of the compression space are connected by the special channels
(22) drilled in the body of the crankcase (3). The volumes (19) and (20) are connected
through the channels of the tubular basket type heater (23), co-axial regenerator (24)
and the tubular cooler (25). The hot cylinder (1) of the engine, tubes of the heater (23),
collector (26) and casing of the regenerator (24) and its mesh gauzes are manufactured
from a stainless steel type material. The cooler (25) is made as a bank of copper tubes
which are washed with the water in the water jacket (27) of the engine. The water
jacket (28) is used to cool the alternator (16). The diameter and stroke of both the
piston and displacer are 62 and 33 mm, respectively. The speed of the engine is about
20-22 Hz and helium is used as the working fluid in the cycle.
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Figure 6. A general scheme of a small gamma-type kinematical Stirling

Figure 7 demonstrates the design variation of the above engine which has a flat heater
instead of basket-type tubular one [3]. Figure 8 shows a typical experimental PV
diagrams for such engines obtained using instantaneous pressure sensors. The obtained
electrical power was around 320-350 W at measured indicated power of about 800 W

[1]
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Figure 7. An appearance of a small gamma-type kinematical Stirling engine
with flat heater.

Volume (cub.m)

Figure 8. Typical experimentally obtained pressure-volume diagrams in the
expansion and compression spaces of the engine [1].

3. THEORETICAL INVESTIGATIONS EXPERIENCE

The second-order models and Computational Fluid Dynamic models were routinely
used for designing of engines [2, 4,5].

In the second-order models the calculation scheme of the engine the engine is made
of a sequence of five or more chambers representing volumes of the expansion space,
heater, regenerator, cooler and compression space, respectively. Gas temperature
variations in the chambers are taken into account due to changes in pressure, gas flow
from and into chambers and heat transfer to the walls of chambers. A set of ordinary
differential equations of mass and energy conservation are derived for each chamber
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and solved numerically together with ideal or real gas state equation. When heat
transfer between the walls of chambers or the elements of the regenerator matrix due
to conductivity and radiation is not taken into account, then, in addition to the set of
thermal boundary conditions, a special criteria has to be introduced to achieve an
overall heat balance in the cycle. This is necessary to obtain a solution in the stable
regime of operation with the known speed of the engine. If the energy conservation
equations for the elements of walls of the chambers and matrix of regenerator are
included into the general set of equations then it is necessary to specify only a set of
thermal boundary conditions to obtain a solution. The reminder of the method of the
calculation of the cyclic work is similar to that of using first order-models. Usually
models consider from 5 to 32 chambers in the calculation scheme of the engine.

Two- and three-dimensional Computational Fluid Dynamics (CFD) models of
engines were usually deployed at later stages of the design process. This type of
modelling has been broadly used for design and development of internal combustion
engines and gas turbines and relatively recently these were deployed in R & D of
Stirling Engines. The main feature of such type of modelling is that the real three-
dimensional geometry of the engine can be considered in the calculation scheme of the
engine. The computational domain is subdivided into small finite elements (volumes)
and the properties of the flow, such as velocities, temperature and pressure, are
obtained for nodes of these elements by numerical solution of the full set of
governing equations of mass, momentum and energy conservation for two- or three-
dimensional flows [6, 7]. In the general case multiphase flow with chemical reactions
(combustion) can be considered. Finite elements or control volume techniques can be
used for the numerical solution of the governing equations. In principle, this method
allows one to consider conjugate heat transfer (heat conduction due conductivity, heat
transfer and radiation) between the working gas and the constructive elements of the
design. Furthermore, heat and mass transfer processes, which occur in the internal gas
circuit of the engine, in design elements of the machine and on its external circuit
(combustion and flow in the combustion chamber) can be considered and their
dynamic interaction analysed. Figure 9 shows an example of computational grid for
the internal gas circuit of the gamma-engine in Figure 6 and Figures 10 and 11 show
the gas flow and typical distributions of temperature and pressure inside the engine

[1]

4. TWIN-SCREW STIRLING CYCLE MACHINE FOR CRYOGENIC
APPLICATION

Rotary mechanisms, such as twin-screw or scroll mechanisms, were considered for
use in Stirling-cycle machines, see for example [8, 9]. In [9] the application of a scroll
mechanisms resulted in a Joule cycle apparatus. Twin-screw mechanisms have been a
very popular choice for compressors. Figure 3 (a) to (d) shows a full cycle of a twin-
screw compressor. During operation (i.e. rotation of the twin-screw shafts), two
intermeshing and counter-rotating male and female rotors trap a working fluid 1 (e.g.
gas) in-between corresponding lobes and the enclosing casing 2. The gas is pushed
forward axially by the intermeshing male and female lobes, so that the volume of the
chamber, created by the intermeshing male and female lobes, is reduced progressively,
causing the trapped gas to be compressed.
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(a)

(b)
Figure 9. A three-dimensional Figure 10. Velocity fields (a) in the expansion
computational grid of the space and (b) in the cold cylinder (m/s) for one of
Stirling engine. the characteristic points in the cycle.
(a) (b)

Figure 11. Examples of the temperature ((a) - in degrees K) and pressure ((b)-in
Pa) distributions in the gamma-type engine

As shown in Figure 12 (a) the gas 1 is taken in through an intake port 3; (b) the gas
1 is then trapped and moved in an axial direction; (c) the gas is compressed by the
reducing chamber volume provided by the intermeshing lobes; and (d) the gas 1 is
discharged through a discharge port 4.
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Figure 12: Twin-screw mechanism compressor.

However, the cyclic volume changes provided by the twin-screw, scroll or conical
single screw mechanisms follow a linear or nonlinear saw-tooth function, as shown in
Figure 13. Here, the slow ramps may be defined by a linear function (i.e. a straight
line), but may also be described by a nonlinear function (e.g. part of a harmonic or
non-harmonic function). This saw-tooth character of the working fluid volume
variation, as provided by these rotary machines, and one-directional flow of the gas
seemingly made twin-screw or scroll mechanisms unsuitable for use in the Stirling
cycle.

It is an objective of this paper to present a Stirling-cycle apparatus that utilizes
rotary expander and compressor mechanisms, such as twin-screw, scroll or single
conical screw mechanisms, even if they are positive displacement machines providing
the flow of the working fluid in one direction [10].

Realization of the apparatus using the above mechanisms is demonstrated on the
twin screw configuration in application to Stirling cooling machines. Figure 14 shows
such the arrangement which consist of two identical units, except the first unit leads
the second unit in rotation by 90 degrees. This shaft angle difference in rotation can be
easily changed to be adapted for best performance of the Stirling machine.

slow slow
Pe°stive steep vertical negative

Figure 13. Volume variations in twin screw, scroll or conical single screw
expander or compressor machines.
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Each unit consist of two mirrored twin screws on the same shaft. In this example
four lobe male and 6 lobe female screws are used. This arrangement is equalling to 8-
cylinder machine. The casing and meshed lobes of male and female rotors form a
compression chamber on the upper part of the unit and on opposite (bottom) side
expansion process takes place. In this example geometrical parameters of the rotors are
selected in such a way they compression or expansion in chambers is completed
during a single full evolution of the shaft (in 360 degrees of the shaft angle). In
commercially produced twin screw mechanisms this angle may vary and be less than
360 degrees but it does not affect the thermodynamic cycle. Both compression sides in
the unit are connected to each other to form a single compression chamber. In similar
way, both expansion chambers at the bottom side of the unit connected to each other to
form a single expansion chamber.

Figure 15 shows that corresponding compression and expansion chambers are
connected to each other through conduit channels in the shaft in a certainly timed
manner so the gas is compressed by the compression chamber during the first half of
the cycle and then this gas is directed and expanded during the second half in the
expansion chamber. Meantime the portion of the gas which was expanding during the
first half of the cycle then will be directed and compressed in the compression
chamber, see Figure 16. In this way two working spaces of a Stirling Cycle machine
are formed which vary in anti-phase. If these working spaces will be connected
through a set of heat exchangers to the corresponding working spaces in the second
unit as shown in Figure 17, then there will be periodic pressure variations in such
single gas circuit formed by corresponding working spaces in each unit and the set of
heat exchangers which connect them.

Figure 14. Stirling cycle machine apparatus consisting of two units of double
twin screw mechanisms.
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Figure 15. Connection of compression spaces in each chamber of the twin
screw mechanism to the corresponding expansion spaces trough conduit
channels in the shaft.

Figure 18 presents results of the conducted CFD simulations of the novel Stirling
cycle apparatus which clearly demonstrate the existence of the reciprocating flow
between working spaces, located in two units shown in Figure 17. In Figure 19 this
data is also presented as diagrams of the mass flow rate and pressure variation of the
working fluid as a function of time in heat exchanger, which connects corresponding
working spaces in two units. It should be highlighted that the above diagrams are very
close to that presented for the conventional Stirling machine with reciprocating pistons
(shown in Figure 18 for comparison purposes in the blue colour).

The above results obtained using CFD analysis clearly demonstrate that it is
possible to use twin crew mechanism or similar rotational mechanisms for realization

of the Stirling cycle.

Figure 16. Formation of two working
spaces per chamber of the twin screw
mechanism with expansion and
compression processes due to the timing
of connection of corresponding
compression and expansion spaces
through conduit channels in the shatft.
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Figure 20 (a) and (b) show alternative rotary mechanisms that can also be used
for realisation of Stirling cycle in a similar manner described case of twin-screw
mechanism

4. CONCLUSIONS

New design of Stirling Cycle machines has been proposed in this paper based on
application of twin screw and other rotating mechanisms. It has been demonstrated
that proposed design arrangement provides the periodic reciprocating flow between
two corresponding working volumes as in the classical reciprocating piston Stirling
machines.

The new design will have better performance in terms of dynamic balancing,
vibrations and specific weight and volume. Due to these advantages one of the areas of
potential application can be domestic and industrial scale refrigeration and cry-cooling
of infrared sensors or for thermal management of other electronic devices.

Currently work is in progress on the development of the laboratory prototype of the
new Stirling machine.

(@)
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(b)
Figure 18. Results of 3-D CFD modelling of the gas flow in the proposed
Stirling cycle machine apparatus (a) with demonstration of reciprocating flow
between two units (b).

B 0

(@) (b)

Figure 19. a) Dimensionless Mass flow rate and b) Pressure variation of the
working fluid in the set of heat exchangers built in between two corresponding
working volumes in two units of the proposed Stirling cycle apparatus;
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Figure 20. (a) - scroll mechanism; (b) - conical single screw mechanism [11]: 1
- rotating single conical screw; 2 - rotating casing; 3 - inlet side; 4 - outlet side.
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MeToanka ypaBHoOBellMBaHUSA V-06pa3HOro opuraTens ¢
YrN0BbIM CMELLEHNEM LLIATYHHbIX LLIEEK PSAOM
PACMONOXXEHHbIX LLIATYHOB

Banbexo ManbgoHazgo I1. P.
PY[H, Poccua

YaitHoB H. .
MI'TY mm. H.3. baymaHa, Poccus

CoBpeMeHHbIe CBEPXKOMMAKTHblE aBTOMOGW/bHbIE ABUraTeNy, MMELLME KBa3n \-06pasHyto
CXEMY PacroNOXeHUs LWIUHAPOB  C KPMBOLUMMHO-LIATYHHbIM MeXaHu3mom (KLLM), He
06M1afaloT PaBHOMEPHbLIM UEpefoBaHMEM BCMbILLIEK B LWAMHAPAX, 4YTO BEAET K YCUIEHMIO
BMBPALIMIA 1 CTPYKTYPHOTO LyMa, U3My4aemoro fBUraTenem.

PaBHOMEpHOe uepefioBaHMEe BCMbIEK B \V-06pasHOM [Buratene, Kak W3BECTHO, MOXHO
06eCcrneunTb CMELLEHNEM LLIATYHHbIX LIEEK CMEXHbIX LMMHAPOB Ha ONpeAeneHHbI yron (puc.

1.
vu =€ yLII:OA)

Puc. 1 Pacnono>keHue KpMBOLLUMNOB KO/IEHYATOro Bana, 0becrneynsaroLLiee paBHOMepPHOe
YepeoBaHMe BCMbILLEK B YeThbIpexTakTHOM V-06pasHoOM apuraTene:
a- 6-UuMnMHAPOBOM [fBuraTene cyrioM passana umamHapos 90°; 6 - 6-UuIMHAPOBOM ABUraTene
Tuna VR cyrnom passana uynmHapos 15°; B - 12- uunMHApoBOM AsuraTene
Tuna W12 cyrnom passana 6/10K0B LUIMHAPOB 72°%; T - 8-LUMNUHAPOBOM ABUraTene
cyrnom passana UumMHAPOB 75°
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B 1abn. 1 npuBeneHbl OCHOBHBIE TAPAMETPBI ABUTATENCH, PACTIONOKCHUE KPUBOIIHUIIOB KOJCHYATHIX
BaJIOB, KOTOpOE MPEACTABIIEHO Ha puc. 1.

Tabnuya 1 — Ocnoeusie napamempul ogueameneti

[TapameTtpsr Mopnens aBTOMOOMIIS

a. 0. 8. 2.

E280 Golf Audi -A8 Gelendwagen
G400 CDI
Tun neurarens c HUCKPOBBIM | C HUCKPOBBIM | C HUCKPOBBIM IU3eIb
3KUTAaHUEM 3KUTaHUEM 3KUTAaHUEM

Konuepu Mercedes-Benz Volkswagen Volkswagen Mercedes-Benz
IUaMeTp LUIUHAPA 89,9 84,5 84,0 86,0
(D), mm;
xon mopiasa  (S), 73,5 95,0 90,168 86,0
MM,
OTHOLIECHUE paguyca 0,239 0,283 0,283 0,279
KPUBOIIUIIA K JJTHHE
matyHa (A)
HOMUHAJIbHAA 5500 6300 6000 4000
4acTOTa  BpaIlEHUs
(n), mun™"
CTETIeHb CxKaTHs (€) 10,0 11,3 10,75 18
s dexTuBHAS 162 185 309 184
MotHOCTb (Ne), kBt
ne3aKcax (€), MM 0 +12,5 +12,5 0
OTHOCHUTEJIbHOE 0 10,263 +0,263 0
CMelleHne ocH
UTHHIPA o
monayio (K = e/R)
YUCJIO HUJTUHAPOB (7) 6 6 12 8
Ym 30° 21+ 21°%+ 15°

JInist  9eTBIPEXTAKTHBIX JABHIaTeleil ¢ YHCIOM LMIMHAPOB / M YIJIOM pasBama HX Y

HEOOXOAMMYIO BEJIMUUHY YITIOBOTO CMEIIEHHsSI Y, HIeeK MOXKHO onpenenuts no gopmye (1),

Y :(720°/i)—yu.

ITpu Hanmmumu mesakcaxa 7y, ompenensercs no gopmye (2) [3, 4]

Ym = Yu +2|(pBMT|>

rae \(pBMT\ = arcsin

AK
(1+

1)

ocu nunuHapa B aesakcuanbaoM KIIM npu nonoxenuun mexanusma B BMT.
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[esakcax, Hanpumep, B fpuratene VR-6 Heobxoaum Ans NpefoTBpALIEHUs MepeceyeHus
MOBEPXHOCTEN LIMNMHAPOB B UX HIDKHEN YacTh. Mo3aToMy OCK NpaBbIX LUAMHAPOB (CO CTOPOHbI
HOCKA KO/IEHYaToro Basla) WMEHT MOMOXUTENbHbI [Ae3aKcaX, a OCW NIEBbIX LWAVHAPOB
CMeLLiEHbI OTHOCWUTE/NIEHO OCW KONEHYATOro Basia B OTPULIATENIbHOM HanpasneHumn (puc. 2).

B pa6otax [2, 3, 4, 5 6] nokasaHo, YTO CWNbl MHEPLMN MEPBOr0 M BTOPOro MOPSAKOB OT
BO3BPATHO-MOCTYNATENIbHO ABWXKYLLMXCA MacC W CUIbl WUHepuuyM OT BpaLLaloLmMxca Macc
ABNAKOTCA YPABHOBELLUEHHbIMU. X MOMEHTbI He YpaBHOBELLUMBAKOTCA. VICKIOUeHNAMY ABNAKOTCA
MOMEHTbI CUN NHepLMK BTOpPOro nopsaaka asurarens V8x75x15.

Ocb nceor
umMnuHgpa

Puc. 2. KunemaTtunyeckaa cxema gsurarens VR-6 ¢ gesakcmanbHbiM KLLIM
B kauecTBe npumepa npefcTaB/ieHa METOANKA YpaBHOBeLLMBaHNA asuratens VR-6.
YpaBHOBeLLUMBaHNE MOMEHTOB CUN MHEPLMY BO3BPATHO-NOCTYNATENbHO ABUXKYLLMXCA Macc

YpaBHOBELLIMBAHUE MOMEHTOB CM/T MHEPLWWM BO3BPATHO-MOCTYMATeNbHO ABVXKYLLMXCS Macc B
asuratene VR-6 yao6HO aHaNM3MpoBaTh, 3aMeHSI YKasaHHble CWMbl WX MPOEKLMAMW  Ha
OPTOrOHaNbHbIE KOOpAWHATHbIE ock X 1 Y. Ocb Y neprneHAMKynspHa 0CW KOMEHYaToro Bana u
COBMAMAeT C HanpaBneHWeM GUCCEKTPUCHI Yrna pasBana LUMAMHAPOB YL; OCb X - M/IOCKOCTY

TakKMX OWCCEKTPUC B TOYKax, NpUHagIexawmx JMHUA MepeceyeHns MNOCKOCTeN ocel
LUMANHAPOB N1IEBOTO M Npasoro paga (puc. 3).

MOMEHT CWN MHEPLMKM BO3BPATHO-MOCTYNATENIbHO ABMXKYLLMXCS Macc YA0GHO Onpeaensth
OTHOCMTENbHO TOYKM «O» - cepeauHbl KoneHuatoro Bana (puc. 3). byaem cuutartb, uTO
NONOXUTENbHbIE MPOEKUMN CUM MHEPLMW OTHOCUTENIbHO 3TOM TOYKM B 1-0M, 2-OM M 3-eMm
LUMAMHAPAX CO3AA0T MOMOXKWTEbHbIE MOMEHTbI, a B 4-0M, 5-OM ¥ 6-OM - OTpuLaTeNbHble
MOMeHTbI. Torla MOMEHT OT CW/ MHEPLMM MepBOro Nopsaka, AelCTBYHOLWMIA B NIOCKOCTN OCEN

- 2 5aPjly(l) +1,5aP/1y(2) + 5aP/ly3) ~ 5aP/ly(d) 15aP/ly(5) ~2 5aP/1y(6) ©)
a MOMEHT OT TeX XXe Cu/, AeACTBYOLLMNIA B MIOCKOCTM OCER X,

M Ix - 2 5aP/Ix(1) +1 5aP/1x(2) +0 5aP/Ix(3) 0 5aP/Ix(4) _15aP/1x(5) _2 5aP/1X(6) . (4)

MOMEHT CU/ UHEPLIMM BTOPOTO NOpPSiAKa, AECTBYIOLLMIA B MIOCKOCTY OCeld Y,
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M 2y - 2 5aPj2y(l) + 1 5aPj2y(2) + 0 5aPj2y(d - 0 5aPj2y(d) - 5aPj2y() - 2 5aPjy6),  (5)

a MOMEHT TeX e CW, AeNACTBYHOLLMIA B NIOCKOCTM OCeld X,

M 2x - 2,5aPj 2x(1) + 1 5aPj2x(2) + 0, 5aPj2x(3) - 0, 5aPj 2x(4) ~1.98Pj 2x(5) - 2,5aPj 2x(6). (6)

Puc. 3. PacueTHas cucTema koopanHaT fsuraTens VR-6
Mpeobpasys ypasHeHus (3), (4), (5) v (6) ¢ yuetom Buipaxenui npoekunii Pily(i), pj 1x(j)
PI2y()) v Pj2x(i) [3], nony4um

M1y —mjrrn2a (Y COS(+BY ST )cos

M Ix —mjRrn2a (Alx cos p+B” sTh )sin -,
M2y —mjRa”Xa (Ay cos2p+By sT2h)cos ;

M 2x —mjRro Xa(A x cos2d+B2x sin2d) s i n2" ,
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TAE  Aly =3-J3XK-(3 +1/3XK)cos0+(V?- 3X )sin0;

Bly =-J3 - 3K +(3+n1/3>)sin0+(V?- 3X)cos0;

Alx =-3 +yf3XK- (3 +yf3XK) cos0+ (V3 -3 )sin0; o
BIx =V3+3X +(3+n/3>)sin0 + (y/3- 3 )cosO0.
A2y =3- 3c0s20- V3sin 20;
B2y =V3+3sin20- V3cos 20; 6
A2x =-3 - 3c0s 20 - 53sin 20; ©
B2x =-*J3+3sin 20 - /3cos 20.
XK
0= Yu- Yu =2|pBmT|= 2arcsin ©))
(I1+X
a) 0)

Puc. 4. T'patviku U3MeHeHVss MOMEHTOB OT CWN MHEPLWW BO3BPATHO-NOCTYNATENbHO
ABV>KYLLMXCA Macc, Hm, B nnockocTsAx oceil Y u X asuraTens VR-6:
a- OT CWI MHepLMV NepBoro nopsaaka; 6 - 0T Cul MHepLMK BTOPOro nopsaaka

lMonHoe ypaBHOBELUMBAHNE KaXKA0ro 13 MomeHToB Myy n Mix asuratens VR-6 gocturaercs

NOMOLLbIO YEeTbIpEX MPOTUBOBECOB, YCTAHOB/IEHHbLIX Ha ABYX [AOMO/HUTE/IbHbIX Ba/laX,
napasinenbHbIX OCW  KONMeH4yaToro Bana. Banbl pacnonaratoT 00bIY4HO B MJIOCKOCTH,

neprneHANKYNAPHON COOTBETCTBYHOLLEN KOOpAMHATHOM ocu - Y and Myy n X ana Mix, u
BpaLLakoT NonapHo B pasHble CTOPOHbI C YT/I0BbIMU CKOPOCTAMU 10 U - 10 [3].

MonHoe ypaBHOBeLLMBaHNE KaXXA0ro n3 MomeHToB M2y n M2x asuratens VR-6 gocturaercsa

MOMOLLBK  YeTbIpeX MPOTMBOBECOB, YCTAHOB/EHHbIX Ha [ABYX [OMOMHUTENbHbLIX Banax,
BpaLLlatoLLMXCS B MPOTUBOMO/OXKHbIX HaNpaB/eHWAX C YrN0BbIMI CKOPOCTSIMK 210 1 -2 10 [3].

[N MOMEHTOB CU/T MHepuMn 1-ro 1 2-ro NopsgKoB, KOMMYECTBO Ba/IoB U NMPOTUBOBECOB MOXKHO
COKpatTUTb BABOE. Mcnonb3ys  MAOCKO-NapaiefibHbll  MepeHoC  JONOMHUTENbHbIX BasioB,
nepeMecTUM BCe MPOTMBOBECHI, BpalLaloLMecs B OAMHAKOBYK) CTOPOHY (M C OfMHaKOBOWM
4yacTOTOI), C [ABYX Ba/lOB Ha OAWH OOGLLUMIA Ban, N Kax[ible ABa MPOTMBOBECA, OKa3aBLUMECA Ha
O[JHOM KOHUe 3TOro Bana, 3amMeHMM OfHMM MPOTUBOBECOM, 3KBUBAMEHTHbIM WM MO
ypaBHOBeLLMBAIOLLEMY [eACTBUIO (puUC. 5, 6).
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Puc. 5. KypaBHOBeLLUMBaHNIO MOMEHTOB OT CWI MHepuun nepsoro nopsgka (¢ = 0)
nasuraTens VR-6

Puc. 6. KypaBHOBELLMBAHNIO MOMEHTOB OT CW/ UHepuun BToporo nopsgka (¢ = 0)
nasuraTens VR-6

Kak cneflyet 13 puc. 5 1 puc. 6, MOMEHTbI, CO34aBaeMble MPOTMBOBECAMU, MEePEHECeHHbIMU Ha
06LWMIA Ban, AeNCTBYIOT B O4HON NIOCKOCTW. DKCTPEMa/lbHbIe 3HAYEHNS MOMEHTOB KaXoro 13

BblLLe YKa3aHHbIX JBurarenein iy et MXLax MZYrmx M Ve MEIOT MecTo
COOTBETCTBEHHO npu @, dix, 4y n d2x (puc. 4). B 1abn. 2 npeacrtasneHsbl yrabl (i),

@L(-w), 2(2w), h2(-21) AeincTBMSA ypaBHOBELLMBAHUA MOMEHTA B MI0CKOCTU OTHOCUTE/IBHO OCK
Y, 3aBUCMMOCTb MOMeHTOB M mpuw) ,M mpl(Hl,M np22w), M A~y ) © mace, 06beanHEHHbIX

np°Tueosec®s LLUNp1(T), T npl(-w), mnp2(2w), T np2(-2w) (puc. 5 u puc. 6).

YpaBHOBELLIBAHNE MOMEHT OB LIEHTPOOEXKHbIX CIN MHEPLN BPALLAOLLMXCA MACC KPUBOLLIMMHO-
LA TYHHbIX MEXaHN3MOB
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PaBHOAEMCTBYHOLMIA MOMEHT MRL5 LeHTPOBEXHbIX CU MHEPLMK, BO3HUKAKOLWMX B 1IEBON 3-

LUW/MHAPOBOW MONMOBMHE ABUraTens, W PaBHOAECTBYHOLWMIA MOMEHT MRr26 Tex e cun,
BO3HKAIOLLMX B MPaBoi 3-LMNVHAPOBOIA NoMoBKHe auratens[3], npeAcTaBeHb! B Tabn. 4.

MomeHT M [e/icTByeT BO BpaLLaOLLENCa MNIOCKOCTK, OMepexarollein naockocTb 1-ro
KpmBoLumna Ha yron 30°, 1 MOXeT ObITb YPaBHOBELLEH NpoTMBOBECaMM T Mp*15 (cm. Tabn. 4),
yCTaHaB/IMBAEMbIMU B 3TOW NIOCKOCTM Ha NPOAO/MKeHUN WwekK 1-ro n 5-ro kpusowwmnnos [3] (puc.
7). MomeHT MRr26 aeiicTBYeT BO BpalLatoLLECcst NIOCKOCTW, OTCTatoLen OT M0CKOCTM 2-T0
Kpmsowwna Ha yron 30° (oT mnockoctv 1-ro kpmsowwna - Ha 30° ' YOAT —1"0 A7 ). OH
MOXET OblTb YypaBHOBELLUEH NpoTMBOBeCaMu T MP*26 (cm. Tabn. 4), ycTaHaB/MBaemMbiMK B
yKa3aHHOM NIOCKOCTU Ha NPOAOIHKEHNN LLeK 2-r0 1 6-ro Kpmsowwmnos [3] (puc. 7).

YuyuTbiBas B3aMMHOE pacrofiokeHue macc mnp*15 n 1 mp/126 B aHanM3MpyemMom Asurarene,

LIeNecoobpasHo COKPaTUTb KOMMYECTBO YPaBHOBELLMBAMOLLMX NPOTVMBOBECOB - C YeTbIpex A0
[BYX, 3aMeHsii ANs 3TOro MPOTMBOBECHI, PACMONIOXKEHHble Ha OAHOM KOHLIE Basa OAHUM
MPOTMBOBECOM, 3KBMBANEHTHbIM MM MO YpaBHOBELLUMBAOLLEMY [e/cTBUIO. Hailgem yrnosoe
MONOXEHUE TaKUX MPOTMBOBECOB W MX MAcChl, OMPEAeNVB BEMYMHY W MIOCKOCTb AeicTBUS

CyMMapHOro MomeHTa MR BCeX UEHTPOOEXHbIX CUT MHepPUMKW. BbINONHAA BEKTOPHOE
cnoXkeHne momeHToB M 51 MR26 (puc. 8), Halilem CyMMapHblii MOoMeHT MR B agpuratene
VR-6 (cM. Tabn. 4). OTOT MOMEHT AeWCTBYET BO BpaLLAtOLLECA MIOCKOCTW, OTCTAKOLLEN OT
nnockoctT 1-ro kpmeowwuna Ha  yron (p"=49°iv , U MOXeT OblTb YypaBHOBELLEH
npotusoBecamn mnpK (cm. Tabn. 4), yctaHaBNMBaeMbIMW B 3TOW NJIOCKOCTM Ha MPOAOIHKEHNN
ek 1-ro n 6-ro umnuHapos [3].

Puc. 8. K ypaBHOBeLUNBAHWNIO
cymMMapHoro MmomeHTa MR

LeHTPOOEXKHBIX CUN UHEPLMK

Puc. 7. KypaBHOBeLLMBAHNIO MOMEHTOB
LEeHTPO6EXKHbIX CUT MHEepLM
(1, 2...6 - HOMepa UUIMHAPOB 1 KPUBOLLIMMOB ABUraTENs)

B Ta6n. 2 u 3 npeAcTaB/eHbl 3aBUCUMOCTM A5 YPABHOBELLMBAHWS MOMEHTOB OT CUM MHEPLN
BO3BPATHO-MOCTYNATENbHbIX 1 BPALLAOLLMXCS MAacC PasHbIX JBUraTenei.
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Tabauya 2 — 3a6ucumocmu MOMEHMOS, UX IKCMPEMATbHBIX 3HAYEHUIL, MACC NPOMUBOBECOS8, HEODXOOUMBIX 018 YPAGHOBCULUBANHUA MOMEHMOB CUL

UHEPpYUU 6036PANMHO-NOCMYNUAMENTIbHO OGZ/D!C)/IMMXC}Z macc ogueameneti

JIBurarenu
VR-6 V6 x90x30 w-12 V8 x75x15
(Ply 560-“1 o 1UUO K, 150°£180° K 86o-ru - 10\10 K, 260.)-r . u.)uo K,
k=0,1,2,... k=0,1,2,.. k=0,1,2,... k=0,1,2,...
(p]x 1460—1-\} o 10\}0 K 2700i1800 K 176O—ru o louOK 116OJ-r - 10\;0 K
v 0.111m;Re’a 1,732m ;Ro’a 0.4143m ;Ro’a 3.548m ;Ro’a
max
IMix] 0,907m;Ro’a 1.732m ;Ro’a 1,2205m ;Ro’a 2,722m ;Ro’a
Mupi (o) 0,398m;Ro’a 1,673m ;Ro’a 0.817m ;R a 6,27m Ro’a
M1 (-0) 0.51m;Ro’a 0,448m ;Ro’a 0,403m ;Ro’a 1.826m ;Ro’a
Mnp1(w) 0,398m,— X .4 1L.673m & .4 0.817m,—X .4 6.27m; R4
Pnp1 () by Pnp1(w) by Prpl(w) by Pnpl(w) by
Mpl(-0) 0,51mjLi 0,448mjL-ﬁ 0,403mjL-3 1,826mjL-ﬁ
Pupl(-w) 21 Pupl(~w) D1 Pupl(~w) 1 Pupl(-w) b1
(Pl((l)) _ 56O—ru +15° - 86o-ru - 260_)-r
D1(-) +56°+ -75° +86"+y 267+
(P2y 56O-ru o 7UOK, 15°+90° K, 86O—ru o 7uo K, -
k=0,1,2,... k=0,1,2,... k=0,1,2....
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(sz llo—rv o JUOK 1350 + 900 K 4lo-ru o 7\10 K
|M5,] 0,797m ; Ro*ha 1,732m ;Roha 1.5595m ;R *ha
max
Mol 0,898m ; Roy*ha 1.732m ;R0 ha 1,5385m ;R ha
Mrp2(2w) 0.847m ;Ro*ha 0,448m ;Ro*ha 1,549m ; Ro*ha
Mypa(2e) 0,051m ;Ro*ra 1.673m ;Ro* Aa 0,0105m ;R \a
Mop2(2w) 0,212ij—)‘.i 0,112ij—7‘.i 0’3872ij—7“.i
Prp22ew) 22 Prp22e) b2 Pip22w) 22
Mp2(-20) 0,013m, _ R e 0.418m _ B a 0.002625m;, — 1+ .4
b b / b
Pnp2(—2w) D2 Pnp2(-2w) 02 Pnp2(—2w) 2
P2020)) +66°+y +75° +6°+u
P2(-20) -66°+y -15° -6y

a — pacCTOSIHHE MEXKAY OCSMH COCEJHMX LMIMHAPOB; by, by— paccTOSHHE MEXAY INOCKOCTSIMH BpAICHUS [IPOTHBOBECOB IS YPaBHOBEIIMBAHMS

MOMCHTOB OT CHJI HHCPHIUHU COOTBCTCTBCHHO IICPBOTO U BTOPOT'0 TOPAIKOB; m] — BO3BPATHO-NIOCTYNATCIIBHO JABUXYIIAACA MacCa B OAHOM ITUITMH/IPE

ABUTATEIA; O — YIIIoBasg CKOPOCTH KOJIEHYATOI'O BaJja, paz[/c; R - paanyCc KpUBOIIHAIIA; A — OTHOIIIEHHE paanyca KpruBOIIUIIA K JJIMHE IIATYyHA;

pr[p
PaCCTOAHUE OT LEHTPA TAKECTH IPOTUBOBECA O OCHU BpAICHHA COOTBETCTBYIOLICTO Bajld; 3HAK «+T» IIOKa3bIBAET HAIlpaBJICHUE 110 XO4Y JacOBOU
CTPCJIKH; 3HAK «—» - IIPOTHUB X044 4acOBOM CTPCJIKH.
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Tabruya 3 —3asucumocmu MOMEHNMOB, UX IKCMIPEMANbHBIX 3HAYEHUN, MACC NPOMUBOBECOS,
HEeOOX0OUMBIX OISl YPAGHOBEULUBAH U MOMEHMOE CUII UHEPYUU 8PAIYATOUJUXCA MACC O8ueame.eil

Hdeurarenn
VR-6 V6 x90x30
Mg s 23K pa Mg, 1,732K ga
Mpz26 2\/§KRa Mg, 1,732K pa
MppR1S 2Bmp ——— a MunpRy 1,732mp R _a
pr[pRlS b1 s PupRy DRy
MppR2.6 23my —— MnpRy 1,732m, 2. 4
PupR2.6 Yy PupRx  ORx
Mg 1,302K pa
PR 49°,y
MupR 1.302mp ——. 4
PnpR bR
W12 V8 x75x15
Mgzi6 1,302Kp -a Mpgi1234 V10K -a
Mpg7.12 1,302K -a Mpgs678 V10K -a
MypRI6 1302mp, R a MppR1234 J10mp R __a
PupR1.6 OR16 PupR1234 DRI1234
MapR7.12 | 1 302mp — 2. 9 MppR3678 Jiom, —X .4
Pupr7.12 OR7.12 Pupr35678 PRr3678
M 2,59Kp-a MppR1234 JT0m, R _a
PupR1234 DOR1234
PR 4301\; ml'[pR5678 \/ﬁmR R ] a
Pupr35678 PR3678
MpR 250m, .9 Mp 6,27Kg -a
PrpR bR

Kp =(my ijm[)Roo2 - neHTpoOekHast cuia (1o MOJYJIO), MEeHCTBYIOIIAs B OJTHOM LUJHHJPE,
m, — HEyPaBHOBELICHHAs Macca KOJICHA, NMPUBEACHHAs K PaauyCy KPUBOLIMINA, My — YaCThb
MacChl IIATyHA, NMPHUBENCHHAs K LEHTPY LIATYHHOM ULIEHKU, bRy, bpy— PACCTOSTHHUS MEXIY
MJIOCKOCTAMH BPALIEHHA MPOTUBOBECOB, propy UM PrpRy — PACCTOSHMS OT LEHTPA TSHKECTH
POTHBOBECA 10 OCH Bpainenus Bana; PR1.5. PR2.6> DR1.6> PR7.12,PR1234 > DRS678 — PACCTOSHUSA
MEXKOY IIJIOCKOCTSIMH BpAalIeHUsI MPOTHBOBECOB; PmpR1.5> PmpR2.6° PnpR1.6> PmpR7.12°
PnpR1234 > PmpR5678 — PACCTOAHUS OT LEHTPA TSKECTHU MPOTUBOBECA A0 OCH BpAICHUS BaJa,
bp — paccTosiHne MeXIy IIOCKOCTSIMH BPALEHUs] IPOTHBOBECOB,; PupR — PACCTOSHHE OT LIEHTpa

TAXKECTHU IIPOTUBOBECA 10 OCHU BPALICHUA KOJICHYATOT'O BaJia.
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MprBeAeHHbIE 3aBUCMMOCTV MOXHO WCMOMb30BaTh MNPU  AMHAMMUYECKOM aHanin3e
YPaBHOBELLUVBAHNS YeTbIPEXTAKTHOTO [BUraTens, WMetollero \V-06pasHyt0 KOMMOHOBKY C
pa3HbIMM yrnamy passana LUUMHAPOB,  YI/IOBbIM CMELUEHUEM LUATYHHbIX LUEEK PSAOM
PAcMo/IOXEHHbIX LLIATYHOB U PABHOMEPHbLIM YepPef0BaHIEM BCrbILLIEK.

JlnTepatypa:

1 Ceramb B. ®. [AuHamunuyeckme pacuyeTbl ABurateneii BHYTPEHHEro cropaHus. J1,,
MalunHocTpoeHue, 1974. - 248 c.

2. M.P. Banbexo ManbgoHago, K. C. PyHoBckuin, H.[. YaiiHoB. YpaBHOBelLMBaHue V-
06pa3Horo 6-UMMHAPOBOrO YeTbIPEXTAKTHOrO ABWUratens ¢ yrnoMm passana uuavHapos 90° u
paBHOMEPHbIM YepefoBaHMeM Benbiwek// 'py3oBuk, 2015, Ne6, c¢. 14-20.

3. M.P. Banbexo ManbpgoHago, K. C. PyHoBckui, H.A. YailHOB. YpaBHOBeLUMBaHWE 6-
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OueHka BO3MOKHBIX MpeaesioB (popcupoBaHUA

au3esei BO3AYIIHOT0 OXJIAXKIACHHS

Boneozpaockuii 2cocyoapcmeentuiii mexHuueckui yHugepcumem

A.V.Vasilyev, A.M.Lartsev, E.A.Fedyanov
Assessment of the possible limits of the crossing

air cooling diesel engines

Volgograd state technical University

B nacmosyee epems pesxo gospoc unmepec k ocgoernuto Kpatineco Ceese-
pa u Apxmuxu. /{usenu 8030yutno2o oxaaxcoeHus DOIbULOT MOUHOCIU MO2YM
HATIMU WUpoKoe NpuUMeHeHue 6 Cmoilb CYpoBbiX YClosusx. B ceazu ¢ smum 3a-
oaua onpeoeneHUss GO3MOICHBIX NPeoesios (hopcuposarnus ouzeneti 8030YULHOSO
OXIAXCOeHUsI BHOBL CIAHOBUMCSL AKMYAIbHOI. Peutenue nocmagnennoti 3a0aqu
ObLIO 6LINOJIHEHO NYMeM PACHemHO - dKCNePUMEHMAIbHO20 Onpeoeietuus 603-
MOJICHBIX Npeoesios (opcuposarus ouseneti 030VULHO20 OXIANCOeHUsl NO Bbl-
Opannomy Kpumepuio, onpeoeisiowemy npeoei gopcuposanus. B pezyivmame
onpeoenervl OONycCmumble YPosHU (opcuposanus ousenell 6030YULHO20 0Xd-
DICOeHUSl HAOOYBOM NPU PAZIUYHBLX KOI(DGuyueHmax uzbvimra 8030yxd u cme-
HeHSAX — OXNAdicOeHuss  HAao0y8oYHo2o  6030yxd. Ha ocnosanuu  ananusa
Dpe3YIbMAmMamos paciemos cOoeldn 6bl600 O MOM, YMO Ouzeiu 6030YULHO20
oxaadcoenusi npu Gopcuposanuu Ha00y8oM 0COOEHHO KPUMUYHBL K GeAUYUHE
omHouLeHUsi OdsleHuss Haooy8d K Npomueooasienulo Ha ewvinycke. [lokazano,
YMo ¢ yeequdenuem 2mo20  OMHOWLEHUS MAKCUMAIbHASL U CPEOHSIs
memMnepamypul 02He8020 OHULLA 20JI06KU YUWIUHOPA CHUICAIOMCSL NO JTUHETHOMY

3axomny. Buinoinena oyenka 803MOJCHBIX NPeoesios yeeauyenus ouamempd yu-
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JIUHOPA OU3esk BO30YULHO2O OXTANCOCHUS C PA3IUYHBIMU YPOBHAMU (hopcuposa-
HUSL NO CpeOHeMY d(hhexmusHomy Oa8IeHUIO.

Currently, interest in the development of the Far North and the Arctic has
increased dramatically. High-power air-cooled diesels can be widely used in
such harsh conditions. In this regard, the problem of determining the possible
limits of forcing air cooling diesels becomes relevant again. The solution of the
problem was performed by calculation and experimental determination of pos-
sible limits of forcing the diesel engine air-cooling according to the chosen cri-
terion that defines the limit of forcing, at various degrees of intercooling and
regulations on the coefficient of excess air. As a result, identify the acceptable
levels of for-the contribution of diesel engine air cooling supercharged with dif-
ferent degree of cooling and the adjustment to the excess air ratio. Based on the
analysis of rezultatov calculations it is concluded that the diesel engine air-
cooling when crossing the supercharged is especially critical to the value of the
ratio of boost pressure to exhaust back pressure. It is shown that with an in-
crease in this ratio, the maximum and average temperatures of the fire bottom of
the cylinder head decrease linearly. The estimation of the possible limits of in-
creasing the diameter of the air-cooled diesel cylinder with different levels of
forcing on the average effective pressure.

Karoueswvie cnosa: ogucameins 030YULHOLO OXIANICOEHUS], YPOBeHb (hopcu-

DpOoBanus, oxaadcoeHue Ha00Y8OYHO20 8030VXd, KOI(hpuyuenm uzdeimrda 6030y-
xa.
Keywords: the air-cooled engine, the level of boost, charge air cooling,

the air excess factor.

['1aBHON KOHCTPYKTHBHOW OCOOEHHOCTHEO MHOTOLMJIMHIPOBBIX JBUTATE-
Jeil BO3AYINHOTO OXJKIACHUS, 3aTPyIHSIOWEN (popcupoBaHuE, SBISIETCS OT-
CYTCTBME MOHOJIMTHOTO OJIOKAa IWIMHAPOB. BCIEACTBUE 3TOr0 Kaprep Jerde

ne(hOpMUPYETCS IO ACHCTBUEM CUJT OT OMOPHBIX IIECK KOJIEHYATOro Baja, urto,
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B CBOKO OYEPEAb, HAPYIIACT FEOMETPUIO OMOPHBIX MOBEPXHOCTEH W CHUKACT
HAJKHOCTh PAOOTHI KOJICHBAJIA. YKa3aHHAs KOHCTPYKTHBHAash OCOOEHHOCTH
OCJIOKHSIET (POPCUPOBAHUE, HO HE SIBJSACTCA (PAKTOPOM, OMPEIACISIOMUM Ipe-
JEJLHO JIONMYCTUMBIA YPOBEHBb TOBBIMICHUS MOIIHOCTH. JKECTKOCTh Kaprepa
MOKET OBbITh MOBBIIICHA YBEIMUYEHUEM TOJIIMHBI CTCHOK, J00aBjeHUEM pedep
JKECTKOCTH. Y KOJIEHYATOTO Baja MOXKHO YBEJIMYMBATH JUAMETP LIEEK U CEye-
HUE IICK.

DaKkTOpOM, MPHUHIUIHUAIBLHO OTPAHUYHMBAIOIIMM JOCTHXKUMBIA YPOBCHB
(dopcupoBaHus JBUTATENCH C BO3AYIIHBIM OXJIAXKACHUEM, SIBISETCS TEPMUYE-
CKasl HAMPSPKEHHOCTH TOJIOBKY niyaHapa |1, 2].

HMHTEHCUBHOCTDH OTBOJIA TEMJIOTHL B OXJIAXKAAOIINN BO3yX, KaK U3BECTHO,
CYIIECTBEHHO HWKE, YEM B KUAKOCTH [3]. COryTacHO MMEKOIIMMCS TaHHBIM [4],
KOA(PPUIIMEHT TEMIOOTAAYM HA BHEITHUX OXJIAXKAAIOUINX MOBEPXHOCTSX JIBUra-
TeNel BO3JYIIHONO OXIHKICHUS JIeKUT B npedenax 50..800 Br/(M?*K), B To
BPEMS KaK MPHU OTBOJE TEIUIOTH B OXJIKIAKOUIYIO >KMIKOCTh OH HA MOPSAOK
oonbuie [5]. Eme BblllE MHTEHCHMBHOCTH TEIUIOOTBOAA NPU UCHAPUTEIBHOM
OXJIQKICHHH.

[Tpu popcupoBaHuM ABUTATENS] BO3AYIIHOIO OXJIAKICHUS TEILUIOBOU MO-
TOK B CTEHKH KaMEPBI CrOPaHusl pacTeT. B TO k€ BpeMs KOJMYECTBO TEILIOTHI,
KOTOPOE MOXKET ObITh OTBEICHO CUCTEMON OXJIAXKIACHUS, TPAKTUUECKA HE YBE-
JIMYUBACTCS, TaK KAK KOHCTPYKTHUBHBIC BO3MOXKHOCTH YBEJIMYCHUS MOBEPXHO-
CTEH OXJAXKACHUS, KaK MPABWIIO, YXKE UCUEPIIAHBI [6, 7], a MOBBIIIEHAE MOUTHO-
CTH BEHTHUJIATOPA M, COOTBETCTBEHHO, CKOPOCTH 00AyBa MOBEPXHOCTEH OXJia-
JKJICHUST BO3IyXOM HE CWJIBHO BJIASIET HA TEIJIOOTAAYY, HO 3aMETHO CHUKAECT
KI1/I neurarens [8].

C yBENMYEHUEM PA3MEPHOCTU AM3ZENECH BO3AYIIHOTO OXJAKICHHUS 3a1a4a
MOBBIIICHUS MOIIHOCTH CTAaHOBUTCSI OCOOCHHO CJIOXHOU. BrusHue pazmepHo-
CTH JBUTATE]IS BO3AYIIHOTO OXJIQKICHUS HA MPEACIBHO TOCTHXKAMYH) BEITUYU-

HY cpeaHero 3p(eKTUBHOTO AABIECHUS p. 00yCIOBACHO cienyrommM. C yBenu-

70



YEHUEM Pa3MEPHOCTH OOBEM KaMEPBI CrOPaHMsl TPH COXPAHEHUHU BETUYHHBI OT-
HOILICHUS XOJa MOPIIHA K AMaMETPy UMJIMHAPA, 4, CICI0BATENIbHO, U KOJIMYE-
CTBO CTOPAKOLIEH TOITMBHO-BO3AYIIHONH CMECH PACTYT MPUMEPHO MPOMOPLIHO-
HalbHO KyOy AvaMeTrpa OWIMHApa. B TO k€ BpeMs IUIOIAAb OXJIKIAEMBIX
BO3JIyXOM MOBEPXHOCTEH YBETUUMBACTCS MPOMOPLUMUOHAIIBHO KBAAPATy AMAMET-
pa. C y4eTOM H3JI0KEHHOTO, MPU COXPAHEHUM JIOJIA TEIUTOTHI, MEPEAABACMON B
CTEHKH KaMepbl CrOpaHus, TNIOTHOCTh TEIUIOBOTO MOTOKA OT BHEIIHUX MOBEPX-
HOCTEH NOJDKHA C YBEJIMUEHUEM NWAMETpa LMIUHAPA pacTu. [IpakTruuecku 310
BO3MO>KHO JIMIIb 33 CYET MOBBILICHUS TEMIIEPATYP HA OXJIAKIAEMBIX TOBEPXHO-
CTSIX U, KaK CJIECACTBUE, CPEIHUX TEMIEPATYP ACTANECH ABUTATEIS.

Hcexoas u3 BhILIE U3TI05KEHHOTO, MOKHO YTBEP)KIIATh, UTO JUIsl IBUTATENECH
BO3YIIHOTO OXJAKIEHUS CYIIECTBYET MPEAET MOBBILICHHUS PA3MEPHOCTH, BbI-
i€ KOTOPOTO HEMb3s O0ECHEYNTh AONYCTUMBINA TEMIEPATyPHBIA PEXUM JeTa-
Jeil LATUHAPO-TMIOPIIHEBOM TPYIIBI TPH 3aJaHHOM YPOBHE (POPCHPOBAHMSI.

Cpenn cepuitHO BBITYCKABLIMXCS W BBITYCKAOLINXCS B HACTOSIICE BPEMSI
JU3ENei BO3AYIIHOTO OXJIKIACHHS CaMyr0 OOJTbIIYIO Pa3MEPHOCTh UMEN TN3ETb
8UBH15/16, npousBoauBiumiics Ha BonrorpajckoM MOTOPHOM 3aBOJIE. 3a Bpe-
Msl BBIITYCKA YAAJIOCh MOBBICUTH MOIIHOCTh ATOro aurarens ¢ 272 kBt (p.~0,85
MITa) no 404 kBt (p.~1,26 MIIa) [9, 10]. 310 TM3€TL UMEI TAKKE CAMOE BBICO-
KOE 3HAYEHHE p, CPEAM IU3ENEH BO3AYLIHOTO OXJIAXKACHUS, MPEIHAZHAYECHHBIX
JUTS TATOBO-TPAHCIIOPTHBIX MAIIWH. Bee 3TO CBUAECTENBCTBYET O TOM, UYTO OLCH-
Ky BO3MOXKHOCTH (HPOPCHPOBAHMS AM3ENICH BO3MYIIHOTO OXJAKICHUS 0 Mpe-
JEIBHOTO YPOBHSI LENECO00PA3HO PACCMOTPETh HA NPUMEPE UMEHHO 3TOTO -
3€Isl.

OneHka BO3MOKHBIX MPEACTIOB (POPCUPOBAHUS HAIAYBOM JIW3EICH BO3-
AYLIIHOTO OXJQKIACHHUS MPH PA3NMYHBIX YPOBHSX OXJIAXKICHUS HAJAYBOYHOIO
BO3[lyXa M PA3JIMYHBIX PETYIMPOBKAX MO KOIPPUIMEHTY M30BITKA BO3AyXa Obl-
Jla TPOBEIEHA C NMOMOIUBIO PACYETHO — 3KCHEPUMEHTAIBHOIO METOAA OLEHKH

TEIUIOBOTO COCTOSIHUS TOJIOBKM IuuHapa [11].
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Ha Puc. 1 nokasaHbl 3aBUCUMOCTM BO3MOXXHbIX NO YCNOBUK OrpaHuye-
HUS MaKCUMasbHOW TemmnepaTtypbl FOIOBKU LUAnUHAPA Tmax 3HaAaYeHURn HOMMU-
HaNbHON MowHOCTM Ne OT rNybuHbl OXNaxeHus HagayBo4YHOro Bosgyxa AT
Npu pasfn4YHbIX perynnpoBkax no KoahduumeHTy mM3bblTKa Bo3gyxa a. Mapa-

MeTpPbl TYP6OKOMMNPECCOPOB MEHSANNCH C LIeNbI0 YBENNYEHUS pacxXo/a Bo3ayxa.

Ne, KBT

Puc. 1.TlpepenbHaa MOWHOCTb ABUTraTena

Nno TeEN/0BOMY COCTOAHUIO TONMOBKU LUNUHAPa

BbiNnoNHEHbI pacyeTbl N0 YMEHbLWEHUIO KO3 (ULMeHTa N3bbiTKa BO3yXa
nyTem YyBe/NWYeHUA LWUKNOBOW nojaym 6e3 M3MeHeHWs napameTpoB
Typ6okomnpeccopa. Ha Puc. 2, 3 npuBefeHbl 3aBUCUMOCTU MaKCUManbHOM
TemnepaTtypbl FOIOBKA UUAWNHAPA OT HOMWHANbHON MOLWHOCTU C [feTaNibHOWn
AndepeHumnalnein Koag(umumeHta  m36bITKa BO3Ayxa npwu OA4HOM

TYP6OKOMMNPECCOPE U PasHbIX 3HAUYEHUAX FTNYBUHbI OXNaXAeHUS HaAAYBOUYHOTO

BO3AYyXa.
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TTax, K

Puc. 2. 3aBUCUMOCTb TENIOBOTO0 COCTOAHMUSA TOIOBKU LUNNHLPA
OT 3)(peKTUBHOW MOLLHOCTM NPU pPasHbIX BeNNYMHAX

KoathuuymeHTa n3bbiTKka Bo3gyxa. Asuratens 6e3 OHB

TTax, K

Puc. 3. 3aBMCUMOCTb TENSIOBOT0 COCTOAHMUSA TOIOBKU LUNNHLPA
OT 3 (heKTUBHOW MOLLHOCTM NPU pPasHbIX BeNNUYUHAX

KoathuuymeHTa n3bbiTka Bosgyxa. AT=35°

73



Kak n3BecTHO, 3HauuTeNbHOe BAWAHME Ha MOKasaTenu ABuratensd okasbl-
BaeT OTHOLWeEHMe [aBfeHUd HajfyBa PK K MPOTUBOAAB/IEHUIO Ha BbIMYCKE PT,
onpegensemoe napametpamu tTyp6okomnpeccopa. MNMoBbilWeHNe yKa3aHHOro OT-
HOLWEHNS faeT BO3MOXHOCTb YMEHbLWNUTb KOIMPULMNEHT OCTATOUHbLIX rasoB yr u
YBENNYNTL KOIP(PULUEHT HAMOMHEHUA NV, YMEHbLWNTL TEMNJIOBYK HAMPAXKEH-
HOCTb. B yacTHOCTU, npu 60nee BbICOKUX 3HavyeHuax KM/ komnpeccopa Benu-
YMHa OTHOLWEHUA p KPTyBenmMymnBaeTcs.

Ha Puc. 4 npejctaBneHa 3aBUCMMOCTb MaKCMManbHOW Tmax u cpefHen
Tary Temnepatypbl FONOBKW LUAWHAPA OT OTHOWEHMA PKPT NPU MOCTOAHHOW

MOLWHOCTWN AN3ens.

T, K
600
580 ) ” Tmax
----------- 11
560
540 Ne=277kBT
n=1700imMmnH-1
520
500 Tary
480 Eg— memme- o
460 *
0,97 1,07 1,17

Puc. 4. 3aBUCMMOCTb TENNOBOr0 COCTOSHUS TONOBKU LUNUHAPA OT p KpPT

C yBenunyeHuem paboyero obbvema gBuratens BO3AYLWHOTO OXnaXpaeHus
YCNOXHAETCA 3ajaya noffepXxaHus ero JOMyCTUMOro Tenj0BOro COCTOAHMA.
OcobeHHO 3TO KacaeTcsi AU3eNibHbIX ABUraTefiel ¢ MX XapakKTepHOW HepaBHO-
MEPHOCTbIO TEMMeEpPaTypHOro nNofis B KaMepe cropaHus u 6onblieit, No cpaBHe-
HUKO C 6EH3MHOBLIMU ABUTaTeNAMMN, NPOLOMKNTENLHOCTLIO MpoLecca ropeHnsa B

Lenom.
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B cBS3M C 3TUM BbINO/IHEHA OLlEHKA BO3MOXHbIX 3HAYEHWUI AMAMeTpPOB
UMAUHAPOB AM3eneil BO3AYLWHOro OXNaXxaeHns, Npu KOTopbiX yaaeTcs obecne-
YNTb HEOBXOAMMOE OXNaXAeHWe TON0BKU UUNAUHAPA, UCXOAN U3 NpeAenbHO fA0-
NycTUMOI NO BENMUYMHE MNOTHOCTU TEMNNOBOr0 MOTOKA ( B AHULLE FON0BKK. Ha
Puc. 5 nokasaHO Kak MEHSIeTC MaKCMManbHO BO3MOXHbI MO YCNOBUAM 0Xfa-

XOEHUS AnamMeTp UWNUHAPA B 3aBUCUMOCTM OT YPOBHSA (hopcrpoBaHus.

g, KBT/M2

110 120 130 140 150 160 170 180 D, mm

Puc. 5. MakcumanbHoO gonyctuMbie gUameTpbl LUIUHAPOB
ABUraTenein BO3AYLWHOrNo OXNaX4eHUa Ha pas/IMuyHbIX YPOBHAX (POPCUPO-
BaHWA: 1- orpaHnyeHue no npefenbHOMY Tena10BOMY COCTOAHMUIO FOT0OBKN,
2 - (pakTu4yeckue TensoBble NOTOKU: * -p.=0,96MTIMa, A -pe=1,03Ma,

¢ -p.=1,11MMMa, m- p.=1,26MMa. (4T=350, TTax=623K)

MpuBefeHHble pe3ynbTaTbl YUC/EHHbIX 3KCNEPMMEHTOB MO3BONAKOT
BbI6paTb NapaMeTpbl OXnaguTenen HagAyBOYHOro BO3ayxXa, arperatoB HaaayBa,
3HauyeHns KoahuumeHToB M36bITKA BO3AyXa, obecneymBarwlime AONYyCTUMOE
TeNnn0BOe COCTOSAHME [ABUraTens BO3AYLWHON0 OXNaXAeHUsa nNpu 3afaHHOM

YPOBHE (hOpPCUPOBAHUS.
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Ha ocHoBe anHanm3a pe3yapTaTaroB PacyeTOB CAECTAH BBIBOJI O TOM, YTO
JIM3ESTA  BO3JYLIHOTO OXJKICHUS TpU (POPCUPOBAHMM HAIAYBOM OCOOEHHO
KPUTUYHbl K BEIMYMHE OTHOWICHUS JaBICHWH p/pr. llokazaHo, 4ro ¢
VBCJIIMYCHUEM OTHOLIEHUS p/pr MaKCUMAIbHAs W CPENHSAS TEMIEPATYPbI
OTHEBOTO JHULIA FOJIOBKHA LUJIMH/IPA CHUKAIOTCS TI0 TMHEHHOMY 3aKOHY.

BelmonHeHa o1ieHKa HanOOIbIIKAX (MOPOTOBBIX) 3HAYCHHUI TUAMETPOB 1H-
JUHAPOB IU3ENEH BO3AYIIHOTO OXJIQKICHUS, P KOTOPBIX YAAETC 00ECIEUNTh
HEOOXOMMOE OXJIKACHUE TOJIOBKH LWJIMHIAPOB, UCXOIS M3 MPEIACIBHO TOMY-
CTUMOHN II0 BEJIMYMHE MAKCUMAJIBHON CPEIHEHMHTETPAIBHON TEMIIEPATYPEI

IUIOTHOCTH TCILNIOBOI'O IIOTOKA B €€ JHHUIIIC.
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TpaHCHOPTHBIE MAIIKHBI, TPAHCIIOPTHO-TEXHOJOTUYECKAE CPEACTBA M JHEPre-

TAYECKUE YCTAaHOBKU. - MockBa, 2016,- Beim.4, Ne30.- C.15-19.
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YAK 621.4:620.3
P. B. I'opuikos
NHaTencupukanus npouecca Temio0TAA4Y4 B CHCTEMe OXJIAKACHHS THJIb3bI
LHJIMHAPA IBUTaTe ISl 32 CYET NMOBbIIIEHU KOY(PPHUIHEHTA
TEIJIONPOBOAHOCTH TEIJIOHOCUTEJIS1, MOAU(PHIHPOBAHHOIO

HaHOYACTHLAMU MynLanpaq)eHa
Spocnasckuii 'ocygapcTBeHHbIH TeXHUUECKUH Y HUBEPCUTET

Intensification of the heat transfer process in the cooling system of a
cylinder liner by increasing the thermal conductivity of the coolant
modified with multigraphene nanoparticles

R. V. Gorshkov

Yaroslavl State Technical University

B cBsa3u ¢ poctoM ypoBHs (DOPCUPOBKHM MEPCIEKTUBHBIX OW3ENEH
VBEIMYMBAKOTCA KAaK MAKCUMAJBHOE JABJICHUE CrOPaHUs, TaK W CpPEOHEE
3(p(PeKTHBHOE NABNEHUE. DTO MPUBOAUT K BBICOKUM 3HAYCHUSIM TEMIIEPATYpP
TEIUIOHATPY>KEHHBIX ~ ACTalci,  OrPaHMYMBAKOLIMX  KaMmMepy  CrOPaHUSL.
HWHTeHcupukanms mpouecca TEIIOOTAAYM B CUCTEME  OXJIOKIACHHS s
CHIDKEHUS 3THX TEMIIEpaTyp MpUOOPETAECT BAXKHOE 3HaUYeHUE. OCHOBBIBASICH HA
3TOM, HAMH MPEUIOKEH CNOCO0 YBEIMUYEHUS] MHTEHCUBHOCTH TEIJIOOTAAYM HA
IPAHUALIE «CTEHKA — OXJIKAAKIAA S>KUAKOCTB» 34 CYET 3HAYUTENBHOIO
yBEJIMYEHUST KO3 (PUIMEHTA TEMIOMPOBOJHOCTH TEIIOHOCHTENS. PazpaboTaHbl
yCTOHUMBBIE JBYX(a3HBIE CYCINECH3MHM TBEPABIX HAHOYACTHIL MYJIBTHrpadeHa,
umeromero koagguuuent temtonpoBoanoctu 3000-5000 Br/m-K, u 6a3oBoi
JKUJKOCTH, TNpeacTaBistomed coboil 20% BOAHBIA PacTBOP ATUJICHTIIMKOJISL.
Koadpduument rtenmnompoBogHOCTH  oOpa3ma CYCHEH3MH C  MacCOBOM
KOHUEeHTpauuell vactul, myabturpagpena 0,75% ypemmuwiics Ha 60%  mo
CpaBHEHHIO ¢ 0a30BOil xuAKOCTbIO mpu Temmeparype 90 °C. s OLECHKH
yBEJIMUYEHUS KO3((PUIIMEHTA TETUIOOTAAYMA HA TPAHULE «CTEHKA — KUJIKOCThY M

VPOBHSI CHW)KECHMS TEMIEPATyp CTEHKHA TWIB3bl LMIUHApPA asurarens 6UH
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13/14, ObL10 BBIMOAHEHO KOoMIblOTEpHOe CFD-MoaenvpoBaHue mo METOIy
BBIYMCIIATENBHON ~ TUAPOIMHAMUKHA. CHMyISIUMS — OXJQKICHHAS  THIB3BI
MPOBOJAMIACE C HWCHOJIB30BAHUEM B KAYECTBE TEIUIOHOCHUTENS CUCTEMBI
OXJKIACHHUS 0a30BOM JKMJIKOCTH M CYCIEH3MM € MACCOBOM KOHUEHTpALUEH
yactul Mmysbtarpadena 0,75%. Bee ocranbHbIE yCIIOBUS MOACTUPOBAHUS ObLITA
HEU3MEHHBL. [I[pUMEHEHUE B KAUECTBE TEIJIOHOCUTENS YKA3AHHON CYCHEH3HMH
NoKa3ajao oOulee CHIDKEHWE TEMIIEpaTyp PacuCTHOM MOBEPXHOCTH THJIb3bI
nuauHApa aeuratens 6UH 13/14, a makcuMasbHas TeMneparypa NOBEPXHOCTH
I'MJIb3bl yMEHbIIMIAch Ha 8 °C.

Kuouesvie cnosa: rosgpgpuyuenm menionpogoonocmu, menioomoaud,

cucmema OXIAdNCOeHUsl, 2UIb3d YUTUHOPA, HAHOJICUOKOCHb, MYJIbmuepddger,
memnepamypvl CmeHKU, MOOeIuposaue.

In connection with the increase in the level of forcing of promising
diesels, both the maximum combustion pressure and the average effective
pressure increase. This leads to high temperatures of heat-loaded parts, limiting
the combustion chamber. The intensification of the process of heat transfer in
the cooling system to reduce these temperatures becomes important. Based on
this, we have proposed a method for increasing the intensity of heat transfer at
the “wall — coolant” boundary due to a significant increase in the thermal
conductivity of the coolant. Sustained two-phase suspensions of solid
nanoparticles of multigraphene, having a thermal conductivity of 3000-5000 W
/m - K, and a base fluid, which 1s a 20% aqueous solution of ethylene glycol,
have been developed. The thermal conductivity of the sample suspension with a
mass concentration of multigraphene particles of 0.75% increased by 60%
compared with the base fluid at a temperature of 90 © C. To estimate the increase
in the heat transfer coefficient at the “wall — liquid” boundary and the level of
temperature decrease in the cylinder liner wall of the 6UH 13/14 engine,
computer CFD modeling was performed using the computational fluid dynamics

method. A simulation of cooling the liner was carried out using the base fluid
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and the suspension with a mass concentration of multigraphene 0.75% as a
coolant. All other modeling conditions were unchanged. The use of this
suspension as a heat carrier showed a general decrease in the temperatures of the
calculated surface of the cylinder liner of the 6CHN 13/14 engine, and the
maximum surface temperature of the liner decreased by 8 © C.

Keywords: thermal conductivity coefficient, heat transfer, cooling system,

cylinder liner, nanofluid, multigraphene, wall temperature, simulation.

CornmacHo aoknana aBcTpuiickoi (GupMbl AVL, MEpCOEKTUBHBIE TU3EIH
OpU JTOCTHXKEHWM HOPM DSKOJIOTMYECKOro kmacca Euro 6 moryr pocturark
3HaYeHW cpeaHero AddexktuBHOoro gaBieHus Oosbiie 2.5 MIlla u
MaKCUMaJIbHOIO JaBJicHUs cropanusi 6ojee 24 MIla. A 3T0 B CBOIO 04Yepe.b
OPUBOJUT K BBICOKMM 3HAYCHUSM TEMMEPATYpP TAKUX TEIUIOHAMPSKEHHBIX
JeTaneil  Kak TMOpIIEHb, TOJOBKA M TWib3a UWIMHAPOB. [losTomy
WHTEHCU(UKAUsl Mpolecca TEMIOOTAAYH B cucteme oxnaxnacHus (CO) mis
CHIDKECHHUSI 3TUX TEMIIEpaTyp MPUOOPETACT BAKHOE 3HAYCHHWE. [ CHWOKCHHS
BBICOKMX TEMMEpPaTyp J3THX JCTalcil CYyIIECTBYIOT Pa3HBIE CHOCOOBI
WHTEHCH(PUKAMK NPOLECcCca TEMIO0TAAYM B CUCTEMAX OXJIKICHHS IBUTATENICH.
OT0 M yAydlleHWE PEKUMHBIX mnapaMerpoB CO M KOHCTPYKUHMOHHOE
o opMIIEHNE HaPaBIICHUS IBHKEHUS TEIUIOHOCHTENS. KpoMe BhIIEYKa3aHHBIX
cnocoOoB  yBenuueHust kod(pduimenta temiootaaun (o) B CO Oosbiioe
3HAUEHUE UMEET U U3MEHeHHe KomIuiekca BemmuuH Ko (A, p, v, Cp),
XapaKTEPU3YIOLIETO OXJIAKAAOIINAE CBOMCTBA BBIOPAHHOTO TermoHocuTens [1].
A cpemi 3THX (PUBMYECKHMX TMMAPAMETPOB TEIJIOHOCUTENS CYLICCTBEHHOE
BJIMSIHAC HA TEIUIOOTAA4y OKa3bIBACT €ro KOAPPUIUEHT TEMJIOMPOBOAHOCTH A.
JIOOUTBCS 3HAUMTENILHOTO YBENMYEHUsl A TenioHocutens s CO aBurarens
NO3BOJIJIO PA3BUTHE COBPEMEHHBIX HaHOTexHosorwid. Hamum paspaboTanbl
YCTOHUMBBIE JBYX(A3HBIE CYCIICH3MM TBEPABIX HAHOYACTHI[ MYJIBTHrpadeHa,

umeromero  kodgduiuent TemnonpoBoanocty  3000-5000 Bt/m-K [3], wu
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0a30BOM  KMAKOCTH, MpeAcTaBisomeil codoil 20% BOaHBIA  pacTBOp
stuneHrmkojs (BT 20%). Takue cycneH3uu Ha3bIBalOT HAHOKUAKOCTSIMU [2].
MynbeTurpadeH Mmoyduian METOAOM 3JIEKTPOXMMHYECKON 3KC(honmanmu
rpaguTtoBoii (ponbru. CyIIHOCTBIO ATOr0 METOA ABJISIETC TudPy3usi HOHOB U3
pacTBopa 3JEKTPOJIMTA B MEXKCIOMHOE MPOCTPAHCTBO TPAPHUTOBBIX CIOEB MO
JAEUCTBUEM SJIEKTPHYECKOTO MOJISA. Y CTOWUYMBYIO CYCHEH3HIO MyJbTHrpad)eHa B
B3I' 20% nonyuywnu ¢ HCOOJNB30BaHWEM 6%  BOAHOTO  pacTBopa
nosmBuHUANUpponuaona (I1BIT). HeoOxogumoe konmmuecTBO MyJbTUrpadeHa
mucneprupoBanii B BOI' 20% wu BomHom pactBope [IBII (¢ maccoBoit
KOHUEHTpauueil 1%) ¢ KWCmonb30BaHUEM YIIBTPA3BYKOBOIO JMCIEPraropa B
TeyeHne 48 4YacoB. YCTOMYMBOCTH AWCIEPCHH ONPEACISIN MO H3MEHEHHIO
IPOIMYCKaHWs paCTBOPA B BUAMMOM JUANAa30HE CIEKTPA C TCYCHUEM BPEMEHH.
HsBecTHBIE OMIIUPUYECKUE KOppensuuu [4-6] ABJIAIOTCSA
anMnpoOKCUMALMENl 10CTaTOYHO OOJBIIOrO KOJMYECTBA ASKCIEPHUMEHTATBHBIX
JAHHBIX M HE OMUCHIBAIOT TOBEACHHE KOA(PPUIMEHTA TEMIOMPOBOAHOCTH C
ydeToM Bcex (akTopoB. [103TOMYy AOCTOBEpHBIE 3HAYEHUS KO3(PPHIIMEHTOB
TEMIONPOBOAHOCTH CYCHEH3UH MBI OMPEAEITUIN SKCIIEPUMEHTAITBEHO.
HM3MmepeHnss A MONyYEHHBIX HAaMH OOpa3llOB HAHOKUIAKOCTEH Mpu
BBHIOpAHHBIX MAaCCOBBIX KOHIIEHTPAIUAX ((Qm) HAHOYACTUL MyJIbTUTPadeHa oT
0,2% no 0,75% ocymectBnsimcy B auanaszone temneparyp 20...60 °C
nocpeacteoM npudopa KD2 Pro, peanuzyroinero MeTo ropsyeii mpoBOJIOKH,

0 METOJIMKE, MPEACTABICHHOM B padoTe [1].
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N, BT/m~K

Puc. 1 KoappuumeHT TeNNONPOBOAHOCTU OXNaXJatoWw X HaHOXXNAKOCTEN B
3aBUCUMOCTM OT TeMnepaTypbl U OT MacCOBOM KOHLEHTpaLuUn yacTum,
MynbTUrpageHa

KoathuuymeHT TennonpoBogHOCTM o6pa3ya CYCNeH3MM C MaccoBOW
KOHUeHTpauunen yactuy mynbturpageHa 0,75 % ysenuumnca Ha 58 % no
CpaBHeHU ¢ 6a30BON XWUAKOCTbO npu Temnepatype 333 K (puc. 1). 370, B
CBOKO ouepefb, MPUBOAUT K YBENUYEHUID WHTEHCUBHOCTM TeNnoOoTAayn Ha
rpaHuLe «CTeHKa - oOoxJaxpawlas XUAKOCTb» MPU MPUMEHEHUN YyKa3aHHOM
HAHOXXMUAKOCTU B CUCTEMAX OXJIAXAEHUSA TeNMOoBbIX ABUraTeneil N0 CPpaBHEHUIO
C MCMnonb3yemoin B HacTosiwee BpeMs 6a3oBON uakocTbto B3I 20%. B
COOTBETCTBUMN C 3TUM [O/DKHbI CHU3UTLCA U TeMNepaTypbl TENSOHArPY>XXeHHbIX
petanen, oxnaxpgaemblX TaKOW CyCneH3nen Nnpyu NpoYnX HeM3MeHHbIX YC0BUAX.

Ana oueHKW YyBeNnnyeHUs KoahuuMeHTa TennooThaynM Ha YKa3aHHOW
BbllLle TrpaHuLe WU YPOBHA CHWXeHUA TeMnepaTtyp CTEHKW TUAb3bl UUAMHAPA
asuratens 64YH 13/14 wmowHocTtbto Ne = 198,6 kBT, BOCMNo/b3yeMcCH
KOMNbIOTEPHbIM MOAEeNNpPoOBaHUEM no mMeToay BbIYNCNUTENBHOMN

rmgpoguHammnkn (ot aHrn. CFD - computational fluid dynamics). B ocHoBe
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meTofa nexart YMCNEHHbIE peweHnn pyHLAMEHTanbHbIX cucTem
anhdepeHUManbHblX ypaBHeHUn HaBbe-CTOKCa, 3Hepruu, HepaspbIBHOCTU, a
TakKXe ypaBHEHWW MPUHATON Mopenn TypbyneHTHocTu [7,8]. B pesynbrate
peweHns 3TUX YpaBHEHWUW onpeaenaArTcs TPEXMEPHble MONA CKOpPOCTen,
TeMnepaTtyp W AaBfieHWA, a TakKXe 3HayYeHUA KOIPPULMEHTOB TensooThauu,
rMApasMyecKux nNoTepb U ApYyrux napameTpos.

KomnboTepHyto CFD-cumynauuio oxnaxpgeHua runb3bl  LUAUMHAPA
gsuratend 64H 13/14 BbiNnONHUAW B Cpee NporpaMMHOro npogykra «Autodesk
CFD» 2018. Mo npeAcTaBNeHHOW Ha PUCYHKe 2a pacyeTHOW CcXxeme Obina
co3faHa TeepaoTenbHad mogens CO ofgHoro umnuHapa gsurartend 64H 13/14.
Ons mogenvpoBaHuUsa TedeHUsA TensoHocuTens 6bina BoinonHeHa CFD-mopens
BCEro 06beMa >XWAKOCTU CUCTEMbl OXNaXAeHWA BOKPYr OA4HOro UWAUHAPA,
KOTOpas Y4YuTbiBaeT KOHCTPYKTMBHbIE 0OCOOEHHOCTM CUCTEMbl, a TakKxe

pacnofioXXeHne BXOAHOTO M BbIXOAHbIX KaHanos ans OX (puc. 26).

0] 6)

Bbixon 2

Puc. 2: a) - pacyeTtHad cxema CO ofgHoro unnuHgpa gsuratena 64YH 13/14; 6)
CFD-moaenb o6bema CUCTEMbI OXNTaXXAEHUS CO CXEMOM BXoaa v Bbixoda OX

fmnesa ¥ 6N10K UWAMHAPOB BbINOSIHEHbI W3 CEPOro 4YyryHa c
KoapguuneHtom TennonposogHoctTn 50 BT/MK. O6bemy, mogenvpyrowemy

Xungkocto CO, OblnM 3afaHbl  (usnyeckme ceonctea B3I 20% [9] Apna
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CUMYNALUM  OXNTAXLEeHUA TWUNb3bl 6a30BOA XWAKOCTbK. 3ajaHue CBOWCTB
HaHOXWUAKOCTU C KOHLUeHTpauuenh mynbturpadeHa 0,75% npous3Bofmnocb Ha
OCHOBE 3KCMEPUMEHTANIbHO MOMIYYEHHbIX HaMW [AaHHbLIX N0 KO3IMMUUUEHTY
TENJ0MNPOBOAHOCTMN CYCMEH3UN.

B KauecTBe rpaHW4HbIX yCnoBui 3agaBanucb: pacxog OXX Ha BXxoge B
nofocTb oxnaxaeHnda G=12,6 m3u; Temneparypa TensoHocuTend Ha exoge W =
88 °C; pacnpefeneHve Tenj0BOW Harpy3ku CO CTOPOHbI ropaynMx rasos (puc.
2a), NnpuHATaa cornacHo [10].

BbinonHeHHas mogens CO 6bla pa3buta Ha CeTKY KOHEYHbIX 3/1EMEHTOB
(puc. 3) c pasmepamu nocnegHux 3 MM. TIPUCTEHOYHbIN CNOW XKUAKOCTU
pasbuBancs Ha 3 C/I0S C BK/KYEHHOW oOnuuein cmewmMBaHUA CNOEB, UTO

Mo3BO/NIAET NOBLICUTb TOYHOCTb pe3ynbTatoB CFD-mogennpoBaHus.

Puc. 3. CeTKa KOHeUYHbIX 3aneMeHToB CFD-Mo4enu CUCTEMbI OXNTAXKAEHUSA TUNb3bI
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3aflaya No uMccnefoBaHWMiO  TenjaooTAayn WM Nofeil  pacnpepeneHus
TemnepaTyp rWNb3bl pellanacb ANs YCTaHOBMBLUMXCA TUAPOANHAMUYECKUX W
TENNOBbIX MNPOLECCOB B YCNOBMAX CTauMOHApHOro Tennoo6MeHa Ans
HOMMWHANbLHOTO peXxuma paboTbl ABUraTens. B KauecTBe OCHOBHbIX HAaCTPOeK
pewatens 3afaBanucb ONUMW TUAPOAMHAMMUYECKOrO MOTOKA, Tennonepefayn u
BbIHYXXEHHOW KOHBEKLMWW; MofeNnb TypbyneHTHOCTM K-s; cxema aaBekuuu; 35
nTepauuii Npu BbIYUCNEHUSX TUAPOAMHAMMYECKUX MapaMeTpoB noToka OX

(puc. 4).

(1) BennumHa ckopocTn - m/s

Puc. 4. KapTuHa pacnpegeneHms noTOKOB OXNaXAakLWwen XUaKkocTu

Mpn OAWHAKOBbLIX FPAHWUYHbIX YCNOBUSAX WM HacTpoMKax peliatens 6bin1o
npoBeAeHO [Ba pacyeta: C UCNONb30BaHMEM B KayecTBe TennoHocutens B3l
20% w©n c wucnonb3oBaHMeM  MOAUMPULMPOBAHHOTO  TEMNJIOHOCUTENA C

KOHUeHTpauuen yactuy wmynbturpadeHa 0,75%. IDd(heKT WUHTEHCUDUKaLUu
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Tennootgaym B CO npu NpUMEHEHUN HAHOXXMUAKOCTU B Ka4eCTBe TENJIOHOCUTENA
oueHMBanM MO W3MEHEHWIO pacnpegeneHus Temnepatyp (t") ykasaHHOW Ha
PUCYHKe 2a CTeHKM co cTopoHbl CO (puc. 5) m no cpefHUM 3HaYEHUAM

TemnepaTtypbl U a Ha 3TOW Xe cTeHKe (puc. 6).

tCT, °C

B3ar 20% HaHoOXunaKoCcTb

Puc. 5. PacnpegeneHune Temnepatyp pacyeTHONW NOBEPXHOCTU CTEHKU TU/b3bl

MpumeHeHne B KayecTBe TennoHocutens CO HaHOXWUAKOCTM C MaccoBOW
KOHUeHTpayuen yactuy mynbturpadeHa 0,75% npuseno K 0OWEMY CHUXEHUIO
Temnepatyp pacyeTHOW MOBEPXHOCTM TUNb3bl UMNMHAPa ABuratensa 64YH 13/14
Ha 2...8 °C (puc. 5).

YBenuyeHnune KoagppuumneHTta tennonposogHocTn OXK 3a cyeT fobasrieHUs
B 6a30BYylH0 KMAKOCTb BbICOKOTEN/JIONPOBOAHbIX HaHO4YacTuL, nNPUBENO K
YBENNYEHUIO KO3IUUMeHTa TennooThauym Ha pacyeTHOW MOBEPXHOCTU CTEHKWU
BTYNKM Ha 57%. A 3T0O B CBOH O4yepedb MPUBENO U K YMEHbLIEHUIO CpefHei

TemnepaTypbl 3TOW CTEHKMN (puc. 6).
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Puc. 6. CpefiHMe 3Ha4YeHNsa TeMmnepaTypbl U KO3QuuMeHTa TeNnnooTAaYN Ha
pacyeTHOW NOBEPXHOCTU CTEHKW TMNb3bl: @) NP Ucnonb3osaHun B3I 20%; 6)

MPY MCNONb30BAHWUM HAHOXMAKOCTK € cofepxxaHuem 0,75% MynbTurpageHa

Takum 06pa3om MCNonb3oBaHWe B KayecTBe TensoHocuTens CO aBuratens
64YH 13/14 HaHOXWAKOCTM Ha OCHOBE MYy/NbTurpageHa nNpu ero MacCcoBOM
KOHUueHTpauun 0,75% u KoahuumeHTe TennonposogHoCcTU cycneHsun 0,87
BT/MK no3Bonuno yBenunuuTb KO3I(P(PULUMEHT TennooThaym Ha pacyeTHOWM
MOBEPXHOCTW CTEHKW TUAb3bl Ha 57%, 4TO nNPUBENO K YMEHbLUEHUIO

MaKCUManbHOW TemnepaTypbl TOM Xe CTeHKM Ha 8 °C.
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VK 621.43

NuaTencupuranns Temio00MeHa B MOJOCTAX OXJIAKACHUSA BHICOKO(OopCH-
POBAHHOIO AU3e/Isl OPraHu3anMeil my3bIpbKOBOIr0 KHIICHUSI KHIKOCTH
JIJI. MsirkoB, B.M. CuBaueB
Mockosckuit ['ocyaapcreennbiii YHuBepcuteT nM. H.3. baymana
Enhanced heat transfer with nucleate boiling in cooling passages of high
performance diesel engine
L.L. Myagkov, V.M. Sivachev
Bauman Moscow State Technical University

Dopcuposarue cpeoHeobopomuuix Ousenell nocpeoCmeomM NoOGuIULeHUs.
oasiienust Hao0oy8a NPUBOOUM K pOCMY MeNnl1080l HANPSIHCEHHOCMU KPbIULeK U
BMYIIOK YUIUHOPOG. DMO MOHCEm CMAamb NPUYUHOT 0OpA306aHUS MEPMOYCMA-
JIOCIMHbBLX MPeWUH Hd O2HEEOM OHUULE KPBIUEK YUIUHOPOG, d MAKICEe NPUYUHOT
300Upa NOPULHs 6CleOCMEUe BblCOKUX MeMnepamyp 3epkaid yuiunopd. Hopma-
JIU3AYUSL MENI08020 COCMOANUSL OU3EIS MOJACem Dblib OOCMUSHYMd UHMEHCUPDU-
Kayueti menioooyMeHd 8 NOJIOCHAX OXJIAACOEH U, MENIOHANPSICEHHBIX Oemaiel.
Oonum uz cnocobos JOKANLHO20 YEeaudenuss menioomoayu MOJCEem CLYICUMb
npoyecc Ny3vipbKoB020 KUNEHUS OxXlaxcoaroweit scuokocmu. Opeanuzayus J1o-
KAIbHO20 NpoYecca KUNeHusi Modcenm Ovims pediu3o8and usmMeHeHuem eeomem-
puu npomoyHot yacmu. /s 5mo2o Heobxo0umo npoeecmu pacyemusle uccieoo-
Banust 2UOPOOUHAMUKU HCUOKOCHIU U CONPAICEHHO20 MeNn1000MeHd 8 NoA0CmU
OXTIadKCOeHUsi Ou3enisi Ha baze Memooo8 BblYUCTUMETbHOL 2UOPOCAZ00UHAMUKU
(CED-memooog). B nacmosuyeti pabome 00vekmom uccieoosars Ovli 8b10patn
8bICOKOOPCUPOBAHHBLTI CPeOHe0DOpOMHbLTI Ou3enb H08020 nokonenus J[500. B
Kayecmee nepeoco dmand ucciedoBams nposeoen paciem 0OHopA3H020 mede-
HUs JicuOKocmu. Pacuemnule uccieoosanus nokasanu, Ymo memnepamypd sHeuo-

KOCHU 8 OMOEIbHBLX 30HAX NOJOCMET OXAAACOCHUSI KPLIULEK U 6MYJIOK YUTUHOPOS
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ousejisi oocmueaem memnepamypul Hacviyenus. Ha nocieoyiowux smanax pa-
Oomubl npeonoazaemcs UMniemMeHmupoeams mooeis kunenus 6 CFD-xo0 u npo-

6ECNIU YCOBEPULEHCMBOBUHUE }/ZpOWIOLlHOﬁ yacmu ou3zesl.

Kuruesvie cnosa: J[BC, ouzenb, cucmema OXadajicoeHus, KUNeHue ¢ Heoo-

epesom, yucienrnoe mooeauposarue, CFD.

Intensification of working processes of medium-speed transport diesels by
increasing the mean effective pressure leads to an increase in the thermal factor
of the cylinder head and cylinder liner. It can cause the formation of thermal fa-
tigue cracks on the fire bottom of the cylinder heads, as well as piston scuffing
due to cylinder bore high temperatures. Normalization of the thermal state of the
diesel parts can be achieved by intensification of heat transfer in the cooling gal-
lery. One of the methods of this is coolant nucleate boiling. It is necessary to
change the geometry of the cooling passages to organize the local boiling process.
In this connection, numerical study of hydrodynamics and conjugate heat transfer
in the cooling gallery on the basis of CFD is needed. As the object of research, a
high performance diesel D500 is chosen. As the first step of the study, the single-
phase flow simulation is done. Calculation studies show that the fluid tempera-
tures in some places of cooling gallery of cylinder heads and liners reaches a
saturation temperature. In the subsequent steps of research, it is expected to im-
plement boiling model for a CFD simulation and accomplish the improvement of

cooling gallery geometry.

Keywords: ICE, diesel engine, cooling system, subcooled boiling, numeri-
cal simulation, CFD

BBenenue

dopcupoBaHUE CPEAHEOOOPOTHBIX TPAHCIOPTHBIX AMU3ENICH MO CPEIHEMY
3(}(PEKTUBHOMY TABICHUIO C LEJIBIO TOBBIICHHUS WX MOIIHOCTHBIX, JKOHOMUYE-
CKMX M DKOJIOTMYECKUX MOKA3aTeNICH MPUBOANT K YBEIMUYCHHUIO TEMJIOBOM HAMps-

JKCHHOCTH KPLIILICK W BTYJIOK HUJIMHAPOB, YTO UMCCT HCI'aTUBHBIC ITOCJIICACTBUA C
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TOYKH 3PEHUS BO3MOKHOCTH O00Pa30BaHMs TEPMOYCTATOCTHBIX TPEIIMH B MEXK-
KJIAMAHHBIX TEPEMBIYKAX KPBIIIEK LUAJUHAPOB, a4 TAKKE BO3MOXKHOCTH 3a1Mpa
MOPIUHS M3-3a Pa3pyLICHUS MACISHON NJICHKU HA 3€pKaJie LMIMHApPA. B cBs3u ¢
3TUM HEOOXOAMMO MPUHITHE MEP MO HOPMAJTU3alui TEMIOBOTO COCTOSTHUS TETI-
JIOHAMPSKEHHBIX JETANICH JBUratelis, KOTOpoe 00€CIEUUT HAASKHYI0 PadOTHI
JU3EIIsl B YCIIOBUSX (POPCUPOBAHHBIX pa0OUYMX MPOLIECCOB.

JUis HOpMaliM3aluy TEIUIOBOTO COCTOSIHUS ACTANIEW IM3eNel MpuMeHs-
FOTCSl PA3JTMYHBIE CIOCOOBI JIOKAIBHOTO OXJIAXKACHUS, CPEIM KOTOPhIX HanOoJee
3((PEKTHBHBIM MO>KHO CUATATh MPOLECC MYy3bIPHKOBOTO KUMEHHS C HEJOTPEBOM,
TaK Kak, BO-IIEPBBIX, HHTCHCUBHOCTb OXJIDKIACHUS B PEKUME MOBEPXHOCTHOTO
KUICHUS 3HAYUTENBHO BBILIE, YEM IPH BBIHY>KACHHON KOHBEKLMH, & BO-BTOPBIX,
KO3((UIMEHT TEMJIOOTAAYM NPU KUMCHWW HANpPSIMYy0 3aBHCHT OT TEIJIOBOH
HArpy3KH, CJIEI0BATENbHO, B 30HAX C BBICOKUMH TEIUIOBBIMUA MMOTOKAMU WHTEH-
CUBHOCTb OXJIKJICHUS aBTOMATU4YeCKH OYJET BhICOKOM [1, 2]. Takum oOpazom,
U 00ECTIeUeHUsT pecypca MEPCHEKTUBHBIX AU3ETEH MPEACTABISIETCS BO3MOXK-
HbIM MHTCHCU(PUIMPOBATH TEIJIOOTBOJ B HaKOOJIEE TEIIOHAIPY>KEHHBIX 30HAX
JETAICH U3€EIIsl, TPUMEHSS MPOLIECC My3bIPbKOBOIO KMIIEHUS KM IKOCTH.

B Hacrosimee Bpems Ui peLIeHUs 3a1a4, CBA3aHHBIX C TCUCHUSIMH KU KO-
CTH B MOJIOCTSIX OXJIAXKACHUS IBATATENEH BHyTpeHHero cropanus (JIBC), a Taxxke
C COIMYTCTBYIOINUMU SIBJICHUSAMH, TAKAMH KaK TEIUIO— M MacCOOOMEH, MHOTO-
(a3Hble TEUEHUS W T.J., UCIOJIB3YOTCS METOJbI BBEIYMCIUTENBHON THAPOINHA-
mukn (CFD-meroapn) [3]. [Ipu 3TOM pemaeTcsi COnpsbKeHHAs 3aAa4a TEmoo0-
MEHA, KOT/Ia K CUCTEME YPABHEHHUMA, ONMKCHIBAIOIIMX TEMIIEPATYPHOE TOJIE B MO-
TOKE, TPUCOCAMHAETCSA YPABHEHUE TEIUIONPOBOAHOCTH, OITMCHIBAIOLIEE TEMIIEPA-
TYPHOE TOJIE B TBEPAOM TEJIE, @ HA TPAHULE KUAKOCTb—CTEHKA 3aJar0TCS YCII0-
BUSI COMPSDKEHUS 3TUX MOJich [4, 5]. Jlns MOACIMPOBAHUS TPOIECCA KUTICHUS
JKUJKOCTH HA CTEHKAX NMPOTOYHON YACTH MCHOJIB3YIOTCS CHELUUATIBHBIE 3ABUCH-

MOCTH MJId IINTOTHOCTH TCILJIOBOI'O ITOTOKA HA CTCHKEC — MOACIN KUIICHHUA. Hamnbo-
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Jiee pacnpoCTpaHEHHON sBseTCs MoAenb Jk. UeHa [6], koTopas WCHoJib30Ba-
JIOCh MPUMEHUTENBHO K cucTeme oxyaxaeHus JIBC B padortax [7-17]. O030p ju-
TEpaTypbl MOKA3BIBAET, YTO 00JIEE TOUHBIE PE3YJIbTATHI, TO-BUAUMOMY, JAKOT MO-
muukanuu moaenu J[x. YeHa, yduThIBAIOUIUE BIMSIHUE HEAOTPEBA KUAKOCTH Ha

MMOAABJICHUC ITIY3BIPEKOBOI'O KHIICHHA, B YaCTHOCTH, CIACAYyIOIIas 3aBUCHMOCTDL

[16, 17]:

_ + 1 Tw - Tsat
Qw = Gxoms T 1777012+ (Re - 10-4)L1% T, — T, Jxnm
10,79C0,45p0,49
l A l
Qxun — 0’00122 UO’SM?'2§L0’24p§'24 (TW - Tsat)1'24(psat(Tw) - p)0’751

TIE (youp — KOHBEKTUBHBIN TEIUIOBOM MOTOK, ONPEAEISEMBII B COOTBETCTBUU C
3aBUCUMOCTEIO JluTTyca-bonrepa [18]; Re — uucno Pelinonwaca; T, — Temiie-
parypa CTeHKH, T, — TeMIIepaTypa HACBIIEHUS KUJKOCTH;, T, — TEMOEPATypa
S/1pa MOTOKA, gy — TEMIOBOM MOTOK 3a CUET KUIEHUS KUJKOCTH, A; — KO3(]-
(pUITHEHT TETUTONPOBOIHOCTH JKHIKOCTH; Cp; — M300apHas TEMIOEMKOCTD JKHU/I-
KOCTH, p; — TJIOTHOCTb KMAKOCTH, 0 — KOA(PPUIUEHT MOBEPXHOCTHOIO HATS-
JKCHHUS, [1; — AUHAMHAYECKAS BA3KOCTh KUJAKOCTH, L — CKpbITas TEIIOTa Napo-
00pa3oBaHus; P, — MIOTHOCTb Mapa; p — NABIICHUC; Pgq; — JABJICHHE HA JIMHAN
HACBILICHUS.

Wmnnemenrtanmst moaenu kurnenust B CFD-koa MokeT ObITh peau30BaHa
C TOMONIBI0 KCTOYHUKOBOIO WICHA S B YPABHEHUH SHEPTUU, KOTOPHIN 3aIUCHI-

BacTCA TOJBKO MJIA IPUCTCHOYHBIX AYCCK:

S = Qyun SaKI/Il'[(TW — Tsat)
E — Ky - S )

riae & — pa3Mep KOHTPOJILHOTO 00bEMA MO0 HOPMAJTU K MOBEPXHOCTH pazzieia cpel

(Puc. 1).

Tako#t TOaX0/ MO3BOJSAECT BHIMOJHATH PACUET TEMJIOMAcCOOOMEHa B CH-
CTEME OXJIAKIACHMS IBUTATENS C YUYETOM KHWIIEHHUS >KUIAKOCTH, HE MOACIUPYS

HanpsAMYIO NapoByto (dazy.
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MpucTteHo4YHbIE
AYENKN B XKUAKOCTU

MpucTeHOUYHble AYeKn dKuUn

B TBEpAOM Tene

Puc. 1. UmnnemeHTauna mogenn kuneHns 8 CFD-Kop

NocTaHOBKa 3agavu

OO6beKTOM nUccnefoBaHNA ABNSAETCA BbICOKOOPCMPOBAHHbIA cpefHeobo-
POTHbIN V-006pa3Hblii AU3eNbHbIA ABUTraTeNb HOBOro NokKoneHna 124H26,5/31 —
[0500. Aun3enb cHabXeH CUCTEMOWM rasoTyp6bWHHON0 HaggyBam C OXNaXAeHUEM
HajgLyBOYHOro BO34yXa W npefgHasHayeH ANA WWPOKOTO pAfa NPOMbILWNEHHbIX
n3nennin HOBOro MOKOMEHUA: B TOM YuCie - TenaoB030B, Kopabnein, aTOMHbIX
anekTpocTtaHumuin [19]. Cuctema oxnaxpgeHusa gumsens 500 cocTtouT M3 ABYX
KOHTYPOB: XONOA4HbIN KOHTYpP — OX/laXAeHWe Hag4yBOYHOro BO3Ayxa v macna;
rOpsAYNin KOHTYP — OXNaxJeHne BTYNOK, KpbllWeK LUAUHAPOB U KOPNYCcOB Typ-
6oKOMNpPeccopos.

CHWXeHMe TennoBOW HanpsXXeHHocTn amsens A500 3a cueT opraHusaymm
Ny3blpbKOBOT0 KUMNEHUA oXnaxpgarowen XULKOCTM BO3MOXHO peann3oBaTb Ny-
TeM U3MEHEHUSA FreOMEeTPMUMN MPOTOYHOM YacTU CUCTEMbl OXNaXAeHUs. [Ana 3aToro
Heo6X0AMMO peann3oBaTb pacYeTHble UCC/ef0BaHUSA COMNPSYKEHHOro Tensioo6-
MeHa B MONOCTAX OXNlaXaeHusa ausend Ha 6ase CFD.

MepBbIM 3TANOM UCCNELOBAHUA ABNAETCA pacyeT TeNn10MaccoobmMeHa B Cu-
CTeMbl OXJTXKAEHUSA AN3eNsd Npu LONyLWeHUU 06 OTCYTCTBUY (Da30BbIX NEPEXO0B
Xungkoctu. HaPuc. 2 u Puc. 3 nzobpaxeHa pacuetHas 061acTb, KOTOpas COCTOUT
n3 06nacTun, 3aHATON oxnaxpgatowen xmnakocTtbto (Q), Bo3aywHbIX nonoctei (Y)

n obnactu, 3aHATON geTanamu apuratens (P). Ans Toro YTo6bl y4eCTb HeEpPaBHO-
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MEPHOCTb OXNaXJeHuWs AeTanen no uMnMHApam, pacyeTHas 061acTb BblOpaHa Ta-
KM o6pa3om, 4To BK/OYaeT B cebd BCe 12 UMNUHAPOBLIX KOMMNEKTa, yCTaHOB-
NEeHHbIX B 61I0K— KapTep ABuraTens.

MpaHn4yHble ycnosus (IF'Y) gna noBepXHOCTeW geTanein onpefensaoTca u3
pacyeTa paboyero npouecca (peXxnuM HOMUHaNbHON MOLWHOCTM NPU cCpefHeM 3(-
(heKTUBHOM faBnieHun 27 6ap) U N0 IKCNEPUMEHTaNIbHbIM [JaHHbIM AN Au3enen
faHHoro Tuna (Puc. 4, Tabnuua 1). EcTecTBeHHasa KOHBEKLUWA B 3aMKHYTbIX 00b-
eMax, 3aHMMaeMblX BO3AYXOM, MOAENNPYETCA C NnoMolwbio MeToanku [20], nos-
BONIAIIOLLEN paccMaTpuBaTb MOAeNMpoBaHWe eCTeCTBEHHON KOHBEKLUU KaK Ten-
NONPOBOAHOCTb.

B cucteme oxnaxpgeHumsa uccnefyemMoro Au3ensd oxnaxparlen XuUpkKo-
CTblO fABNSieTCA Boja. [aBneHune B NONOCTAX OX/aXAEHUA NOAAEPXKMBaeTCA paBs-
HbiM 2,5 6ap, a pacxopg xuakoctu coctaBnset 130 m3uac. BxogHoe ceveHue ('],
Puc. 3) coBnagaeTt ¢ cedyeHnem nofBoasuLero natpyoka (no3. 1), B KOTOPbIV XN J-
KOCTb nocTynaeT U3 BOAAHOro Hacoca. BeixogHoe ceyeHue (I'2) coBnagaeT ¢ ce-
YyeHMeM oTBOAALWero natpybka (no3. 2). Ha rpaHuue pasgena >XgKocTb— CTEHKaA
(F3) He BBOAATCA 'Y, TaK KakK OHW peanun3yroTcd aBTOMaTUYeCKN B npouecce co-

3aHnAa AUCKPETHbLIX aHanoros.

a) PacueTHas obnacTtb 6) ®parMeHT pacyeTHOW obnacTu
Q — ob6nacTb, 3aHATas OXNaXKAAK L e XNAKOCTLIO;
® — ob6nacTb, 3aHATaA feTansaMun gBuratens; ¥ — BO3JyLWHas N0OMOCTb
Puc. 2. PacyeTHas 06/1acTb
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1— nogBoaauwnii natpy6ok; 2 — oTeBoaAWnii natpy6ok; I'i — BXoaHoOe rpa-
HUYHOe ycnoBue; N'2— BbIXOLHOE rpaHMYHOe ycnosue; '3— rpaHuua pasgena
XULKOCTb—CTeHKa; Q — 061acTb, 3aHATAA OXNaxak W e XNLAKOCTbIO
Puc. 3. O6nacTb, 3aHATas oxnaxaarwWwen XMAKOCTbH

900
- Tpes,°C

500
a, Br/m2K

300
0,04 0,08 0,12

Paavyc unnuHapa, m

a) 0)
Puc. 4. T'paHWYHbIe YCNOBUA ANA OTHEBOrO AHMULLA KPbIWKK LUANHAPOB (a)

n 3epkana ymnuHapa (6)
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Tabmuia 1

I'pannynebie ycnoBus

ITosepxHOCTH TemIOOOMeHa o, (BT/(M?K)) T, (°C)
BnyckHol xanan 333 78
BrinycknHoil kaHan 904 641
Hapy:xHbI€ TOBEPXHOCTH 30 40

KonTakTHbIe naps!

Kmaman — cenno HUneanpHblil KOHTAKT

Ceno — kpbIlKa 9200 -
Hanpasnsromas BTyJKa — KpbILIKa 9200 -
Hanpasnsromas BTyJIKa — KJlanaH 800 -

OCcOOCHHOCTH TEUYCHUS KUJIKOCTU B MOJOCTaX oxjaxkaeHus JIBC mo3po-
JIIFOT TPUHATH PSII CAEAYOIUX OCHOBHBIX JOMYIIEHHWHA MPU MOCTPOCHUM MaTe-
MAaTUYECCKON MOJICIIN:
® TEYEHUE KMJKOCTH CTAlMOHAPHOE U TYPOYJIEHTHOE;
® OKUJKOCTBH CUATAETCA BA3KOM, HBFOTOHOBCKOW M HEC)KUMAEMOM CPENOH.

Hwuzxe mpeacTaBiacHbl OCHOBHBIE YPABHEHUS MATEMATAYCCKON MOICIIH.

YpaBHEHHUE HEPA3PBIBHOCTH:

V-(pil) =0
YpaBHEHUE NBUKCHUS
p(ﬂ’-ﬁ)ﬁ’z —V-(pD+V-T

YpaBHEHUE SHEPIUHN:

= D o = v Hels
V-(pHu)=V-(u-T)+V- (— —)Vh S,
(pHI) = V- @) + 7+ { (5t 5r) 0 | +55
rae U — BEKTOP CKOPOCTH, {; — TYpOyJIEHTHAs JMHAMHYECKAS BI3KOCTh,

= N T = —
I — emunnunas marpuna; T = (i + 1) (V i+ (Vi) ) — % (u+p) (V- )l —
TEH30p BA3KMX Hanpsokenwii; H = h + |U|?/2 — nonnasg >HTansnms; h — 5H-

Tanbnus;, Sy — UCTOYHUKOBBIN WICH YPaBHEHUS SHEPIUK;, Pry — TypOyJEHTHOE

yucio [Ipanarns.
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Ons mopennpoBaHua nNpoLeccoB TypbyneHTHOro nepeHoca UCnosb3yeTcs
AsyxnapameTpuyeckad k—to SST mogens MeHTepa [21]. Ana onucaHUa ABUXe-
HUA XXNLKOCTM B 06/1aCTU OT CTEHKMW A0 TYpOYNeHTHOro agpa npUMEHSAOTCA Npu-
CTEeHOYHble PYHKUMN.

YpaBHeHUe 3Hepruun 4ns TBepAoro Tena:

Ve (N1 VIT) + SgT = 0,
rie NHAEeKC «T» 03HayaeT, YTO NapaMeTp OTHOCUTCHA K TBEPAOMY Teny.

PacuyeTHble nccnegoBaHua oxnaxaeHna gnsena 4500

MopenuposaHue oxnaxaeHua gusena 500 peann3oBaHo B NporpaMMHOM
komnnekce (MK) STAR CCM+. B pe3ynbTaTe NoAyyYeHbl TPeXMepPHble pacrnpe-
feneHns TemnepaTtyp B AeTanax AU3ens, a TakXe napaMeTpoB XWULKOCTU B NpoO-

TOYHOWN YacTu cucTembl oxnaxgeHums (Puc. 5).

50 100 150 200 250 300 85 99 113 127

Puc. 5. TemnepaTypHoe none getanei (a) U XXMAKOCTM B MOMOCTAX 0X/Na-
xaeHus (6) gusena 4500

Ha Puc. 5,6 BUAHO, UTO BO BTY/NKax M KpblWKax LMANHAPOB UMEKT MECTO

obnacTu, rage Temnepatypa XuUAKOCTU LOCTUTAeT TeMnepaTypbl HaCbIWEHNA, KO-

Topas Ana gaeneHus p=2,5 6apa coctandaeT Tsa=127°C. bonbwue no naouw,agmn

30Hbl KMMEeHUA, a Takxe 60/1ee BbICOKME TeMnepaTypbl geTanei, xapakTepHbl And

UMNMHLPOB, Hanbonee yaaneHHbIX OT BX0Aa XUAKOCTU B 6/10K-KapTep. ITO 06-
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CTOSITENIBCTBO CBA3aHO € MAACHUEM PACX0a KMAKOCTH BCIEICTBUE KOJUIEKTOP-
HOro 3 dekra. Takke MOKHO OTMETHUTB, YTO B IPEAENIAX OJHOTO HUIUHAPOBOIO
KOMIUIEKTA 30HbI KMIICHUS KUAKOCTH W 30HBI MAKCUMAJIbHBIX TEMIIEPATYp ACTA-
Jeil HaOmoJar0TCsl, B OCHOBHOM, B 0OJACTH BBINYCKHBIX KAHAJIOB KPBILICK LIH-
JIMHIPOB.

3akJiiroueHue

Ha ocHOBaHMM IPOBEACHHOIO UCCIIEA0BAHUS MOKHO CHEIIATH CIEAYIOLINAE
BBIBO/IBI

1. Ilpu MomenupoBaHUM KHUIECHUS JKUJIKOCTH B MOJOCTIX OXJIKIACHUS
JBUTATENS LEECO00PAa3HO MPUHATh PEXKAM TEYEHHsI OAHO(A3HBIM, 4 HHTCHCHU-
(puKanmro TEMI000OMEHA HA MOBEPXHOCTAX MPOTOYHON YACTH YYUTHIBATh C TOMO-
ek Moaenu [Pk, YeHa At II0THOCTHM TETUIOBOIO MOTOKA HA CTEHKE.

2. B IIK Star CCM+ pazpaboTaHa KOMNBIOTEPHAS MOJEIb JIJIsl UCCIIE-
JOBAHHS COMPSHKEHHOTO TEMIOMACCOOOMEHA B CHCTEME OXJIKIACHHS JU3EIs
124H26,5/31 (J1500).

3. BeinonaHen pacuer TermioMaccooOMena B auzene 1500, B pesyabTare
YEro MOJYYEHBI TPEXMEPHBIE PACIIPEACIICHUS] TAPAMETPOB KUAKOCTH B MOJIOCTIX
OXJIQKICHHUSI, & TAKXKE TEMIIEPATYP B ACTAISAX JU3EIIS.

4. CorracHo MPOBEAEHHOMY PACUYETHOMY MCCIIEA0BAHUIO TEMIIEPATY PA
YKUIKOCTH B OTAEIIbHBIX 30HAX MOJOCTEH OXJIAKACHUS BTYJIOK M KPBILIEK [UIHH-
JPOB TOCTATAET TEMIEPATYPbI HACBILIEHMUS, CIIEA0BATENBLHO, PaCYeT HEOOXOAUMO
NPOBOAMTH C YUYETOM KUIECHHUS YKUAKOCTH.

B xaudecTBe HanpaBiieHUI JAIBHENIINX UCCIIET0BAHUI MOYKHO OTMETHTH!

1. Wmnnementanms moaenu kurenust B CFD-kox.

2. YucaeHHOE UCCIICA0OBAHNE TEMIOMACCOOOMEHA B CUCTEME OXJTKIC-

Hus apurarens J[500 ¢ y4eToM KUNEHUS TETIOHOCUATEITS.
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3. UsmeHenue (PpopMbl MOJOCTH OXJKACHUS IJIsl OpraHu3aluu Jio-
KaJIbHOT'O MY3bIPhKOBOTO KATIEHUS *KUIKOCTH, CIIOCOOCTBYIOIIETO HHTCHCU(PUKa-
UK Tpoliecca TEMIO0TAaUM U CHUKEHUIO TEMIIEPATyP TEMJIOHAMPSKEHHBIX -

TaJCH.
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YK 621.436
Ounenka 10JroBe4HOCTH NOPUIHS BICOKO(POPCHPOBAHHOIO AU3EJISI C yUe-
TOM JABYXYACTOTHOTO HATPYKE€HHUS U HEYNIPYTroro Ae(popmMupoBaHus

JLLJI. Msarkos, C.M. CuBaueB
MITY um. H.3. baymana

Estimation of the durability of high-powered diesel engine piston with con-

sideration for two-frequency loading and inelastic deformation

L.L. Myagkov, S.M. Sivachev
Bauman Moscow State Technical University

Jlumeiinvie nopunesvie cniasvr cucmemvr Al-Si-Cu-Ni-Mg wupoxo npu-
MEHSIIOMCsl 8 OBUAMENAX PASIUYHON MOUHOCMU O1d200aps. UX MAIOMY YOelb-
HOMY 8€Cy, 6bICOKOU MENIONPOBOOHOCIU U XOPOULUM JUMETUHbIM CEOUCMBAM.
Oonaxo, 8 YClogusx pocma mepmMOMeXaHUdecKUx HAepy30K, CEA3AHHO20 ¢ NOo-
gviuLeHuemM YOeabHOl MOWHOCMU 6biCOKOpOPCUPOBAlHbLX Ousenet, pabodue
memnepamypul nopuireti npubnudicaromesi k 3uavenusiv 0,8-0,9 om memnepa-
mypbl NIAGLEHUS, U3-3d Ye20 MEPMONPOYHOCHb CUTYMUHOE SHAYUMENbHO CHU-
orcaemcest. Kax cnreocmeue, onsi obecnedenus mpebyemozo pecypca nopuiHei
CMAanoBumcsi HeoOxXo0umMbiM OoJee MOYHO MOOEIUPOSAMsb UX Meniogoe U
Hanpsiicento-oepopmuposannoe cocmosnue (TH/[C), yuumeisas ogyxuacmom-
HBLTL XApAKMep HASPYAHCEHUS U pA36UMUE GA3KONIdCcmudeckux oegopmayuii. B
oannoti pabome npogeoer 0630p CYuecmeyIouux Memooux, NO3GONAIOWUX OYye-
HUMb  00JI208eYHOCMb  NOpuis,  paspabomana memoouxa pacvema TH/[C
noputnst OJisk Makpoyurios «llyck-Ocmano8y u paboyux yurkios Hd pesjcume Ho-
MunanvHol mownocmu. Onpeoenenvt Koaduyuenmer 6 Mooesx niIACMu4Ho-
cmu u nonzydecmu onsi cnaasa AKI2MMeH. [lonyyena cmadburuzupos8aHHds
nemJist ynpyeonidcmuiecko2o cucmepesucd, Had OCHOGE KOMOpPol no oegopmua-
YUOHHOMY U IHEPLEMUHECKOMY KPUMEPUAM NPOU3EEOeHd OYEHKA MAIOYUKLOBOT

yemanocmu nopuitisi. [1o skcnepumenmanbHuiM OaHHBIM 00J206eHHOCHb ObLld

103



CKOPPEKMUPOBAHA C Y4emOoM BblCOKOYAcmomuol naepysku. Taxum obpazom,

OvLIL ymouneH pecypc NOpuLHsl.

Kuoueswie crosa: ouzenv, nopuiens, 08yx4acmomuoe HazpyceHue, nid-

CMU4YHOCMy, NOJ3y4ecmb, MHOCOYUKIOBUA YCMAIOCMb, MAIOYUKIOBUA Y Cnld-

J0CMb.

Cast Al-Si-Cu-Ni-Mg piston alloys are widely used for engines of large
power range due to their low specific gravity, high thermal conductivity and
good castability. However, under the conditions of increase of thermomechani-
cal loads associated with rise in specific power output of high-efficiency diesel
engines, operating temperatures of pistons go up to 0,8-0,9 of melting tempera-
ture resulting in significant reduction of Al-Si alloy high-temperature strength.
In this regard, to provide a required service life of pistons, it is necessary to
more precisely simulate their thermal and stress-strain state, taking into account
two-frequency loading and viscoplastic deformation. In this paper, a review of
existing methods for piston life estimation is carried out; methodology of calcu-
lation of piston thermal and stress-strain state for Start-Stop macrocycles and
operating cycles at nominal power mode is developed. The coefficients in plas-
ticity and creep models for Al-12Si-Cu-Ni-Mg alloy are determined. On the ba-
sis of obtained stabilized elastoplastic hysteresis loop, piston low cycle fatigue is
estimated using deformation and energy criteria. According to experimental da-
ta, piston life is corrected taking into account high-frequency load. Thus, piston

resource is specified.

Keywords: diesel engine, piston, two-frequency loading, plasticity, creep,
high cycle fatigue, low cycle fatigue.

Beenenue. I1I1Mpokoe HCHONB30BAHUE ATFOMUHHUEBO-KPEMHUCTBIX CILIa-
BOB (ciyMHHOB) cuctembl Al-Si-Cu-Ni-Mg, coaepxammx a0 12 pa3nuyHbIxX
BJIEMEHTOB, CBSI3aHO C UX BBICOKOH M3HOCOCTOMKOCTBIO M TEIJIOMPOBOAHOCTHIO,

HEOONBIIAM KO3 (OUIUEHTOM TEMIEPATYPHOTO PACIIMPEHUS, MAJIBIM YIETBHBIM
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BECOM, XOPOLIMMHU JIMTEHHBIMU CBOMCTBAMH, & TAKXKE BBICOKUMHM MEXAHUYECKHU-
MU xapaktepuctukamu [1-3]. [ToBbIICHHE YAECTBHOW MOIIHOCTH BBICOKO(DOP-
CUPOBAHHBIX JH3EJICH MPUBOIUT K POCTY MEXAHUUYECKUAX U TEIUIOBBIX HAIPY30K
Ha netann kamepsl cropanus (KC): napneHue BHYTPH HUIMHIPA MOKET TOCTH-
ratb B Hactosuiee Bpems 200 OGap, a MakcUMajbHasl TeMreparypa mopiiHs —
420°C, 4TO MJId TaHHBIX CIJTABOB COOTBETCTBYET TOMOJIOTHYECKUM TEMIIEPATY-
pam 0,8-0,9 (oTHOmEHHIO pabodeil TeMneparypbl K TEMIEpPAType TUIABJICHUS)
[3-5].

COBpEMEHHBII1 YPOBEHb T'OMOJIOTMYECKUX TeMmreparyp Ha kpomke KC
MOPIIHENA CTAHOBUTCS MPUYMHOW 3HAYMTENBHOTO CHIDKEHUS MX TEPMOIPOYHO-
CTH, B CBSI3H C YEM MPOTHO3UPOBATH PECYPC HA OCHOBE MPUOJIMKEHHBIX METO-
JIMK CTAHOBUTCS HEBO3MOXKHBIM. Y TOYHEHUE TAKUX METOJIMK BO3MOKHO 32 CUET
Oonee tounoro moaenupoBanuss THJC mopmiHeld ¢ ydyeTOM JBYXYaCTOTHBIX
Harpy3o0k 1 Heynpyrux 3Qp(hekToB maTepuania.

O030p MeTOANK OUEHKH A0JINOBEYHOCTH mNopuHeil. OCOOEHHOCTHIO
TeroHanpsbkeHHbIX aetaned KC, B 4aCTHOCTH MOPIUHS M KPBILIKK LHAJUHAPA,
SBIIIETCS TO, YTO OHH PAOOTAKOT B YCIOBHSX ABYXYACTOTHOIO TEPMOMEXAHUYE-
CKOI'0 Harpy>KeHUs. IUKIIbl HAU3KOH YaCTOThI COOTBETCTBYIOT M3MEHEHHUSM pe-
JKUMOB pa0OThI IBUTaTEsl, BHICOKOW YaCTOTHI — KOKAOMY padouemMy LUKITY (/1Ba
000poTa KOJEHYATOro Bajla Il YETBIPEXTAKTHOrO apuraresns). Kpome Ttoro,
BBICOKHE Temneparypel Ha KpoMke KC MmopiiHs mpuBOAAT K IMOSBICHUKO ILIA-
CTUYECKUX Aedopmanuii u aedopmarivii moa3ydyecTH.

B [6] benoebiM B.I1. ipy COBMECTHOM YUY€TE BBICOKOYACTOTHBIX U HU3KO-
YACTOTHBIX HArpy30K NMPUHUMAIACh T'MIOTE3a JUHEHHOTO CYMMHUPOBAHUS I10-
BPEXKIICHUH, MOTYUYCHHBIX HA PA3IMUHbIX pekuMax paboTel asuraresns. [1oBpe-
YKIACHUS HA HOMUHAIBHOM PEXUME d,; U PEKUME XOJIOCTOro xoja d, onpeens-
JIMCh KaK OTHOILIECHHUE PEATbHOIO KOJIMUYECTBA LIMKJIOB K npeaensHoMy. Ha mepe-
XOJIHBIX PEKAMAX C TOMOLIBIO Ae(OPMANMOHHO-KHHETHYECKOTO KPUTEPHS MO~

CUMTHIBATIUCH TIOBPEIKIACHUS OT YCTAIOCTH df U NON3YYECTH d:

105



eg(T) 2. _ Aep,N
20e, | 17 eg(TY)

rae eg(T) — mpenenbHas MIaCTHYHOCTL MaTepuana, Ag, — pasmax niacTuye-
CKOH nedopmauuy 3a UMK HArpyxkeHus, Ae, — OMHOCTOPOHHEE CMELICHUE
NETAM YIPYronjacTUYEeCKOro rucrepe3nca 3a OAWH UMK, N — KOJIMYECTBO
UKJIOB JI0 pa3pyLICHUS.

YcnoBue pa3pyLeHns UMEN0 CIEAY MU BUA:

dy+dy +ds+dy =1

HBanvyeHko A.b. pesioKuI UCMOJIb30BaTh TMIIOTE3Y JIMHEHHOTO CyMMU-

POBaHUs MOBPEKACHUIA B HECKOIBKO MHOM opme [7]:

*

n n

A=—+—
Np Np

rae A — cymmapHoe noBpexaeHue;, N, — HOMyCTHMOE YUC/IO IMKIIOB, COOT-
BETCTBYIOIIEE HATPY)KEHUIO aMIUIATY A0 HAIPKEHUN 0, OT CYMMAapHOIO TEII-
JIOBOT'O BO3ACUCTBUS BHICOKOYACTOTHOM M HU3KOYACTOTHOM COCTABIIAIOIINX Np*
— JIOMYCTAMOE YHCIIO0 IHUKJIOB, COOTBETCTBYIOIIEE HATPYIKEHUIO aAMIUIUTYION
HaMpsDKeHUH 0, OT BO3AEHCTBUS BBHICOKOYACTOTHOM TEMIIEpaTypHON COCTaB-
JIAIOWIEN; N — YUCIIO LUKJIOB HU3KOM YaCTOTHI OO0 MHOSABJICHHUS YCTATIOCTHOW
TPELIMHBL, N° — YUCJIO0 IUKJIOB BBICOKOW YaCTOTHI J0 MOSBICHUS YCTATIOCTHOM
TPELIMHEL

B pabote [8] npu pacCMOTpPEHHH ABYXYAaCTOTHOTO CHEKTPA HArPY>KEHUs
TOJIOBKM TIOPINHSA TETJIOBO3HOIO JBHUTATENS MPELIarajloch ONPENETATh, BO
CKOJIBKO pa3 [IOJTOBEYHOCTh KOHCTPYKLMH MPH ABYXYACTOTHOM HArpy >KEHUH
HW)KE JOJTOBEYHOCTH MPH OAHOYACTHOM HArPYKEHUU € aMIUIATYIOW, PaBHOM

CYMMC aMILIMTYAC COCTABJIAIOIHNX JBYXYACTOTHOI'O HAI'PY>KCHUA!

Ny

Ngc - O'aH\/l + (f;;/ﬁ{)(o-aH/O-ac)z

O-ac
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rae Ny — JDONroBEYHOCTH NP IBYXYACTOTHOM HArPYXXEHHH, ONMpeaeseMas 110
YHUCY IUKJIOB BBICOKOYACTOTHOM COCTaBsitolIeil; Ny, — AONTOBEYHOCThH MPHU
OJIHOYACTOTHOM HAarpy>k€HUW C aMIUIMTYAO0H, PAaBHOM CyMME aMIUIATYT COCTaB-
JSOUIMX IBYXYACTOTHOTO HATPY>KEHUS, O, U O, . — aMIUTUTY1a HU3KOYaCTOT-
HOI M cyMMapHas aMIUIATYAA BBICOKOYACTOTHOM M HU3KOYACTOTHOM COCTaBIIS-
FOINUX IUKJIAa HAOPSDKEHUH COOTBETCTBEHHO, f; M f; — YacTOThI Harpy>KeHui
BBICOKOYACTOTHOW M HU3KOYACTOTHOM COCTABJISFOIIMX COOTBETCTBEHHO.

Heo0xommmo OTMETUTB, YTO JaHHAs METOIUKA MPUMEHUMA TOJIBKO B TOM
ciiydae, eclii AeopManuu ACTaly OCTAKTCS B yIPYroi 00acTH.

[[lupokoe pacnpoCTpaHEHUE B 3apYOEKHBIX HCCICAOBAHUAX MOTYUYHIIA
MOJIC]Ib TEPMOMEXAHUYECKON BBIHOCIMBOCTH, pazpaboranHas Neu R.-W. u Se-
hitoglu H. [9, 10]. Ona ocHOBaHa Ha MPEACTABICHUH MPOIECCa TTOBPESIKIACHHS
NOPUIHS B BUAC TPEX HE3ABHCHMBIX MEXAHU3MOB (YCTAIOCTH, BO3JACHCTBUS

OKPY KaOLIEH Cpeibl ¥ MOJI3YUYECTH ), KOTOPBIE AEHCTBYIOT OAHOBPEMEHHO:

1 1 1 1
Ntot = Nfat + Nox + N creep’

rae Nt — obuiee KOIMYECTBO LUMKIIOB 10 paspyiuenus; N4t NO¥ y Ncreep
— KOJIMYECTBO I[MKJIOB JI0 Pa3pylICHUs] U3-3a MEXAHUYECKOM yCTANIOCTH, OKHUC-
JICHUS ¥ MOJI3YYECTH COOTBETCTBEHHO.

TpynHOCTH WCHONB30BAHUS JAHHON MOJIENIM CBSI3aHBI C MPOBEACHUEM
OO0JBILIOTO YKCIa OMBITOB JJIsl OMPEIEJICHUS] KOHCTAHT MaTepuaa.

CoBpeMEHHBIE MCCACIOBAHUS JIOJTOBEYHOCTH MATEPUAIOB JJIsl TEIJIOHA-
OPSDKEHHBIX JIETajiel, paboTaloIMX B YCJIOBUSAX JIBYXYACTOTHOTO HArpy>KEHUS,
MOKa3bIBAIOT, YTO MPABOMEPHOCTh MPUMEHEHUS TUNOTE3bl JTMHEHHOTO CYyMMHU-
pOBaHus MOBPEKACHMIA (TUOTE3RI [lanemMrpeHa-Maiinepa) He MOATBEPHKAACTCS
[11]. BMecTo HEe craeayeT uCnoab30BaTh SKCICPUMEHTANIBHO MTOJTYUYCHHBIC KPH-
BBIE MAJIOLMKIIOBON YCTAJIOCTH.

Takum 00pa3oM, Ha OCHOBE MPOBEACHHOIO 0030pa ObuA CHOPMYJIMPOBA-

HbI CJICAYIOMINUC 3a1a4u:
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— pa3paboTaTh METOAMKY pacueTa HECTAMOHAPHBIX MOJEH TeMmeparyp u
AaedopManuii MOpUIHSA OT BBICOKO- MU HU3KOYACTOTHBIX HArpy30K Ha OCHO-
Be mporpammHoro komriekca (ITK) ANSYS;

— 000CHOBaTh BBIOOP MOJEIEH ITACTUYHOCTH U TOJI3YYECTH U ONPEIACIIATh
COOTBETCTBYHOIIME KO PUUHUEHTHI U1sl pad0UYEro auanazoHa TEMIEpaTyp
MOPIIHS;

— HCCIEN0OBaTh KWHETHKY YIPYTOBSI3KOIUIACTUYECKOrO Je(OPMUPOBAHUS
kpomku KC nopuns;

— OUEHUTHh AOJTNOBEYHOCTh MOPIIHS C YYETOM MajiO- WU MHOTOLMKIOBOM
TEPMOMEXAHNYECKON YCTAIIOCTH.

Mertoauka pacuera T/IHC nopumnsa. PazpabotaHHas METOIMKA Mpea-
N0JIaraeT pacyeT TEMJIOBOTO COCTOSIHMS TOPIIHS HA OCHOBE YPABHEHHs HECTA-
IUOHAPHOW TEMJIOMPOBOJHOCTH ISl MAKpOLMKIJIOB «Ilyck-OCTaHOB» W OAHOTO
pabouero nukia. Pacder paboyero nukia NpoU3BOAUTCS ¢ HAYAIBHBIMU YCIIO-
BUSIMHU, B KQUECTBE KOTOPBIX BBICTYMAET CTALIMOHAPHOE TEIIOBOE IMOJIE TIPH Pa-
00Te nBUTATENS HA PEKMME HOMUHAIBHON MOIIHOCTH. [10/TydYeHHbIE HECTALMO-
HApHBIE TEMIIEPATYPHBIE TOJISI MCHOJB3YIOTCS JJI pacyera HaNps>KEHHO-
Ae(OPMUPOBAHHOTO COCTOSIHHSI MTOPIIHSI.

Omnpenesienue KOAPPUUHEHTOB B MOACISAX IVIACTHYHOCTH U MOJI3yYe-
ctu. KpuBble nuKImyeckoro neGopMHpoOBaHMs TOPLIHEBBIX ATFOMHHHEBO-
KPEMHUCTBIX CIIJIABOB MOKA3bIBAKOT, YTO JJIsl JAHHOTO Marepualia XapakTEpHO
Kunemamuyecrxoe ynpoynerue (KY), mpu KOTOpOM MOBEPXHOCTb TEKYUYECTH, HE
U3MEHSSACh B pa3Mepax, CMEMIACTCS B HanmpaBjieHUM Harpy3ku [12]. HauGonee
TOYHO KPHUBYIO Ae(HOPMUPOBAHMS OMUCHIBAIOT MOJENU wHeauHetinoco KY. B
HacToAIEH padoTe Obl1a UCIONIB30BaHA MOJACTb, MpeanoxkenHas Chaboche J.L.
[13], cormacHO KOTOPOM CMEMIEHWE LEHTPA MOBEPXHOCTU IJIACTUYHOCTU A«

pacCUnThIBACTCA 110 CJ'IGI[YIOH_IGI\/II 3aBUCUMOCTH.

2
Aa=§C-A£pl—y-a-7L,
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roe C— Moaynb ynpoyHeHus; Aepl — npupalieHne nnacTuyeckon gedopma-
UUK; Yy — CKOPOCTb YMEHbLIEHUA MOAYNA YNPOUYHeHUdA; A — HakKonneHHas
nnactuyeckas fegpopmarmsa.

Mo KpuBbIM «06aBOYHbIE HAMPAXEHUA — MaacTuyeckne fepopmaynm»
(pyc. 1) meTOAOM HaMMEHbLWIUX KBALPATOB OCYLECTBNAETCA nMoL6op Koapdu-
uMeHToB CM Yy Ha OCHOBAHWM COOTHOLUEHMSA:

A° C | DOf
— -a, = - tanh (yﬂnn},

roe Ao n JEnn — BbICOTa M WWUPUHA NETAM YNPYronnacTuyeckoro rucrepesunca

COOTBETCTBEHHO, O, — Mpeaen TEKy4eCctmn martepunasa.

Puc. 1. 3aBUCMMOCTb A06aBOUYHbIX HAMPSXXEHMNIA OT NacTUUYECKUX AehopMalinii

Ana aunanasoHa temnepatyp 20-440°C [12]

MaTemaTuyeckoe onucaHue sBAeHWS NON3y4yecTu GasupyeTcs Ha Mexa-
HUYECKNX YPABHEHUAX COCTOSHUSA, MONMYUYEHHbIX U3 9KCMEepUMEHTOB. lMpocTeii-
WM COOTHOLIEHWEM, BbipaXkaloULMM CBSA3b MeXAy MWUHUMaNbHOW CKOPOCTbIO
AeopMal MM nonsyvyect £min, NPUNOXKEHHLIMU HANPSHXKEHUAMU O U TemMnepa-

TYpoi, aBnseTcsa 3akoH HopToHa [14]:

Emin = A ea7leexp (--fifj,

roe A M N — KOHCTaHTbl MaTepuana; Q — 3Heprusa akTuBauuu nonsydecTtu; R

— YHUMBepcanbHas ra3oBas NocTosiHHasA; T — a6CcoNOTHaa TemnepaTypa.
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[To panneiM 13 [15], B nnamazone temneparyp 250-300°C u HanpsbKeHUA
80—-140 MlIla B cranmapTHbeix oOpaznax u3 cmiara AK12M3,5MrH2, u3zrotos-
JIEHHBIX JINTHEM B KOKWJIb, HAOMIOJAETCSA AMCIOKAIIMOHHAS MOJIBYYECTh C N =
5,18 u Q = 244,9 xJ>x/Monb. 3aAaBIINCH &y, U T, TIO TpapuKaM BBIUMCTISETCS
3HAYEHUEC KOHCTAHTHI A.

O0bekT HccaeqoBaHusi. B kauecTBe 00bEKTa MCCIECNOBAHUS OB BbI-
OpaH MOPHICHb V-00PAa3HOTO S-IIMJIMHAPOBOTO AM3EIBHOrO aABurarens SIM3-
6586 ¢ HOMUHATBEHON MOITHOCTHIO 309 KBT. OCHOBHBIE TEXHUYECKUE XAPAKTE-
PUCTUKH JIBUTATENS MPUBEACHBI B TaOHIIE 1.

Tabmuua 1

[TapameTpel nBUrarens

Xon nopuHs, S, (MM) 140
Huametp unuHapa, D, (Mm) 130
HomunanbeHast MomHoOCTSh, N,, (KBT) 309
HoMuHanbHas 9acTOTa BpaLleHust, /2, (MUH 1) 1900
Y nenpHbIN 3((HEKTUBHBINA PACXOA TOILINBA, g, (T/KBT*4ac) 195

TBeproTenpbHas MOJCIb MOPIIHS ¢ HUPE3UCTOBOM BCTABKOHM MO/ MEPBOE
KOMITPECCUOHHOE KOJbI0 Obuia moctpoeHa B [1K SolidWorks. C nenbto yBenu-
YeHUSl KOHIEHTpalu HanpsbkeHuit kpoMka KC Obuta cienana octpoit, 0e3 pa-
ayca ckpyriieHus. [Ipogune OOKOBOW MOBEPXHOCTH MOPIIHS OB BBINOJHEH
00YKOOOPA3HBIM.

Pacuer rpanuuHbIX ycjaoBumii. PaGounii mpouecc nBuraresns, COOTBET-
CTBYIOIIMH PEKUMY HOMHHAIbHOW MOIIHOCTH, Obl1 paccuntad B 1K «/ln3ens-
PK».

JUTs OMy4YeHUsl JaHHBIX O TETUIOBOM COCTOSTHUM MOPIIHS HA PEXKAME HO-
MUHAJILHON MOIIHOCTH ObliIa Ucnosb3oBaHa nporpamma ICE, ¢ moMonipo KoTo-
poli ObLIM ompeaeseHbl rpaHnuHble yenosus (1Y) 3-ro pona ans NOBEPXHOCTH
KC 1 60k0BO#i MOBEPXHOCTH MOPLIHS.

JUts onpeneneHus BBICOKOYACTOTHBIX KOJEOaHWH TeMmIepaTrypsl Ha TMO-

BEPXHOCTH TMOPIIHS 32 OAMH pabOuyMid LMK UCMOB30BaANIaCch CIEIYOLIas METO-
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avka. Ha KonblieBbIE 30HbI OTHEBOTO JHUINA 33JaBATNCH OJMHAKOBBIC 3HAUCHUS
MTHOBEHHOH ocpenHeHHOoi mo o0bemy KC temmeparypsl ra3oB (u3 «Jlu3enb-
PK»), a 3HaueHus JIokanbHOro KO3 (PUUMEHTa TEMIOOTAAYN B 3aBUCUMOCTH OT
yrna nosopora kosieHyaroro Bana (YIIKB) paccuurteiBasuce no (opmyne w3

[16]:

2

ak . (r, @) = 819,5D702p 08T 08 {[a (%) + b (%) + c] Com,

0,8

VT
2 (p. — po)} ,

PaVa

+ G,

IIe ¥ — TEKYLUEee 3HaUCHUE paauyca, R u D — paauyc U auaMeTp UUIUHAPA
COOTBETCTBEHHO, €y, — CPEOHSASA CKOPOCTb MOPIUHS, Pr. U 1. — MIHOBEHHBIC
3HAYCHMS JABJICHUS U TEMIIEPATYPHI Ia3a B LWAJIMHIAPE COOTBETCTBEHHO, V, u V),
— MOJIHBIA ¥ pabounii 00BEMBI UUIMHIPA;, P, U T, — NABICHHUE U TEMIIEPATYPA
rasa B Hadajie CKarus, py — MICHOBEHHOE JaBJICHUE MPU MPOKPYYNUBAHUU JIBU-
rarens; ¢ — Tekyuiee 3Hadenne YIIKB.

B xauectBe ['Y g MEXaHUUYECKOrO0 HArPYyKEHUs KMCHOJIB30BAIUCH [1aB-
neHus B uuanHape (3 «Jlmzens-PK») u yckopenus nopuiss 1-ro u 2-ro nopsia-
K4, paCCUMTaHHbBIE TIO (popmyJie:

j = Rw?(cosa + Acos2a),
rae R — paadyc KpUBOIIMIA, W — YIJI0BAsA CKOPOCTh BPALEHUS KOJIEHYATOTO
Bana, a — 3HaueHue YIIKB; A — oTHomeHHEe paauyca KpUBOLIMNA K JJTUHE
IaTyHa.

Pesyabrarel pacuera. llocie pacdyera Tpex MakpouukioB «llyck—
OctanoB» s kpomku KC nopiiHs B MIOCKOCTH MOPIIHEBOTO Maibla Obljia Mmo-
JydeHa CTaOWJIM3UPOBAaHHAS NETIS YNPYTrOMIACTUYECKOTO0 TUCTEPE3Hca, MO-
CTPOEHHAs Ha pUC. 2 B KOOPAMHATAX OKPYKHBIX HANPSKEHUA U OKPYXKHBIX JE-
(dopmanmii, a Takke KOJICOaHUS TEMIEPATYP U HANPSLKCHUN B PE3yJbTATE BbI-

COKOYACTOTHBIX TEPMOMEXAHUYECKUX HArpy30K (puc. 3, 4).
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Puc. 2. Kpusas gepopmumnposaHmsa Kpomkn KC nopLiHs, COOTBETCTBYIO-

uas Tpem uyuknam «Myck-OcTaHoB»

Puc. 3. BbicOKOYacTOTHbIEe KONebaHMs TemnepaTypbl NOPLWHSA 3a 0A4NH pabouunil
LMKN Ha noBepxXHOCTU Kpomkn KC (1), Ha rny6uHe 1 MM (2) 1 Ha NOBEPXHOCTY
nepuepumn orHesoro gHuuwa (3)

0.000 0.011 0.022 0.033 0.044

Puc. 4. BbiCOKOYaCTOTHbIe KonebaHNA MexaHn4veckux (1), TepMmumyecknx (2),
CyMMapHbIX (3) HanpsxeHUn n geopmaumnii (4) Ha kpomke KC nopwHa 3a

0AWH paboyuunini LMKnN
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Pacyer nmoaroseynoctu mopmHsa. OLEHKA MaJIOLMKIOBOM YCTaIOCTH
aetaneil 0ObIYHO MPOM3BOAMTCS MO COOTHOLIEHUSIM, KOTOPBIE B OOIIEM BHJIE
NOPEACTABIAIOT OO0 3aBUCUMOCTh MEXKITY HEKON KpuTepuanbHON QyHkumeh P
M YMCJIOM [UKJIOB 110 paspymeHust Ny [17]:

max|[d(g,0,..)] = aNfb,
I7I€ @ U b — KOHCTaHThI Marepuaja.

Krnaccuyeckum npruMepoM Takoi 3aBUCHMOCTH SIBISIETCS Ae(hOpMalMOH-

Hbll kpuTepuid MaHcona-Kod¢duna [2]:

As af( )[ZN
Y I

]b(T)
2 E(T)

+&,(T)[2N,]°"

)

riae As — pa3max NonHo# aedopmanum; o', €', b U ¢ — MOCTOSIHHBIE MATEPH-
ana, E — moaynb ynpyrocru.
Taxke XOpOIIYIO COMIACOBAHHOCTh C SKCIEPUMEHTAMU UMEET SHEPIeTH-

YECKUW Kputepui [2]:
aw, = w'(2n;)"

rae AW, = (0: &) dt — »Heprus maacTu4eckoro aeGopMHPOBAHHS, pacce-

fumcn
uBaemas 3a LUK, W'y u f — NOCTOSHHEIE MaTepuana.

C ucnonbs3oBaHueM KoHCTaHT Juis criaea AK12MMrH [2] 6si1o paccuu-
TaHO YHUCJIO LUKIIOB 0 pa3pyLICHUs KPOMKH, OHO COCTABHUIIO Nfﬂ = 31000 u
Nf3 = 288000 umkIi0B no Ae(POPMALMOHHOMY U 3HEPIETUUECKOMY KPUTEPHUSIM
COOTBETCTBEHHO. Takas OoJyibluasi pa3HULA B PE3yJIbTATaX CBA3aHa C TEM, YTO
SHEPreTUYECKU KPUTEPUH YUATHIBAET HE TOJBKO Ac(POpMALAN, HO U HAMPsKeE-
HUS LMKIIA.

VY4eT MHOTOLMKIOBOH YCTaTOCTH MOKET OBITh MPOM3BEACH MO 3KCIEPU-
MEHTAJIBHO TOJIYYEHHBIM 3aBUCUMOCTSIM KOJWUYECTBA MAKPOLMKIIOB TEPMOME-
XaHUYECKOTO HArpy>KeHHs (C aMIUIMTYAOH HU3KOYaCTOTHOW aedopmanmu
0,275% wn makcumanbHOU Temneparype nukna 300°C) oT aMuMTy Al BEICOKO-

4acTOTHOH MexaHuueckoi aedopmanmu [11]. Tak kak aMmauTyaa U3MEHEHUS
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nedopmaimii B TeueHue padbouero mukia apurarens cocrapisier 0,07%, nonaro-
BEYHOCTb KPOMKHM ymMeHbIuTCs Ha 80% mo N 'fﬂ = 6200u N ’f3 = 57600 1uk-
JIOB.

BeiBoabl. [10 BBIMOIHEHHOH paboTe MOKHO CAENATh CIAECAYIOLINE BBIBO-
TbL:

— pazpabotana meroauka pacueta THJIC mopumHst mjisi 1ByX4YacTOTHOTO
Harpy KeHUS;

— ompenaeneHbl Ko3(QOUIMEHTHI B MOJENSIX MIACTUYHOCTH U TOJI3YUYECTH;

— paccuMTaHbl KoJieOaHusl TEMIEPATYP U HAMPSKEHUNH B TE€UYCHUE MAKPO- U
MUKPOILMKIIOB HATPYKCHUS;

— YCTaHOBJIEHO, YTO M3-3a HAJIOKEHMsI BBICOKOYACTOTHBIX HATPY30K HA IUK-
Jbl HU3KOM 4YacTOTHI CJEIYeT OXKUJaTh YMEHBUICHHE JO0JTOBEYHOCTHU
KpoMku Oe3 paauryca ckpyriieHus Ha 80%.
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YK 621.43

MeToauka pacyeTa ra3oBoro cTbika (popcMpoBaHHBIX
CpeaAHe000POTHBIX AU3eeil

H.JI. YaiinoB, A.H. KpacHoxkyrckuii, A.B. Kanmykos
MI'TY um. H.D baymana

B nacmosmee epems pacuem eepmemudnocmu 2azogo2o cmuika J[BC
CBOOUMCS NO CYWecmey K pdcyemy CUI0BblX WNUIEK, CKPensiouux Oemau,
obpasyiowue 2azoevili CMbIK, YMO AGIAEeMCs JuUlb NepEuiM ULA2OM OYEHKU e20
pabomocnocobnocmu. Taxas memoouxa paciema me modicem Ovlmb UCNONL308ANHA
npu oyenxe eepmMemuyHOCIU 24306020 CMbIKA NOpuiHesvix osucamerei. I agHvim
HEOOCMAMKOM MAKO20 NO0X00A SABJISemCs HeBO3MOICHOCIb Yyiemda 0CoOOeHHOCmU
KOHCIMPYKYUti Oemadneti, 00pasylouyux 2a306biti CMulK U UX Meni108020 COCMOHUS

HA PA3TIUYHBLX PESHCUMAX PAOOMbI O8ULAMEJI.

B pabome npeocmasiena Memoouka OYeHKU eepmMemuyHOCmU 2a306020
CMbIKd, OCHOBUHMHAS HA KOMWJIEKCe pacdemos No ONnpeoesieHulo Napamempos
MeNI068020 U HANPAICEHHO-0eDOPMUPOBANHO20 COCMOSAHUS Oemailell O8ueamesl,
oopazylowyux — e2o  2d308vlil  CMbIK, HNpU  NPUHAMOLN  GeuduHe  YCUnui
NpeosapumenbHoOU 3aMAdNCKU CUL0BbLX WnuieK. [Ipunumas 60 GHUMAHUE CLOJICHYIO
2eOMempuI0 KPLlUKY U 6MYIKU YUWIUHOPOE C HAIUYUEM NOJOCMEN OXIAICOEHUs,
ananuz Mmeniogoco U HANPSHCEHHO-0eDOPMUPOBAHHO20 COCMOSHUS  CUCTEMbL
2JEMEHMOB, 00pA3YIOWUX Y3el 2d308020 CHbIKA, NPOBOOUMCS C HNOMOWbBIO
00BeMHBIX KOHEeYHO-2/leMeHmHblx Mooeeil. [Ipusedennas memoouxa no3gojsem
OYeHUmMb KAx YpoGeHb HANpsAXCcenuil 6 0d306blX Oemaisix, opMupyiowux ysei
243068020 CMbIKA, MAK U JOKAIbHOE pacnpeoeiieHue Od6GleHus Nno niowaou
VILOMHAIOWET NPOKAAOKU, 4MO NO360JAEm PAYUOHANbHO HAZHAYUMb  YCUIUS
3AMANICKU, HE  NpeoCmAssawue ONaCHOCMb Ol NPOYHOCMU  Oemaiet,
Gopmupyrowux eazoeelii cmuik. B yacmHocmu, Kpuluiek YwiuHOpo8 U CAMUX

ULNUJICK.
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At present, the calculation of the tightness of the gas joint of the ice is
essentially reduced to the calculation of the power pins, fastening the parts that
form the gas joint, which is only the first step in assessing its performance. This
method of calculation can not be used to assess the tightness of the gas joint of of
piston engines. The main disadvantage of this approach is the inability to take into
account the design features of the parts forming the gas joint and their thermal

state in different modes of operation of the engine.

The paper presents a method for assessing the tightness of the gas joint,
based on a set of calculations to determine the parameters of the thermal and
stress-strain state of the engine parts forming its gas joint, with the accepted value
of the pre-tightening force of the power pins. Taking into account the complex
geometry of the cylinder cover and bushing with the presence of cooling cavities,
the analysis of the thermal and stress-strain state of the system of elements forming
the gas joint unit is carried out using three-dimensional finite element models. The
given technique allows to estimate both the level of stresses in the basic parts
forming the gas joint unit and the local pressure distribution over the area of the
sealing gasket, which makes it possible to rationally assign tightening forces that
do not pose a danger to the strength of the parts forming the gas joint. In

particular, the cylinder covers and the studs themselves.

Kurouesvie cnosa: cpeoneobopommblii Ouzelv, 24308blii CMbIK, MEeNni108oe U
HANPAICEHHO-0ePOPMUPOBAHHOE  COCMOsANHUE, MEeMOoO KOHEeYHbIX JIeMEeHMmO8,

VCUIUSL 3AMSICKU, OAGLeHUE 8 NPOKILAOKE

Key words: medium speed diesel, gas junction, thermal and stress-strain

state, finite element method, torque, pressure in the gasket.

BBEJAEHHUE
B COBpeMEHHBIX YCIIOBHAX COXPAHAETCS TEHACHOMS K IOBBIIICHUIO

arperaTHeIX MOLTHOCTEN CPeAHEOOOPOTHBIX AW3ENEH MyTeM UX (POPCHPOBAHMS MO

cpenHeMy 3((EKTUBHOMY JTaBJIEHUIO.
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[locTossHHOE TOBBILICHWE NApPaMETPOB pabodero mpomecca, BKIOYAs
MAaKCHMaJIbHOE JABJICHUE Ta30B B LWAJMHAPE p, TPEABABISAET 0coObIe TPEOOBAaHUS K
TEPMETUYHOCTH Ta30BOT0 CThIKA W MPOYHOCTH JETalich, 0Opa3yrolmmx Ta3oBbId
CTBIK JBMraresis (KpbIlIKa W BTYJIKA HWIMHIPA, MPOKIAAKA, ONOK HWIMHAPOB), a
TaK)KE JETANCH KPETUICHUS U, TPEXKAE BCETO, YCUITUIO 3ATSHKKM CUIIOBBIX IIITHAJIEK.

CyluecTByromye METOAMKM pacuera ra3oBOr0  CTbIKA  UCIOJB3YIOT
3aBUCUMOCTH, IPUHATHIE B JETAJISX MAIIMH IS pacueTa (pIaHLEBbIX COCTMHEHMIA,
BKJIKOYAs BEJIMYMHY YCWJIMSA 3aTsSHDKKM  CUJIOBBIX INNWJIEK, IPH  3TOM  HE
YUUTBIBAIOTCS OCOOCHHOCTH KOHCTPYKIIMM YKA3aHHBIX NCTAICH, MX TEIJIOBOE U
HANPSHKEHHO-E(POPMUPOBAHHOE COCTOSTHUE NPH padOTE JBUTATENS HA PA3IMYHBIX
pexumax [1,2,3]. Takoi ynpomIEHHBIM MOAXOA MOXET NPUMEHSATHCS JIMIIb B
KAQ4eCTBE MEPBOIO IIara Mpy pacyeTe ra30BOro CThIKa (MPEABAPUTENBLHOTO BEIOOpA
ycuimi - 3aTsokku).  Pacuer  repmermuHoctM  rasoBoro  creika  COJl  mpum
LIMKIIMYECKAX HArPYXKEHUAX COCAUHEHUS [JOJDKEH MPOBOJUTHCA C  YUETOM
TEIUIOBOTO M HAMPSHKEHHO-AC(POPMUPOBAHHOTO COCTOSHUSL SJIEMEHTOB y371a, B
YaCTHOCTU JIOKQJIBHOTO XapakTepa PACIPECICHHUS NABICHUS MO MOBEPXHOCTH
CTBIKA ITPH 3aTSDKKE U €r0 U3MEHEHUS IPU Pa0OTE JBUTATEIS.

B cBsa3u ¢ atuM TpeOyeTcs pa3paboTka METOAA OLCHKH T€PMETHYHOCTH
ra3oBOr0 CThIKA (POPCUPOBAHHBIX CPEAHECOOOPOTHBIX ABUTATENEH, BKITFOUAIOLIETO
ONPEICIICHUE MMapaMeTpPOB  TEIUIOBOTO M HANPsDKEHHO-AC(POPMUPOBAHHOIO
cocrostaust (TH/C) neraneid apurarens, oOpa3yrolIMX Ta30BbIA CTHIK, MPU
NPUHATON BEJIMYMHE YCWUIMI MPEABAPUTENIBHON 3aTSHKKU CUJIOBBIX IINMWIIEK. JTO
CBA3aHO C OMACHOCTBIO YPE3MEPHO BBICOKMX YCHWIIMNA 3aTSDKKH, NMPUBOIALIMX K
HEAOMYCTUMBIM BEJIMYMHAM MOHTKHBIX HANPSOKEHWH B KPBIIIKE M BTYJIKE
LMJIMHIPA.

MOJIEJTUPOBAHME TH/IC AETAJIEN, OBPA3YIONINX I'A30BbII CTHIK

YuuThIBasE CIOKHYK) TE€OMETPHIO KPBIIMIKM W BTYJKH LHJIUHAPOB, AHAJIN3
THJIC cuctembl 3J€MEHTOB, 00Pa3yIOIUX Ta30BbIA CTHIK, CAEAYET MPOBOAMTH C
NOMOUIBK OOBEMHBIX (3-X MEPHBIX) KOHEUHO-3JIEMEHTHBIX MOJENCH. J{s oueHkn

TCILTIOBOIO M HaHpH)KeHHO-I[eq)OpMI/IpOBaHHOFO COCTOAHHKA Yy3Jla I'a30BOI0 CThbIKa
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NCNOMb3yeTCs TPexMmepHass KOHe4YHO-31eMeHTHas Mofenb CO0PKKU  BTYJKW,
)KapOBOr0 KO/Mblia, KPbIWKK LUUAUHAPA W BEpXHE YacT 6/10Ka C KOHTAKTHbIM
B3aVMO/Ie/iCTBMEM Yepe3 30HY Pacrno/oXeHUs npoknagku (puc.l), nMocTpoeHHas

Ha OCHOBaHWK TBepﬂ'OTeﬂbHOﬁ Mogenn C60pKI/I.

a) 6)
Puc.1l. TeepgoTenbHas (a) U KOHEYHO-31eMeHTHaA mogesnb (6) cbopku

6/10Ka, BTYNKW U KPbILWKKN aBuraTens tTuna UH26,5/31

YT06bl CTbIK Obl1 repMeTUYHbLIM, MO BCel Maowann NA0OCKON MPOKNagKu
[O0/MKHbI AeNCTBOBATb CXMUMatoLme yeunus. [asneHune pi no nnowagn npoknagkm
npyv OTCYTCTBUM CropaHus B LUWAMHAPE pacnpegensieTcsd HepaBHOMepHO. Ero
MUHUMaNbHasa BeAnyuHa p Inin B pe3ynbTaTte MOBbIWEHWUA [aBfeHUA ras3a B
UMNMHAPe 4O 3HAYeHWS Pz CHWKAETCA [0 3HayeHusa p2nin Ana obecneyeHus
repMEeTUYHOCTM ra3oBOro CTblKa, PATNBO BCEX Cy4Yasax AO/MKHO ObITb 60nbLie 0.

Heob6xo4uMbIM 1 [OCTaTOYHbLIM YC/IOBUEM O06ecrnevyeHUs repMeTUYHOCTU
ra3oBoro CTblKa MeXAy MPOKNagKoW M MOBEPXHOCTAMU KPbIWKA LUAMHAPA W
OypTa BTYNKW LMNNHAPA ABISETCA COXPaHeHMEe A0CTaTOYHON BeNIMYUHbI AaBleHUs
Mo BCeM NAoWwagn NpoKnagkm npu AeiCTBMM MaKCUManbHOrO [aBfieHusi rasa B
unnuHape pz  OT0 [OCTUraeTcsd MpeBbllEeHWEM BeUYUHbI  MUHUMANLHOIO
[AaBNEHNA Ha MNOBEPXHOCTWU MPOKNaAKW pmn  Haj BeIMYUHOW CHUXEHUSA 3TOro
AaBfeHns Ap B MOMEHT MPWUIOXKEHUS MaKCUMasibHOW Tra30BOM  HarpysKu.
MpUMEHNTENbHO K CPeAHe060pOTHbIM  ABUraTensiM  3KCMepuMeHTasIbHO

YCTaHOB/IEHO [4], 4YTO TepMEeTUYHOCTb CTblKa 0bGecrneymBaeTCsd, ecnu BenYnHa
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Pimin Ha IIOBCPXHOCTH IIPOKIIAJAKH IIPCBOCXOAUT BCIIMYNHY A p CHHOKCHHUA JaBJICHUSA

HpI/I HpI/IHO)KeHI/II/I JABJICHUA I'a3a B HI/IHI/IHI[pe Pz B ((k)) pa3:
7P imin
k AP (1)
rac AP:P]min *PZmin

[IpuMeHUTENLHO K  CPEIHEOOOPOTHBIM  TEIUIOBO3HBIM M CYJOBBIM
JIM3ETIbHBIM JIBUTATENSIM peKOMeHayeTcs k=1,5-2,5. Uem Oonbliie k, TEM BBILIEC
VIUIOTHEHUE CThIKA TPYU TAHHOM 3HAYEHUH p,.

B Hauane pacuera cieayeT OpUEHTHPOBOYHO OLEHUTh MCXOJHOE 3HAYCHHE
YCUIIMS  OPEABApPUTENBbHOM  3aTsKkM  wmmuiaek Pp,.  Ilpp  oTOM  MOXHO
BOCIOJIb30BaTbCS  M3BECTHOW (HOPMYJIOH OLEHKH YCHIWH NPEABAPUTEIBHON

3aTsHKKU (PIIaHIEBbIX coenquHenui [1]:

Pnp:mﬁDcnbO Pz (2)
rac m — TPOKIAJ0YHBIA  KO3(DPUUMEHT (SMIUPHUYECKAs BETMYHHA,
ONPEACTSAETCS W3 OmbITa), by — >(PQPexkTUBHAS WMPUHA NPOKIAAKH, D,

pacyETHBIA IMAMETP MPOKIAIKH.

PaumonasibHas BeTMUMHA YCWIHS MPEABAPUTEIBHON 3aTSDKKU BBIOMPACTCS
U3 YCIOBHS 00ECIEUEHUS] TEPMETUYHOCTH CThIKA M HEMPEBBILICHHS JOMYCTHMOMN
BEJIMYMHBI HANPSDKEHUH, BKIIFOYAs MOHTAKHBIE, B ACTAJIAX, 0OPa3yIOIUX Ta30BbId
cThIK. [IpuMennTentHO K au3ento UH26,5/31 ncxoaqHoe 3HAUEHUE YCUITHS 3aTSHKKA
B cOOTBETCTBMH € (popmynoi (2) cocrasuno F,,—520xH (52tc). Ilpuanmaem
ucxoanoe ycunue 3atsbkku 600 kH (60Tc).

[Ipy BBINOJHEHHWHM pacyeTa COTJIACOBAHHBIX TPAHMYHBIX  YCJIOBHMA
TEIOOOMEHA KPBIIKY AJIMHAPA C KJIalaHAMHU A BTYJIKA MCIOJB30BAH KOMILUIEKC
nporpamm «ICE», co3nannbiii Ha kadenpe [lopmHeBbix apurarencidi MI'TY um.
H.O. baymana [2]. Ha puc.2 npeacTraBieHo pacupeneacHue TEMIIEPATYP B KPBILIKE
LWIAHAPA U BTYyJIKE nBuratens tuna YH26,5/31 Ha HOMMHATBHOM peKUMeE pabOThI

(p. =25,8 Bap, n=100000/MuH).
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Puc. 2. TemnepaTypHOe Mnosie CO0PKN KPbILWKKN C BTY/IKOW Ha HOMUHA/IbHOM

pexxume paboTbl asuratens tuna YH26,5/31

KpblllKa UMANHAPOB SABNAETCA OAHON M3 Hambonee TennoHanpsHXKeHHbIX
fpetanein amsens. TennoBOW NMOTOK B KPbILWKY LUAUMHAPA NPeBOCXOAUT TENI0BOW
MOTOK B MOpLUeHb. MakcnuManbHaa TeMmnepartypa KpbllKN HAXOAUTCA CO CTOPOHbI
Kamepbl CropaHus B 30HE MeXKnanaHHOW MepeMblYKM BMYCKHbIX KaHanoB W
cocTtaBndaer 4060C. 30Ha KPbIWKW CO CTOPOHblI Kamepbl CropaHua OKOJ/0
BbIMYCKHbIX KaHa/lloB SBMSETCH MeHee HarpeTtoi, TaK KaK BbIMYCKHble cefsna
paccMaTpMBaeMon KpblWKK oxnaxpgatoTca (Temnepatypa gocturaeTt 3600C).

TemnepaTypa Ha 3HauyMTeNbHOMW 4acTu paboyerr MNOBEPXHOCTU BTY/KK
HeBe/NInKa, paBHOMEPHO pacnpejesieHa Mo OKPY>KHOCTU U KonebneTca B AnanasoHe
oT 130 go 2250C.

B paccmaTpuBaeMOW KOHCTPYKUMWU BTYNKU UUAUHAPA XUOAKOCTHOMY
OXNTKAEHUIO NOANEXWUT TONMIbKO BepxHAs, Haubosiee HarpeBaemasd npu paboTe
4acTb BTY/IKMW.

TemnepaTypHasa cocCTaBnsdtoWas BHOCUT 3aMeTHbI BKMag B 06wyt
Harpy>eHHoCTb feTaneil, o06pa3ylolmx ras3oBblil CTbIK, BK/KO4Yasd CUIOBbIE
LU NWNBKN.

Ona  OueHKM  HanpsHKeHHO-Ae(OPMUPOBAHHOIO  COCTOSHUA  KPbILLKU

UMAWHAPA, BTYNKW, BepxHelW u4acTu 6GnokKa LUWIUHAPOB MCNoNb30BaHa
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npuBeLeHHad Ha puc.l KOHeYHO-3NleMeHTHas Mofeflb CO0pPKU. YNNOTHEHME
rasoBoro CTbika o6ecneymBaeTCcs 3aTSXKKOW 4-X CUMIOBbLIX LUMW/EK, CBA3bIBAIOLLLNX
6/10K, BTY/IKY M KpbIWKY ¢ ycunmnem 600 kH (60 Tc).

Ha puc. 3 npuBefeHbl 3HAYEHUA TNaBHbIX PacTArMBaKOLWMX HaNpPsHKeHWUN,

BO3HMKAIOLLMX B C6OPOUYHOM Y3Ne.

Maximum Principal Stress
Type: Maximum Principal Stress Pressure
Unit: Pa Type: Pressure

a) 6)
Puc. 3. PacnpegeneHune Hanps>XeHU B AeTansdx ra3oBoro cTbika (a) u
KOHTaKTHOe faBfieHne obxatus npoknagku (6) geuratens tuna YH26,5/31 npu

YCUNUN 3aTAXKKK cnnoBbiX wnunek 600 kH (60 Tc)

B KpbllwKe UUANHAPA MaKCMMaibHble pacTarusaroline HanpsxeHusa (495
MT1a) BO3HUKAKOT CO CTOPOHbI MOMOCTU OXNAXAEeHUA BAMKe K HeoXaXaaemomy
ceanly  BMYCKHOro  knanaHa.  MakcuMMmaliibHble  Hanps)keHuss BO  BTY/IKe
OTHOCUTE/NIbHO HEBE/IMKWN U BO3HMKAKOT B MeCcTe KOHTakTa ¢ 6/10kom, gocturas 310
MMMa. MakcumanbHble pacTaruBaroliMe HanNpPsHXKeHUA B CUJIOBbIX  LUMUIbKAX
cocTaBnAwT 425 MIlTa.

Mepenaj KOHTAKTHOrO AaB/eHUsA MO WWPUHE NPOKNaAKK cocTaBuna oT 29 Ao
203 MIlla (puc.36). Hambonblive CXKUMarowme HanpsXeHUa (AaBneHue)
BO3HMKAIOT Ha BHELWHEeM [JuamMeTpe MPOKNagKu, 4YTO 06YCNOB/IEHO KpPaeBbIM

3(h(PeKTOM B MeCTe KOHTaKTa NPOKNaAKN C KPbILLKOWA W BTY/NKON.
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Mpwn 3TOM repMeTUYHOCTb ra3oBOro CTbiKa obecneynBaeTcs B NOSHOW Mepe.
OpfHako npwu 3aTsHkke wnuabkn 600 kH (60 TC) HaNpsXXeHWA B CUIOBbLIX LWNW/IbKaX
N KPbILIKe OKasblBalOTCA UYpe3MepHO BbICOKMMU (Mpegen mpo4vyHOCTM MaTepuana
KpbILWKW npu pacTsXxeHnn 700 MIa).

B cBA3M C 3TUM OblN BbINOMHEH pacyeT HaNpPsHXKeHUn B KPbILWKe, BTY/Ke U
BEpXHeM rosice 6/10Ka OT AeNCTBMA MOHTaXHbIX YCUAWA, TENNOBOW M ra3oBoWA

Harpy3ok npu ycunum 3atsxku wnunek 450 kH (45 tc) (puc. 4).

Maximum Principal Stress

Type Maximum Principal Stress
Unit: Pa

Time: 1

Custom Type: Pressure

Pressure

Puc. 4. PacnpefeneHne Hanps>KeHU B AeTansix ra3oBoro CTbika u
KOHTaKTHOe [aBfieHne obatus npoknagku asuratens tuna YH26,5/31 npu

YCUMNK 3aTAXKKN CUNoBbIX Wwnunek 450 kH (45 1c¢)

MakcuManbHble pacTarvBarolimMe HaAMpPAaXeHUsa CHU3UAUCHL B LUNWUAbKaxX C
425 MIa po 319 MIlla, B KpbiwkKe yunmHapa ¢ 495 go 475 Mlla, a Bo BTy/Ke
umnuHapa ¢ 310 go 302 Mla.

PacyeT CXMMarLWmX Hanps>XXeHnin (4aBneHnin) Ha NMOBEPXHOCTM MPOKNaAKM
MOKas3blBaeT, YTO AaBfieHMe 06XKaTua Npyv YMeHbLUEHUN YCUNNS 3aTAXKN CUNOBbIX
WNUNeK 3aMeTHO CHU3unocb. [aBneHuMe Ha BHYTPEHHEM [AMaMETPe MNPOKNaLKK
yMeHbLnnocb Ao 0, a Ha BHelWHeM guameTpe cocTaBuno 180 MIMa. CHu3unca npu

3TOM U YPOBEHb HaMpPsXKEHWIl B AeTansax, 06pasytolnx ra3oBblit CTbiK. Mpu 3TOM
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pacnpefefsieHne KOHTAKTHOro AaBfieHWsa NO nNjaowaan NpoKnagky O0KasblBaeTCH
BECbMa HepaBHOMEepPHbIM. B 3TOM cny4yae Ha NOBEPXHOCTW MPOKMaAKN MOABAAKTCA
30Hbl OTCYTCTBUSA [aBfIeHUS.

O6WwmMmM HefoCTaTKOM B 060MX CnydasX Mpu 3aTsSXXKe CMI0BbIX wWwnunek 600
KH (60 1c) m 450 kH (45 T1C) fsBNnsdeTcs 3HauyMTeNbHasd HepaBHOMEPHOCTb
pacnpegeneHna CXXMMarLWwmx HanpsKeHUn (LasneHusa) Mo LWUpUHe NPoKIagku ¢
BblPpaXXeHHbIM MakKCMMYMOM Ha BHELIHeM AuaMeTpe MPOoKIagKu.

[Ons ymeHbleHNs KpaeBOro agypekta n obecneyeHms 60s1ee paBHOMEPHOIO
pacnpefefsieHns KOHTaKTHOrO [aBfieHMA MO LWUPUHE MPOKIaaKu npegnaraercs
NpokKnagka MpsAMOYrosibHOro MNOMEPEYHOro CeYeHUs W3 XKAPOCTOMKOW CcTann c
pasrpy3o4HON KaHaBKOW 3M/IMNTUYECKOW (HOPMbl MO  Hapy>XHOW 6GOKOBOM

nosepxHocTu (puc.5), npeanoxeHHas OAO «KonomeHckuin 3aBog» [5].

a) 6)
Puc. 5. TBepioTenbHas Mo/e/b y3na ra30BoOro CThiKa ¢ MOJEPHM3NPOBAHHO
MPOKNaAKoi (a) 1 BHELIHWUIA BUA CTaHAAPTHON 1 MOEPHU3MPOBAHHON NPOKNaa0K

W pacnpeaeneHne KOHTaKTHOrO faBneHus no wupuHe (6)

Ha puc. 5 nokasaH XapakTep pacnpefesieHMs KOHTaKTHbIX [aBfIeHWW Mo
LUMPUHE NPoKIaAKM 6e3 pasrpy3ouHoin kaHaBku (5a) 1 NPoKnagKy ¢ pasrpy30yHoin
KaHaBkom (56).

Pesynbtatbl pacyeta THAC cocTosHMA Yy3na rasoBoro CTblka OT
COBMECTHOr0 [eNCTBUS YCUNNIA 3aTSXKKWM CUNOBbIX wnunek 450 kH (45 Tc),
TEN/IOBON M ra3oBOW Harpy3oK C MPUMEHEHWEM MNPOKAaAKMW C 3NIUNTUYECKON

MPOTOYHOW KaHABKOW npeacTaBfieHbl Ha puc. 6.
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Puc. 6. PacnpegeneHune HanpskeHUii B eTansix ra3soBoro CTbika U KOHTAKTHOE
[aBneHve 06XkaTus NpoKnaaku aAsuratens tuna YH26,5/31 npu ycunum 3atsxku

CMNoBbIX Wnunek 450 kH (45 T¢) ¢ NpokNagKon ¢ pa3rpy3o4HoOn KaHaBKOW

Mpn  He3HaunuTeNbHOM  WU3MEHEHWM  TEMI0BOr0O U HanpPsXXeHHOo-
e(hOpMMPOBAHHOI0 COCTOAHMA yAanocb 3HAYMTENbHO CHU3UTb HEPaBHOMEPHOCTb
pacnpegeneHns fOaBneHUA Mo LWUPUHE MPoKnagku. KOHTaKTHOe fJaB/fieHue Mo
WNPUHE NpPOKNaAKNW u3MeHseTcA B AumanasoHe oT 15 MIlla Ha BHYTpPeHHeM
avameTtpe 0o 94 MTla Ha Hapy>XHOM, NpW NPUIOXEHUN ra30BOM Harpy3KmM Ha BCeM
MOBEPXHOCTU MPOKNAAKM OTMEYEH A0CTaTOYHbIA YPOBEHb [aBMNEHUSA, NPU 3TOM
KoappuumeHTt K =2,471.

Takum 06pa3om, Npu paBHOM YCUUN 3aTSHXKKM NPOKNaaKa ¢ 31MNTUYECKOW
NPOTOYKOM 0b6ecrneynBaeT repMeTUYHOCTbL U Hanbonee paBHOMEPHOE 06XXaTue Mo
naowasnn rasoBoro CTbika, YTo AO/HKHO NOBLICUTL €ro YrnaoTHEHWE.

MpeanoxeHHas MeToAMKA NpoLUna BepuPuKaumMio Ha OCHOBaHMWU [daHHbIX
3KCNepuMeHTa, BbINO/SIHEHHOro Ha OAO «KONOMeHCKMA 3aBof», B KOTOPOM
(hMKcMpoBannuCcb  pesynbTaTbl TEH30METPUPOBaHUA U TEPMOMETPUPOBaHMA
39NeMeHTOB rasoBoro ctblka COJ Ttuna 164YH26/26 wn  164YH26,5/31.
MpPUMeHNUTENbHO K pacCcMaTpMBaeMOMY Knaccy CpeaHeo60pOTHbLIX An3enen,
NoKasaHO Y[OBNETBOPWUTE/IbHOE MOATBEPXAeHWe pe3ynbTaToB MaTteMaTu4yecKoro

MoaennpoBaHna TeEN0BOro WU HaI'IpFI)KGHHO-,D'E‘CbOpMI/IpOBaHHOFO COCTOAHUA

126



AJIEMEHTOB, 00PA3yIOIIMX IA30BbIi CTHIK, TAHHBIMU HATYPHBIX HKCIEPUMEHTOB Ha
paboTaroleM ABUTraTeNe.

Takum 00pa3oM, MOKHO CHENIaTh 3aKIFOYEHUE, YTO pa3padOTaHblii METOL,
OCHOBAHHBI HA OMPENCIICHUM MapaMeTPOB TEIJIOBOTO W HAMPSKEHHO-
ne(hOPMHUPOBAHHOTO COCTOSIHUS JETAJICH JIBHUrarens, 0Opa3yrolMX €ro ra3oBbiid
CTBIK, MPU TPUHSATON BEIMYMHE YCWIMNA MPEABAPUTEIHLHON 3aTSDKKA CUJIOBBIX
HIMUJICK MOXKET NPUMEHATHCS Ui OLICHKM TePMETHMYHOCTH Ta30BOrO CThIKA

(OpCUPOBAHHBIX CPEAHEOOOPOTHBIX AU3EICH HA PA3IMYHBIX PEKMUMAaxX paOdOTHI.

SAKVIIOYEHUE

[lpennaracTcs METOAMKA OLEHKM TE€PMETUYHOCTH Ta30BOr0  CThIKA
CPeaHEOOOPOTHBIX ABUTATENEH, OCHOBAHHAS HA OLEHKE MAapaMETPOB TEIJIOBOTO U
HANPSHKEHHO-IE(DOPMUPOBAHHOTO  COCTOSIHUSL  ICTANICH, OOPa3yroluX Ta30BbIA
CTBIK, C MPUMEHEHHEM HUX OOBEMHBIX KOHEUHO-3JIEMEHTHBIX MOJENEH. MeToanka
[TO3BOJIAET HA3HAYWUTH PALMOHAIBHYIO BEIWYMHY YCHIUS 3aTHKKH  CHIIOBBIX
HIMAJIEK, 00ECIEUYNBAIOIILY 0 TEPMETUYHOCTh TA30BOTO CTHIKA.

B Hacrodmei crarbe MpOBEAECH pacyeT IePMETHYHOCTH Ta30BOr0 CTHIKA
cpenneobopotHoro apurarens thna YH26,5/31 B COOTBETCTBHM C H3JIOKEHHOM
METOAUKON, BKIFOYAKOLIENH MATEMATHYECKOE MOJETMPOBAHAE METOJIOM KOHEYHBIX
3JIEMEHTOB TEIUIOBOTO M HANPsLKEHHO-AC(POPMUPOBAHHOIO COCTOSHUSL ACTANEH,
00pa3yoIIMX Ta30BbIH CTHIK CPEAHEOOOPOTHOTO AM3EIIS, U PACUET PaCHPEaCICHHS
J@ABJICHUA 10 IUIOIAAN YIUIOTHSAIOIIEW MPOKIAAKH MEXKAY KPBIMIKOW W BTYJIKOU
LAJTMHAPA TPU PA3TUYHBIX VCUITUAX 3aTSHDKKA CUIIOBBIX IIITHJIEK.

JUIs TOBBIIEHUS TEPMETUYHOCTH Ta30BOr0 CTBIKA pPaccMarpuBacMoro
JU3EIIS, MPEUIOKEHa MOAUPUIMPOBAHHAS MPOKIIAKA ¢ KOJIBLEBOH MPOTOYKOH IO

BHEIIHEMY AuaMeTpy. [Tokazana 3(p)eKTUBHOCTH €€ MCIOb30BaHUS.

CHHMCOK JIMTEPATYPbI

1. Pemeros J[.H. /leramm mammd. M. Mammnoctpoenue. 1989. -496¢.

2. KoncTpyupoBanue JBHUTarelicii BHYTPEHHETO cropanus. I[lom pen.

H.A.Yaiinosa. M. Mammnoctpoenue. 2011. -495c¢.

127



3 Jlparareny BHYTPEHHErO cropanus. JluHaMuka U KOHCTpyupoBaHue. [lon

pen. B.H. Jlykanuna, M.I'. [llarpoBa. M. Beictias mkona. 2005. -400c.

4. TIpoYHOCTh TEMJIOHAMPSHKEHHBIX OA30BBIX AETANEH CPeAHEOOOPOTHBIX
asurareneid  BHyTpeHHero  cropanus. Ilox pen. H.J.  YaiimoBa. M.

Mamunocrpoenue. 2015. -355¢.

5. YIUIOTHEHHE KaMEPBI CrOPAHMs IBUraresisi BHYTPEHHErO CropaHus. a.c.
2015117690 PO/Peikos B.A. [u ap.]; 3agen. 13.12.01; ony6n. 13.05.2015. Bron.
No3,

KOHTAKTHASA UHOOPMALIUA
Kpacnokyrckmii A.H. krasnokutskyO7@mail.ru

Calculation method of gas joint of forced medium-speed
diesel engines

N.D. Chainov, A.N. Krasnokutsky, A.V. Kapshukovk

Bauman Moscow State Technical University

128


mailto:krasnokutsky07@mail.ru

VJIK 378.02
© 2018 .

HEJAI'OI'HYECKHE YCJI0OBUSI @OPMUPOBAHUS
NHINBUAYAJIBHBIX OBPA3OBATEJIBHBIX TPAEKTOPUU
ACIIMPAHTOB TEXHUYECKOI'O BY3A

A.C. KiniamoBa
Camapcruii 20cyOapcmeeHHblll YHUepcumem nymeti coobuenus
PEDAGOGICAL CONDITIONS OF INDIVIDUAL EDUCATIONAL PATH
DESIGNING BY POST GRADUATORS IN A TECHNICAL UNIVERSITY

A.S. Klimova

Samara State Transport University

B crarbe paccmarpuBaroTcs (PaKTOPBI U YCIOBUSL YCIEIIHOTO MPOEKTUPOBAHUS
WHIVNBUAYAIBHBIX  00pA30BaTENIbHBIX  TPACKTOPWA Ui OOy4arommxcs 1O
nporpaMMaM  BBICIIETO 00pa3oBaHWs — NOporpamMmaMm MOATOTOBKM  HAy4YHO-
NEJArOTMYECKMX KAapOB B AaCNHPAHTYPE B TEXHMYECKOM BBICHIEM Y4E€OHOM
3aBEICHUM, A TakkKe [JaHO e€ro onpeacncHue. DakTOpsl MPOECKTUPOBAHMS
ONMPEACIISIOTCA C OJHONW CTOPOHBI FOCYAAPCTBEHHBIM 3aKa30M, TPO(HECCHOHATTEHBIMA
U (penepaibHBIMU TOCYTaPCTBEHHBIMU 00pa30BaTEIbHBIMU CTaHAAPTaMU, a C APYToi
JOCTHKCHHUSMH HAYYHO-TEXHHUYECKOTO nporpecca, HAy4HOM LIKOJIBI,
(YHKIIMOHUPYIOLIEH B By3€, pa3pad0OTKaMH HAyYHOTO PYKOBOJMUTENSE U MHTEPECAMH,
00pa3oBaTeNbHEIMU 3aIIpOcaMu caMHux oOydarommxcs. [lemarormdeckue ycimosus,
OMKCAHHBIE B CTaThe, OA3UPYIOTCSd HA NPUHLMNAX AOCTYMHOCTH W THUOKOCTH
OCHOBHBIX 00pa30BaTEIbHBIX MMPOrpaMM aCHUPAHTYpPbl. [IpUBOIATCS OCHOBHBIC
npoOJIEMBI, C KOTOPBIMH CTAJKWBAKOTCS aCMHMPAHTBI B MPOLECCE MPOCKTHPOBAHMSL.
OcBemArTCs Pe3ysIbTaThl, MOJYYCHHBIE NP AHKETUPOBAHWM OOYYaAKOIIMXCS, B
KOTOPBIX  MPOCIICKUBAKOTCA LEJIW  TOCTYIUICHUS, MOTUBUPYIOIIUE  (PAKTOPHI
MPOXOXKACHUS MOArOTOBKH, MHPOPMUPOBAHHOCTH 00 3JIEMEHTAX YUEOHON W HAYYHOM
HArpy3kd B Mmepuoj OOy4YEHUs B aCMUPAHTYPE, 3aMHTEPECOBAHHOCTh ACIIMPAHTOB B

TOW WJIA UHOU OAUCLUNIJIAHE.
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KntoueBble cnoBa: acnmpaHTypa, NOAr0OTOBKA Hay4YHO-Neaarormyecknx Kagpos,
MHAUBMAYaNbHblEe 06pa3oBaTeNbHbIe TPAEKTOPUMN, aHKETMPOBaHMeE, Negarornyeckme
ycnosus.

In this article the factors and pedagogical conditions of the successful
individual educational path designing for post graduator’s programs in a technical
higher education institution, as well as its definition are described. The designing
factors are determined on the one hand by the state order, professional and federal
state educational standards, and with other hand achievements of scientific and
technical progress, the scientific school held in the university, the scientific leader's
developments and the interests and educational needs of the students themselves. The
pedagogical conditions described in the article are based on the principles of
accessibility and flexibility of the basic educational programs of postgraduate study.
The main problems faced by graduate students in the design process are presented.
The article highlights the results obtained in the survey of students, which can be
traced the purpose of admission, motivating factors of training, awareness of the
elements of educational and scientific work during the period of study in graduate
school, the interest of graduate students in a particular discipline.

Keywords: post-graduate training, professional development of faculty

member’s majors, individual educational path, survey, pedagogical condition.

BBEAEHWE

CoBeplweHCcTBOBaHMe o0b6pasoBaTefNbHbIX MNpOrpamMm M MCNOSb30BaHMUe
NepcneKTUBHbLIX MNeAarornyecknx nNOAX0LOB K obydawouwmMMmca ABNAETCA BaXHbIM
yC/I0OBMEM MNOBbIWEHNA KayecTBa o6pas3oBaTeNbHOro npouecca B By3e. OfHUM U3
BaXHeWWMX nefarormyecknx noaxofoB, HampaBNeHHbIX Ha yaydylleHWe Ka4vyecTBa
obpasoBaHuA, ABNAETCA WHAMBUAYaANbHbLIA noaxod. [aHHbIR nogXxod OCO6GEHHO
LuenecoobpaseH npu NOAFOTOBKE Hay4YHO-MefarorM4yeckux KagpoB B acnupaHType.
YuntblBas TOT (HakT, 4YTO B acnupaHType yuyaTcsd NAM C pasHbiIM 06a30BbIM
npogeccnoHanbHbiM  06paszoBaHMEeM U MHOroo6pasHbIMW o06GpasoBaTe/lbHbIMMU

NOTPeOGHOCTAMM, BaXKHa MHAWBUAYyanu3auua He TONIbKO Hay4yHOro, HO M y4yeGHOrO
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npouecca. MMEHHO mNO3TOMY HA CErOJHSAIIHWNA JE€Hb AKTYAJIbHBIM CTAHOBATCS
BONPOCHl MPOCKTHPOBAHHWsS M BHEIPEHHS B TMPOLECC NOATOTOBKA HAY4YHO-
NEJarorn4eckux KaJapoB MHIMBH Yy AIbHBIX 00pa3zoBareabHbiX TpackTopuid (MOT).
[Ton mpoexktupoBannem HMOT oOyvarommxcs mo mporpaMmaM MOATOTOBKH
HAy4YHO-NIEJArOrMYECKMX KaJpOB B AaCHUPAHTYPE MBI ITOHUMAEM COBMECTHYIO
NEATENBPHOCT HAYYHOTO PYKOBOAMTEINS M ACIUPAHTA, B KOTOPOW IUIAHUPYETCS H
BBICTpanMBACTCs Oy NylInid y4eOHbIH U HAYYHO-HCCIEA0BATENBCKUM MPOLECC, a TAKKE
OMPEACIACTCS PE3yAbTaT NPOPECCUOHATBHO-TMYHOCTHOTO PA3BUTHSL NPH PEUICHUU

MOCTABJICHHBIX 33714 B PAMKaX OCHOBHO# 00pa3oBareabHOM nporpammel [1, ¢. 33].

GOAKTOPBL, BJIMAIOIIUE HA BBICTPAUBAHUE NOT

C onpno#i ctoponsl, MOT mpoeKTHPYIOTCA € YYETOM TEX TOCYNAPCTBEHHBIX
TpeOOBaHMi, KOTOPBIE ONMPEACISAIOTCS UIsl KQKIOTO YPOBHS MOATOTOBKM B By3€ [2].
Hmeercst ToCy1apCTBEHHBIN 3aKa3 HA MOATOTOBKY KaJIPOB M YETKHE TPEOOBAHMS KaK
K KOMIETCHUUSM JACHCTBYIOLIMX CICHUAIMCTOB, TAK M BBIMYCKHUKOB YYEOHBIX
3aBeacHAA. OHU OTPAKEHBI B MPO(PECCHOHAIBHBIX U 00Pa30BaTENbHBIX CTAHAAPTAX.
OOyyvarommiicsi, MOTHOCTBIO OCBOMBIINNA O00PAa30BATEIBHYIO MPOrPaMMy M YCIIECIITHO
OPOUIEAINNI TOCYJAPCTBEHHYK) HMTOTOBYIO aTTECTALMIO, JOJHKEH COOTBETCTBOBATH
TpeOOBaHMSAM 3THM  JBYM cTaHgapram. DeaepalibHble  TOCYJAPCTBEHHBIE
oOpazoBarenbHbie cTaHAapTel (OI'OC BO) acnupaHTypsl pa3pabOTaHbl ¢ YYETOM
npodeccnoHanbHbiX  cTaHaaptoB  «llemaror mpodeccroHaibHOTO — O0yUYEHMS,
npo(PeCCHOHATBHOTO W JIOTMOJIHUTENBHOTO NPO(ECCHOHATEHOTO 00pa3oBaHus» H
«Hayunblii paOOTHUK (Hay4yHas (HAYy4YHO-MCCIICAOBATENbCKAsA) ACATENBHOCTD ))» [3,4].
OI'OC BO ycranaBamBaeT o0meo0pa3oBareabHble U YHUBEPCATBHBIE KOMIIETEHIUMY,
CJIy>Kall€ OCHOBOH MPH COCTABJIEHWM Y4Y€OHOTO IUIAHA ACMMPAHTYPbI, KOTOPBINA
JOJDKEH BKJIHOYATh Oa30BbIE AMCLMIIIMHBL W BAPUATHUBHYK) YacThb MOATOTOBKH
aCUpaHTOB, a TAaKXKE YUYUTHIBATh 00s3aTeibHbIE TpeOOBaHUsS K mpodeccopcko-
NPEMOIaBATENILCKOMY COCTABY.

[TpoBOaMMBIE ACIMPAHTOM HAyYHBIE W3bICKAHUS OOBIYHO OMNMPAKOTCS HA

pa3pabOTKU HEMOCPEACTBEHHOIO PYKOBOJMTENS, & TAK)KE HA 3HAHUS, MOJTYYEHHBIC
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OPYTMMMW  uYfeHaMyu  HaydyHoro  coobuiectBa.  ®akTopbl, BAUAKOLUME  HA

npoektuposaHue NOT acnupaHTa, npeAcTaB/ieHbl HA PUCYHKe 1

Puc. 1. ®akTtopbl, BinawoLWwme Ha npoektuposaHne NOT acnmpaHToB

YCNOoBUA BBEAEHWA NOT

MpoekTnpoBaHne w© BHegpeHne WOT obydarwmxca no nporpamMmmam
NMOArOTOBKM  Hay4HO-MefarormyeckMx KagpoB BO3MOXHO nNpu  cob6n0AeHUN
cnefyrLWnMX ycnoBuii: rMbKocTb ob6pasoBaTe/ibHbIX Nporpamm, UX afanTupyemocTb
nog ObICTpOMeHAKWMecs TpeboBaHMA 3KOHOMWUKWU  CTpaHbl; BapuaTUBHOCTH
nporpaMmM, KOTOpble AO/DKHbI CNOCOOGCTBOBATL YAOBNETBOPEHMUIO 00pa3oBaTe/lbHbIX
3aMpocoB  Kaxpaoro obyvawwerocd; WHHOOPMaLMOHHAA OTKPbITOCTb Yy4ebHO-
MeTOLMYECKUX MaTepuanos, WX MakKCUManbHas A[OCTYMHOCTb ANA acnUpPaHTOB;
KOHCYNbTaTUBHasA NOAAEPXKa 06y4alWmMXca CO CTOPOHbI HAYYHOTO PYKOBOAUTENA U

COTPYAHWKOB  OTAeNna acnupaHTypbl; WHAMBUAYanu3auus 06pa3oBaTeNbHOrO
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OpoLecca, MPEANoJiararomas ydeT TEMIIOB OCBOEHMS W NyTed MpuoOpeTeHHs
npO(PECCHOHATBHBIX ~ KOMOETCHIMA KaKIpIM  oOydaromumcs;, (GopMHUpOBaHHE
TFOTOBHOCTM AaCIMHPAHTOB K MPOCKTHPOBAHMID COOCTBEHHBIX 00pPa30BaTEIIbHBIX
TPACKTOPHUH.

HOT peanmuzyeTcs MO CAEAYOMUM HANPABIEHUSAM: 1) cOaepKaTeIbHOMY, TO €CTh
NOCPEACTBOM TMOCTPOCHMSI MHAWBHIYATBHOM MporpaMMbl 0Oy4YEeHHs] W TPOBEACHHS
HAYYHOTO HWCCIECNOBAHUS, 2) NEATEIBHOCTHOMY, TO €CTh YEpPe3 OMPEACICHHYIO
NOCJIEAOBATENBHOCTD CAMOCTOSTEIBLHOW HAYYHO-00pa30BaTENbHON AEATENBHOCTH, 3)
KOMMYHUKATUBHOMY, BKJIFOUAKOIIEMY BCE BHIBl B3aUMOACHCTBUS C HAYYHBIM
PYKOBOJMTENIEM U COTPYIHUKAMU OTJENA ACTIMPAHTYPBIL.

B mepyto ouepenp, MOT mnpoekTupyercss € Y4YETOM HAIPAaBICHHOCTH
OCHOBHOI npodeccroHanbHas oOpazoBarenbHoi mporpamMmsl (OI1OIT) acnupanTypsl
¥ YPOBHS MOATOTOBKHM acnupaHTa (Creuuanurer, marucrparypa). [Ipuaumas Bo
BHUMAHUE HAYYHO-TEXHUYECKHUI MPOTrpecc U SKOHOMUYECKYK) CUTYALMIO B CTPaHe,
oOpazoBaresibHas mporpaMmma A0KHA €KEr0HO OOHOBJISATHCS.

O¢dextuBHpiM  ycnoBueM BeicTpamBanus HMOT B mpouecce HaydHO-
NEAArOrMYECKOM MOATOTOBKA ACMHMPAHTOB MOXKET OBITh BapUATUBHOCTh, WA
YBEJIIMYEHUE B yYECOHOM IMIJIAHE SJIEKTUBHOM M (DaKyJIbTaTUBHOM COCTaBISIOLICH
OIIOIL

HeobxonumbiM ycrioBueM st yenewmHoro npoektupoBanuss UOT saBasietcs
JOCTYIMHOCTh, WH(POPMALIMOHHAS OTKPBITOCTh YUEOHO-METOUUYECKON JOKYMEHTALUH
u o0ecreyeHe KOHCYJIbTATHBHONH TMOAACPKKM OOYYAKOIIMXCS CO  CTOPOHBI
COTPYJAHUKOB BBICIIETO YYEOHOTO 3aBEICHUSI.

HemanoBaskHbIM YCIIOBUEM JIJisi BHEAPECHUS B 00Pa30BaTENbHBIA MTPOLIECC By3a
HOT saBmseTrcs ypoOBEHb MOTHMBAlMM W TOTOBHOCTM  OOy4aromMxcs K
NPOCKTHPOBAHHUIO COOCTBEHHBIX 00PA30BATENBHBIX TPACKTOPUH.

Henocrarounas TrOTOBHOCTb aCHUPAHTOB K MPOeKTUpoBaHut0 MOT moxer
OBITH BBI3BAaHA M APYTUMHU NpUUYrHAMU. OJHOW M3 HUX SBISETCS HEOOXOOUMOCTH

aCIMPaHTOB, Jake OOYYAIOIIMXCS C OTPHIBOM OT MPOM3BOJCTBA, padOTaTh, 4TO
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HEN30EKHO CHUYKACT MOTUBALIMIO K YIIYUIICHUIO KQ4eCTBA CBOEro 00pa3oBaHus [5, C.
35].

JUis ~ Toro  4roOBl  BBIACHWUTH, HACKOJIBKO  aCOUPAHTBl TOTOBBI K
npoektupoBanuio MOT, HamMu OBLIO MPOBEACHO MCCIICI0BAHUE. B aHKETUPOBAHUM
NPUHSAIM yYacTHEe acnupaHTel CamMapCcKoro HaMOHAIBHOIO HCCIEA0BATENbCKOTO
yHuBepcuteta uM. akaaemuka C.II. KoposmeBa m CaMapckoro rocyaapCTBEHHOIO
YHUBEPCUTETA MyTei cooOmeHns — Beero 203 yenoBeka, U3 HUX 55,6% - My>KUMHBI,
444% - >xeHUMHBL. bBONBIIMHCTBO acnupaHToB (55,5%) HMEET HMHKEHEPHO-
TEXHUYECKOE W TEXHOJOTMYECKOe MNpodeccuoHalbHOe oOpa3zoBanue, 22.2% -
oOpaszoBanue B oOnactu uHpopmatuku, 14,8% - B (PUHAHCOBO-dKOHOMHUYECKON W
yhnpaBieH4YecKoi cdepax, 7,5% - ectecTBEeHHOHay4yHOe oOpazoBanue. [1o Bo3pacty
MO>KHO BBIIEIIUTD CIECAYIOIUE KaTteropuu: 54,7% - 310 acimpanTsl OT 22 10 25 Jer,
36,8% - ot 26 no 30 net, 7,4% - crapwe 30 ner, 1,1% - crapuie 40 net. YUyTh O0mbIIe
NOJIOBUHBI OMPOIIEHHBIX (51,8%) MMEIOT OnbIT pabOTHl HA TPOU3BOACTBE, OCTAJILHBIC
(48,2%) Takoro omeiTa He MMEROT. llegarormueckuii ctax ectb Bcero y 37,1%
acrMpaHToB, 62,9% - MEJaroruuecKoro CTaka He UMEKOT. KOJIMUEeCTBEHHBIE NTAHHBIC

10 BBIOOPKE UCTIBITYEMBIX MPUBEACHBI B TAOMIIE 1.

Tabmuna 1. KonmnuecTBeHHAs! XapaKTEPUCTUKA BEIOOPKH HCIIBITYEMBIX

XapakTepucTuka BEIOOPKU KonnuecrBeHHOE
3HaueHue (%)
Hanpasnenus 6az06020 npogheccuonaibno2o oopazo8aHus
WHKEHEPHO-TEXHUYECKOE M TEXHOJIOTHIECKOE 55,5
WH(HOPMALMOHHOE 222
(hMHAHCOBO-3KOHOMUYECKOE, YIIPABJIEHYECKOE 14,8
€CTECTBEHHOHAYYHOE 7,5
[leoaeoeuqeckuii cmaoic
Ectb 37.1
Her 62.9
Onwvim pabomel Ha npouzgoocmese
Ectb 51,8
Her 48,2
Llon
JKCHCKUI 44 4
MY KCKOM 55,6
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Bospacm
22-25 54,7
26-30 36,8
>30 7,4
>40 1,1

Ha ocHoBe aHkeTmpoBaHWs ObUIM BBISIBJICHBI LENH TOCTYIUICHUS B
acnupanTtypy. OcHOBHOW uenpt0 g 49% ONPOMIEHHBIX CTal0 CTPEMIICHHE
3aHUMAaThCA HayKou, st 45% - kapbepHble cooOpakeHus u it 14% - skenaHue
3aHUMATHCS MEAArOTUYECKON NEATENBHOCTHIO, pad0TaTh CO CTYICHTAMMU.

Ha Bonpoc: «Yto BaM OoblIe BCEro HpaBUTCS B mporecce 00yueHus?», 20%
aCNMPAHTOB BBIOPAJIM OTBET «BO3MOXHOCTh TOCTOSHHOTO MPO(ecCHOHAIBHO-
JIUYHOCTHOTO CaMopa3BuThUs», 19% - «IpOBENCHWE WCCIACAOBAHUA B pamMKax
MOATOTOBKM JuccepTanumy. Jlamee CcneaoBaaum TakUue OTBETHI. OCBOCHHUE HOBBIX
oOpazoBarenbHbIX nporpamMm (13%), oBnaacHUE NEAATOTMYECKUMHU KOMIETEHIIUSIMHU
(7%).

Jns  ¢dopmupoBanus acnupantamMu  cBoux HMOT  BakHbIM  SBISETCS
JOCTYHOCTh M OTKPBHITOCTh MH(pOpMAIMK, Kacaromehcs o0pa3oBaTebHON U
HAYYHOM COCTaBJISIFOIIEH YUeOHOT0 NJIaHa U OCHOBHOM 00pa30BaTeIbHON TPOrpaMMbl
B 1enoM. Bes HeoOxoaumass wHpopmaims nyOaukyeTcs Ha O(UIMAIBLHOM CaifTe
OpraHM3allii U B 3JICKTPOHHON WH(OpMaMOHHOW 00pa3oBaTelibHOl cpeae. B xone
Onpoca BBISICHWIOCH, 4TO 62% acnupaHTOB 3HAKOMBI C [IpaBunaMu U MONOKEHUSIMHU
B BY3€, Pa3MEIICHHBIMA Ha OQUIMAIbHOM caiiTe opraHuzanuu, 96% 3HAKOMBI C
y4eOHbIM miaHoM, 40 % ¢ KaTtajoroMm JUCHUIUIMH 1O BbIOOpPY, 33 % cC
(haKyJIbTaTUBHBIMH TUCLUUILIMHAMU, MPEUTOKEHHBIMU 7151 u3yueHus, 44% B o0mmx
yepTrax 3HAKOMbI C OINKUCAHUEM OCHOBHOM oOpazoBaTenbHOM mporpammbl, 40%
3HAKOMBI C QHHOTAUMSAMU PAdOUMX MpPOrpaMM JWUCUMIUIMH. BONBIIMHCTBO
acnupaHToB (77%) CUMTAKOT, YTO MH(POPMALMOHHBIE PECYPCHl MOJIE3HBI JUIS HUX,
CTOJIBKO K€ OMPOLICHHBIX (77%) PyKOBOACTBOBAIUCH MH(OpPMaLMEH Ha caiiTe is
BbIOOpa OyAylmied CnenualibHOCTH, OCTaJlbHBIC CaWTOM Uil JTHUX [EJEH He

NO0JIb30BATUCH. ClieyeT OTMETUTB, uTO asi popmupoBanuss MOT Ha caiite umeercs
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JOCTaTOYHOE KOMMYECTBO MH(OPMALMK, HO HE BCE ACMUPAHTHI YMEKOT MOJTHOLEHHO
MCITOJIB30BATH 3T TAHHBIE.

HemanoBaxxubim ans noctpoenus HMOT  gBnsercs  kBampuIupoBaHHAS
NOMOLIb OOYYAKOIIUMCS CO CTOPOHBI COTPYAHUKOB OTAEA ACIUPAHTYPbl U HAYYHBIX
pykoBoauTENEH. Pe3ynbTaThl aHKETUPOBAHMS TMOKA3H, 4TO 39% ONPOLICHHBIX B
cllydae 3aTpyJHEHUI 0OpalaroTcst B OTAEN aCOUPAHTYPBI, 37% - K CBOEMY HAYUYHOMY
PYKOBOJHMTEIO, OCTAIBHBIE - K OJHOKYPCHHKaM. [103TOMY MO’KHO MPEIITOIIOKUTH,
yro B nporecce npoektupoBanus HMOT  OOJIBMIMHCTBO aCOUPAHTOB MPH
HEOOXOUMOCTHA CMOTYT MOJIYYUTh TPAMOTHYK) KOHCYJIBTALIMKO M PA3PELIMTh BCE
3aTPyAHCHUS.

Conepxkanue y4eOHOro TmJiaHa, MO MHEHUIO 58% OMNPOIICHHBIX, BIOJHE
COBMAJAET C UX 00pa30BATEIbHBIMU MOTPEOHOCTIMHU, 37 % OTBETWIIM, YTO COBNAAACT
YAaCTUYHO, OCTAIbHBICE 5% CuMTaArOT, 4TO HE coBmamact. Hecmorps HA TO, 4TO
HANOJIHEHUE Y4YE€OHOrO IJIaHa B LEJIOM YIOBJICTBOPSIET aCIMPAHTOB, Y HAX UMEHOTCS
1 cBoM oOpasoBarebHbIe 3anpockl. Tak, 24% acnupaHTOB CUMTAKOT, YTO UM ObUIH
Obl MHTEpPECHBI (PAKyJNBTATUBHBIE AWCUMIUIMHBI, HAMPABICHHBIE HA YriayOJeHHE
CHEeUUaNbHBIX 3HaHUM, 22% - AMCUMIUIMHBI, B KOTOPBIX PACKPbIBAIOTCS AKTHBHBIC
MeToabl 00yueHus, 15% - megarormyeckue NPOOJIEMBI, OCTAIBHBIE XOTENH OBl
MOJIYYUTh JOMOJIHATEIBHBIE 3HAHUS MO0 METOAOJIOTUM M METOJAM MCCIICIOBaHUs, a
TaKKE IO TICUXOJIOTUH.

Kak mokazanm  ompoc, HEpEWIEHHOW  MpoOJIeMOW,  3aTpyaHSIONICH
WHIMBUALYAJIA3ALMI0 TpoLecca MOAIOTOBKM — HAYYHO-TIENArOTMYECKUX — KaJpOB,
SBJIIETCS HEOCBEIOMJIEHHOCTh acnupaHToB o crneuuduke MOT m TexHomorum ee
npoektupoBanus. Ha Bompoc: «YUTo Takoe HMHAMBHAyanbHas oOpa3oBaTeibHAS
TpackTopus?» - 43% ONpOLIECHHBIX JAIA OTBET «HE 3HAIO», 42% - «3HaAK B 00IIMX
yeprax». Tonbko 25% acnupaHTOB TOTOBBI CAMOCTOSITENIBHO CIPOCKTUPOBATH
WHAMBUAYAIBHYIO 00pa30BaTENIbHYI0 TPACKTOPHIO. B TO k€ BpeMsl OMPOILICHHBIC
ykazanu, uto BHeapenue MOT Tpelyer pazpaboTku TMOKAX BapUATUBHBIX YUECOHBIX
IUTAHOB, TMO3BOJISIONIMX BBIOMPAaTh HY>KHBIC AMCHMIUIMHBL M TakuM 00pa3oM

BBICTPaMBaTh ONTUMAJIbHYO JUIsl c€0s1 00pa30BaTEIbHY IO TPACKTOPHIO.
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Ha ocHOBaHMM MPOBEIECHHOTO MCCIECIOBAHUS, MOKHO CIENATh BBIBOJ O TOM,
4TO COAcpKaHWe O(PHUIMATBLHOrO caiiTa OpraHM3alMk B TOJHOH Mepe JacT
oOyyvarorumcss UHPOPMAUIO AJis BO3MOKHOCTA moctpoeHuss MOT, HO HE Bce
aCMMPAHTBl XOPOLIO MOTYT OPHUEHTHUPOBATHCS B SJIEKTPOHHOM WH()OPMALMOHHON
oOpasoBarenbHO cpene. B menom comepkaHue OCHOBHOM 00pa3oBaTEbHOM
IpOrpaMMbl COBNAAAET C 00pa30BaTEIbHBIMU MOTPEOHOCTSIMHA aCHMPAHTOB, HO JUIS
npoektupoBanus Oomsee 3¢ ¢pexktuBHbx MOT, yueOHBIH TUIAH JOMDKEH COACPXKATh
0osee mMUpoKKHe ONOKH AIEKTUBHBIX AMCLMUILUIMH, a TAKKE COUCOK (DaKyJIbTaTUBHBIX

JUCLIUIIIINH.

3AK/IIOYEHUE

Taxkum 00pa3oMm, BaKHEHIIMMH 3ala4aMi HA CETOJIHSLIHHMNA JEHb SBISIOTCS:
COBEPLICHCTBOBAHUE YUEOHBIX MJIAHOB MOATOTOBKH HAYYHO-NEAArOTMYECKUX KAIPOB,
pa3paboTka TEXHOJOTUU MPOCKTHUPOBAHUS WHIMBUAYAIbHBIX 00pa30BaTEIbHbBIX
TpackTOpuii W 0O0yuyeHHe 3TOMYy acnupaHToB, a  BHeapenue HWOT mno3Bomut
MAKCHUMAJIbHO WMHIVUBUAYAIM3UPOBAaTh YUYEOHBIH W  HAy4YHBIA OPOLECCH B
aCMMPAHTYPE, MOBBICUTH CAMOCTOSITEIbHOCTh M OTBETCTBEHHOCTh OOYYArOLIMXCS 32
00pa30BaTe/IbHbI pE3yJIbTaT M HAYYUTh WX B JAJbHEHIIEM MJIAHUPOBATH CBOE

npo(heCCUOHANTEHO-TMYHOCTHOE PA3BUTHE.
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AHHOTAIMS

ITepeBon nu3enpHBIX ABUTATENEH s PabOTHl HAa MPUPOAHBIM Ta30M aKTYyaJeH B CBS3H C
MEHBIIEH CTOMMOCTBIO Ta30BOTO TOIUIMBA W YJIYYIIEHHEM 3KOJIOTHUECKHMX mokaszarenen. s
KOHBepTaunu ausenbHOoro napuratens 12I'UH26/26 B rasoBeiii aBuratenb Obuia paspadoTaHa u
M3rOTOBJIEHA CHCTEMA 3JIEKTPOHHOTO YIPABJICHUS C TOAa4Yeil TOIUIMBHOIO ra3a MHAWBUAYAJIBHO IO
LUIMHApaM aBurarensi. Takas cuctemMa nmo3BossieT odecnednTs padoTy ABHraTesisi Ha aBTOHOMHYIO
NEPEMEHHYIO Harpy3Ky, OTKJIOYEHHE YacTH LMJIMHAPOB HAa XOJIOCTOM XONy, PeryJupOBaHHE
paloThl ABHraTeNsl MO TEMIIEPATypaM BBITYCKHBIX Ta30B 3a IMIMHIPaMH, paboTy ajaropurma
peryJnpoBaHUsl TEMIIEPATyp M TamleHue aeToHauuu. HacTpoiika cucTteM ympaBieHHs ra3oBOTrO
IBUTATENs] MPOBOAMIIACH C HCIOJB30BAHMEM PE3YJIBTATOB 3KCHEPUMEHTANIbHBIX HCCIIEAOBAHHI.
CTeHIOBBIE MCIIBITAHHUS Ta30BOTO ABUTATEINS MMOKA3aJH, YTO pa3pabOoTaHHAs CUCTEMa YIpPAaBICHUS
MO3BOJISTFOT O0ECIIEYNTh ONTUMANIbHBIC MPAHULBI PETYJIMPOBaHUs KO3(PPHUIHEHT U30bITKA BO3AYXA
Ui cTaOMIIbHOM paboThl ABUTATENST HA O0ENEHHBIX CMECSIX CO CHIDKEHUEM BhIOpocoB NOX.

ANNOTATION

Conversion of diesel engines into gas engines burning natural gas is of importance due to
lower cost of gas fuel and lower harmful emissions. For conversion of diesel 12-cylinder engine
with S/D=26/26. into a gas engine an electronic control system providing fuel delivery to individual
cylinders was developed. This system permits to provide engine operation for local power network
at alternating load, switching off some cylinders at idling, control of engine according to exhaust
temperatures, functioning of algorithm of temperature control and self-ignition suppression.
Adjustment of gas engine control system was carried out based on results of experimental studies.
Bench tests of gas engine have shown that the system permits to provide optimal range of excess air
ratio control and, thus, engine operation stability and reduction of NOx emissions when burning
lean mixtures.

KJIIOUEBBIE CJIOBA

KoHnBepTaiwsi, ra30BbIi IBUTATENIb, IETOHALINS, TOKCHYHBIE BBIOPOCH! NOX.

KEY WORDS

Conversion, conversion, gas engine, self-ignition, harmful emissions of NOx.

BBEJAEHUE

AHajmu3 pbIHKa CpPenHEeOOOPOTHBIX IBHTraTeNiel TOKa3ajd BO3POCHIYIO B TMOCIEHHHUE TOIbI
noTpeOHOCTh B Ta30MOpPIIHEBBIX arperarax MomHocThio 800 — 2000 kBT oTeyecTBEHHOTO

MPOU3BOACTBA, KaK B VYAAJEHHBIX PETrUOHax, TaK MW MPOMBILJIEHHO pa3BUThIX. B  Takmx
SHEPrOMCTOYHUKAX 3aUHTEPECOBAHBbI MPOMBILUICHHBIE NPEANPUATHS U aAMUHUCTPALUN MOCEIKOB
Cubupun u JlanmpHero Boctoka B ynmanmeHHeix ot JIOII permonax, a Takke TOpPrOBbIE,
MPOMBILUICHHbIE W KOMMYHQJIbHBIE TNPEANPUATHS B LEHTPAIBHBIX PErHOHax C Pa3BUTOMU
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uHppacTpykrypoil. [IprunHaMu BO3POCIIEro Crpoca SIBJISIOTCS: BBICOKAsi CTOMMOCTD MTOKYMaeMOH
3JIEKTPOIHEPTHM M MOHOIMOJBHOE LEHOOOpa3oBaHHE TapU(POB HA IJIEKTPHUECKYIO MU TETUIOBYIO
SHEPTHH, MEePErpyKEHHOCTh NMOJCTAHIUH, BBICOKHE PUCKU TIOTEPU SHEPTOCHAOKEHNUS, CBA3AHHBIE C
neperpyskoi cyuiectByromux JIOII, BricOkas CTOMMOCTb U TPYAOEMKOCTb COOPY)KEHMsI HOBBIX
JIDII, BO3MOXXHOCTb HCIOJNb30BAHUS Ta30MOPLIHEBBIX 3JIEKTPOCTAHLUN i pe3epBUPOBAHUS
SHEPrOMUTAHUS, MPOCTOTa TPAHCHIOPTHPOBKH ra3000pa3HOro TOIUIMBA M CPABHHUTENBHO HU3KAs
croumocTb. [ToaTomy pemreHne o pa3paboTke KOMIUIEKCAa Mep MO MOJAEPHHU3ALNH CYIIECTBYIOLIHX
OM3ENbHBIX JBUTaTeNell BBITyCKAEMbIX 3aBOAOM Uit paboThl Ha MPHUPOIHOM ras3e sIBJISETCS
TEXHUYECKH M YKOHOMHYECKH OOOCHOBaHHBIM. B pamkax paboT Mo CO3MaHHI0 CPenHEeOOOpPOTHOrO
ra3oBOr0 JBUTATENs MOTPEOOBATIOCH CO3MAHNE KOMILIEKCHOW CHCTEMBI 3JIEKTPOHHOTO YIIPABICHUS
ra3oBbIM ABUTaTEIEM C CUCTEMON ra30MoAauy UHANBUIYAIbHO 10 [UJIMHApPaM aABUratens. B cratbe
NPUBOAATCS  PE3yJNbTaThl OTPAOOTKM TEXHOJOTMHM KOHBEPTAalMM B Ta30OBbId  IBUTATENb
cpeaHeoOOpOTHOTO MU3eNbHOTO ABuratens Tuna 12YH26/26.

IIpenBapuTebHO BBIMOJHEHHBIN aHAIU3 OMNpEeIeNeHUs METOAOB KOHBEpTALUU CpeaHe- U
BBICOKOOOOPOTHBIX JBHUTaTeNel 1t paboThl HAa PUPOIHOM rase [ 1] mo3sonmn onpenenuTs. JIro0oit
croco0 KOHBEpPTAIMH AU3EIBHOrO ABUrATENsl B Tra3OBbIA MO3BOJISIET CHU3UTH BHIOpOCH, NOX u
TBepAbIX uactull [2]. Jnst cpeaHe- W BBICOKOOOOPOTHBIX JBHUTaTeleld pacCMAaTPUBAJINCH JBa
cniocoba cmeceoOpa3oBaHus I Ta30BOTO JIBUTATENS: NMPU BHELIHEM CMeceoOpa3OBaHHMU Iepen
KOMITPECCOPOM U HENOCPEICTBEHHOM BIIPBICKE I'a30BOTrO TOIUIMBA IEpe]] BIYCKHBIMHU KJallaHaMu
Ha TaKTe BCAChIBAHUS.

la3oBbie nBUTATENM C BHEUIHHUM CMeCeoOpasOBaHHEM HMEIOT Oojiee MPOCTYI0 CUCTEMY
YIPaBJICHUS W BBICOKUI KII, CBS3aHHBIA ¢ Oojee BBICOKOH TOMOIE€HOCTBHIO TOILTUBOBO3IYIIHOM
CMeCH, a TakkKe Jy4IIMMHM OKOJOTMUECKUMH IOKa3aTelssMU. Takue [ABUraTelu YCIELIHO
NPUMEHSIFOTCSI B OJIEKTPOCTAHLMAX, padOTAOUINX B Mapajule]b C CETSIMH HEOrPaHHYEHHOH
MOIITHOCTH U JIOKaJbHBIMH. HemocTaTkoM Takux CUCTEM sIBJIsieTCst Ooyiee BBICOKAs CKJIOHHOCTH K
IETOHALUN 1 HU3Kask IPUEMHUCTOCTD MPH PadOTe B JIOKAIBHBIX CETSIX.

JIsl Ta30BBIX OBUTATENEH C OUAMETPOM LWIMHAPOB Oosee 200 MM NMPUMEHSIETCS] CUCTEMBI
TOIUIMBOIO/AYM C WHAWBUAYAJbHBIMM Ta30BbIMU KJIallaHaM{ JJisl HETOCPEACTBEHHOI'O BIIPBICKA
ra3oBOr0O TOIUIMBA TEepel BIYCKHBIMHM KJIallaHAMH HA TaKT€ BCACBIBAHUS, Kak ¢ (POpKaMepHBIM
BOCIUIAMEHEHHUEM, TaK U C OTKPBITONH KaMepol CropaHMsi U HEMOCPEACTBEHHbBIM BOCIIJIAMEHEHHUEM.
Hcnonp30BaHMs JAHHOTO METOAA UMEET PsiZi MPEUMYILIECTB: MOBBIIAETCS 0€30MaCHOCTb ABUTATENs,
T.K. OTCYTCTBYET OOJIBIIOH O0OBEM TOILTMBOBO3AYIIHON CMECH B pECHBEpE IABUTATENs, CHIDKAETCS
TeMIlepaTypa LUK 33 CUeT MPOAYBKH KaMepbl CrOPAaHMs], MOBBILIAETCS IPUEMUCTOCTD JIBUTaTENsI
3a CYeT yMEHblIeHHs O0beMa KaHaja MMOJAa4YM Ta30BO3AYIIHOM CMECH M BBICOKOH CKOPOCTH
peryJupoBaHUsl KOJIMYECTBA [10/1aBa€MOr0 TOIINBA, a TaAKXKe, HWMEEeTCs] BO3MOXHOCTh OTKIIFOUEHUsI
4aCTU LUJIMHIPOB Ha MaJIbIX YacTOTaX, PEryJMpoBaHUe M101a4H TOIUIMBA 110 LMJIUHAPAM.

BBuny Bblllle U3J10:KEHHOIO MOXXHO YBEPEHO YTBEpXKAaTh, YTO ISl ABUTATeNsl C AMAMETPOM
muwmHapa Oonee 200 MM 1ienecooOpa3HbiM OyJeT UCTONB30BAHUE CHUCTEM CMeceoOpa3oBaHUs C
pas3enbHON razononavyeil MHAUBUAYAJIbHO AJs KaXKAOT0 HUIUHIPA.

s oTpaboOTKH METONOJIOrMY KOHBEPTUPOBAHUS AH3ENeH B ra30BbIe JBUTATENN ObUT BEIOpaH
IBUTaTeNb-reHepaTop Ha Oase nusenpHOro apurarens 12HUH26/26. Ilepseiii mpOTOTHUN Ta3oBOro
mortop-reHeparopa OIMIT (12I'HH26/26) Obu1 paspadoran Ha OAQO «KomnomeHckuii 3aBOA»
(r. Konomua) B 2010 rony u ycrmemHo UCIIBITaH B cocTaBe djiekTpocTaHuu B 3A0 «PamyrasHepro»
(r. PapyxHbrii) [1]. OCHOBHBIM yCIIOBHEM KOHBEPTALIUU TU3EJIBHOTO JBUTATENSI B TA30BbI MOTOP
OBUIO MUHHMM3HPOBATH KOHCTPYKTHBHBIE H3MEHEHHUs [0 ABHTaTeNIl0 C LEJIbI0 OOeCTeueHus
yHH(pHUKAITMH OCHOBHBIX Y3JIOB.

beumn paspaboraHbl: cHCTEMa YIpPaBICHUS Ta30BbIM MOTO-T€HEPATOPOM, BKIFOUAOLIAS
CHUCTEMy IIOflaud TOIUIMBHOTO Trasa C 3JIeKTPOyNpaBisieMbIMM Ta30BbIMH  KJlallaHAMU
YCTaHOBJIEHHBIMU MHAMBUYAJIbHO I KaXA0r0 LUJIMHAPA, MHOTOTOYEUHbIH MOABOJ TOIUIMBHOIO
rasa NEepPHNeHIUKYJEIPHO MOTOKY BO31yXa, Asi OOeCHeueHHs pPaBHOMEPHOIO paclpeneseHus
ra3oo0pa3HOro TOIUIMBA B KaMepe CrOpaHMs 3a cueT TypOynIM3auuy MOTOKA, CUCTeMa KOHTPOJS U
perynupoBanus ko3(duumeHTa u30bITKAa BO3AyXa, CHUCTEMa aHaIM3a W TMOHABJICHUS
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[EeTOHALMOHHbBIX AB/IEHWI, @ TaK >Xe 0TpaboTaHbl napameTpbl PerynnpoBKy TOMANBO - BO3AYLUHOW
CMecy npu paboTe B Napasiiesb C CETbHO.

PesynbTatbl paboT Ha NpoTOTMMNE ObIM MCNOML30BaHLI MPU pa3paboTKe rasoBoro MOTOp-
reHepatopa 8IMI (12I'YH26/26) npefHa3Ha4YeHHOro A8 aBTOHOMHOM 3KchnyaTaumMm B
NOKa/IbHbIX CeTAX 3HepProcHabXeHus W npu pabote B napannens C ApPYyrumu Asuratens -
reHepatopamu 1 cetbio. Cuctema ynpasfieHns rasosbiM MOTOpPOM (Puc. 1 ®yHKUMOHa/IbHasA Cxema
CYI'M) no3sonuna obecneynTs yrnpaeneHue Apuraresiem rnpu paboTe Ha aBTOHOMHYHO Harpysky u
PeLnTL PS4 3aay BbISB/IEHHbLIX HA OMbITHOM Fa30BOM MOTOpP-reHeparope 61 Mr:

- perynvpoBaHve 13bbITKa HaLAyBOYHOrO BO3fyXa Mpv MUCMoMb30BaHMKU TypboKoMnpeccopa
[IM3eNbHOro ABurateng,

- perynmpoBaHue paBHOMEPHOCTM NOAayun TONIMBHOMO rasa 1 TeMnepaTyp BblMyCKHbIX ra3os
no uunvHapam;

- OnpefenieHne rpaHnL, JeToHaUMmM B 3aBMCUMOCTI OT KOadhduumeHTa n3bbITKa BO3LYXa;

- MOBbILLEHWE NPUEMUCTOCTN [ABUraTenNs.

Puc.1 ®yHKuMoHanbHaa cxema CYTM
BAB- Bnok aHanu3sa Bubpaumia, LIBY - LieHTpanbHbIA 610K ynpasneHus, FOPUB - Ma30Bblii
PerynsaTop 4acToThbl BpaweHus, C3- cuctema 3axkuranms, K - Komnpeccop, T - TypouHa,
KO - KnanaH oTceuHoi o6uein nogayn rasa, KOI™ - KnanaH oTce4Hol rasosblid,
KC - KnanaH cBeuHol, K3- kaTyLuka 3axuranuns, KOIT, -KnanaH anekTpoynpasnseMblid ra3oBbli.
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PEHIEHUE IMTOCTABJIEHBIX 3AJIAY

Pabora nBurarenp-reHepaTopa Ha aBTOHOMHYEO Harpy3Ky HaKJIaJbIBa€T BICOKHE TPEOOBAHMS
no OBICTPOAEHCTBUIO HAa CHUCTEMBI PEryJUPOBaHHA paboO4Yero mporecca: CHCTEMY IMOANEpPKAHUS
94acTOThl BpameHHus (MOAa4Ydl TOIUIMBA) M CHCTEMY peryJHpoBaHus KoddduiueHta wn3ObITKa
BO3/lyXa TOIUIMBHO-BO3AYIIHON cMech. J{inst obecriedeHust ObICTPONEHCTBHUSI PETyJNUPOBAHHUA U
YMEHBLICHUs] JJIUTEIbHOCTH BIPBHICKA TOIUIMBHOIO ra3a ObUIM MPUMEHEHBI 3JEKTPOyIPaBIsieMble
ra3oBble KJIANIAaHBl TIOBBIIIEHHOH MPOM3BOIUTEIBPHOCTH U OBICTPOAEHCTBUS MO CPABHEHHUIO
npuMeHeHHbIMH Ha 61 MI. Ho mnoBbIIeHHE NPOW3BOAMTENBHOCTH BBI3BIBACT PsA MPOOIIEM.
MuHNMaIbHas TTUTEIBHOCTh OTKPBITHS Ta30BbIX KJIAMIAHOB COCTABUJIA 6 MC, TOSTOMY JUJISl pabOThI
Ha PEeKUME XOJIOCTOrO X0Ja U MaJIbIX YaCTOTaX YCTAHOBJIEH OOIIUN JPOCCENb MOJauYH TOTUTUBHOTO
ras Ha JBUraTellb, a 4aCTh HMJIMHAPOB MPOTPAMMHO OTKJIFOUAETCs It 00eCIeueHUsT ONTUMAIbHOTO
cMeceoOpasoBanusi B paboraromux muiamHApax. Ilpm  pabore nBUrartenb-reHepaTopa Ha
MaKCHUMaJIbHOH Harpy3ke YCTaHOBJIEHO, YTO UJIMTEIBHOCTb OTKPBITHUS Ta30MOMAAOLINX KJIATIAHOB
orpannueHHa 20 mc npu yacrore BpameHust 1000 o0/MuH. DTO CBSI3aHO C TE€M, YTO AKTHBHOE
HAIOJIHEHHE Ha TakTe BcachiBaHMs mpopospkaercs He 6onee 120° [IKB 3a BMT 3atem naBnenue B
LWINHAPE, pecuBepe, W maTpyOKe Tra3onojadd CpPaBHHUBAIOTCSA, M TOJa4va TOIUIMBHOTO ras3a B
MWIMHAP Tnpekpamaercs. s obecrneueHus: TpeOyeMOro ONTUMAJbHOTO CMeCeoOpasOBaHHs U
CTa0MJIBHOCTH pabodvero mpouecca Mpu MUHUMAIBHOM PacXoie TOIUIMBA AABJICHHE TOILUTUBHOIO
rasa Ha BXOJl€ B IBUraTeJib YCTAHOBJICHO B Auanas3oHe ot 2,5 no 3,0 Kr/cm®.

JIJ1l KOMITEHCAINH Pa3IMdMsl B PACXOAHBIX XapPAKTEPUCTHKAX HJICKTPOYIIPABIISEMBIX Ta30BBIX
KJIAIAHOB PETYJSITOP YacTOThl BpalleHust o0ecreunBaeT WHAMBHAYAJIbHYIO HACTPOHKY Ta30BbIX
KJIAITaHOB MPH MUHUMAJIBHON W MaKCUMAJbHOM JTUTEIbHOCTH OTKPBITHS KJanaHoB. B pesyibrate
yIaJoch OOECHEeYUTh PAa3HUIly TeMIIepaTyp IO LMIMHIApaM aBurarens He Ooinee 20 rpamycos
KenbBuHa.

Jns ycTpaHeHUs AETOHALMH W PETYJIUPOBAHUS TEMIIEPAaTyp IO IIMUIMHIPAM JBUTATENS
pa3paboTaH ajropuTM pPEryJHPOBAHUS IOAAYH TOILUIMBHOTO Ta3a B LWJIMHAPHI IBUTATENS IO
CHUTHAJIaM OT JAaTYUKOB TEMIIEPATypbl W CHUCTEMBbl aHAIM3a NETOHAIMHU. TaKk MpH OTKIOHEHHU
TEMIEepaTypsl B LIWIMHAPE IBUTATENs OT 3aAaHHOro nuamasoHa +50°K B perynstop Bblmaercs
CHUTHAQJI YBEJIIMYUTh WIH YMEHBIIUTH JJIUTEIBHOCTh MMITYJIbCA OTKPBITHS TA30BOTO KJaraHa st
BO3BpaTa TEMIEpaTypbl HMIMHAPA B 3aJaHHBIA AMAma3oH. A NP MOBTOPSIOIIEHCS ETOHALMU B
LIUIMH/IPE B PETYJIATOP BBIAAETCS] CUTHAJI YMEHBIINUTD JJIUTEIBbHOCTh UMITYJIbCA OTKPBITHS Fa30BOTO
KJIamaHa Ui TOBBIMICHUS Ko3(QuIreHTa u30bITKAa BO3AYXa, CHIKEHUS TEMIIEPaTyphl CTEHOK
KaMepbl CrOpaHMsi M yXOAa OT JETOHAIMOHHBIX SIBIICHHH BBI3BAHHBIX KAJIHMJIBHBIM 32)KUTAHUEM.
Ecnu BBIIIE epedncIeHHbIe NEHCTBUS HE BO3OOHOBIIIM HOPMAJIBHYIO padoTy LMJIMHpPA, CHCTEMA
BBIJAECT CUTHAJ O HEUCIIPABHOCTH LIMJIMHIPA.

IIpu HacTpoiike CHCTEMBI yIIPaBJIEHUS Ta30BBIM MOTOPOM 00S3aTEIbHBIM ITyHKTOM SIBIISIETCSI
OTIpenesIeHue IPaHuL] TOPEHHsI U IETOHALMH B 3aBUCHMOCTH OT Kod(duirienTa n30bITka BO3AyXa.
DKCIEPUMEHTAIbHO YCTAaHOBJIEHO, YTO TNpu Koddduimentax u3dbITKa Bo3ayxa Oonee 1,6
MOBBIIAETCS BEPOSITHOCTh MPOMYCKOB BCIBILIIEK B LIJIMHAPAX IBHIATENSIX BBI3BIBAIOIIHUX PE3KOE
yBEJIMUEHUE pacxona TOIUIMBa, a npu koddduiuentax Ommskux 1,2 Bo3pacTaer BEpOSTHOCTH
KQJIMJIPHOTO 3aKUTaHUS W JETOHALIMOHHBIX TOPEHWH B LMJIMHIAPAX IBHraTeNsl H3-3a BBICOKOU
TEMIEpaTypbl CTEHOK Kamepbl CropaHus. Tak e OOJbIIOe BIMSAHHUE HAa IMPOLIECCHl TOPEHHS
OKa3bIBa€T YrOJ OMNEPEKEeHMs 3axkuraHus. lIpu ucnelTaHusx Ha asurarenb-resepatope SI'MI
(12I'YH26/26) onTuManbHbIA yroj omnepekeHus 3axuranus cocraswn 36° IIKB no BMT.
[IpyunHON TaKOro paHHEro 3aKUTaHUS SIBISETCS OOJNBIIOW auamerp wwimHApa 260 MM U
3aTAHYTBIA TIpOLIECCE TOPEHUs] TOIUIMBa Ha mnepudepun kKamepbl cropanus. (dopma Kamepsl
CrOpaHHMsl HE M3MEHSJIACh «MEJKHH TecCelbMaH», CBeYa 3KHUTaHHUsl YCTAaHOBJEHA MO LIEHTPY
BMeCTO (POPCYHKH).

Hawnnyumme mokasaTend NPUEMHCTOCTH JOCTHUTAIOTCS Yy ABUTATeNed paloTarommx ¢
ko3 duimeHToM U30bITKa Bo3nyxa Oomnee 1,2-2.5 nns obecniedeHus: MOJHOLEHHOTO CrOPaHUs TPU
PE3KOM YBEJIMYEHUH Mojadu Torumsa. [103TOMy B ra3oBbIX MOTOp-T€HEPATOpax MPOHM3BOACTBA

142



OAO «KonomeHckuili 3aBO» MOBBIIIEHHUE MPUEMHUCTOCTU JIBUTATENb-TEHEPATOPa PEATN30BAHO 3a
cder OOeHEHUsS TOIUTMBOBO3AYIIHON cMmecu 1m0 Koadduumenra m3bvirka 1,6, Tak mpu peskom
HaOpoce HArpy3KH W YBEJWYSHHH IMOJAa4Yd TOIUIMBHOTO raza Kod(@uuueHT n30bITKa BO3AyXa MO
LWUIMHPAM ABHUraTessl MPHOMMKACTCA K €AMHHULE, YIY4IIaeTcss CrOpPaHHe TOIUIMBA, MOBBILIACTCS
KPYTSIIUHA MOMEHT, M BPeMsl MEPEXOAHOrO PEXMMa PE3KO YMEHbINAeTCs. A pe3Koe YBEIHYCHHE
TEMIIePaTypbl BBIXJIONHBIX T'a30B NMPUBOAUT K OBICTPOMY BO3PACTAHMIO JABJICHUS HAJAYBOYHOIO
BO3/1yXa, IPU 3TOM peryJupoBaHue ko3 dunrenTa n30bITKa BO3IyXa B TOIIMBOBO3AYIIHON CMeCH
OCYIIECTBIISIETCS] BO3AYILIHOW APOCCEIBHONW 3aCIOHKOW MO CHUTHAJlaM OT JaT4hka CBOOOIHOTO
KHCJIOpOZia B OTPabOTABIIUX ra3ax.

[IppMeHeHHe Takoro THIIA YIPaBJIEHUs cMeceoOpa3soBaHHEM MO3BOJIIO  JOCTHYb
cTadmipHOrO paszoBoro mnpuema Harpy3ku a0 70% (800kBT) oT HOMHMHAJIBHOH MOIIHOCTH
(1160 kBT), uyTo mpeBOCXOAUT 3apyOeKHBIE AHAJIOTH, UMEIOIHE OTPAHNYCHUE B IPHEME HAarpy3Ku
He Oonee 30% OT JOMYCTUMOTO MAKCHMA TSI IBUTATEJIS.

Pabora ra3oBoro pBuratrensi Ha OOENHEHHBIX CMeECAX TAaKKe€ MO3BOJIJIA CHHU3UTH
TEIUIOHANPSKEHHOCTD JIBUTATENS, CHU3UTh BEIOpOCHl NOX, 1 MOBBICUTH HAIEKHOCTH pabOTHI.

BbIBO/IbI

1. Cucrema ymnpaBieHHs Ta30BbIM MOTOP-T€HEPATOPOM pabOTAOIMUM HAa aBTOHOMHYIO
NEPEMEHHYIO Harpy3Ky IJisi oOecreueHUs] KauecTBa PEryJHMPOBaHUS JOJDKHA OBITh BBIIOJHEHA C
UCIOJIb30BaHNEM MHANBUIYAJIbHBIX KJIANaHOB MOJ1a4yH rasa.

2. Jlns obecreyeHus: yCTOWYMBOW pabOThI B QUANa30HE OT XOJOCTOrO XOAa 0 MAaKCHMaJbHOU
MOIIHOCTH OOJIZKHO 6bITb o6ecnequo HHAWBUAYAJIBHOC YIIPABJICHUC 'Aa30BbIMHU KJIAITAHAMM.

3. JIna olecriedeHusl JUIMTENBHOM 3KCIUTyaTallud Ta30BOrO JABHMrareib reHepartopa 12I'UH26/26
HEOoOXOUMO MOANEPKUBATh KO3 uimeHT m30bITKa BO3AyXa B quana3one ot 1,2 no 1,7.

4. I[J'II/ITGJ'IBHOCTB YOPABJIAKOIIETO HMITYJIbCa, IMOAABACMOI'0 Ha Ta30BbIC KJIAlaHbl JOJIKHA
HAXOAWThCS B aAuamasoHe ot 4 o 21mc, stum obecredmBaeTcss OTCYTCTBHUE 3a0poca rasa BO
BITYCKHYIO CUCTEMY U HGO6XOI[I/IMa$I FOMOTCHHOCTD IIPU HU3KUX HAI'Py3Kax.

5. Pa3paboTaH ajqropuT™m TramieHHs AETOHALWH M KOPPEKLUH TEMIIepaTyp rasa Mo LHUIHHApaM
JIBUTATEJS.

6. IIpu paboTe B pexxrMe XOJOCTOro XOJa M HU3KUX HArpy30K LEIecoOOpa3HO OTKIFOYATh YacTh
LUJMHAPOB OT MOJAYH rasa.

7. PaboTa ra3oBOro ABurareisi Ha 0OeTHEHHBIX CMECSX MO3BOJISIET CHU3UTDh TETLIOHATPSKEHHOCTD
aBuraressi, BBIOpockl NOX, M MOBBICUTD HAJIEKHOCTh PabOTHI.
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HccaenoBanue npoueccon CMCCCOﬁpa3OBaHI/Iﬂ H CropaHusi B BOIOpOAHOM
AU3¢JI¢ B TpeXMepHOﬁ MNOCTAHOBKCE

P.3. KaBrapanze, A.A. 3eqennos, JIro Csaoxao

MI'TY um. H.D. Baymana, Poccus

Investigation of Mixture Formation and Combustion Processes in Hydro-
gen Diesel Engine
R.Z. Kavtaradze, A.A. Zelentsov, Lu Saohao
Bauman Moscow State Technical University, Russia

B pabome paccmampusaromesi ocobennocmu paboye2o npoyecca 6 nep-
CHEKMUBHOM BOOOPOOHOM O8UcAmeNle ¢ HeNOCPEOCMBEHHBIM GNPLICKUBAHUEM
6000p0o0a U BOCHIAMeEHeHUueM om cocamus. Hucaennoe uccieoosanue npogo-
OuUmcs npU UCNOABL308AHUY MPEXMEPHBLX HECMAYUOHAPHBIX YPUSHEHUT SHEP2U,
osudiceHus, oupgyzuu u HepaspvieHocmu 6 opme PeiiHonvocd, OONOIHEHHbIX
k-C-f mooenvio mypoyrenmuocmu. Ceopanue 6000po008O30YULHOT CMeCU Onli-
CHIBACMCSL C UCNONB30GAHUEM MOOeNU ceopanusi koeepenmnozo niamenu (CFM).
Pacuemur npoeoounuce ¢ nomougvio mpexmepHo2o npocpammuoco nakema AVL0L
FIRE. B pesynemame onpeoeiieHvl napamempusi pabodeco mejd 80 6cem obveme
Kamepvl C2OpAaHUs, UCCIEO06AHO GAUAHUE Yeld ONepedCeHUss GNpblCKd U KOH-
CMPYKYUU Kamepvl c2opanusi Hd dpgexmusnvie u 2K0I02U4ECKUe NOKA3AMENU

osucameis.

Kuiouegwie cnosa: nopuinegoti ogueamens, 6000POOHbLI OU3elb, B000POO,

mamemamuiecKkoe MOOQJZMpOGClHZ/le.

In paper the features of working process in perspective hydrogen diesel
engine with direct injection of hydrogen and compression ignition are dis-
cussed. The numeric investigation of working processes in combustion cham-
bers was carried using the three-dimensional non-stationary equations of ener-

gy, motion, diffusion and continuity in Reynolds form with addition of k-C-f tur-
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bulence model. Combustion is described using of CFM model. AVL. FIRE was
used to obtain the numerical results. As a result, parameters of working medium
in combustion chamber volume were obtained. There also was investigated the
influence of advance angle of fuel injection and combustion chamber shape on
effective and ecological parameters of hydrogen diesel engine.

Keywords: piston engine, hydrogen diesel engine, hydrogen, mathemati-

cal modeling.

1. BBenenue

TpaHcropTHBIE CPEACTBA CTAIU BAXKHOW U HEOTHEMJIEMON YaCTHIO B JKU3-
HU JI0/ICH. B mocneaHue roapl MpoOM3BOACTBO M MPOAAXKA aBTOMOOMIIEH OBICTPO
pacrer, ocobenHo B Poccun, Kutae w apyrux pasBuBaromimxcsi crpaHax. Poct
YHCiIa aBTOTPAHCIIOPTHBIX CPEACTB BEIET K YIIYUIICHUIO KauecTBa >KA3HU JIFO-
J€H, a TAK)KE COCOOCTBYET AATBHEHIIEMY SKOHOMUYECKOMY PA3BUTHIO, HO B TO
JKE BPEMSI, TPUBOJUT K BO3HUKHOBEHHIO KOJIOTMYECKUX MpoOieM. B HacTosiee
BpEMs MBI CTAJIKUBAEMCS C CEPHE3HBIMHU DKOJIOTHYECKUMHU TPYAHOCTAMU U T10-
TEHUMAJBHON HEXBATKOW TPAJAMLMOHHBIX YIJIEBOAOPOAHBIX TOIUMB. C 3TOH
TOYKHA 3PEHMS UCIOJIB30BAHWE AIBTEPHATUBHBIX BUIOB TOIUIMBA, B TOM YHCIE
BOJIOPOJA, B MOPIIHEBBIX ABUTATENSAX SBISCTCA 3(PPEKTHBHBIM COCOOOM 00-
JIETYUTH JAHHYIO CUTYALUIO.

B pabote paccMarpuBaroTCs MPOLECCHl B BOAOPOAHOM JU3ETIE, B KOTOPOM
TOTUTMBO (BOJOPOA) MOAACTCS MOJA JABJIECHUEM HEMOCPEACTBEHHO B LIMIMHAP U
CaMOBOCIUTAMEHSETCS OT cxxaThs. [1pu 3ToM 6€3 IeTaIbHOTO U3YUYCHHs BHYTPH-
LWJTMHAPOBBIX MPOLECCOB, MOAPA3yMEBAIOLIET0 ONPEACIICHUE NTapaMeTPOB pa-
00Yero Tena BO BeeX TOUKaxX padoyero oObemMa MUINMHAPA, JATLHEHINEE COBEP-
LICHCTBOBAHUE TAKOI'0 JABUTATENl CTAHOBUTCS BECHMA 3aTPYIHUTEIIBHBIM. YKa-
3aHHbIE 00CTOATENBCTBA O0YCIABIMBAIOT HEOOXOIUMOCTD JACTAIIBHOTO M3YUYCHUS
BHYTPULIWJIMHAPOBBIX MPOLECCOB B BOJAOPOJIHOM JM3€EIIE, YTO U SBUIIOCH LIETBIO

JAHHOW PadOTHI.
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OOBEKT UCCIETOBAHUS — YETHIPEXTAKTHBIN V-00pa3Hblil MECTULIMINHAPO-
BbIil IBUTaTellb ¢ BOCIJIAMEHEHUEM OT CXKATHUs, C HATYBOM U MPOMEKYTOUYHBIM
OXJIKJICHUEM HAJyBOYHOTO BO3ayxa. PazmepHocThs aurarens D/S = 130/140
MM/MM, CTENEHb cxatus € = 16,5, momHocTh 315 kBT npu yactore BpameHus

KOJIeHYaToro saia n = 2000 mun".

2. Maremaru4ueckass MoJae/1b

MaremaTnueckas MOAETb HECTALMOHAPHBIX MPOLECCOB MEPEHOCA KOJIH-
YeCTBA JBUKCHHUS, SHEPIUH, MACChl U KOHLEHTPALUN PEATUPYIOIINX BEIIECTB B
pacueTHOM 00beMe MOAPOOHO onucaHa B [1, 2].

JUTd pelieHus CUCTEMBl YPABHEHUIH UCIOIB3YETCS OCPEIHEHUE TapaMeT-
POB MOTOKA >KUJKOCTH (rasza), Mpx KOTOPOM IJIOTHOCTh p WTPAET POJIb BECOBOTO
ko3 puuuenTa (ocpeanenne no daspy). [lonyunBmascs cucreMa ypaBHEHUH
3aMbIKaeTCs k-(-f MOJENb0 TypOYJICHTHOCTH, KOTOpas BOJIM3M TBEPIBIX MO-
BEPXHOCTEH (CTEHOK KaMEPBl CrOPaHusi) AOMOJIHACTCS MPUCTEHOUYHBIMHA (DYHK-
nusiMu. CTaHAAPTHBIA WX BHJ MTPELYyCMATPUBACT ONPEACITICHUE YHUBEPCATBHOM
Oe3pa3sMEPHOI CKOPOCTH # M TeMmeparypbl 7 Kak (DYHKIHH OT YHHBEPCAIb-
HOI KOOpAMHATHL ' B peaenax y < 11,63 [3, 4].

BrmsiHue XuMrU4ecKoro mpouecca TOpeHust YYUTHIBACTCS ¢ TOMOIIBIO WH-
TEHCHBHOCTH BHYTPEHHET0 HCTOUHMKA TEIUIOTHI ¢y, BT/M’, H MaccoBOro pacxo-
na i, kr/(M°-c). 3HaUYeHHs STHX T1aPAMETPOB MOTYT OBITh BBIYMCIIEHBI C TIOMO-
HIbK0 CKOPOCTH W, XUMUYECKON PEAKIIMH CTOPAHUS:

Gy = Qrwy;, M= —W,,
rae (), — BBIICIMBLIECECS B PE3YJbTATE XUMUUYECKOM PEAKIMN KOJMYECTBO TETLIO-
Thl HAa €aUHULYY Macchl, JDK/Kr. CKOpOCTh Mmpouecca CropaHus OMpeacsieTcsl Ha
OCHOBE MOJIENH KOrepeHTHOro miamMenu (CFM) [2, 3].

Pacuetsl npoBoaunuce ¢ nomoubo TpexmepHoro CFD-kona FIRE, pas-
paGotannoro ¢gupmoii AVL List GmbH (Asctpus) [3]. Aapo FIRE ocHoBaHO

Ha YMCJIICHHOM MCTOAC KOHTPOJIbHBIX 00BEMOB € HUCITOJIb30BAHUEM YCOBCPIICH-
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cTBoBaHHOro anroputma SIMPLE. Bepugukauma maTemaTU4ecKonl MOAENM
OCYyLlecTBNANaCb Ha OCHOBAHUW WHAMKATOPHbLIX Anarpamm, MONYYEHHbLIX U3

HY/IbMEPHLIX pPpacy4eToB C UCMNOJ/Ib30BaHNEM aI'IpO6VIpOBaHHbIX MOAEJ’IEVI.

3. WiccnepoBaHuve paboyero npotecca BoJOPOAHONO AM3ens

B pacueTte npoBoAniioch MOAeNMPOBaHNE NPOLECCOB ra3oobmeHa, cMece-
obpa3oBaHUA U CropaHus, a TakXe npoLeccos Tenjoo6MeHa B LUAMHAPE BOAO-
poAHOro amsend. PacyeTHas o6nacTb npefcTtaBnsna coboil BHYTPEHHUI 00beM
KaMepbl CropaHus fABuratens, o6pa3oBaHHbI MOPLIHEM, FONOBKON U TUNb30M

(pucyHok 1).

a 6
PucyHok 1- 33-mopens (a) n pasbueHne Ha KO (6) kamepbl cropaHus BoAo-

poaHoOro Ansens

Mpn paboTe fgBuraTtens NPOWCXOAUT BO3BPATHO-MOCTyNarTefibHOE Mepe-
MelleHVe MOPLIHA MeXAy KpalHUMWU MOJIOXKEHUAMU - HUDKHEN N BepxHei
MepTBOW Touykamu (HMT v BMT). [1BMXKeHMe NOpLUHA 3afaeTca Yepe3 KMHema-
TUYECKYI0 CXEMY MPU U3BECTHbIX FeOMeTPUYeCKMX napameTpax KpUBOLUIMMHO-
LWaTyHHOro MexaHmsma (41MHa waTyHa L, Xxon nopHa S).

Bepudukauma mogenu nposofunacb MyTeM CpaBHEHWS pPesy/bTaToB
HY/IbMEPHOT0 MU TPEXMEPHOr0 pacyeToB AnA 6a30BOro Ausens (pUCYHOK 2 a, 6).
HynbMepHble pacyeTbl MPOBOAUNCL B MPOrpaMMHOM Kommnsekce Ausens-PK
[5]. 3ameTHO XopoLlee coBnageHne pesynbTaToB KakK Mo Be/MYMHe MakKcumalsb-

HOTO JaBNEHUs B LUAUHAPE, TaK U YIAy ero JOCTYXKEHUs. [0 yriny AoCTUXEeHUS
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MaKCUManbHOro 3Ha4eHnUsa oCpPeAHEHHON N0 06bEMY KaMepbl TemMnepaTypbl pas-

HMLa HECKONbKO 60/blle (PUCYHOK 2 6), HO OCTaeTcd B npefenax 4onycTtumoro.

BMT BMT

PUCYHOK 2 - CpaBHeHMe NHANKATOPHbLIX gnarpamm (a) n ocpefHEHHbIX TeMnNe-
patyp (6), nony4veHHbIX No pesynbTatam 0-mepHOro (3eneHas nMHUA) U 3-X

MEpPHOro MoJeNnnpoBaHus (KpacHasi MHWS) B 6a30BOM Au3ere

Mpu paccMoTpeHUn paboyero npoiiecca BOAOPOAHOIO AW3ENS C LENbO
CPaBHEHUS ero C TPaJMLMOHHLIM AW3eNeM LUKM0Bas nojaya Bogopoda Min2
onpegensnach U3 ycroBus

M AT HFIZ

Ms2  Hat
roe MaT- uuknosas nogada gmsensHoro tonnvea (4T), HAT = 42,9 MIOX/Kr n

Har = 120 MX/Kr - Hu3wasa tennota cropaHns AT n Bogopoaa. B pesynbTarte
npn MaT = 0,24 r/umkn nopgaya Bogopoga Mw nonydaeTcs paBHoi 0,085

r/unKn.

CpaBHeHMe WHAWKATOPHbIX Auarpamm TPagMLUOHHOFO W BOLOPOAHOIO

AV3ens NpeAcTaBfeHO Ha PUCYHKe 3.
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PucyHok 3 - CpaBHeHMe MHANKATOPHbIX Auarpamm BOAOPOAHOrO (3eneHas nu-

HUSA) N TPaAMLUNOHHOTIO (KpacHasa NnHKUA) ausens

3 pucyHka 3 BUAHO, YTO NPU MPUHATOM YC/MI0BUM COGMOAEHUA COOTHO-
LUEHNS LMKNOBbIX Nogay Ans TpaguuMOHHOIO M BOAOPOAHOIO An3eneil yaaeTtca
AOOUTHLCA NPAKTUYECKU UAEHTUYHbIX 3HAYEHUIA MaKCUMasibHbIX AaBNeHU LUK-
na pz= 16 MlNa. Tem He MeHee, BOLOPOA MMEET 3HAYUTENIbHO MeHbLUEee BpeMms
3a/lepP>XXKM BOCM/IAMEHEHUS, UTO OTPaXaeTcs Ha KPMBOWN faBfeHMs OT MOMEHTa
Hayana TonanMeonogavyn n Ao AOCTUXKEHUA nopwHem BMT.

[loCTaToyHO NPOAO/HKUTENLHBLIA Mepuo nojayn BOAOPOAA B LMAMHAP
ABuratens faeT BO3MOXHOCTb KOHTPO/AMPOBaTb CKOPOCTb TEM/OBbIAE/EHNS
(pUCYHOK 4) 1, Kak cnefcTBMe, CKOPOCTb HapacTaHus AaBfieHuUs. B pesynbTate
yaaetca nsbexarb AOCTUXEHUA CAULWKOM 60NbLIMX 3HAYEHUI NO Pz, YTO NOJO-
YXUTENbHO B/INSAET Ha pecypc OCHOBHbIX AeTasel.

OTnnume npouecca ropeHns TONIMBOBO3AYLIHOW CMecu B BOAOPOLHOM
An3ene OT TPagWLMOHHOIO 3aMeTHO M Ha 3aBUCMMOCTU TemnepaTtypbl, ocpej-
HeHHON no o6vemy KC, oT yrna noBopoTa KONeH4YaTtoro sasna (PUCYHOK 5 a).
MakcumanbHaa Temnepatypa TpaguunoHHoro pawusens coctasndet 1500K, a

MaKcuMManbHaa Temnepatypa BOAOPOAHOro am3ensa 6nm3ka Kk 1700K.
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PuUCyHOK 4 - CKOpPOCTb TeN/0BbIAeNEHNS B UWINHAPE BOAOPOAHOIO (3e/1eHas

NMHUA) N TPagMUNOHHOIO (KpacHas NMHKA) au3ens

BMT BMT
1800 0.00018

I for Hydrogen Engine - Green lile
1600 I for Diesel Eng ne - Red line 0.00016
0.00014

1400
o 0.00012

1200
E 0.00010

1000 w  0.00008

800 z 0.00006

0.00004

Hydrogen Engine - Green line

] 2 -
0-0000 J J Diesel Encine - Red line

000000 S —
stage.
a 6
PucyHok 5 - Temnepatypa (a) n maccoBble 40X OKcKAa asoTa (6) B unmnnmHape

BOJOPOAHOTrO (3eNeHas NMHUS) U TPAAULIMOHHOTO (KpacHas NMHUS) an3ens

JlokanbHble napameTpbl paboyero Tefa MO3BOAKT C BbICOKOW TOYHO-
CTbt0 MPOrHO3MPOBATb YPOBEHb BbIOPOCOB BPefHbIX BELLECTB (OKCMAOB a3oTa) B
BbIX/IOMHbIX rasax fsuratens. BcneacTBue BbICOKMX /OKaNbHbIX TemnepaTyp

(pncyHOK 6) BbIOPOCHI OKCUAOB a30Ta B BOLOPOAHOM [M3efle 0Ka3blBalOTCA Bbl-
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Lle, YeM B TPAAMLMUOHHOM (PUCYHOK 5 6). NS UX CHUXEHUS TpebyeTcs YMEeHb-
LLEHME YI/1a ONepeXxeHus BRpbICKA TOMMBA (PUCYHOK 7 @), U3MEHEHWE LMKO-
BOI nogauun, moaudukaums hopmbl Kamepbl cropaHus (PUCYHOK 7 6) 1 n3MeHe-
HMe UHTEHCUBHOCTY BUXPEBOrO ABUXEHMS 3apsaa Ha Bnycke [6].

Mpu nccnefoBaHUM NPOLECCOB FOPEHUS CMecu BOAOPOAA C BO3AYXOM B
KaMepax CropaHusi pasnun4Hoit opmbl co6/110/an0Ch YCNOBME PaBHON A8 BCeX
KaMep CTeneHu cxaTusi. Mpu 3ToM Hanmbonee MHTEHCMBHOE cropaHue Habnwaa-
nock B KC tna AM3 (Mmoandmkaums 10-06pas3Hoil Kamepbl), YTO NMOATBEPXKAAET
paHee Nony4yeHHble pe3ynbTaTbl AN APYrUX TUNOB ABurateneii [7, 8]. JaHHas

KC xapaKTepusyeTcs v Haubo/blUMM YPOBHEM BbiI6POCOB OKCU/O0B a30Ta.

®=380°
a )
PUCYHOK 6 - JloKa/bHble TEMMEpPaTypbl B CEYEHUN KaMepbl CropaHusa TpaauLm-

OHHOro (a) 1 BogopoAHoro (6) ansenen
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PUCYHOK 7 - /I3MeHeHMe MTHOBEHHbIX KOHUeHTpaunin NOXB umnmHipe Bo40-
POAHOrO AN3ensa ANA pas3IMyHbIX 3HAYEHUI YIna OrnepeXxxeHns BNPbICKMBaHNS

Tonnuea QBT (a) n opmbl KC (6)

3aknueHune

B pesynbTate paboTbl co3faHa W BepuduuMpoBaHa MoOfAeNb paboyero
npouecca B UnInHApPe BOAOPOAHOrO An3eNns Ha 6ase An3ens Ans rpy3oBoro a.-
TOMO6GUNS Mol HOCTbIO 315 KBT. [laHHasd mMofenb MOo3BOMSAET C BbICOKOW cTene-
HblO TOYHOCTU ONpeaensaTb NoKa/lbHble 3HAYEHUS NapaMeTpoB paboyero Tena B
KaXX/[bli MOMEHT BPEMEHWN BO BCEX TOYKAX PacyeTHOro obbema, B TOM 4uUcne,
Nosie CKOPOCTeN, nokKanbHble TEMMNepaTypbl rasa, TenjaoBble NOTOKU B AeTanu,
obpasylolime Kamepy cropaHms (nopweHb, rmMnb3a UWINHAPA, KPblliKa ABUTa-
Tens).

JloKanbHble napaMmeTpbl paboyero Tena TakXe MO3BONSAT MPOrHO3UpPO-
BaTb YPOBEHb BbIOPOCOB OKCUAOB a30Ta B BbIX/IOMHbIX rasax agsurartend. OTtme-
4yaeTcs, 4YTO, HECMOTPSA Ha MOTeHUWanbHble MpenMyllecTBa BOAOPOAA C TOUKMN
3PEHMSA CHMKEHUA BbIOPOCOB BPeAHbIX BELLECTB, BbICOKME TeMnepaTypbl rope-
HUS TONMBOBO3AYLIHOW CMECU NPUBOAAT K 3HAUMTENbHbIM BbIGpPOCAM OKCWUAOB
asota. [na nmx CHWXeHUa TpebyeTcAa YMeHbLUeHWe yrna onepeXxeHUs BNpbiCKa

Tonnmea (go 5 °MKB go BMT), n3MeHeHue LMKNOBOI nogavyu, Mogmpukayms
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(opMBI KaMEPBI CropaHus (KOHAYECKAs! UM CHMMETPUYHAS KaMEPbI) U U3MEHE-
HUE MHTEHCUBHOCTH BUXPEBOIO JBIKCHUS 3apsiaa Ha BOycke. CyllIeCTBEHHOE
BIMSHUE TAKKE MMEET OpPraHu3alus TOIUIMBOMOAAYM B LWJIMHIAD JBHIaTEIIs
(koHCTpYKIMS (popcyHkH, ee opucHTauusi B KC, 3ak0OH BNPBICKMBAHUS TOILIU-
Ba).

BrinonHeHHOE B paboTe MaTeMaTHYECKOE MOACIMPOBAHNE pabOUMX MPO-
LIECCOB B BOJAOPOAHOM JAM3EE MO3BOJISIET JOCTHYb CYIECTBEHHOM 3KOHOMHUM

BPEMEHU MPH pa3pabOTKE U TOBOJIKE ABUraTEIs.

Pabora BeimonHeHa npu GpuHancoBoi nognepskke PODOU (rpant Nel8-08-
00275a).
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YK 621.436
IKCINTYATAIHOHHbIE MIOKA3AaTe/IH Ia30BOr0 ABHIaTe s

B.A. Mapkos, ®©.b. bapuenko, I11.P. Jlordynnun, A H. 3eHkuH
MI'TY nm. H.2. baymana

Performance indicators of Gas Engine

V.A. Markov, F.B. Barchenko, Sh.R. Lotfullin, A.N. Zenkin

Bauman Moscow State Technical University

Axmyanvnoii npobaemoii cospemennoco 08u2amenecmpoeHus A6JsAemcs
aoanmayust OuselvHvlx Ogueameleti Kk pabome Ha albMepHAMUGHBIX MONIUBIX.
Tlokazanvl npeumyuecmeda UCnoIb308AHUS. NPUPOOHO20 2d3d 6 Ka4ecmee Mo-
moproeo moniusa. Ilpogeden ananuz npoodiem, GOHUKAIOWUX NPpU dOanmayuu
ouzenvbHbIX Ogueamesetl k pabome Ha npupoonom easze. Paccmompenvl noxasa-
meJiy MONIUBHO SIKOHOMUYHOCIU U MOKCUYHOCHU OMPAbOmMasuiux 24306 de-
MOMOOUTILHO2O 2d3068020 Ogueamelisl. Hccie0o8anvl 803MOICHOCMU YIyYULEHUS
OKOJIO2UYEeCKUX NOKA3ameeti Ogueameis Nymém npumeHenus NpupooHoco 2asd.
Tloxrazana yenecoobpaznocms OmMKI0YeHUs YuliuHopose npu pabome 08UaAmeis
HA PECUMAX ¢ HENONHOU HASPY3KOU. IMO NO360JI51em YMEHbULUMb IKCHIYAmd-
YUOHHBLI pACX00 MONIUBA U 8bIOPOCHL ¢ OMPAOOMABULUMU 2A3AMU MOHOOKCUOA
Venepood u Heceopesuiux y2neso00pooos. Ilpu smom Heobxoouma 0OHOBpeMen-
HASL Peanu3ayusi Memooo8 CHUICEHUs BblOPOCOE OKCUOOE d30Md.

KaroueBble ciaoBa: oOsueamenv 6HympeHnezo C2OpaHus, 2a306bili
osueametb, NPUPOOHbLIL 243, NOKA3AMEIU MOKCUYHOCIU OMPADOMABULUX 2A308.

The actual problem of modern engine building is the adaptation of diesel
engines to work on alternative fuels. Advantages of using natural gas as motor
fuel are shown. Analysis of problem occurring by adapting diesel engines func-
tioning on natural gas is carried out. Performance of Fuel Efficiency and Ex-
haust Gas Toxicity of Automobile Gas Engine are considered. Opportunities of
improving engine environmental characteristics by applying natural gas are in-

vestigated. The expediency of disabling the cylinders when the engine is running
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at part load. This allows to reduce fuel consumption and emissions from exhaust
gases of carbon monoxide and unburned hydrocarbons. In this case, a simulta-
neous implementation of the methods to reduce emissions of nitrogen oxides.
This allows to reduce fuel consumption and emissions from exhaust gases of
carbon monoxide and unburned hydrocarbons. In this case, a simultaneous im-
plementation of the methods to reduce emissions of nitrogen oxides.

Key words: internal combustion engine, gas engine, natural gas, indica-

tors of toxicity of the exhaust gases

BBEJIEHUE

Hcronienne MUpOBBIX 3anacoB He(TH, HapacTaromuil AehuuuT HEedTe-
NPOAYKTOB M MOBBIICHHUE [IEH HA TPAJAMLMOHHBIE MOTOPHBIE TOIUIMBA BBIHYXK-
JAr0T ABUTaTENIECTPOUTENCH HCKaTh UM 3aMeHy. [Ipu 3ToM BakHeHmmMu (hak-
TOpPaMH BBIOOpA TOTO WJIA MHOTO AJBTEPHATUBHOTO MOTOPHOIO TOIUIMBA IS
JBUTATEIIEH BHYTPEHHETO CrOPAHUS SBJISIOTCS OOIIMPHOCTh CBIPHEBOM Oa3bl 11s
WX TOJYYEHUSI U CTOMMOCTB dHepronocuren [1, 2,]. JIpyroil npuunHOi WHTEH-
CUBHBIX MOWCKOB AJIbTEPHATUBHBIX SHEPrOHOCUTENICH SIBIISIOTCS Y>KECTOUCHUE
TpeGoBaHMi K TOKCHUYHOCTH OTpadoTaBmux ra3os (OI') neurareneii [3, 4].

Cpenn omHOroO M3 HambOOJEe MEPCIECKTUBHBIX ANbTCPHATUBHBIX TOIUIWB
paccMaTpUBAETCs MPUPOIHBINA ra3. 3T0 00yCIOBIEHO OOJIBIIMMU 3aracaMu 3TO-
IO SHEPrOHOCHUTENSI M €70 HEBBICOKOH CTOMMOCTBEO. [IpUpOAHBIA ra3 cunraeTcs
AKOJIOTHYECKH 00JIE€ YACTHIM MOTOPHBIX TOIJIMBOM B CPAaBHEHUM C TPAIWIMOH-
HbIMH HEPTSHBIMU TOIUTABAMH [3, 4]. 310 00yCIOBIAEHO JIETKUM (PPaKIMOHHBIM
COCTaBOM IPUPOIHOTO Ta3a, COACPIKAIIETO, B OCHOBHOM, METAH, U OTCYTCTBHEM
B €0 COCTaBE MOJMUIMKINYECKMX apOMATUUYECKUX YIIIEBOAOPOJIOB U CEPBI, KO-
TOPbIE UMEKOTCA B JKUJIKAX HE(PTAHBIX TOMIMBaX. [I[puuem, npupoaHblil ra3 Mo-
JKET CHKUTAThCS KaK B OCH3MHOBBIX JBUTATENAX, KOHBEPTUPOBAHHBIX IJ1si pado-

ThI HA ra3c, TaKk H B AU3CJIbHbBIX IBHUIaTCIIAX.
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HecmoTps Ha yka3aHHBIE MPEUMYILECTBA MPUPOAHOTO ra3a Kak MOTOPHO-
o TOIIABA €T0 ITOBCEMECTHOIO IIMPOKOr0 MCIOJIB30BAHUS MOKA HE IIPOUCXO-
IUT. DTO OOBACHSETCS LEIbIM KOMIUIEKCOM NpuurH. OnHOM U3 mpodiieM, BO3-
HUKAOIIMX MPU afanTaluy AU3ENBHBIX JBHTATeNci K padoTe HA MPUPOAHOM
rase, sSBJIIETCA II0Xas BOCIUIAMEHSAEMOCTE IIPUPOJHOTO ra3a B YCIIOBUAX Kame-
PBI CrOopaHust ABATaTeNs. B CBsi3u ¢ 3TUM pa3paboTaHbl pPa3IMyUHbIE CIIOCOOBI Op-
raHu3anuu padodero mporecca ABUraTesicid, MEPeBOJAUMBIX HA Ta30MOTOPHOE
TOIMJIMBO. Peann3oBaHbBl 4YMCTO Ta30BbIA padoumii mpouece, ra30au3eiabHbINA
npouecc u Ap. [1, 5]. [llupokoe npuMEHECHHE MPUPOIHOTO Ta3a KaK MOTOPHOTO
TOIJIMBA CIEP>KUBACTCS HEJOCTATOUYHO PA3BUTON CETHIO aBTOMOOMJIBHBIX Ta30-

HaIOJIHUTCJIbHBIX KOMIIPCCCOPHLIX CTaHLIUM.

PEKHMBI PABOTHI IBUTATEJIEH U UX DKCITYATAITMOHHBIE
IHOKA3ATEJIN

Jliist otieHKH 3PPEKTUBHOCTH MCIOJIb30BAHUS MPUPOJHOIO Ta3a KaK MO-
TOPHOTO TOIUJIMBA HEOOXOAMMO 00jie€ MOAPOOHO MPOAHAIM3UPOBATh SKCILTya-
TAlMOHHBIC TIOKA3aTeIU TOTUIMBHOM 3KOHOMHYHOCTH U TOKcuyHOCTH Ol aBTO-
MOOWMJIBHBIX JTU3EJIBHBIX M FA30BbIX JIBUTATEICH. DTH NMOKa3aTeau B 3HAYUTEb-
HOM CTENEHH OMPEACIIAIOTCS PACPEACTICHUEM PEKUMOB MX PAOOTHI B IKCILTya-
Tauud. B CBOKO ovepesb, peKUMBbl padOThl TPAHCIOPTHBIX JABUTATENIC BEChMa
Pa3HOOOPA3HBI M 3aBUCAT OT XapaKTepa SKCIUTyaTallii TPAHCIIOPTHOTO CPEICTBA
U pana Apyrux (pakTtopoB. TUNMHYHBIM SBISIETCS MPUBEACHHOE HA puc. 1 moje
pacnipeneneHus pexxuMoB qusenst tTina KamA3-740, moaydeHHOE B YCIOBUSX
WHTEHCUBHOTO FOPOACKOTO JABHKEHUS rpy30Bor0 aBToMoOmis KamA3-5320 [6].
JIBUTaTENbh YCTAHOBJICH HA MOJIHOCTHIO 3arpy>KCHHBIA aBTOMOOMITL 00IIEH Mac-
coii 16 TonH. B kaXxmo0ii moao0macTv 3TOro nosist yKa3aHo OTHOCHTEIBHOE BPEMS
paboThl nu3ens B mpoueHTax. OCHOBHYIO 100 BpeMeHu (62%) nBurarenb pa-
O0otaer B nuamnazoHe 4yactoT BpameHus n=0,48-0,67 nyoy, a B 00JIACTU HOMHU-

HAJIBHOH 4acTOTHl BpaweHusi — He Oonee 2,5% (mpoAOIKUTENBHOCT PAbOTHI
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JIN3€JTsl Ha PEXKUME MaKCUMaIbHOM MOIIHOCTH He npeBbiiiact 0,4%). Bpems pa-
OOTBI U3 HA PEKUMAX C MOJIHON HArpy3Koi (pe>KMMBbl BHELTHEH CKOPOCTHOM
XaPaKTEPUCTUKH ¢ MAKCHUMAJbHBIM KPYTSIIMM MOMEHTOM JABHMrarens M) co-
CTaBJIs0T 0KOJI0 30% 0T 0011Iero BpeMeHu dKcrutyaTanuu. Kaxkabiii sKcrutyara-
UOHHBII PEXUM MMEET CBOIO CHEHM(PUKY W OTINYAETCS MO MOKA3ATENAM TOTI-

JIMBHOH YKOHOMHYHOCTH ¥ TOKCUYHOCTH OI JU3CIIA.

Me — Puc. 1. Pacnipenenenuss pekuMoOB
_~T102(132| 92| 49 | 20 |02 pabotel mu3ens tuna KamA3-740
08 / 68 (109| 48| 12 |006|004]003 I'Py30BOr0 aBTOMOOMIIS B YCJIOBH-
06) | 39| 20| 41|22 |07 004|003 |02 SIX TOPOACKOro ABUKCHUS TPAHC-
TIOPTHOTO CPE/ICTBA
07| 20| 41|31 | 06|0085/002| 0
0,4
04|20 | 44|50 | 07|02 |002]| 0
02

0,4 06 08 1,0 fi

OnyOnuKOBaHHBIE JaHHBIE (Hampumep, B padotax [7, 8, 9]) mo xapakre-
PUCTHKAM JU3enei, padoTaronmx Ha JU3EIbHOM M aJbTEPHATUBHBIX TOIIMBAX,
¥ pa3pabOTaHHBIC METOJMKH OLICHKH WX SKOJOTMYECKON O€30MacHOCTH HE MO3-
BOJISIFOT OJIHO3HAYHO OMPEACITUTh HauOOJEe MPEANOYTHTEIBHBIE ATbTEPHATHB-
HbIC TOIUIMBA, MOCKOJBKY OLICHKY 3(PPEKTUBHOCTH MX MCIOJIB30BAHUS B IH3€E-
751X HEOOXO0MMO MPOBOJUTH MO LEJIOMY KOMILIEKCY NMOKA3aTeNeiH TOKCHYHOCTH
OI' ¥ TOMMBHOW SKOHOMHYHOCTH. B CBsA3M ¢ 3THM HEOOXOIMMO MPOBECTH KC-
CJICIOBAHMS SKOJIOTHUECKHX TMOKA3aTeNsX ABUTATEICH BHYTPEHHETO CrOpPaHUs,
MCIONB3YIOIUX MMPUPOIHOTO ra3a B Ka4eCTBE MOTOPHOTO TOIUIMBA, U LIENECO00-

PA3HBIX HANPABIICHUI COBEPIICHCTBOBAHMS 3TUX NTOKA3ATEIIEH.

IKCIITYATAIIMOHHBIE ITIOKA3ATEJIN I'A30BOI'O ABUTI'ATEJIA
IIpu poBENEHUN TAKUX UCCIIENOBAHUN HUCIIOIB30BAHbI SKCIIEPUMEHTANIb-

HBIE JJAHHBIC MO TOKa3areasM au3ens thna KamA3, KOHBEPTUPOBAHHOTO IS
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paboTbl Ha NPUPOLHOM rase. OTW UcCef0BaHWUA NPOBELEHbI NPU y4acTUK COaBs-
Topa aTou cTaTtbu - W.P. loThynnuHa v npueBefdeHbl B pabotax [10, 11]. 3710
4YncTO rasoBbiii gsuratens Tnna RGK.EC.820, B KOTOPOM BOCM/IAMEHEHUE NPU-
POAHOTO rasa B Kamepe cropaHus obecne4ymBaeTca CBeYOM 3axuraHunsa. Fa3oBbli
asuratens RGK.EC.820 paspaboTaH Ha 6a3e gsuratend KamA3 c uenbk no-
BblWWEHNA HafeXHOCTU U pecypca. Ha gBurartene npumMeHeHa LeHTpanbHasa no-
fiaya rasa C 3/IeKTPOHHbIM ynpaB/ieHUeM amepukaHCcKon komnaHuum EControls.
Ana poctmxeHnsa Heo6Xo4MMbIX NMoKasaTenel nposefeHa fopaboTKa WTaTHbIX
y3noB gsuratend KamA3. MNpexpge Bcero, 6bi1 NOMIHOCTbO M3MEHEH BMYCKHOM
TpakT gBuratens. 3NeKTPOHHAA cucTema ynpasieHUsa paboTton Typbokommnpec-
COpPOB M KOHTPO/Nb NofaynM BO3Ayxa M rasa ¢ 06paTHOM CBA3bKO MO MOKaszaHUAM
LUMPOKOMONOCHOIO AaTumMKa Kucnopona nogjepXuBaT KauyeCTBEHHYO paboTy
ABUTaTens Ha BCEX peXumax B TeyeHUe A/IMTENbHOr0 nepuofa aKcnayartayuu.
Cuctema ynpasneHunsa pgsuratend RGK.EC.820 wucknio4yaeT AeTOHaUWOHHbIE
npouecchbl, KOTOpble MOTYT NPOSABAATLCA Npu paboTe Nojg Harpy3KoW U € BbiCO-
KUMKW TemnepaTtypamu, npepoTBpalias aBapuiiHble paspyweHusd. [Buratenu
KamA3 cemeiictBa RGK MmowHoCTbO 240-420 n.c. cepTUOULMPOBAHbI Ha MNOJMK-
rone HAMW n cooTBETCTBYIHOT HOpMaM Ha ToOKcu4yHocTb Ol Euro-5 (ceptudu-
kKat TC RU C-RU.MT25.B.02992). MHoronapameTpoBble XapaKTePUCTUKKN 3TO-
ro suratens, paborarLiero Ha NpUPOAHOM rase, nokasaHbl Ha puc. 2 n 3.

Puc. 2. YHuBepcanbHasd
(MHoronapameTpoBas) Xa-
pakTepucTmnka rasoBoro
asuratensd KamA3 cemel-
ctBa RGK no ypaenbHomy
AaPpeKTUBHOMY pacxoay
Tonnuea ge

600 800 1000 1200 1400 1600 1500 2000 n, MHK'1
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B r
Puc. 3. YHuBepcanbHble (MHOronapameTpoBble) XapaKTePUCTUKMN Fa30BOro ABU-

ratens KamA3 cemeiictBa RGK no yjenbHbIM MacCOBbIM Bblbpocam OKCUAOB
as3oTa BKOX (a), MoHoOKcupa yrnepoga BCO (6), cymMMapHbIX yrneBo40p0oA0B BCHX

(), HEMeTaHOBbLIX YrneBo40POAO0B BbIMEH (T)

Mo npeAcTaBfeHHbIM Ha pUC. 2 U 3 faHHbIM HEOOXOAUMO OTMETUTbL, YTO
Haunyyl e nokasaTen TONJIMBHON 3KOHOMUYHOCTU U TOKCUYHOCTU O aBuUra-
Tensa [OCTUralTCsA Ha peXumax C MOMHOW Harpyskoi (Ha pexumax BHELIHEW
CKOPOCTHON xapakTepucTukmn). CnepyeT TakXXe OTMETUTb CPaBHUTENIbHO He-
6onbwoin Bolbpoc okcnaoB azoTa NOX M 3HauUTeNbHbIe BbIOGPOCHI ABYX APYTFUX
HOPMUPYEMbIX TOKCUYHbIX KOMNOHeHTOB Ol - moHooKcupa yrnepoga CO wu
CyYMMapHbIX Hecropeswmx yrnesogoponos CHX, a Tak)Xxe HeMeTaHOBbIX YIr1eBO-

foponos NMCH.
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METOJ YJIYYIIEHUA SKCIUTYATAIIMOHHBIX NMOKA3ATEJIEN
I'A30BOI'O ABUT'ATEJIA

AHQJIN3 TaHHBIX PUC. 2 U 3 TTOKA3bIBACT, YTO MEPEBOJ PACCMATPUBACMOTO
ra3o0BOr0 JBHTATENIl HA PEKUAMBI C YIYUYHICHHBIMM TOKA3aTENISIMH TOIUIMBHOMN
SKOHOMHYHOCTH U TOKCHYHOCTU Ol siBnsieTcst 3(pPEKTUBHBIM CPEICTBOM YIIy4-
HICHMS €0 3KCIUTyaTallMOHHBIX MOKa3aTelied. OT0 MOXKET ObITh TOCTHTHYTO 3a
CYET MEPEBOAA ABUraTeiss HA SKOHOMHYHBIE M SKOJIOTHYHBIE PEKUMBI PAOOTHI
MyTEM OTKJIFOUYECHHs YACTH LMJIMHIPOB C UCNOJIb30BAHUEM CHCTEM aBTOMATHYE-
CKOT'0 PEryJIMpOBaHus U ynpasiicHus [6, 12]. IIpu 3ToM HaA pexuMax ¢ 4aCTUY-
HOM Harpy3kod OTKJIFOUAETCS 4acTh LWJIMHIPOB, a OCTaBlIMecs B paboTe LHM-
JUHAPHL pabOTAKOT HA PEKUMAX C IMOJHON HArpy3Ko#l, OTIIMYAKOIMXCS YIIy4-
HICHHBIMY TIOKA3aTENISIMA TOTJTMBHOM SKOHOMMYHOCTH W TOKCHYHOCTH Ol

Jlns moarBepxkacHus 3(PpPEKTUBHOCTH TAaKOH OpraHu3anuy paboThl HC-
cnenyemoro asurarens KamA3 cemerictBa RGK NMPOBEAEH aHAIM3 €r0 MHOTO-
NapaMeTPOBBIX XapakTepuCTHK (puc. 2, 3). [Ipum 3TOM MCHONB30BaHA CIEAYIO-
1asi METOAMKA. bpln paccMOTpeHBl (PUKCUPOBAHHBIE CKOPOCTHBIE PEKUMBI Pa-
OO0THl ABUTATENsl B JAMANA30HE OT HOMHMHAJIBHOTO CKOPOCTHOTO PEXKUMA Moy
(n=2000 MuH') 10 MUHUMAJILHOIO CKOPOCTHOrO pexkxuma n=0,4 hye (n=800
mur!). s K&KIOr0 W3 PacCMaTPHBAEMBIX CKOPOCTHBIX PEKMMOB MOJYYCHBI
HArpy304YHbIC XaPaKTEPUCTUKH. [Ipr 3TOM PaccMOTPEHbI HArPY30UHBIE PEKUMBI
OT PeXXUMa ¢ TOJTHON HArpy3Koi (OTHOCUTEIbHBIA MOMEHT PaBEH M. nom=1) 110
peKUMa ¢ YaCTUYHOW HArpy3koit M.=0,3 M, nom. [loMydeHHBIE TAKUM 0Opa3oM
JTAHHBIC MPUBEACHBI B TA0J. 1-5.

[IpeacrapneHHbIC AaHHBIE MOATBEPXKAAOT S(PPEKTUBHOCTH peanu3anuu
METO/A OTKIIFOUEHHUS YaCTH LIMJIMHIPOB HA PEKMMAX C HETMOJIHOM HATPy3KOH ISt
CHIDKECHHUSI pacxoja TOMIMBA M BbIOPOCOB TOKCHYHBIX KOMIMOHEHTOB OI'. Ilo
3TUM JaHHBIM MO>XHO OTMETHUTH SIPKO BBIPAKEHHYKO TEHACHUMIO CHHXKECHUS
YAEABHOTO 3QPEKTUBHOTO pacxoa TOMINBA g., YACTBHBIX MAaCCOBBIX BEIOPOCOB

MOHOOKCHA YIepoaa eco, CYMMapHBIX HECTOPEBIIMX YIIIEBOJOPOIOB ecrix U
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HCMCTAHOBBIX YIJICBOAOPOAOB e€nmvcH HPH YBCIIMYCHHUN HAI'PY3KH. B HYaCTHOCTH,

Ha HOMHMHAJILHOM CKOPOCTHOM peskume Tipu #=2000 MU' yBeTHUEHHE OTHOCH-

TENBHOTO KPYTAIEero MomeHnra asurarenss M, ot 0,3 no 1,0 compoBoxxpaercs

CHIDKEHUEM g, 0T 265 1o 213 r/(kBt1-4), eco — ot 3,4 no 1,9 r/(kB1-4), ecax — OT

6,6 10 3,0 r/(kBT-4), expmen — ot 1,3 10 0,5 r/(kBT-4), cMm. Tadn. 3-7. To ectsb,

OPU CHUKEHWH HArpy3KW Ha JBUTATENb (P YMEHBIICHUA M) LENECO00Pa3HO

COKpaTUTh YACJIO padOTAIONIMX [IWJIMHIPOB TAKUM 00pa30M, YTOOBI OCTABIIUAECS

B paboTe HUIMHAPHI padOTaIU ¢ MOJIHOW HArpy3koi (mpu M.=1).

Tabmuma 1. 3aBUCUMOCTD yAETBHOTO 3(PPEKTUBHOIO pacxoja TOMIMBA g, JBU-

rarens KaMmA3 ot pexxuma ero padoTsl

Cko- Y nenpHbIi 3¢ (EKTUBHBINA PACXOM TOIUIMBA ge PU PA3IMYHBIX HATPY30UHBIX pe-
pPOCTHOM KUMax pabotsl nurarens, r/(kBT )
pexum | M~0,3 | M=~04 |M~0,5 |M~0,6 | M~0,7 | M~08 |M~=0,9 |M:=1,0
Prom 265 248 235 227 225 224 222 213
0,8 Mrom 241 230 220 214 212 208 206 200
0,6 Mrom 255 227 217 213 212 212 211 210
0,4 Muom 295 240 226 222 214 209 206 205

Tabnuia 2. 3aBUCUMOCTD yIETBHOTO MAaCCOBOTO BHIOPOCA OKCUIOB a30Ta exox C

OI' gBurarens KamA3 ot pexuma ero padboTsl

Cko- VY nenpHBIA MacCOBBIM BBIOPOC OKCHIIOB a30Ta €NOx IIPH PA3IIMYHBIX HATPY30UHBIX
pPOCTHOM peskumax paboTel gBUraTens, r/(kBt 1)
pexum | M~0,3 | M=04 |M~0,5 |M~0,6 | M~0,7 | M~08 |M~=0,9 |M:=1,0
Mo 2,0 2,1 23 2,7 3,0 3,0 4.2 4.4
0,8 Mron 1,6 1,6 2,2 2,5 3,4 42 6,5 8,6
0,6 Mron 1,8 24 4,1 4,2 43 4.5 4,7 3,5
0,4 Axon 4,1 42 4,6 5,6 6,6 7,6 8,6 9,6

Tabnuia 3. 3aBUCUMOCTh YACTLHOIO MAacCOBOTO BHIOPOCA MOHOOKCHAA YIJIEPO-

na eco ¢ Ol neurarens KamA3 ot pexxuma ero paboThl

162




Cko- VY nenpHBIA MacCOBBII BBIOPOC MOHOOKCHA YTIIEPOaa eco MPH PA3INIHbIX HArpy-
pPOCTHOM 304HBIX pekuMax paboTsl nBuraress, r/(kBr )
pexum | M~0,3 | M.~0,4 |M~0,5 |M~0,6 | M~0,7 | M~0,8 |M~0,9 |M:=1,0
Mrom 3,40 2,70 2,70 2,70 2,60 2,30 2,15 1,90
0,8 Mron 2,55 2,35 2,30 2,30 2,20 2,07 1,78 1,60
0,6 Mron 2,70 2,30 1,94 1,86 1,78 1,70 1,65 1,50
0,4 Hxon 3,50 2,70 2,00 1,80 1,55 1,30 1,10 0,85

Tabnuua 4. 3aBUCHMOCTB yIEIBHOIO MacCOBOI0 BbIOpPOCA CYMMApPHBIX HECTO-

PEBUINX YIIIEBOAOPOAOB ecrx ¢ Ol npurarens KaMmA3 ot pexxuma ero padboThl

Cko- VY nenpHBIA MacCOBBIM BBIOPOC CYMMapPHBIX HECTOPEBIINX yIIIE€BOAOPOAOB €CHx IPU
POCTHOM PA3IMYHBIX HATPY30UHBIX pexXuMax pabotsl neurares, I/(kBt )
pexum | M~0,3 | M=~04 |M~0,5 |M~0,6 | M~0,7 | M~08 |M~=0,9 |M:=1,0
Priom 6,6 6,3 6,0 6,0 6,0 5,8 5,6 3,0
0,8 1rom 6,2 6,0 6,0 5,9 5,9 5,8 5,2 3,0
0,6 Mrom 6,8 5,5 5,0 5,0 5,0 5,0 5,0 5,0
0,4 Muom 6,1 5,0 4,0 3.8 3,5 3,1 2,6 2,3

Tabnuia 5. 3aBUCUMOCTD YJEILHOTO MACCOBOTO BHIOPOCA HEMETAHOBBIX YIJIE-

BOA0POAOB envcu ¢ Ol nBuratens KaMmA3 ot pexxuma ero paboTsl

Cxo- Y nenpHBIA MacCOBBIM BBIOPOC HEMETAHOBBIX YIJIEBOAOPOAOB €NMCH MTPH Pa3Iny-
pPOCTHOM HBIX HArPy304HBIX peXrMax paboTsl neurarens, r/(kBT )
pexum | M~0,3 | M~0,4 |M~0,5 |M~0,6 | M~0,7 | M~08 |M=0,9 |M:=1,0
Mrom 1,30 1,24 1,21 1,20 1,10 1,10 0,88 0,50
0,8 Mron 1,19 1,12 1,03 0,84 0,80 0,77 0,72 0,50
0,6 Mrow 1,22 0,94 0,82 0,75 0,68 0,68 0,78 0,90
0,4 Axon 1,06 0,79 0,64 0,57 0,54 0,50 0,42 0,38

Cnemyer OTMETHTb, uTo py #=2000 MUH' M yBEIMYEHHH OTHOCHTENLHO-
ro KpyTsLero MoMmenTa asurarens M, ot 0,3 1o 1,0 yBenuuuBaroTcs BEIOPOCH

OKCHUJOB a30Ta exox — 0T 2,0 10 4,4 r/(kBt-4). [TosToOMy npu peanuzaiuu MeTo-
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Ja OTKJIFOUEHUS] LIAJIMHAPOB HEOOX0MMa OJTHOBPEMEHHAS peann3alus METOI0B
CHU>KCHHUSI BEIOPOCOB OKCUJIOB a30Ta.

B nenom, npoBeaeHHBIE UCCIEA0BAHUS MOATBEPIAMIN CYLIECTBEHHYIO 3a-
BUCHUMOCTh JKCIUTyaTallMOHHBIX TOKA3aTeneii aBTOMOOWILHOTO JABHIaTesst OT
PEKMMOB €ro paboThl U 3PPEKTUBHOCTD YIYUIICHUS MOKA3aTesIeH TOTUIMBHON
SKOHOMHYHOCTH W TOKCHYHOCTH OI' paccMarpuBaeMoro aBTOMOOWJILHOTO JIBH-
rarefii MyTeM HKCHOJIb30BAaHUS MPUPOJHOIO Ta3a B KAYeCTBE Ta30MOTOPHOIO
TOMJIMBA C OJHOBPEMECHHOHN peanu3auueil MeToqa OTKIIFOUEHUS YacTH LUJIMH-

JPOB HA PEKUMAX C HEMOJIHON HArpy3KOii.

3AKJIFOYEHUE

1. Jlonst pe>KUMOB € MOJIHOM HArpy3KOi (PEe>KMMbl BHELIHEH CKOPOCTHOM
XapaKTEPUCTHKH ) UCCIIEAYEMOTO IBUTATENS MPU €r0 SKCIUTyaTallid B YCIOBUSIX
WHTEHCUBHOTO TOPOJACKOrO JBHXKEHUS cOCTaBiseT okono 30% ot oluiero Bpe-
MEHH 3KCIUTyaTaLHH.

2. Hauny4ime mokasaTesd TOMJIMBHOW SKOHOMUYHOCTH M TOKCHUYHOCTH
0TpabOTaBIIMX Ta30B UCCICAYEMOTO aBTOMOOMIIBHOTO T'a30BOr0 JBUTATENs AO-
CTUralOTCsl Ha PEKUMAaxX BHEIIHEH CKOPOCTHON XapaKTepUCTUKHU. B CBs3U ¢
ATUM, ISl JOCTHKEHUST HAWTYUIIMX JKCIUTYaTallMOHHBIX MMOKa3aTeNei nuccuemy-
€MOro aBTOMOOMJIBHOTO Ta30BOTO ABUTATENS LEIECOOOPA3HO 00ECIIEUUTh €ro
paboTy Ha peKUMax ¢ MOJHOM HArpy3KOH.

3. Takoe ynyulieHHE >KCIUTyaTallMOHHBIX MOKA3aTeNei TOMIMBHON 3KO-
HOMMYHOCTH ¥ TOKCUYHOCTH OTPAOOTABIIMX ra30B UCCIEAYEMOrO aBTOMOOMIIb-
HOIO Ta30BOTr0 JBUTATENS MOXKET OBITh 00ECIEYEHO MYyTEM OTKIKOYCHHS YacTH
HWIMHAPOB U pabOThl OCTAJBHBIX IUJIMHAPOB HA PEKUMAX C MOJHON Harpys-
KOM.

4. Ilpu peanm3any 3TOT0 METOJAA OTKIIFOUEHUSI IWIMHIPOB HEOOX0auMa

OIHOBPCMCHHAs pCain3anusa MCTOA0B CHHOKCHUA BBI6pOCOB OKCHIOO0B a30Ta.
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Axmyanenocms  cmamvu  00YClOGIeHA  HEOOXOOUMOCMbIO  3AMelyeHUs]
HepMANHBIX MOMOPHBIX MONIUE MONIUBAMU, NPOUIBOOUMBIMU U3 AIbINEPHAMUG-
HBIX CbIPLEGLLX PECYpCos8, d mMakdice HeoOX00UMOCMbIO HAYUMETLHO20 YiIyHuLe-
HUSL OKOJIO2UYECKUX NoKazamesell ogueameneti GHympenne2o ceopanus. B cma-
Mbe NOKA3AaHbl NePCNeKmusbl NpuMeHeHus Ouomoniue 6 ouseisax. llpeocmaeie-
Hbl pe3yibmamsl SKCNEPUMEHMANIbHBIX Uccieooeanuil ousens muna J[-245.12C
HA HeMANOM OUZETILHOM MONIUBE U €20 CMecsaXx ¢ 00OABKAMU PACMUMENbHBLX
macen. Tlokasana 603MOMCHOCMb YIYHULEHUSI DKOJIOSUYECKUX NOKA3ameetl Ou-
3eji51 MpU UCNOAB30GAHUU YKAZAHHBIX cMecesbix buomonius. [Ipeonoocena me-
MOOUKA ONMUMU3AYUYU SMUX cymecell, bazupyiowasics na onpeoeieHun 0000-
WeHHO20 Kpumepus, ONMUMAIbHOCMU, GbIYUCISEMO20 6 GUOe CYMMbl YACHHBIX
Kpumepues, Xapaxmepuzyiomux KOHYEHMpayuo HOPMUPYemMviXx MOKCUYHBLX
KOMNOHEHMO8 8 Ompabomasuiux 2azax. Beinoanenv: onmumuzayuonivie pac-
yemel cocmasa ouomonausa ois ousens J-245.12C. Ilpeocmasnenvt 3a6ucumo-
cmu 8b10pOCO8 ¢ OMPAbOMABUIUMY 2A3AdMU Ou3eell 08YX Haubojee 3HAYUMbIX
MOKCUYHBIX KOMNOHEHMO8 OMPAOOMASULUX 2d3068 Ouseliell — OKCUO08 d3omd U
casicu Om CoOepIUCAnUsl AMOMOE KUCIOPOOd 8 MOJIEKYIAX PACCMAMPUBAEMbIX
cmecesvlx OUOmMoniuG.

KaroueBble caoBa: ouszenvhwuili Ogueameiib, HepmsaHoe OuszeivHoe MONIuso,
pacmumesnbHoe Macilo, NOOCOIHEYHOE MACIO, JBHAHOE MACII0, TOPIHIHOE MACJIO,

PBLK HKOBOC MAcCJjIo, CMeCeBoe OUOMONIUBO
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The relevance of the article 1s due to the need to replace oil motor fuels with

fuels produced from alternative raw materials, as well as the need to significant-

ly improve the environmental performance of internal combustion engines. The

article shows the perspectives for the use of biofuels in diesel engines. The re-

sults of experimental studies of diesel type D-245.12 S on petroleum diesel fuel
and 1ts mixtures with additives of vegetable oils are presented. The possibility of
mmproving the environmental performance of diesel using these mixed biofuels.

The method of optimization of these mixtures based on the deternunation of the

generalized optimality criterion calculated as the sum of the partial criteria

characterizing the concentration of normalized toxic components in exhaust
gases 1s proposed. Done optimizing and adjustment-tional calculations of the
composition of biofuels for diesel engine D-245.12 S. The dependences of the
emussions of two most significant toxic components of the exhaust gases, nitro-

gen oxides and soot, from the content of oxygen atoms in the molecules of the
considered mixed biofuels with the exhaust gases of diesels are presented

Key words: diesel engine, petroleum diesel fuel, vegetable oil, sunflower oil,

linseed oil, mustard oil, camelina oil, biofuel mixture

MHPOBJIEMbI U TEPCITEKTUBBI UCITIOJIL3OBAHUA BUOTOILJINB
B IN3EJIAX

B nocneanue roapl paciimpsercs NPUMEHEHUE OMOTOIJIMB B JIBUTATEISIX
BHYTPEHHETO Cropanus. 310 00yCIOBIECHO BO30OHOBIISIEMOCTBIO ChIPHEBOM Oa-
3bI JUUISl UX MPOM3BOJICTBA U XOPOIIUMH SKOJJOTHYECKUMH KaUYeCTBAMU KaK CaMHUX
OMOTOMJIMB, TaK M JBUTATENCH, paboTarmux Ha 3TuX OuotomauBax. [lpu uc-
NOJIb30BAHUHY 3THX TOIJIUB MOKA3aTENH TOKCUYHOCTH 0TpadoTaBimx razos (OI')
aU3erei 3aMeTHO yiydmaroTcs. Cpenn OMOTOINMB, HAIEAINUX HauOONbIIEE
MPUMEHEHUE B TU3EINSIX, CIACAYET BBIJCIUTh PACTUTEIBHBIC MAC/ia U X MPOU3-

BOJHBIE — METHWJIOBBIMA, 3TUIOBBIA W OyTHIOBBIN 3¢Qupsl. [Ipomomkarorcs uc-
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clieIoBaHus PadOThI AU3ENICH HA PACTUTEIBHBIX MAC/Iax U KX CMECAX C APYTUMU
TOIJIMBAMHU, B OCHOBHOM € HEPTSIHBIM au3enbHbM TomuBoM (T) [1, 2, 3].
[IpuMeHEHHE PACTUTENBHBIX MACET B KAYECTBE CAMOCTOSATEIBHOIO M-
3€JIbHOTO TOIUIMBA 3aTPYIHEHO M3-3a pa3nuuvii (PM3HKO-XMMHUYECKHX CBOWCTB
atux Macea u HedrsHoro T. 310 compoBokmaeTcs npoOieMaMK, BO3ZHUKAIO-
IUMU Npyd QYHKIIMOHUPOBAHUY JM3ENICH HA pacTUTENbHBIX Maciax. K HuM OT-
HOCSTCS TUIOX0€ KA4€CTBO MPOLIECCOB TOIUIMBOIOAAYN U PACTIBUTMBAHUS Macel,
BBI3BAHHOE X BBICOKHMH BSI3KOCTHIO M TUIOTHOCTBIO, & TAKKE OTMEUYAEMBIC MTPU
JUTATENBHON paboTe Ha 3TUX MAcC/iax KOKCOBAHUE PACHBUTUTENCH U aeTalleH, 00-
PA3YIOIIMX KaMEpy CrOPaHMsl, HaApyLIEHHE MOJBMKHOCTH MOPIIHEBBIX Koell [4,
5, 6]. B cBs3u ¢ 3TUM IpeaCTaBISCTCS LEAECO00PA3HBIM UCIOJIB30BATh PACTH-
TEIbHBIE MACJIa KaK SKOJIOTMYECKY0 100aBKy k HerssHomy T [7, 8, 9].
[Ipu aHamM3e BO3MOXKHOCTEH MPUMEHECHHS PA3TUYHBIX PACTUTEIBHBIX Ma-
Cell i1l MPOM3BOACTBA OMOTOMUB B Poccun 0OBIYHO paccMaTpUBAIOT ParicOBOE
WM TIOACOJIHEUHOe Macia [1, 2, 4]. Bmecte ¢ TeM, CTpykTypa mpOU3BOJCTBA
pacTUTENBHBIX Macen B Poccum TakoBa: aons noacoiaHeuHoro macna (IIM) B
o01meM 00BEME POCCHIICKOTO MPOU3BOJICTBA Macen cocTaBisieT 86,84 %, coeBo-
ro — 7,96 %, pancoBoro (PM) — 4,84 %, ropununoro (I'M) — 0,11 %,

ocTaJIbHBIX Maced (JIbHstHOTO (JIM), KyKypy3Horo u ap.) — 0,25 % [10].

PE3VJBTATHlI SKCHEPUMEHTAJIbHBIX MCCJEJIOBAHUI JIH-
3EJIAA, PABOTAIOIIEI'O HA PACTUTEJIBHBIX MACJIAX U HUX
CMECHAX C AN3EJBbHBIM TOILIMBOM

B paborax [11, 12, 13] y>xe npUBEACHBI PE3yJIbTAThl HCCIAEAOBAHUAS OTE-
YECTBEHHOI'O aBTOTPAKTOPHOrO AM3EN Ha cMecsx HedrsHoro T ¢ 3tuMu mac-
JamMu. OTH JAHHBIE TOMYYEHBI MPW WcnblTanusx amsens J[-245.12C (4 YH
11/12,5). Drotr nBurarens TpPOM3BOACTBA MHMHCKOTO MOTOPHOTO 3aBOJa ycCTa-
HOBJICH Ha MAJIOTOHHAXXHBIX Tpy30BHKax 3uJI-5301 «be1oky, a ero moaupuka-

M — Ha aBToOycax [TaBIOBCKOro aBTOMOOMILHOIO 3aB0ojJIa U TpakTopax «be-
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Japych» MHUHCKOrO TPakTOPHOrO 3aBOAA. JTOT AM3EIb UMEET MOJIYPA3IACIICH-
Hyto kamepy cropanuss tana [[HWJIM w B Hem peanusyercs 0OBEMHO-
NJICHOYHOE cMeceoOpaszoBanue. Mccnenoansl cMecn HedsiHOro T mapkum JI
(netnee) mo 'OCT 305-82 ¢ HeGompmmM kosmuecTBOM (10 10 % no o0bemy)
Pa3IMYHBIX PACTUTENBHBIX Macesl. HEKOTOphIe CBOMCTBA 3TUX TOIUIMB IIPUBE/E-

HBI B Ta0mute 1.

Tabmuia 1

DU3UKO-XUMHYECKIE CBOMCTBA HNCCIICAYCMBIX TOILJIMB

Bun tormmisa

95 %

CBolcTBO 95% AT | 91 % AT 95 % JIT | 90 % AT T+ 90 % AT
AT | JM + + ™M + + ProxkM 5o +
5%JM | 9% JIM 5%ITM | 10%TM PNE 10 % PM
LLi0THOCTS I1pu TeMepaType 830 | 912 834 837 |9200] 835 839 910 834 838
20 °C, xkr/m
BAsoCTs KHeMATIHeCkat pi | 3¢ | 59 | 45 60 |700] 50 7.0 577 | 44 58
temreparype 20 °C, mm?/c
TernoTa cropais HH3 A, 425|376 | 422 420 |372] 421 41,9 375 | 422 | 420
MJTx/KT
[leranoBoe umcio 45 38 - - 35 - - 37 - -
KommuecTBo Bo31yxa, HE0OX014-
Moe Jiist cropaHus | Kr BemiecTBa, | 14,31 | 12,62 1423 14,16 12,44 14,19 14,11 12,52 14,23 14,13
KT BO3JTyXa/KT TOTUIVBA?
Conepxanue, % 110 Macce:
C 870 | 77,8 86,5 86,2 77,1 86,5 86,0 77,6 86,5 86,1
H 12,6 | 12,0 12,6 12,5 11,8 12,5 12,5 11,8 12,6 12,5
O 04 | 102 0,9 1,3 11,1 1,0 1,5 10,6 0,9 1.4

Ipumeuanue. IIpodepk «—» O3Ha4aET, YTO CBONCTBO HE OINpPEAENsIOCh, I CMeCel yKa3aHo
00BbEMHOE MPOLIEHTHOE COMePKaHNEe KOMIIOHEHTOB

Jlu3enb UCCIIeNOBAIA B PEXKAMAaX BHEIIHENH CKOPOCTHON XapaKTEPUCTUKH
u 13-pexxumuoro ucneitatenbHoro nukina ECE R49 Tpasun 49 ESK OOH (Ee-
PO-2) C YCTaHOBOYHBIM YTJIOM OMEPEKCHUsI BOPBICKABAHWS TommBa 6 = 13°
ITIOBOPOTA KOJICHYATOTO BaJIa IO BEPXHENH MEPTBOM TOYKH U HEU3MEHHBIM I10JI0-
JKEHUEM YIIOpa NO3MPYIOLICH PEHKHM TOIUIMBHOIO HACOCA BBICOKOTO JABIICHUS.

Pe3ynpTarel 3THX UCCIEA0OBAHN TPUBEACHBI B TAOHLE 2.
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Tabnuna 2
[Tokazarenu muzens J[-245.12C, paborarowmero Ha HedTsHOM (T 1
€r0 CMECSIX C PA3JIMYHBIMU PACTUTEIILHBIMU MacCJlaMu

ITokaszarennb Tomnmeo
AT 95 % 91 % AT 95% |90% AT | 95% [90% AT
AT + AT + AT + + AT +
5% JIM 10 % + 10 %
9 % JIM 5%TM| TM 5%PM| PM
Yacosoii pacxon Tormmsa Gy, KI/d 20,10/ | 20,18/ | 20,24/ | 20,00/ | 20,17/ | 2025/ | 20,19/ | 20,23/
13,10 13,13 13,28 13,00 13,13 13,22 13,16 13,30
KpyTtsmmit Moment ausenst M., H-M 322/ 321/ 319/ 321/ 321/ 318/ 318/ 317/
368 366 367 364 366 363 363 358
VYaemeuerii 3¢ ¢exTuBHBIN  pacxox| 2484/ | 2508/ | 252,1/ 2482/ 250,1/| 2534/ 2521/ 253,6/
TOITHBA g, T/(KBT-1) 226,2 228,9 230,1 226,2 228.9 2319 230.1 2359
O¢pdexrusnbrit KT amsens ne 0,341/ 0,340 0,340/ | 0,341/ | 0,341/ | 0,339/ | 0,338/ | 0,338/
0,374 0,373/ 0,373 0,374 0,373 0,370 0,371 0,363
Jemvaocts O Kx, % mo mxame | 16,0/ 12,0/ 11,0/ 17,0/ 15,0/ 12,0/ 16,0/ 15,0/
Xaprpumxa 43,0 37.5 36,0 42.0 38.0 36,0 39,0 37,5
HHarerpampHble HA pekmMmax 13-
PSOKHMHOTO THEKNIA (YCAOBHBIC) 3(b-
()CKTUBHBIC MOKA3ATCITH IBUTATCIIA.
- 3((eKTHBHBIH PAcX0J TOILUIMBA .
yor, T/(KBT1) 24797 | 24872 | 25226 | 244,63 | 247,17 | 251,08 | 250,22 | 255,57
- 3¢ pexrusHbL KIT e yor 0,341 0,343 0,340 0,346 0,346 0,342 0,341 0,335
HHrerpampHble Ha pekmMmax 13-
PSKHMHOTO LHKIA YACTBHBIC MAcCo-
BBIC BEIOPOCHL, T/(KBT-1):
- OKCHJZIOB a30Ta exox 7,018 6,230 6,441 5911 5,760 5,689 5,783 5,341
- MOHOOKCHZIA YTIACPOA eco 1,723 1,631 1,511 2,184 2,140 2,068 2,127 1,853
- HECTOPEBIIMX YTIICBOJOPOIOB €CHx 0,788 0,695 0,664 0,675 0,602 0,561 0,660 0,585

Ipumeuanus: B duciautene ykasaHbl 3HaU€HUs AJI PeKUMa MaKCUMaJbHOM MOINHOCTH, B
3HaMEHAaTeJle — MAKCHUMAJIBHOIO KPyTSLIEr0 MOMEHTA BHEIIHEW CKOPOCTHOM XapaKTepUCTH-
ku. Ilpu ucnelTaHusAX Au3ens U3MEHSUIUCh €ro PeryJUpOBKU. 3HaUEHUs, IPUBEIEHHbIE B IIEp-
BOM—TPEThEM CTOJOIAX, MOJYYeHbl HA MEPBOM STarle UCIBITAHUN OBUTATENsT Ha HEPTSIHOM
AT u ero cmecsx ¢ JIM, a 3Ha4eHUs1, MPEJCTABICHHbIE B YeTBEPTOM—IEBITOM CTOJOLAX, —
Ha BTOPOM 3Tane ucnbiranuii nusens Ha HedrsaoM T u ero cmecsax ¢ I'M u PookM (mocne
U3MEHEHUS] PETYIHPOBOK).

OoNnTNMM3AINA COCTABA CMECEBBIX BUOTOIIJINB

AHanmu3 pe3ysbTaTOB AKCICPUMEHTAJIBHBIX HCCACA0OBaHUM nuzens [l-
245.12C, padoTtatouiero Ha HedrsiHoMm T u ero cMmecsx ¢ PM, noka3sIiBacT, 4To
3aja4a BbIOOpA ONTUMAJIBLHOTO COCTAaBA CMECEBOr0 OMOTOIUIMBA HE UMEET OJTHO-
3HAQYHOI'O PeIIEHUs. ITO 00YCIIOBICHO TEM, YTO padoTa AU3eNs XapaKTEPU3yeTCs
LEBIM KOMITJIEKCOM MOKa3areneil (Kputepues) TOKCMUHOCTH O — HOpMupye-

MBIMHU BbIOpOCcaMu OkcuaoB azora NOx, MmoHookcuaa yriuepoaa CO, Jerkux He-
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cropeBinx yriieogopoaoB CHy u TBepapix 4actul win caxu (yriaepona) C
(meiMHOCTBEIO OI'). TpeboBanus K BEIOOPY ONTUMAIBHOIO MO TaHHBIM KPUTEPHU-
AM COCTaBa TOIUIMBA 4YacTO MPOTHBOpedYar ApPYr Apyry. B pesynprare 3amaua
BBIOOPA ONTUMAJIBHOTO COCTaBA CMECEBOI0 OMOTOIIMBA CTAHOBHTCS MHOTOKPH-
TepUANBLHOW ONTUMU3ALMOHHON 3anaueil [14]. B manHo# padoTe mpemioskeHa
METOJIMKA ONTUMHU3ALMU COCTABA CMECEBOI0 OMOTOIUIMBA — CMECEH HEPTIHOTrO
JT ¢ uccrnenyeMbIMi paCTUTETBHBIMHA MACJIaMHU, TOCTPOECHHAS! HA COCTABIICHUU

0000MEHHOTO AINTUBHOTO KPUTEPHUST ONITUMATIBHOCTH
(D

rae Jyo» Jco> Jen,» Jx, - YACTHBIC KPUTEPHH ONTUMAIBHOCTH [0 BEIOPOCAM

Jo = tyo JIno, T Aco’co +cn Jen, Tk Jk

X’

COOTBETCTBEHHO OKCMIOB a3oTa NOy, MoHOOKcHAa yriepona CO, nerkux He-

cropeBumx yrinesonoponos CHy u caxu C (apmmuoct OI' K.); dyo > dcos
ey > dg, — BECOBBIC KOID(UIHMECHTHI YACTHBIX KPUTCPUEB ONTUMATBHOCTH.

VYKa3aHHBIE BECOBBIE KOA(P(PUIUEHTHI BEIOPAHBI C YYETOM JTaHHBIX PAOOTHI

[15], B KOTOPO# TOKCUKOJOTHYECKAs 3HAUAMOCTh TOKCHYHBIX KOMITIOHEHTOB Ol

— NOy, CO, CHy, caxu (apiMHOCTH OI') — OIICHMBAIOT, KaK OTHOUICHUE
1:41,1:1:3,16:200. C y4eTOM 3THX JAaHHBIX BBIPOKEHUE (1) MPUHUMAET BU]T

Jo =4L1 o +1,0J06 43,16y +200J . (2)

YacTHBIC KPUTEPUU ONTUMAJIBLHOCTH, BXOASIIUME B BhipakeHus (1) u (2),

MNPCJIOKCHO OIPCACIIATE HA KAXKAOM I-M PCKUMC € HUCIIOJIB30BAHUCM COOTHO-

LICHUHA
‘]NOX = €Noy i /eNOX w>Jco =€coi ! €co 3)
JCHX - eCHx i /eCHX ar> ']KX = KXi /KX/:[T:

T exo_ s €coi» oy i» Kx; — MAPaMETPsI Au3ers, paboTatoLIero Ha i-M TOl-

JMBE; €no xrs €coms €cty m> Ky €O MAPAMETPhI IPH paboTe HA HEPTIHOM

JT. B Beipakenusx (1) u (2) UCNOAb30BaHbl 3HAYECHUS WHTErPAIBHBIX BBIOPO-
COB TOKCHYHBIX KOMIIOHECHTOB B PEXKMMax 13-pe>KMMHOTO MCHBITATEILHOTO

nukina ECE R49 u 3nauenus apimHOoCcTH Ol B peKMME MAKCUMAIIBHOTO KPYTH-
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I[ET0 MOMEHTA BHEIIHEW CKOPOCTHOW XapaKTEPUCTHUKU, KOTOPBIE SIBJISIOTCS
Han0OoJee KpUTHYHBIMA. [Ipy 3TOM yUTE€HO, UTO TOMJIMBHAS SKOHOMHYHOCTh HC-
CIIEAYEMOTO U3€Nsl CPABHUTEIBHO CIa00 MEHSETCS NMPU U3MEHEHMH COCTaBa
paccMmarpuBaeMbix OuMoTorumB. [lo3TOMY NpH aHamM3€ CBOWCTB 3TUX TOIJIMB
MO>XHO TPUMEHSATH OOOOIIEHHBIA KPUTEPUH ONTUMAIBHOCTH, YUYMTHIBAIOLIMI
TOJIBKO MOKa3aTreau TOKCUYHOCTH OI'. 310T 0000IEHHBIA KPUTEPHIA ONTUMAITb-

HOCTH (2) Taxke yA00HO UCIOb30BATh B OTHOCUTEIILHOM BUJIC

Jo=Jdoi Mo (4)
[Ipyn pemieHrH ONTHMHU3ALMOHHON 3a/1a4k ¢ MOMOIIBIO BhIpAXEHUH (2) 1

(4) 0600UICHHBIN KPUTEPUH ONTUMATBHOCTH J, MUHUMHU3UPYETCSL.
[IpennokeHHas METOANKA IPUMEHEHA JUI ONITUMM3ALMKU COCTaBa CMecei
HegTsanoro AT ¢ macnamu (JIM, I'M, PancM) B nuzene /[-245.12C. Tlpu 31O0M
UCIOJIb30BaHbl SKCIEPUMEHTANBHBIE HaHHbIE TaOnm. 2. Pe3ynbpTarel pacuera

YACTHBIX KPUTEPUEB ONTUMAJIBHOCTH IO BBIPAKEHUAM (3) 1 0000IIEHHOTO Kpu-

TEPHs ONTUMAJIBHOCTH 10 popmynam (2) u (4) npuBeacHbI B Ta0nHLE 3.

Tabnuna 3
Ontumuszanus coctaBa cmecei Hedrsaaoro /T ¢ pa3muuHbIMu

pacTUTENIbHBIMKA Maciamu Juis ausens J1-245.12C

Bun Tonmnmsa Tlokaszarens gusesrt
eNox Jnox eco Joo echx Jeonx Kx Jrx Jo Jo
Cwmecu Hegpmanozo J[T ¢ JIM
AT 7,018 | 1,000 1,723 1,000 0,748 1,000 43,0 1,000 | 245,26 | 1,000
95% AT +5%JIM | 6,230 | 0,888 1,631 0,947 0,695 0,929 37,5 0,872 | 214,78 | 0,876
91% AT +9%JIM | 6,441 | 0,918 1,511 0,877 0,664 0,388 36,0 0,837 208381 | 0,851
Cmecu Hegpmanozo J[T ¢ I'M
AT 5911 | 1,000 2,184 1,000 0,675 1,000 42,0 1,000 [ 245,26 | 1,000
95% AT +5%IM | 5,760 | 0,974 2,140 0,980 0,602 0,892 38,0 0,905 224383 0,917
90 % AT +10 % I'M | 5,689 | 0,962 2,068 0,947 0,561 0,831 36,0 0,857 | 214,51 | 0,875
Cmecu Hegpmanozo J[T ¢ PoioeM
AT 5911 | 1,000 2,184 1,000 0,675 1,000 42,0 1,000 [ 245,26 | 1,000
95% AT +5%PM | 5,783 | 0,978 2,127 0,974 0,660 0,978 39,0 0,929 | 230,06 [ 0,938
90 % AT + 10 % PM | 5341 | 0,904 1,853 0,848 0,585 0,867 37,5 0,893 | 219,34 | 0,894

Pe?)y.HBTaTBI OonTUMM3aluK CBHACTCIILCTBYKOT O TOM, YTO AJId AM3CIIA I[-

245.12C, paboTaromero Ha MCCACAOBAHHBIX CMECSIX, MPU POCTE COAECPIKAHUS
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paccMaTpuBaeMbIX macen B cMecu ¢ HedrsHbiM J[T 3HaueHust 0000mIEHHOrO
KPHTEPHS. ONTUMAIBHOCTH .J, MOHOTOHHO yMEHBHIAIOTCA. Ilpm pabore Ha
nedranom T 0GOOLICHHBIA KpUTEpUil Jo, PaBEH EIMHHMIE, 4 MUHAMAILHOE
3HaYeHHe O0OOOIIEHHOr0 KPUTEPHs ONTUMATLHOCTH (Jo = 0,851) mOCTHrHYTO

npu ucnoJib3oBanuu cmecu 91 % nedrsnoro AT u 9 % JIM.

Jo Puc. 1. 3aBUCUMOCTEL 000OIIEHHO-
108 r0 KpPHTEPUS  ONTHMAILHOCTH
] 5 Jo OT 00BEMHOTO copepkanus Cy
094 o%u JAeHsHOTO (/), Topun4HOro (2) m

’ "~ 7%  PBDKHKOBOTO (3) Maces B CMECH C
| “2 HedrstabM JIT

08+———T———F——

0 2 4 6 8 Cm%

OOpamaet Ha ceOst BHUMAHUE U TOT (aKT, 4TO MO MEPE YBEIMUYEHHS CO-
nepxanus PM B cmecu ¢ HedTsHbIM [T 0000MIEHHBIH KPUTEPHA ONTHMATIBHO-
CTH Jo TOCTOSHHO MANAET, HO €r0 CHIDKEHHE HAMOOJIee 3aMETHO MPH HEGOIb-
oM coaepxannu PM B cMeceBoM OmoTommee (cM. puc. 5). B wactHocTH, npu
neperoae auzens J[-245.12C ¢ wedrsnoro /[T Ha cmech 95 % JIT + 5 % JIM
00OOIIEHHBIH KPUTEpU ONTUMAIBHOCTH J, yMeHbImaercs ¢ 1,000 mo 0,876, a
naneHeAnmi poct Cy 10 9 % NPUBOIUT K CHIDKEHHIO Jo mmb 10 0,851, O1o
CBUACTENBCTBYET O TOM, UTO Jaxe HeOobImas J00aBKa paCTUTEILHOIO Maciia B
HeTsHOE [T 3HAUMTENBHO yaydIIaeT MoKa3arenu ToOkcnuyHocTy Ol ausens.

OnpeneneHHblil HHTEPEC MPEACTABISIET 3aBUCUMOCTh BBIOPOCOB € OTpa-
OO0TaBIIMMM Ta3amMH JBYX HarOO0JIce 3HAYMMBIX TOKCUYHBIX KOMIIOHEHTOB OTpa-
00TaBIIMX ra30B AU3ENICH — OKCUAOB a30Ta U CAXKHU OT COACPKAHUS aTOMOB KHC-
JOpOJia B MOJIEKYJIaX PaCCMaTPUBAEMBIX CMECEBBIX OMOTOIUIMB. AHAIN3 3KCIIE-
PUMEHTANBHBIX AaHHBIX 1o am3ento J1-245.12C, pabotaromeMy Ha CMECIX
HegTsHoro T ¢ pancoeeim (PM) m noaconHeunsiM (IIM) macnamu (puc. 2),

MOKA3bIBAET, 4TO ¢ pocToM coaepxkanus [IM B cmecsax ¢ HedTsaabM [T 1 cooT-
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BETCTBYIOLIMM POCTOM COAEPYKAaHMs aTOMOB KMCIIOPOJIA B MOJIEKYJIAX CMECEBOTO
TOIUIMBA 3aMETHO YMEHBIIAOTCS BBIOpoCcH ¢ OI' AByx HamboJiee 3HAUMMBIX
TOKCUYHBIX KOMIOHEHTOB Ol nm3enell — OKCHIOB a30Ta M CaXH (JABIMHOCTH
OI') [2, 4]. Tak, B COOTBETCTBUU C JAHHBIMU pUC. 2.d, 6 C POCTOM MacCOBOIrO
coaepkanust atoMoB kuciopoaa B cmecax AT u PM ¢ 0,4 no 6,8% (¢ pocrom
oowvemuoro conepskanus PM B cmecsx ¢ [IT ¢ 0 mo 60%) ynenbHbIE MacCOBBIE
BBIOPOCHI OKCHJIOB a30Ta Ha pekuMax 13-peKMMHOTO LMKIA YMEHBUIMIIUCH C
7,442 no 6,597 r/(xkBt-4ac), a apimHOCTh OI' Ha peKMME MaKCUMAaIbHOW MOII-
HOCTH — ¢ 25 10 11% no wkane Xaprpumka. Pe3ynprarsl HCHIBITAaHANA au3ens []-
245.12C na cmecax [T u IIM (puc. 2.6, 2) NOKa3bIBAKOT, YTO POCT MACCOBOTO
coaepxkanust atromoB kuciopoaa B cmecsax AT u IIM ¢ 0,4 no 2,5% (poct 00b-
emHoro cogepxkanust [IM B cmecsix ¢ T ¢ 0 1o 20%) conpoBOKAACTCS CHUKE-
HUEM VACIbHBIX MAacCOBBIX BBIODOCOB OKCHAOB a30Ta Ha pexumax 13-
pesxxumMHOro 1ukia ¢ 6,630 no 6,078 1r/(kBT-yac), 1 yMEHBIICHUEM BIMHOCTH
OI' Ha pexxuMe MakcuMallbHOM MomHoCcTH — ¢ 20 1o 14% mo mkane Xaprpu-

JOKa.
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Puc. 2. 3aBUCUMOCTb yACIBHBIX MACCOBBIX BHIOPOCOB OKCHJIOB a30Ta HA PEIKHU-
max 13-pexxumuoro mukia (a, ) u apiIMHOCTH Ol HA pekUME MaKCUMAIbHOH
MoIIHOCTH (6, &) nuzens J[-245.12C ot coaepkanus kuciaopoaa Co B MOJIEKY-
nax cmeceit HedrsiHoro AT ¢ PM (a, 6) u ¢ [IM (e, 0)

[IpencraBineHHbIe HA PUC. 2 JAHHBIE N0 CHUXKEHHMIO ABIMHOCTH Ol X0po-
110 COTJIACYIOTCS ¢ pe3yjbTaTaMu UcciaeaoBaHuid padot [16, 17] mo ABIMHOCTH
OI' mu3ens, padotaromiero Ha T w pazmuunbix >¢upax. JlaHHble 3THX padOT
NOKA3bIBAKOT, UYTO IM3€Nb, pabotarommii Ha HedTsHoM JIT, UMeeT ABIMHOCTB,
paBHYIO 55 % no wkane Xaprpupka. Ero neperoa Ha 3QUpbI, MOJIEKYJIBI KOTO-
peIx coaepxkar 6onee 25-30 % KUCIOPOAA, COMPOBOXKAACTCA CHIKEHUEM Ky 10

BEJIMUMHBI MeHee 1% 1o mkane XapTpuika.

BbIBO/IbI

1. TToxa3zana 1enecooOpa3sHOCTh MPUMEHEHHS PACTUTENIBHBIX MAacell B Ka-
4yecTBe KOJIornueckoil nodaBku k HedrssHoMy JT. Ilpm 3TOM paccMOTpeHbI
cmec HeTssHOTO [T C JIbHSAHBIM, TOPYMYHBIM M PDKUKOBBIM MacIaMH.

2. Ananmm3 pesynbraroB ucnelTannid gmsens J1-245.12C Ha cmecsx
He(dTsHoro AT ¢ 3TMMM MacinaMu NOATBEPANI BO3MOXKHOCTD YIIYUIICHUS MMOKA-
3areneit TokcnuHoCTH OI' — CHIKEHUS! BBIOPOCOB BCEX HOPMUPYEMBIX TOKCHY-
HbIX KOMIOHEHTOB OI': OKCHIOB a30Ta, MOHOOKCHJAA YIAEPOAa, JETKUX HECTO-
PEBIIMX YIJIEBOAOPOIOB M JBIMHOCTH Ol

3. IlpeanoskeHa METOIMKA ONTUMHU3ALUN COCTaBA CMECEH PaCTUTEIBHBIX
macen ¢ HeTsaaeiM [T, 3aKimrodaromascst B onpeacnecHu 0000IMEHHOTO KPUTE-
pHsl ONTHUMAIBHOCTH B BHJIE CYMMbl YaCTHBIX KPUTEPUEB ONTUMAIBHOCTH, Xa-
PaKTEPU3YIOIIUX BBIOPOCHI HOPMUPYEMBIX TOKCUYHBIX KOMIOHEHTOB Ol

4. Pe3yabTarsl ONTUMU3ALKAA CBUJETEBCTBYIOT O TOM, YTO JUIs au3ens Jl-
245.12C, paGoTaromiero Ha MCCIEIOBAHHBIX CMECSX, MPU POCTE COAECPKAHUS
PaCTUTEIBHBIX Macenl B cMecH ¢ HeTsaHbIM JIT 0000IEHHBIA KpUTEpUiA ONTH-

MaJIBHOCTA MOHOTOHHO YMEHbIIAETCS. Er0 MUHUMANbHOE 3HAUYCHUE Jo =0,851
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JOCTUTHYTO MPH UcnoJib3oBaHuK cMecu 91 % nedrsaroro T u 9 % JIM.

5. Jlaxxe HeOGonblmas gobGaBka pacTUTENbHBIX Macesn B HepTsHoe [T (B
KojmdecTBe 10 10%) NpUBOIUT K YBEIMUYCHUIO MAaCCOBOTO COJEPIKaHUSI aTOMOB
KHCJIOPOJa B MOJIEKYyJax Taukx cMmeceil (1o 1,2-1,4%), 4ro conpoBOKAACTCS

CHUWKEHUEM BbIOpocoB caxku (13-17%) u okcuoB azota (Ha 2-3%) ¢ O,
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I/IHTeraJ'ILHaﬂ TOKCHYIHOCTDH OTpﬂﬁOTaBIHI/IX ra3oB
TPAKTOPHBIX JAU3ejIeH B YCI0BUSIX JKCIIyaTaluH

B.A. Mapkos!, C.A. 3eixoB?, C.C. JIoGoaa!, A./l. lenncos?,
B.A. Heepos!, .B. Komesoii!

IMITY um. H.D. Baymana, 2 PTAY-MCXA uv. K A. Tamupssesa,
3 KonoMeHCKHH HECTHTYT MOCKOBCKOTO TIOJIUTEXHAIECKOTO YHHBEPCHTETA

Integral Toxicity of Exhaust Gases of Tractor Diesel Engines
under Operating Conditions

V.A. Markov!, S.A. Zykov? S.S. Loboda!, A.D. Denisov’,
V.A. Neverov!, I.V. Koshevoy!

! Bauman Moscow State Technical University, ° RGAU-MSKhA named after KA. Timiryazev, > Kolomna
Institute of Moscow Polytechnic University

Heobxooumocmy yiyuuienus noxazameiei moKCUYHOCmU ompadomas-
UWUX 24306 Ouselell CelbCKOXO3SANUCMBEHHbIX MAUUH OCMAemcs. aKmydaivHol
npob.emotl. Imu noKazamenu 3a8Ucsim Om pacnpeoeieHus Pelcumos pabomul
MPAKmopHuIX ouzeleli 8 ycioeusx sxcniayamayuu. l[lpuseoenvr pacnpeoeienus
srcnyamayuonnvlx pesxcumos pabomer ousensi CMJ/[-31 kombaiina Jlon-1500.
IIpoananuzupoeativi ucnvimamevlivie YuKivl, UCNONbIYEMbIE NPU ONpeoeseHUl
noxkazamejieli MOKCUYHOCHU OMPAOOMABULUX 2d308 OU3elell pa3IudH020 HA3HA-
yenus. lloxazano, umo sghghexmusHviM Memooom Odocmudicerust mpedyemvix
OKOJIO2UYECKUX NokaszameJieli ouseiell A6IAemest UCNONb308aHue cmeceli pac-
MUMENbHBIX MdAce]l ¢ HehMAHbIM OU3ebHbIM MONIUGOM. [Ipeocmasienvt unme-
epaibHble NOKA3Ameu MOKCU4HOCMuU ompabomasuiux 2azoe ouseis J[-245.12C,
pabomaioweco Ha cmecsx HepmaHoc0 OU3eIbHO20 MONIUBA C PANCOBLIM MdC-
JIOM HA PeCUMAX S-pedcumHoco U 13-pescumnoco ucnvlmamevhbiX YUKios.
Ommeyenvl cyujecmeentvie OMIUYUs UHMESPATbHbIX NOKa3amelel MOoKCUYHO-
cmu ompabomasuiux 2azo8 ouses, pabomaroue2o Ha PesCUMAax dMmux Yukios.
Tloxazana 803MOINCHOCHb UCNONB30GANHUS PEAHCUMA C HOMUHATILHOU YACMOMOT
spawgerusi u 50%-noti nazpyskoti 0Jisi OYyeHKU UHMeSPAIbHOU IKCHAYAMAYUOHHOT

MOKCU4YHOCMU 0mpa60ma6mux 2a308 OU3eJisl.
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Kutouesvie crosa: mpakmop, OuseivbHulli  0gueamesvb, HepmsHoe

OuzeIbHOe MONIUBO, PANCOBOE MACTIO, CMece8oe DUOMONIUBO, UCTIBIMAMETbHBIT
YU

The need to improve the toxicity of exhaust gases of diesel engines of ag-
ricultural machines remains an urgent problem. These indicators depend on the
distribution of the modes of operation of tractor diesel engines in operation.
Given the distribution of operating modes of a diesel engine SMD-31 of the
combine harvester Don-1500. The test cycles used in determining the toxicity of
the exhaust gases of diesels for various purposes are analyzed. It is shown that
an effective method of achieving the required environmental performance of die-
sel engines is the use of mixtures of vegetable oils with oil diesel fuel. The inte-
gral indicators of toxicity of the exhaust gases of the D-245.12S diesel engine
operating on mixtures of petroleum diesel fuel with rapeseed oil at the modes of
5-mode and 13-mode test cycles are presented. Significant differences in the in-
tegral indicators of the toxicity of diesel exhaust gases operating at the modes of
these cycles are noted. The possibility of using the mode with the nominal speed
and 50% load to assess the integral operational toxicity of the exhaust gases of
the diesel is shown.

Key words: tractor, diesel engine, petroleum diesel fuel, rapeseed oil, bio-

fuel mixture, test cycle

PEJKUMBI PABOTBI IU3EJEN 1 UCHBITATEJIBHBIE IUKJIBI

XapakTepHoil 0COOEHHOCTHIO COBPEMEHHOTO ATaNa Pa3BUTHS JIBUraTee-
CTPOEHUS SBIIICTCS YKECTOUCHHUE TPEOOBAHMM K TOKCUYHOCTH HUX OTPadOTaB-
mmx razoB (OI') [1, 2]. DTO OTHOCUTCS HE TOJIBKO K AaBTOMOOWJIBHBIM JBUTaTe-
JISIM, SKCIUTYaTUPYEMbIM B YCJIOBUSIX COBPEMEHHBIX METANOJIUCOB, HO M K JIU-
3€JIBHBIM JIBUTATEIISIM CEMBCKOXO3SIMCTBEHHBIX MalvH [3, 4]. [Ipu 3TOM nokasa-

T TOKCHYHOCTH Ol IBUTaTesicii B 3HAYUTEIILHOM CTCIIEHU 3aBUCAT OT YCJIO-
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BHI DKCIUTyaTal[MH CEJIbXO3MAIIKWH, B TOM YKCJIE — OT UX MPEUMYIIECTBEHHBIX
AKCIUTYaTAlMOHHBIX PEXUMOB [ 1, 5].

Pexxumbl paboThl JBUTATENECH BHYTPEHHETO CrOpaHUsi BEChbMa Pa3HOO0-
pa3Hbl W 3aBUCAT OT XapakTepa dKCIUTyaTalud aBTOMOOWJICH, TPaKTOpPOB, IPY-
oMl CENbCKOXO3IMCTBEHHON TEXHUKH. B 3aBUCUMOCTH OT HA3HAYCHUS JBUraTe-
JiL OH JKCIUTYaTUPYETCs HA PA3IUUYHBIX pekuMax. [IpuueM, TpakTOpPHBIE ABUTA-
TEIN UMEIOT HEKOTOPBhIE OCOOCHHOCTU pacnpeleyicHUus pEKUMOB PadoTHI [5, 6,
7, 8]. PacnipenencHue pe:KMMOB AU3EIIs, YCTAHOBJICHHOTO HA TPAKTOP WIH 3€p-
HOYOOPOUHBIA KOMOAQiH, 3aBHUCHT OT XapaKTCPUCTHUKU TOJS M YPOXKANHOCTH
CEIIbCKOXO3SMCTBEHHBIX KYJIBTYP, TEXHOJOTMYECKUX MPUEMOB IMMAXOThl WU
yOOpKH, OCOOEHHOCTEH CEIbXO3MalINHbI U CTUJISL €€ BOKAEHUS. [Ipu BbINOJIHE-
HUM CEJIbCKOXO35MCTBEHHBIMU MALIMHAMU TPAHCIIOPTHBIX ONEpaLuii, pacupeae-
JIEHUE PEKUMOB pabOThI AU3EIS ONMPEAEISICTCS, B IEPBYIO OUEPEb, MPOPUIIEM
Y MIOKPBITHEM JOPOTH, a TAK)KE MACCOM IEPEBO3ZUMOTO Ipy3a.

B OCHOBHOM Ha pacnpeieiicHue PeKUMOB PadOThl TPAKTOPHOTO JTU3EIIS
BJIUSCT XapakTep BHIMOJHsACMbIX padoT. Hanbosnee xapakTepHbl TPAHCIOPTHHIE
Omnepalru U OCHOBHBIC TEXHOJIOTUYECKUE PEKUMBL. [Iph BEIIOJTHEHUU TPAHC-

NOPTHBIX pa0OT (ABM)KEHUE CENTbXO3MAILMH K MECTY PabOTHI)

JM3€ENb DKCIUYaTUPYETCS B IIAPOKOM JMAIA30HE YacTOT BPALICHUs, A
JI0J1S1 PEKMMOB € MOJTHOM MoJavel TOmMBa (peKUMbI BHELTHEH CKOPOCTHOM Xa-
PAKTEPUCTUKU ) COCTABIISECT JIULIb 2-3 %. Psii TEXHOIOrMUECKHUX onepanuii Tak-
JKE MPOMCXOAUT MpU PadOTe ABUTaTeis B JOCTATOYHO MIMPOKOM AMAMA30HE
CKOPOCTHBIX PE&KMMOB. Hampumep, BbIrpy3Ka 3€pHa B IPOLIECCE JBHKCHHUS
komOaiina Jlon-1500, ocHamennoro auzenem CMJI-31 (6 YUH 12/14), nposo-
JUTCSA Ha PEXXUMaX ¢ 4actoTamu BpamieHus n=1300-2100 mun!, npu cpeaneit
yacrote Bpamenus #n=1600-1700 mun™ (puc. 1,a) [9]. Ilpu 5TOM cpemHss SKc-
NJIyaTalroOHHAas MOIIHOCTE asurarens coctasiseT 80-90 % ero monHoi mord-

HOCTH. [IpM BBIMOJHEHWHM OCHOBHBIX TEXHOJIOTMYECKUX oOnepanuid (mpsMoe
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KOMOalHUPOBAHUE, TAX0Ta U JIP.) IU3€]lb pad0TacT, B OCHOBHOM, Ha PEXKUMAX C
0O0JBIION YacTOTOM BpauieHus (BOJIHM3M MPEACITBbHON PEryIATOPHON XapakTepu-
CTHKH) cO cpenHeit 3arpy3koi 70-80 % (cm. puc. 1,0) [9]. [lpakTuka skcrnya-
TalUy Pa3IUYHbIX TPAHCIOPTHBIX CPEACTB M CEIbCKOXO3SMCTBEHHBIX MAIIWH,
TaKke onyOJMKOBAHHBIC JaHHBIC [S5, 6, 7, 8] CBUAETENBCTYIOT O TOM, YTO KaXK-
JIbIA SKCIUTYaTalMOHHBIN PEXUM UMEET CBOIO CEU(PUKY MPOTEKaHUs paboyero
NPOLECCA U BHOCHT CBOM ONMPEACICHHBIA BKJIaJ B MHTETPAIbHBIC TOKA3aTENH,

xapakTepusyromue TokcuuHocTh Ol 3a paccMarpuBaeMblii IEPUO SKCIUTyaTa-

LIUA JU3EIIS.
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Puc. 1. Tlona pacnpeneseHus 3KCIUTYaTAlMOHHBIX PEXXKUMOB PAOOTHI AU3EIS
CM/I-31 komoOatina Jlon-1500 mnst mpouecca BITPY3KH 3€pHa (a) U OCHOBHOTO
npoiecca YOOPKM KyKypy3bl (0). B kaxaom auana3zoHe U3MEHEHHS 4acTOThI
BpAILLCHWs ABUraTelsl /1 U HATPY3KH, XapakTEPU3YEMON IMONOKEHUEM /1, 103U-
PYIOLIETO OpraHa CUCTEMBbI TOTUIMBOMOAAYM (PEHKH TOIIMBHOTO HAcOCa) yKas3a-
Ha JI0J1s BpeMEHU paboThl 1u3ens (B %0) B 3TOM AMANa30HE

Cnenyer OTMETHTB, UYTO PEATBHBIC PACIPEACIICHUS PEKUMOB PadOTHI
TPAKTOPHOIO n3eiis (CM. puC. 1) MOTYT CYIIECTBEHHO OTJIMYATHCS OT PEKUMOB,
NPUMCEHSIEMBIX TPH OLEHKE TOKCHYHOCTH Ol uCHBITaTeNbHBIX LUKJIOB. S-
PEKUMHOTO HCHBITATEIBHOTO LUKIIA JU3ENEH CENTbCKOXO3SMCTBEHHBIX TPAaKTO-
POB (pHC. 2, a), peKUMOB 8-PEXKUMHOTO MCIBITATEILHOTO LUKIA cTaHaapta /SO

8178-4 nuzenei BHEAOPOIKHUKOB (PUC. 2, 0), a TAKXKE PEKUMOB JU3EIEH Ipy30-
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BbIX aBTOMOOWMIIEH 13-pesxkumuoro nukiia Hopm FCE RA9 (puc. 2, 2) [5]. B cBs3u
C 3THM HEOOXOAMMO MPOBECTH MCCIEIOBAHUE UHTETPAIbHOM TOKCHYHOCTH OT-

pa6OTaBIHI/IX ra3oB TPAKTOPHBIX JIN3EJICH B YCIIOBHAX DKCILIyaTaluu.
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Puc. 2. CranmoHapHbIE LUKIIBI, UCIIONB3YEMBIE JUIS OLIEHKM TOKCMYHOCTH OI
JBUTATECH PA3JIMYHOrO HA3HAYECHUS. d — S-PEKUMHBIA LUK Ui AU3ENEH
CEJIbCKOXO3SMCTBEHHBIX TPAKTOPOB (I'epManus), 6 — 8-pe>KUMHBIA LUK IS
Iu3eNeil BHETOPOKHUKOB (HopMmbl [SO 8178 (1), 6 - eBponelickmid 13-
PEKUMHBIA LUK JUIs AM3ENICH TPY30BbIX aBToMoOWiIeh (HopMmbl FCE R49). B
KPY>KOYKaX yKa3aHbl JOJIM BPEMEHH pabOThl TU3€EMsl HA KOKIOM PEXKUME, PSAOM
C KPY’KOUKAMH YKa3aHbl HOMEPA pexxnMOB. Kaknplii Harpy30uHblid peskuM Xa-
PAKTEPU3YETCS KPYTALIMM MOMEHTOM M, OTHECEHHBIM K MOJTHOMY KPYTSIIEMY
MOMEHTY

UCCJIEJOBAHUE WHTETPAJIBHOII TOKCHYHOCTH OTPABO-
TABIIUX T'A30B TPAKTOPHBIX JIM3EJEN B YCJIOBUSIX DKC-
IUTYATAIINNA

HeitcTByronme B Hacrosmiee Bpems B CLIA, Anonuu, crpanax 3anaaHon
EBponel HOpMaTuBHBIE TOKYMEHTHI HA MOKazarenu TokcnuHocth O museneit
(Euro-4, Euro-5 u 1p.) yCTaHaBIMBAKOT MAKCUMAJIBHO JOMYCTHUMBIE YACIbHBIE
MaccoBble BbIOpockl ¢ OI' qu3eneil cneayronmx TOKCUHYHbIX BEIECTB. OKCHIOB
azora NOy, monookcuaa yriepona CO, HecropeBmmx yrieBoaopoaos CHy,
TBepAbIX yacTull wim caxku C [1, 3]. g ynoBiaeTBopeHus: TpeOOBaHUNA YKa3aH-
HbIX HOPMATHUBHBIX JOKYMEHTOB B JIBUTATEIECTPOCHUE BHEAPSIOTCS PA3JIAYHbIC

CPEICTBA U METOBI CHIKEHUS TOKCHUHOCTH OI'. OnHumM 13 3pPeKTUBHBIX Me-
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TOJOB JOCTH)KECHUSI TPEOYEMBIX 3KOJIOTHUECKMX IMOKa3aTenei auseneid, ycra-
HABJIMBAEMBIX HA CEIbXO3MAIMHBI, SBJSETCS MCMOJIb30BaHUE OWOTOILUIMB, B
YaCTHOCTH — CMECEH PACTHTEIBHBIX MAacel ¢ HE(PTIAHBIM IU3EIbHBIM TOMUIMBOM
(AT), B wactHoctm — pancoBoro macina (PM) [5, 10]. Jns moctukeHus
HanOombIIehH 3(PPEKTUBHOCTU CHIKEHUS BpeAHbIX BBIOpocoB ¢ Ol pazpabora-
HBI PA3JIMYHBIE METOAVKHA ONTUMU3AIMKU COCTaBA TaKWX TOIUMB [5, 11].

JUt onpeaeneHust SKCIUTyaTallMOHHBIX PEXUMOB, KOTOPBIE 1LiEnecoo0pas-
HO YUYMTBIBATH MPH ONTUMHU3ALKMNA COCTaBa CMECEBOTO OMOTOIUIMBA, PACCMOTPUM
HEKOTOPBIC UCTBITATENIbHBIC UKL, UCIOJIB3YEMBIE MPH OLEHKE TOKCUYHOCTH
OI' mu3eneii. B I'epmannn pa3paboTaH MATUPEKUMHBIA UCIBITATENIBHBIA UK
OPUMECHHATEIBHO K JU3EISIM CENbXO3TEXHUKU (pHUC. 2,a). OCHOBHBIM PEXUMOM
atoro mukia (31% BpemeHu padoThl) SABISIETCA PEKUM ¢ HOMUHAIBHOM 4acTo-
TOM BpalllEHUs! U BBICOKOW Harpy3koi (okosio 85% ot nosHoii Harpysku). Hc-
CIIEYETCA U PEXKUM XOJIOCTOr0 XOAa NpH 4acTtoTe BpameHust n=0,4 oy (12%
BPEMEHM PAOOTHI). DTOT LMK HE Y3aKOHEH, HO OH MCMOJB3YETC IJsl OLICHKU
TOKCHYHOCTH Ol qu3eneit cebCKOX03SIMCTBEHHBIX TPAKTOPOB.

Jlu3enu BHEJOPOKHBIX aBTOMOOWIIEH OOBIYHO HCIHBITHIBAOTCS HAa PEXKHU-
Max 8-peXMMHOro nukna (puc. 2,0). Ilpu 370M OLEHUBAETCS COOTBETCTBHE TO-
kazarenei TokcnuHoctn O nuseneit Hopmam /SO 8178 C1 (I'epmanust). 10T
[AKJI HAPSITy C PEKUMOM XOJ0CTOro Xoaa mpu n=0,3 ey (15% Bpemenu pado-
ThI) BKIIFOUAET CEMb HArPY30UYHBIX PEXKMUMOB MPHU JIBYX YACTOTAX BPALIEHUS KO-
JICHYATOr0 BAJIA — Moy U 1=0,6 Muon. [10JI1 HOMMHAIIBHOTO PEKAMA COCTABIISET
15% ot oOumiero BpeMeHH pabOThHI IBHrarelis, OO PEKAMa MAKCUMAITBHOTO
KpyTsamero momenra — 10% u nons pexuma xonocroro xona — 15%.

B EBpone nns ucnbiTaHuil nu3eneil Tpy30BbIX aBTOMOOWIIEH TPY30MOAb-
€MHOCTBIO Ooniee 3,5 TOHH ucnonb3oBaiics 13-pexumusbiii ik ECE R49 (puc.
2,6). DTOT LMKII BKIHOYACT 13 pEeXXMMOB: TPH PEKMMA XOJIOCTOrO XOAAa ¢ MUHH-
ManbHON 4YactoToi BpameHus n=0,25-0,3 nyey (Bcero 25% BpeMeHn paboThl),

STk Harpy304Hbix pesxxumoB (10, 25, 50, 75, 100% Harpy3ku) npHd HOMUHAJIb-
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HOW 4acCTOTE BPALLEHUS Myoy W MATH HArPY304HBIX pexkumoB (10, 25, 50, 75,
100% Harpy3ku) Mpy 4acTOTE BPAIICHUS Mmax=0,0-0,7 Myoy, COOTBETCTBYIONICH
MAaKCUMAIbHOMY KPYTALIEMY MOMEHTY JABUTATEIIS.

[IpencraBineHHbBIE UCTIBITATEBHBIE TUKIIBI UMEIOT CYLUECTBEHHBIE Pa3iu-
yus. B 13-pesxumuoM nukiie Tonbko 18% BpemeHu padoThl AU3ENs TPUXOIUTCS
Ha PEXKUMBI ¢ 00MIbIION YacToTO# BpameHus (85-100% oT HOMUHAITBHOI), a B 5-
PEKUMHOM LUKIIE — 69%. BO BTOPOM Ciydae 3TH PEKUMBI COOTBETCTBYIOT BbI-
NOJIHEHUIO TPAKTOPaAMM TEXHOJOTMYECKMX onepauuid (maxora m ap.). B 13-
PEKUMHOM LUMKIIE 55% BpeMeHH paObOThl MPUXOAUTCS HA PEKAMBI CO CPETHEN U
Oonbioit Harpy3koi (50-100% ot nomnHo#), a B 5-peskumMHOM 1mKie — 31%.
Otnuuaercsa S5-peKUMHBIN [IUKIT U MO JTOJIEH BPEMEHH, OTBOAMMON Ha pe-
JKUM XOJIOCTOrO X0J1a MPU MUHUMAJIBHOW 4acToTe BpauieHus (Tojibko 12% mpo-
TUB 25% B 13-pEKUMHOM LIUKIIE).

M3-3a yKa3aHHBIX OTIMYUN KCIIBITATENBHBIX LIAKJIOB, a4 TAK)KE B CBS3H C
TEM, YTO 3TH UCIBITATENIbHBIE [UKJIBI JTUIIb YCIOBHO OTPAXKAKOT PEAIBHBIE JKC-
IUTyaTallMOHHBIE YCIIOBHS 3KCIUTyaTallii TPAKTOPOB M JPYTUX CEIbXO3MALINH,
BO3HUKACT HEOOXOJMMOCTh CPABHEHHS MHTErpalbHON TOKcHuHOCTH Ol Tpak-
TOPHBIX JU3EJIEH MPU UCIOJIB30BAHUM STUX MCIBITATENBHBIX LUAKIOB. Lleneco-
00pa3HO TaKKE OMPEACIUTD OJIMH PEXKUM PAOOThI AU3EIISL, KOCBEHHO XapaKTepu-
3YIOIIMA 3KCIUTYyaTallMOHHYI0 TOKCUYHOCTH €ro OI'. IIpu nmpoBeacHun Takoro
MCCIIEAOBAHNS UCIOJIb30BAHBl 3KCIEPUMEHTANBHBIE JAHHBIE TO Au3ento [I-
245.12C (4 UH 11/12,5), padotarowmemy Ha cMmecsx HedrsHoro T m parncoBoro
Macja, npuBelcHHbIE B padoTax [5, 11]. Beibop 3T0oro ausens B Ka4ecTBE 00b-
€KTa UCCIIEeN0BaHUs OOYCTOBJICH €IIe M TE€M, YTO OH YCTAHAJIMBACTCA KaK Ha
rpy3oBeie apromooumn 3uJ1-5301 «beaok» m aBToOycChl [1aBIOBCKOrO aBTOMO-
omneHOTO 3aBoAA (I1A3), Tak M Ha TpakTophl «bemapycbk» MHHCKOTO TpakTop-
Horo 3aBoaa (MT3). [Tpoeaenslii B padotax [5, 11] ananu3 nmokasareneit uHTe-
rpaibHOM TOKCUMYHOCTH O’ yKa3aHHOro Au3ens Ha pexumax 13-pekMMHOro

UCIBITATENBHOTO KA HOpM ECE RA9 npenctasieH B Tabimue. 1.
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Tabmuma 1.
[Tokazarenu muzens tuna J1-245.12C, paboTaromero Ha cMecsax

He(bTHHOFO AN3CJIbHOI'O TOINIMBA K PAIICOBOIO Macjia Ha Pa3JIMYHBIX PCXKHUMAax

IMoxa3zaTenu ausens Oo0bemHoe conepxkanue PM B
cmecu ¢ AT, %
0 20 40 60

HHTerpanpHbie yaenbHbIe BBIOPOCH! TOKCHYHBIX KOMITO-
HEHTOB Ha pekuMax 13-peskuMHOro nukia, r/(kBr-4):

- OKCHJIBI a30Ta €NOx 7,442 | 7,159 | 7,031 | 6,597
- MOHOOKCH/JI YTIIEPOAA €Co 3,482 | 3,814 | 3,880 | 3,772
- HECTOPEBIIHE YIIIEBOTOPOIbI €CHx 1,519 | 0,965 | 0,949 | 1,075

HHTerpanpHbie yaenbHbIe BBIOPOCH! TOKCHYHBIX KOMITO-
HEHTOB Ha PEKUMAX S-peXMMHOTO LUKIa, I/(kBT1-1):

- OKCHJBI a30Ta €NOx 6,848 | 6,938 | 6,701 | 5,970
- MOHOOKCHJT YIJIEPOAA €CO 4726 | 5,158 | 5,084 | 4,743
- HECTOPEBIIUE YIIIEBOAOPOBI €CHx 3,310 | 1,784 | 1,460 | 1,556

Y nenpHbIE BBIOPOCHI TOKCHYHBIX KOMITOHEHTOB Ha PEXKHU-
Me ¢ n=uom U Mc=0,5 Mo max , T/(kBT-1):

- OKCHJIBI a30Ta €NOx 6,142 | 6,351 | 5,653 | 5,610
- MOHOOKCH/JI YTIIEPOAA €co 3,742 | 3,815 | 3,553 | 3,359
- HECTOPEBIINE YTIIEBOIOPOIbI €CHx 2,608 | 1,577 | 0,933 | 0,994

Onpenenenue 3tMX nokaszarenei 13-pexxumHoro nukna Hopm ECE RA9
MPOBEACHO C UCMOJIb30BaHUEM 00MEenpuHATOM Metoauku [1]. I1pu pacuete uH-
TErPAIBbHBIX YACIBbHBIX BEIOPOCOB TOKCHYHBIX KOMIIOHEHTOB Ol Ha pexxumax S-

PCKHUMHOI'0 UKJIA UCIIOJIB30BaHbl dHAJIOTHYHBIC COOTHOLICHMWSA BUAA.

5 5 5
Y ENoxi K ZIECOI' ‘K > Ecnxi - Ki
eNOx =5 . eco="5 >  ecHx='s . (D)
2N K; > Ngi-K; 2 NeiK;

i=l i=l i=l

rae Inox, Eco, Ecax — 4aCOBBIE MACCOBBIE BBIOPOCHI TOKCHUYHBIX KOMITIOHEHTOB
HA OJHOM M3 PEKUMOB; K; — BECOBOH KO3(PPUIMEHT (OTPAKACT IOJIF0 BPEMEHU

3TOoro pexuma), X(N.rK;) — YCIOBHas CpedHsisi MOLIHOCTh AM3eNs 3a 5-
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PEKUMHBIA MCObITaTEbHBIA UK. [Ipu pacueTe yAeNbHBIX MacCOBBIX BBIOPO-
COB €Nox, €co, €crx HCXOJHBIC JAHHBIC, TOJYYEHHBIE MJiI PEKAMOB 13-
PEKUMHOTO [MKJIA, ObUTA MHTEPMOJUPOBAHBI JUISI PEKUMOB S-PEKUMHOTO ITUK-
na. [Ipyr 3TOM UCHOIB30BaHBI CICAYIOLIME COOTHOLICHU I pacyeTa YaCOBBIX
MaCCOBBIX BBIOPOCOB TOKCHYHBIX KOMIMOHEHTOB Ol Fxox, Eco, Ecnx HA OCHOBA-
HUU JAHHBIX 10 UX 00beMHOMY cogepkaHuto B OI' Cnox, Cco, Cenx [1]:

ENOX = 0,001587 CNOXGOFKBJ'IZDK ; ECO = 0,000966 CCOGOFKBIIZDK ;

Lepx =0,000478 CopxGorKpna » (2)

e Kunax=1,0-1,85(Grom/ Geyxosn) — KO3DPHUIMEHT, YUUTHIBAOIINI BIAKHOCTh
BO3AYXA (Gromn — PacXo/ TOIHBA;, Geyx posy — PACXOJ] CYXOTO BO3/YXA).

AHanK3 NOMYYEHHBIX PACUYECTHBIX AAHHBIX (Ta0. 1) MOKa3bIBAET, YTO HMH-
TerpaibHble MokazaTenu TokcuuHoctu O mmzens J1-245.12C, paGoraromux Ha
cmecsx HedraHoro T ¢ pancoBelM MacioM Ha PeKHMAX PAcCMaTPUBACMBIX
LIUKJIOB, MMCKOT CYIIECTBCHHbIC OTJIMYMS. B dYacTHOCTH, Ha pexumax S-
PEKMMHOTO LMKJIA [U3€]b UMEET MEHBIINE WHTETPAIBHBIE BBIOPOCHI OKCHIIOB
a30Ta exox, (Ha 3-10%), HO MOBBIICHHBIE BEIOPOCH MOHOOKCHA YIJIEPOAA €co
(Ha 20-26%) 1 HECTOPEBIINX YITIEBOAOPOJOB echx (Ha 30-54%) mo cpaBHEHUIO €
paboToil Ha pexkumax 13-peKUMHOIO HMUKIA. ITO CBS3aHO C OOJbIICH momei
PEKUMOB C BBICOKOM HArpy3Koi B 13-peXKMMHOM LIUKJIE.

Kak oTMeueHo BbIlIE, JUII YMEHBIICHHAS TPYJOEMKOCTH UCHBITAHWH, NPU
OLIEHKE MHTErpaibHON TOoKcHuHOCTH OI' Ha pekuMax 3TOro HUKIA, LENeco00-
pa3Ho BbIOpaTh OAWH HAMOOJEE MPEACTABUTEIIbHBIA PEXXUM JU3ENS, KOTOPHIMA
KOCBEHHO XapaKTEPHU3YET MOKa3arenu TOKCUYHOCTH O, pacCUMTaHHBIC MO CO-
OTHOIIEHUsIM (1). AHAIM3 MOJYYEHHBIX C UCIOIB30BAHUEM 3TUX COOTHOILICHUH
PE3YABTATOB M JAaHHBIC puc. 1,6 MOKA3bIBAIOT, YTO B KAUYECTBE TAKOTO PEKMAMA
LEJIECO00PA3HO BBIOPATh PEXUM C HOMHHAJIBHOW 4acTOTON BpalucHus u 50%-
HOW Harpy3koil. [[ist 3Toro pesxuMa yIenbHbIE MAaCCOBBIE BBIOPOCHI TOKCHYHBIX

KOMIOHEHTOB eNox, €C0, ecix ONMPEACISUTUCH 10 (JopMyJIam:
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_ INox - Eco . Echx 3)

eNOx = N, €co = N, €CHx ~= N
e e e

rae Exox, Eco, Ecnx — 4aCOBBIE MACCOBBIE BBHIOPOCHI TOKCUYHBIX KOMITOHEHTOB
OI' Ha paccmaTpuBacMoM pexkume; N, — 3QPeKTUBHASI MOIIHOCTh IBUraTesl HA
3TOM peKUME. PacdyeTHbIC 3HAUEHUS eNox, €co, €ctix CBEACHBI B Ta0M. 1.
[TpencrapneHHbie B Ta0a. 1 v Ha pUC. 3 AAHHBIE CBUAETEIBCTBYIOT O TOM,
YTO PEKUM PAbOTHI TPAKTOPHOTO AU3ENSI ¢ HOMUHAIBHOM 4acTOTON BpalllEHUs U
50%-Hoi1 HAarpy3Koi MOKET ObITh MCIOJL30BAH JJIsl OLIEHKH MHTETPaIbHOM TOK-
cuyHoctn OI' mBurarens B yCJIOBHSX pEalbHOM SKCIulyarauuu. HecmoTps Ha
UMEIOIIUECS Pa3iMuisl B 3HAUYCHUSAX YACIbHBIX BBIOPOCOB HOPMHUPYEMBIX TOK-
CUYHBIX KOMNOHEHTOB OI', MOJYYEHHBIX I S-PEKUMHOTO HCIBITATEIBHOTO
nUKna (puc. 2, a) U Ais pekuMa ¢ HOMUHAIBHON 4acToTON BpatieHus u 50%-
HOW Harpy3koH, XapakTep MOJYYCHHBIX 3aBHCHUMOCTEN 3THUX BBIOPOCOB OT CO-
nepxanust PM B cMmecu ¢ HedTsiHBIM [T BecbMa cxox (cM. puc. 3).
B03MOXXHOCTb UCITONB30BaHUS PEKMMA ¢ HOMWUHAIIBHOW 4acTOTOW Bpa-
meHuss U 50%-HOo# HArpy3KoM Juisi OLEHKH MHTErPAIbHON 3KCIUTyaTalMOHHOM
TOKCUYHOCTH Ol TPaKTOPHOTO IU3€SIs MOATBEPKAACTCS JAaHHBIMUA padoThI [12],
B KOTOPOH MPEATIOKEH 4-PEXKUMHBIA UCTIBITATEIbHBIA UK (pUcC. 4). OCHOBHBI-
MU PEKUMaMH 3TOr0 LIMKJIA SBJIAIOTCA IBAa PEKUMA C HOMHHAIBHOW 4acTOTOM
BpAIlICHHUS W Harpy3kamu, paBHbIMA 50 U 75% OT MOJIHOHM, HA JOJIKO KOTOPBIX

npuxoautcs 80 % Bcero BpEMEHM 3TOr0 UCIIBITATENIBHOTO LIMKJIA.

ecHy » M{KBT-4)

eco, MM{KBT-4) 3,2 ‘\
eNox» H(KBT-u) 5,2  — 7 2.8 \
— 1 4,8 24 AN -
oe N\
. 44 2,0 <
o4 T 2 \
\ 4,0 5 1,6 —
6,0 e — >
\ 3,6 \u 1,2 \/
56 ‘l“ 0 |\_0 \o——o
| | 3.2 i | 0,8 ] |
1} 20 40 Cpm, % 0 20 40 Cpy: % 0 20 40 Cpy, %
a PMs /o 6 PM: /0 e P %
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Puc. 3. 3aBUCHMMOCTHU yJIeJIbHBIX MAcCOBBIX BHIOPOCOB OKCHJIOB a30Ta eNox, MO-
HOOKCHJIA YIJIEpPOJia eco U HECTOPEBUIMX YTIIEBOJOPOIOB echyx AU3ens tuna JlI-
245.12C ot coaepxkanuss PM B cmecu ¢ HedTaHbIM AT Cpy: 1 — paccunTaHHbIe
JUTSE PEAKUMOB MSATUPEIKUMHOTO LIMKJIA; 2 — PACCUUTAHHbIC JJIS1 PEKUMA ¢ HOMHU-
HaJILHOM 4acTOTOM BpalueHus U 5S0%-Hoi Harpy3Ko.

M Puc. 4. IlpeanoxkeHHbIH B paboTe
’ Net o

% 0% [12] deTbipexpeKUMHBINA HCTIBITA-
80 TCJIBHBIM LUK AJI1 OLEHKH TOK-

o cuuHoctn O museneil cenpxos-
60

MalluH

Ne3
40 40%
20

Hpyrum ¢dhakTopoM, TMOATBEPHAAIOIIUM BO3MOXKHOCTh MCTOJIb30BAHUS
peKruMa ¢ HOMMHAJIBHOM 4acToTOM BpalleHud U 50%-HoW Harpy3Koi 1 OUEeH-
KM WHTErpaJiIbHOM 3KCIUTyaTallMOHHOW TOKCUYHOCTH Ol TpakTopHOrO au3ens,
SIBJIAETCSl pacrpesiesieHne pexkumMoB padbotsl auzens CMJI-31, npenacraBiieHHOE
Ha puc. 1, 6. OHO CBUAETENICTBYET O TOM, UTO J0JI PEXKUMOB 3TOI0 AM3EIA MPH
HOMUHAJIbHOM 4acTOTE BpallleHUs] U Harpy3ke, COOTBETCTBYIONIEH MOJIOKEHUIO
aosupyromeit peitku 7,;=2,6-3,4 mm (40-80 % mosiHON Harpysku), cOCTaBIISIET

okoJ10 40 % Bcero BpeMcHH paboOThI AU3EJIs.

3AK/IIOYEHUE

1. PacnpeneneHue pexxMmMoB padOThl Au3eNeH CeTbCKOX03HCTBEHHbIX Ma-
IIUH CYHIECTBEHHO OTJIMYACTCAd OT pacnpeAciiCeHUs PpeXUMOB JBUratesei
TPAHCTOPTHbLIX CPEACTB. [N OLIEHKM HMX BKCIUTyaTalMOHHOW MHTErpajibHOM
TOKCHYHOCTH Ol MCIMOJIB3YIOTCS COOTBETCTBEHHO S-pEeXKHMMHBIM HCMObITATEIb-
HBIA UK U 13-pexnmMHbIil LUK HopM ECE R49.

2. B cBSI3M ¢ OTIMUMSAMH 3TUX IIUKJIOB U YCJIOBHOCTBIO OTOOPaKeHHUS TH-

MU HUKJTaMHU pCaJIbHBIX yCJ'[OBI/Iﬁ OKCILUTYaTalluu TPAKTOPOB U APYIUX CCIIbCKO-
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XO3SIICTBEHHBIX MAILWH, MPOBEACHO CPABHEHUE MHTETPATbHOU TOKCUHYHOCTH O
JM3ENs MPU UCTIOIB30BAHUM 3TUX UCIIBITATEIbHBIX [IUKJIOB.

3. JIns oueHku MHTErpaibHOM TOKCHUHOCTH Ol AHU3€eIst B yCIOBUSX peab-
HOM 3KCIUTyaTallii TPAKTOPa MPEUIOKEHO HCIIOIB30BaTh PEKUM ¢ HOMUHAIb-

HOM yacToTOM BpauicHus u 50%-Hoi HAarpy3KOH.
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HNcnonb30BaHue HEOPraHUIECKHX J00ABOK
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Use of Inorganic Additives to Petroleum Diesel Fuel

A.A. Savastenko!, E.A. Savastenko', V.A. Markov?, A.A. Zenkin?

! Moscow automobile and road construction state technical university (MADI),
2 Bauman Moscow State Technical University

Axmyanerocms cmameu 00y Cl06/IeHd HeOOX0OUMOCHBIO 3HAYUMENLHOO0
VAVYULEHUS DKOJIO2UYECKUX NOKA3ameneti ogueamelieti GHympenne2o ceopanus. B
cmamve NOKA3aHvl NepCnexmussl NPUMEHeHUs. HeoPeAHUYeCKUX 000a8oK HA OC-
HOBe coaeti MEMALIO8 K He(hMAHOMY OuzenvHoMy monaugy. Paccmompenvt 6uovl
9MUX 00OABOK U CNOCOOBI UX NOOAYU 8 YUTUHOPbL Ogueames. [lpeocmaesieHvl
pe3yibmamsi dKCNEPUMEHMANbHBIX UCCIeO08AHUT Ou3elsl Hd Hedmsanom Ou-
3e/1bHOM MOoniuse ¢ 000ABKAMU MAKUX HeopaaHuyeckux npucaoox. lloxaszana
BO3MOJICHOCHb YIIYYULeHUS DKOJIOSUYECKUX NOKA3ameetl Ouseis npu UCnoiv30-
BAHUU YKA3AHHBLY HEOPRAHUYECKUX 000aBOK. Beeoenue 6 1unuio 8bicoko2o 0ds-
JIeHUSL CUCEMbl MONIUBONOOAYU BOOHBIX PACMBOPOE COJlell MEMAILIO8 Cyue-
CMBEHHO CHUMCAEM MOKCUYHOCb U OBIMHOCIb OMPAbOmasuiux ea3os. Beibpoc
oxcuoos azoma ymenvuiaemcsi Ha 50-55%, a ovivmHoCmb ompabomasuiux 2a3o6

—6 1,5-2,0 pasa.

Karouesvie cnosa: ouszenvrwlli O8ucamens, HehmsiHoe OuszeibHoe MonaUso,

000a8Ka K MONIUBY, HEOPLAHUYECKASE NPUCAOKd, MOKCUYHOCHb OMPAOOMABULUX

2ds306, ObLIMHOCIb 0mpa60ma6mux 2306

The relevance of the article is due to the need to significantly improve the
environmental performance of internal combustion engines. The article shows
the prospects for the use of inorganic additives based on metal salts to petrole-

um diesel fuel. Types of these additives and the ways of their feeding into the en-
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gine cylinders are considered. The results of experimental studies of diesel on
oil diesel fuel with additives of such inorganic additives are presented. The pos-
sibility of improving the environmental performance of a diesel engine by using
these inorganic additives. The introduction of a fuel system of aqueous solutions
of metal salts into the high-pressure line significantly reduces the toxicity and
smokiness of the exhaust gases. The emission of nitrogen oxides is reduced by

50-55%, and the smoke content of exhaust gases-by 1.5-2.0 times.

Key words: diesel engine, oil diesel fuel, additive to fuel, inorganic addi-
tive, toxicity of exhaust gases, smoke of exhaust gases

HEOBXOJIUMOCTD YJAYUHIEHHUSA DOKOJTOTMYECKHUX HOKA3A-
TEJEN TN3EJIEN

Ha coBpeMEeHHOM 3Tane pa3BUTHS JBUTaTEIECTPOECHUS TOKCUYHOCTH OT-
padotaBimx razop (OI') CTAHOBUTCS BaXXHEHIIIMM MOTPEOUTEILCKUM MOKa3aTe-
JIeM JBUTATeNeil BHYTpEHHEro cropanus [1, 2, 3]. 310 00yClIOBIEHO yXyALIA0-
HICHCs SKOJIOrM4YeCcKOi 00CTAHOBKOM B KPYITHBIX METANoOaMcax, CBI3aHHOH ¢ Po-
CTOM 4HMCJIa TPAHCIIOPTHBIX CPENICTB, H BBEICHUEM JKECTKAX HOPM Ha BBIOPOCHI
BpeaHbIX BemiecTB ¢ OI' aBToMOOWMIbHBIX aurarenei. CymmapHbIi BBIOPOC
BPEIHBIX BEILIECTB MUPOBOrO aBTONapka yke npeBbicuna 200 MIIH. TOHH B TOA
[1]. OTedecTBeHHBIII aBTOMOOWIIBHBIN NapK €KEroJHO BBIOPACHIBACT B aTMO-
chepy 13-15 MaH. TOHH OKCUIOB yraepoaa u 1,2-1,5 MJIH. TOHH OKCHJIOB a30Ta.
[Tpu sTom 10 22% Bcex BBIOPOCOB JUMOKCUIA yrieponaa, 0koiao 50% BeniecTs,
BBI3BIBAIOIINX KHCIOTHOCTH arMmocgepsl, U 60-90% cmora npuxoauTCs Ha
3MUCCHIO BPEIHBIX BewecTB ¢ Ol TPAaHCIIOPTHBIX CPENCTB.

CoBpeMeHHBIE KECTKME TpeOoBaHus K TokcuuHocTH Ol gBurarenei
BHYTPEHHETO CrOpaHus OOYCIIABIMBAKOT HEOOXOIMMOCTh MOUCKA MYTEH Aasb-
HEWIIEr0 YNYUILICHUS UX JKOJIOTMUYECKUMX TOKA3aresicil. Y JOBIECTBOPEHUE ITUX
TpeOOBaHMII HEBO3MOXKHO 0€3 JATBHEHIIECro yJIydlnIeHUsl Ka4eCTBa MPHUMEHsIC-

MBIX MOTOPHBIX TOILIMB. I[OCTI/DKGHI/IG HGO6XOI[I/IMBIX MOKA3aTeJIci TOKCUYHO-
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cti Ol BO3MOKHO MPH KMCIOJIB30BAaHUK JO00ABOK K HEQPTSIHBIM MOTOPHBIM TOII-
quBaM [4, 5, 6]. PaznuuaroT cieayromue BUAbI 100aBOK (MIPUCAIOK). ACMPEC-
COPHBIE, MPOMOTOPBI BOCIITAMEHEHHS, TUCHOEPrUPYIOLIME, MPOTUBOU3HOCHBIE,
OPOTUBOJBIMHBIE M Apyrue. HekoTopble MpUCaaKK SIBISFOTCS MHOTO(YHKIHO-
HAJIBHBIMU. B KauecTBe MHOTO(QYHKIMOHABHBIX MPHUCATOK PAcCMaTPUBAIOTCS
N00AaBKH Pa3IMYHBIX ATbTEPHATUBHBIX TOILIUB.

BaxxHeHmmM TOKCHYHBIM KOMITOHEHTOM Ol IM3€eNei CUMTAroTCs TBEPABIE
yacThlbl (BEIOpOC caku miauM AIMHOCTH OI'). BbICOKas MOTEHIMaIbHAS Omac-
HOCTh 3THX 4YacTHL] 00YyCIIOBJIEHA UX CMOCOOHOCTHI0 AaKKYMYJIMPOBAaTh HA CBOCH
NOBEPXHOCTH MHOTHME U3BECTHBIE KAHLIEPOTEHBI M MYTarcHbl, a TAKKE HE3HAUHU-
TEJBHBIMU PA3MEPAMH YACTHUL, TO3BOJISIFOIIMMHU UM MMPOHUKATh B OPTraHbl AbIXa-
HUS YEJIOBEKA M HAKAIUIMBAThCS B HUX. B COOTBETCTBUM ¢ TaHHBIMH paboThI [3]
TOKCUKOJIOTHYECKAss 3HAUAMOCTh OCHOBHBIX TOKCHYHBIX KOMIOHEHTOB Ol —
MoHookcuaa yraepoga CO, okeuaos azora NOy, JErkux HECrOPEBIIUX YIIIEPO-
noB CHy, caxxu C u okcuaoB cepbl SOy onieHUBaeTCs Kak otHomeHue 1 : 41,1 :
3,16 : 200 : 22. D10 MOATBEPXKAACT MEPBOOUYEPEIHYIO HEOOXOAUMOCTD CHIKE-

HUs ABIMHOCTH BBIXJIONA — YMEHBIICHUE BbIOpoca caxu ¢ Ol museneil.

HEOPI'AHUMYECKHUE JOBABKU K HEOTAHOMY JIUZEJIBHOMY
TOIJINBY U CITIOCOBbI UX ITOJAYU B INJINH/APLI IN3EJIA

Kak yka3aHO BbILIE, YMEHBIICHAE BBIOPOCA TOKCHYHBIX KOMIIOHEHTOB C
OI' mu3enell MOXKET OBITh JOCTUTHYTO MyTeEM N00aBOK K HEPTIHOMY AM3EIBHO-
My TomuBy (/T) pa3nuuHbIX anbTEpHATUBHBIX TOIUIMB, CPEAM KOTOPBIX CHKH-
JKEHHBIA HE(PTSIHON ra3, IMMETUIOBBIN 3(DUP, PACTUTEILHBIC MACa U UX MTPOU3-
BOAHBIE. D(P(PEKTUBHO CHWKAKOT MOKa3areau TOKcHuHocTH Ol M psa apyrux
XUMHUYECKH aKTUBHBIX coequHEHMNH (XAC), B YaCTHOCTH — METAJUIOHEOPraHHU-
YECKME COCIAMHEHUS, MPEACTABIAOMME cO00i BOMHBIE PAaCTBOPBI COJIEH pas-

JIMYHBIX MeTaIoB [7, 8, 9].
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HeoOxommmMo OTMETWTB, YTO BO3MOXHBI PA3IUYHBIE CHOCOOBI MOAAYN
paccMarpuBaeMbIx 100aBOK K HeprsHomMy [T B nmnuuapsl aeurarens. B ciy-
Yae XOpOWEd CMEMMBAEMOCTH 3TUX KOMIIOHEHTOB M TMOJIYYCHHUU CTAOWMIIBHBIX
cMecel 1eaecoo0pa3Ho 3ampaBisTh TPAHCHOPTHBIE cpeactBa Ha A3C MoTOp-
HBIMH TOIUTMBAMM, YK€ COoAepKamumu 3Th AoOaBku. [Ipu minoxoi cMemuBac-
MOCTH YKA3aHHBIX KOMIIOHEHTOB (Hanpumep, HedrsHoro T 1 BOOHBIX pacTBO-
POB COJICH METAINIOB) WM HAXOKICHWUU 3THX KOMIIOHEHTOB B Pa3HbIX (hazax
HEOOXOMMO MCIOJIb30BaTh Apyrue cnocoOsl nogaun XAC. B wactHoCcTH, BO3-
MO>KHO MCMOJIb30BAHUE TOIUIMBHBIX CHUCTEM, B KOTOPBIX XMMUYECKH AKTUBHBIC
COCIUHEHMS CcMeIMBatOTC ¢ HePTsaHbIM [T B TUHUM BBICOKOTO JAaBJICHUS CH-
CTEMBI TOIJIMBONOAAYM. TaKhe CHCTEMBI YaCTO HA3bIBAKOT CUCTEMAMU C PETYIIH-
pyembIM HavasibHbIM Aaenenuem (PHJT) [10-13].

[TogoGHas cuctema TonmaMBoONoOAauM (pHuc. 1) MPUMEHEHA U B MPOBEACH-
HBIX aBTOpaMH HCCIEAOBAHUSX BIMSHUAS AO0ABOK BOJHBIX PACTBOPOB COJICH
Pa3IMYHBIX METAJUIOB HA NOKA3aTeNM ABIMHOCTH U ToOKcMyHOcTH OI'. B nmpume-
HEHHOHN CXEME 3TOM CUCTEMBI TOIIMBOIIOAAYM XUMHUUYECKH aKTUBHOE COEIMHE-
HUE TOJIAETCS B JIMHUIO BBICOKOTO AapieHus (JIBJl) TOmmBonoakauymBarommm
HacocoM XAC yepes kinananbl PH/I (cm. puc. 1,0). [Ipu 3TOM BOAHBIE PACTBOPHI
XAC noparotcs 6€3 N30BITOYHOTO JIaBJIEHUS (CAMOTEKOM ), TOJILKO 3a CYET pas-

pexenud B JIB/I.
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Puc. 1. Cucrema noANWTKA JIMHUU BBICOKOTO JIABJICHUS XUMHUYECCKA AaKTHBHBIMHA
COCIMHEHUSAMH ¢ TIoMOIIbkO Kianana PH/L: ¢ — cxema cuctemsl;, 6 — peryiasTop
HavajbHOrO MAaBjicHus; 1 — TommBonoakauuBaromme Hacocel (TIIH), 2 —
buabTp TOHKOM ouncTku; 3 — THB/I; 4 — nuHUM BBICOKOTO AaBieHus; 5 — Gop-
cyHkH, 6 — kymanansl PHJ{

OKCHHEPUMEHTAJIBHBIE MUCCIEIOBAHUSI BO3MOXKHOCTU
NCITIOJIb30BAHISA HEOPITAHUYECKHUX JIOBABOK K HE®TSI-
HOMY JU3EJIBHOMY TOILINBY

Hcnonb30BaHre BOJHBIX PACTBOPOB COJICH METAIOB B KAYECTBE MPOTH-
BOJIBIMHBIX MPHCATOK O0a3UPYETCsi HA CMOCOOHOCTH HEKOTOPBIX AJIEMEHTOB TE-
puoanueckoi Tabmmubl .M. MeHneneeBa CHW)KATh TEMIIEPATypy OKHUCICHUS
yraepoaa (rpaguta) [7, 8, 9]. 3ta cmocoOHOCTh MOATBEPXKIAETCS PE3YJIbTaTaMu
AKCMEPUMEHTAIILHBIX MCCIICOBAHUI HA KaJTOPUMETPUUYECKOM CTEeHIE. B yact-
HOCTH, TaKUE 3JIEMEHTHI Kak xkene30 Fe u meap Cu cnocoOHBI CHUYKATh TEMIIE-
patypy okucienus rpaguta C Oosiee ueM Ha cTo rpaaycoB llenscus (puc. 2). B
CBSI3U C OTHM, aBTOPAMM CTaTbU ObUIM MPOBEACHBI MUCCIAEAOBAHUS HEKOTOPBIX
METAINTIOHEOPraHUYECKNX COEAMHEHUH (BOJHBIX PACTBOPOB COJIEH METAIIOB) C
LEJIbI0 OLICHKU WX BJIMSHUS HA TEMIIEpaTypy TJICHUS (3aKUTaHUs) MU3EJIbHON
caxu 7, Pe3yabrarbl 3THX MCCIIECIOBAHWA, MPEACTABIEHHBIC HA PUC. 3, CBUC-

TENBCTBYIOT O TOM, YTO HAMOOJIBIIEE CHIPKEHUE TEMIIEPATYPhI 3aKUranus 15 au-
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3€bHON CaXM JAOCTUTHYTO MPU MCHOJIb30BAHUM BOJHOTO PacTBOPa CEPHOKHUC-

noit meau Cu SO, u ero maccoBoM coaepxanus B JIT Cy =4 %.

s 20T % oMg Puc. 2. CHIKEHHE TEMIIEpaTyphbl OKHC-
§. ocaCr nenus yriaepoga (rpadura) C mpu mo-
. 450 ° OaB/ICHUM B JM3ENLHOE TOILIMBO Pas-
22 ) JMYHBIX AaKTUBATOPOB — MarHms Mg,
o Mn

5 400 o kanbiusa Ca, xpoma Cr, mapranma Mn,
T Co xobansta Co, sxenesa Fe, meau Cu

=

o

S 350

o o]

§ Fe

2 300

g oCu

(1]

=

E 250 ------------- TTTTr[TTrT TTTTr[TTrT TTrrT

= 0 10 20 30 40

MNopaakoBbIA HOMEP
B Tabnuue 4.U. MeHaeneeBa

: Puc. 3. 3aBUCHMOCTB TEMIIEpaTypbl
”ﬁgﬁl 3akuranus (TieHus) 1, Ju3enbHOR
",\L\A 4 CaKM OT MACCOBOTO COAEPIKAHUS
750 AN ..\\ ~ PasIUYHBIX ~ METAVIOHEOPraHUuYe-
\u\x 3 CKUX COCIWHEHUH (AKTHBATOPOB) B
\ u\ m3enbHoM TorumBe Cy: [ — Cu SOy
700 1 2 + 5 H,O; 2 —Fe Cl3+6H20;3—M1’1
\‘ Cl, +4 H,O; 4 - CaCl, + 6 H,O
650 \ o

600 Ly
0 1 2 3 Cac%

JUTs MOATBEPKACHUS BO3MOXHOCTH CHUKECHHS TbIMHOCTH Ol mpu no6as-
JIEHUM HEOPraHWYEeCKUX MPHUCATOK K TOTUIMBY OBUIM MPOBEACHBI MCCIEAOBAHUS
HECKOJIbKUX THUIOB AM3ENICH OTEUECTBEHHOIO M 3apyOe)KHOro NMPOM3BOJCTBA.
Hwxe npuBenensl pe3ysibraTel HenbiTanuid ausens tana 4 Y 8,89/10,1 ¢upmsl
«Perkinsy, nucnone3yemoro B aBronorpy3uvke «bankankap». [1pn ncneitaHusx
UCCIIEOBAIACH MPOLECCH TOMUIMBOIMOAAYM NPy paboTe TOMIMBHOW anmaparypsl

(TA) Ha HedrssHom T ¥ HA BOAOTOMIMBHBIX 3MYJbCUAX (OMynbcusx AT u
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BOJIHBIX PACTBOPOB COJIEH METAIIOB). 3aTeM ObIJIM MPOBEIECHBI CPABHUTEIILHBIC
WCIBITAHUS TM3€ENsl B COCTABE aBTONOrpy3unka npu padore Ha T u ykazaHHBIX
BOJOTOIUTMBHBIX 3MyJIbCHAX. B uccnegyemom ausene ObUIO  YCTAHOBJICHO
YCTPOMCTBO [UIsl MOJa4YM XMMUYECKH aKTUBHBIX coequHeHM (XAC) B HEPTIHOE
JT, npeacraBneHHoe HA puc. 1.

Ha nepBom 3tane uccienoBaHuil TPOBEAEHBI UCTIBITAHUS CUCTEMBI TOTI-
muBonoaaun ausens «Perkinsy Ha 6e3moTopHoM cTeHae. MccnenoBana mraTHas
TA m cucTeMa TOIUIMBOIIOAAYM C PETYJIMPYEMBIM HAYaJIbHBIM AaBicHUEM. He-
cMoTps Ha 1o, yro THBJI[ muzens «Perkinsy sBisieTcss HAaCOCOM pachpeacsu-
tenbHOro tuna ¢pupmer «Meffiny (DPA — Lukas), He uMEOIUM HarHeTaTeb-
HBIX KJIallaHOB B JIMHWM BBICOKOTO AamieHus (JIBJ]), ocrarouHoe naBicHUE B
HEM (Poer) OKa3aioch AOCTATOYHO BBICOKMM. OAHAKO, MOAOOPOM KOHCTPYKLIMHU
oOpatHoro knamaHa (kinanadHa PHJI) yaanoce opraHu3oBarh Mojaydd BOAOTOTM-
TuBHON 3mynbcuu (BTO — smynbeus Hedrsinoro T U BOAHBIX pacTBOPOB CO-
Jeil METAJUIOB) B WIMHAP au3ens. B kauecTBe 0OpaTHOro KiamaHa HMCIOJIb30-
BaJicsa HarHerarenbHblil knamaH ot THB/I tuma YTH-5 npoussoacTtea Horus-
CKOTO 3aBOJIa TOIUIMBHOM amImapaTtypsl, TOJIBKO 0€3 pa3rpy304HOro noscka. Hce-
CJIEIOBAHO YETHIPE BAPUAHTA HATHETATENIBHBIX KIIAMAHOB, PA3JIAYAOIIUXCS I€0-
MeTpruecKkuMu napamerpamu, xoaoM (0,3-0,4 MM) M JKECTKOCTBIO Tpy>kHuH. Ha
puc. 4 1 5 npeACTaBICHBl 3aBUCUMOCTH MPOLIEHTHOTO COACPKaHMs BOIBI (BOI-
HOIO0 PacTBOpa HEOPraHMYECKOH COJIM MeTauia) B OOWICH LMKIOBOM mojpaye
TOIUIMBA OT YaCTOTHI BPALICHUS KYJAYKOBOIO Bajia MMPU PA3JIIMYHBIX MOJOKEHU-
ax posupyroment peiiku THB/I w1 ucrnosib30BaHUK pa3iuyHbIX BApUAHTOB HarHe-
TaTEIBPHOIO KJIAMAHA. OTW 3KCIEPUMEHTANBHBIE JAHHBIE NOATBEPXKAAIOT BO3-
MOKHOCTh J00aBKM HEOOXOAMMOM 103bl XMMUYECKH AKTHBHOIO COCIUHEHUS
(aktuBaTopa) B JIB/l M onTuMu3aLMM reOMETPUUYECKMX MApaMeTPoOB, XOAa W
YKECTKOCTH MIPYKUHBI HATHETATENBHOTO KIaraHa.

JUTIs OLEHKH BO3MO>KHOCTH TMOJAYM PA3IMYHbIX A00ABOK B OCHOBHOE

HeTsaHoe [T npr ncnosib30BaHMK pacCMarpuBacMoOil CHCTEMBbI TOITMBOIIOAAYN
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MOJIyYEHBI CKOPOCTHBIE XAapAKTEPUCTUKK MoAaun 4epe3 knanad PHJ[ noOaBku
nononautensHoro Hedrsuoro AT u Boasl (BTD). IlpeacraBneHusie Ha puc. 6
DKCIEPUMEHTAIIbHBIE JTaHHBIE MOATBEPAMIIA BO3MOXKHOCTH MMOJAYM YEpeE3 KIia-
nad PHJ/[ paznuuHbix 400ABOK M 3aBUCUMOCTH 3TOW MOJAYM OT CKOPOCTHOTO U
HArpy304HOro pexkuma padoTel uccieayeMoro ausens. [lpm stom mogada yka-
3aHHBIX A00aBOK qocturaet npumMepHo 10% ot oOmiel nogaum TOmImBa.

Crnenyrouas cepust OE3MOTOPHBIX MCCIEAOBAHUN paccMaTprUBacMON CH-
CTEMBI TOIJMBOMNOJAYM Obla MOCBSIIEHA OMPEACICHUIO ILUKIOBOH MNOMAYM
HE(PTAHOTO IU3EITBHOTO TOMJIMBA HA PEKMMAaX HArpy304YHBIX XaPAKTCPUCTHK.
JTa cepus MCNIBITAHUNA MTPOBEACHA MPU PA3JIMYHBIX YACTOTAX BPAILLICHMS KyJlay-
KOBOI'0 Bajla W MOJIOKEHUAX no3upyroieit peiku THB/I. Pesynbrarsl 3Tux uc-
NBITAHUH (pUC. 7) CBHIETEIBCTBYIOT O TOM, YTO HA HOMUHAJIBHOM CKOPOCTHOM
pexxume npd #=1100 mua! (Ha pexxMMe MaKCHMAJILHON MOINHOCTH) LUKIOBAs
110J]a4a TOIJIMBA COCTABUIIA =62 MM,

IIpn mpoBeleHUM YKA3aHHOW CEPUM HUCIBITAHWN IOJYYEHBI HE TOJIBKO
pacxonHble XapakTepucTuku HeTssHOro T, HO M XapakTEpUCTUKK NOJA4YH A0-
OaBku uepe3 kianad PH/[ Ha paccMarprBacMbIX HArpy30YHBIX M CKOPOCTHBIX
pesxuMOB paboTel aBHraress. [IpoBEAcHHBI aHaMM3 MOKAa3aj, YTO HAa HOMU-
HAIBHOM M ONM3KHX K Hemy pexkumax pacxonsl [T w BTD yepes oOparHblil
KJIalaH MPaKTHYECKU OJIMHAKOBBL, U COCTABIISIOT 5-7% OT 00IIEH IUKIOBOM MO-
Ja4d TOMauBa (CM. puC. 5). XapakTep MPOTEKaHWsS HArPY30UHBIX XapAKTEPH-
ctuk THB/I ¢ nonmauei pactBopa B JIB/] MAcHTUYEH XapaKTEpUCTHKAM C YH-
cteiM JT. UMmerolumecs paznuuvs B UMKIIOBOM MOJAY€ M PaCXOI€ Yepe3 KiarnaH
PH/I (cM. puc. 6) 0OBACHSIIOTCS pa3IMYHBIMU 3HAYEHUSIMU TUTOTHOCTH U BSI3KO-
ctu y HedrsHOoro [T u pactBopa conmu. YkazanHas noisg XAC (5-7%) sensercs
BIIOJIHE AOCTATOYHOM U OCYIIECTBIEHHS BBOJA B JIT XMMHYECKH aKTUBHBIX
COCIMHEHMI, CIOCOOCTBYIOIIMX CHUXKEHHUIO JTBIMHOCTH U TOKCHYHOCTH Ol U, B
TOXKE BPEMs, HE OKa3bIBAIOLIEH 3aMETHOIO BJIIMAHUS HA MPOTEKAHUE XapaKTepH-

CTUK BOPBICKMBAHUS TOMJIMBA. AHAJIOTMYHBIN BBIBOJA ObUT clienaH B padote [8]
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Ha OCHOBC MHOI'OYHMCJIICHHLIX OJOKCIICPUMCHTOB, IMPOBCACHHLIX ¢ IHNPHUMCHCHHCM

paccMaTpuBaEMOTO YCTPOMCTBA MPU BBOJE PA3JIMYHBIX PACTBOPOB B TOIUIMBHBIX

CHCTEMAX PA3JIMYHBIX IU3EIIEN.
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Puc. 4. 3aBucuMOCTh MacCOBOTO
KonuuecTBa aktusaropa Cu (BOA-
HOI'0 pacTBOpa HEOPraHUYECKOIo
COCIMHEHUS ), TOCTYMAOLIETO B M-
3€JIbHOE TOIUIMBO HYepe3 KilamaH
PHJI, or 4yacToTel BpameHus 7 Ky-
nmaukoBoro Baja THBJI u otHOCH-
TEJIBHOTO TOJIOYKEHUS JTO3UPYIOIIEN

peikn  hp: a — hp=10; 6 -
hp=0,75, 6 — hp=0,50; 1,2, 30 4 -
knamanel PH/INe 1,2 3 u4
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Puc. 5. 3aBucmMoCTh MaccoBOTO
KonuuecTBa aktuBaropa Ca (BOA-
HOTO PACTBOpa HEOPraHMYECKOIrO
COCIMHEHMS ), TOCTYMAOLIETO B M-
3€JIbBHOE TOIUIMBO 4YEPe3 KilanaH
PHJI, oT 4acToThl BpameHus 1 Ky-
nmaukoBoro Bana THBJI u otHOCH-
TEJIBHOTO TTOJIOYKEHUS JTO3UPYIOIIEN

perKu Ep ¢ knananom PHJ[ Ne 4
(ONTUMU3UPOBAHHBIM): | — EPZI,O;
2~ hp=0,75; 3 — hp=0,50

Puc. 6. 3aBUCHMOCTh MacCOBOM MO-
Ja4d JOTMOJHUTEIBLHOTO JTU3EJIbHO-
ro tormmBa C; (I, 2, 3) u Boabl Cy
(4, 5, 6) uepes knanan PHJI ot va-
CTOTBl BpALICHHUS # KYJIAYKOBOIO
Basia THBJ] u OTHOCUTENIBHOTO T10-

JIOKEHUs TO3UPYIOILEH perKku fp:
1,4~ hp=1,0; 2,5 hp=0,75; 3, 6
— hp=0,50

Puc. 7. Harpy3ouHele XapakTepu-
ctuku THBJI «Meffin» — 3aBucu-
MOCTH OOBEMHOM IIUKIIOBOM MO1aun
TOILUIUBA ¢y OT MOJIOKEHUS TO3UPY-
IOIIEN PEVKA Ep IpHA Ppa3IAnIHBIX

4aCaXOTHl BPALICHUS A KyJIAYKOBO-
ro sana; / — n=250 mmu'; 2 —
n=500 mun'; 3 — n=800 mun"'; 4 —
n=1100 mun"!

[IpoBeneHHBIE DKCIUTYaTAlIMOHHBIE KCCICIOBAHKMS Ha au3ene tuamna 4 U

8,89/10,1 ¢pupmer «Perkinsy B 3aBoackux ycnoBusx ABTo-BA3a, BKIOUanu B

ce0Osl MObEM ABTOMOTIPY3YMKOM KOHTEHHEPOB pazimuHoro Beca (1 1, 2 T u 3 1),

a TakKe NOBEM «BWD» aBTONOrpy3urka 0e3 rpy3a. B 3TOT MOMEHT 10OMBaIUCH

YCTAaHOBHUBLICTOCA PCKHUMA pa6OTI>I (HOCTOHHCTBO YaCTOThl BpallCHUA — KOH-
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TPOAUPOBATIOCH HUPPOBBIM TAXOMETPOM). 3amep AbIMHOCTH Ol mpou3BOAWICS
TpexkpatHo aeiMoMmepoM BOSCH EFAW- 65 A, a TOKCMYHBIE KOMITOHEHTHBI OT-
OMpaUCh B CHEHHUAIIBHBIE EI0(PAHOBBIC MEIIKH ¢ TOCIEAYIONICH 00padoTKOM
B cneruanbHoi adoparopun HTL[ ABroBA3a. /[o6aBka pacTBOpOB MPOM3BO-
munack B JIBJl TOTUIMBHON anmapaTypel 4epe3 CUCTEMY OOpPATHBIX KIIAMAHOB,
NOJKIIFOUEHHBIX K (PopCcyHKaMm au3ens. Pacxoq BBOAMMBIX aKTHBATOPOB COCTaB-
nser 5-7% ot pacxona [T, 4T0 TOCTUTHYTO MYyTEM APOCCEIUPOBAHUS BOJHBIX
pacTBOpoB Ha BXxoj¢e B kinanansl PH/I. [lonydeHHbIe MPHA UCIIBITAHUAX 3HAYEHUS

YIAETBHBIX BEIOPOCOB OKCHIOB a30Ta U AbIMHOCTH Ol MpeAcTaBIeHbl HA pUc. 8.

BNy [{KBT-4)

Ky, %
75 - 50 - rOCT 17.2.2.01-84
20 - 40 OCT 23.1.4M-T6
15 - OCT 23.1.440-76 30
10 - 20 -
h - 10 4
1 o -
a &

Puc. 8. Yaenwbnubie BoIOpochl okcu10B a3ota NOy (a) v apiMHOCTE Ol Kx (6) Hc-
neityemoro ausens «Perkins»y apromorpy3umka «bankankapy: /| — HedTsaHOE
AT; 2 —nedpranoe AT ¢ no6aBKOH HEOPraHUYECKOM MPUCATKH

Pe3ynbTarel 3KCOEPUMEHTANBHBIX HCCIECAOBAHUM, TMPEIACTABICHHBIE Ha
pucC. 8, CBUAECTENBCTBYIOT O TOM, 4TO Nipu no0aBicHUr XAC (HEOpraHu4ecKoi
npucanku) B HepraHoe [T BbIOpoc okcmaos azora NOy cHumiics Ha 50-55%.
[Tpu 3TOM 0OecneunBaroTCst HOpMBI oTpacieBoro cranaapra OCT 23.1.440-76,
NPEAYCMAaTPUBAOLIETO UCOBITAHUS JU3ENS I ONPEAEIICHUs TOKCUHYHOCTH O
Ha pexkumax 10-cTymeH4aToro mMkiaa Ha MOTOpHOM creHae [14]. CHuxkeHue

SMUCCUHU OKCUAOB a30Ta MpH BBeAeHUN XAC 00yCIIOBICHO CHUYKEHUEM MAKCH-
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MAaJIBHBIX TEMIIEPATYP CTOPaHMs 3a CUET UCIIAPEHUS BOJIbI, COAEPKAILEHCS B HE-
opranndeckoil nmpucanke. Beenenne XAC B IU3€IbHOE TOIUIMBO TO3BOJIMIIO
cHU3uTh IbIMHOCTBH O B 1,5-2,0 paza. [Ipuuem, ecnu npu padote Ha HEPTIHOM
JT 6e3 Beenenust XAC Boimonustores HopMbl ['OCT 17.2.2.01-84 Ha ABIMHOCTB
OI' aBTOMOOMJIBHBIX AM3ENICH, TO MCIOJIB30BAHUE HEOPraHWYECKOW MPUCAIKH
obecneunBact BeinonHeHue U tpedoBannii OCT 23.1.441-76 x aeimHOcTH O
TPAKTOPHBIX M KOMOAMHOBBIX AM3EJCH NMPU €€ MPOBEPKE HA YCTAHOBHBILEMCS
pekuMe ¢ Harpy3koi, paBHoil 80 % OT HOMHHAJIBHOH (B 000MX Cly4asx JIbIM-
HOCTh ONPEAEIUIach ABIMOMEPOM THNAa XapTPHIDK, padOTAOIUM O METOMY
npoceeunBanus OI') [15, 16].

Heo0xommmMo OTMETHTB, UTO pealiu3yeMOe MPH MCHBITAHUSIX COOTHOILIIE-
Hue nogaBacMeix HeTssHOro JIT u aktuBatopa (XAC) He TpeOyeT u3MEHEHUs
yria onepexenus BupblckuBanus Tormea (YOBT). [loBelnieHre NPOLEHTHOTO
copepxkanuss XAC o 10-20% ot nogaum HedrsiHoro T mpUBOIMT K CHHKE-
HUIO DHEPreTUUECKUX TOKa3aTelied au3ens (3a cueT HaJmuus Bonbl). B 3Tom
cllydae MOSIBISETCS HEOOXOAMMOCTh B JTOMOJHUTENbHBIX peryimpoBkax YOBT
W YBEIMYCHUs LMKIOBOM moaaun TommmBa. [locnennee TpeOyer yBenMueHUs
quametpa tyHxkepo THBJI, T.e. mpuBOAMT K HEOOXOAUMOCTH W3MECHECHUS
KOHCTpYKumu TA nusens.

Peanmu3anus pacCMOTPEHHOTO METOAA B COUYETAHUU C IPYTUMHU METONAMHM
VIIYULICHHS MOKA3aTeNneld JbIMHOCTH M TOKCUYHOCTH Ol MO3BOJIUT yIOBIETBO-
puTh TpeOOBAHUS MEPCIEKTUBHBIX HOPMATUBHBIX JOKYMEHTOB, PETJIAMEHTUPY-
FOLIUX SKOJIOTUYECKUE MOKA3ATENN AU3EIICH, B TOM YHCIIE U AU3elei, paboTaro-
HIMX B YCJIOBHSX C OFPAaHMYECHHBIM BO3AyX00OMeHOM. Bo3moskHa peanuszanus
3TOTO METOJA U B AM3ENAX C COBPEMEHHBIMU CHCTEMAMM TOIJIMBONOAAYM THUIIA
Common-Rail. 3TW TONJMBHBIE CUCTEMBI, PEATM3YIOIIME DJIEKTPOHHOE YIpPaB-
JIEHWE TOTUTMBOIOAAYEH, TAKKE UMEIOT JTMHUEO BBICOKOTO ABJICHUS (aKKyMYyJIisi-
TOP, TPyOONPOBOABI U T.A.), TAe HAOIIOJAKOTCS BOJIHOBBIC MPOLIECCHI, YTO MO3-

BonsieT peanusoBars nogayy XAC B JIB/l. Caeayer Takke OTMETUTB, 4TO TIPH
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MHOTOPa30BOM MMOJAUYE€ TOIUIMBA (MHOTOPAa3OBBIA BOPBICK) OCYLICCTBICHUE
BIPBICKOB TomMBa nociae BMT ans pereHepanuu cakeBbIX (QUIBTPOB TaKKE
MOXKET OKa3aTh MOJOXKHUTENIbHbBIN 3(P(PEKT HA AOKUTaHWE B HUX CaXH, €CIIU B
3TOT MOMEHT Y€PEe3 COOTBETCTBYIOIIYIO CUCTEMY MBI OyJIEM MOAaBaTh XUMHUYEC-

CKH aKTHUBHBIC COCANHCHNA, CITOCOOHBIC AOXKUI'aTh CAXKY B OTUX (IJI/IJ'IBTan.

SARJIIOYEHHUE

HccnenoBanus Ha TommmBHoM cteHae ¢ THB/ «Meftiny n Ha pa3eepHy-
TOM JIBATATENE MOATBEPIMIN BO3MOXKHOCTH MOJAYM XUMUYECKA AKTUBHBIX BE-
LIECTB HA HEOPraHWYECKOW OCHOBE B LIUJIUHADP AU3€ENIA U BO3MOKHOCTD YITyYllle-
HUS DKOJIOTMYECKUX TOKA3ATENECH AU3€ENs MPHU UCIOJIb30BAHUM YKA3aHHBIX HeE-
opraHnueckux 100aBoK. [Ipr 3TOM MOMYYEHBI CICAYIOMUE PE3YIIbTATHI.

1. TToy4eHsl CEPUM CKOPOCTHBIX M HAIPY30YHBIX XaPAKTEPUCTUK TOILIU-
BONOJAYM INTATHOW TOIUIMBHON anmaparypel am3ens «Perkinsy npu mopaue
HE(PTSAHOrO AU3ENBHOIO TOIUIMBA, & TAKXKE XAPAKTEPUCTUKHU MOJAYA XUMUYECKU
AKTUBHBIX COeAUHEHN yepe3 kinanad PH/I, ycTaHOBIIEHHBIN B JIMNHUK BBICOKOTO
JABJICHU IITATHOM TOIIMBHOM anmaparypsl.

2. DKCITyaTaluWOHHBIE DKCIECPUMEHTAIbHBIE UCCICNOBAHUS HA JU3ETIC
«Perkinsy mokazaim, 4To Mpy BBEACHUH B JTMHHUIO BBICOKOTO JTABJICHHS CHCTEMBI
TOIUIMBOINOaYM BOJHBIX PACTBOPOB COJIEH METAINIOB TOKCHYHOCTD U JIBIMHOCTB
OI' cymecTBeHHO CHMKarOTCs. BeiOpoc okcuaoB azota NOy cHusmics Ha 50-

55%, a neimaOCTE OI' — B 1,5-2,0 paza.
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Combustion and Emissions of synthetic C1-Fuels for DI and SI Engines
Martin Hértl, Dominik Pélerin, Patrick Dworschak, Andreas Stadler, Georg Wachtmeister
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Introduction

Background

Substantial changes of the energy landscape are being expected until the year 2050 in the European Union as the output of greenhouse
gases like CO2, Methane or N20 is intended to be cut by 80-95 % compared to the year 1990 [Eul6]. Synthetic energy platforms and
fuels apart from fossil oil, coal, and gas have to be established for all those applications where high energy density and large capacity
of energy storage and transport is necessary and where direct electrification is not an economically or practically viable option. Yet,
there has no decision been made on the question what the nature of such synthetic fuels and their chemical feedstock will be.

C1 chemistry with methane and methanol (MeOH) as platform chemicals is not only an appropriate basis for a closed COz-cycle, but
provides also a convenient feed for the synthesis of functional fuels for internal combustion engines (e.g. [Bul0]). Such C1-fuels have
a molecular structure without C-C bonds and feature a high oxygen content, which are the most essential requirements for soot-less
combustion [MP11], [Mal4]. This brings together the goal of climate protection with the search for solutions to local air pollution.

The following can be named as essential requirements for future synthetic fuels: COs-neutrality, availability of energy on a sustainable
basis, low impact on environment, economic efficiency, and functionality (energy density) [Mal4]. Furthermore, suitable fuels will
have to be qualified in terms of long-term stability, low toxicity, good material compatibility, adequate evaporation and ignition prop-
erties, compatibility with infrastructure, and other material specific properties. This qualification needs to be defined bindingly for
each fuel in corresponding standardisation.

In this paper, the key aspects of engine research activities on C1 synthetic fuels will be given based on the work of multiple projects
currently being performed at the Technical University of Munich.

Positive ignition fuels

Fuels for SI engines have to be knock resistant and feature adequate volatility for a good mixture formation behaviour. Oxygenates
like the ethers MTBE, ETBE, or TAME are already used as anti-knock additives for gasoline fuel. Methanol (CH3-OH) is so far the
only Cl-oxygenate that is commonly used as a fuel (e.g. EU: max. M3 and demonstration projects with higher MeOH content, China:
M15, M85), but its toxicity (carcinogenic, mutagenic, reprotoxic = “CMR”) is a strong barrier for a more extensive use in the EU.
Methanol however can serve as feedstock for the production of a variety of C1 oxygenates with ideal properties either for diesel- or for
gasoline engines. The introduction of Euro 6¢ with stricter PN limits underlines the need for such non-sooting gasoline fuels in the fu-
ture, especially since the introduction of gasoline particulate filters (GPF) is widely expected.

Dimethyl carbonate (DMC, CHzO-CO-OCHs) has only occasionally been described and tested as a Cl-oxygenate fuel additive for SI
engines ([PM97], [WXY10]) and, more frequently, for CI engines (e.g. [Mel6], [Wa09], [Ko00]) in the past. However, the high octane
number of DMC (RON>109, MON=>102) renders it a promising candidate as synthetic SI fuel. DMC can be synthesised from metha-
nol using CO; [Ko15], [Sal5].

Methyl formate (MeFo, CHsO-CHO) has been considered as an additive for gasoline by the Austrian oil company OMV 25 years ago
[K192]. Experimental testing on a combustion engine has only been published in [H417a] with promising results regarding gaseous and
particle emissions. However, MeFo is prone to decomposition by hydrolysis in presence of an excess of water [FP75]. MeFo is synthe-
sised from Methanol using CO [AdO3], [Sc14], [Sh17].

DMC and MeFo have been investigated and compared in a light-duty single-cylinder engine by the authors of this paper as pure sub-
stances [Hal7a], [Ha18b]. The experiments showed extremely low PN emissions for pure MeFo, while pure DMC with its lower vola-
tility produced slightly more particulates. An outlook was given in this work on possible mixing of DMC and MeFo to attain a fuel
which is compliant to the current gasoline standards in terms of volatility and low-temperature stability. First results of this strategy
were presented in [Hal8a] and will be discussed in this paper in more detail, including the influence of the fuel on particulate size dis-
tribution and sub-23-nm particles.

Autoignition fuels

Diesel engines require a fuel with short ignition delay and a high flash point, which makes it possible to maintain a reliable infrastruc-
ture and allow safe handling. Various experiments with the C1 substance-class of oxymethylene ethers (OME;, CH3-O(-CH2-O)n-CHs)
as fuel for diesel engines have shown a beneficial emission behaviour.
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In 2011 MAN Truck&Bus tested a blend of diesel fuel, 7 % biodiesel and 20 % OME;, with chain lengths of n=3, 4 in a heavy-duty
diesel engine and reported significant reductions of PM, soot, and PN compared to diesel fuel [Lul1].

Neat and blended OMEn with n=2,3.4,5,6 was tested by Pellegrini and co-workers starting in 2012 on a light-duty engine and dis-
played substantial improvements of the sooting behaviour and effective reduction of NOx by utilizing new potential of ECU calibration
and high EGR [Pel2].

OME: was found to be the most effective fuel for soot-less combustion in a screening of various ether substances by the authors of this
paper [Hél5]. Engine testing on a heavy-duty diesel engine was performed and both OME; and OME, of n>1 revealing positive ef-
fects on gaseous and particle emissions, especially on particulate number (PN) [Ha14], [H417b], [IM17].

Corresponding work with similar findings was performed at the universities of Dresden ([RZ17]), Aachen ([Del7]), and Darmstadt
(e.g. [Miil7]), the latter addressing the possibility to run a diesel engine at stoichiometric A/F ratio without sooting and hence allowing
a three-way-catalyst (TWC) to be used.

Experiments in a constant volume combustion chamber of Barro et al. at the university of Zirich proved the reduction of soot to be an
effect evident in the complete course of combustion and thus not only associated with an improved oxidation behaviour, but also with
the inhibition of soot formation. The dimensions of the remaining particles were found to be smaller than those found in diesel exhaust
[Talo].

The aim of this paper is to document the latest work on the adaption of a heavy-duty single-cylinder research engine at the Technical
University of Munich with a focus on the modification of the injection system, in particular on the adjustment of the nozzle flow to the
energy density of oxygenate fuels.

OME: Fuel for Compression Ignition Engines

While OMEs 45 is the desired selection of chain lengths for a diesel replacement in terms of cetane number and boiling properties, the
current supply of these OMEn is still limited. In the presented work, extensive testing has been performed with the easily available
OME b which consists of pure OME: and 3 % of additives for the improvement of cetane number, viscosity, and lubricity. Reduced
testing with a OMFE34.5,6 mixture is done accordingly to prove similar behaviour in combustion and hence to justify the use of OME1
as a model substance for higher OMEn. As the energy density of all OME is similar, the adaptation of the injection nozzle flow to the
new fuel can be legitimately demonstrated with OME1b, while work on the reproduction with OMEs 45 is currently ongoing.

Table 1 shows the properties of the tested OME fuels and a reference paraffinic diesel fuel (PDF) that represents a “best case™ diesel
without aromatics and sulphur and was produced by hydration of vegetable oil. Due to the low lubricity and low cetane number of
OME; this fuel was additized with 3 % of a long-chained polyether to enhance ignitability and tribological properties. The additized
fuel is labelled “OME1b”.

Table 1: Tested CI fuels

- PDF OME, OME 1v* OME3.6%*
LHV [MJ/kg] 43.8 224 22.5 18.8
Density [kg/m?] 0.78 0.86 0.87 1.07
Diesel equivalent [m*/m?*] 1 1.77 1.75 1.70
Ox. cont. [wt.%] 0 42.1 42.1 47.9
Boiling point/range [°C]  210...302 42 42 157...259
Cetane number 79.8 293 40 752

Kin. Viscosity [mn?/s] ~ 2.92 (40 °C) 0.33(20°C) 0.71 (20°C) 1.19 (40 °C)

Lubricity - HFRR [um] 260 (60 °C) 759 (20 °C) 278 (20 °C) 519 (60 °C)

*  OME; with 3 wt. % additivation of long-chained polyether
** Mixture “as found” of [wt. %]: 43% OME;, 31% OME,, 19% OMEs, 7% OMEg

CI Experiments

Engine testing was carried out on a heavy-duty single cylinder research engine with a common rail system and a switchable tank sup-
ply to allow the change of fuel during engine operation (Figure 1). The test bench is equipped with external supercharging, a cooled
high-pressure EGR system, and a backpressure flap which controls the exhaust pressure to simulate the turbine of a turbocharging unit.
Gaseous exhaust components are measured before and after a Pt-coated oxidation catalyst using a FTIR system. Particulate emissions
are measured using a PMP-compliant PN counting system and an AVL Microsoot Sensor.
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Cl Results

The engine Was run at a stationery gperating point of 2000 rpmand an indicated mean effective pressure of 13ber. Injection timing
wes autorretically controlled to keep the center of comoustion at 8 °CA&TDC. Fgure 2 shows the result of a EGR-sweep from0%to
@ 25 Yowith a fixed boost pressure. The diagrans are plotted over the A/F equivalence ratio Xina range fromlean (1=L7, 0 EGR)

to stoichionetric (1=1, mex EGR).
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FigLre 2 \ériation ofthe ECRrete & orstart koot i ingpirt: 2000 IMEP 13ber, preirjection +nvainirject
ATt coer o B CAGITI K ol ks s Setiorary Qrereting port: AXDrm [reirjection-+nrain irjection, cam

The NOXx emissions (center right) are grestly reduced by the application of EGR while PN and soot emissions (I%)Qsmw\e typical
trade-off behaviour for the diesel fuel. Particulates fromthe oxygenates however are not affected by increased adremainat a
very lowlevel close to anbient concentrations. Al the indicated efficiency (bottom left) drops by 5 percentage points tonards
stoichioetric mixture, this exeriment points out the high EGR-tolerance of OVE fuel and can represent short periods in dyramic
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operation (e.g acceleration) when the fuel ness hes to be limited to avoid heavy soating. Therefore OVE can be exected to offer
i o al_?%én ayraic real-world driving. Vhen EGR is goplied, the coking and fouling of EGR-cormponents and the in-
tract canbe avoi

3 G anissias befoe ad after (nat filleg)) the adcktion catays. \ériation of e ECRrale at constart boost pressure. S
q%maﬁrgmrt 0mm| WB&H’%&IF}&HG&W&I‘%&DU} anbustion certer a 8 °CAATDClardl fuels Ty

Hgure 3 shows the unburmed emissions before and after the oxicktion catalyst. The Vvolatile organic carbon concentration
(MOC, battom left) represents the sumvalue of all unbumed hydrocarbons WGﬁ rmeasured with a conventional D detector.
It rermains at a lowlevel for all fuels when plenty of excess air is present. T the stoichionetric point there is a incresse, &
the exoess axyoen is not sufficient for coplete oxicktion. hile the conversion rate of the catalyst is high for X-1.2, isanin
cresse in the tailpipe eissions for loner X These hydrocarbons resistant to the catalytic axidation have been shown to consist of
ot e s of e G . e e 1 (6 o 1 COpri) S G
prevert the emission 0 [ top topri agood per-
formrance ofthe catalytic converter under stoichionretric and all lean conditiors.

C I Optimization

While previously published experiments (JPe17]) were performed using a series diesel fuel injection equipment without any changes to
the nozzle specification whatsoever, the presented work was done using an acpted nazzle. Assuming idealized stationery conditions,
the injection rate can e expressed as a flowof energy, dependent on the nozzle hole diameter, the numer of nozzle holes, the lover
heating value, the fuel dersity and the injection pressure:

de

't =4 *qo Wifd  IPiel Pl

Two adapted nozzles were Fremr by modification of the nozzle hole dianeter, having 180 % and 250 %o volunetric flow; respec-
tl\,ely The 1809%nozzle allows the sarre energy flowwith OVE s the reference nozzle wiith diiesel fuel a any given |rgnea|

sure. The 250 %nozzle hes the sarre energy flowwith OIVEELat 1000 bar injection pressure as the reference nozzle hes with dli

at 1800 ber. The latter corfiguration represents the nozzle design for a sinplified injection systemoperating at a lover preswretmn
comon diesel systerrs. This would allowthe power consunption of the injection systemto e recuced dasp|te ofthe increased injec-
tion cuantity. Reouced injection ewas shownto be possible without negative effects on the emissions in previous work [FRel7].
The resulting theoretical energy flowfor the reference and adbpted nozzles is givenin Figure 4.
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The rates of heat release for Diesel (reference nozzle) and QIVE (reference and two acbpted nozzles) were conpared at the sae sta-
tionary operating point (1200 pmy 13 bar IMEP). Fgure 5 (left) shows the ROHR for Diesel, OVED and OVIE36with the reference
nazzle. As the ROHR of OMEDband OVE36appear to have a very similar shgpe, the use of OVEEbas a model substance for QVE is
provento bejustified. At the given node of aperation, the use of a pre-injection to sone extent levels out the large difference in cetane
nurber. Both OVE fuels display a significantly lower pesk intersity of conrustion, which can be traced back to their loner energy
dersity. Thus, the injection duration hes to be extended in order to allowthe sare quantity of energy to be injected like with diesd.

Qakangle [ckg] Qankangle [ckg]
Houe 5 It Rate of heat rdleese for dl fids with refereee nozde 100 Y% flow (previas injedion Systam), 120mm. Ber IMEP
T Fote O et el ?fo%i%bwmmmm%dmmr%mmquqmmm%mmwm
L5 INjedian Sysem ire), Z20mm Bber IMP

The ROHR with the adbpted nazzles is shown in Hgure 5 (right). The black dashed lire is the ROHR of diesel with the reference in-
jection while the coloured lines showthe result with OVE after nozzle flow adgption. Both the 180 %and the 250 %nozzle
lead to similar comoustion characteristics. However, as the gpening and closing behaviour of the injection needle is influenced by bath
the rail pressure and the sack hole pressure and thus by the nozzle dinensions, a corpletely identical shepe of the injection rate is not
expected. These influences together with the different bailing and mixture formretion properties of diesel and OIVE resullt in the re-
meining differences inthe ROHR

Amain notivation for the adgptation of the nozzle floavwes to avoid the negative influence of prolonged injection duration onthe en-
gine efficiency in the whole engine mep. To investiggate this, the engine was aperated in a speed range of 1000 to 1700 rppmand indi-
cated mean effectivegmrsfrom?to 19bar. No EGR wes gpplied and the boost pressure wes adjusted to keep a corstant AF
equivalence ratio of 1.7,

As the coparison in Fgure 6 shows, the indicated efficiency with OVEDis well belowdiesel when the reference injection systemis
used. The 250 %nazzle of the adapted injection systemcan cormpensate this effect and allows a level of efficiency inthe conplete en-
gire mep thet is even slightly higher than in the diesel configuration. This benefit can be explained by the shorter duration of the mein
combustion and ahigher peak heat release rate.
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Generally, the adbptation of the nozzle diaeter to acconmodate the reduced heating velue and energy dersity of OVE has been
shownto be an inportant measure when converting a diesel engine to OVEE gperation.

ind. efficiency [-]

Diesd,
ref. nozzle
100%

ref. nozzle
10%

QVELD,

250 %naoz-
Ze

gine speed [rpm]

Houre6 Irdicated effidency with reference nozze and acited nazze

Presently, the procedure to establish a DIN SPEC standard for OVE is being pursued. This will contain the speaification of a blend
corsisting mainly of QVEE3, OVE4 and QVES. Henee, in ongoing work the presented results for the comoustion cheracteristics of
OVEDbwith an adapted injection setup will be widened to this OME35 standard blend, which is regarded &s a fuel nore relevant for
on-roed vehicles due to its nore diesel-like physical properties. Additionally, engine tests will be perforred with the neat QVE with
chain lengths =3, 4, 5 separately to gain more knowleoige about possible differences among the QVE fanily.

DMC+: A Fuel for Spark Ignited Engines

The properties of pure dimetiyl carbonete (DVC)ardnEﬂM formete (MBFO) are given in Table 2 in conyarison with the average
values valid for conventional gasoline RONSS. Both suibstances have an axyoen content of 53.3 wt. %and therefore have less than half
ofthe gravirretric energy dersity of gesaline. Thelr dersity honever is about 25 %ohigher, which results ina voluetric energetic ges-
oline equivalent of 1.8 for DMC and 2.1 for IVEFo. Bdhftelsarelocatedwmlntm%?sdlre bailing range, while the boiling point of
MeFo with 3L5 °Cis oniits very lowvend. Hence IVEFO is a very volatile fuel with a outsice the limits for geso-
lire. DMC on the ather hand hes a bailing point of 90 °C and a vapour pressure well beIaNthe gesalire limits. \When blending bath
fuels, the vapour pressure can be adjusted right at the desired level either for winter or for summer fuel quality. This blending also en-
sures lovtenperature stability, as pure DIVIC with anelting point of ca. 4 °Cwould be solid ina cold evironrent.
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Table 2: Properties of raw DMC and MeFo fuel in comparison to standard gasoline RON95

- ROND95 DMC MeFo
LHV [MJ/kg] ca. 42 15.8 15.8
Density @ 15 °C [kg/m?] 747.5£27.5 1079 957
Gasoline equivalent [m?*/m?] 1 1.8 2.1
RON/MON >=95/85 >=109/102  115/114.8
Ox. cont. [wt.%] <27 533 533

A/F ratio stoich. [kg/kg] ca. 14.3 4.64 4.64
Boiling point/range [°C] 30...210 90 315
Melting point [°C] ca. -45 0.5-4.7 -100

Flash point [°C] <-35 16.7 -19
Ignition temperature [°C] ca. 220 458 450

Vapor pressure @ 38 °C [kPa] 45-100 10.8 > 100
Ignition limits [%0] 0.6-7.6 42-12.9 5-20
Enthalpy of vaporization [kJ/kg] ca. 420 418 464
Surface tension [mN/m] ca. 24 28.5 25

Dyn. viscosity [mPas] <0.5(40°C) 0.63(20°C) 0.36(20°C)

The properties of three experimentally investigated DMC-MeFo blends are given in Table 3. All fuels have a constant MeFo content of
35 Vol.-% which proved to keep volatility within the required range and ensure stability of the blends down to at least -30 °C. In two
of the blends an ethanol content of 10 % and 30 % was added to enhance the chemical stability of MeFo. Pure MeFo is known to un-
dergo hydrolysis in presence of small quantities of water and subsequently form formic acid, which would lead to corrosion in the fuel
system. Ethanol has proven to stabilize MeFo and prevent possible hydrolysis. Blends of DMC, MeFo and ethanol are named DMC+
in the following, as DMC is the main component. Details on blend design and production methods for DMC+ are given in [Ha18a].

Table 3: Material properties of the blend fuels. Source: ASG

- RON95 C65F35E0  C55F35E10 C35F35E30
Dimethyl carbonate [Vol.] - 65 % 55% 35%
Methyl formate [Vol.] - 35% 35% 35%
Ethanol [Vol ] - - 10 % 30%
LHV [MJ/kg] ca. 42 15.8 16,7 18,6
Density @ 15 °C [kg/m?] 74758275 1041 1011 955
Gasoline equivalent [m*/m?] 1 1,91 1.86 1,77
RON/MON >=95/85 >100 >100 >100
Oxygen content [wt.%] <2.7 533 51,8 48,7
A/F ratio stoich. [kg/kg] ca. 14.3 4,64 4,99 5,74
Boiling range [°C] 30...210 38...94 42...92 40...90
CFPP [°C] ca. -45 -30 -35 -48
Flash point [°C] <-35 -9 -13 -14
DVPE @ 37.8 °C [kPa] 45-100 57 59,8 64
Heat of vaporization [kJ/kg] ca. 420 433 472 558
Surface tension [mN/m] ca. 24 277 270 252
Kin. viscosity at 20 °C [m?*/s] 0,62 0,47 0,48 0,53

SI Experiments

DMC+ was tested on a 0.461 single cylinder research engine with a side mounted 6-hole DI injector at an injection pressure of
250 bar. The stationary operating point was chosen at 2000 rpm and 6 bar indicated mean effective pressure at A=1. A sweep of fuel
mass was then conducted at constant position of the throttle flap, resulting a variation of . The fuel was injected in homogenous mode
during the intake stroke (SOI = 430 °CA aTDC). The setup of the test bench is given in Figure 7.
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The extaust systemwas equipped with a three-way-catalyst (TWO). Gaseous emissions Were sanpled both before and after the TWC
and analysed in a conventional nruiti-analyser rack (Horiba IVEXA ONE D1) for restricted pollutants (NOx, GO, THO). Sinultaneous-
ly, the exhausst ves screened for nonHimited emissions in a FTIR device, as the investigated Cl-fuels are expected to showdifferent
characteristic hydracarbon and axygenete emissions than conventional hydrocarbon fuel. Particles were measured before the TWC in
two redundant particle counting systens, both equipped with a 23 nmoounter and a 10 nmeounter each. The parallel setupwas chosen
to enble measurenents with two different dillution settings at the sarre tie, which allows to dravw conclusions on the voltility prop-
erties of the measured particles (volatile particles are nore sersitive to dilution then solid particles).

S| Results

At a medium operating point (2000 pmy IVEP 6bar) the DMC+ blends showed a slightly longer conroustion duration and a loner
peak intersity of the heet release compared to gesoline, see FHgure 8 As about twice the fuel mess of DMCt hes to be injected to
meintain the load achieved with gasalire, the tenerature and pressure level during compression is slightly lower, which leads to are-
duced peak pressre. An increasing tendency in cormbusstion speed can be identified anrong the different DIVIC+ conasitions with in-
cressing ethanol content. This effect can be traced back to the significantly higher laminar buming velocity of ethenol conrpered to
DMC and MeFo (ceta for DMC. [Bal3], Bhanal: [vall], MeFo: [Dold)]). Honever, the differences are modkerate and the conroustion
quality can be regarded sufficiently good for DMCH.

Qarkangle PaTDg Qarkangle [a1D]
Foure 8 Glinder pressure ard cormoustion process at 000 ) IMEP 6, X, homogereaus diredt injectionat 20 e

The reduced confoustion intersity leads to a reduced fomration of rawNOX emission as can be seen in Fgure 9 Another reason for
this ooservation can be found inthe conmposition of the working ges. The increased fuel quartity for DMC+ leads to a higher content
of G2 (+30wt.%9 and HO (+#43 w99 for the sare energy content, which increases the heat capecity of the conoustion products
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and dans down the peak terrperature simlar to the effect of EGR  The increased carbon intersity can also be found in the raw GO
emissions, where higher concentrations conrpared to gesoline are Misible. The tatal hyorocarbon emissions (HID measureent) showa
great reduction for DMCt in the raw exihaLst ges, while the tailpipe values for THC, GO, and NOx are all at a near-zero level at the
operating point of the TWC around XL
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Fgure 9 Geaous rawarissias of RONEG and DMGHlends with differert ethardl aonterts, 2000 ) IMEP6 ber at X, honogeneaus direct injec-
tiona Z30ber, \erigtion ofthe fuel o ertity

Although the raw levels of THC emissions are anly half as high for DMC+ than for gesoline, a closer look at the conrposition of the
remaining pollutants is inportant. As DVIC+is a CL fuel, the fomation of CL hydrocarbons or axygeretes like methare, formeloe-
hyde or methanol is expected to le dominant against the fomation of alkanes or dlefins with higher carton nuber. The FTIR meas-
urements given in FHgure 10 confirmithis exectation, but also showthet the catalytic converter offers a high conversionrate at its op-
erating point at X=L Vethane, however, is more resistant to axidation than formeldehyde or methanol, which is an issue well knoan
also fromengines fired with netural ges. Further exerinents are intended to seek for gptimized operating strategies with lower G-t
formetion in the given setup, while functional inproverrents of catalyst technologyy are recuired in the long termto achieve loner
light-offterrperatures an higher life tires. The NHBemissions are very lowhboth for gasoline and for DMC+ inthe rawexiaust, while
astegp increase is visible in the tailpipe values for a rich mixture. A precise and fast Xcontrdl is therefore essertial for lowanmronia
emissions inreal world driving.
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The particle nuber emissions (FHgure 11) showa significant inproverrent of ca. 2 arders of megnituce from gesoline to DMC
Aong the DMC+ blends, those fuels with higher ethanol content hes an increased level of PN emissians. A possible reason for this
trend can ke seen in the carbon-carbon bond of the ethenol molecule, which could cause an increased formretion of soot precursars

conpared to a Cl fuel conpletely without G-Chonds.
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The quotient of the PN count of a condersation particle counter (CPC) with a cut-off threshold (50 % counting efficiency) at 23 nm
andasimilar systemcalibrated to a 10 nmcut-off is shown in Figure 12 Using this method, it is possible to derive rough informretion
on the particle size distribution of an aerosol with a low concentration of particles. The extaust of gasoline hes a AINIOPN3 ratio
around 15 at X1, while DMCH hes ca. 35 at the equivalent operating point. This means, that the number concentration of sraller
particles belowan eledtric nohility diareter of 23 nmis less efficiently reduced than that of bigger particles. However, the aosolute
nuer concentration is lower inboth cases.

Lavbda (Sonck) {

Foure 12 Retioof ANoounts with differert cut-offratics: [10rmaut-off)[23 rmaut-off].

The red marks in Fgure 12 showthe tendency of DMCt+with 30 %ethanol content to forman extraordinerily large nuber of sl
partides. The C35 blend is therefore excluded from further investigetions, which will be carried out with the G35 and C35 blends in
the near future.

Conclusion and Outlook

The present study presented an overview of the curent activities on soot-fee synthetic Cl-Fuels for diesel- and gasoline engines.
OVE as a CL oxygerdte with hlg1 ignitability and physical properties similar to diesel fuel wes tested on a single cylinder research
engire. Ahlghtolerame?l ication and a coplete avoicance of the particle-NOX trade-off wes aserved. OVE there-
fore alloas lowraw particle emissions combustion without the danger of coking and fouling of EGR conponents. Positive ef-
fects onreal driving emissions are expected. The drivetrain ?/stammltdlng alfter-treatrent technology can be optimized by adapting
the dimersions of filters or catalysers and by sinrplification ofthe injection technolagy.

DMCt &s ablend of dimethyl carborete, methyl fomrate, and ethanol ves tested on alight-cluty single cylinder engine with direct in-
jection. The fuel showed lowpollutant emissions of NOx, GO, and THC and extrenely lowparticulate nunber concentrations. Its high
Lnocklng resistance could be used to increase the conoression ratio and hence inprove the themodynarmic efficiency. The soot-free
combustion could help to realize optimized corboustion systerrs with loner thraitling Iosses (tratrfied mixture, EGR application).

Further research work iis planned on the behaviour of the newfuels in the conplete engine e and under real world conditions by ve-

hicle testing. The possible optimizations of engine and after-treatrrent will be mvestlgated onthe test bench and using CFD calculation
for the injection and conustion process.

Remaining particles fromthe comustion with soat-less CL fuels are strongly suspected to core fromengine lubricating oil pessing
tfepi_s;l?w rirgagd@ge. To clear thet effect the bese engine design hes to be reviewed along with the formulation of the engine ail and
espedially its ash cortert.
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VK 621.43
@opcupoBaHue OAHOIUINHIPOBOTO YeTHIPEXTAKTHOTO ABUTATE/IsI BHYT-
PEHHET0 CropaHusi A03aPsiAKO BO3AYXOM € HCNOJIb30BaHHEM BOJIH CKATHSI,
reHepupyeMbIX B Tpouecce BbIMYCKa, B MPOCTEHIIIHX HHIHBHAYAJTbHBIX

HACTPOCHHLIX I'a30-BO3AYIIHbLIX TPAKTAaX oe3 HNPHBOJAHBIX JJICMCHTOB

C. H. ATtanos

Y pumckuit roCyJapCTBCHHBIN ABHAITHOHHBIH TCXHHICCKHHA YHHBSPCHTCT

Forcing a single-cylinder four-stroke internal combustion engine by charg-
ing it with air using compression waves, generated during the exhaust in the

simplest individual tuned gas-air tracts without driving elements

S. N. Atanov
Ufa state aviation technical university (USATU), Russia

Annomayus: s¢hpexmueHvle U yoevHvle NoKA3amenu ogueameneti u md-
wiuH Ha ux base, 8 nepeyio oyepeob, 3A6UCSI OM HANONHEHUs. YUWIUHOPOS. H3-
gecmHbvle cucmemsl HA00y6d clodicHul. Hacmpoenuvie cucmemsl oocmueiu npe-
oena. Teopus eazoobmena osucameneti sBHympenne2o ceopanus b. I1. Pyooeo He
daem pexomeHOayuti no OdibHeliulemy NoGblULeHUI0 Kod(huyuenma Hanome-
nus. Paspabomana eunomesa 0 603MONCHOCMU NOBvIULEHUS KOI(PPuyuenma
HANOJIHEHUS, 4eMbIPEXMAKMHO20 O8USAMEISl GHYMPEHHe20 C2OPaHUs. Jis 5moe2o,
OONONHUMENbHO Ul DoJiee UHMEHCUBHO O03APSIICAIOM YUTUHOP 8030YXOM. [
Ye2o, UCNONL3YIONM BONIHY COHCAMUSL, 2eHepUpyeMyto npu evixiione. [Ipeoiazaemvie
npocmeniuue 2a30-6030YULHbIe MPAKMbL, COOEPICAM YUIUHOP, HACHPOEHHbIE
mpyobl: 8bINYCKHYIO — OJIsl GbINYCKA U BOIHOBOT NPOOYEKU YUIUHOPA, 8IYCKHYIO
— OJI51 BNYCKA U BOJIHOBOU 003APSOKU YUIUHOPA U BHOBb NPEOJIOJCEeHHbIEe BaAPU-
aHmovl OONOIHUMENbHBLIX MPYO 0151 OONOTHUMENbHOU Wiu Oollee UHMEHCUBHOT
BOJIHOBOT 003APsIOKU. Pacuemyl nokazaiu nogviuienue kodpouyuenma Hanoime-

nusina 12,7 wiu 11 %, coomgemcmeenno, OmHOCUMENbHO O8UeAmes ¢ HACHPO-
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eHHbIMU mpyoamu enycka u ewinyckd. Hamypueie nabopamopivie 2Kcnepu-
MeHmMbl NOKA3ANU NogbluLeHue cpeoneo s¢phpexmusrnozo oasnenusi Ha 8,90 % npu
bonee uHmMeHcusHol 0osapsoxe. [loomeepocoena eunomesda 0 B03MOICHOCMU

oanbHeluieco nosululeHUs KO ppuyueHma HanoIHeHus.

Kuoueswie crosa: wemeipexmaxmubuiii Oueamens GHympeHHe20 ceopamus,

BBIXJION, BOIHA, HACMPOTIKA, 003aPIOKd, KOI(hduyuenm nanoiHenus.

Abstract: effective and specific indicators of engines and machines based
on them, in the first place, depends on the filling of the cylinders. Well-known the
supercharging systems are complicated. Tuned the systems are reached the limit.
Theory of gas exchange of internal combustion engines B. P. Rudoy’s do not give
recommendations on the further increase in the volumetric efficiency. A hypothe-
sis on the possibility of increasing the volumetric efficiency of the four-stroke in-
ternal combustion engine. For this, the cylinder is additionally or more intensively
additional charged with air. To do this, use a compression wave, generated at the
exhaust. The gas-air tracts proposed contain cylinder, tuned pipes: outlet — for
exhaust and wave scavenging, tuned inlet pipe — for filling and wave charging
and the newly proposed pipe for wave delivery additional or the more intensive
wave charging. Calculations showed increased the volumetric efficiency at 11 or
12.7 % respectively relative to engine with tuned inlet and outlet pipes. A hypoth-
esis was confirmed about the possibility of further increasing the volumetric effi-

ciency.

Key words: four-stroke internal combustion engine, exhaust, wave, tuning,
charging, volumetric efficiency.

BBEJIEHUE

Pabota 0THOCUTCS K TOPIIHEBOMY JBUTATENECTPOCHUIO, B YACTHOCTH K I'a-
3000MEHY YETBIPEXTAKTHBIX JBUTareNicli BHYTpeHHero cropanus (JBC) ¢ wuc-

N0JIb30BAHUEM BOJIH, BO3HHKAKOIIMX B Ta30BO3AYIIHbIX TpakTax (I'BT), a uMeHHO
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CO3[AHUIO W TPOBEPKE HOBBIX METOJIOB BOJHOBOW A03apsaKky LMJIMHApPA (pado-
Yeil KaMephbl), a TAKXKE MPUHIMIUAIBHBIX (PACUETHBIX) H KOHCTPYKTUBHBIX CXEM
npocreiiimx HacTpoeHHbIX [ BT oqHOnmMamHApoBoro (¢ oaHo#i pabodeii kamepoi
(PK)) ABC 6e3 arperatoB HaiayBa ¢ MOBBILIEHHBIM HAMOJHEHUEM 34 CUET KC-
M0JIb30BaHUS, paHee OPOCOBOH, FHEPIrUM BhIxJIoNa. Maen u pereHus Takke Mo-
I'yT OBITh UCIIOJIb30BaHbl B MHOTOLIMJIMHAPOBBIX IBUTATEIISIX, APYTUX UMITYJIbCHO
padoTArOMIMX YCTPOUCTBAX. AKTYATbHOCTh M 3HAYMMOCTD PabOThI 1711 UCCIIEI0-
BaTejiel M KOHCTPYKTOPOB-ABUIATEIECTPOUTENEH, CTYACHTOB 3aKIIFOYacTCsA B
TOM, YTO MOKa3aHbl BapuaHTHl HampasieHUi pa3Butus ['BT deTelpexTakTHBIX
JIBC, nokasaHel OCHOBHBIE 3JIEMEHTHI METOJAMKHU U PE3YIIBTATHI TPOCKTUPOBAHUS
I'BT IBC c noBbIlieHHBIMHA KO3()(PULIMEHTOM HAMOJHEHUS, YACIbHBIMY MTOKa3a-
TENSIMH, & 3HAYUT U KOHKYPEHTOCOCOOHOCThIO JIBC 1 mammH Ha ux Gase.

OB30P PABOT U 3AJJAYUN UCCJIEJTOBAHUA

Ha npoTsokeHun MCTOPUH YUEHBIE U MHKEHEPBI OCBAUBAIOT U BHEIAPSIOT B
TEXHUKY TPUPOJHBIE BOJTHOBBIE 3(PPEKTHI.

B Poccun HayuHyrO KOy HecTauroHapHoi razoannamuku JIBC popmu-
poBasm B MI'TY A. C. Opnun u 3atem M. I'. Kpyrnos.

b. I1. Pynoii Ha ocHOBE MEXaHWKH CIJIOMIHOMN cpeabl pazpadoTan Teopuro
razooomena JIBC [1]. [ToctpoeHa ogHOMEpHAsE MOJIENL HECTALIMOHAPHOTO ra30-
oOomeHa B ' BT 1 00bICHEH €ro MeXaHU3M, KaK KOHEUHO-BOJIHOBOM. [1oBEIIIICHHE
K03 (puumeHTa HanoJHEHUs YeThipexTakTHOro JIBC 10 mpenenbHoro 3HaueHus
1,3 va IBC ¢upmsl « NSU» ¢ HacTpoeHHBIME 32 60’000 OnBITOB KaHAJIAMU Tra30-
oOMeHa u (pazamu razopacnpeneneHus [2, ¢. 75; 1, ¢. 55] 00bICHEHO BO3HUKHO-
BEHHUEM, IBHOKEHUEM, OTPLKEHUEM B HACTPOEHHON YacTu ['BT u Bo3melicTBIEM
Ha PK yenunennsix (no tepmunosiornu b. C. CTeuknHa) BOJMH KOHEYHOH aMILIv-
Tynbl (CKaTHsl U pa3peskeHus). OHU M3MEHSIOT aBJICHUE B KaHAJIax Mepes OK-
Hamu PK B KOHIIE BBIITyCKA M BIyCKa, 00eceunBas BOJTHOBYHO MPOAYBKY U J03a-

PAAKY. I[01<a3aHa HCCOCTOATCIIbHOCTE MHCPIHUOHHOTO U PC30HAHCHOI'O IMOAX0Aa
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B 00BsicHeHHU razooOMmeHa. b. [1. Pyasim onucana ontumanbHas o ko3 Quim-
ety HanonHeHuto cxema [ BT JIBC. b. I1. PyapIM U €ro y4eHUKaMu CO3JaHBbI
nporpammel pacuetoB JIBC ¢ I'BT [3, 4, 5] u pazpaborana METOIMKA MPOCKTH-
poBanus [ BT wersipextaktHoro JIBC no auarpammam ¢ 0€3pa3MepHbIMH KOM-
TIJIEKCAMH.

B coBpeMenHbix aBTOMOOHIBHBIX JIBC 0€3 arperatoB HajayBa peryiu-
PYIOT: yTh BOJIHEI [6, C. 38—46] 1 mmomaay KaHaoB, (Pa3sl ra3opacnpeaciicHus,
3aKOHBI OTKPBITHS KJIanmaHoB [7, ¢. 112—114] npu U3MEHEHNH YaCTOThI [IUKJIOB.
OTO MUUIb pacHIApSAET Auana3oH >PQEKTUBHOCTH BOJHOBOW AO3apsiaKy (Ha-
ayBa) mo yvactore. HactpoeHHsle cuctemsl Biycka B JIBC ¢ TypOoHamayBoM
YMEHBINAKT «3(PPEKT TypOOSIMBI) M KOJTMYECTBO MEPEKIIOYCHAS TIEPEaay, MOBbI-
HIAKOT MPUEMUCTOCTH [8, ¢. 460—461], HO mpu 3TOM KO3((PUIMEHT HAMOJIHECHUS
HE IPEBBILIAET U3BECTHOTO «IPEACITIBHOIOY.

O dexTBHAS 03apsAAKA BOJHAMHU CHKATUS, TEHEPUPYEMBIMUA TPH BbI-
XJIONE N3BECTHA B BOJTHOBBIX OOMEHHUKAX JaBjicHus Tha « Comprex» [6, ¢. 125—
137], HO OHM KOHCTPYKTHBHO CJIOKHBI, UMEET 0OBEMHBIC KOJJIEKTOPBI, MPUBO/I-
HBIE ICTAA, U €ro He NpuMeHsOT Ha JIBC ¢ oqHoit PK, 1 HET MaHHBIX O MOBBI-
HICHUHM UMU KO3 (PUIMeHTa HAOJIHEHUS. Tak)Ke, N3BECTHA B ABYXTAKTHBIX JIBH-
rarefsx ¢ UHAMBUAYAIbHBIMU BBIMYCKHBIMU TPyOaMu, COAEPKALIMMH KaK CTY-
NEHbKY [9], Tak 1 pacmmpenue u cyxenue [10], a Takke B «CIEUAILHON CH-
cTeMe razo00MeHay sl BBICOKOTO TypOoHaaayBa yeTeipexTakTHbix JIBC [16]
B CHCTEME B3auMOHaayBa AByxTakTHbIX [IBC [17].

b. I'. Pynoit otMe4alt: «4acTo MOMHYH OPOAYBKY MOYKHO OCYILECTBUTD, HE
MCIIOJIB3YS BCEX BO3MOXKHOCTEH BBIMTYCKHOM cucteMb» [1, ¢. 62]. Ha 3TOM OCHO-
BAaHWM pa3pab0TaHa runoTe3a aBTopa 0 BO3MOKHOCTH JAIBHEWIIETO MOBBIIICHUS
KO3 (pUIMEHTa HANOJHEHUST OAHOLMIMHIPOBOIO C HACTPOCHHBIMU KaHaJlaMu
BITyCKA U BbINTYCKa YETHIPEXTAKTHOTO /IBC 3a CUET BOJIH C)KaTusl, TEHEPUPYEMBIX
P BBIXJIONE. 3aAa41 UCCIIEA0BAHNS 3aKITFOUYAOTCS B TPOBEPKE 3TOM THIIOTESBI.

HPEJJIAT'TAEMOE PEHIEHUE
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Ha ocHoBe crcTeMarn3annu 1 KinaccuPpukarysi KOMIPECCOPOB U UHBIX CH-
CTEM ra3000MeHa KaK MepeMEINaIuX ra3 yeTpoicTs [13] BBIABIEHO, U4TO pas-
nnvHble HacTpoeHHble kaHastbl ' BT JIBC 00pa3ytoT Knacc BOJTHOBBIX HECTALMO-
HapPHBIX MacCOBBIX NEPEMEILAIOIINX Ta3 YCTPOUCTB. [IpocTeiie BapruaHThl 10-
3apsaakua PK 3a cuer BOJIH C)KaTusi, FEHEPUPYEMBIX IIPU BBIXJIONE, JUI MPOCTEN-
LIEr0 OJHOLMIIMHAPOBOIO YETHIPEXTAKTHOIO ABUrATENA IPU MUHUMAJIBHBIX J10-
paboTKax KOHCTPYKLMM CAMOTO JIBUTATENsI — 3TO UCHOJIb30BAHUE YKE UMEIO-
muxcst OKOH PK: BIyCKHOrO W BBIITYCKHOT'O. 1 I0CKOJIBKY TaBICHUE B BOJIHE CKa-
TUsI, TEHEPUPYEMON TIPU BBINYCKE, BBHILIE YEM AABJICHUE B OTPAKEHHOW BOJIHE
CoKaTusl, BOSHUKAKOLIEH BO BIIYCKHOM KaHAJIE, TO NMPEUIOXKEHO IBA HOBBIX METOAA
no3apsaakd. LlepBblii METOT — 3TO JOMOJIHATENbHAS A03apsaka (Mo nateHty PO
1795680) [14], 3aknroyaromascs B BO3BPAIICHUN K BBITYCKHOMY OKkHY PK oTpa-
JKEHHOW BOJIHBI C)KaTHsl TOCTIE 3aBEPIICHUSI OOBIYHOM BOTHOBOH ao3apsaaku PK
U3 BIIYCKHOIO KaHayia. Ui 3TOro, KaKk BapHaHT, MPEII0KEHO BBIIOIHUTH BbI-
NYCKHOW KaHaJI C pacluupeHneM, odbecneunBaromum npoayeky PK orpakeHHo#
BOJIHOW Pa3peXeHUs, KaK B MATIOPA3MEPHBIX TPAHCIIOPTHBIX IBYXTakTHbIX [IBC,
Y C HOCTIEAYIOIIAM CY)KEHUEM TSI OTPAKEHUS UCXOHON BOJIHBI CYKATHSA BOJTHOM
cxarus (Pucynok 1, cm. cxemy kaHanoB ['BT cneBa BHH3Y U TPacKTOPUM BOJTH
cHu3y). B aTom cnyuae, TpeOyeTcss HEKOTOPOE MPEABAPUTEIBLHOE HANOIHEHUE
BO3AYXOM, HAIIpUMED, TPOLYBOYHBIM, ITpuiieratorero Kk PK yyacTka BEITYCKHOTO
KaHasa B IIEPUOJI BOJIHOBOW MPOIYBKH, a TAKXKE, HAIPUMED, IOBTOPHOE KPATKO-
BPEMEHHOE OTKPBITHE BBIITYCKHOTO OKHA PK mociie 3akpbiTis BnyckHoro. Bropoit
METO — ATO 00JIee UHTCHCUBHAS (MHTEHCU()UIIMPOBAHHAS ) T03apsaKa (Mo na-
Tenty P® 2066002) [15], 3akntouaromascs B HapaBJICHUN YaCTH T€HEPUPYEMOit
1pu BeIxjone U3 PK B BEIMYCKHOM HACTPOCHHOM KaHAJIE UCXOAHOW BOIHBI CHKa-
TUs, BO BIIYCKHON HacTpoeHHbIN KaHall PK, yepe3 HOmomHUTENbHBIA HACTPOEH-
Hbll kKaHan (PucyHok 2, cMm. cxemy kananoB ['BT ciieBa BHU3y). MomeHT npuxona

0oyiee MHTEHCUBHOM BOJIHBI CKATHS BBIITYCKA COTIACYIOT ¢ MOMEHTOM 3aBEpILIC-
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HUs1 OOBIYHOM BOJTHOBOH n03apsaku PK oTpakeHHOH BOTHOM CyKaTHsl M3 HACTPO-
€HHOTO BIYCKHOTO KaHaya (OOBIYHBI MOMEHT 3aKpbITUsl BITyCKHOrO OkHa PK).
JIJ1st 3TOr0, AOMOJTHUTENBHBIA KAHAJT BBITOJHSIOT OMPEACICHHON JJIMHBI U CO00-
HIAKOT C HACTPOEHHBIM BBIMYCKHBIM KaHaioM BOiM3M PK 1 ¢ Havaiom HacTpoeH-
HOT'0 BIYCKHOTO KaHaJla yepe3 pa3pbIB. Pa3peiB 00ecneunBacT BO3MOXKHOCTD MPO-
X0J1a BOJIH CKaTHsl U HEBO3MOYKHOCTh MPOX0JA BOJH PA3PEIKEHHUS, KOTOPBIE OT
HEr0 OTPAKAKOTCA BOJIHAMM CYKATHS MPU OJHOBPEMEHHOM BCACBIBAHMM BO3yXa
B KaHaJ1, 1O KOTOPOMY MOJIXO1Ia BOJIHA pazpexkeHus. i 3pPeKTHBHOCTH pa3-
PBIB MOMEIIAIOT B PECUBEP C OOPATHBIM BITYCKHBIM KJIAITAHOM HA BXOJE BO3/yXa,
a TaKKE, BBITIOJHSAIOT QHAJIOTUYHBINA TOTOJHUATEIBHBIA BXO BO3AYXa B CPEAHEH
YaCTH JOMOJHUTENBHOTO KaHana. JlOTONHUTENBHBIA BXO BO3AyXa OPraHu3yrOT
JUTSI TIOBBITIIEHUS 3P PEKTUBHOCTH Tra3000MEHA JOMOIHUTENBHOIO KaHaa. J[JuHy
YaCTH JONOJHUTEIIBHOIO KaHajIa 0T MECTA COOOIIEHHMS C BBINY CKHBIM KaHAJIOM 10
MECTa JONOJHUTEILHOTO BOYCKA BO3AyXa BEIOUPAOT TAKMM, YTOOBI BEIXJIOMHBIE
rasbl u3 PK He qocTuranu mecta 1onoJHUTENBHOTO BITyCKa 3a UK padoTsl JIBC.
[Tpwm 5TOM IITATHBIHA HACTPOECHHBIN KaHAJT BBITyCKa 00ecreunBacT npoayBKy u PK
JIBC, 1 IOTIOIHATENBHOTO HACTPOEHHOTO KaHAJIA OT OTPadOTABIIMX T'a30B TEKY-
uiero ukia padotsr JIBC.

AHAJIN3 ITOJIYYUEHHBIX PE3YJIBbTATOB

BrruncnurensHabie 3xkcnepuMenTsl HAa OBM B nporpammax [3, 4, 5] nmoka-
3BIBAKOT, YTO METOJ AOTOIHUTENBHON T03APAAKHA YEPE3 BBIITYCKHOE OKHO TOBBI-
maet Kod3(ppuumeHt HanoaHeHus Ha 12,7 % npu yBENTUYEHUHA OTHOIIEHUS BHYT-
peHHero oobema kaHanoB I'BT k paGouemy o6wvemy JABC mo 34,9 mns JIBC
4Y 8,2/7,0 ¢ MTHOBEHHBIM OTKPBITUEM M 3aKPbITUEM OKOH (PucyHok 1, cM. nHan-
KaTOPHYIO quarpammy u auarpammy ¢as razopacnpencienus ceepxy) [14]. Me-
TOJ 00JIE€ MHTEHCUBHOM n03apsaaku — Ha 11,1 % npu yBeTMYeHNH OTHOCUTENb-
Horo oobema Ha 7,17 nns JIBC Y 7,9/6,8 (Pucynok 2) [15].

Ha paspaboranHoii u coOpaHHON ja00paTOPHON 3KCIEPUMEHTATBHOM

YCTaHOBKE, BKITIOUArOUIei: TopM0o3HOi cTtena pupmbl «AVL List GmbH» (AVL);
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CEPUIHBIA OTHOLMIIMHIPOBBINA ABYX-KIamaHHblii OeH3uHOBBIN JIBC BO3AyLIHOTO
oxnaxaeHus Y 7,9/6,8; annaparypy ¢upmsl «AVLy» s onpenenenus 3¢Q¢pek-
TUBHBIX NTOKazareneil u naaunuposanus PK u kananos [ BT, skcniepumenTans-
Hele ['BT ¢ HACTpOEHHBIMM KaHAJIAMH BIYCKA M BBIMYCKA 0€3 M C AOMOJIHUTEIb-
HBIM KaHAJIOM 1J11 00JIe€ MHTEHCUBHOW J03apSAAKU IO BTOPOMY METOAY, — 3ape-
TUCTPUPOBAH MPOXO0J O0JIeE MHTEHCUBHOM BOJIHBI CKATWS, CTEHEPUPOBAHHOMN
IIPU BBIXJIONE, K BIIyCKHOMY KianaHy. [IoBbIIEHUE NaBIEeHUi nepel BITyCKHBIM
KJIAaHOM B MOMEHT MOAXO0/AA BOJIHBI 10 KaHaimy coctaBuiio 20 klla (3ameTHBIH
CKaYeK), 1 MaKCUMAJIbHOTO KOHIE Biycka — 12 klla, moarBepaus pacuer. Jlnut-
poBoii MoMeHT coctaBun 91,8 Hwm/n, cpennee >PpQpekTHBHOE NaBJICHHE —
1,15 MIla. IlpeBbimienne 3tiX 3(p(PEKTUBHBIX MOKA3ATENEH OTHOCUTEIBHO Mac-
NOPTHBIX AaHHBIX — 77,9 %, a o1 'BT ¢ HacTpoeHHbIMU TpyOaMu BIYCKA U BbI-
nycka 0€3 JOMOJTHUTENBHOTO KaHana — Ha 8,90 % [16].

BbIBOJBI 11O PABOTE.

Bo3M0okHO nanbpHelnee noBbiieHre ko puiieHTa HanoJHeHus U pop-
CUPOBAHKME OJHOLMJIMHAPOBOIO YETBIPEXTAKTHOIO ABUIATENISI HOBBIMHU IIPEUIO-
YKEHHBIMH MMPOCTEUILIMMHA METOAAMHU U KOHCTPYKLMSAMHU Ta30BO3AYIIHBIX TPAKTOB
0€3 JONOJHUTENBHBIX MPUBOIHBIX JIEMEHTOB 3a CYET UCMOJIb30BAHUS IS 103a-

PAAKH BOJIH CKaTHA, ICHCPHUPYCMBIX IIPH BLIXJIOIIC.
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cneBa BHM3Yy — cxema FBT c HACTPOEHHbIMUW KaHanaMu; B LLeHTpe — Auarpamma
M cxema a3 rasoob6mMeHa; BHM3y — CXeMa ABUXKEHWUSA BOJIH U JOMONHUTENbHOTO
BO34yxa (BNyCcKHas cuctema — BHU3Y OT ocu abcumcc, BbiINyCKHas — BBepXy);

L — AannHa kKaHanoB; HMT n BMT — HUXHASA 1 BEPXHASA MEPTBble TOYKMU;

+ n V — TpaekTopuu Hambosiee MHTEHCUBHbLIX YYaCTKOB YeAWHEHHbIX BOJH
cxkartuga; \ TO )€ BOJIHbl pa3pexeHus, KOHTaKTHad MOBEPXHOCTb
"BO3A4YX-BbIMYCKHble Ta3bl"; — BbIOPOLWEHHbIA B BbIMYCKHOW KaHarn

NPOAYBOYHBIN BO3AYX; M1 — AOMNONHUTENbHO A03apsXKaeMblil (BO3BpaLLaeMblil)
B PK npogyBOYHbI BO3AYX W pa3Huua pAaBAeHUA [Jo3apsifku; h— yron
noBopoTa KofeHyaToro Bana; F — nnowagb ceyeHus; P — paBneHue; B —
BbINYCK; BN — BNYycK; Ge — Macca NpoAyBOYHOr0 BO3AYyXa 3a BbIMYCKHbIM
OKHOM; pk — PK

Puc. 1. Pe3ynbTaTtbl BbIYUC/IUTENBHOIO 3KCMNEPUMEHTA MO

LONONHUTENbHOW Ao3apsaake
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Yron noBopoTa KoJsieHBana, rpag --->
— (KnpHada cepasd NUHUA) C LONONHUTENbHbLIM KaHanom,
------------ (TOHKasa YyepHasa NMHKUA) 6e3 LONONHUTENbHOIO KaHana
Puc. 2. CpaBHeHMe pacyeTHbIX napameTpoB B6nn3n knanaHos PK 'BT 6e3 u
C JONONIHUTENbHbIM KaHana npu metoge 605ee MHTEHCUBHOW fJ03apagKu
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IlapameTpbl U XapaKTepUCTUKH ABUTATE/ISI BHYTPEHHEro0 CropaHusi ¢
pereHepaunmeii Tenjia B HMKJe C Y4eTOM MIAPABIHYECKHX NOTEPb H
TenJ1000MeHa

A.N. dosrsuiiao, JILA. IlllectakoBa
CamMapckuil HAaHOHAIBHEIN HecenoBareabekmii yausepcuteT uM. C.IT. Koponésa

Parameters and characteristics of the internal combustion engine
with heat regeneration in the cycle considering hydraulic losses and heat
exchange

Samara National Research University

Haubonee pacnpocmpanenuvivu cpeou meniogwix 0gueameietl s6siomces
nopuinesvie J[BC (Ogueamenu eHympenne2o c2opamnust), d 2mo o3Haddaem, 4mo
nosviuernue s¢ppexmusnocmu J[BC agnsemces akmyanvroi npooaemoit. Cogpe-
MeHHbie 0gueamesu OOCMURIU 8eCbMd BbICOKUX DHEPLeMUYECKUX U DKOHOMUYe-
CKUX noxkasameJet, obiaoaiom 00CMAamo4Hol HAOEIHCHOCHbIO U XOPOULO 0CBOe-
Hbl 6 mexHonocudeckom omuoutenuu. Oonaxo nymu nogoiuenus KIIJ[ (koog-
Guyuenma noue3Ho2o Oeticmeust) ClLOJ4CHbL ¢ KOHCMPYKIMUGHOU MOYKYU 3peHUst U
yeeaudusaiom sghghexmusrnocms 6ceeo Ha 0onu npoyenma. Hzeecmmuviym 8biCOKO-
aphexmusrvin cnocobom nogeiuterus KI1J[ sHepeemuueckux yCmano8oK 567s-
emcs pecenepayusi menid 6 yuxkie. Imo pediu306ano 6 2a3omypoutHvLx 06ud-
meJisix, 8 napomypOUHHbIX YCMAHOBKAX, pAbOMAIoOuux No 3aMKHYMbIM YUKIAM
bpaiimona, Penxuna, 6 osucamene Cmupiuned. OOHAKO 8HYMPEHHSs peceHepa-
yusa menia 6 /[BC noxa ne peanusosana. Cyuecmsyrowue mexHudecKue peuie-
HUSL U NPeOIOJCEeHUs HA YPOBHE NAMEHMOE 8eCoMd CLONACHbL U NOKA He NPUHU-
Matomcest k enedpenuto. Hngopmayuu o peanuzayuu J[BC ¢ pecenepayueii men-
J1a 8 yuxie ne obnapyscerno. B oannoti cmamue npeonodicer cnocob peaiusayuu
pezenepayuu menid 6 yukie ogueamels euympenneeo ccopanus (/[BC-P). Ilpu-
gedena Memoouxa pacyemad paboyezo npoyecca Ogueamelisi ¢ y4emom menio-

obmena u cuopasiuyeckux nomepo. llpeocmaesneno cpasuenue sHadenuti KI1J[
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JIBC-P ¢ Opyeumu 6eH3uHoBbiMU U OUZCTbHBIMU OBUSAMEISIMU GHYMPEHHE20
ceopanus. Hccneoyemeiii Ogueameins umeem pacdemuulil 3(hghekmusHwlii pacxoo

monnuea na 20... 30% nusxce no cpagueHulo ¢ COBpPeMeHHbIMU NOPULHEBLIMU

JIBC.

Kuoueswie ciosa: ogueamenv gHympennezo ceopanus, peceHepayusi men-

Ja 8 yukie, paboquti npoyecc, YMoyHeHHble XAPaKmepucmuxu, Kosgpguyuenm

NOJIe3HO20 OCTCMBUSL.

The most common among heat engines are piston ICE (internal combus-
tion engines), which means that improving the efficiency of the engine is an ac-
tual problem. Modern engines have achieved very high energy and economic in-
dicators, are sufficiently reliable and are well developed in technology. Howev-
er, ways to improve efficiency are difficult from a constructive point of view and
increase in efficiency by a fraction of percent. A well-known highly effective way
to increase the efficiency of power plants is heat regeneration in the cycle. This
is implemented in gas turbine engines, in steam turbine units operating in closed
cycles of Brighton, Rankine, Stirling engine. However, internal heat regenera-
tion in the internal combustion engine has not yet been realized. The existing
technical solutions and proposals are very complex at the patents level and are
not yet being accepted for implementation. Information on the implementation of
ice with re-generation of heat in the cycle was not detected. In this articl, a
method is proposed for realizing heat regeneration in the cycle of an internal
combustion engine (ICE-R). The procedure for calculating the working process
of the engine is considering the heat exchange and hydraulic losses. A compari-
son of the efficiency of the ICE-R with other gasoline and diesel internal com-
bustion engines is presented. The investigated engine has a calculated effective

fuel consumption of 20... 30% lower compared to modern piston engines.

Keywords: internal combustion engine, heat regeneration in the cycle,

working process, refined characteristics, efficiency.
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COBpEMEHHBIE JBUTaTeNId BHYTPEHHETO CropaHus O0a3upyroTCs Ha JABYX
OCHOBOMOJIATAIIMX TEPMOAUHAMUYECKUX HuKiIax: OtTo u uzens. JlocTike-
HUs 10 3koHOMUM TorumBa B JIBC 00ycnoBneHsl 001€€ TOUHBIM YYETOM 3JIEK-
TPOHUKOH rpaduika IBMKEHHS aBTOMOOWIIS, YNPABISEMbIM BIPBICKOM, OoJice
PALMOHAIBHBIM PACIPENCICHUEM TOIJIMBA B IMUIMHIAPE U Ap. Bee 310 mostydeHo
3a CUET OPraHN3alUOHHO-TEXHUYECKMX MHHOBALMH, HO HE 3a CYET U3MCHEHUS
camoro 0a30BOro0 TEPMOJMHAMUYECKOTO UKJIA.

Hekotopele pemieHuss mo NoOBBIMICHAO 3()(PEKTUBHOCTH paboyero mpo-
LIECCA 32 CUET U3MEHEHHUS LIMKJIA B HACTOSIIEE BpeMs pean3yrorcs. OHU CBsi3a-
HbI ¢ oTAeneHreM B padouem nukie J[IBC mpoiiecca cropaHus oT UUIMHApPA.
Haubonee wu3BecTHBIE M3 HUX — pa3padoTku kKommanwii Scudert Group
(scuderigroup.com), Zajac Motors (zajacmotors.com) u DIRO Konstruktions
GmbH&Co. KG (diro-konstruktion.de). Taxske 31a nmpoGiieMa permaeTcs myTem
WCIOJIb30BaHUsl THOPUIHOM CUJIOBOM YCTaHOBKH.

Cnocobamu noBbIICHHUS 3PPEKTUBHOCTH LIMKJIA KPOME YKE MCHOJIB30-
BaHHBIX MOKHO CUMTATh CICAYIOMME. (OPCUPOBAHUE 32 CUET HAAAYBA W IMPO-
MEXYTOUYHOTO OXJIAKICHUS HAJyBOYHOTO BO3/yXa, YIPABICHHUE CTECIICHBIO CXKa-
TUSL ABUTATENS M PELMPKYISLKSA O0TpabOTaBIIMX ra3oB. Bee 3TH cnmocoObl u3-
BECTHBI U, 3@ UCKITFOUEHUEM M3MECHEHHS CTETMEHU CXKaTHsl, B TOH WJIM MHOHW CTe-
NIEHU MPUMEHSIOTCS B CEPUHHO BBIMYCKAEMBIX IBUTATENAX. TO €CTh UX NMpUME-
HEHUE MO>KHO OTHECTH K JOCTUTHYTOMY HA CErOJHS YPOBHIO 3()(PEKTHBHOCTH
JIBC. bonbmero knaccuueckuii muki JIBC He Mo3BOsET.

TexXHOMOrHYECKU MPOPBIB TOJKEH ObITh O0ECNEYEH CO3AaHUEM JIBUTA-
TEJIsl BHYTPEHHETO CTOPAHUs ¢ MPUHUMNINAIBHO U3MEHEHHBIM TEPMOIMHAMUYC-
CKMM LIMKJIOM M CywlecTBeHHO Oosiee BbicOkMM KIIJ[, a ”MEHHO C BO3MOKHO-
CTBIO PErEHEPALIMY TEIJIA BHYTPH LIAKIIA.

Llens HacTOALICH MyOIMKALIMKA 3aKITFOYACTCS B JOKA3ATENBCTBE PEATBHOIO
ocyuiecTBiaeHus: padouero npouecca JABC ¢ BHyTpeHHER pereHepanueii Temna,

OCHOBAHHOTO HA MATEHTE aBTOPOB HacToslIeH nyonvkanuu [1]. Panee B myOmu-
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Kauuun [2] 66Ny gokKaszaHbl NPUHLMNMANIbHbIE BO3MOXHOCTM peanuns3aynm Takoro
umKna.

B HacToAuWwel cTaTbe nNpefcTaB/ieHbl pacyeTHble napameTpbl U XapakTe-
puctnkn ABC-P c MakCcuMManbHbIM YYeTOM peasbHOCTM MPOUCXOAALWUX MNPO-
LeccoB. A MMEHHO: peasbHbIMK NoKasaTendAMu NOMAUTPOMNbI MPOLECCOB, 3HaYe-
HUAMW TennoemKoCTeil paboyero Tena, rmapaBanyeckKMMu noTepsMn B Tenno-
06MeHHWKe, NOTepAMM Ha KfanaHax gBurartens u Tens006MeHOM B LMAMHAPAX
B pas3fIMyHbIX (haszax ux paboThbl.

Mpn pacyeTHOM aHanuse paboyero npouecca ObIIM NPUHATLI ClefyroLne
NoNoXXeHnsA. TennoBOW pacyeT, BKAKYAKOLWKMA napaMmeTpbl U XapaKTepUCTUKHU
paboyero Tena And OTAENIbHbIX NMPOLECCOB, BKAOYAA MPOLECC CropaHMa NpoBo-
AnUncs no obuwenpuHATon metoanke [3]. Lanee Oblin NPoOBeAEHbl BbIYNCNEHUS
napameTpoB COCTOAHMUA paboyero Tena A/ XapaKTepHbIX TOYEK LMKNa, C y4e-
TOM MOTepb AaBNeHUA Ha KnanaHax v TensoobmeHa B LUAMHAPAX ANA KaXAOW
(ha3bl B3aMmopgencTems paboyero Tena C NOBEPXHOCTAMM TennoobmeHa (npwu
BMYCKe W BbINYCKe M3 UWNUHAPOB).

MpuHunn ocyuiecTBneHnsa pabouvero npouyecca ABC-P npeactaBfieH Ha

pucyHke 1

Puc. 1 Pa6boumnint npouecc ABC c pereHepaumnein Tenna B yukne
daszoBada gumarpamma paboyero npouyecca ABC-P npegctaBneHa Ha pu-

CYHKe 2 , a NOACHEeHUSs K Hel B Tabnuue 1
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Yron nosopota ¢, °

o-4

ulgus
uag
(-2
2-¢0

HMT. xu,

Puc. 2. ®a3oBas guarpamma pabouyero npouecca ABC-P

16

137
41,4
138,6
41,4

Tabnuuya 1

MoscHeHUe K Pa3oBoii Anarpamme

X0noAHbIA unuHap

Bnyck cBeXero Bo3gyxa

Bnyck cBexxero Bo3ayxa

Bnyck cBeXero Bo3ayxa

CxaTue CBeXero Bosfyxa
Bbinyck cXaTtoro so3gyxa B pa-
O0YMIn UMNMHAOP Yepe3 BO3AYyLU-

HbIA KOHTYP Ten1006MeHHMKa

Pabouunin ununmHap
BocnnameHeHve ¥ cropaHue cxa-
TOro HarpeToro Bosgyxa
Pabouuin xof
BbInycK NpoayKTOB CropaHus
BbinycK NpoayKToB CropaHus
Bbinyck NpoayKTOB CropaHus B

aTMocepy yepes TeMI000MeHHNK

roe qo - BMT xonogHoro umnuugpa, gl1- HMT xonogHoro uynuHapa, 2 - BMT pabouyero

umnnHapa, ¢b- HMT paboyero uunnHapa

PUCYHKe 3.
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Puc. 3. Cxema pgBuratens - ABC-P

B pacueTte yuyuTbiBanocb, 4to B ABC-P, B oTAanyme oT 06bIYHOIO ABUra-
Tensd, OCTaTOYHbIM ra3oM B «XONOLHOM» UunuHAape 6yaet Bo3ayx. Npu Bnycke
B UMAMHAP CBEXWIW 3apsf BO3Ayxa NOAOrpeBaeTcs 3a CYeT ABYX (haKTOpPOB: 3a
CYEeT CMeLleHnsa C OCTaTOUYHbIM BO34YXOM W OT CTEeHOK uunuvHgpa. MNpu cxatun
N BbINYCKe B onpeAeneHHble MOMEHTbl BPEMEHU BO34YyX OTAAET TENNO CTeHKaM.
Mpouecc HanoMHEHWA UUNUHAPA COMPOBOXAAETCA NOoTepAMM [aBieHUA Ha
BMYCKHOM KnanaHe.

[JaBneHne B KOHLE BMycKa paccyMmTbiBaeTcqd C y4eTOM MOTepb Ha Knana-
Hax. [ToTepu faBneHUs Ha BNycKe B ABurartene oueHnsarwtca AP = 2133 la:

bP = (P2 + <IH)-A2 -n2-px1 *10-6/2, @8]

roe An = &BV/nN; A2+ fBh= 251 &B1= 95 M/C NpUHATbBI B COOTBETCTBUM
CO CKOPOCTHbIM peXWUMOM fABuraTenem M ¢ yyeTOM Ka4yeCTBEHHOW 06paboTKu
BHYTPEHHMWUX NOBEPXHOCTEN BMNYCKHbIX CUCTEM [ABUraTens ¢ HENOCPEeACTBEHHbIM

BNpbICKOM TONnnmBea [3].
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Temneparypa Bo3ayxa T;ONpPEnenseTcss UCXOAS W3 YCIOBHS CMEIICHUS
CBEKETO 3aps/ia U BO31yXa B MEPTBOM 00BEME.

Tl (me + mM) = TOmBX + TZmM: (2)

IJIE Macca BXOMSIIECTO B XOJIOAHBIA LIMJIMHAP BO3AyXam,, W Macca
OCTaBUIErOCs B MEPTBOM 00BEME BO3yxam,, a Tou T,, B3STH U3 MpEaBaApH-
TeNnbHBIX pacueToB [2]. KoadduumeHT TemnmooTtnaum mpH BIyCKE BO3AyXa B
«XOJIOJHBIA [IJIMHP» HAXOJUTCS MO HWKEMPUBEACHHOU hopmyiie [4]:

1 2 T12)4_(T1c)4

al — 5,388 . 10—4 . (1 + 1124Cm) . Tlgz . p:?l’ + 0,4‘21 . _(10;'12_7;:0_ (3)

IJIs CAEAYIOIMX YCJIOBHIA: TeMIeparypa CTEHKU MEPBOTO MJIMHApPA MPUHUMA-
erca pasHoit Ty, = 373K; cpeansss temneparypa mpouecca 1-2 Ty, = (T; +
+T,)/2 = 451,5K. Cpennsisi cCKOpOCTh MOPILIHS C;, = 4,764 M/C TpU 4YacToTe

Bpamienns w = 240c¢™?

, TIPU OTHOIIEHHH PAJNyCa KPUBOLIUIA K [UIMHE [IAaTyHa
A = 0,25 u xoae nopuHs 0,07m [3].

Kos¢puuuent Temnoornaun a; = 61,8 Br/M2K.

Temmeparypa MOAOIPEBa CBEXKETO 3aps/a, PACCUMTAHHAS C YYETOM CMe-
wenns (2), KOPPEKTHPYETCA ¢ YYETOM TEINIOOTAA4Yd U BPEMEHM B3aMMOJIEH-
CTBHUS rasza Co CTeHKOH. KOd(()HUIMEHT TEMIOOTAAUM NIPH BHIMYCKE BO3IyXa W3
XOJIOAHOTO LUIMHAPA HAXOAWTCS AHAJIOTUYHO MO (OpPMyIe I &, TOIBKO
BMECTO JIaBJICHHS P1 OEPETCS NABJIEHHE Ps.

Taxum o6pasom, a, = 320,7 Br/m2K.

[To NOTMKE B3aUMOAEHCTBUS PabOYEro Tema ¢ OCTATOYHBLIMH Ta3aMH C
YUETOM TEIIOOOMEHA MPOU3BOIUTCS BHIYUCICHHE OCTABHBIX MAPAMETPOB Xa-

PAKTCPHBIX TOYCK LIHUKJIA. HpI/I STOM TEIIOOOMEH B ropa4ucMm nuJInHApPC pacCUun-

THIBAETCS C YUETOM HMKENPUBEACHHON (popmysibl bpununra [4].

1oz () -(z)'
a3 = 5388107 (1 + 1,45 + 0,185¢y,) - Ty, - pp, + 0,421 - ez —= (4)

Koadduument Tennootaaum npu BIyCKE BO3Ayxa B paboumii uunuHap 2

a; = 77,3B1/M%K.
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PacuyeT npouecca cropaHus NpoBOAMIICA C YYETOM MOJIEKYAPHOro M3Me-
HEHWUSA roproYent CcMecu B ABUTaTeNndX ¢ HEMOCPEACTBEHHbIM BMNPbICKOM TOMMUBA
[3]. KoathpmumMeHT oCTaTOYHbIX ra3oB npuHumaeTcsd paBHbimy = 0,03.

Mo npeacTaBneHHOW Bbliwe METOAMKE Obl/IN BbIMOMIHEHbI pacyeTbl napa-
MeTpOB LUMKna gsuratend. And ygobcrtsa OHW cBefeHbl B Tabnuuy 2. B tabnuue
napameTpbl C MHOEKCOM «U» O3HA4YalT YTOYHEHHblE MO CPaBHEHUIO C JaHHbIMU
nyéonunkayun [2].

Tabnuuya 2

3HayeHne napameTpoB umkna go (1,2,2z,3,4) n nocne yTo4YHeHN
(1u,2u,2zu,3u,4u)

1 1u 2 2u 2z 2zu 3 3u 4 4u

TK 300 346,5 603 693,9 893 899,6 2700 2700 1408 1398

P,MMMa 01 0,095 1,207 1181 1207 1143 3,826 3,826 0,277 0,262

Mpauuyeckoe unsobpaxeHue B T - S gmarpamme YTOYHEHHOTO LMKNa

NpeAcTaBNeHO Ha PUCYHKe 4.

Puc. 4. Unknel ABC O110 1 ABC C BHYTPEHHEN pereHepayunn Tenna.
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PaccuMTaHHbIn NO paHee BbIBeAEHHOW Qopmyne [2], npesCcTaBNeHHOMN
Hxe, KM/ ¢ y4eTOM CKOppPeKTUPOBaHHbIX MapaMeTpoB LMKAa NpeAcTaBfeH Ha
puUcyHke 5. 34ecb XXe MNpuBeAeHbl XapakKTepucTukyu 6a3oBoro yukna OTTO M
cpegHecTaTUCTMYECKMEe 3HAYeHUS COBPEMEHHbIX OEeH3MHOBbLIX W [AW3e/bHbIX

aBuratenen.

T3*~p(l-abnCl-gs~-1)

N=1- 73c1arp+T1r-1(~-1) (5)

C y4yeTOM BblWeNpUBeAEHHbIX apryMeHTalUunii U BBeleHNSI B pacyeTbl Me-
XaHUYEeCKMX NOTepb MpeAcTaBNeHHble Ha PUCYHKe 5 3Ha4YeHUs 3 PeKTUBHOCTM

OBC-P MOXHO cYMTaTb pacyYeTHbIMWN 3HaYeHUAMKN appekTuBHoro Krui.

Puc. 5. 3aBucumoctb KM gBuratenein 0T CTeNeHN CXKaTua U paclimpe-
HUA NPU pasnnUUHbIX 3HAYEHUAX cTeneHn pereHepayum ana ABC-P, ynkna OT-
TO, 6EH3UHOBbLIX U AN3eNbHbIX ABUTaTeNen
Mo pesynbTatamM NpeAcTaB/ieHHbIX PaCYeTOB MOXHO cAenatb cnejytoliune
BbIBOAbI:
- pacyeTHbIn apdekTUBHbIA K[ YyTOYHEHHOro UWKNa C pereHepauuen
Tenna cyuwecTBeHHO Bbliwe K[ 6a30BbiX unknos (4o 30% npu cTeneHn cxa-

Tna B 06bIYHOM ABuratene sc= 11);
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- noctwxenue makcumyma KIIJI B nukne JIBC-P HaOnatogaercs B mupo-
KOM JMAIa30He CTENECHEH CHKaTusl, MpUu4eM B auanasoHe & = 5...7 KIIJ] umeer
[PAKTHYECKA HEU3MEHHOE 3HAUYECHHUE,

- B OMIMYMHU OT LUKJIOB 0a30BbIX ABurareieil mpeumymectso JIBC-P
oueHuBaerca B 50% no npupocty 3PPekTuBHOCTH, WU B 30% MO CHUKEHHUIO
pacxo/a TOIJIMBA [0 CPABHEHUIO € CYLIECTBYIOLUMHA JIBUTATEISIMU,

- TUJPABIMYECKUE MTOTEPU W MOTEPU HA TEIIIOOOMEH OKAa3bIBAKOT HE3HA-
YUTENbHOE BIMsHUE Ha mapameTpsl apurarens JIBC-P (camwxenune KIIJ[ nmkia
MOCJIC YTOUHECHUN OIIEHUBAETCS 0KOJI0 2...3%).

Takum 00pa3oM, CO3AAHHME TAKOTO ABHMIaTelis MO3BOJISIET 3HAYUTEIIBHO
MOBBICUTh SKOHOMUYHOCTH JIBC, yBENMYHATH €10 pecype M 3a CYET MOHUKEHHOR
CTETNICHH CKaTHsl, HEMOCPEACTBEHHOTO BIPBICKA B KAMEPY CrOpaHusi OOJIbLIETO
00beMa U BO3MOKHOCTH MPUMEHEHUS PA3IMYHbIX TOIUIMB, 3HAUYUTENBHO YITyd-

MINUTH CT'0 SKOJIOTHYCCKUC ITOKA3aTCIIN.
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Analysis of Local Heat Transfer in Combustion Chamber of Perspective
Gas Engine with Micro-Pilot Injection of Diesel Fuel
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B pabome paccmampusaiomcesi 0cobennocmu J10KaibHO20 Menio0oMeHd 8
NePCneKmuUBHOM 2a3060M Ogueameie ¢ BOCHIAMEHEHUeM Om 3andibHOl 003bl
ouzenvroco monaued. Hucnennoe uccieoosanue npogoouUmcs npu UCHONb306d-
HUU MPEeXMEPHbLX HECMAYUOHAPHBIX YPASHEH U dHepeul, O8UICeHUsl, Oupgysuu
u HepaspvisHocmu 6 opme Petinonvoca, oononnennvix k-C-f mooenvto mypoy-
Jgenmuocmu. Oonogpementoe ceoparue edazo8o20 u ousenvro2o moniug (/1)
ONUCBIBAEMCS C UCNONBL30BAHUEM MOOEIU C2OPAHUS KO2ePEHMHO20 NIAMeHU
(CEM), oonoanennoti mooenvio 3axcueanusi om sanaivnoti 0osel J[1. Pacuemvi
NPOBOOUNIUCH C NOMOUbIO mpexmepHo2o npoepammuozo nakema AVL FIRE. B
pe3yiemame onpeoeielvl Spanudtble YCI06Us. 8IMOPO2O (JIOKAIbHBIE MENI0GbIe
NOMOKU), a maksice mpemveco pood (Koaghguyuermsr menioomoadu u memne-
pamypel 2a3a) ¢ y4emom peaivHoll 2eOMempul Kamepvl c2Opanusi U Npoyeccos
eazooomenda. Iloryyenvl JoKaIbHbIe MENI0BbIE HACPY3KU HA pdCnbLIumes (hop-
CYHKU.

Kuiouegvie ciosa: nopuinegoti ogueamelib, 2a300useilb, NPUpooOHslli 2ds,

JIOKAIbHBIU menﬂ006meH, MAMeMamu4eckoe MOO@JZZ/lpOGClHZ/le.
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In paper the features of local heat transfer in perspective piston engine
with micro-pilot injection of diesel fuel are discussed. The numeric investigation
of working processes in combustion chambers was carried using the three-
dimensional non-stationary equations of energy, motion, diffusion and continui-
ty in Reynolds form with addition of k-(-f turbulence model. Simultaneous com-
bustion of two types of fuel (gas and diesel fuel) is described using of CFM
model. AVL FIRE was used to obtain the numerical results. As a result, the local
heat fluxes, heat transfer coefficients and gas temperatures were obtained for
the real combustion chamber geometry and gas exchange (inlet and outlet) pro-
cesses. The local thermal loads on the injection nozzle are obtained.

Keywords: piston engine, gas engine, natural gas, local heat transfer,

mathematical modeling.

1. BBenenune

Onnum u3 Hanbosee pacnpoCTPaHEHHBIX CIOCOOOB OpraHu3aluy padoue-
ro Mpoiecca ¢ UCTMOIb30BAHUEM MPUPOIHOTO ra3a B KQUECTBE MOTOPHOTO TOT-
JIMBA SIBJIICTCS KOHBEPTUPOBAHUE CEPUITHBIX AU3EJICH B IBUraTellb C BOCIUIAMeE-
HEHUEM OT 3amajibHOM M03bl TOIIMBA (Ta30U3€/b), YTO MOMUMO H3MEHEHUS
SKOJIOTMUYECKUX MapaMeTpoB padOThI ABUraTelNss MPUBOIUT K M3MEHEHHIO YCII0-
BUI MPOTEKAHUS MPOLIECCOB TEMIOOOMEHA B KAMEPE CrOPaHMUs.

[TornMaHue TTPOIECCOB JIOKAJLHOTO TETIO0OMEHA SIBIIICTCS BAKHEUIITUM
3JIEMEHTOM MaTEMaTMYECKOTO MOJACIMPOBAHMS BHYTPHITMIMHIPOBBIX TMPOIIEC-
coB. [IIupokoe BHEAPECHUE METONOB YMCICHHOTO MOJCIHWPOBAHUS MPUBOIUT K
HEOOXOMMOCTH TOYHOTO OMPEEICHHUS TPAHUYHBIX YCIOBHM HA TTOBEPXHOCTSX,
MIOJIBEPTarOIIUXCs TETIJIOBBIM Harpy3KaMm.

be3 netanbHOTO M3yueHUs BHYTPHUIIMIIMHAPOBBIX MPOIIECCOB, MOIPa3yMe-
BAIOLIECTO OMpPECIICHUE MapaMeTpoB padoyero Teja BO BCEX TOYKaxX paboydero
o0beMa NMIMHApA, NaibHEHIEe COBEPIICHCTBOBAHUE JBHMIaTelisl CTAHOBUTCS

BECbMa 3aTPYAHHUTEIBHBIM. YKa3aHHBIE OOCTOSITENBCTBA OOYCIABIMBAIOT HEOO-
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XOJUMOCTh JETATBHOIO W3y4YEHHWs] BHYTPULMJIMHAPOBBIX MPOLECCOB, B OCOOCH-
HOCTH JIOKQJIbHOTO TEMIOOOMEHA, B Ta30BOM JIBHraTesie ¢ MHULMALKEH mporecca
CrOpaHus 3anajnbHON 0301 AU3ENBHOIO TOIUIMBA, YTO W SIBUJIOCH LENB JTAHHOM
paloTHI.

OOBEKT HCCNETOBAHUS — YETBIPEXTAKTHBIM PSAHBIA IECTULWIMHAPOBBIA
ra30BbIi JBUTATEND C BOCIUIAMEHEHUEM OT 3aMAJIbHON O3Bl IU3ETBHOTO TOIUIMBA
(razonmzensb) Ha Oase KamA3-910, ¢ HanayBOM M MPOMEKYTOUHBIM OXJIKACHHU-
€M HaJTyBOYHOT0 Bo3ayxa. PazamepHocTs asuraresis D/S = 130/150 mm/MM, cTe-
neHb ¢xatust € = 17,5, MomHoCTh 354 KBT nipu 4aCTOTE BpalICHUsT KOJIEHYATOTO
Baa n = 1400 mun™.

2. MaremaTu4eckass Moae/1b

Maremarndeckass MOJENb HECTALMOHAPHBIX MPOLIECCOB MEPEHOCA KOJIH-
yecTBa aBwxkeHus (HaBee — Crokca), sHeprun (@ypoee — Kupxroga), maccel u
KOHUEHTPAMKU pearupyrommx Bemects (Duka) B pacueTHOM 00beMe MOAPOOHO
omucana B [1, 2]. Ly pemieHust CUCTEMBI YPABHEHHUI UCTIONB3YETCSA OCPEIHEHHE
NapaMeTPoOB MOTOKA JKUAKOCTH (ra3a), Mpu KOTOPOM IUJIOTHOCTh p MIPAcT PoOJib
BECOBOro ko3dduuuenra (ocpeanenue no daspy). Pesymprar ocpeaHeHUs
NPEJICTABICH HUXKE:

DW, _  ap ea[<m@ oW, 2 mm> o

—t=G m -5 W

_ _ LS5 —k
Dt boOx; T 0x; 0x; T ox; 3 Y 0xy

DH == , 0P, @ /_ ] oT e
E_le/l+—t+a—xi( l,m)+a—w(aa—w—cpp Tm)+WrQr+ —L (1)
op _
— —_— _-W. =
5 "oz P W)
DC_9 (p2 _ewp)+m
Dt 0x;\ 0x; J m

B cucreme ypaBHenuii (1) npuHsaThl cneayroume o0o3HaueHus: D/Dt — cy0-
CTAHIIMOHAJIbHAS TPOU3BOJIHAS, P — MJIOTHOCTb, KF/M3; p — naenenue, Ila; G; —

TIPOEKIMS BEKTOpA IUIOTHOCTH 06BeMHEIX cil, H/M’, Ha ock OX; MpsMOYTOlb-
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HOM JIeKapTOBOM crcTeMbl KoopauHat; C — KOHIEeHTpauus, Kr/M’; H — monaas
yaenbHas >Heprus, JDK/Kr; L — AMHAMUYECKas BA3KOCTh, KI/(M-C); €, — TEILIO-
€MKOCTh IIPA MOCTOSIHHOM JaBieHuH, J[/(kr-K); w; — CKOpOCTh XMMHAYECKOM
PeaKIUK Ha SAMHUIY 00beMa, KI/(M°-c); Q; — KOIMYECTBO BBLACISICMOM TEILIO-
Thl HA €JMHUILY MACCHI, JDI/KT; A - TEMIONPOBOAHOCTD, BT/(M-K); 6;j — cuMBOI
Kponrekepa; D — kosdduument nuddysnn, m>/c ; M — HHTEHCHBHOCTh MCTOY-
HUKA MacChl (CKOPOCTh U3MEHEHUS MACChl XUMHYECKON KOMIIOHEHTHI B €TUHULIE
o0beMa), KI/(M"- ¢), W — BEKTOP CKOPOCTH.

[TonyumBiascs cucrema ypaBHeHui (1) 3aMmbikaeTcs k-C-f MOJENBIO TYp-
OyJICHTHOCTH, TA€ k — KAHETUYECKAs SHEPIrust TYPOYJICHTHOCTH, { — HOPMUPO-
BaHHBIHA MacmITad CKOPOCTH, a f — IIMNTHYECKass (PYHKIMS PEIaKCaLHH.

YpaBHeHU k-(-f MOJEITA UMEIOT BUJT [3, 4, 5]:

Dk P ) + N ) ok
po-=p(P—e u o) 5%
De Ce1Pk—Ce2€ | 0 He) O
p _p T +6x]' M-I_O'g) ax]' (2)

D¢ ¢ a¢
'ODT_'Of ’Okpk+_[( 0(>6x]

TypOyneHTHas BI3KOCTh B 3TOW MOACTH

2

k
a oumntadyeckas (QyHKuus penakcauuum f w3 mogemm ILA.  JlypOuna

(P.A.Durbin) onpenensercs no ypaBHEHHIO [6]:

9%f 2/3-¢
f-ligas ( T 2() (3)

XjOXj Tt

TZI€ 7; U [, — BPEMEHHOM M TUHEHHBIA MacTaObl TypOYJEHTHOCTH, C; U C; — KOH-
ctanThl U3 mojenu [1.A. JlypOuna.
B BeIpakeHHH 151 CKOPOCTH IUCCUNIALMKA KHHETUUYECKON SHEPTUM TypOy-

JICHTHOCTH & ObllTa M3MCHEHA OJHAa U3 KOHCTAHT:

i1 = ce1(1+0,045\1/¢) (4)
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JIaHHOE M3MEHEHHE UMENO LENBbI0 00JIEE TOYHO OTPA3UTh BIUSHUE MPUCTEHOY-
HBIX 3Q(PEKTOB B mpeajaracMoil Moaenu. OCcTallbHble KOHCTAHTBI, BXOJSLINE B
CHCTEMY (2) aHAJIOTMYHBI KOHCTAHTAM CTaHJAPTHOH k-¢ Mogemu: ¢, = 0,09; ¢y =
1,92; 0, = 1, 0.= 1,3; ce; = 1,44.

BOnu3n TBEpAbIX MOBEPXHOCTEH (CTEHOK KaMEpbl CrOPAHMs) PELICHUE
JOTOJTHSAETCS. MPUCTEHOYHBIMUA (PYHKIMSAMH, TPEAYCMaTPUBAIOLIMMH OTIPEaEIIe-
HUE YHUBEPCATLHOM Oe3pa3MepHOil CKOPOCTH % U Temmeparyphl I Kak (yHK-
LMK OT YHUBEPCAIBHOM KOOPAMHATEL B mpeaenax y < 11,63 [3].

B sTom cnyuae Ha creHke (y = 0, Toraa f npuHuMact BuA [4]:

2v{
fW = - yzp > (5)
p

IJI€ MHACKC "p" OTHOCHUTCS K MapaMeTpaMm B LIEHTPAIBHONW TOUYKE KOHTPOJBHOTO
00BbeMa, PaCIoONIOKEHHOTO HENOCPEACTBEHHO Y TOBEPXHOCTH CTEHKH.
['uOpuaHbIe TPUCTEHOUHBIE (PYHKIIMW, UCMOJIB30BAHHBIC B TaHHOWH pado-
Te, Obutn mpemasiockeHbl M. TlonmoBayom u K. Xanumamuuem (M. Popovacé, K.
Hanjali¢) [7]. Onm onpenensitorT npo@uau CKOPOCTH U TEMIIEPATYPhl B IPHCTE-

HOYHOM CJI0€ KaK (DYHKLIH 6€3pa3sMEPHOrO PacCTOSHKUS YT OT CTEHKHU:
r 1 _
wt =yteT +=In(Ey*)e vr (6)

_0,01(Pry*)*

_ P _
Ot = (PryHe T + [Tr In(y*) + ,B(Pr)] e T vy (7)

rne B(Pr) = (3,85Pr1/3 — 1,3)2 +2,12InPr , k = 0,41 — nocrosiHAAs Huky-
pam3e-Kapmana, E = 8,8 — mocTosiHHas, ONpEaenstomas CTEneHb MepoxXoBaTo-
ctu [3, 8].

Hanpsokenue tpeHus t,, U TEIUIOBOW MOTOK ¢, HA CTEHKE, COOTBETCTBEH-

HO:

w Tp—Tw
Tw:.uwy_::: CIW=AW(py—p) (8)

3neck A, — TEIIOMPOBOJHOCTh MpucTeHOouHOro cnost, B1/(M-K). TlapameTrps! B

BbIpakeHHH (8) 3aaaroTcs ¢ yuetom (6) u (7):
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Yy Y T
Uy = ‘u_—ril_’ AW = Prl_p yI;I- = M’ w, = C;/4k;/2(6/0,4‘)1/4 (9)

Wp P K

B nenom, npuHATHIA MOAXOA BO MHOTOM COBMNAJAET C MPEAJIOKCHHBIM B
[9], ero pa3BUTHEM SIBIIICTCS BApUAHT TEIIooOMeHa, onucanHeiid B [10]. Heno-
CTaTKOM IMOAOOHOI0 MOAX0/1A SBISETCS HEBO3MOXKHOCTh MCIOJB30BAHUS MTOHS-
TUSl MOTPAHUYHOTO CJIOS B MOJTHON Mepe. B CBs3M € 3THM, TOCTAaTOYHO UHTEPEC-
HBIMH BBITJISIAST MOJENN TEMI00OOMEHA, YUUTHIBAOIIME TYPOYJIEHTHBINA MOrpa-
HWYHBIN cnoii [4, 11].

BrmsiHue XuMHU4eCKOro mpouecca TOPeHHsl YUUTHIBACTCS C MOMOLIBEO HH-
TEHCHBHOCTH BHYTPEHHETO HCTOUHMKA TEIUIOTHI ¢y, BT/M’, H MaccoBOro pacxo-
1a i, Kr/(M-¢c). 3HA4YCHHUS STUX MAPAMETPOB MOTYT ObITh BBIYHCIICHBI C MOMO-
HIBK0 CKOPOCTH W, XUMUYECKON PEAKLIMH CTOPAHUS:

Qv = QrWy;, M= —W,, (10)
rae (), — BBIICIMBLICECS B PE3YJbTATE XUMUUYECKOM PEAKIMN KOJIMYECTBO TETLIO-
Thl HAa €aUHULYY Macchl, JDK/Kr. CKOpOCTh Mmpouecca CropaHus OMpeacsieTcsl Ha
OCHOBE MojienH korepeHtHoro mmamenn (CFM) [2, 3, 12].

Pacuetsl npoBoaunuce ¢ nomoubo TpexMepHoro CFD-kona FIRE, pas-
paGotannoro gupmoii AVL List GmbH (Asctpus) [3]. Aapo FIRE ocHoBaHO
HA YMCJICHHOM METOJE KOHTPOJIBHBIX 0OBEMOB C MCHOJIB30BAHUEM YCOBEPIIECH-
CTBOBaHHOTO anropurmMa SIMPLE.

B kauecTBE HMCXOOHBIX [AHHBIX 3a1aBAJUCh CICAYIOLIME TPAHUYHBIE
YCIIOBHS: HA BXOJIE BO BIYCKHOM KaHAI (WM KaHAJbl JUIsl YETHIPEXKIIAMAHHBIX
TOJIOBOK) — 3TO PacXoJ CBEKETO 3apsaa B 3aBUCMMOCTH OT BPEMEHH (WM JaB-
JIEHHE ra3a), TAKKE YKA3bIBAKOTCS JABJICHUE HA BBIMYCKE U TEMIEPATYPhI CTEHOK
(MOPIIEHB, HWIMH/P, OTHEBOE THULIE TOJIOBKH JBHIaTelNs, TOBEPXHOCTH BITYCK-
HBIX W BBIMYCKHBIX KaHAJIOB). HauanbHBIC yCTOBUS OMPEACISIOT TEMIIEPATYPY,
JABJICHUE, KHHETUYECKYIO DHEPTUIO TYPOYJIEHTHOCTH M €€ MaciuTad, a TakkKe
CKOPOCTh ra3a (B TOM YMCJIC NapaMeTPbl BUXPEBOTO IBHXKEHUS) B PACUECTHOM

00beEME B HAYAJIBHBII MEPUOJT BPEMEHM.
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B pesyabrare pacyera ompenenstoTcs MapameTpbl ra3a BO BCEX TOUKAX
pacueTHOM 007acTH (BHYTPEHHEM O0BEME HUIMHAPA, BIYCKHBIX M BBIMTYCKHBIX
KAHAJIOB) MPU Y4YETE OBICTPONMPOTEKAIOIIUX MPOIECCOB CMeceoOpa3oBaHus U
CrOpaHus TOTUIMBOBO3IYIITHONW cMecH. [IOMMMO 3TOro, pacCUMTHIBAIOTCS JIO-
KaJbHbIC TCTUIOBBIC MOTOKW B CTEHKM JCTaJiCH, OrpaHUYMBAIOIIMX PAaCUYCTHBIM
00beM, onpeaenstorcs 3QPPEKTUBHBIE U DKOJIOTMYECCKUE MOKA3aTEIN ABUTATEIS.

Bepudukanus MareMaTideckoii MOJIEIN OCYIIECTBIIsIach Ha OCHOBAaHUH

0-1 MEPHBIX PaCYETOB U 3KCIEPUMEHTAIBHBIX JAHHBIX.

3. MoaempoBaHue MPOLECCOB ra3000MeHa, cMeceoOpa3oBaHus U

CropaHnusi B HHWJIMHAPE ra3oau3cjist

B pacuere mpoBoaAMIOCE MOAECIMPOBAHME MTPOLIECCOB ra3000MEHa, CMeCe-
00pa3oBaHMs U CrOPaHMs, a TAKKE MPOLECCOB TEIUIOOOMEHA B LIWIMHAPE ra3o-
au3ens. PacduetHas oOnacte nmpencrasisia coOOW BHYTPEHHMH 00BbEM KaMmepsl
CrOpaHusl JBUTATENs, 0OPa30BAHHBIA MOPUIHEM, FOJOBKOW M TMJIB30HM, JOMOJI-
HEHHBIH 00BEMaMM BIYCKHBIX W BBIMYCKHBIX KQHAJIOB (PUCYHOK 1).

[Tpu pabote nBUraTenss MPOUCXOAWUT BO3BPATHO-MOCTYMATEIBHOE MEPE-
MELICHUE MOPIIHA Mexay KpaHumu nonoxkenusmu (HMT u BMT), a Taxxke
[IEPEMEILIEHAE BITYCKHBIX W BBITYCKHBIX KJIAlTAHOB B BEPTUKAIBHOM HaIlpaBlic-
HUU. [IBHJKEHUE MOPILIHS 3aJa€TCs Yepe3 KUHEMATHYECKYI0 CXEMY MPHU U3BECT-
HBIX T€OMETPUUECKUX MapaMeTpax KPUBOLIMITHO-IIATYHHOTO MEXaHu3Ma (JUIn-
Ha waryHa L, xox nopuns S). Knanansl nepeMeniaroTcss B COOTBETCTBHE C 3a-
KOHAMU MX JBW)KCHUS, 32JaBAEMbIMUA B TAOJMYHOM BUJIE.

B Moaenm (opcyHka npeacTaBieHa HAKOHEUHUKOM PACTIBUTUTENS (PHCY-
HOK 2 a), Ha KOTOPOM BBIACIISIFOTCS HECKOIBKO 00acTel I MOJIyYCHHs HA HAX
I'PAaHUYHBIX YCJIOBUN BTOPOTO (TETUIOBBIX MOTOKOB) WJIM TPETHETO poaa (Kodg-
(PMIMEHTOB TEIJIOOTAAYM M TEMMEPATYPhl Ta3a BOJIM3M MOBEPXHOCTHA CTECHKH).

OTH 30HBI MPUBEACHBI HA PUCYHKE 2 O.
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PucyHok 1- TBepaoTenbHas Mofeslb BHYTPEHHEro 06bema LMnnHapa, BnyckK-

HbIX N BbIMYCKHbIX KaHa/10B pacCMaTpMBaeMOro AsuratersnA

a 6
PUCYHOK 2 - dopcyHKa ra3ogmnsensi: a - CXeMa pacnosioXeHns pacnblnnBato-
LMX OTBEPCTUIA, 6 - BblAeneHne o6nacTeli Ha NOBEPXHOCTU pacnblAnTens gop-
CYHKW [iN1si NOCNEeAYOLLLEro ONpeaeneHns rpaHnyHbIX YCNOBUIA Ans pacyeTa Ten-

NOHAnNpPAXeHHOro n geopmmnpoBaHHoro coctodaHma (THAC)
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KonudecTBo 3716MEHTOB (KOHTPOJIbHBIX 00beMOB, KO) B pazoucHun (pu-
CyHOK 3) m3mensutock ot 4988067 KO npu nepenycke u MOa0KEHUN TOPLIHS B
BMT no 440000 KO nipu 3aKpBITBIX BIIYCKHBIX M BbIITYCKHBIX KJIAITAHAX.

Ha Brnycke B aBurarens mojaBajiach CMeCh BO3AyXa M MPUPOJHOTO Trasza ¢
K03 puuueHToM u30bITKa BO3ayXa Op = 1,36. OcTallbHbIE HAYaJIbHBIE U TPa-
HUYHBIE YCIOBHS (TEMIIEPATyPhl U JABJICHUE ra3a HA BITYCKE U BBIMYCKE, TEMIIE-
parypbl TWIb3bI, TOJOBKH, MOPLIHS, BHYTPEHHUX MOBEPXHOCTEH BIYCKHBIX W
BBIMYCKHBIX KaHAJIOB) 3aaBAJICh MO pe3ysbraram 0-1 MEpPHOro MOAEIUPOBA-
Hus. Havano pacdera COOTBETCTBOBAIO HAYATy OTKPBITHS BIYCKHOIO KilaraHa
(Ha4aj0 Mmepenycka, 3a30p B KJIanaHHOW MIEIW MPU 3TOM COCTaBWI OKOjio 0,25
mm) ipu 342 °TIKB (18 °TIKB no BMT). Bripeick 3anaibHON J03bI IU3EITBHOTO
TorumBa npousBojauics ¢ 702 xo 705 °I1IKB, uuknoBas 103a TONJIMBA COCTABUIIA
0,01r.

Bepudukauus moaenn npoBoauiack MyTeM CpaBHEHHs pe3ynbTaroB 0-1
MEPHOT0 U TPEXMEPHOTO PaCUeTOB (PUCYHOK 4). 3aMETHO XOPOLIEE COBIMAICHUE
PE3YABTATOB KAK IO BEJIMYMHE MAKCHUMAJIBHOTO JABJICHHS B LWJIMHIPE, TaK W
YLy €ro JAOCTHKEHHUS: p, pasimuactcs Bcero Ha 0,3 Gap (248,9 Gap ma 0-1
MepHOTro u 2492 Gap ans TpexmepHoro pacuera) npu yrae 729 °IIKB B 0-1
mepHoM 1 727°T1KB B TpexmepHOM pacdere. 110 OCpeqHEHHBIM TEMIIEpaTypam
pazauna 6onsbie (mpuMepHo 150 K), 4to, TeM HE MEHEE, COOTBETCTBYET pa3iu-
YUIO0 MEHEE YeM Ha 5%.

[Ipn Bepudukaumm pabouero mporecca ABUrarTelis MNPOU3BOANIIACH
HACTPOiiKa MoeM cropanusi KorepeHtHoro miamMmenu (CFM), B pe3ynbrare ue-
ro OblTM MPUHATH 3HaUYeHUs napamerpa moaenu SF = 0,16 (ero yMeHbIIEHUE
OPUBOJUT K CHUXKCHUIO MHTCHCUBHOCTH TEIUIOBBIACTICHNS ), 1 HAYAJIbHOM TUIOT-
HOCTH (PpOHTA IMJIAMEHM (BJIMSCT HA BEIMYMHY 3a0EPKKH BOCIUIAMCHCHUS) =

300 M7
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PUCYHOK 3 - Pa3bueHne pacyeTHONn 061acT Ha KOHTPOSIbHbIE 06BEMbI: MaKCK-
ManbHoe Konm4yectBo KO = 4988067 npn OTKPbITbIX BMYCKHbIX U BbINYCKHbIX

KnanaHax v nosioXXeHun nopwHa s BMT

PuUcyHOK 4 - CpaBHeHMEe NHAUKATOPHbIX gnarpaMmm, nosyyeHHbIX Mo pesysbTa-
Tam 0-1 MepHOro n 3-x mepHoro mogenuposaHus (720 °rKB cooTBeTCcTBYeT

BMT)
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Xapakrtep pacnpeaesacHus CKOPOCTU TEIJIOBBIACICHHS B KAMEPE CrOpaHus
razoauseltst NpPeACTaBiIeH Ha PUCYHKE 5. B JaHHOM ciy4ae nepBblii MAaKCUMYM
COOTBETCTBYET OBICTPOMY CTOpPaHMIO 3amajbHON J03bl U Hayaldy TOPEHHUs OC-
HOBHOTO TOIJIMBA, BTOPOH — Pa3BUTOMY FOPEHUIO Ta30BO3AYIIHON CMECH B 11M-
nunape. [Tpu 3ToM Ams mpouecca cropaHus ra3oau3enis XapakTepHo Ooliee pas-
HOMEPHOE paclpe/ieiCcHUuE JIOKAIbHBIX MapaMeTPoB (TeMIeparyphl, CKOpOCTEi
raza) no oobemy KC B cpaBHEHMH C qu3eneM (PUCYHOK 6), YTO MPUBOAUT K HE-
BBICOKMM CKOPOCTSIM HApaCTaHWs JABJICHUS B CPABHEHUU C JU3EJIBLHBIM MPOLEC-
coM B Oa30BOM JBMIaTejie CO CXOXXMM 3HAYEHHEM CPEAHEro 3(PQPEeKTUBHOTO
pasiaeHust (pe = 25,4 Gap).

3HaunTeabHAS BEJIMYMHA BTOPOTO MUKA CKOPOCTH TEIJIOBBIACIEHUS (pU-
CYHOK 5), KaKk U BBICOKOE MAKCHUMaJIbHOE JABJICHUE B LUJIMHJIPE UCCIEIYyEMOTO
JBUTATENSl OOBACHIETCS JOCTaTOYHO Ooraroii cMechio (ap = 1,36). [Ipu HeoO-
XOJUMOCTH CHW)KECHHUSI P, MPU HEU3MEHHOM JIABJICHWMU HAJJyBa BO3MOKHO
o0eHEHNE Ta30BO3YLUIHON CMECH, YBEIMYEHHE MPOAOKUTENLHOCTH MOJAauM
3ananbHOM 1036l J{T, yMEHbILIEHHUE YTJIa ONEPEIKEHMS] BIPHICKUBAHUSI.

B pesynbTate pacuera ObUIM TaKXKe MOJyUYEHBI MApaMeTpbl paboyero teaa
BO BCEX TOYKAX PAcCMaTpUBAEMOro oObeMa Jyis MPOLIECCOB BIYCKA, MPOIYBKH
UJIMH/PA U BHIMYCKa OTPaOOTABIIUX ra30B.

JlokanbHbIE MapaMeTpbl padoyero Tejia MO3BOJISIOT C BBICOKOM TOYHO-
CTbIO TIPOTHO3MPOBATh YPOBEHb BHIOPOCOB BPEIHBIX BEUIECTB (OKCHIOB a30Ta,
TBEP/bIX YACTUILI, HECTOPEBILUX YIJIEBOAOPOAOB) B BBHIXJIOMHBIX ra3ax JBUTare-
75t (pucyHkH 7, 8). CTOMT OTMETUTh, YTO TBEPABIE YACTUILI, 0Opa3yroLIMECs B
UWIMHAPE PacCMaTPUBAEMOT0 Ta30U3€lid 32 CUET CrOpaHMs 3anajbHOM J03bI
JIT, mpakTUYECKH MOJHOCTHIO BHITOPAIOT K MOMEHTY OTKPBITUS BBIMYCKA, YTO
MOJIOKUTEIBHO CKa3bIBAETCS HA JKOJIOTMYECKUX XAPAKTEPUCTUKAX Ta30U3EIs.
B TO ke BpeMmsi, He CMOTpsl Ha BBICOKUN YPOBEHb (POPCUPOBAHUS IBUTATEINS TIO
cpeaHemMy >QQPeKTUBHOMY AaBiaeHUIO (p. = 25,4 Gap), Oonee paBHOMEPHOE pac-

npeaesieHue TEMIEPATYPHOTO MoJisi MO0 00bEMY KaMepbl CrOpaHusi MPUBOAUT K

250



OTHOCUTE/NIbHO He6GOMbLUMM BeNUYMHAM Mo BbiGpocaM okcugos asoTa (0,0235

r/UMKn, 4TO Ha AaHHOM peXkKnme cooTBeTCTBYeET 2,79 r/KBT/4).

PucyHok 5 - CKopoCTb TeNIOBbIAENEHNS B LUIMHAPE UCCNeayeMOro ra3oanse-

nA

PucyHoK 6 - PacnpegeneHue Temnepatyp B cedyeHun KC rasogmsens (¢ = 727

°MKB, n = 1400 munH-1)

B NpUCTEHOYHbIX obnactax CKOPOCTb N XapaKTep Te4eHUd rasa BJIMAET Ha
TONWWNHY ANHAMWYECKOTro 1 TenjoBOoro norpaHnMYyHbiX C10eB U, KaK CAeacTeue,
Ha NIOKaNbHbI TeN10006MeH B 3TUX 0b6nactax. NMomMumo TOJIWWHBI MOrpaHNYHO-
ro C/osi UHTEHCMBHOCTb Tens006meHa B |'|p|/|CT€HO‘-IHOI7I obnacTu ornpepnendaeTcAd

BE/TMYNHOW TeMnepatypbl rasa 3a NorpaHNYHbLIM C/10EM.
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B pesynbTaTe pacueTa nosy4eHO KONMYECTBO TeM/OTbl, OTBOAMMOE B fe-
Tanu, obpasylolne Kamepy cropaHus (MoplueHb, FMNb3a LWUAUHAPA, KPblliKa
nsuratens). OcpeAHeHHble MO CyMMapHO NMAOWAAN MOBEPXHOCTM 3HAYEHUS
KO/IMYecTBa TEMNOThI B 3aBUCMMOCTU OT yrna MKB gaHbl Ha pUCYHKe 9, Ha pu-
CyHKe 10 - NloKanbHble MFHOBEHHbIE 3HAYEHUS TEMMOBbIX MOTOKOB B pPacnblin-
TeNlb (POPCYHKKW, ONpefAeneHHble N0 N0KaNbHbIM BefMUYMHAM TemnepaTypbl U

TOJIWWHBI NOrpaHNYHOI 0 CNod B6/IM3N ee MOBEPXHOCTN.

a 6
PucyHoK 7 - JlokanbHble (a, @ = 727 °T1KB) n ocpegHeHHbIe Mo 06bemy (6)

3Ha4YeHNA MaCCOBbIX ,El,OI'IGI7I OKCMAaa a30Ta B LMANHAPE rasognsend

a )
PuUcyHoK 8 - JlokanbHble (a, h = 727 °T1KB) 1 ocpefHeHHbIe N0 06beMy (6)

3HAY€HMSA MaCCOBbIX [0Mel TBePAblX YacTUL, B LMANHAPE ra3oAn3ens
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BT

KonnyectBo TennoThl,

PucyHok 9 - KonnyecTBo TennoThl, 0TBeAeHHOE B cTeHKN KC rasogmsens

Cas*_6 AN_729 5238095238 FlowCorwtchon_Wall_H*atflu»(Wm2J

PucyHok 10 - JloKanbHble 3HaYeHWs TeMNI0BbIX MOTOKOB B pacnbinuTens dop-

CYHKM ansa ¢ = 730°T1KB
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AJbTepHATMBHbIM MpefcTaBNeHeM TENNOBOW Harpy3Ku Ha pacnblinNTeNb
(hOPCYHKM ABNAETCA BbIBOA Pe3y/bTaTOB B BUAE FPaHUYHbIX YCNOBUIA 3-To poja
(ana nocnepytoutero pacyetra THAC): kKoapumumeHToB TennooTaaum a (pucy-
HOK 11 a) 1 noKasibHbIX TeMMNepaTyp rasa 3a NorpaHUYHbIM C/I0eM (PUCYHOK 6).
[ns aHanm3a TakKe npeAcTaB/ieHbl 3HAYeHUA KoinyecTBa TenoThbl (pUCYHOK 11
6) no 30HaMm, BblAeNeHHbIM Ha NOBEPXHOCTU pacnblinTens POPCYHKN (PUCYHOK

2 6).

a 6
PucyHok 11 - PacnpegeneHus Kosap@uumneHToB Tenanootgayum (a) n Konnyecrsa
TennoTbl, NepefaHHOro B pacnblinTenb (OPCYHKU (6), oCpeHEHHbIX MO 30Ham
1-4 (cM. pUCYHOK 2 6), B 3aBMCMMOCTW OT yr/ia MoBOpOTa KO/EeHYaToro Bana ra-

304n3enA

CTOWUT OTMeTWUTb, YTO €CAK Ha Mepudeprun KpbILIKN M OFHEBOTO AHULLA
MOPLLUHS U3MEHeHMe 3Toro KoaduuMeHTa XapakTepusyeTcs Of4HUM MaKCUMy-
MOM, TO B LiEHTpa/ibHO/ 061aCTU KPbILIKK, B MECTe PacnonoXeHus (GOopCyHKH,
TaKMX MakcuMymoB fABa (pucyHoOK 11 a). lMepBblii MakCUMyM AOCTUraeTcs A0
BepXHei MepTBOI TOYKW, BTOPO - 3a Held, NPM 3TOM 3HAUYEHUS STUX MaKCUMY-
MOB /1 HAKOHEYHWKA pacnblinTens (30Hbl 11 2) oKasbiBalOTCA 6M3KK N0 Be-

NINYMHE, ANS 30H 3 U 4 - CYLWEeCTBEHHO OTNMYalOTCA. Bbi3BaHO 3TO TEM, UYTO K
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30Ham 3 1 4 (CKpyrneHve un nepudepunitHas 4yacTb pacnblINTENA) OKa3blBaeTCA
3aTPYAHEH AOCTYN ropsymx ra3oB B repBou (pase cropaHus (aKTUBHOE ropeHue
3anasibHOI A03bl AN3eNbHOro TOoNAMBa). 3aTeM, N0 Mepe pa3BUTMA npouecca ro-
PEHMA OCHOBHOro Tonauea (MPUPOAHOro rasa), NPOUCXOAUT MPOHMKHOBEHUE
rops4ymx rasoB B MPUCTEHOYHYK 06N1aCTb U MHTEHCU(UKAUNA TennooTaavym B
MOBEPXHOCTb pacnblinTens (BTOpoi MakCMMyM Ha Kpusoi a(t), pucyHok 11 a).
Ha npouecc TennooThayun Takxe 0KasblBaeT BAUAHWE CMeHa Hampas/ieHUs Mno-
TOKa rasa rnocne npoxoxgeHua nopwHem BMT. CTOUT OTMETUTb, YTO AaHHbIEe
pe3ynbTaTbl XOPOLIO COracyrTcs C paHee MOMYYEHHbIMW pacnpeaeneHnsMu
KO3(h(hMLUMEHTOB TEN00TAAUN ANA ABUTaTeNs ¢ UCKPOBLIM 3aXXUraHWEM Ha Tpa-
AMUMOHHOM TonnmBe [13, 14].

B rasogmnsene no cCpaBHEHWUIO C [AWU3eNleM CTOUT OTMeTUTb 60/iee paBHO-
MepHoe pacnpefeneHne TenaoBbIX MOTOKOB MO NOBEPXHOCTW OTHEBOro AHMLLA
MOPLLHA Nocne Hayana npoulecca cropaHua (Kak B ABuUratensx ¢ BocnjiameHeHu-
eM OT 3/IEKTPUYECKON UCKpbl). o BOCNNaMeHEHUA TOMIMBOBO3AYLLHON CMecK
MMeeT MEeCTO APKO Bblpa)KeHHass HepaBHOMEPHOCTb pacnpeneneHns qw, Bbi3BaH-

Has npoleccamu razoo6meHa (pucyHok 12 a, 6).

a 6
PUCYHOK 12 - TennoBble MOTOKN B OFHEBOE AHULLE MOPLUHSA NpKU razoobmMeHe (a,

cooTBeTCcTBYET (h = 393 °MKB) 1 cropaHun (6, cooteetcTByeT th = 730 °TKB)
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[TonyyeHHBIE TAPAMETPBI TEIUIOOTAAYM IO3BOJSIOT TMPOBECTH OLEHKY
TEIIOHANPSHKEHHOTO COCTOSTHUS IETANE JBUTATEINS C MCITOJIB30BAHUEM METOA
KOHEYHBIX 3JIEMEHTOB. T€pMHUECKUE TPAHUYHBIE YCIOBUS IS TEKYIIMX 3HAYe-
HUIl BpEMEHU (WU yrja MOBOPOTA KOJIEHYATOTO BaJia), MOJYYECHHBIE C TTOMO-
mpto  FIRE, npuMmeHuMBl K (UKCHPOBAHHOMY TPEXMEPHOMY KOHEUYHO-
AJIEMEHTHOMY Pa3OMEHUIO ETaNCH (MOPLIEHD, KPBIIIKA, I'MIb3a LAJIMHAPA, Pac-
nbIUTENb GOPCYHKH). [Ipr 3TOM HANOXKEHNE TPAHUYHBIX YCIIOBUH B paCUETHOM
sueiike (B KOHTPOJBHOM 00BEME), JEKaIIEH Ha MOBEPXHOCTH ACTATM OCYIIE-
CTBUTb HECJIOXHO, T.K. Pa3pPEICHUE KOHTPOJIbHO-00BEMHOM CETKA OOBIYHO BbI-
i€, YeM KOHEYHO-3JIEMEHTHOM, YTO OOYCJIOBJIEHO CICUM(PHUKONA peracMbIX 3a-
Jlad JUIs Ta3a U U1 TBEPAOTO TENA.

Ha ycraHoBuBmIMXCS pexkuMax padOThl TEMIEpATypa Tejla KOaeOIeTcs
TOJIBKO B TOHKOM MPUIIOBEPXHOCTHOM CJIOE, B OCHOBHOM O0BEME TEJIa TEMIEPA-
TYPHBIE TIOJISI CYUTAKOTCS CTALIMOHAPHBIMH. B Takom cnywae [uis 3amaHus rpa-
HUYHBIX YCJIIOBHM MCIIOJIB3YETCS METOM, MPEATOKEHHBIH [, Diixenp0eprom [15],
COMIACHO KOTOPOMY JIECHCTBUTENBHBIE (HECTALIMOHAPHBIE) TEIJIOBBIE MOTOKH 3a-
MEHSFOTCS HEKOTOPBIMU PE3YIBTHPYIOIMMH (3KBUBAJICHTHBIMH ) CTAllMOHAPHBI-
MU TNOTOKAMH, MOJYYEHHBIMM K3 YCIOBHS PABEHCTBA KOJMYECTBA TEIUIOTHI,
BOCIIPUHUMAEMOM Y4YaCTKOM MOBEPXHOCTH JAETaNM C muomansio AF 3a Bpems
(WA BETMYMHY yTJjia MOBOPOTA KOJEHYATOro Bajia) Ap = ¢, — ¢, B HECTAIU-

OHAPHOM K HCKOTOPOM YCJIOBHOM CTAallMOHAPHOM IIPOLCCCaXx.

1080 1080
a — f360 ad(p . T — f360 aTde(p
P 720 ' pes 7200,

(1)

['pannunble yciioBus 3-ro poaa (KO3(Q@PUUMEHTHI TEMIOOTAAYH, OCPEA-
HEHHBIE MO MJIOMAM COOTBETCTBYIOIIEH 30HBI MOBEPXHOCTH paclbuIATENs (HOPp-
CYHKH M TIO YIJTy TIOBOPOTA KOJIEHYATOr0 Bajla) U PE3YIBTHPYIOLIAE TEMIIEpaTy-

PBI Ta3a UTsl KaKI0M 30HbI MPEACTABIEHBI B Tabmune 1.
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Tabnuua 1 — ['pannunbie ycaoBus 3-ro poaa co ctoponsl KC ist pacuera ten-

JIOBOTO COCTOSTHUS pacnbuinuTeNs (POPCYHKH

ITapametp 3oHa 1 3oHa 2 3oHa 3 3oHa 4

KoaddunmenT rermnoorna-

UM, Ogp, BT/MY/K 1874 1600 1409 1537

PesynbTupyromas temre-

784 917 1042 955
partypa rasa, Tpe, K

Heo0OxoauMo OTMETHTH, YTO CYIIECTBEHHOE MPEBBIIICHUE KOJIMUYECTBA
TEIUIOTHI, OTBOAUMOTO B 30HY 4 (pucyHOK 11 0), mO CPaBHEHHIO C OCTAIBHBIMU
30HaMU OOBSICHSIETCS, PEXKAE BCEro, OONIbLICH €€ TUIOAAbI0. Y CIIOBUS TEIJIO-
oOMeHa B 3TOH 00J1acTH, KakK ciaeayeT u3 Tadauibl 1, COMOCTaBUMBI C 30HOM 3
(mpuxoasmehcs Ha CKPYIJICHHE, PUCYHOK 2 a), a MPOLECCH TEMI000OMEHa Cy-
[IECTBEHHO YCTYNAIOT MO WHTEHCUBHOCTU MPOXOJSIIAM B 00JIACTSIX HAa HAKO-
HEYHUKE PacCHbLIATENS (30HBI 1 U 2).

[Tony4eHHble KO3(D(PUIUMEHTHI TEMIOOTAAYN CO CTOPOHBI pabovero Tena B
UWIMHAPE ABUrATEssl U TEMIEPATYPhl ra3a 3a NOTPAHUYHBIM CJIOEM HCHONb3Y-

I0TCSI J1s1 ONPEAETIEHUS TEMIOBOTO COCTOSIHUS PACTIBITUTENS (POPCYHKH.

3axkiroueHue

B pesynbrare paboThl co3/aHa W BEPUPUIMPOBAHA MOJACIH PpadOyYEro
porecca B HUIMHAPE Ta301u3€elIsl Ha 0a3e NEPCIEKTUBHOTO AU3ENS s TPy30-
BOI'0 aBTOMOOWJIs MOITHOCTBIO 354 kBT. JlaHHass MOJEIb MO3BOMISAET C BHICOKOM
CTENEHBIO TOYHOCTU OMPEIEAThH JIOKAIbHBIE 3HAYEHUS MapaMETPOB padoyero
TENa B KaKJblii MOMEHT BPEMEHH BO BCEX TOUYKAX PACYETHOrO 00bEMA, B TOM
YUCJIE, TIOJIE CKOPOCTEM, JIOKAIIBHBIE TEMIICPATYPHI ra3a, TEMIOBLIC TIOTOKU B JE-
Tanu, oOpasyrolmue KaMmepy cropaHus (MOpILIEHb, TWIb3a WJIMHIPA, KPBIIIKA

JIBUTATENS], pACIBUTATETL (DOPCYHKH ).

257



JlokasibHbIE MapamMeTpbl paboYero Tena TAKKe MO3BOJISIFOT MPOTHO3UPO-
BaTh YPOBEHb BHIOPOCOB BPEIHBIX BEIICCTB (OKCUAOB a30Ta, TBEPABIX YACTHIL,
HECTOPEBIIMX YIJIEBOJOPOJIOB) B BBIXJIONMHBIX raszax ABUrarens. TBepabie ya-
CTHLBI, O0Opa3yromuecss B LWIMHAPE PACCMaTPUBAEMOrO Tra30Au3elis 3a CYET
Cropanus 3anajibHoi 10361 [T, mpakTH4eCKH MOJHOCTHIO BBIFTOPAIOT K MOMEHTY
OTKPBITHSI BBIITYCKA, YTO MOJOKUTEIBHO CKa3bIBACTCS HA YKOJIOTUUECKUX Xapak-
TEPUCTUKAX razoau3elis. [Ipu 3ToM, HE CMOTpPsI Ha BBICOKWH YPOBEHBb (hOPCUPO-
BaHUs JBUrareisi no cpeaHemy 3ppektuBHOMY AaBiaeHuto (p. = 25,4 0ap), 0o-
Jie€ PaBHOMEPHOE PacHpeliCiICHUE TEMIIEPATYPHOIO MOJIsL MO0 00BEMY KaMeEpbl
CrOpaHusl MPUBOJUT K OTHOCHTEIIBHO HEOOJBIIMM BEJIMYMHAM TIO0 BBIOPOCAM OK-
cu10B a30Ta (2,79 1/kB1/4 Ha pesknme n = 1400 mun").

OTmedaeTcs 3HAaUUTENBHOE BIMSIHAC XapaKTeEpa TCUCHUS ra3a Ha mpoLec-
ChI TEIJIOOTAAYM B CTEHKM KaMepbl cropanus. Tak, Uil TOUKH HA KPBILIKE ABU-
ratens (BOJMM3HM pacnbUIUTENs (POPCYHKH), XapPaKTEPHO paCHpeaciicHue Kod (-
(UIMEeHTa TEMIOOTAAYM O C IBYMSI MAKCUMAJIbHBIMHM 3HAYEHHUSIMH — JI0 M TIOCTIE
BMT. B 10 ¢ BpeMs Ha nepudepur KPHIIKA W OTHEBOTO JHWINA TOPLIHS O
UMEET OJIMH MakcumMyM BOM3u BMT.

K xapaktepHbIM OCOOEHHOCTSAM MpoLecca TEMIOOTAAYM B ra30au3elie B
CPaBHCHUHU C AM3EISIMA MOKHO OTHECTM PABHOMEPHOE PACIPEACTIEHUE TEIIO-
BbIX IMOTOKOB [0 TOBEPXHOCTH OTHEBOTO JHUIIA MOPIIHS MMOCJIE HaYala MpoLec-
ca cropanus (Kak B JBHraTeNIsIX ¢ BOCIIAMEHEHUEM OT JJIEKTPUYECKOU MCKPBHI).
J10 BOCIIJIAMEHEH U TOIJIMBOBO3AYILIHOW CMECU UMEET MECTO HEKOTOPasi HEPaB-
HOMEPHOCTb PACMpPEACIICHUS (y, BBI3BAHHAS MTPOLECCAMH ra3000MEHA.

[TonydeHHble KOA((UUUEHTHI TEMIOOTAAYN CO CTOPOHBI pabovero Tena B
HWIAHAPE ABUTATENS U TEMIEPATYPHI raza 3a MOrpaHuYHbIM CIIOEM MO3BOJISIFOT

OLIEHUTb TETJIOBOE COCTOSIHUE PACTbUIUATENSE (POPCYHKH.
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YK 621.434

JloBoaka popMbI KaMepbI CTOPAHHUS IBUTATEISI C HEMOCPEACTBEHHBIM

BIIPBICKHBAHHEM OeH3MHa H NPHHYAUTEC/IbHBIM 3 KHT'aHHEM

A.A. Kacbko

MI'TY um. H.2. Baymana, Poccus

Shape design of the combustion chamber of the engine with direct in-
jection of gasoline and forced ignition
A.A. Kasko

Bauman Moscow State Technical University, Russia

Obvexmom uccie0o8anus 8ulOpan ueCmuyuIuHoposulli psoHvlli 08u2d-
meib OJisl HA3eMHO20 MPAHCNOPMA ¢ HeNnocpeoCmeeHHol nooayeil beH3una u
NPUHYOUMENbHBIM GOCHIAMEHEeHUeM. J[aHHasa 3a0a4da peutaemcs npu nomouju
YUCTICHHBIX MEMO008 8 MPEXMEPHOL NOCMAHOBKe. J[lIsi 5M020 3d0etiCmEO8aHbl
HECMAYUOHAPHBIX YPABHEHUI dHepeul, OsudiceHus, ouggysuu u nepaspvieHo-
cmu 8 opme Petinonvoca, oononHenuvix k-C-f mooenvio mypoOyieHmHocmu.
IIpoyecc mooenuposanus c2opanus MONAUBA OCYUECMEIIICS ¢ NOMOWbBIO pdc-
uwupennotl mooenu ceoparus koeepenmno2o niamenu (ECFM). Pacuemwvr npo-
BOOUIUCH C NOMOWbIO NpocpammHo2o komniexca AVL FIRE. Jlannas mooeins
HECMAYUOHAPHBIX NPOYECCO8 NpedyCMampusaenm oOnpeoeieHue JOKAIbHbIX Na-
pamemposg eaza 60 6celi pacyemuol oonacmuy, Komopvie npeoCmasisiomcs: 6
8uUOe CYMMbL OCPEOHEHHOU U NYIbCAYUOHHOT COCMABAAIOWUX. DMO NO360.5em
ONMUMUSUPOBAMb NPOYECC CMeceoOpazo8anus, Nymem paccMOompeHus JuHUil
MOKA U NoJIell CKOPOCMeET O8UICYUe20Cs 3APA0d, € YHemOoM 2eOMeMpUl Kamepbl
C2OpaHUsL.

Kuiouegwie ciosa: nopuinesoii ogueamelib, HENOCPeOCMBEHHblll GNPLICK,

Oen3UH, JTOKAIbHBIT Men1000MeH, MameMamuyeckKoe MoOeIuposaHue.
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The object of the study was a six-cylinder in-line engine for land transport
with direct gasoline supply and forced ignition. This problem is solved using
numerical methods in a three-dimensional formulation. For this, nonstationary
equations of energy, motion, diffusion and continuity in the Reynolds form, sup-
plemented by the k-(-f model of turbulence, are involved. The process of model-
ing the combustion of fuel was carried out using an extended combustion coher-
ent flame (ECFM) model. Calculations were carried out using the AVL FIRE
software. This model of nonstationary processes involves the determination of
local gas parameters in the entire design area, which are represented as the
sum of the averaged and pulsating components. This makes it possible to opti-
mize the process of mixture formation, by considering the current lines and ve-
locity fields of a moving charge, taking into account the geometry of the com-
bustion chamber.

Keywords: piston engine, direct injection, gasoline, local heat transfer,

mathematical modeling.

1. BBenenune

B nocnennue necaTuieTus: €KeroaHoe YUCiI0 BHOBb MPUOOPETAEMbIX aB-
TOMOOMIIEH BO BCEM MUPE BO3POCIO B ACCIATKH Pa3, YTO HE MOIJIO HE CKA3aThCs
Ha TPeOOBAHUSX MPOU3BOAUTEIBHOCTH CHJIOBBIX YCTAHOBOK. JTHU TpeOOBaHUS
3aCTaBJISIIOT paccMaTpuBaTh 3a/ad4y MPOESKTUPOBAHMS MOPIIHEBLIX JBUTATEsCH
BHYTPEHHETO CTOPAHUsI C UCTIOJIb30BAHUEM COBPEMEHHBIX CPEICTB pacuera Ajs
MUHMMHU3ALIMY 3aTPaT U NOBbIIEHUS 3(PPEKTUBHOCTH.

[ToaToMy Bemylue MPOM3BOAUTENM MOPIIHEBBIX ABUraTeNeii mepexoasT
HA HOBbIE KOHLIEMIUN MPOCKTUPOBAHUS U JOBOJKHU JIBUTATENIS C UCMOJIb30BAHU-
€M MaTEMaTUYECKOro MOJEIMPOBAHMUSI.

K onHuM 13 Hanbomee 4acTo HCCIAEAYEMBIX SJIEMEHTOB, B YACTHOCTH, OT-
HOCSATCSl IETAJIM KaMEpbl CrOPaHMsl; MOPILIEHb, KPBIIIKA [MWIMHIAPOB, THIIb3a, a

TAK>KE BITYCKHBIC W BBIYCKHBIE OpraHbl. biaarogaps MOAECTUPOBAHUIO PabOUMX
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MPOLIECCOB, MPOTECKAIINX B KAMEPE CrOPAHUS, MOKHO OMPEACIIATh ONTHMAJIb-
HY10 (POPMY KaMepPBI CropaHus, 0TOOPa3UTh MOJYUYCHHBIE JIOKAJIbHBIE TapaMeT-
pbl U cJaeaTh BHIOOP B MOJIB3Y (DOPMBI, MO3BOJISIONICH TOCTHYL HAMITYUIIUX
3(PPeKTUBHBIX MOKA3aTEACH, TAK)KE€ MPUHUMAs BO BHUMAHHUE SKOJIOTMYECKHE
HOpMBbI. Hanuuue ciaokHbIX (OPM M KOHCTPYKTUBHBIX OCOOCHHOCTEH Kamep
CropaHusi COBPEMEHHBIX MOPIIHEBBIX JABUTATENEH TpeOyeT pacCMOTPEeHHUS 3aa-
Yl B TPEXMEPHOM mocTtaHoBKe. B padoTe paccMOTpeHa MOJIEb KaMephbl Cropa-
HUS, BIIYCKHBIX W BBITYCKHBIX KAHAJIOB MOPIIHEBOTO JBUTATEISL C HEMOCPE-
CTBCHHBIM BIPBICKOM TOTLIIUBA.

[TocranoBKa 3a1a4u B TPEXMEPHOM MPEACTABICHUNA MO3BOJISCT KOPPEKT-
HO YYECTh HECTAIIMOHAPHBIC MPOIIECCHI MEPEHOCA KOJMUECTBA IBUKCHUS, SHED-
MU, MAacChl U KOHIICHTPALMU PEarupyrolux BEIICCTB B pacYETHOM 00bEME, a
TaK)Ke MPEIyCMATPUBACT OMNPEJCICHUE JIOKAJIBHBIX MApaMETPOB TEMIO0OOMEHA
KaMepbl CrOpaHuUsl, YTO MO3BOJISIET OOJIEE TOYHO ONMPEECTUTh TEMJIOBYIO HArpy3-
Ky Ha pabouMe AeTaii KOHCTPYKIUU. Takxke naHHash MOJAEb MO3BOJISET ONTH-
MHU3UPOBATh MPOLECC CMECEOOPA30BAHUs, MMyTEM PACCMOTPEHUS JTUHUN TOKA W
MOJIEW CKOPOCTEN ABMKYIIETOCS 3apsaaa.

OOBEKT MCCIENOBAHUS — YETBIPEXTAKTHBIA PAAHBIN IECCTULMINHIPOBBIMA
JIBUTATENb C HEMOCPEACTBEHHBIM BIPHICKOM OCH3WHA U MPUHYIUTEIBLHBIM BOC-
miaMmeHenueM Ha 6aze BMW S55B30, ¢ HaaayBOM W MPOMEXKYTOUYHBIM OXJia-
JKICHUEM HAJIyBOYHOTO Bo3ayxa. PasmepHocth apurarens D/S = 84/89.6
MM/MM, CcTeneHb cxkatus € = 10,2, MouHocTh 311 KBT nmpu yacroTe BpalieHus
KOJICHYATOro Baa n = 7300 MuH .

2. MaremaTu4ueckass MoJae/1b

Maremarnueckass MOJENb MPEAYCMATPUBACT PEIIEHUE CUCTEMBI YPaBHE-
HUH JUIS HECTAMOHAPHBIX MPOLECCOB MEPEHOCA KOIMYECTBA ABMIKEHUS, SHEP-
T'MH, MacCChl M KOHIICHTPALMKM PEArMpPYOIINX BEIIECTB B pacueTHOM o0beMme [1,

2]. Ans ynpouieHusl € PelIeHUs UCIOJIb3YEeTCsS OCPEIHEHUE TapaMeTPOB MOTO-
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Ka KUAKOCTH (Ta3a), MPH KOTOPOM IJIOTHOCTB p UTPAET POJIb BECOBOTO KO3 du-
nueHta (ocpeanenne no daspy) [3]. [lonyumBiuascs cucteMa ypaBHEHHN 3a-
MBbIKaeTcs k-C-f Moaenbio TypOyneHTHOCTH [4, 5], KoTopas BONM3M TBEPABIX MO-
BEPXHOCTEH (CTEHOK KaMEPBl CrOPaHus) AOMOJIHACTCS MPUCTEHOUYHBIMHA (DYHK-
LUsIMH [6].

BrusiHue XuMHU4eCKOro mporecca TOPEHHsl YYUTHIBACTCS C TOMOLIBEO HH-
TEHCHBHOCTH BHYTPEHHETO HCTOYHHKA TEILIOTHI ¢,, BT/M’ 1 MaccoBoro pacxosa
1, Kr/(M-c). 3HAUEHNs STHX MapaMETPOB MOTYT GBITh BHIYHCIICHBI C OMOIIBIO
CKOPOCTH W, XUMUYECKON PEAKIIMH CTOPAHUSI:

Gy = QrWy;, M= —W,,

rae (), — BBIJICIMBIICECS B PE3YIbTATE XUMUYECCKOM PEAKIMKM KOTMYECTBO
TEMJIOTHI HA €MHUILLY Macchl, JK/Kr. CKOpOCTh IpoLiecca CrOpaHust OMpeaesieTcs
Ha OCHOBE PAaCUIMPEHHON MOJies KorepeHTHoro miamenn (ECFM) [6].

PacueTsl mpoBoamick ¢ moMouipro TpexmepHoro CFD-kona FIRE, pas-
paboranHoro ¢gupmoii AVL List GmbH (Asctpus) [6]. SAapo FIRE ocHoBano
HA YMCJIICHHOM METOJE KOHTPOJIBHBIX 0OBEMOB C UCIOJIB30BAHUEM YCOBEPIIECH-
ctBoBaHHOoro anroputma SIMPLE. Bepudukauus mareMaTudecKoi MOAETH
OCYUIECTBISUIACh HA OCHOBAHUU XOPOIMIO anpoOupoBaHHbIX 0-1 MEpHBIX MOE-

JIEH, pean30BaHHbIX B MPOrpaMMHOM KoMmiiekce AVL Boost.

3. MoaeanpoBaHue MPoOHEccOB ra3000MeHa, cMeceoOpa3oBaHus U

CropaHnusi B HWJIMHAPE ABUTATE/IsA

B pacuere mpoBoAMIOCE MOAECIMPOBAHUE MTPOLIECCOB ra3000MEHa, CMece-
00pa30oBaHMs M CrOPaHUs, a TAKKE MPOLIECCOB TEMIO0OMEHA B LIMJIMHAPE BUTA-
Tens. PacueTHas oOnacte npexncrtasisna coO0O0H BHYTPEHHHM OOBEM KaMephbl
CrOpaHusl JBUTATENs, 0OPa30BAHHBIA MOPUIHEM, FOJOBKOW M TMJIB30H, JOMOJI-

HEHHBIA 00beMaMHU BIIYCKHBIX M BBITYCKHBIX KaHAJIOB.
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Ans pelleHns AaHHol 3afayn GblM MOArOTOBMEHbLI ABA BapuaHTa reo-

METPUN KaMepP CropaHus.

Kamepa cropaHusa A Kamepa cropaHusa b

PucyHoK 1- OCHOBHble reOMeTpUYecKme XxapaKTepucTuUKu
Kamep cropaHus

O6bEM B BepxHeil MepTBOW TOUKe \& nepBOM Kamepbl cropaHusa A obpa-
30BaH He60/IbLIMM LWATPOM 3a CYeT Masioro yrna Mexgay BrnyCKHbIMU W BbINYCK-
HbIMW K/lanaHaMmu 1 rny6oKon LUANHAPUYECKOW BbIEMKOI B AHULLE MOPLUHSA.

B To Bpemsi Kak 06bEM B BEpXHeW MepTBOM TOYKe & BTOPON Kamepbl
cropaHus b o6pasoBaH BbLICOKMM LIATPOM 3a CYET OOMbLUEro yrnia Mexay
BMYCKHbIMW W BbIMYCKHbIMW KnanaHamu U UWANHAPUYECKON BbIEMKOWN B AHMLLE
MOPLUHA HA 4 MM MeHbLLe.

Mpu paboTte ABuratens NPOMCXOAWT BO3BPATHO-MOCTYMaTe/NbHOE Mepe-
MELLEeHNEe MOPLUIHSA MeXAay KpanHumu nonoxeHnsmum (HMT u BMT), a Takxe
nepemMeLLeHne BMYCKHbIX W BbIMYCKHbIX KNanaHOB B BEPTWKaSbHOM Harpas/e-
HUW. [BWXXeHne NOpPLIHA 3a[aeTcs yepe3 KMHEMATUYECKYHO CXeMYy Mpu M3BECT-

HbIX TEOMETPUYECKNX NapaMeTpax KPpUBOLWUMHO-WATYHHOIo MeXaHW3Ma (,D'fll/l-
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Ha wartyHa L, xog nopwHa S). KnanaHbl nepemMeLLalTca B COOTBETCTBUM C 3a-
KOHaMu UX ABWKEHWS, 3afaBaeMbIMy B TaBIMYHOM BUAE.

Ha nepBom aTane pacyeTta OCyLleCTBNseTCA pa3bueHne pacyeTHO obna-
CTU: obbema UWUINHAPA ABUratens, BMNYCKHbIX UM BbIMYCKHbIX NaTpyobKoB - Ha
KOHTPO/IbHble 06bembl (KO). PesynbTaT pa3bueHus AN MOMOXKEHUS MOPLUHS
B6nn3n BMT npeactaBneH Ha pucyHke 2. KONnMyecTBO 3/1€MEHTOB COCTaBWJ/IO
2260882. Yncno norpaHNUYHbIX CMOEB A5 KAXA0W FreOMETPUN Kamep CropaHus
- 2. MakcumaneHbI rabaput KO He npesbiwaet 1 Mm. O6bEM Kamepbl cropa-

HWA B noplHe coctasun Ws= 1432,19 MM3I/I Vks= 795,08 MMS.

umnnuHapa
PucyHok 2 — [edopmumpyemas ceTka pac4eTHOW 06/1acTu, NOCTPOEHHaA
BCTPOEHHbIM reHepatopom AVL FIRE
OnpegeneHve OAOCTOBEPHOCTW pe3ynbTaToOB MOLeNNpPoBaHMA MPOLLECCOB

TPEXMEPHOro HeCTalMOHAPHOro Tenn1006MeHa B LUIMHAPE UCCNeAyeMOro ABu-
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ratefis OCyLL,ecTB/IANOCL MYTeM CPaBHEHUA MHAMKATOPHbLIX guMarpamm uccnepy-
emoro gsuratensa npu 0-1-mepHOM MOAeNIMpPoBaHUM B NPOrpaMMHOM KOMMJEKCe
AVL BOOST u TpéxmepHom B nporpammHomMm Komnnekce AVL FIRE npu ua-

CTOTe BpalleHuna KoneHyatoro sanan = 7300 MuH-1 (pucyHok 3).

0-1-mepHasa mopesnb 3-MepHasa moaenb

Yron noBopoTa Ko/sieH4YaToro sana, rpag.

PucyHok 3 — CpaBHeHNe MHANKATOPHbIX Anarpamm rnepsoro
unnmHgpa C1 0— 1-mepHoit mogenn pacyeta B MK AVL BOOST
n TpexmepHoit B MK AVL FIRE

[ns noucka Haunyyllero npowecca cMeceobpasoBaHUsa U cropaHua obinu
McnbiTaHbl ABa peXxunma nogayu tonamea: npu 600 °MMKB n npu 625 °TKB an4a
060MX reoMeTpuii Kamep CropaHus.

[Ona OueHKn npefcTaBuM Ha PUCYHKe 4 rpadvk NojaHHOro u ncrnapue-
Lerocs TonamBea B X0f4e 3aflaHHOro npouecca. Kak BMgHoO 13 rpaduka, Bcs nop-
L1A NoA4aHHOro TOM/AMBa Ucnapuiacb K MOMEHTY Hayana BocnjaMmeHeHus. [JaH-

HbIA rpanK OTOOpaXKaeT McrapeHue Tonnamea B pesynbTaTe anddysun, 6e3
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YYeETA TOW yacTu, KOTOpad Anda ncnapeHus HpOBBaMMO,ﬂ.eVICTBOBaﬂa C ropadymnmmn
CTEHKaMW KaMepbl CropaHus.

7€-05 -
--------- Liquid mass injected (kg)
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03
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()
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03
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I~11111111111111111111111111111111111
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Crank Angle (cleg)

PucyHok 4 — licnapeHue Tonanea B Kamepe cropaHmsa A
npu Hadane Ttonnmsonogaun 600 °T1KB
AHaNoOrMyHoO npeAcTaBUM Ha PUCYHKe 5 rpauk nogaHHOro n mcrnapue-
Lerocs TonaMBa B X0A4e 3afjaHHOro npouecca. Kak BugHO v3 rpaguka, He BCH
nopums nofaHHoOro TOMAuBa uUcnapunacb K MOMEHTY Hayana BOCMN/aMEHeHus.

YacTb TON/IMBA COMPUKOCHYNACL C TOPAYNMU CTEHKAMM.

PnUcyHoOK 5 — licnapeHune TonnBa B Kamepe cropaHusa b

npu Havane Ttonamsonogayn 600 °T1TKB
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AHaNornyHo 6blna CMOJeNMpoBaHa cUTyaumns ¢ 6onee MO3LHUM MOMEH-
TOM BMpPbICKA TOM/IMBA B UCCEAYEMbIE KAMEPbI CTOPaHUS.

MoBeaeHMe Noneii CKOPOCTel CBEXEro 3aps/a B Kamepe cropaHus A gaet
6onee cTabunbHOE KauecTBO 06pa3oBaHUA TONMMBOBO3/AYLIHONW CMECU K MOMEH-
Ty Hauyana BocniameHeHus. B 060oux cnyyasax BcA nopuus Tonamea ycrnena uc-
NapuTbCs K MOMEHTY Hauana BOCM/IaMEHEeHUs, UTO HarfaaHo NpeacTaBneHo Ha
rpagmke pucyHka 6.

7e-05
~"6e-05-

0 "

B 5e-05 -

03 -

300 400 500 600 700 800 900
Crank Angle (deg)

PUcyHOK 6 — lcnapeHue TonanBa B KaMmepe cropaHunsa A

npu Hayane Tonameonogayn 625 °rKB

MOMEeHT Hayasa nofayu Tonaunea aBnseTcs 6osee yaauHbIM 415 JaHHOTO
Thna Kamepbl cropaHua. Kak BugHoO 13 rpa)MkoB pucyHkKe 7, Ha ropsiume CTeH-
KW Kamepbl cropaHusa npu tonamsonogaye 625 °INKB nonano ropasfo MeHblle
Tonnvea. TONMMBHbIE CTPYWU OblNM Nyylle COrfacoBaHbl C MOASAMU CKOPOCTEW

CBEXXEro 3aps/a B LUAMHAIpE.
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PUcyHOK 7 — lAcnapeHune TonanBa B Kamepe cropaHus b
npu Hayane Tonameonogayun 625 °rKB

B faHHOM cnyyae TOnAMBOMOAAYM MPOLECC UCNapeHUss MeHee pacTAHYT
BO BPEMEHWN M MpoTeKaeT 60nee MHTEHCUBHO, TakK Kak K 625 °[TKB Temnepaty-
pbl B KamMepax CropaHus BbliLLE.

O6a Tina reomeTpuin Kamep CropaHus MofennpoBanncb nNpu cobnopae-
HUW YCNOBUS PABEHCTBA FPaHUYHbIX U Hayas/ibHbIX YC/IOBUIA, MOMYYEHHbIX B pe-
3ynbTtate 0 - 1-mepHOro mogenunposaHunsa. KospduuneHT mogenu cropaHus 4,2
M Ha4ya/sibHas MAOTHOCTb (hpoHTa nnameHn 500 m-1 Ana mofenn cropaHusa Ko-
repeHTHOro naameHun, nogobpaHHble B pe3ynbTaTe Bepuhukaynum moaenn, obinm
TaKXXe 0MHaKOBbl B pe3y/sibTarte NpoBeAeHHbIX YNCNEHHbIX 3KCMepMMEHTOB.

[nsa BbIIBMEHMA Hauny4llero npouecca cmeceobpasoBaHUA U CropaHus
Ha pUCYHKe 8 npeacTaBneHa MHAMKATOPHLIE AuMarpaMmbl And Havana TOnauMBO-
nogayun 600 °NMKB, HarnAagHoO xapakTepu3syouwme paboune npouecchl, paccmoT-
PeHHbIe BblLLIE.

B cBA3M ¢ TeM, YTO nofaya TOMN/aMBa NAOXO cOrjacoBaHa C npoueccamu,
NpoTeKal WM B UAINHAPE B 3TOT MOMEHT, CMeceobpa3oBaHne N cropaHue B

Kamepe Tuna A NpOTKanu HeyAOBNeTBOPUTENbHO. MakcumMym [aBneHua Ha
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npeacrtaB/iEHHbLIX I'pa(pl/IKaX O4eHb CW/IbHO CMECTWU/ICA MO Yrny noBopoTa KO-
JieH4aToro sasla.

Kamepa cropaHunsa A Kamepa cropaHus b

o
(g+]
O
5y
=
I
(D)
=
om
(301
=
YTron noBopoTa KoneH4yaToro sana, rpag,.
PUCYHOK 8 — NHAMKATOPHbIE anarpaMmmbl
npu Hadane Ttonnmsonogaun 600 °T1KB
Kamepa cropaHua A Kamepa cropaHusa b
5y
=
I
(D]
=
om
(31
=

Yron noBopoOTa KosieH4aToro Bana, rpag.

PUCYHOK 9 — VIHAMKATOPHbIE AMarpammbl

npu Hayane Tonameonogaym 625 °rKB
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Kamepa cropaHua A Kamepa cropaHua b

YTron noBOpOTa KO/leH4YaToro Bana, rpag.

PucyHok 10 — KuHeTunyeckas aHeprua TypOyneHTHOCTU B LUANHAPE
npu Havane Tonamsonogayun 625 °rKB

TypOyneHTHas KMHETUYeCKas 3Heprus 3apaja LuanHapa Kamepbl cropa-
HWA b Bbllle Ha BCEM MPOTAXeHMM paboyero npouecca, KpOMe MOMeEHTa Nojaym
Tonnmea, ¢ 625 °NMKB o 665 °NKB. B MOMEHT nogayun Tonanea BO3MYLLEeHUSA
3apsaja Kamepbl cropaHua A 06yCnoB/ieHbl TeM, YTO YacTULbl BO3AyXa ABUXYT-
CSl HABCTPeYvy TOMN/IMBHOMY (haKeny ¢ MeHbLUEe CKOPOCTbIO.

[Mpy 3TOM BepOATHOCTbL NomnagaHnsa Kanenb TOMAMBA Ha 3epKano LWAWH-
Apa, AHWLWAa NOPLUHSA, roNoBKYy 6/10Ka M KnanaHa MeHbLle B Kamepe cropaHus A.
OHa saBniseTca 60nee yCTOMUYMBOW K pas/IMYHbIM pexxmMam paboTbl gBuratens u
3aKOHam TOMJnBOMNOAAUN.

MoToKM BO3AyXa Kamepbl b, C BbICOKMM LIATPOM, TPebylOT AeTanbHOM
HacTPOWMKM HanpaBfieHWIn CTPyW TOMJMBHOW (POPCYHKKU, a TakKe MOMEHTOB
Hayana M OKOHYaHMA nofgayu tonnmea. Mpu cobnofeHMn cornacoBaHus [fBu-
XXeHUS YacTuL, cBeXero 3apsafa ¢ kannamu tonnvmea B KC ¢ BbICOKMM LLUATPOM
YOaeTca nonyyntb 601ee MHTEHCMBHOE CropaHue W, Kak rnpasuno, 6onee BbICO-

KNe NHAQNKaTOPHbLIE MOKa3aTe/ .
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Hcxons u3 BEIBOJOB, CHIEIAHHBIX BHILIE, CAEAYET CO3/1aTh T€OMETPUIO Ka-
MEPBI CropaHus, KOTopasi 00J1aaeT COYETaHUEM JIyUIIUX Ka4eCTB JIBYX MpOaHa-
JU3UPOBAHHBIX

1. CraOuibHOCTH MOKA3aTeIe ABUraTeis MPH Pa3HBIX 3aKOHAX MOJa4M
TOIUIMBA B HIMPOKOM IMANA30HE PEKUMOB PaOOTHI.

2. BoIcokas kMHETHYECKAs SHEPTHS 3apsia UMIUHAPA, HHTEHCU(PULIUPY-
oLIast MPOLECC CrOPAHUS.

3. T1oTOK BIYCKHBIX ra30B AOJKEH (POPMUPOBATH BUXPh, HATPABJICHHBIH
NEPIECHIUKYJISIPHO OCH LIMJTUHAPA.

4. OrpabGoTaBuine ra3bl AOKHBI YAATATHCS U3 LUIUHAPA ABHATaTeNs Oe3
npeBbIIeHAs uncia Maxa pasHoro 1.

5. TloTtepu Ha mepeTeKaHKe ra3oB AOJKHBI ObITh MUHUMAIBHBIMH.

JIns pemieHus: TaHHOM 3aJayM CIIEAYET CO3[aTh KaMepy CropaHus ¢ H0-
CTATOYHO BBICOKMM WLIATPOM, MpU 3TOM €ro (opMma 1oJikHA ObITh 0Opa3oBaHa
TBEPAOTENBHBIMU JO0(PTaMU, HE COACPKAIMMU MPSAMBIX TUHUN. JTa KOHUENIUS
NO3BOJIAT MUHMMH3UPOBATh OTPBIBHBIC MOTEPU HA BIYCKE M BBITYCKE M3 Kame-
PBI CTOPAHUsl ABUTATENS, YTO MOJOKUATEIBHO CKAXKETCS HA HAMOJHEHUM U TIPO-
JOYBKE LIAJIUHAPA.

BnyckHo#i Tpakt Oyaer 00pa3oBaH MPAKTHYECKHW NPSIMBIM MATPYOKOM,
PE3KO MOBOPAYMBAKOIIAM MOTOK MEPEN CEUIOM KilanaHa. JlaHHOE pelIeHne mo3-
BOJIMT BO BPEMs TAKTA BIYCKA CO3AATh BUXPh B LHJIMHAPE, HANPABJICHHBIN Mep-
NEHAUKYJISPHO OCH.

BBINyCKHOWM TpPakT ¢ BBINYCKHBIM KJamaHOM OOpa3yeT KacaTelbHYHO
OKPY>KHOCTb K OCH KjiamaHa. [Ipy 3TOM MONEpeuHoe CEUEHUE KaHana OCTaeTCs
NOCTOSTHHBIM IO JJIMHE, 711 TOTO YTOOBI BBITYCKHBIC Ia3bl MJIMHAPA ABUTATEIS
HE Pa3TrOHSIIN MOTOK.

JIHHIIE TOPUIHS COAEPKUT BBIEMKY B LICHTPE MOPIIHS, KOTOPasi B MOMEHT
nopuiast B BMT cormacyercst ¢ maTpom roioBkM 0JI0Ka UIATUHAPOB U 00pasyeT

HeOombuyo KC B gopme “87.
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Tak >xe¢ B AHHIIE MOPIIHS HEOOXOAMMO CO3AATh BBITOUKHM MOJ KJIAlaHa,
YTOOBI 00ECIEUNTh yAOBIETBOPUTEIILHOE NEPEKPHITHE BITYCKHBIX W BBITY CKHBIX
KJIAITaHOB JUTsl XOPOLIEH MPOYBKH JIBUIATENS U CHMOKEHUS KOHLEHTPALMK OCTa-
TOYHBIX 'a30B.

BapuaHTt reoMeTpun Kamepsl cropanus B, oTBeHaronmii nepeyrcIeHHBIM
BbIIIIE TPEOOBAHUM, MPEACTABIIEH HA PUCYHKE 11.

Tak ke, Kak M B MPEABIAYIIEM CIIy4ac, HA IEPBOM 3TANe OCYLIECTBISAETCS
pa3OueHne pacyeTHOM oOnacTu: o0beMa IMIMHAPA IBATATENIS, BIIYCKHBIX U BbI-
NYCKHBIX MAaTpyOKOB - HA KOHTpPoJibHbIE 00BbeMBbI (KO). Uucino nmorpaHnyHbIX
CJIOEB JUIsl KKAOW reOMETPUU KaMmep cropanus — 2. MakcuManbHbli rabaput

KO ne mpebimaet 1 mwm.

#7

254

Pucynok 11 — DOcku3 kamepsl cropanus B
JUIsi IpOBEACHMST KQYECTBEHHOIO CPABHEHHWs JANBHEHIIMX PE3YJIBTATOB

paC"IéTOB 6YI[YT HCIIOJIb30BAHbI I'PAHUYHLIC M HAYaJbHBIC YCJIOBHA M3 BbIIIC-
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YIOMSIHYTBIX YMCJIEHHBIX SKCIIEPUMEHTOB. OTO AACT BO3MOKHOCTh KOPPEKTHO
COIMOCTABUTh MHIMKATOPHBIC TUArpaMMbl BCEX BUJIOB KaMeEp CropaHusi, Mpen-
CTaBJICHHBIX B JJAHHOH padoTe.

OCHOBBIBACh Ha OMBITE MPEABIAYLIINX SKCIEPHMEHTOB, MEPBOHAYAIBHO
ObUT paccunTaH padoumii Mmporecc A0 MOMEHTA Havyajla BOCIUIAMECHEHHWs, Oe3
TOTUTMBOMOJA4YH. 3TO MO3BOJIMIIO MOCMOTPETh HA TUHUM TOKA W TMOJIsI CKOPOCTEH
CBEKETO 3apsja B UWIMHIAPE ABUTATENS, OLEHUTh MOMEHT Havaja MoAavu TOM-
JIVBA.

W3 BBIOpaHHBIX MPOMEKYTKOB OBUIM KCOBITaHbI 3 BapuaHTa MOMEHTA
Havana noaaun tormea. 570, 600, 625 °TIKB. Tlocne OleHKH NBYMEPHBIX pe-
3yJBTATOB KayecTBa CMECeoOpa30BaHMs, MO KPUTEPHIO HAMOOJBIIETO KOJIMYE-
CTBa MCMAPHMBIIETOCS TOIJIMBA, B KQUECTBE MOMEHTA HAayaja MOJAa4d TOIUIMBA
Obu1 BeIOpaH 570 °TIKB. 310 3HaueHHME XOpOLIO YAOBIETBOPSET YCIOBUSIM,
c(OpMYJIMPOBAHHBIM BBILIE, W MO3BOJISET OPraHU30BaTh PABHOMEPHOE pacrpe-
JEJIEHUE TOTUIMBA M0 MPOCTPAHCTBY KAMEPHI CTOPAHUSI.

JUTs HArIIIHOM OLEHKM MPEICTaBUM Ha pUCYHKE 12 rpadmk MoJaHHOTO U
WCIApUBIIErOCs TOIUIMBA B XOJ€ 3aaHHOro mpouecca. Kak BuaHo u3 rpaduka,
K MOMEHTY Haudaja BOCIIaMEHEHus 98.5% MOAAHHOTO TOIUIMBA MCHAPHUIIOCH.
OcraBmmecs 1,5% ucnapuimch 1mociae B3aUMOICHCTBHS C TOPIYMMM CTECHKAMU
KaMepbl CTOPaHMSI.

WHaukaropHas quarpaMma Jjisi pe3yJabTHPYIOMICH KaMePbl CropaHust (Tl
B) nana Ha pucynke 13. Kak BUIHO, IPeIOKEHHBIA BAPHAHT KAMEPBI CTOPAHUS
JacT BO3MO>KHOCTh MOBBICUTh CPEIHEE NABICHUE LMKIIA, a, CICI0BATEIIbHO, U

3(pPexkTUBHOCTH PabOTHI IBUTATES.
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[aBneHune, 6ap

m[logaHHOE TON/INBO McnapuBsLueecsa ToNIMBO

0.00007
0,00006
n
N
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@ 0,00004
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0,00001
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Yron noBopoTa Ko/ieH4YaToro Bana, rpag.

PucyHok 12 — VcnapeHue TonauBa B Kamepe cropaHus B

npu Hadane Ttonnmsonogaun 570 °T1KB

Kamepa cropaHua A Kamepa cropaHusa b

Kamepa cropaHus B

Yron noBopoTa Ko/sieH4aToro sana, rpag.

PucyHok 13 — MHAMKaTOpHbIe AnarpaMmbl ccnemyembix

KamMmep CropaHuA
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3akjrueHue

HynbMmepHBIA MOAX0J, 4acTO MPUMEHSIOMUKACS Il OLCHKU A()PEKTHB-
HBIX TIOKAa3aresieil MOPIIHEBBIX ABUTATENIE W IOAPA3yMEBAIOIINNA M3MEHEHUE
paboumnx MapaMeTpoB ABUTATENS B OJTHOM WJIM HECKOJIBKMX 30HAX pabouei Ka-
MEPBI, HE MO3BOJISET KOPPEKTHO YUYECTh OCOOEHHOCTH I€OMETPUHM KaMeEphl Cro-
panus. Takke HET BO3MOKHOCTHA ONTUMHU3UPOBATH IMOJ0KEHUE U MOMEHTHI 3a-
JKUTAHUS JIJISl CBEUCH 3a)KUTaHMsl, OIEHUTh d(PPEKTUBHOCTh HAMOJHEHUS, HAUTH
ONTUMAJIBHOE TOJIOKEHUE (POPCYHKM ISl JIBUTATENECH € HEMOCPEACTBEHHBIM
BIIPHICKOM TOIJIMBA. ITH OCOOEHHOCTH BO3MOKHO YYE€CTh MPH UCMOJIb30BAHUH
TPEXMEPHOTO MOJAX0/1A.

[Ipy MCMONB30BAHUM TPEXMEPHOTO MOAXO0AA, ObUIM MPOAHAIU3UPOBAHBI
JIB€ Kamepbl CrOpaHus, Ha OCHOBE JIOKAIBHBIX M UHTETPAIBHBIX MOKAa3arelici
KOTOPBIX OblJIa CO37[aHa TPEThS, OTBEYAOIIAs HAUIYUlIUM MOKa3aTessiM CMeCe-
oOpazoBaHus M cropanus. B pe3ynbprare 4ero 3pQpeKTuBHbIC MOKA3aTENMN JBUTa-
TEJS BO3POCIIM, MOBEACHUE MPOLECCA CropaHus crajgo 0oJjiee CTaOWIbHBIM HA
YACTUYHBIX PEXKUMAX, a TAKXKE MPU PA3JIMUYHBIX 3aKOHAX TOTUTMBOINOAAYUA. bbUtH
MPOAHAJIM3UPOBAHBI U CHPOMUIMPOBAHbI BOYCKHBIE M BBIMYCKHBIE KaHAJBI C
Y4E€TOM OTPBIBHBIX MOTEPh U (HOPMUPOBAHUS JIMHUN TOKA CBEXKErO 3apsija Ha
TaKTe BOycKa. /[aHHAs Mepa MO3BOJIAJIA YMEHBLIUTh MOTEPU U CO34ATh BUXPb
MEPIECHAUKYJISPHBIA OCH LWIMHAPA. B pe3ynbrare 4ero TakKe YBEJIUYMIIACH

(P PEeKTUBHBIE TOKA3ATEN JBUTATENISI.
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YK 621.436-98:629.424.1
HccnenoBanue TepMoIMHAMHYECKOT0 METOIA KOPPEKIUH Pe3yJ/IbTATOB
U3MepeHusi JaBJCHUsI B HWINH/PE CPeAHe000POTHOIO AU3eIs
N. /. KonbkoBa, F0.A. JlaBb1a0B, A.}O. KoHbKOB
JIaTBHEBOCTOUHBIH TOCY TAPCTBEHHbIH YHHBEPCHTET MyTeil COOOMICHHs
The Study of the Thermodynamic Method of Correcting the Results of the
In-Cylinder Pressure Measurement of a Medium-Speed Diesel Engine

L.D. Konkova, Yu.A. Davydov, A.Yu. Konkov

Far Eastern State Transport University

Lupoxo pacnpocmparnennvle npu uHouyuposanuu nopuineevix /[BC nve-
302/1eKMpUdecKue OamyuKy Haps0y ¢ HECOMHEHHBIMU OOCMOUHCMEAMU UMEION
U HEOOCMAMOK — HEBO3MOJICHOCHb USMEPEHUs NOCMOAHHO20 OaslieHus. B pe-
3yvmame O3HUKAem HeOoOX00UMOCHb 000AGIeHUS K CUCHATLY NOCMOSIHHON CO-
cmasisaouet, maxk Hazviedemds «Npuesaska» cueHand. OOHUM U3 U36eCHHbIX
nymeti peuteHuil 9moii npooaeMvl AGNIAemMCs @bl4UCIeHUe MOt NOCMOSHHOU CO-
CMasAouet, UCxo0s U3 NPeonoiONCeHUs, YMO NPOYECcc CoHCamus 6 Osucamee
ABAAEMC NOAUMPONHBIM. [Ipakmuyeckoe npumeHeHus 5mo20 Memood mepmo-
OUHAMUYECKOTI KOppeKyuy Cmagum nepeo ucciedosameliem pso 6ONpocos, cpe-
OU KOMOpbIX: YenecooopasHoCmsy NPUMEHEHUs MO020 WIU UHO20 ANOPUMMA
NPUBA3KU, 3HAYEHUE NOKA3AMeENs NOJUMPONsl OJisi KOHKPEMHO20 O8Ucamens u
pedicuma e2o pabomul, GaUsHUE OULUOKU 8 OYeHKe NOKA3AMeJlst NOIUMPONvL U Op.
B pabome npeocmasienvt pe3yivmamel peuleHus SMmux 3a0a4, SbiNOJIHeHHbIe
NPUMEHUMENILHO K CPeOHeobopoOmHOMY OU3eNo Had OCHOBE MAMEMAMUYEeCcKoeo
MOOEIUPOBAHUSL MOMOPHO20 YUKId Ouselisd. B kadecmee KOHKYPUPYIOWUX alleo-
PUMMOB pACCMAMPUBAIUCH OBd NOOX00A. MEMOO NPUBAZKU NO O8YM MOYKAM U
MEmMOoO ¢ BulyUCAeMbIM NOKazamenem noaumponsi. CpasHeHue, 8blnoJIHEHHOE
no pe3yIvmam UMUMAayuoHHo2o mooeauposanust 6 cpeoe Simulink Matlab, nosz-

BOJIUIIO BLIABUMB OOCIOUHCINEA U HEOOCAMKU KANCO020 MEmood.
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Kuoueswie crosa: nokazameiv noaumponsi, UHOUKAMOPHASE Oudepammd,

MOMOPHBLH YUK, OUselb, mamemamudeckas mooenns, Simulink Matlab.

Piezoelectric sensors are widely used for measuring in-cylinder pressure
of piston ICEs, along with the undoubted merits, also have a disadvantage - the
impossibility of measuring the constant pressure. As a result, there is a need to
add to the signal a constant component, the so-called "pegging"” of the signal.
One of the known ways to solve this problem is to calculate this constant com-
ponent, assuming that the compression process in the engine is polytropic. In the
framework of this paper, such pegging methods are called as thermodynamic.
The practical application of that thermodynamic correction method raises a
number of questions for the researcher, including the appropriateness of apply-
ing one or another pegging algorithm, the value of the polytropic index for a
particular engine and its operating mode, the influence of an error in estimating
the polytropic index, and so on. The report includes the results of the solution of
these problems, performed with reference to the medium-speed diesel engine
based on mathematical modeling of the motor cycle of the engine. Two ap-
proaches were considered as competing algorithms: a two-point pegging meth-
od, and a method with a computed polytropic index. The comparison that had
been made with the results of simulation modeling in the Simulink Matlab envi-

ronment, made it possible to identify the merits and demerits of each method.

Keywords: polytropic index, indicator diagram, motor cycle, diesel en-

gine, mathematical model, Simulink Matlab.

Beenenue

HWHnukaTopHas quarpaMmma COACPXKUT LEHHEHITY0 HHpOopMaIuio o pado-
YeM TPOIECCE MOPITHEBOTO ABUTATENS W, B HACTOSIIEE BPEMS, UCTIONB3YETCS,
MPaKTUYECKH, HAa BCEX ATalax €ro >KW3HEHHOTO IWKIIA. B KauecTBe MEPBUUHOTO
npeoOpazoBarens AaBJICHUS B AJICKTPUUYECCKUI CUTHAT OOBIYHO MPUMEHSFOTCS

JATYMKH, WCIOJIB3YIOMUE NPSIMONM MNbe303eKTpuieckuii 3¢ dekr. bnaromaps
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CBOEHW KOHCTPYKTHUBHOW ITPOCTOTE, OTHOCUTEILHO HEBBICOKON CTOMMOCTH, 3aMe-
YaTeIbHOW YaCTOTHOM XapaKTEPUCTHUKE, CHOCOOHOCTH padOoTaTh MPU BBICOKHAX
TEMIIEPATypax M 3HAYUTENBHBIX JUHAMMUYECKUX HArPy3Kax, MbE30JICKTPHYE-
CKHAE JATYMKU YBEPEHHO 3aHMMAIOT JIMJUPYIOIIKME MO3WMLKAKA B HOMEHKIIATYPE
MPOAYKIMM BEAYUIUX MUPOBBIX MPOW3BOJUTEIICH CPEACTB mM3mepeHus [1, 2],
cnenuanu3upoBaHHbiX A ucnsitadus JIBC. Tloxkanyi, €IMHCTBEHHBIM HENO-
CTaTKOM IbE303JIEKTPUUYECKAX JATUYMKOB SBIISIETCS HEBO3MOXKHOCTH M3MEPEHHUS
MEIUICHHO M3MEHSIOLIETOCS BO BPEMEHM JNaBiicHUs. Kak pe3ynbrar 3Toro, BbI-
XOIHOM CHTHAN JAaTdyvMKa COJAEPIKUT TOJIbKO NEPEMEHHYIO COCTABISIIOLIYIO U
HY>KIaeTcsl B 100ABIEHUH HEKOTOPOTrO MOCTOSIHHOTO JABICHHS. DTy MPOLECAYPY
OPUHITO HA3bIBAaTh «IPUBA3KON» (pegging) [3, 4] u pemieHa OHa MOXKET OBITh
HECKOJIBKUMU MYTSAMU, MOAPA3ACISIEMBIE HA JIBE TPYMIIBI. METOBI, TPEOYIOIINE
JOTIOJTHUTENBHBIX U3MEPEHUI U METO/bI, OCHOBAHHBIE HA BBIYHUCIIEHUSX TIOCTO-
STHHOM COCTaBIAOLIEH curHana. K nmepBoit rpymnmne OTHOCATCS METObI TPUBSA3KH
IO JIABJICHUIO HA BIYCKE W HA BBIMYCKE [5, 6], mpeanoiararouie J0MOJTHUTE b~
HYH YCTAaHOBKY CPEIACTB U3MEPEHUs NaBleHUsA. Bropas rpynmna METoa0B OCHO-
BAaHA HA QHAJIM3E JUHAMUYECKON COCTABJISIFOLICH U3MEPEHHOIO CUTHANA, O KOTO-
POM MMeEETCS AOMOJIHUTENBHAS anpruopHas uHpopmanus. OUEBUIHO, YTO U3ME-
HEHUE JABICHUS HA HEKOTOPBIX yYaCTKaX LMKIIA MOPIIHEBOrO JBUATATENS MOXK-
HO C JIOCTATOYHOH TOYHOCTBIO MPOTHO3UPOBATH, OMHAPASCH HA (PYHIAMEHTAIIb-
HbIC 3aKOHBI TEPMOJMHAMHUKH. [IpuMeEpOM TaKOro y4acrka LMKIA SIBISIETCS
MPOLIECC CKATHSA, 711 KOTOPOrO JTOCTATOYHO MPOCTOM, HANACIKHOM, a TAKKE, KaK
NOKa3aHo B [7],  ”HQOPMATUBHON MAaTEMATHYECKON MOJEIBIO, MOXKET CITY>KUTh
YPAaBHEHUE MOJUTPOITHOTO Ipouecca. B pe3ynbrare 0Ka3blBa€TCS BO3MOKHBIM
BBIYHCINTE HEM3BECTHYIO COCTABJISIOLIYIO CUTHANIA M A00ABUTH €€ K MCXOJHO-
my. Takas mpoueaypa MOXET ObITh HA3BaHA «TEPMOJMHAMMYECKONH KOPPEKLIH-
€il» M3MEPEHHOI0 NABJIEHUS, YTO, HA HAll B3I, SBISETCA OOJice yAauyHbIM
OMPEACICHUEM, YEM BCTPEYAIOMICECS B PYCCKOS3BIYHBIX MyOnukanusx [8, 9]

«KOPPEKLMS TEPMOIMHAMUYECKON OMMOKW». BIMSAHAIO OMIMOOK M MOrPENIHO-
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CTEH, UMEIMUX MECTO NMpH UHAMIKMpoBaHuM JIBC nocesmeHo Gonpioe Kom-
4eCcTBO paboT. MOKHO YTBEP)KIATh, YTO MHTEPEC K ITOH TEME 3aMETHO BO3pac-
TaeT B MOCJEIHNAE TOABI B CBSA3H C MPUMEHEHUEM CUTHAJIA IABJICHUS B KAYECTBE
00paTHOi CBS3M B COBPEMEHHBIX CHCTeMax ympaBiieHus auzenem [10, 11].
[TpakTrueckas peanusanus UAeu TEPMOJUHAMUYECKON KOPPEKLIUU U3MeE-
PEHHOTO JABJICHUS COMPSDKEHA ¢ PAIOM 3a4ad. Cpeau HUX: BBIOOP pPaLMOHAIIb-
HOTO METOJA TPUMEHHUTEIILHO K YaCTHOW MPAKTUYECKOW 3a1ade;, YTOYHEHUE
KOHCTaHT TEPMOJMHAMUAYECKON MOJENH, U OLEHKA UX BIIMSHUS HA PE3YJIbTATHI
KOPPEKLMH, B YACTHOCTH, BEJIMYHMHBI TIOKA3ATENS NOJUATPONBL, OLEHKA BO3MOXK-
HOM MOTPEeIHOCTH PE3YJIbTATOB ONPEACICHNs a0COIFOTHOTO TABICHHS, 0COOCH-
HO, B YCJIOBHSIX 3alIyMJICHHOT'O CUTHAIA. PEIICHUIO MOCTABIEHHBIX 3a4a4 Obliia

MOCBAIIEHA HACTOSIIAs padoTa.

1. MeToabl TEPMOANHAMHYECKOIT KOPPEKIIUU
PaccmoTrpum nBa noaxoaa, 0a3upyoMUXcs Ha UIEE BHIUMCIICHUS CMELIIE-
HUS JIMHUU JABJICHUS OT KOPPEKTHOTO 3HAYEHUS M0 YPABHEHUIO MOJUTPOTHOTO
npoiiecca
pV™ = const, (1)
rae p — namienue, V — o0beM, m — mokasarelib HOJUTPOIIHI.
bonee noaHbiid 0030p paboT MO 3TOMY HAMPABJICHUIO MOKHO HAWTH B pa-
oorax [3, 5, 12].
[TpocTteiimii crnoco® BHIYMCACHUS] CMELICHUS UCMONb3YET KOOPAUHATHI
JBYX TOYEK WHAMKATOPHOW AMarpamMMbl M 3aaHHbIN MOKA3aTellb MOJUTPOIIHI.
Ecnu monararb, 4TOo HampsbKEHUWE HA BBIXOAE MpeoOpazoBaresis (YCHIIATENS)
naturka E TMHEWHO 3aBUCUT OT BEJIMYUHBI JABJICHUS, T.€.
E=kp+ AE, (2)
rae k — xoagdpuumeHT npeodpa3oBaHus JAaTYAKA, TO HEU3BECTHOE CMEILCHUE

curHasia AE BEIYMCIIAETCS 110 YPABHEHHIO

_ E—Ex(Va /)™

AE 1= /)™ 2 (3)
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rae E,, E, — 3Ha4YeHUs BBIXOAHOIO CHTHAJIA B TOYKaX 1 M 2 HA JIMHUMW CKATHS,
V., V, — 00BEMBI IUJIMHPA B 3TUX KE TOUKAX.

H3BecTeH Takke crnocod MPUBA3KM C BEIYMCICHUEM TOKA3aTeNs MOJIATPO-
b, OA3UPYIONIMIiCS Ha KoopAWHATax Tpex Touek {1,2,3} nuaum cxxarus. 3Ha-
YEHHUE MOKA3aTeNsl MOJUTPONbI ONPEENICTCS MPUOIMKEHHBIM PECIICHUEM CH-
cTeMbl ypaBHeHu# (1) u (2), 3anMCaHHBIX AJIs TPEX TOYEK, MPUHAJICKAIINX OJ1-

HOM MOJIUTPOTIE M C UCIIOJIb30BaHUEM pa3jioxeHus B psa Telinopa

KMo—1 Ey,—E; )
m=m —7 !
0 + ]mo.]n]—z-KmO'an (Eg_El ’ ( )

Vl Vl ]mo_l
e/ =—, K==, z=
I[ ] VZ’ V3’ Kmo_l

. Ilpu 3apanuu my OMM3KUM K TEHCTBUTEILHOMY

3HQUEHUIO M, TNPEHEOPEIKEHUE MPOU3BOIHBIMH BBICOKOTO MOPSIKA MPAKTHYE-
CKH HE BJIASET HA TOYHOCTDH BBIUMCIICHUN.
CMenieHre pacCYATHIBAETCS aHATOTUYHO (3) [uist JIF0O0H M3 BO3MOMKHBIX

KOMOWHAIIUNA TBYX TOYEK.

2. OuneHka BO3MOKHOIO JHANA30HA M3MEHEHHS TMOKa3aTesst
NOJIUTPONBI C:KATHS

OOBEKTOM MCCIICAOBAHMS SIBISICS CPeIHEOOOPOTHBIA au3ens UH26/26.
HccenenoBanue BBIMOIHSIIOCH C MPUMEHEHUEM pa3paboTaHHOM B cpeae Simulink
Matlab [13] moaenn MmoTopHOTo nukia au3esns. OCHOBHBIE MOJIOKEHUSI MaTeMa-
TUYECKOH MOJAEIN U OCOOCHHOCTH €€ MPOTrPAMMHOM peanu3alii W3JI0KEHbI B
[14]. Moaenb yYuTHIBACT BIMSHKUE: YTEUEK padOyvero 4epe3 ymjioTHEHUs pado-
Yyeil kaMmepsl, napaMeTpoB pabodero Tena Ha BIYCKE, COcTaBa padoyvero Tena,
CpenHeil TeMrepaTypel CTEHOK Kamepsl U Ap. OCOOEHHOCTBI0 MaTEMATHYECKON
MOJEININ, OTIMYAKOLICH €€ OT U3BECTHBIX, HApuMep [15], ABisieTcs yueT 3aBu-
CUMOCTH TEIJIOEMKOCTEH KOMIOHEHTOB CMECH OT TEMIIEPATypbl M, CIEA0Ba-
TEJBHO, WCMOJB30BAHUE MEPEMECHHOTO MNOKa3aTesis aauadarHOro mpouecca B
TEPMO- U Ta30JUHAMUYECKAX (PYHKIMSIX, YTO OKA3aJI0Ch BAKHBIM JUIsl KOPPEKT-

HOIo pacucra rnokasarejiei IOJIMTPOIIHOI'O ITPOLCCCa IO pe3yjibTaraM MOACIIN-
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poBaHus. PacueTHBIA 3KCOEPUMEHT MPOBOAMIICS U1 HECKOJBKAX CKOPOCTHBIX
PEXUMOB paboThl au3ens B auanasone 400-1000 mun!. Tlokaszarens moauTpo-
bl PAaCCYATHIBAICS JABYMS CIIOCOOAMM: MO MAapamMeTpaM JBYX IPAHUYHBIM TOY-
KaM Mpoiiecca 1 ypaBHEeHUIO (1) M Kak cpeaHMil moKa3aTellb B MPOLECCE CHKATHS,
T.€. TAKOW MOKA3aTellb, JUIsl KOTOPOro pacyeT padoThl MOJIMTPOIHOIO Mpouecca
JAcT TaKYIO K€ BEJIMYMHY, KaK U B ICHCTBUTEILHOM TIpouecce. [ paHnLbl yyacT-
Ka cxaTthsi ObIIM BBIOPaHbl YCIIOBHO (220°-345°) 1 HE U3MEHSUIACH B XOAE pac-
YETHOTO 3KcnepuMenTa. McecneaoBanue BhINOIHAIOCH TOOYEPEAHO U3MEHEHUEM
TOJIbKO OJHOTIO BapbUPYyEMOr0 MAapameTpa, I OCTAIBHBIX (KPOME YacCTOTHI
BpAILICHHUS ) 3aJaBATHCh YCIOBHO BBIOPAHHBbIE 0A30BbIC 3HAUYCHUs. OTH OA30BBIE
3HQUEHUS, JUANA30H BAPbUPOBAHUS U TOJYUYEHHBIC 3HAUEHUS TIOKA3aTeNeh Mo-
JUTPOTBI MTPUBEACHBI B Ta0I. 1.

Tabmuia 1
Pe3yabpTaThl pacue€THOTO SKCIIEPUMEHTA

ITokasarenb MONMUTPONBI IO
IBYM TOYKaM / CPEIHHI
Bapeupyemslii napamerp, npu 3BI1

3HaueHue BapbUPyEMOro
napamerpa (3BII)

Pa3MepHOCTh min max

min | 6asoBoe | max 400 1000 400 1000

MI/IH'1 MI/IH'1 MI/IH'1 MI/IH'1

005 | 1365 [ 1368 [ 1.290 [ 1342
’ 1,371 | 1374 | 1,320 | 1,354

2

1) ITnommane HEMJIOTHOCTEH, cm? 0 0,1

2) Cpenusist Temnepatypa cre- 50 110 275 1,335 | 1,355 | 1.348 | 1.366
HOK, °C 1,346 | 1,362 | 1,363 | 1,377

3) Crenenb peunpkyissuud (Ko- 0 01 0.6 1,338 | 1,358 | 1,338 | 1.357
3¢ PuMeHT 0CTaTOYHBIX ra30B) ’ ’ 1,350 | 1,366 | 1,350 | 1,366

3.08 1,339 | 1,358 | 1,339 | 1,358

4) aBnenne Ha BIycke, 6ap 1,008 1.4 , 1351 | 1.366 | 1.350 | 1.366

2

1345 [ 1363 | 1.322 | 1.344
1,357 | 1371 | 1,334 | 1,352

5) Temneparypa Ha Bycke, K 270 300 390

B npenenax HEM3MEHHOM 4acTOTHI BPALICHHS KOJICHYATOrO BaJla BIMSHUE
KOKIOT0 MCCIEAYEMOro mapaMmerpa Obulo ONM3KO K JUHEHHOMY. B kauecTBe
npuMepa Ha puc.l nmokasanbl rpayKu M3MEHEHUS MOKA3aTeNsl MOIUTPOIBI OT
TUIOMIAIM HETJIOTHOCTEH KaMmepbl. BBISBICHHOE BIMSHHAC KaXAOrO MapameTpa,
NO3BOJIMJIO PACCUATAThH MPEACITIBHO BOZMOXKHBIE TUANA30HbI H3MEHEHMSI MTOKa3a-

TCJIA IMOJIMTPOIIBI CKaTus, IMIPCACTABJICHHBIC HA PUC. 2.
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Puc.2. N'paHnubl N3MeHeHUA
Puc. 1. BnmaHue yTeyek Ha BEIMUYNHY nokasatensa nonuTponsl: 1,2 - no
nokasatens NONUTPON.I ABYM ToukaMm; 3, 4 - cpefHuin; 1,3 -
n=400 MnH-1; 2, 4 - n=1000 MmuH-1

Mony4yeHHble pe3ynbTaTbl B LENOM COrfacyrTcd C ONy6/IMKOBAHHbLIMMN
paHee [11] u no3BONAKT YyTBEpPXAaTb, 4TO [ANA UCCNefyeMOro pAsuratens
MaKCMManbHaa amnauTyga W3MeHeHUs nokKasaTens MNOAUTPONbI  AocTUraeT

npumepHo 0,1 npwn MWUHUMaNIbHOR YacToTe BpaweHna KoneH4yaTtoro Basa.

3. OwunbkKa TepmMognHaAMMUYECKUX METO0B NPUBA3KN AaBNEHUS

[aHHbIA 3Tan uccnefoBaHMs BbINOMHANCA C NMOMOLWbI MMUTALUOHHOWN
MOZENN U3MepPUTeNbHON CUCTEMbI, pa3paboTaHHOW B cpege Simulink Matlab. B
KayecTBe MOAENbHOr0 CUrHana UCNonb30BaiNCh faHHble WHAWKATOPHOW [fua-
rpaMMbl, MOSTYYEHHOW pacyeTHbIM MNyTeM C NOMOLWbK Komnnekca Aunsenb-PK
[16] pgns HOMMHaNbHOro peXxuma pabotsl gnsens YH26/26. NHTepgeinc nmnta-
LWOHHON Mofenn No3Bonsan A06aBUTb K CUTHANY MpPou3BOSIbHOE CMelLeHune, a
TakXe WYyMbl A8 OUeHKN paboToCNOCOOHOCTMN pas3fIMYHbIX aNropuTMoB B yCJO-

BUAX, BNIM3KMX K peasibHbIM. OnA cb6anaHCMPOBaHHOrNo MOAeNbHOro curHana (c
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HYJIEBBIM CMEIIEHUEM ) TPU OTCYTCTBUM LIYMOB ObUIM HaliIcHbI 3HAUEHUSI MTOKa-
3areneil MOMUTPONBI U1 YYaCTKA WHANKATOPHOW JMarpaMmMbl ¢ TPaHULIAMH OT
220° no 345° yrma moBOpOTa KOJIEHYATOrO Bajla, PACCUMTAHHBIEC MPEICTABIICH-
HbIMH BbIlIE criocodamu. [IpoMexyToUyHas TOUKA AJIs pacyera Mo YPaBHEHUIO
(4) Obuta BeiOpana juist yria 300 rpamycoB. [loydeHHBIE 3HAYEHUS, PABHBIC
1,3703 (mo nBym Toukam) u 1,3843 (cpenHuil) yCIOBHO CUATAIMCH UCTHHHBIMHU
Myer AT MOJIETBHOTO CUTHAJIA.

C 1enbro OLICHKM BIMSHUS 33JaBAEMOT0 3HAYCHHS 1M ObLT BBITIOJIHEH pac-
YETHBII HKCIEPUMEHT, B XOJE KOTOPOrO YKa3blBAJIOCh 3aBEAOMO OLIMOOYHOE
3HAUEHUE TIOKa3aTells MOJMTPOIBI B AMana3oHe ot (M., — 0,05) mo (mye +
0,05). Kak BuaHO M3 pHC. 3 MakcMMajbHas OIMMUOKA OMPEACICHHUS CMEIICHUS
coctapisieT uyTh Oosee 0,4 0ap (0,25% 0T MakCUMaJIbHOTO JABJICHHUS B ITUKJIE).
XapakTep 3aBUCUMOCTH MPH 3TOM OJHM30K K JIMHEHHOW, HO €CJIM BCE-TAKU Y4H-
THIBaTh HEIMHEHHOCTh, TO OLIMOKA B OLICHKE MOKA3ATENS MOJIATPOIBI B CTOPOHY
€r0 YBEJTMUCHHUS OKA3bIBACTCS MPEANOUYTHTEIBHEE.

Ha puc. 3 Taxxke mokazaHO BIMSHUE MEPBOTO MPUOJIMKEHUS BEJTMUYMHBI
Mg Ha TIOMCK CMEUICHUS CUTHANA JABJICHUS JJIsl METO/IA C BBIYMCIISIEMBIM MMOKA-
3aTeneM MOJMTPONEl (IO TPEM TOUKaM). B WccneayeMoM amMana3oHe BbISIBICH-
Hasl 3aBUCHMOCTh MMEET KBAJAPATHUHBIA XapakTep, NPy 3TOM a0COIKOTHOE 3HA-
yeHue ommOku He npesbimaet 0,092 6ap, uto cocrapiser 0koio 0,06% ot Mak-
CUMAJIBHOTO JIMANAa30Ha JABJICHUS.

CrenyronmmM 3TarnoM MCCIeI0BaHUs Oblla OLICHKA BJIHMSHHS LIYMOB CHI-
Haja Ha Pe3yabTaThl OWIMOKK omnpeacsicHus cMmelleHus. C moMompr OJoka
«Band-Limited White Noise» Kk KakIoMy MOACIUPYEMOMY LUKy BPEMEHHOMA
NOCJIEA0BATENbHOCTH n00aBmsics Oenblii mym (puc. 4). [IpoBepsemblie airo-
puUTMBl paboTaid mapaienbHO, aHanu3upys 200 Mociie0BaTENbHBIX LUKIOB
UMUTALMOHHON Mozaenmu. [Ijisi MeTola C 3aaBacMbIM 3HAUYECHUEM MMOKA3aTeNs
NOJIMTPONBI YKA3bIBAIMCh CBOW MCTUHHBIC 3HAYeHUs. CHrHa ObUT CMEIIEH Ha

10 Gap B cTopony Oonbnx 3HaUeHUH. He0OX0AMMO OTMETUTB, YTO CIENUAIBHO
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BblMO/THEHHAA NpeaBapuTe/ibHO NPoBEPKa NMPuM OTCYTCTBUN WHLYMOB B CUTHaAJIE HE
BblABWUM1a BANAHWNE BEANYUHBI W HanpaB/iaeHUA CMELWEHUA Ha OLUVI6Ky €ro Bbl-
yncneHma. Pe3ynbTaTbl OTK/NIOHEHUA BbIYUC/IEHHOTO CMELWEHMA OT 3afaHHOro

(10 6ap) npefcraBfieHbl Ha puc. 5.

0.3 [ TPEM TOUKaM

0.2
o o1 0.09 I_@
LU 0.088 Lu

-0.1

o Vo I\ Vv

o igym to4kem
Puc. 3. BinsaHue owmnbkn Puc. 4. NMpumep 3allymMNeHHOTo CUTHana,
npegnonaraeMon BeNMYUHbI T CMelleHHOro Ha 10 6ap
2 0
6
100 200 0 100 200

MopsiiKOBbIA HOMEP UMKa
Puc. 5. Own6Ka onpejeneHns CMeLeHns Npu aHann3se 3alyMeHHOro
CUrHana: a) no AByM TOYKaM C 3ajjaBaeMblM MokasaTeniem; 6) No TPeM TOYKaMm C

BblYMNCNAEMbBIM MOKa3aTeneM MOAUTPOINbI
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Kak BUOHO W3 pUC.5 METOA C BBIUMCISIEMBIM IMOKA3aTENEM TMOIUTPOIBI
OPOUTPHIBAET METOAY NPHUBS3KH MO ABYM TOYKAM MO BEIMYMHE CPEIHEH KBaj-
paTuyHOW OIIMOKM MPUMEPHO B JBa pa3a. BenuuwHa OmMOKM ONpeaciacHus

JaBJICHUA B 000mx Clydadx n0CTUract HCCKOJIbKHUX CAUHHNILL 6ap

3akirouenue

B 11€510M BBINOJIHEHHOE UCCIIEA0BAHUE MO3BOJAECT CAECNIATH CIIECAYIOLINE
BBIBO/IBI

1. B xoz1e pacyeTHOr0 SKCNEPUMEHTA BBISBICHO, YTO HAWOOJIbIICE BIIUS-
HUE HA BEJIMYMHY ITOKA3aTEIIs TOJMTPOIBI OKA3bIBAOT YACTOTA BPALLCHUS Baja,
IUTOIIAb HEIIOTHOCTEW LMIMHApPA U TEMIEPATYPHBINA HAIOpP, ONPEACIAEMBIi
HAYAJIbHOW TeMmmeparypoil pabodero Tejna W CPeIHEH TEeMIeparypod CTEHOK.
BrmsiHneM nepeMeHHOTo cocTtaBa pabovero Tea, MMELIEr0 MECTO TPH PELUP-
KYJISILAM, 4 TAKXKE TABJICHUEM HA BIYCKE MOXKHO MpeHeOpedb. MakcuManbHO
BO3MOJKHBII JIMANa30H M3MEHEHMUS T[0KA3aTeNs TMOMUTPONBl JUIsl JBHATATENS
UH26/26, onpeneneHublii Ha ydacTke 220°-345° rpaaycoB yriia IoBOpOTa KO-
JIEHYATOro Bajia HAXOAUTCS B rpanuuax m = 1,28—1,38 npu onpeneneHum noka-
3aresis M0 KOOpAMHATaM IpaHudHbIX To4Yek U m = 1,30—1,39 — npu pacuere no-
Ka3aTens 1Mo aNropuTMy CPEAHETO B TPAHMLIAX YYACTKA.

2. UccnenoBaHueM TEPMOJAMHAMUYECKUX AJITOPUTMOB KOPPEKLUMU CUTHA-
Jla JaBJICHUs YCTAHOBJIEHO, YTO:

d) X TMPUMEHEHUE MPH MU3MEPEHHM JABJICHUS B WICAIBHBIX YCIOBHSIX
(0€3 mIyMOB) HA HOMHHAJIBHOM peskuMe paboTel au3ens YH26/26 npu ommbke B
BEJIMYMHE TMOKa3aTesst monuTponel Ha 0,05 eIMHWL TPUBOJUT K MOTPELIHOCTH
onpeaencHust naBiacHus He Oomee 0,1-0,35 Oap (MeHblIas omuOKa COOTBET-
CTBYET METOY C BBIYMACISIEMBIM MTOKA3ATEIEM ITOJIUTPOTIBI ),

0) MOTPEMIHOCTh OOOUX METOJIOB PE3KO YBETUUYMBACTCS MPU AHAINA3E 3a-
IIYMJICHHBIX OJHOLIMKJIOBBIX JMArpPaMM, JOCTHrasi HECKOJbKUX Oap; mpu 3TOM

MEHBIITNE 3HAUCHHS 00SCTICUNBACT MCTOA KOPPCKIHHU 11O ABYM TOYKAM.
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JloBoaKa MOKa3aTeJsieil IK0JI0ruH H CTa0WJILHOCTH CTOPAHHS Fa30BOr0
TONJIMBA HA OHOUMJIHHAPOBOM oTcexe O/149

MuasieB C.b., EBceeB U.B.

OAO «Konomenckuii 3apon», Poccus
Development of indicators of ecology and stability of combustion
of gas fuel on single-cylinder compartment OD49
Milyaev S.B., Evseev L.V.
0OJSC «Kolomensky Zavod», Russia

AHHOTAIIUA

HcnbiTaHusi OMBITHOTO OJHOLMJIMHAPOBOTO OTCEKA CPEAHEOOOPOTHOTO
apuraresns tuna /149 Ha ra30BOM TOIUIMBE MPOBOAMIIKCH C LIETBIO ONTUMU3AIMU
OCHOBHBIX MapaMETPOB ra30BOTO ABUrareib-reHeparopa 9T’ Ml 1jis MaHEBPOBO-
ro TemioBo3a. [Ipu 3ToM ObLIM BHIMOJHEHB PAOOTHI MO MYCKO-HATAIKE CTEHI0-
BbIX CUCTEM, CUCTEMbI YITPABJICHUS ra30BbIM OTCEKOM, CUCTEM MOJaul BO3IyXa
¥ TOIUIMBHOTO Ta3a, CUCTEMbI UCKPOBOT'O 3a)KUTaHUs. BTN onpeaeneHsl yciio-
BUSl HATPYXKEHUS JIBUTATEJNS MO COCTaBY TOIMJIMBO-BO3AYIIHOM CMECH B IMJIMH-
Jpe W BBIOPaHbI PEryJIMPOBKH, 00ECIEUMBAIOLINE CTAOUIBHBIA MPOLECC Cropa-
HUSI HAa KOHTPOJIbHBIX pekuMax padoThl MO TEMJIOBO3HOM XapaKTEPUCTHKE.
Taroke OblT BBIOpPaHbI ONTUMAJIBHBIE YIJIbI ONEPEKECHUS 3AKUTAHUS, UCXOIS U3
YCJIOBHI HAMMEHBIIETO YAEIBHOIO pacxo/ia TOMIMBHOTO ra3a.

ANNOTATION

Tests of an experimental single-cylinder compartment of medium speed
D49 type engine on gas fuel were performed in order to optimize the main
parameters of the gas 9GMG engine-generator for the shunting locomotive.
At the same time, work was done on commissioning of bench systems, gas
compartment control systems, air and fuel gas supply systems, and spark igni-
tion systems. The conditions for loading the engine by the composition of the
fuel-air mixture in the cylinder were determined, and adjustments were made to

ensure a stable combustion process in the control modes of operation on loco-
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motive characteristic. Also, the optimal ignition timing was selected based on
the conditions of the least specific fuel gas consumption.

K/IFOUEBBIE CJIOBA

OMHOUMINHIPOBBIA OTCEK ABUraTelis, TOIIMBHBIN ra3, TOMIMBO-BO3YI-
Hasi CMECh, UCKPOBOE 3KUTaHKE, CTAOUITbHBINA MTPOLECC CTOPAHUSIL.

KEY WORDS

Single-cylinder compartment of engine, gas fuel, fuel-air mixture, spark
1gnition, stable combustion process.

BBEJIEHUE

Ha onbITHOM OAHOIMIMHAPOBOM OTCEKE MPOBEICHBI UCIBITAHUS B PEXKU-
M€ ra3oBOro0 MOTOpAa C MCKPOBBIM 3aKWraHueM. MchbiTaHusi MPOBOAMIIHCH C
LEJIbI0 ONTUMU3AINKN TEXHUKO-IKOHOMHUYECKUX M DKOJOTMUECKUX MapamMeTpoB
nBHUraresib-reaeparopa Y9I'MIT st MaHEBPOBOTO TETIOBO3A. B pesynbrare
UCIBITaHUI BbIsIBJIEHA 001aCTh CTAOMILHON padOThl CPeIHEOOOPOTHOIO JIBUTA-
TEJsl Ha MPUPOJAHOM T'a3e€ M BHIOPAHbI OCHOBHBIE PETYJIMPOBKU HA KOHTPOJBHBIX
PEeKUMAax TETJIOBO3HOM XapaKTEPUCTHUKH.

OBBEKT U METOJIUKA UCOBITAHUM

HcnbiTaHusi TPOBOJWIMCH HA ONBITHOM OJHOLMJIMHAPOBOM OTCEKE JIBU-
rarenss O/149 (1YH26/26), yKOMIIJIEKTOBAHHOM CUCTEMOH MCKPOBOIO 3a)KMra-
Hust Altronic CD200, saeKTpOMarHUTHBIM KJiamaHoM nojaauu raza 49KI'.03,
cucTeMOi ympasneHuss raszoBeiM orcekoM KVYI'O70.100. I'eomerpuueckas
CTENEHb CxaThus jasurarens 12,6, das3el razopacnpencicHus 00ecrneunBaiu
OPOAYBKY LWJIMHAPA B MEPUOJ MEPEKPHITHS BIYCKHBIX U BHIMYCKHBIX KJIAMAHOB
NPOAOKUTENBHOCTBIO 45 rpalycOB MOBOPOTA KOJIEHYATOrO Baja (IL.K.B.).

HcnpiTaHus MpOBOAMIIMCH B JIBA 3Tana MyTeM MMHTALMK PEKUMOB pado-
Thl TA30BOTO ABUrarenb-reHeparopa 9I'MI. Ha nepBom 3tane onpenemnsics
pabounii muanazoH ko3¢ ¢uuueHTa U30bITKA BO3Ayxa (&) MO MOKA3aHHUIM AaT-
YHKa KUCJIOPOJA B CHCTEME BBINMYCKA, MPH KOTOPOM 00ECHEUYMBATIACH YCTOMYM-

Bas pabora apuratens O0e3 AECTOHAIMM U MPOMYyCKa BCIbIIIEK. 3HAYCHUE KO-
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bMyMeHTa a U3MeHAN0Cb B Anana3oHe OoT 1 go 2 ¢ guckpetHocTbto 0,2. Ha
BTOPOM 3Tane OnNpeAensnocb BAUAHUE Yyrna OnepeXxeHuUsd 3axwuraHusa Ha napa-
MeTpbl ABuratensd. OCHOBHbIM KpuTepnem ONTUMMU3ALUM ABNANCA pPacxop TOM-
NWBHOTO rasa nNpu YyCTOMYMBOM FOPEeHUM Ha BCeX peXumax paboTbl. BennyunHa
yrfa onepexeHus 3aXuraHusg n3MmeHsnacb ¢ JUCKPETHOCTLIO B 2 rpajyca B gua-

nasoHe ot 10 go 40 rpagycos n.k.B. 4o BMT.

PucyHok 1 - OnNbITHbIA ogHOUMNMHAPOBLIA oTcek OA49 (1YH26/26),
060pyA0OBaHHbIN AN paboTbl HA NPUPOLHOM rase.

Myck gsuratensa nponsBoauaca ¢ 3ab60poM BO3AYyXa M3 UCMbITATENIBHOIO
6oKkca, NpM I3TOM 3ac/ioHKa [aBNeHUA BbINYCKHbIX ra3oB Oblla MOMHOCTLIO
OTKpbITa. llocne BbIX04a Ha MWHWUManbHO-YCTOMYMBYK 4YacToTy BpalleHUs
450 MMH-1 oCcyLW,ecTBNAMNOCL N/1aBHOE MepekNtoYeHne 3aC/IOHOK A8 nojgadyun BO3-
AyXa nu3 LexoBon maructpanu. Mpu NoABNEHUN MPU3HAKOB HEYCTOMYMBOIO ro-
peHns (npocagka 060pOTOB ABUratens) 3ac/iOHKa nojavynm BO3AgyXa M3 Maru-
CTpanu njiaBHO NMPUOTKpPblIBanacb AUCTAHLUOHHO C MOMOLWbLI CUCTEMbI YNpaB-
nenuna KYTIroO, 3ac/ioHKa nogaym Bo3gyxa M3 uUcnblTaTebHOro 60Kca npu 3Tom
3aKpblBanacb. [1na nonyyeHums HeoO6XOAMMOro 3Ha4yeHUs a M3MEHANOCb MOJO-
XeHune perynumpyrow,ein Bo3ayWwHON 3ac/NOHKK. Perynuposka faBneHunsa (paspe-

XEeHUs) BO3ayxa B pecuBepe ABWUraTens Ha BCEX peXUMax Npous3BoAunach B
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PYYHOM pexumme [AUCTAHUMOHHO C NOMOWbK cuctembl ynpasneHna KYTO.
ABTOMaTUYeCKOe ynpaB/fieHWe BO3LYXOCHabXXeHWeM 3aTpyfLHAeTCS B CBA3UN C
KonebaTenbHbIMUK npoueccamun B TpybonpoBofax, a TakXKe HaluymeM YCrnoKou-
TeNbHbIX EMKOCTEN, NPUCOEeANHEHHbIX HA BNYCKe N BbIMYCKE.,

PE3Y/IbTATbI UCMbITAHUN

Ha pucyHke 1 npepcrtaBneHa ob6nactb paboTbl gBuratens B paboyem gua-
nasoHe 3Ha4yeHU KoapguumeHTa M36bITKA Bo3ayxa a. O6nacTb cTabunbHOMN
paboTbl yMeHblIAeTCAa NpU BO3pacTaHMM Harpysku. Tak, ecnm Ha pexume
MWUHUMaNbHO-YCTOMUYMBOM 4acTOTbl Bpalw,eHuUs xoniocTtoro xopga a=1,6-2, 10

Ha peXXume NOMHOW MouwHocTK a=1,15-1,25.
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PucyHok 2 - O6nactb paboTbl OTCeka gBuratens B paboyem guanasoHe
KoapuumeHta wu3bbiTka BO3gyxa: 1 - rpaHuua oboraweHHOW TONAUBO-
BO3AYLIHON CMecn, 2 - rpaHnLa 06eaAHEHHON TONMBO-BO3AYLIHON CMECH.

PaboTa fgBuratens Cc MONHOW Harpy3koi Ha CMecu C KO3 (ULUMEHTOM
a<l1,15 (Harpy3ka 100%, rpaHuua 1) cBsfizaHa C MNOBbIWEHHON TemnepaTypo
BbIMYCKHbIX Fa3oB 3a uunauHapom, Ao 650°C wu 6onee, npu 3TOM [ABUTATENb
paboTaeT 6e3 geToHauuun. Mpu 3HavyeHnsax a >1,25 (Harpyska 100 %, rpaHuya 2)
HabnogaeTca MeXxunknosasd HecTabMNbHOCTb MaKCUManbHOTO JaBneHuUs cropa-
HUSA U CpefHero MHAMKaTOPHOro fAaBfieHnsd, a Npu CUAbHO 06eAHEHHON cmecH,
po a=1,65-1,7 Ha NOMHON Harpyske, HabnwgalTCA NPONYCKW BCNblWweK. Ans
paclwmnpeHna ob6nactn paboTbl TpebyeTca LOBOLKA CUCTEMbI CropaHus, BK/OYas

3N1eMEHTbl MOPLIHSA, KPbIWKW LMANHAPA, FAa30BOT0 NoABoAa.
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Ha pucyHKe 2 npuBegeHbl OCHOBHble napamMmeTpbl oTceka O/149 Ha pexu-
Max Ten/ioBO3HON XapakKTepucTukn 9FMI ¢ ONTUMU3NPOBAHHBLIMMN 3HAYEHUAMMU
KoagmumeHTa n3bbiTKka Bo3ayxa (a) M yrna onepexeHus saxuraHus (Y03).
Bbi6paHHble perynMpoBKu ABuratens npmeejeHsl B Tabnuye 1.
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PucyHok 3 - TllapameTpbl oTceka Of149, nsmepeHHble Ha KOHTPO/IbHbIX
peXxmnmax TennoBO3HOW XapaKTEepUCTUKM ras3oBOro ABuraTenb-reHeparopa
9rMrI (G™. - yacoBOW pacxof TONAMBHOIO rasa, Pmax - makcumanbHOe fgaBe-
HuWe cropaHus, Pint - gaBneHue Bo3gyxa B pecuBepe aBurartensd, tgi n tg2 - tem-

nepatypa BbIMYCKHbIX ra3oB 3a LMAMHAPOM M B BbIMYCKHOM KONNEKTOpe).
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Tabmuna 1 — [TapamMeTpsl TOMIMBO-BO3YIIHOM CMECH W YITIa ONEPEIKE-
Hus 3akuranus orcexka O/149 Ha KOHTPOJIBHBIX PEKUMAX HATPY3KH.
Harpyska neuraress, % 100 60 35 25 0
YacToTa BPAILEHUS, MUH ™| 1000 850 770 450 450
Koadgpunment a 1.4 1,5 1.4 1.4 1.8
YO3, rpaa. m.k.B. 1o BMT 34 34 34 20 12

KoHueHTpaumm BpemHBIX BEIIECTB M JBIMHOCTH OTPAOOTABIIMX Ta30B
W3MEPEHBI B MYJLCUPYIOLIEM NOTOKE Ha BbIMycke. Hanbompmmii BEIOpOC yriie-
BojopoaoB CH (300 ppm) u okcuaa yraepoaa CO (500-600 ppm) HabnrogaeTcs
HA YaCTUYHBIX PEKUMAX TEIJIOBO3HON XAPAKTEPUCTHKH.

BbIBO/IbI

1. 1o pe3yapTaram ucnbiTaHWil ra3oBoro orceka OJ149 Ha pesxumax J1BU-
rarenp-reneparopa 9I'MI BeisiBIIeHA 00J1aCTh YCTORYMBON paboThI, CTAOUIIBHOE
CrOpPaHKE HA MOJIHOW MOIIHOCTH JOCTUTaeTces npu o=1,15-1,25.

2. Ilpu paboTe Ha 0OETHEHHOM TOIUIMBO-BO3AYIIHOW CMECH MTPH 3HAYCHHU-
ax ko3 duumenta n3dbITKa Bo3ayxa o=1,4-1,6 mpouecc cropaHusi Ha MOJHON
MOIIHOCTH COMPOBOKIAETCS MEXKIMKIOBON HECTAOMJIBHOCTBIO, a npu OoJiee
BBICOKHMX 3HAYEHMX o padoTa ABUTATENsl COMPOBOXKAACTCS YIAPHBIM 3BYKOM B
BBIITYCKHOM KOJIJIEKTOPE (HEMOJIHOE CTOPAHKE, TPONYCK BCIBILICK ).

3. Jlnana3oH m3MeHeHUs KO3(pQuimeHTa M30BITKA BO3AyXa 3aBUCHUT OT
BbIOPAHHOW CXEMBI CHCTEMbI CTOPaHMS, JUIsl UMEIOLIEHCS KOHCTPYKIIMKA Tra30BO-
0 OTCEKA C OTKPBITOW KaMEPOMl CrOpaHus B MOPIIHE W UCKPOBBIM 3KUTaHUEM
Hauy4dlias 3KOHOMUYHOCTh JOCTATaeTes npu o=1,4-1,45.

3AK/IIOYEHUE

Jlnst obecneyenust cTaOMIIBHOH pPaOOTHI Ta30BOr0 JIBUTATENS HA BCEX
pEeKMMax TEMJIOBO3HON XapaKTEpUCTUKK ABUTarenb-reHeparopa 91’ MI tpely-
€TCsl NajbHEHINas ONTHMHU3ALMS CHCTEMbl CTOPAHUs, MPEXKAE BCETO0 Kamepsbl
CrOpaHus B MOPUIHE (KPBIIIKE LWJIAHAPA), CHCTEMBI 3QKATAHUS, CUCTEMBI TIOJI-

BOAa U JO3UPOBAHKMA TOILIMBHOI'O Ia3a.
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AHHOTAIIUA

B noknane paccmoTpeHa MeTonmka onpeaciacHus (asoBbIX MMOKa3aTesel
CrOpaHUs MPU CHUKEHUH BBIOPOCOB OKCHJIOB a30Ta. HOpMBI BpeIHBIX BEIOPOCOB
CTaHOBATCS BCE 0OJee >KECTKUMM JUI MPOW3BOAMTENEH MOIIHBIX CPEAHE000-
pPOTHBIX aBurareneil. OnHo#t u3 npodiem npu pa3paboTKe IBUTATENEH SBISETCS
CHIDKEHUE BBIOPOCOB OKCHAOB a30Ta NOX 0e3 yxXyaUIeHHs TOIJIMBHOW 3KOHO-
MuyHOCTH. [lonoxkenne (pa3wl cropaHusi OCHOBHOM MOPLMK TOIJIMBA MTPHU OOJIb-
MIAX Harpy3kax OOYCJIOBJIEHO KaK CKOPOCTBIO HAapacTaHUs AABICHHS (pPaHHEE
cropanue, BeIOpockl NOX), Tak W MOTEPSIMH TEIUIA HA paclupeHue. CHIKEHUE
MAaKCHMAJIbHBIX TEMIEPATYP LMKJIA OOECIEUNBACTCS 3a CYET TO3JAHETO BOPHICKA
TOIJIMBA M COBMEMICHUS (pa3bl MAKCUMAJIbHOM CKOPOCTH CrOPaHHsi ¢ MOMEHTOM
JNOCTHKEHHSI MAKCUMAIBHOM CKOPOCTH OTBOJA TEMJIA WM BHYTPEHHEH SHEPrUu
ra3oB. TEeXHUYECKAM PE3YJIbTATOM SIBISETCS MAKCUMAIIBHOE CHW)KCHHE YJIETb-
HBIX BBIOpOCOB NOX npH 3aJJaHHOM pacxoje ToruBa. [IpeanoxxeHHas MeToau-
KA HalLIa TPUMEHEHUE HA MOIIHBIX CPEIHEOOOPOTHBIX IBUTATENSAX BHEIOPOXK-
HOro kjacca. HccnenoBaHus NPOBOJWIACH HA OJHOLMIUHAPOBBIX OTCEKAX
m3enei Tuma OJ149 u O1500, moHOPa3MEPHBIX CPEAHEOOOPOTHBIX TU3ETSX,
a Tarxke Ha OJHOLMIMHAPOBOM OTCEKE ABUraTesisi, 000PY10BAHHOM JUIsl PabOTEI

Ha TOINIMBHOM Ia3c< 110 ra30BOMY HHKITYy ¢ HCKPOBbLIM 3aKUT'aHHUCM.
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ANNOTATION

In this paper, methodology of combustion phasing determination is intro-
duced for reduction of NOx emissions. Emission regulations are becoming more
stringent for high duty medium speed engines manufactures. One of the major
challenges for engine development is to reduce exhausts Nitrogen Oxides (NOx)
emissions and maintain high efficiency at the same time. The location of com-
bustion phasing at high loads is determined by both pressure rise rate (early
combustion, NOx emissions) and heat expansion losses. Reduction of maximum
temperatures of work cycle is ensured by late injection of fuel in diesel or igni-
tion timing in gas engine and the combination of phase of maximum rate of heat
release with moment of reaching the maximum of relative rate of increase in
volume of cylinder when is reaching maximum rate of heat removal or internal
energy of gases. The technical result of this approach is maximum reduction of
specific NOx emissions at given fuel consumption. The proposed methodology
1s implemented on real off-road high duty medium speed engines. The study was
performed on research single-cylinder OD49 and OD500 type diesel engines,
multi-cylinder mean speed diesel engines and also on single-cylinder engine
which converted for work on gas fuel for gas cycle with spark ignition.

K/IFOUEBBIE CJIOBA

Jluzenu, ra3oBbie ABUTATEIM, (Pa3bl CrOpaHUs, CKOPOCTh TEIUIOBBIIEIIE-
HUSI, OTHOCUTENbHAS CKOPOCTh YBEIMUEHUS 00beMa IIUINH P, BEIOpockl NOX.

KEY WORDS

Diesel engines, gas engines, combustion phasing, rate of heat release,
relative rate of increase in volume of cylinder, NOx emissions.

BBEJIEHUE

H3BECTHO, YTO KOJMYECTBO BHIOPOCOB OKCHAOB a30Ta NOX 3aBUCUT OT
BEJIMUMH CPETHEH W JIOKAJILHBIX TEMIEPATYP B KaMepe CropaHus, SBISIOLIAXCS
CIICICTBUEM TEPMOXMMHUYECKUX peakuuii B asze padouero mpouecca. Uem Boiwie

3TH TEMIIEPATYPBI, TEM OOJIbIIEC KOIMYECTBO 00pa3yeMbIX OKCHIO0B a3oTa. Cro-
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coObl cHIkEeHUST NOX X0opomo HM3BeCTHHI [1, 2, 3], oAHAKO WX MpaKTHYECKas
peanuzanus, Kak npaBuio, cBszaHa co cHuxkenueMm KI1J[ pabouero nuka.

IHOCTAHOBKA 3AJIAYN

Llenbro SABASETCS MAKCUMAIBHOE CHUPKEHUE BEIOPOCOB OKCUIOB a30Ta MPU
3alaHHOM pacxo/¢e TOIUIMBA 3a c4eT Oonee 3P(HEKTUBHOIO CHHKEHUSI CKOPOCTH
HapacTaHusl JABJICHHs MPU CTOPAHUM MOCPEICTBOM COBMEIIEHUS (Da3bl MaKCH-
MaJIBHON CKOPOCTH TEIUIOBBIACTIEHUS C MOMEHTOM JOCTH)KEHUS MAKCUMAIbHOMN
CKOPOCTH OTBOJA TEMJIA OT ra3oB.

METOJIUKA UCCJEJOBAHUIL

B OCHOBY METOAMKM M aJrOpUTMA €€ pealln3aliH IMOJIOKEHO PEIICHUE
ypaBHeHHi (1-5), Ha OCHOBE MEPBOTO 3aKOHA TEPMOJAMHAMUKH, W YPABHCHHMN
KMHEMATUYECKUX (QYHKIMA (6-7), Ui KPUBOIIMMHO-IIATYHHOTO MEXaHWU3MA.
3neck (o) — KOJNMYECTBO TEIUIOTHI, BBIACISAEMON MPU CrOpaHUM TOIUIMBA B
(YHKIMK OT yIJla MOBOPOTa KpuBoIMNa o, P(a) — napnenue rasos; V(a) — 00b-
eM WWIMHAPA, (0 — NOTEPH TEMJIOTHl B CTEHKHA KaMEPBl CrOPAHUs; k=Cp/Cy —
OTHOILIEHHUE TETIOEMKOCTEN ra3oB; a0 u aQS50,p: wox miny — Pa30BbIe OKA3a-
Tenu cropaHus. [I[puHATO AOMYIIEHWE, YTO MOJIOKEHHE MAKCHMyMa CKOPOCTH
TEIUIOBBLACIIEHUS] COOTBETCTBYET YIJIOBOMY MOJOXEHUIO TOPIIHS OTHOCHTEIBHO
BEpXHEH MEPTBOW TOUKH a()5(), mpH KOTOPOM BBIIEISETCS IOJOBAHA BCErO
KOJIMYECTBA TEIUIOTHI OT CrOpPaHMs TOIJIMBA («CEPENMHA» CrOPAHUS, WU TaK
Ha3bIBAEMBIN «LEHTP THKECTH CTOPAHUSD), OMPEACIAEMBIN 110 MHTErPAIBLHOMN
XapaKkTEpUCTUKE TeIuoBblaeneHus ). LleneBoe 3HadeHue aQS0o, NOx min), TPU
KOTOPOM, AOCTUTACTC MUHUMAIIbHBIH BEIOpOC NOX, B COOTBETCTBUM C JaHHOH
METOJIMKOM, OTBEYAET MAKCUMYMY OTHOCHTEIBHOM CKOPOCTH YBETUYECHHS 00b-
ema IHApa. U3MeHeHne 00beMa XapakTepU3yeTCsl KHHEMATUYECKUMU (PyHK-
IUSIMU Vi U Of AJI1 CKOPOCTH M TIEpPEMELICHMS MOPIIHS. Havyamo cropanus O
COOTBETCTBYET MOMEHTY BOCIUIAMEHEHUS, & KOHEL| CTOPAHUS Olendg — MOMEHTY

JOCTHXKECHHUSI MAKCUMAJIBHOI'O KOJIMYECTBA BhIAC/IMBIICHCS TCIJIOTHI.
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de(@) _ dV(a) dP(a) aQ(a)w
L@ _ £ p(a) LV (a) (1)

da da
_ra dQ(a) a end dQ(a)

Q(CZ) - fa start da da’ f start da da (2)
aQ50 = a{|Q(a) — 0.5Q| = min|Q(a) — 0.5Q} (3)
AaQ50 = min(aQ50 — aQSOOpt(NOx min)) (4)
aQSOopt(NOx min) = a{(1/V)(dV/da)}max (5)

1 dV(a) T Yk
V(a) da 360 (1/(e—1)+0/2) (6)

Yk = sin(a) (1 + Acos(a)), o, =1 — cos(a) + 0.52sin?(a) (7)

Hccnenoanus npoBoaunuch Ha otcekax auseneid O/149 u OJ1500, noJi-
HOpa3MepHBIX aBurarensx tuma 12YH26/26 (5-26/11-03, 21-26/11'-01) n Tuna
124H26,5/31 (12JI/1'500), a Takxe Ha otceke apurarens OJ149, odopynoBaH-
HOM JiJT paOOThI MO ra30BOMY IUKJTY C UCKPOBBIM 3a)KUTAHUEM.,

PE3YJIbTATHI HCCJIIETOBAHUI

B xone mpoBeNEHHBIX WMCCIICIOBAHWNA YCTAHOBJEHO, YTO HAMOOJBIIMMA
3(pdexT MOXKHO peaTu30BaTh MYyTEM OPraHM3aluu CMeCceoOpa3oBaHus U Cropa-
Hud B (paze, Mpu KOTOPOH MaKCUMajlbHAs CKOPOCTh TEIJIOBBIJACICHUS] COOTBET-
CTBYET MAaKCUMAJIbHOW OTHOCHUTEJILHON CKOPOCTH YBEIMYECHUS 00beMa LUJIUH-
Jipa Ha TakTe padoyero Xoa, KOTopas, B CBOKO OYEPEb, 3ABUCHT JIUIIb OT YIJIO-
BOI'0 MOJIOKEHUs KpuBolmmna [4]. Uto ke kacaercs (pa3bl MAaKCUMAJILHON CKO-
POCTH TEIIOBBIICIACHUS, TO OHA 3aBUCUT OT MHOTMX (PAKTOPOB W, TJIaBHBIM
00pazoM, OT MapaMeTPOB TOIIMBOMOIAYH.

[TocTaBneHHas 1eb JOCTUIAeTCs MYyTeM KOPPEKTHPOBKM yrja Havaia
BIIPBICKA TOTUIMBA, KOTOPAas B COYETAHWM C LIMKJIOBOH mopadeii oOecrieumBacT
Hayajio FOPeHHs MpU paboyeM XOJA€ MOPIIHS, a JOCTHXKEHUE MaKCUMAJIbHOMN
CKOPOCTH Cropanusi oOecrneunBacTcs B (pa3e MOBOPOTA KPHUBOIIWIA, COOTBET-
CTBYIOUIEH MO (a3ze MOJIOKEHUI0O MAKCUMyMa OTHOCUTENBHOM CKOPOCTH YBEJH-
yeHus 00beMa IWIMHPA, KOT/la MPOUCXOAUT OBICTPBIA OTBOJ TEMja OT ra3oB.

[Tpouecc cropanus, mpeuMymecTBEHHO B quddy3nonHoi (asze, cMemaercs Ha
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JMHUIO PAaCIIMPEHHS, 4 MAKCUMYM CKOPOCTH TEIJIOBBIACICHUST OyIET MPHXO-
IUThCA Ha a3y OBICTPOro pacmMpeHust o0bemMa HuianHapa. binaroaaps OsicTpo-
My OTBOJIy YaCTH TeIia (BHYTPEHHEH SHEPIUU) OT ra30B, MAKCUMAJIbHBIE TEM-
neparypel OyAyT CHMXKEHbI. Takoe MPOTEKaHUE MPOLECCa CTOPAHUS MOBBIIIAET
3¢ (HEeKTHBHOCTH PAOOTHI M 0OECTIEUNBACT MUHUMATbHBIH BEIOpOC NOX.

CKOpOCTh HapacTaHWs AABJICHHUS M MAKCUMAJIbHAs TEMIIEparypa ra3oB
CHWKAIOTCA B PE3YJIBTATE AKTUBHOTO OTBOJA TEIIOTHI OT ra3oB. Mablii pacxon
tTornmBa U Bbicokmid KT/l oGecneunBaroTCsl MPU CKOPOCTSX TEIUTOBBIACICHHUS,
JNOCTATOYHBIX JUISl MAJIOH MPOAOLKUTENBHOCTH CTOPAHKUS, U ONITUMAIIBHO COTJIa-
COBAaHHBIX C XOJAOM MOpiiHs. Ecnu Oompiias 4acTe TEMIOTHI BEICBOOOXKIAETCS
CJIMIIKOM PAaHO, BO3PACTalOT MOTEPH TEMJIOTHI B CTEHKM KaMEPbl CTOPAHMSIL.
[To3nHee BBIACHEHWE TEIUIOTH MPUBOAUT K YXYALIEHUIO TepMuueckoro KII/I,
BBICOKMM TEMIIEpaTypaM OTpadOTaBUIMX ra30B U BEIOPOCY MPOIYKTOB HEMOIHO-
r0 CropaHus TOTUIMBA.

Ha pucynke la npuBeacHbl rpagukud CKOPOCTH HApAacTaHUsl AABJICHUS
razoB dP/da (MIla/°n.x.B.) B umnunape asurarens tuna 149 (124H26/26) na
nosiHoi MomHocT Pe=1470 kBt npu n=750 06/mun [4]. LLITpuxoBoil muHuEH
nokazaH rpauk OpH Yyrje Hadajga BHOpbIiCKa TomuBa 15 °mk.B. A0 BMT,
crtomHOM — pu 5 °m.k.B. 10 BMT. Kak BuHO Ha rpadgukax, B IEPBOM Cilydae
(IITpUXOBAs JIMHUS) HAYAJIO TOPEHHSI COMPOBOXKAACTCS PE3KUM CKAYKOM Hapac-
Tanus naeneHus B ¢paze 10 °n.x.B. 1o BMT, no3unms 1. [To3nauii BOpeick TOM-
uBa, obecrneunBarouil Havano ropenns B ¢aze 0 °n.x.B. (BMT), npuBoaur k
3HAYUTEIILHOMY CHUKEHUIO CKOPOCTH HapacTanus aasieHus dP/da, nozunus 2.
B mmanazone yriios 22-25 °m.k.B. nocie BMT HabmromaeTcss MUHUMYM CKOPO-
CTH HAPACTAHWs NABJICHUS, NO3ULMUSA 3, YTO CBHJAETEIBCTBYET O MOTEPE BHYT-
PEHHEH SHEPrUuM ra3oB NPy OBICTPOM PaCIIMPEHUH 00BEMA.

Ha pucynke 16 npuBeneHbl rpagiki OTHOCUTENBHOM CKOPOCTH M3MEHE-
Hust 00beMa nunuHapa (dV/da)/V, cornacuo ypaBaenusim (6) u (7) [4]. Benmnun-

Ha 5TOro mnapamerpa, Kak CJIICAYCT U3 3aBUCUMOCTEN 1A Yk K O, CBA3aHa TOJILKO
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C KOHCTpyKuuen gsuratens (X v s). UncneHHble pacyeTbl NokKasanu, YTO Be/u-
ymHa X (OTHOWeHWe pafuyca KpuBowwuNna K ANHE LWaTyHa) B npejenax ee
peanbHbIX 3HayeHuU 0,2-0,32 oKasblBaeT He3HaAYUTeNbHOE BUAHWE Ha (DYHK-
umMo obbvema. lMpu 3TOM OTK/IOHEHWE Yr/0BOr0 MOJIOXEHUA 3KCTPEMasbHbIX
3HaYeHU (YHKUMKM He 6onee +0,5° n.k.B. CywecTBEHHOE BNUSHUE Ha (PYHK-
LuMio obbema OKasblBaeT CTeMeHb CXaTus ABUraTens, Kak nokasaHo Ha rpaguke,
CMN/IOWHON NUHWER [Na CTeneHn cxaTtma s=15, no3muma 4, WTPUXOBOMN NNUHUNEN

ANA npefenbHoro sHavyeHma s=20, nosnuuna 5.

BVIr a(TkB)

a) 6)

PucyHoK 1- lNpumepbl rpagMKOB U3MEHEHUA CKOPOCTW HapacTaHua faB-
neHud rasos B gun3ene dP/da [MIMa/°n.k.B.] 1 PYyHKUNN U3MeHEHNA oO6beMa UK-
nuHpgpa (dv/da)/V [1/°n.k.B.] B 3aBUCMMOCTU OT yraa nosoporta Kpueowuna [4]:

a - rpaukm M3mMeHeHUA CKOPOCTU HapacTaHua gasneHusa dP/da npu pas-
NNYHBIX 3HAYEHUAX yrna onepexeHusa snpoicka Tonnusa (5 °n.k.s. jo BMT -
cnnowHasa nuHua, 10 °n.k.B. 4o BMT - wTpuxosas NMHNA);

6 - rpa@uMknm M3MeHEeHUS KUHEMaTU4YeCKONn (PYyHKUMM obbemMa UMAMHAPA
(dV/da)/V Ha yyacTKke paboyero xoga npu pas3fiMuyHbIX 3HAYEHUSAX CTENEHUN CXKa-

Tna (s=15- cnnowHasa nMHKUA, s=20 - WTPUXOBasA NUHNA).
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MonoxeHne MmakcMmyma yHKLUUM 06beMa HaXo4UTCA B AnanasoHe yrioB
22-25° n.k.B. nocne BMT (no3uyun 6 n 7), B 4aCTHOCTWU, ANA ABUraTensd tuna
049 B 3aBUCUMOCTM OT CTeneHu cxatua. MicnapeHue n BbiropaHue TonamBea
ycKopsaeTcs 3a cyeT Typbynmsaymm 3apsfja B NPUCTEHOUYHbIX 30HaX, BbI3BaHHOW
ABVXXEeHUEM NOpWHA. VHTEHCUBHOCTb TYpOYNEeHTHOCTM 3aBUCUT OT (PYHKLUM
n3MmeHeHus ob6bvema (dVida)lV. ®aza MakCcMManbHOW CKOPOCTW TENIOBbLIAENEHUSA
[OMKHa obecneymBaTbCa B AManasoHe YrioB, COOTBETCTBYHOLWEM MOJIOXEHUIO
MaKCUMyMma NpuBeSeHHON Bbllwe PYHKLMUM 06beMa LManHapa.

Ha pucyHke 2 npepacTtaBneH otcek agusens OO49 v TUNOBOW KOMMNNEKT

AaT4YMKOB AnAa oueHKN KayecTBa NPOLLECCOB CropaHna U BNpbiCKa ToM/nBa.

PUCYHOK 2 - OfHOUMNUHAPOBBLIA OoTCceK aBuratens O449 ¢ KOMMNIEKTOM
[ATUYMKOB AN MHAMLUPOBAHUA AaBfeHUs BNpbiCKa TONAMBA, AaBNeHUs rasoB B
npoueccax cropaHus n ra3oobmeHa.

Ha pucyHke 3 npuBefeHbl NpuMepbl Aguarpamm [aBfeHUa rasos P u
faBneHusa tonnuea Pf Ha Bxoge B hOpCyHKY. OnA oueHKU a3 nogayu Tonamea
npueBefeHa gnarpamMma nogbema Urnbl MOPCYHKM L MO yrny noBopoTa KOJeH-
yatoro Bana. MIHopmaymna o xapaktepe BrpbiCcKa TOMMBaA U pe3ynbTaTbl 0b6pa-
O0TKWM [faBneHWUs rasoB Ha TennoBblgeneHWe NO3BONAKT 60/iee TOYHO onpepge-

NNTb (*)a3OBbIe nokKasatenan CropaHunsA.
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PucyHok 3 - TlpumMepbl gnarpamm BnpbicKa Tonauea (gasfeHue Tonaumea
Ha BXOfJe B WeneBon GunbTp GOPCYHKM), nogbema Urnbl POPCYHKN N faBNeHNS
rasoB B Kamepe cropaHusa gsuratend O[149 Ha pexumMe NosIHOW MOLWHOCTH

Ha pucyHke 4 B KayecTBe npumepa NpuBeAeHbl pe3ynbTaTbl 06paboTKM
avarpaMmsbl faBneHuWs ra3oB Ha TennoBbligeneHne. Hactpoiika gsuratens obec-
neymBana paboTy B COOTBETCTBUN C NPUBEAEHHON BbIlEe METOANKONA.

PUCYHOK 4 - TMpumepbl MHTerpansHo (Q) n gntepeHumansHol (dQ/da)
XapakKTepuUCcTUK TeNNOBbIAeNeHNa B unnuHape asuratena 0449

BblBO bl

1. B paccMOTpeHHOW MeToAuKe peannsdyeTcs AOMONHUTeNbHAA BO3MOX-
HOCTb MCMNO/Ib30BAHNA KMHEMATUUYECKON PYHKLMKN obbeMa UUnnHApa 4N onpe-
peneHunsa ¢asoBblX NoKasaTene cropaHusa npu cHMXeHUn BoibpocoB NOX, Kak B
OW3EeNbHbIX ABUTATeNAX, Tak U B ABUraTensax C BOCMNAaMeHEHNEM OT 3/1eKTpuye-
CKOW UCKPbI, B HaCTHOCTU, B ra3oBbIX ABUTaTeNax.

2. Hanbonbwunii apdekT B cCHUXeHUn Bbi6pocoB NOX gocTuraercs nyTem
opraHusauumm npouecca cropaHua B ((ase, NpuM KOTOPOM MaKCUManbHas
CKOPOCTb TeNnnoBblAeNeHUs OTBeyaeT MAKCUMYMYy OTHOCUTENbHOW CKOPOCTHU
yBennyeHnsd obbema LUINHAPA HA TakTe paboyero xoga, Kotopas, B CBOK OYe-

peab, 3aBUCUT INIb OT YIJ10BOTO pacnosnoXXeHnda Kpusownna.
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AxmyaneHocmo paccmampusaemon npob.emvl obyciosinena
nompeOHOCMbI0  HATIMU  peanHvlil, HNPAKMU4ecKu NPUMEHUMb  CNOcoO
VAVYUUMYS  eHepuiinylo  d(hhexmusHoCcCms  COBPeMeHHbX  NOPULHEGHIX
ogueameneil. [leno cmamvu 3axmoYaemcs 6 paspabome MamemMamuyecKo
Mooenu OJisl U3y4enusl SHepeemudyeckux COOMHOUWEHUT 8 padoqyux npoyeccax
nopuiHessix osueame’iel Npu 6NPLICKUBAHUY 800bL C Yelblo YMUIUsayuu mend,
mepsiemoeo npu obbi4Hol ypoanuzayuu yukid. Beio0 oCHO6HO20 ypaHeHUs
coelan Ha O0CHOBE KEAZUCHAYUOHAPHO20 MEPMOOUHAMUYECKO20 No0X00d, 8
YACHOCMU  YPUBHEHUS NepEo20  HAYALd  MEMOOUHAMUKYU  Odd  OMKPLIMOTN
MEPMOOUHAMULECKON  cumembl ¢ UBMEHSeMOol  Maccoti  paboye2o meld.
Paccmompenvr  nonosicumenvivie u ompuyamesivivie 2Qpexmuvl HeCKOIbKUX
BAPUAHMOB  6NPBLICKUBAHUA  600bl. 8 YUIUHOP O8UcAMENs, 6 BblNYCKHOU
KOJLIEKMOp, 6 NOJIOCMU OXNIAXCOeHus. U 6 meniooomennux. Oma paboma
Hanpaeiend HA OMKPuLIMUE HNPAGUWIHO20 CHOCObA YMUIU3Ayuu menia 8
COBPEMEHHBIX NOPUIHEBHIX OBUSAMENAX U HA YIYYULEHUE UX SHEPeemuyecKol

aphexmusrocmit.

Kuiouegwie cinosa: nopuinegoii ogueameiiv, MAmeMAmMu4deckds Mooelb,

VIMuuzayus menjid, 6NPuiCKUGAHIe G00bl, SHepeemuieckas 2 phexmusHocme.
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The actuality of the problems considered is determined by the need to find
a real, practical way to improve the energy efficiency of modern piston engines.
The purpose of the article is to develop a mathematical model for studying the
energy relationships in the working process of reciprocating engines when wa-
ter is injected with the purpose of utilizing the heat lost during the usual orbani-
zation of the cycle. The derivation of the basic equations is based on the quasi-
stationary thermodynamic approach in the particularity of the equation of the
first law of thermodynamics for an open thermodynamic system with a variable
mass of the working fluid. We consider positive and negative effects of several
variants of water injection: in the engine cylinder, in the exhaust manifold, in
the cooling cavities and in the heat exchanger. This work is aimed at finding a

regular way of heat utilization in modern piston engines and improving their
energy efficiency.
Keywords: piston engine, mathematical model, heat utilization, water in-

Jection, energy efficiency.

Jlake y caMbIX JOPOrMX COBPEMEHHBIX MOPIIHEBBIX ABUIATEICH TOIBKO
okono 30% 3HepruM TOIUIMBA MPEBPALIACTCS B MOJIC3HYIO paboTy. YcTpaHss
ok070 10% cOOCTBEHHBIX MOTEPH ABUTATENsl, OKOJI0 60% TEMIoBOW SHEPruu
BhIOpackiBacTcst B armocepy. Ecim atu 60% Ttemnma OyayT OpraHu3oBaHbl B
apyroi muki 3¢ dekruBHocTH opsiakoM 20-30%, 3aTeM K OCHOBHBIM 3(Pek-
TuBHBIM 30% Oyaer noGaiaeHo eme 15-20%, oOwmid K.m.ja. (KOCPUIUEHT
MOJIC3HOTO JACUCTBUS) KOMOMHUPOBAHHOIO JIBUTATENS, TOJIyYEHHOIO TAaKUM 00-
pazoMm, yBemuuutcs 10 45-50%. Oto Oyaer OonbmIol mar BOEPEA IO
CPaBHEHUIO C CYLIECTBYIoUIEH cutyaruei. Jlapaiite He OyneM 3a0bIBaTh, 4TO
HbIHEIIHA  30-npoueHTHas 3QQPEKTUBHOCTD SBISIETCS  pe3ysibTatoM  150-
JeTHEro pa3BuTus. OUEBUAHO, YTO HAcTOsIAs 3(PPEKTUBHOCTD HE MOKET OBITh

CYIIECTBEHHO MOJAHATA 0€3 M3MEHEHWs NMPUHIMNA padOThl ABUTATENS WU / WIH
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npeoOpazoBanus dHepruu [1]. Llensro HACTOSIICH paboTHI SIBJISIETCS
UCCJIE0BAHUE TCOPETHUCCKUX MyTEH MPEUMYILIECTB U HEJOCTATKOB YTUIN3ALIMH
OTpa0OTAHHOIO TEIJIA B IIUKJIE MOPLIHEBBIX JABUIATENEH C MOMOIIBbI TYpPOUHBI
[2], paoTaromeii ¢ mapora3oBoil cMechbio, 0OPA30BAHHOUN MyTEM CMEIMIMBAHUS
OXJIQKIAIOMICH BOJBI M BBIXJIOMHBIX TA30B, & TAK)KE BIPLICKUBAHWUS BOJBI B
HUJIUHADP JBUTATENs W B BBIMYCKHOW KkoyjiekTop. Huske mnpuBeneHa cyTh
MaTE€MaTUYECKOH  MOJENIN, TMOCPEACTBOM  KOTOPOM  OBUIO  MPOBEACHO
UCCIIEIOBAHHUE,

1. Bopbick Bo/bI B HWJIMHAP ABUTATE/Isl B KOHIE CTOPaHUs

YpaBHEHUE, BBIPAKAKOIICE W3MEHEHUE TEMIEPATypPhl B  LUJUHIPE
JIBATATENsl IPU BIPBICKE BOJBI BO BpeMs padoyero mpoiiecca (C 3aKphIThIMU
KJIalaHaMH ), TOJIyYaeTCsl U3 YPABHEHU S IEPBOTO MPUHIMNIA TEPMOJIUHAMUKH |3,
4,5,6,7,8, 9], KOTOPOE B 3TUX YCIOBUS SIBISETCS CJICTYIOMIAM

dOy+dLy,0=d(Mu)+ pdV +d0Q\,+dOp,0, (1)

rae. M - macca padoyero BEMICCTBA B IWJIMHAPE, U - YACIbHAs BHYTPCHHSIS

sHeprus padodvero BEIIECTBA B IWJIMHJIPE, p - JaBJICHUE paboyero BEIIeCTBA B
uuauHApe, dV - u3MeHeHue oObemMa wwiuHApa,(J; - KOJMYECTBO TEIIA,
M0JIaBaéMOTO BO BpeMs TMpoIecca TOPSHMS, O, - KOIMYECTBO TEIIIA,
IEePENaBAEMOro U3 padovero BEIECTBA B PE3yNbTAaTe TEINOOOMeHa;, dLy,o-
paboTa, NOABENCHHAA PACHBUIEHHOW BOAOW; dQn,p- TEIUO, YAAIIEMOE W3

pabouero Tena BO BPEMs UCMIAPEHUS PACTbUICHHOM BOJIBI.

[TpeoGpazyem paBHenue (1), 4T0OBI MOMYUYUTH CIAEAYIOLIEE:

HougudX + pri.o ?Lﬂ:mumdzm pdV +d0,+O,0dm 0 )

2

rae: H, - HUKHAA yAellbHas TEIIOTa CropaHus TOILIMBA, &) - Macca LUKIOBOMI
nojaaun TomauBa, X - KOI(PPUIMEHT TEMJIOBBIACACHUS (B PE3yjbTaTe

cropanus ), Oy, - YAETHOE TEIIO UCTIAPEHUS BOIBL, Pry,0 - NABJIEHUE BIIPHICKA
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BOIBL, Pf,0- IUIOTHOCTb BOIBL, dMpy,0- DJIEMEHTApHAas Macca HArHeTaeMoOin
BOJIBI.

[IpeanonaraeTcs, 4T0O U3BMEHEHUE MACChl padOyYero BEIIECTBA TOJBKO 3a
CUCT pacmbuIieMOil BOABl dM =dmp,o, T.€. MOJAPHOE W3MECHEHHE TIa30B

cropanus npeneOperaerces [10]. [Tocne nenenust 00enx CTOPOH ypaBHEHMS (2)

Ha BEJIUYMHBI - Mc 1, nojy4yaercs:

MRT szoMRT )
_dr dezo dv dO,, . \Om,0dm,0
T M (k 1) V (k 1)MRT (k ) MRT
Jlist iudepennmana temmneparypsl pabodero nporecca, mojaydacTcs:
o | HugudX | prodmu,o dv  dOy  Ow,odmp,o) ..dmu,o
dT_(k I)T( MRT  pg,oMRT V MRT MRT d M )

Tekyliee 3HAYEHHE TEMIEPATYPbl B LUIMHAPE PACCUMTBHIBACTCS 110

BBIPQKCHHUIO!
Ti=Tia+(dT),_,
JlaBjieHUE ONPENEIIAETCA YPABHEHUEM COCTOSHUS.
Takum 06pa30M, IOJIy4aroTCda U OCTAJIbHBIC YPABHCHMUSL.
2. BleLICK BOJbI B HWIHHAP ABUIaTE/isd BO BpEMs BbIXJIONA
Ecmn  Bopa BIIPBICKUBACTCA B HWJIMHAP BO BPCMA BLIXJIOIIA H

UTHOPUPYETCS  MOJABEACHHAs padoTa, ypPaBHEHWE TEPBOrO  MPHUHIMIA

TEPMOJUHAMUKHN MTPEOOPTAET CIACTYOIIMM BUA;

idmgr—idmy, =d(Mu)+ pdV +d0,,+dOu.0,
rae: idmyr=CpldiMgr - SHTAIBINSA Ta30B, BBHITEKAIOIUX U3 KOJUIEKTOPA; Ty -
TEMIIEPATyPA ra30B B MOJOCTU KOJUIEKTOPA; idmy,=c 1 dmy,- SHTANBNIS Ta30B,

BBIXOAIIMX K3 HUJIMHAPA ABHUIATCIIA, T- TCMIICparypa rasoB B HUIMHAPC

JIBUTATEIS.
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Mmes B BHAy, UYTO  M3MEHEHHE  MacChl  ra3oB  Oyner

dM =dmgy —dmy; +dmpy,o, TO 1A muddepennnana TeMnepaTypel moIy4aeTes:

_ h_ deT_ _ dmys  dV de dQHzO _ dezO
dl'=T (k i lj—M (k 1)( v T Y uRT T MRT T Vi .(5)

3. BrpbicK BOJbl B BHINNYCKHOMH KOJ/IEKTOP
Eciu BoJa BOPHICKMBACTCS B BBIMYCKHON KOJUIEKTOP, YTOOBI YBETUYUTH
MOIITHOCT TIOTOKA, YBEJIMYMBAs PACXOJ ra30B 3a CUET CHMKEHMs €ro TEIJIOBOM
SHEPIuu, MEPBbIA MPUHIMI TEPMOAUNHAMUKHN Oy I€T UMETh CACAYIOIUN BUA;
ideT—ide3=d(Mu)+dQW+dQH20.
[IpeneOperas TEmIOOOMEHOM CO CTEHKAMH KOJUIEKTOPA, MOJIy4aeTCs

miQdepeHIraTbHaAs TEMIIEPATypa:

T T o dOw,0 \|_..dmu,0
ar==L (kT ljdeT (k 1)(dmm+de20+—MRT PO (6)

4. BupbICK 1 H3napeHHe BOAbI B MOJOCTH OXJIAKACHHUSI

Hcnonb30BaHue TEIUIa, MEPENAHHOTO JACTalsIMM JBHraTesisi BO BpeMs
paboyero nmpoiecca U BbIXJIONA, MOKET OBITh CACIAHO IMMyTEM PACIBUICHUS BOIBI
B IMOJOCTU OXJIAKACHUS. JTO NMPUBEACT K OXJAKICHUIO NETATECH U N0y YCHHUIO
HUA3KOTEeMIeparypHoro napa. llpu remneparype okosio 120°C', napiieHue mapa
Oyaer okono 2,5-3 at, KOTOpOe SBJISIETCS OOCTATOYHBIM JUISl PACUIMPEHUS B
TypOuHE. B 3TOM cllydae yCJIOBHE COCTOMT B OXJIQKAAKOLIEM MPOCTPAHCTBE U
NEPBBIA 3aKOH TEPMOAMHAMUKH Oy €T UMETH CIEAYOLINI BUA:

dQ}y~dQp 0 ~idmy,=d (Mu),

rae: Oy~ Tem1o, KOTOPOE M3BJCKAETCS U3 JAeTalici JBUTATENs MPU U3NAPEHUU

pacnbuUIEHHOR B HEM BOIBL, dQH,0=0n,0dMp,o- TEIIO, MOMIAIAEMOE DU

usnapeHue BOIbl, (p,0- YAEIHOE TEIUIO M3NApeHus BOAbl, Ookono 2MJ/kg;
dmpy o - TUKINYECKas N0Ja4a BOJBL.

Jlia nuddepeHnnana TeMneparypsl COOTBETCTBEHHO, MOTYYAETC
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dT:% (k—l)(deA:[ggH 20 dmm]—dm 10 |. 7)

S. BupbICK BOAbI B TEMI000MEHHUK U3NIAPHUTEIA
Ecnu Boma ucmapsercs B MaporeHepaTrope 3a CYET TEIla BBIXJIOMHBIX
ra3oB, MOKHO TOJY4YUTh Nap ¢ O0oiee BBICOKAM JaBlIcHUEM. B 3TOM BapHaHTe

MOJIy4aeTCs TOXKE CaMO€ ypaBHEHUE Kak (7):

T dQ'T.F _dQHO
dl=-~ (k—l)[ 0 A‘jRT —dimy, |~dmg,o |, (8)

rae. dQqr raz - NOJIS TETJIA U3 BBIXJIOMHBIX Ta30B, 32 CYET KOTOPHIX peau3yeTCs

M3MAPEHUE BOJIbI B TAPOTEHEPATOPE.
6. Ileperperslii nap B TEMI000MEHHUKE
Ecnu B maporeneparop nojgaetest He BOJAA, a map U3 MOJOCTH OXJIAKACHUS,
MOKHO PEaIM30BaTh YTUIN3AIMIO, KAK TEIUIO U3 CHCTEMBI OXJILKICHUS, TaK U
TEIMJI0, COJAEPKUMOE B OJHOBPEMEHHO OTpadoTaBmIMX Tazax. /[[ius mepBoro
3aKOHA TEPMOJIMHAMUKH MOJIyYaETCS:
AdQbr +idMpapa —idmy; =d (Mu),

a muddepeHiman TeMreparyp Ui IEPErpeToro nmapa npeoOpeTacT BUA;

dQ' T.T Tl‘[
A;RT%(/{ - —1]dmnapa—(k—1)dmm . 9)

_ L
dT == (k1)

7. CMelIMBaHHE NAPa U BBIXJIOMHBIX Fa30B B KOJLIEKTOPE

OcoOblii  MHTEpEC MPEACTABISICT TAKOH BapuaHT, TMPH KOTOPOM
OXJIOKIEHUE JBUrareisi OCYLUECBISETCS MOCPEACTBOM  pACHBIIEHUS U
U3MAPEHUs BOJbl B MOJOCTH OXJIKACHHUS, MOCJE YEro CMEIIMBAHUS ITOrO mapa

C OTpadOTaBIIMMHU ra3aMH B BBIMYCKHOM KOJUIEKTOpE mnepen TypOuHamu. [lpm

311



3TOM MepBbI 3aKOH TEPMOAUHAMUKKN By AeT BbITAAUTb TakK:
idm” +r*tnapa- idmus=d (Mu),
a aupdepeHuman Temnepatyp 418 NaporasoBoin cMecu npeobpetaeT BUA:
AR 3 \ f T n

dT=p kT -1 deX+Vk—T~ -1Jdmnapa (k L)dmm (10)

AHanus pesynTaToB:

B kauecTBe 00ObeKkTa MCCNef0OBaHWA pacCMaTpUBaeTCA YeTbIPeXTaKTHbIN

An3enbHblid gBuratens 43900 (Tabnuuya 1).

Tabnuua 1

MapameTpbl ABUratena

BennunHa 3HaueHue
Pabounin 06bem, V, (cm3) 3900
OunameTtp unnmHgpa, D, (M) 0.09842
HoMuHanbHaa yacTtoTa BpatyeHus, n, (min-1) 2800
HomMuHanbHaa MowHocTb,  , (KBT) 60
1. Mpu pacnbiieHnn BOAbI MNPAMO B LWUAMHAP [ABWUratens BO BpemsA

paswmnpeHns O0XWAanocb, 4TO BO3pacTaHuMe Maccbl paboyero Tena 3a CYer
nonyyeHns napa nNPUBOAMUT K YBEIMYEHUK WHAMKATOPHOW paboTbl W,
COOTBETCTBEHHO 3apheKTMBHOIO K.n.4. MNMonyymnocb Haob0poT, K.N.A. CHU3UNCH
ot 34,2% po 33,2%. Okasanocb, 4YTO Tenna0, KOTOpPOe nornauiaetca npu
McnapeHumn BoLbl NPEeBOCXOAUT NPUPOCT paboTbl NPU YBENMYEHUMN MacChl ra3os.
Tennosble MOTepU YMEHbWWUINCbL Ha MOMIOBUHY, CHU3UIOCb W Tenno B
oTpaboTaBLWMX rasax. MonoXuTeNbHbIW 3MHEKT NPU 3TOM BapuaHTe BO3MOXEH
TO/IbKO, ecnv Tenno ANA u3napeHusd BOAbl 3abupaeTcda M3 CTEHKU LUNUHAPA,
rO/IOBKM W MOPLWHSA, HO rapaHTMpPoOBaTb 3TO C KOHCTPYKTUBHOW TOYKMK 3peHUS

HEBO3MOXXHO.
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2. Ilpu pacnblieHUW BOJBI B LUJWHIPE ABUTATENsE BO BPEMS BBIXJIONA
OKUAAIOCh, YTO YBEJIMYUTCS MOIMHOCTh MOTOKA OTPadOTaBLIMX Ta30B, HO
NOJTy4MII0Ch HA000POT, OHa cHU3WIAck 0T 41kW Ha 35,4kW (13%).

3. Ilpu pacnbUieHUM BOJBI B BBIMYCKHOM KOJIEKTOPE MOJYYHJIOCH TOXKE
camMo€, MOITHOCTh MOTOKA O0TpadoTaBUIMX ra3zoB cHu3uiach ot 43kW Ha 34kW
(13%).

4. Tlocne 3THX OTpULATENBHBIX PE3YJABTATOB OBUIM CACTAHBI HECKOJIKO
BBIYHCITUTENIBHBIX 3KCIIEPUMEHTOB, € LIEJIbI0 Pa3o0parhCes, YTo Obl MOJIYYHIIOCH,
ecnu Obl MpeoOpa3oBaHKE TEMJIA U3 JACTANICH ABUTaTeNs U OTPAaOOTaBIIUX ra30B
B BOJHSIHBIX MMApaxX MOJy4HII0Ch O€3 CMEMIMBAHUS BOJBI U pa0OYMX ra3oB.

[Tpu pacnbuIeHUH BOJBI B MOJIOCTH OXJIKIACHUS TaK, YTO JABIEHUE OBIIO
Obl 2,53 at, a Temneparypa 123,6 oC, MOITHOCTh TAPOB MOTOKA MOJIY4YUIach Obl
15,5 kW, uro cocropngeT 9,8% moaBeACHON ¢ MUKIMYHON mojauu Termia. B
TEMI00OMEHHUKE, Uil TpaHcpopMauud Temia W3 OTPadOTaHHBIX Ta30B,
NOJIyYMJIUCh TOJO0OHBIE MapaMeTpPhl, HO P OoJiee BBICOKOW Temmeparype 430
oC, napnenue ObuTO OBl 2,56 at, MOIMIHOCTH MAPOBOrO MOTOKA MOJy4YMsiach 15,3
kW. Ecmu mnap npeyOpasyercs B TypOuHe ¢ kna 70%, To cymmapHas
3(pPEeKTUBHOCTh KOMOMHUPOBAHHOIO ABUTaTels noydmiachk Obl 50,04%. Ecnu,
OPEANOJIOKAM, YTO TEMJIOOOMEHHHK OTPAOOTAHHBIX Ta30B MPUMEHSETCS IS
NEPETPEeBaHmsl  HU3KOTEMIEPATYPHOTO  TNapa, IMyJYyYeHOro B TOJOCTH
OXJWKIAEHUS, TO OOMMIA KnjJ KOMOWHUPOBAHHOTO JIBUTATEIIS MOJYYHIICS Obl
56%. Tewmneparypa mneperperoro mnapa moiyuuiack Obl 440 oC, a mid
neperpesa napa yxoausio Obl TOJIbKO 25% 13 Temia 0TpadOTaHHBIX T'a30B.

S. U3 mocneaHoro BBIYMCIUTENIBHOTO 3KCIEPHUMEHTA CTalo SCHO, 4TO
peanu3oBath YPPEKTUBHOCTH OKOJI0 WK Jake Boilie S0% BHOJHE TOCTHXKUMAs
uenb. OHAKO, HAJIMYUE TEITOOOMEHHHUKA U OTPAOOTABIINX Ta30B, SBIISCTCS
OCJIO’)KHEHUEM KOCTPYKLIMH [BHTATENs T.€., HEAOCTATOKOM. Tak BO3HUKAET
HEOOXOMMOCTh MPOBEPUTh,  4YTO OBl MOMYYWIOCh, €CIIA CMEIIMBACTCS

HUCKOTEMIIEPATyPHBIA Map W3 MOJIOCTEH OXJIAKACHUS W OTpaOOTaBUIME Ta3bl
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nepeg TypbuHama Mpu MOHMXKEHOM faBneHun. Mpu 3TOM ObINO SICHO, 4TO
NoBbILLEHHOE AaBfeHWe Ha BbiXxode W3 ABuraTens 6OyaeT TOPMO3UTb MpoLec

BblTaNnKNBaHNA OTpaGOTaBLIJ X ras3os.

Puc. 1. CpaBHeHME MHANKATUPHbIX NPOLECCOB B TYpOUHAaX C aTMOCHEPHbIM
rasoo6MeHOM
Ha puc. 1 BMAHO KakK WU3MeHAeTCS faBneHWe B UWUAMHAPe ABUratens BO
BpeMs razoobmeHa npu NpUMeHeHUU TYpOUHLI U TOPMOXEHWEe BbIXiona npwu

aTMOC(epHOM razoo6meHe.

PesynbTaTbl  3TOF0  BbIYUCAWUTABHOIO  3KCMNEPMMEHTA  MOAYYUIUCH
cnefywouime: 4yactota BpaweHus KoneHesana - n=2500 min-1; uWKNNYHaA
nogaya tonnmea - gu=0,0000437 kg; Tenno, BblAe/fIeHHOe MpPW CcropaHue -
Q1=1879 J; ero wmowHOCTb - N1=156,6 kW ; wuHOMKATOPHAA MOLLHCTb
(c TypbuHbI/6€3 TYypOUHBLI) - Nj=64,6/72,5 KW ; ah(heKTUBHAA MOLWHOCTbL -
Ne=49,01/56,8 KW ; athpeKnBHbIA K.MN.4. TONbKO MNOPLIHEBOro pABuraTensa -
r’e=0,31/0,36; pab6oTa paswupeHns - bpaz=1295/1297 J; paboTa cxatua -
£oxar=387/388 J; paboTa BbiTafikuBaHua otpaboTaswme rasol - £8m=118/23 J;
pabota HanofHeHus - £Han=13/14J); pebuTt wmn3napsemonl  BOAbl -

/&napa=0,0368 kg/s; paBneHne napa - pnapa=247300 Pa; nnoTHOCTbL napa -

prapa=2,13 kg/m ; MOWHOCTb MaporasoBoro notoka - " 0T0k=52,6 kW ;

MOLHOCTb YTUNN3AUMOHHOW Typ6uHbl npu K.n.g. 0,7 - N17=36,8 kW ; obuwas
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apgekTnBHAA MOWHOCTb (NOPLIHEBOrO ABUraTena+TtypouHbl) - Ne+=85,88 kW ;

06w Nt apheKTUBHbLIN K.M.4. - rje+=0,548.

Puc. 2. Mpouec M3MeHeHne TeMnepaTypbl U AaBNeHUs B NaporeHepaTtope

(nonocTax oxnaxgeHusa)

Puc. 3. laBfieHne B BbINYCKHOM KOJiIIeKTOpe ¢ TypbuHaMun n B aTMOCHEpPHOM
razoobmeHe (HuMxe)

Ha puc.2 npeacTaBneHo U3MeHeHWe TemMnepaTypbl U AaB/IEHWUA B MOJIOCTH
OXNaXAeHUA, rae nonyvyaetcsa nap nNpu oOXnaKAeHUn geuraTens.

Ha puc.3 npeacrtaBneHoO W3MeHeHMe [aBNeHWs naporasoBoil cmecwu
(BepxHas KpuBaf) W BbIXNOMHbIE rasbl (CPefHAA KpuBas) Mnpu TOPMOXeHwue
BbIX/10Ma B BbIMYCKHOM KOJ/IeKTope. HUXHAA KpuBas npefcTaBndet gaBfieHue
6e3 TOPMOXEHUS.

BbiBOAbI:

1 YTtunusauma oTpaboTaHHOro Temna B MNOPLWHEBbLIX ABUratensax

nocpeactsoM pacnblyieHUA BOAblI B UMNNHAPE UKW B BbINYCKHOM KOJIJIEKTOpPE
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(6€3 yTUIM3aMOHHON MAalllMHbI) Ha MPaKTUKE HEBO3MOkHA. OKazajioch, 4TO
TEMIO0, KOTOPOE MOMIAINAETCS MNP WCHAPEHWUW BOJBI, MPEBOCXOAUT MPHPOCT
paboThI MO OOLIEMY YBETUUEHUIO MACCHI Ta30B.

2. Yrunmzaums OoTpadOTaHOro Temia MOCPEACTBOM M3MNApPEHHs BOABI B
NOJIOCTH OXJKICHUS M TOCICAYIINEH €€ TpaHCPOopMalh B EHEPrUIO,
OPOU3BEICHOM MapoM M OoTpabOTaBLIIMMHK ra3aMu B TypPOWMHAX, BBIIIIOUT OoJice
ONTUMUCTUYHO, a JOCTHXKEHUE e(ekTuBHOCTH cBbiclie 50% B mMOJIHE
PEATMCTUYHO.

Hano oTMeTuTh, 4TO 3TH PE3yAbTAThl SBISIOTCS COBCEM HAYaJIbHBIMH U
HEMOJIHBIMA. B OTHOHIEHMH JOCTOBEPHOCTHM MAaTEMATUYECKOW MOMICITH, OHU
HIATEITHO TPOBEPEHBI SKCIIEPUMEHTAIIBHBIM TyTEM, KPOME TE€X YaCTeH, KOTOPBIE

OTHOCATCA K UCIIAPCHUAM BOMbLI.
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BausiHue mapaMeTpoB TAHTCHIHAIbHBIX KAHAJIOB HA 3aKPYTKY 3apsjaa
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IManeii I1.C., I'anbimen 1O.B.

Kagenpa « TH>KUHUPHHT CHIIOBBIX YCTAHOBOK H TPAHCIOPTHBIX cpeacTe», PI'AOY BO «Cankr-IleTepOyprekuii

MOJUTEXHIYECKU yHuBEpcHuTeT [leTpa Benukoro»

Tangential channel parameters influence on charge swirl motion
and engine performance

P.S. Patsey, Yu.V. Galyshev

Peter the Great St.Petersburg Polytechnic University

B pabome npeocmasienvt pesyivmanmul UCCIe008AHUS GLUSHUSL 3AKPYMKU
3apsoa Ha 6nycKe, OpeAHU308AHHON ¢ NOMOULIO MAHCEHYUAILHO2O KAHAAd, Hd
pabouuii npoyecc 2a306020 O8ueamelis, Ha €20 UHOUKAMOPHbIE NOKA3Amenu u
Ha 0bpazosanue OKCUO08 dzoma 6 npoyecce ceopamusi cmecu. Hccieoosanue
NPOBOOUNIOCL C  NOMOWDBIO MAMEMAMUYECKO20 MOOCIUPOSAHUS  (DUSUIECKO-
XUMUYECKUX NPOYeccoB, HNPOMEKAlouuUx 6 Kamepe Cc2o0paHus NOPULHe8o20
ogueamelist, Npu C2OpaHuU 2a306020 monaued. Mooenuposaioce mypoyienmuoe
medenue 6 Kamepe Ceopamus, UCKPOBOe 3adcucanue U 2opeHue 2a308020
monauea. Ha ocnoee noayuenHvlx — HUCIEHHBIX — peuleHuil  NOCMpOeHbl
3A6UCUMOCIU MAKCUMANBLHO20 OAGIeHUs], MeMNepamypul, YUcid 3aKpYmKu U
OKCUOOB d30Md 6 Kamepe Ceopanus 8 3a8UCUMOCMU OM Yeld NOBOPOMd Gd.d.
Coenanvl 66160061 O MOM, KAK 3AKPYMKA 3Aps0d 61usem Hd UHOUKAMOPbLIHE
noxkazamenu ogueameisi U 00pazosanue okCuooe aszomd. Jlis MoOeauposans
PUBULECKO-XUMUYECKUX NPOYEcco8 6 Kamepe C2OpaHus UCHONb308dIdCh
npoepamma Ansys Forte.

Kmouesvie _c1osa: ra3oBblii  ABUraTenb, 3aKkpyTKa —3apsAja, UHCIEHHOE

MoaenupoBaHue nporneccos B JIBC, aBurarens ¢ HCKPOBBIM 3aKUTAHHEM

The article presents the results of the research of a charge swirl motion

influence on working process in a gas engine, engine parameters and NOx

318



emissions. The charge swirl motion was organized by tangential inlet channels.
The engine work process research was performed using a numerical modeling
of physical and chemical processes in combustion chamber. The turbulent flow
in combustion chamber, spark ignition and combustion of gas fuel were
simulated. The paper presents information about averaged over the volume
pressure, temperature, swirl number and nitrogen oxides mass fraction plotted
against the angle of the shaft rotation. The maximum values of the cycle and the
indicator parameters of the engine are obtained. Conclusions about how swirl
number affects on the formation nitrogen oxides and engine performance are
drawn. Physical and chemical processes in combustion chamber were simulated
in Ansys Forte.

Keywords: gas engine, charge swirl motion, numerical simulation of
processes in engine, spark ignition engine

BBenenne. 1'a30Boe€ TOMIMBO MOCJIEIHEE BPEMSI HAXOOUT Bce Oonee
HIMPOKOE MpUMEHEHHE. OHO O0JIAJaeT PsAOM MPEUMYIIECTB MO CPABHEHUIO C
JPYTUMH MOTOPHBIMH TOIUIMBAMHM. XOPOLIME AHTUICTOHALMOHHBIE KA4YeCTBA
ra3oBbIX TOIJIMB, OJIArONMPUSTHBIE YCIOBUS CMeceoOpa30BaHUs, IIHPOKHUE
NPEACIIbl BOCIUIAMEHEHUS B CMECSIX C BO3AYXOM M JAPYTHE IOJOKUATEIBHBIC
CBOMCTBA 3TUX TOMIUB OOCCHECUYABAKOT BBICOKME TEXHUKO-3KOHOMUYECKHE
nokasarenu  asurareyici.  [lo  yoenbHOM  MOUIHOCTM M TOIUIMBHOM
3KOHOMWYHOCTH JIYYIIHE COBPEMEHHBIC Ta30BbIE U Ta30°KUAKOCTHBIC IBUTATEIN
OJTM3KK K >KUAKOTOIUIMBHBIM, & IO TOKCUMYHOCTH OTPabOTaBIIMX ra30B U U3HOCY
— UMEOT 3HAYUTEIIbHBIC TpeuMyiecTra [ 1-3].

B oreuecTBeHHOH smTEparype NOAPOOHO PACCMOTPEHBI  BOMPOCHI
KOHBEPTALMU JU3EIBHBIX IBUTATENECH HA MpUpoaHblid ra3 [4-7]. CylecTByroT
JIBA HAIMpaBJICHUS OpraHmM3aluyu padodero mpouecca B KOHBEPTUPOBAHHOM
asurarene. llepBeiid cnoco® OCHOBAH Ha MPEACITIbBHO MEIJICHHOM CrOpaHuu
OorarbIX Ta30BO3AYIIHBIX CMECEH, BTOpPOl — HAa MaKCUMalIbHO OBICTPOM

CrOpaHuy MPeNENbHO OEAHBIX CMECEH.
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B nannoit pabote paccmarpuBaercs padourii mporece ¢ O€JHOM CMECHIO.
B pabotax [810] noka3zaHo, yto TypOynu3aiMs 3apsga B KaMepe CropaHus
YBEJIMUMBAET CKOPOCTh TYPOYJIEHTHOrO TOpPEeHHs cMmecu. Jljis Toro 4toOsbl
YCKOPUTh CropaHue O€0H CMECH Hy»KHA MHTCHCH(DMKALMS JBUKEHUS 3apsaa B
Kamepe cropanus. B oreuectBenHoit [4, 5, 11] u 3apyOexkHoit nureparype [12,
13] moapoOHO paccMOTPEH BOMPOC BiMsSHUS (OPMbI KaMEpPbl CrOpPaHUs Ha
WHTCHCU(PUKAIMIO ABWKEHUS 3apsijia B IWIMHApPE ABuratens. B Hacrosuei
pabote uccneayercs BiIusHUE (POPMBI BIYCKHBIX KAHAJIOB HA 3aKPYTKY 3apsaa u
ero TypOyJHM3alMio, Ha CKOPOCTb CrOPaHHsS CMECH, HA OKOJIOTMYECKHE U
WHJIMKATOPHBIC MTOKA3ATENN IBUTATES.

IlocTpoeHne TaHreHHUAJAbHBIX KaHaA0B. OmHUM H3 CIOCOOOB
OpraHu3allMd 3aKpyTKW Ha BIYCKE JBUraresis SBISCTCS MPUMECHEHHE
TaHMCHIUMAIBHBIX KaHajaoB. OOUIMMHU Jjis BCEX THUIIOB KaHAJOB OCHOBHBIMH
KOHCTPYKTUBHBIMU TapaMeTpaMM SIBJISIOTCS MPOXOJHas IJIOIIAb, pa3Mep,
(opMa U MECTOPACMONIOKEHUE BXOAHOIO OKHA HA TOJIOBKE, KOH(pUTrypauus u
MJI0IA b MUHUMAJIBHOTO CEUYCHHUSI, JUAMETP FOPJIOBUHBI, a TAKKE OpPUEHTALIMS
KaHaja OTHOCUTEJIBHO WIMHAPA apurarens [14, 15].

[Ipy  npoduaMpoBaHWM  TAHTCHIMAIBHOIO  KaHajlla  OCHOBHBIMH
napameTpamMu Py 3aJJaHHOM PacroIOKCHUH TOPIIOBUHBI, SIBJISIFOTCS YTOJT BXOa

0. B IJTAHE W YTOJI HAKIIOHA [3 K OCH B BEPTUKAIBHOM MIOCKOCTH (pHcC. 1).

320



PucyHok 1- Cxema TaHreHynanbHoOro KaHana

MaTtemaTunyeckoe mogennmpoBaHue. TypbyneHTHOe ropeHne TonanBea B
rasonopwHesom [ABC (pBuratene BHYTPEHHEro cropaHus) XxapakTepusyeTtcs
CNOXHbIM  cOYeTaHWEM  (DU3UKO-XMMUYECKUX ABNEHWUW, Cpean  KOTOpbIX
OCHOBHbIMMN SIBNAKTCA Typby/NeHTHOe TeyeHWe 3apsafa B KaMepe cropaHus wu
ropeHne NPUPOAHOro rasa B BO3gyxe. B HacTodwein paboTe npoBOAUNOCH
YNCNEHHOE MOfJeNnpoBaHUe YyKa3aHHbIX SABMIEHW C NOMOLLbLID NporpaMmmbl
Ansys Forte [16].

B MHXeHepHbIX pacyeTax Haubonbwel  MNOMNYNAPHOCTbLIO  NpwU
MOLENIMPOBAHUN TYpPOYNEHTHbIX TeYEeHUn npuobpenn Mofenn, OCHOBaHHble Ha
ocpefAHeHMM no PeilHonbacy-®aBpy cuUcTeMbl YypaBHeHUin HaBbe-CToKca
(Reynolds-averaged Navier-Stokes, RANS mogenn) [17]. OgHol 13 Hanbonee
pacnpocTpaHeHHbIX MOJeNeln [JaHHOro knacca asnserca k-s  Mogenb
Typ6yneHTHOCTU, B HacToAWwel paboTe ncnonb3yetcd ee moguumkaums - RNG
k-s mogens.

Ha cerogHAWHWN AeHb cyu,ecTByeT 6O0/blWIOE KOMMYECTBO pPasiUUHbIX
NoAXOA0B K MOLeNnpoBaHuUto ropeHuns [18]. B oTeyecTBeHHbIX paboTax 4acTto
BCTpeyaeTcs NpuUMeHeHne mogenn MarHycceHa-XapTtarepa [4, 5, 11]. B gaHHoW
paboTe, Npy MOAENMPOBAHUMN TOPEHMA NMPUPOLHOro rasa B Kamepe cropaHus,
ncnonb3oBanacb MoOfenb, OCHOBaHHasf Ha Y[AeNbHOW naowann MOBEPXHOCTU
nnaMmeHun, Tak HasblBaemasa G-equation mogens. And MogennpoBaHNA NCKPOBOTO
3aKWUraHna npuMmeHsanacb MOfLeNb [AUCKPETHbIX 4YacTuy A4pa  3aXuraHus

(Discrete Particle Ignition Kernel - DPIK) [16, 19].
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OnuncaHue aBuratend. B  kauyectBe  o06bekTa  uccnefoBaHUs
paccmatpuBancs gsuratens tuna UH 15/17,5 (tabnuua 1).
Tabnuua 1

OCHOBHble nNapameTpbl ABUTaTens

3HaueHue
HanmeHoBaHVe napameTpa napameTpa
KoahpmumeHT TakTHOCTM YeTbIPEXTAKTHbIV
Konuyectso LWAMHAPOB B ABUraTeNe 12
Xoz NOpLUHA, M 0.175
[OnameTtp umnuHapa, m 0.150
["eomeTpuryeckas CTeneHb CxKatus 1n
MocTtosHHaa KLUM (oTHoLleHVe paguyca KpueoLlmna K 0.275
[/IVHe LLaTyHa) '
YacToTa BpalleH/s KofieHYaToro Bana, 06/MuH 1900
KoahgmumneHT n36bITKa Bo3ayxa 14
[laBneHue Ha BNycke, 6ap 2.2
[laBneHns Ha BbInycke, 6ap 21
Temnepatypa Ha Bnycke, K 345
Tonnnso MprpoLHbIA ra3
Mogada Ton/sa Mopaya razoobpasHoro Tonavea
BO BMYCKHYIO CUCTEMY
dasbl rasopacnpegeneHus 3aBMCMMOCTM OT Yyrna Bbinyck 118.0 - 378.0
rosopoTa KoseHyatoro sana (YIKB), © Bnyck 343.0 - 563.0

PacyeTHas obnactb. MogenmpoBaHue NPOBOANNOCH C MNOCKO KaMepoid
cropaHus. MNMpoBogunacb cepusi pacyeToB, B KOTOPbIX MEHSANCA TaHTeHLNaNbHbl
KaHan, yron a sapbuposancsd ot -45° go 30°, a yron B 3auKcMpoBaH U pasBeH
35°. Ha pucyHke 2 wn3obpaxeHa pacyetHas 06/1acTb, C TaHreHywmanabHbIM

KaHa/noMm, y Kotoporo yron a=0°.

PUCYHOK 2 - PacyeTHas 061acTb
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Pe3yabTarsl pacderoB. B gaHHON paboTe MpPOBOAMIOCH TPEXMEPHOE
MOJICTIMPOBAHUE MPOLIECCA HAMOIHECHHUS, CKATUsl, HCKPOBOTO 3a)KUTaHMsI CMECH,
TypOYJEHTHOrO CropaHusi MPUPOJHOIO ra3a B BO3AYyXE M MPOLECCA BBIMYCKa
CTOPEBIIENA CMECH.

Ha pucynke 3 m300pa’keHa 3aBUCHMMOCTb YMCJIA 3aKPYTKHM BOKPYT OCH
HUJIMHAPA OT 3HAYEHU yriia moBopoTta kojieHyatoro Bana (YIIKB). Ha pucyHnke
4 mpuBeICHBI 3HAUECHUS YMCia 3aKPyTKH B MOMEHT nmoaaun uckpsl (705 VIIKB)
B 3aBUCUMOCTH OT yrjila o. BHAHO, 4TO C YBEJIIMYEHHEM Yy TAHTCHUMAIBHOIO
KaHaja 3HAYEHWS yria o, YBEJIMYMBAECTCS BUXPEBOE 4uCiO. OpUTrMHAIBHBIE
KaHaJIbl HE JAKOT 3aKPYTKY B KAMEPE CrOPAHUSI.

Ecnu ¢ yBenuueHuem yria o BO3PACTACT YUCIO 3aKPYTKH, TO 3HAYCHUE
OCPEIHEHHOM TypOYJICHTHOH KWHETHYECKOW SHEPrUM B KaMEpe CropaHus
NaJacT ¢ yBeaMUueHueM yriia o (puc. 5). Uem cuiibHee TypOyJM3UPOBAH 3apsij B
KaMepe CropaHus, TeM OoJiblIe 3HAYCHHE TYpOYJEHTHOW CKOPOCTH CrOpaHus
cmecu [5, 9, 10, 18, 20]. YMEHBIICHUE KUHETHYECKOW SHEPIUU MPUBOJIUAT K
CHIKECHHUIO CKOPOCTH TYPOYJICHTHOTO TUIAMEHH, MIO3TOMY C YBEJIMUYEHUEM YIJIA O
NajarT 3HAUEHUS MAKCUMAIBHOIO JaBjicHUus (puc. 6), MakCUMalIbHOH
TEMOEPATYPhl (PUC. 7), NHAMKATOPHOW MOIIHOCTH (pHUC. 8) W MHAMKATOPHOIO
KITJI mukna (puc. 9). CHMKEHHE CKOPOCTH CrOpPaHHMsT W COOTBETCTBEHHO
NOHIKEHUE MAKCHMAJIbHOW TEMIIEPaTypbl LMKIA MPUBOAUT K YMEHBUICHUIO
oOpa3oBaHMIO OKCUIOB a3oTta (puc. 10).

3amMeHa OJHOTO MCXOJHOTO KaHajla HANOJHEHWS HAa TaHTCHUMAIbHBIN
KaHaJl MPUBENO K IMOBBIIMICHUIO WHAWNKATOPHBIX TOKA3aTelicd ABUrareis M K
YBEJIMYEHUIO 00Pa30BaHUs OKCUIOB a30Ta. MHaMKaTOpHass MOIMIHOCTh BO3POCIIa
¢ 89.4 kBt 10 91.9 kBt (¢=-15), a ungukaropusiii KI1JI — ¢ 50,8% no 52,4%
(0=-30). Ilpm 3TOM 0Opa3oBaHUE OKCHUOB a30Ta YBEINUYUIOCH € 9.2 r/KBT-4 110

21.0 r/kBt-u (0=-30).
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—UCXOAHbIE KaHaNbI

—a=-45
—a=-40
35

-30

—a=
—a=
—a=-25
—a=-20
—a=-15

a=-10

a=10
a=15
a=20
a=25
a=30

YMKB, rpag

PucyHok 3 - OcpefHeHHOe 3Ha4eHue
BMXPEBOro YMCna B Kamepe CropaHus B
3aBucumocTn ot YTIKB

-¢-OpUrMHasbHble KaHasbl
PucyHok 5 - OcpeagHeHHas Typ6yneHTHas
KWHETUYECKas 3HEPTUs B Kamepe CropaHus B
MOMEHT MOoJa4n UCKPbI OT yrna a

B TaHreHuuanbHble KaHanbl

-4-0pUTVHa/IbHbIE KaHaslbl

PucyHoK 7 - MakcumasibHOe 3HaveHue
Temnepartypbl LKA B 3aBUCMMOCTU OT yrna
a

B TaHreHuMaibHble KaHaslbl
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-4-OpUrnHasibHble KaHanbl

PUCYHOK 4 - 3HayeHuA Yncna 3aKpyTKU B
MOMEHT MOoJayu UCKPbI B 3aBUCMMOCTUN OT
yrnaa

® TaHreHunasbHble KaHanbl

a, rpag

-4-OpUrnHasibHble KaHanbl ® TaHreHunaibHble KaHanb!

PUCYHOK 6 - MaKcumanbHoe 3HaveHue
[laB/1IeHNA LMKNa B 3aBUCMMOCTM OT yrna a

PucyHok 8 - IHAMKaTopHasA MOLLHOCTb
LMKNa B 3aBUCUMOCTI OT yrna a



a, rpag a, rpag

-4-OpUrMHanbHble KaHasbl B TaHreHywnaibHble KaHanbl -¢-OpUrMHasbHble KaHanbl B TaHreHuunanbHble KaHanbl

PucyHok 9 - NHankatopHoe KIMA4 unknas  PucyHok 10 - O6pa3oBaHMe OKCUAOB a30Ta B
3aBMCUMOCTY OT yrna a 3aBMCUMOCTM OT yr/ia a

BbiBOAbI.

C yBeNIMYeHMEM yrna a YyBe/IM4YMBAETCA YMNC/0 3aKPYTKMN 3apsja B Kamepe
CropaHusi, HO MPW 3TOM yYMeHbllaeTCcs 3HaYeHMe OCPefHEHHOW TypOyNeHTHON
KWHETUYECKOWN 3Heprun 3apsaga B Kamepe CropaHus.

3aMeHa OAHOro BNYCKHOIo KaHasna HaMnoO/IHEHUA Ha TaHFEHLl,VIaﬂbeIVI
KaHan no3onseTr TypOynu3mMpoBaTb 3apsj B KaMepe CropaHus, uTO
yBEMYMBAET CKOPOCTb CropaHWss cMmecu. 3ITO MNPUBOAMT K MOBbILWIEHWNIO
MHAWKATOPHbIX MoKa3aTefel ABuratens, HO U BbIOPOCbI OKCUAOB a30Ta TaKXe
yBenmuuBarTCs.

Tak KaK TaHreHUManbHble KaHanbl MO3BONAKT YCKOPUTb MNpouecc
cropaHus cmecu, peKoMeHAyeTcs B 3TOM C/ly4yae yBeNMumBaTb KOIW(UUUEHT
n36biTKa BO3JyXa CMecu W [aBfieHWe HagAyBa [ABuraTens, ANs TOro 4ToObl
YNyYWnTb NOKa3aTenn agBuratens n CHM3MTb 06pa3oBaHMe OKCUMAOB as3oTa.

Pe3ynbTaTthl paboThl 6bln NoNyyeHsbl c ncnosb3oBaHWeM
BbIYNCNUTENbHbIX pecypcos CYNnepKOMMbIOTEPHOTO LeHTpa CaHKT-

MeTepbyprckoro NONMTEXHUYECKOrO yHUBepcuTeTa MNeTpa Bennkoro.
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VIK 621.43
NpenTudpurkanus moaenu npouecca B uuiannape JIBC
B IMATNIA30HE HATPY304YHbIX PEKUMOB
A.A. YepHoycoB
Y uMckuit rocy 1apCTBEHHBIH ABHALMOHHBIN TCXHHICCKAH YHUBCPCHTET
Identification of model of in-cylinder process for an engine load range
A.A. Chernousov
Ufa State Aviation Technical University
Axmyanena peanusayusi npoyeoyp ASMOMAMUYEcKol  « KaIUOPOBKUY
(uoenmughuxayuu) mooeneii pabouux Npoyecco8 NOPULHe8vIX Ogueameieli no
IKCNEPUMEHMANHBIM OdHHBIM. [Ipobiemoti mooxcem Ovimb uoeHmugurayus no
UHOUKAMOPHBIM OUACPAMMAM 8 OUANA30HE pPediCUMo8 ogueames. Kpamko us-
Jlockcena mooeis npoyecca 8 yuiunope J[BC u npeonodsicen memoo uoenmugpu-
Kayuu ee napamempos ¢ YPAGHEeHUAMU pecpeccuu Om napamempa Hazpysku. B
SMOM Memooe noCPeoOCmeoM umpagnoi GyHkyuu Haxiaobi8alomcs ocpanude-
HUSL « O NPABOON0O0OUI0 » HA GeIUYUHBL NApaAMempos mooeu . Pabomocnocoo-
HOCMb Npoyedypsbl UOeHmMuurayuy Mooeau NOKA3AHA HA 3d0d4dx menio8o2o
pacyema ouzens 8 ouanasone Hacpysox. Coenan 6vl800 0 yenecooopasHocmu
0boOwenuss memooa Ha 3a0a4u U Mooeau paboye2o npoyeccd, y4umul8aroujue

npoyeccsl 2azooomend.

Kiuoueswie cnosa: nopuinesoii ogueamenv;, paboduii npoyecc; uUHOUKA-

MOpHAs, OUAepaMMd, MamemMamuyeckas Mooeivb, uoeHmuuxayus napavem-
pos.

Implementation of automated calibrating the models of reciprocating en-
gines' working processes based on experimental data is important. Identification
of model parameters with the use of indicator diagrams for the range of the op-
eration regimes of engine might represent a problem. In this paper, the model of
in-cylinder process is briefly described and the method for identifying its pa-

rameters using regression with respect to parameter of engine load is proposed.
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In this method the "likelihood" constraints are imposed on the values of the
model parameters (via penalty function). Performance of the implemented pro-
cedure for identifying the model by this method is shown for the case of in-
cylinder process of diesel engine, for the range of loads. The conclusion is made
about the expediency of generalizing this method for problems and models of the

working process that take into account processes of gas exchange.

Keywords: reciprocating engine; working process, indicator diagram,

mathematical model; parameter identification.

Mogpenu pabdoumx mnporeccoB (PIT) mMOpiIHEBBIX JBHUraTeiaei 1enecooo-
Pa3HO YTOUHSATH («KATMOPOBATHY», MACHTH(ULIMPOBATH) MO SKCIEPUMEHTAIb-
HbIM JaHHBIM. TUnUYHAs 3a7a4a UICHTU(DUKALMU PEIIAETCs MO JTaHHBIM M3ME-
PEHHBIX BEJIMYUH PACXOO0B TOMINBA (o M BO3AYXa Gy, @ TAKXKE MHIUKATOP-
HBIX JUarpaMM, CHSTBHIX HA YCTaHOBUBIIMXCS PexuMax padoThl HA MOTOPHOM
crenje. Jis mpakTUKU LEHHO UACHTU(UIIMPOBATH MApaMeTPbl MOJCIU B UHTE-
PECYIOLIEM IMAIA30HE, B IEPBYIO OUEPEb, PEKUMHBIX TAPAMETPOB IBUTATEIS.

3ajavua uACHTU(PUKAIWY MTApaMETPOB MOJENH — oOpaTHas 3a1a4e Mojie-
JUPOBaHUs mporecca. [IpuMeHeHne MeToaa U MOJENH JAOHKHO OOECeunBaTh
KAaK TIPUEMIIEMOE COBMAJCHUE PACUETHOTO W M3MEPEHHOTO JABJICHUWM MO WHAM-
KaTOPHOW IuarpamMMe, Tak ¥ MpaBAoNnoJ00HbIC 3HAUEHUS MOJO0OpaHHBIX Mapa-
METPOB MOJETH M MPSAMONA 3a/1auil B MOJIE PEKUMOB JABUratelist. Y Ja4HbIe MOJ-
XOJIbl U KOHKPETHBIE METOJ/bl UACHTU(UKAIIMKU HYXKHO pa3padaTbiBaTh MpHUME-
HUTEJILHO K MOCTAHOBKAM MPSIMBIX 3a/1a4 U MOJAECIAM AJisl uX peuieHus. Ipdek-
TUBHBIC TPOLIEYPBI MOTYT ObITh PEATM30BAHBI B MPUKJIATHBIX MAKETAX.

B crarbe omucaHbl MOJETb MPOLECCOB B paboueii kKaMepe MOPIIHEBOIO
JIBC, MeTon uaeHTU(UKAIUN €€ 0 U3MEPEHHBIM MHIMKATOPHBIM AMarpaMMmam
U PEe3yJIbTaT UX NPUMEHEHUS Ui TETJIOBBIX PAcu€TOB OJHOLMIMHIPOBOTO -

3ens Yanmar L100N5 Ha Tpex Harpy304HBIX PeKUMaXx.
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[TpuknaaHble MOAETN MPOLECCOB B LUWJIMHJPE, COAEPKALINE HYJTbMEPHOE
(1 TemM 0onee — OJHO30HHOE) AONYIIEHUS, TPUHLAMHAATIBLHO HE TTO3BOJISIOT A0-
CTOBEPHO MPOTHO3UPOBATh CrOpaHUE M APyrue acnektsl nmpounecca. CooTBET-
CTBYIOIIME MOJENINA COACPXKAT BHYTPEHHUE MApaMeTPhbl, NOAOMPAEMBIC, B KO-
HEYHOM CYETE, MO COOTBETCTBHUIO HKCIIEPUMEHTAIIBHBIM TaHHBIM. M3BECTHO, YTO
no00pOM MAPAMETPOB MOJIENH MPOLEcca B UMIMHAPE ISl TEIUIOBOTO pacyera
MO>KHO JIOBOJIBHO TOYHO «TOJOTHATHY PACUECTHYIO MHAMKATOPHYIO AUarpammy K
n3MepeHHo. Tak, B [2] noka3zaH cnenuaabHbIi (MPUMEHUMBIN K 3aa4€ TEIIO-
BOT'O pacyera) METOA aBTOMATHYECKOTO M ONEPATHBHOIO YTOUHCHUSI HA TPHME-
pe Moaenu nporecca B nuuHape JIBC, peanuzoBannoil B makete ALLBEA [1].
MeToa NO3BOJSET MOJIYYaTh XAPAKTEPUCTAKKN BBITOPAHUS HA OTACIBHBIX PEXKH-
Max, MPEANOJIOKUTEIBHO ONMU3KUE K ACHCTBUTEIBHBIM.

[TpobGnema B TOM, YTO METOABI MACHTU(UKALMKA AOKHBI 3(P(PEKTHBHO
pabortarb, BO-EPBBIX, U s MoAenei PII, 3aMKHYTBIX MOAMOJENSIMH Ta3000-
MEHA (B T. 4. MOJEIISIMA HECTAIIMOHAPHOE TEUECHUE B KAHAIAX), & BO-BTOPBIX,
3(ppexTuBHO 00padaThiBaTh JAHHBIC B MOJIE PEKUMOB JIBUTATENIsl, JaBas OINTH-
MaJbHBIM 00pa30M M B HYKHBIX AMAMA30HAX PEKUMOB MACHTU(UIUPOBAHHYIO
mozenb PII (m nBurarenst B 1esiom). AKTyalbHO pa3pabaTeiBaTh (M BHEAPSATH B
NPUKJIAJHBIC MAKETHI MPOTrPaMM) TAKOTO POAA METOABI UACHTH(PUKALMUA MOJC-
neit PIL

PanmoHabHBIM MPEACTABIACTCS NOAOOP B OCHOBHOM IAPaMETPOB Pe-
I'PECCUOHHBIX YPABHEHWH B COCTABE MOAMOJEIICH XAPAKTEPUCTUK SJIEMEHTOB
[TY u snemenTapHbix 3(HPEKTOB B JIEMEHTAX (CrOPAHUE, MECTHBIE TIOTEPH, TPE-
HUE, TEIUTOOTAA4Ya U T. 1.). Cienrduka npouecca, €ro MOJAEIA U TEXHUKU U3ME-
peHusl JaBicHUs B pabodeil kamepe 00yClaBIMBAET, B MPUHLIMIE, HAXOXKICHUE
TAK)KE MOMPABOK K M3MEPECHHBIM MHAMKATOPHBIM AMarpaMmaMm H moadop 3¢-
(PEKTUBHBIX 3HAYEHWI TAKUX MAPAMETPOB, KAK CTENEHb CHKATUS WM CEUCHUE

HEIUIOTHOCTEH neranei LTI
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Ha Tekymiem srane paboT B 3TOM HampaBJICHUM OBbLIO HEOOXOAMMO pea-
IM30BaTh OA30BBIA METON HWACHTH(PUKALWHU (T. €. MPUMECHUMBINA €IIE K 3amayde
TEmIoBOro pacyera). [lokazaB ero ycnemHoe NpuMEHEHHE, MOKHO 0000IIATh
METOJI Ha MOJEb Mpolecca B MPOTOYHOH YaCTH ra3oBO3AYLIHOIO TPAKTE U
MOAMOJICIIH €T0 3JIEMEHTOB, peanusyemelie, Hapumep, B ALLBEA [1].

[Tpennaraemblii METOA MACHTH(PHUKALIMKM TAPAMETPOB MOJCIM OCHOBAH Ha
no00pe MapamMeTPOB B OCHOBHOM B YPABHECHUSX PETPECCUM, MPEACTABIISIFOLIAX
XapaKTEPUCTUKHU B MOAMOJEISIX CrOpaHusl, TEIIOOTAAYM U yTeuek. Meroa pea-
mu3oBan s moaesm [IUJIMH]IP, peannzoBannoii B ALLBEA.

Mogens [TUJIMH/IP ucnosib3yeT 0AHO30HHOE MPEACTaBIEHUE padoyvero
tena (PT) B o0beme paboueit kamepsl (PK), 1 IByXKOMIIOHEHTHOE — ISl CO-
craBa PT. JludgdepeHimanbHble ypaBHEHUST 3TOH MOJEIN BBIPAKAOT 3aKOHBI
COXPAHEHHUSI MACC CBEXKETO 3apsiia U MPOAYKTOB CrOPaHUsl, U COXPAHECHHsI SHEP-

run PT (kak ux cMmecn):

dmy

_ dmy _
= (GY)ye + (5 ) k=12 (1)

d(me) _ AMronn

dr (Gh )YT + hTOHJI ( dt )cr - pE + QBHBH_I’ (2)

IZIe m; — Macca CBEXKEro 3apsa (MM BO34yXa, IPA BHYTPEHHEM CMeECE00pas3o-
BaHWW) U m, — Macca npoaykToB cropanus B PK, Y, = m;/m — ux maccoBeie
poma, m =my +m, — macca PT B PK, p=p/(RT) =m/V — IJIOTHOCTh, ¢ —
yaenpHas BHYTpeHHss dHeprusa PT, hp,,, — MNoOJIHAsA 3HTANbOUS MMOJABACMOTO
TOIJIMBA, «yT» — YTEUKH, «CI» — cropanue. B cocras moaenu (1), (2) Bxoaur
MOJAMOICb TemIoBOro notoka Kk PT ot crenok PK, oTnmuaromascs oT onucaH-
HOM B [2]:
Quuem = — 2i=1 Qi =z - L=y Fy - (Tyi=T) ¢y, (3)

[J€ YYUTBIBAKOTCS OTIAEIBHBIE TOTOKM B CTeHKM PK, ¢ monpaBOYHBEIMU MHOKU-

TEJISAMHU ¢, ; (B METOJIC MACHTH(UKALMH, OTIMCAHHOM HIKE, TTOAOMPACTCS OJHO

TO K¢ 3HadYeHHe cf). Koahduuuent rtemnoornadun oy B (3) onpenensercs

1o ypaBHeHuro Bomnn [3, ¢. 121]:
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ag = 0,012793 - D702 . T=053 . 08 . ;)08

2

IJIe XapakTepHasi CKOPOCTh padouero Tejaa B NEPUOJI CrOpaHUs-paCIuPEHUs —

ViTr
prVe

w = (6 + 6y (P = Pup)s
OPUYEM B METOJC HICHTU(PUKALMY (CM. HUXKE) BEJIMUMHA NapameTpa C, ONpeac-
asercs noadopom. Jpyrue noamoaenu (oobeMa PK, cropanust m yredek) coot-
BETCTBYIOT UX ONUCAHUSM B [2].

Onucannas monens BcTpoeHa B maket ALLBEA [1], roe cuctema (1), (2)
ee mu(pPepeHIMAIbHBIX YPABHEHUH YHMCIEHHO PEMIACTCS METOA0M Oiepa C
MEPECUYETOM CO 2-M TOPAIKOM aINMPOKCUMALKH [2].

B HayaJIbHBIX YCIIOBHUAX MPAMON 3a4a4M TEMIIOBOIO pacyeTa Imo 3TOW MO-

JENU 3a7ar0TCs (IPH @ = @4 ): AABJICHUE p,, TemmepaTrypa T, U mMaccoBasi JOJsl
BO3ayXa Y, ,. 31€Ch OHU BBIYUCIUIUCH 110 U3MEPEHHBIM HA CTEHIAE Gy U Gop,
Y IPAHATBIM KO3 PuumeHTam npoayBku (1/m, = 1,01) ¥ OCTAaTOYHBIX Ta30B
(v, = 0,04). ITapameTpam Harpy3Ku CIy>KHT CyMMapHBIH KO3(QUIHMEHT H30bITKA
BO3YXA o = G,/ (ly * Grony) WM KOX(DPUIIMEHT U30BITKA TOIUIMBA @, = 1/at.
OOparHas 3ajaya MACHTHPUKAIUN MOJETH pellaiach KaK 3a1a4a OINTH-
MU3aLMOHHOIO Moadopa napameTpoB. s 7 mapameTpoB MOAETH JUIsS TETLIOBO-

ro pacuera (pa, @y, Ay, Ap,,,,, M, My, k;) MPUHSTHI JUHCHHBIE PETPECCHH OT

e S pa(Pe) = Pgomin + (Pa max ~ Pa min) (P = Pemin) /(P max — Pemin) TOAOH-
paroTcs 2 napamMeTpPa: Py pmin ¥ Pamax 1 T. 1. Elle 6 Benuuun: Ag, &, ¢f, s, (BUX-
PEBOE OTHOLICHHE), C, U F, TPUHATHI HE 3aBUCSALIUMH OT . MapaMeTpaMu MOJIe-
mm (Kak B [2]).

[TonGop Ag ¥ MapamMeETPOB P, ,uin B Py max> ONPEACTSIOMMX Py (@), TO3BO-
JISIET BHECTH B JIAHHBIC MHAWLIMPOBAHKS MOMPABKH MO YTy (Ag) 1 10 abCOJIFOT-
HOMY JaBICHHUIO (Ap,), T. €. B MPUHIMIE KOMIEHCUPOBATH COOTBETCTBYIOLIUE
CUCTEMAaTHYECKUE OMMOKA u3MepeHuid. Takke M «3(P(PEKTHBHOE» 3HAUCHUE
CTEICHH CXKAaTHs & B MOJECIH, BOOOLIE rOBOPs, AOJDKHO OTJIMYATHCS KaK OT HO-

MUHAJILHOTO, TaK U OT M3MEPEHHOro (Ha Hepabortatouiem asuratene). [Ipoune
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noAOMpPacMble MapaMeTpbl — YIJbl Havajda W MPOJAOLKUTENBHOCTA CrOPAHUS,
napaMmeTpel MOJENH «ayOib-Brubey, monpaBoOuYHble MHOKHATEIN ISl TEMJIOBBIX
MMOTOKOB M CEYCHUE HEIUIOTHOCTEN F, [2]. DTH mapaMmeTpbl MOAMOACIICH cropa-
HUS, TETUIOOTIAYHA M YTEUYEK, OUEBUHO, MOAIEKAT YTOUHEHUIO 10 SKCIEPUMEH-
TaJbHBIM JAHHBIM.

Taxkum oOpa3om, cTaBwiIach 3amadya nmoadopa 3HavueHuii 20 mapameTpoB.
Kpurepnii cOOTBETCTBHSI paCYETHBIX MHIMKATOPHBIX AUArpaMM M U3MEPEHHBIX
(K; map) — ueneBas ¢pynkuums (LD), Bripakatonias (B 6a30B0it 4acT) cpeaHee

KBaJIpaTMYHOE OTKJIOHEHHUE JIOTapru(MOB NaBICHUI:

2
[ =33 1{J— (8P - lgpicni)/lgpim]}- @

Ha paHHux 3Tamax OTBICKMBAJIOCH PEIICHUE 3adauu O€3yCIOBHOM ONTH-

mu3zauun — MUHUMYM LD (4). BeisBunuch 3aTpyJHEHHs: BO-TIEPBBIX, C
HAXOXJICHUEM TIOOATBHOTO MUHUMYMA (4) TPUMEHSEMBIM aIrOPUTMOM, BO-
BTOPBIX, TCHACHIMS K HEMPaBAOMOJAOOHBIM 3HAUYCHUSAM MMAPAMETPOB B HAilJCH-
HOM pelicHuu (B OOJBIICH CTETICHH, YEM B [2], IJIe TPUMEHEH CNEUATbHBINA aji-
roput™). [TosTomy BenuumHa 11® no (4) nanee ckinaabiBajach co «TpapHON»
¢byukuuei (I11D) Buaa
Wi =2 (™ AT 5w ), )

rae p = [¢, ¢, s, Cp E]T — BEKTOp MapaMeTpoB, YUUTHIBAEMBIX B (5), K, — HX
YHCII0, @ — MOKA3aTeIn CTENEHN, W — BECOBbIE KOA()(PUIMEHTHI MApaMETPOB,
W — BecoBoii koappument (5) B cymme ¢ LID (4). [IpuHATE onpencieHHble

3HaueHust (W = 3, a™ = 2, w= I,n=1,..,K,), B o0memM ciy4ae 3Tu na-

pameTpBl CaMOro METoJa JA0JKHBI oadupaThes. Bennunna A|p( )|

HOPMHU-
POBAHHOE OTKJIOHEHUE OT 3aJaHHOI0 DKCIIEPTOM WJIA IO pe3yjibTaraM ONTHMH-
3alUu «MPABAONOA00HOr0» 3HAYEHUS -T'O MapaMeTpa, HaAIpUMEp, MpU € > g,
Ale]l = (€ — £0)/(Emax — €0) U Alg] = (€ — €9)/(Emin — €0) B NPOTUBHOM CIIy4ae.

3nech €qmin < €0 < €max (M T.1M.) — TaKKE HAMEPEN 3aJaHHBIE MApPaMETPHI.
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T. 06p., cymmupoBaHnem (4) n (5) HanoXeHbl OrpaHMYeHUs «nNo NpPaBAoNoLo-
Ouo» Ha BENIMYUHBI NapameTpoB Mogenun (B pamkKax O4HOKpUTepuanbHOW 3afja-
Yn UAEHTU(UKaLUM B YCNOBUAX OYEBUAHON nepeonpeneneHHOCTM ee NO HO-
MeHKnaTtype napameTpos).

OnwucaHHbIN MeToL naeHTU(UKauum mogenn P peanusoBaH n onpobo-
BaH Ha 3ajaye TennoBoro pacyeta l-umnuHpposoro amsena Yanmar L100N5S
(PucyHok 1) npu n = 2650 06/MmunH (gNnsa Tpex peXxXMMoB No Harpyske: ac= 2,127,

2,379; 3,615 [2]).

Puc. 1. Asuratens Yanmar L100N Ha cTeHge B YITATY

3agaya nofbopa napaMeTpoB pellanacb ¢ NnpumeHeHnem nporpammebl all-
bea-optim n3 naketa ALLBEA [1], rae peann3oBaH reHe TUYECKUIA anropuTm
(FA) onTumuzauynun. Oencteua no BbluncneHuto LLd (4) B cymme ¢ WP (5) no
[aHHOMY meToAy peannsosaHbl B moayne DLL, komnoHyemom c allbea-optim.

3HauyeHuns napameTpoB B (5) 3ajaBanuCb 3KCNEPTHOW OLEHKOW C y4eToM
npeLBapuUTENbHOrO pelweHuns 3agaum nageHtTuukayum ¢ Ld (4).

MpumeHeHne B KadectBe LL® cymmbl (4) u (5) no3BondeT NOAy4YuTb
«NpaBAoNoLo6HbIE» 3HAYEHUSA NapaMeTpPoB, HO 3 (eKTUBHOCTL A nNpu noucke
pelweHns AaHHOW 3afavyn OKasblBaeTCA HEBbICOKOW. B cBA3WM C 3TUM 3anycka-

NUCb MNapanfenbHoO 4 npouecca MOMCKA; 3a pelleHMe 3agadv UAeHTUdUKaLUy
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napamMeTpoB MPUHAT BapuMaHT C HaMMeHbLW UM 3HavyeHneMm cymmbl (4) n (5), no-
NYYeHHbIN 3a 5 YyacoB noucka.

MonyyeHHOe peleHWe XapaKTepusylT, C OAHOW CTOPOHbLI, NpaBfono-
[OOHbIe 3HAYEHUA NATU nMapamMeTpoB Mogenu yuyteHHbliX B (5). CoBnajeHue pac-
YETHbIX N NU3MEPEHHbIX MHAUKATOPHbLIX AnarpaMmM Bro/HE YAOBNETBOPUTENbHOE

(PucyHok 2).

Puc. 2. HgnkatopHble gnarpammel: 1 —ac=2,127; 2 —ac=2,379;
3 —ac=3,615

Cnepfyet OTMETUTb, YTO NPEANOXKEHHbI METO[ BbIMOMHAET NO CYLW,EeCcTBY
CTaTUCTMUYECKYH 06paboTKy Habopa MHAMKATOPHbLIX AnarpaMM C NPUMEHEHUEM
moaenu, HOopmMuUpyst ypaBHeHUS perpeccum Ansa YTOYHEHHbIX NapamMeTpoB WUC-
XO[AHbIX faHHbIX NPAMbIX 3afa4 TENN0BOro pacyeTa B AuManasoHe peXxnMoB.

MpeacTaBneHHbI MeTOA MAEHTUDUKALUN HETPYAHO 0606WMTbL ANA MO-
fenen, yymTblBaloWMUX ras3oobmeH. pu 3ToM MeTO4 AO/DKEH, B MpUHUMNE,
BK/MOYATb «KaMOGPOBKY» MnapameTpPOB KpUTepuanbHbIX YypaBHEHUI B nogmMoae-
NAX NoTepb Ha opraHax ra3oobmeHa n NyTeBbIX NOTepb B KaHanax. MotpebyeTtcs
foKasaTb paboTocnoco6HOCTb MeToja B AManasoHe PeXMMOB ANA NOPLIHEBbIX
ABUraTenen Kak ¢ BOMTHOBbIM, TaK M C ra3oTypOUHHBLIM HaadyBOM. TakXe Heob-
X0AUMbl 3P EKTUBHbIE aNrOpUTMbl NOMCKa ONTUMaNnbHbIX (M NPaBAONOA06HbIX)

3HaYyeHWt NnapameTpoB, ONpeAensieMblX NoA60pPOM.
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PannoHasibHbIe METO/BI YTOUHEHUSI MOJENCH pabourx MPOLECCOB MOPIII-
HEBBIX 1 KOMOMHUPOBAHHBIX JIBUTATENICH B COCTABE MPOrPAMMHBIX MHCTPYMEH-
TOB, ABTOMATU3WPYIOLIMX PEIICHUE MOJOOHBIX 3a1a4, 3HAYMTEIBbHO MOBBICST
3((PEKTHBHOCTD PACUETHO-IKCIIEPUMEHTATIBHBIX PA0OT MO JOBOAKE U MOAU(H-

IIUPOBAHUIO JBUTATENICH U YHEPrOyCTaHOBOK.
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An Investigation on Temperature Rise of High Pressure Common Rail
Injector Nozzle

J.H. Zhao', K.B. Wei', P.F. Yue', Leonid Grekhov’
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2. Bauman Moscow State Technical University, Russia

The heat that nozzle generates under the multi-cycle working conditions and the
large difference of pressure at the orifice, cause the temperature of nozzle to rise, and
further affects the injection characteristics. Therefore, this paper uses Infrared
Thermal Camera to carry out experimental research on the temperature distribution of
Bosch common rail injector and obtains the quantitative variation law of nozzle
temperature rise. The results show that the transient temperature at the nozzle of the
injector and the steady state temperature increase with the increase of the injection
pressure and the increasing of the injection frequency. The difference of temperature
between the nozzles is larger under different injection pressures, and the difference of
temperature between the nozzles caused by the injection frequency is small. At
different injection frequencies and injection pressures, the temperature rise at the
nozzle rises rapidly in the first 10 minutes and then increases slowly. The temperature
at the nozzle reaches the equilibrium after 30 minutes of operation of the injector.

Keyword: diesel; injection; high pressure common rail system; fuel pressure;
Jetting frequency; temperature rise
1. Introduction

With the aggravation of environmental pollution and the increasing shortage of
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fossil resources, people have put forward higher requirements on the economy and
emission of diesel engines. Advanced diesel engine factories have adopted advanced
technology to achieve high-efficiency combustion and ultra-low emission targets of
diesel engines. The high pressure common rail system can accurately and flexibly
adjust the injection timing, the law of injection and the quantity of fuel injection
without the influence of the diesel engine load and speed. It is widely used in the diesel
engine and is the key system for the diesel engine to achieve high efficiency and low
emission[1,2].

Payri [3] used AMESim software to establish a one-dimensional adiabatic flow
model of common rail injectors, and studied the influence of initial fuel temperature on
ijection rate and injection duration. Salvador [4] and Carreres [5] conducted an
experimental study on Bosch's latest generation of common rail injectors, according to
the change of the internal fuel mass flow rate of the injector at different initial fuel
temperatures, evaluated the effect of fuel temperature at the injector inlet on injection
characteristics. Through experiments, Salvador [6] found that with the decrease of
mitial fuel temperature, the influence of oil temperature on the fuel injection law of
ijectors is greater, and gave the scope of application of the adiabatic flow model.

The papers above had drawn significant conclusions on the effect of oil
temperature on spray characteristics, but had not studied temperature rise of the
ijection nozzle that results from the difference of pressure at the jet orifice in practical
work. The temperature rise of the nozzle under the conditions of multi-cycle working

will change the physical properties of the fuel in the nozzle and the characteristics of
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gas-liquid two-phase flow, the temperature rise of the nozzle will change the physical
properties of the fuel in the nozzle and the characteristics of gas-liquid two-phase flow,
which will directly affect the stability of the multi-cycle injection of the common rail
injector, and ultimately affect the economics and emission of the diesel engine.
Therefore, this paper uses an Infrared Thermal Camera to test the temperature
distribution of injector nozzles under different rail pressures and operating frequencies
on Bosch common rail injectors, and draw the quantitative conclusion the transient
temperature rise and steady temperature rise of the nozzle, reveal the influencing
factors and laws ofthe nozzle temperature distribution.
2. Experimental setup and procedure
2.1.  Test equipment

On the test bench of high pressure common rail fuel injection system we carry
out the experiment on temperature characteristics of injection, the test device is shown

in Figure 1

Fig. L High pressure common rail fuel injection system test bench
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The fuel injection system adopts Bosch electromagnetic second-generation
common rail system. The injector high pressure oil pipe 1s 500mm long and the inner
diameter 1s 2mm and the test injector model is CRIN-2. The fuel temperature of fuel
tank 1s controlled by electronic temperature control device. The maximum fluctuation
range of temperature during the test is = 1°C. The test bench is equipped with the
P1400 online Infrared Thermal Camera from DIAS of Germany to record the real-time
temperature change of the injector. The device has the advantages of fast responds,
frame frequency that ups to 80Hz, small size, simple installation, high measurement
accuracy, large range, and a variety of lens options, which can meet the experiment
research and engineering applications under different temperature conditions.

2.2,  Testing method

In order to ensure the accuracy of the test and reduce the interference of other
factors, we have established the initial conditions of the experiment before the test.
The test under each condition is based on the same initial conditions. The initial
conditions are shown in Table 1.

Tablel

Detailed information of 3D simulation model

Parameter Value
Ambient temperature/'C 20
Initial oil temperature/'C 20
Current pulse duration /ms 1.2

The high pressure common rail fuel injection system operates for 60 minutes

while maintaining the initial conditions and the online Infrared Thermal Camera
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recorded the real-time temperature of the injector every 20 seconds and generated 181
thermal imaging clouds. Based on the temperature displayed in each cloud map we can
further analysis the effect of rail pressure and injection frequency on the temperature
rise at the injector nozzle. The test parameters are shown in Table 2.

Table2

Test parameters

Parameter Value
Rail pressure /MPa 50. 70. 100. 120. 140
Injector operating frequency/Hz 10 15. 20

2.3. Measuring principle

The injector is small and complex and the precision of the result measured by
the traditional temperature sensor is low. When converting information into usable
temperature readings, a large amount of signal conditioning is needed, the operation is
cumbersome, and the error caused by human factors is large [7]. Therefore, in order to
get accurate law of nozzle temperature variation, we use the online infrared thermal
camera to test the temperature of the injector when working. The basic principle is

shown in Figure 2.

Object Radial line Lens Grating Detector Infrared thermography

Figure 2 Working principle ofthe infrared thermal camera
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The essence of Infrared is the same as light waves and radio waves, all of which
are electromagnetic waves. Any object above absolute zero (-273°C) will emit infrared
radiation energy, the infrared thermal camera helps us obtain infrared thermal phase
diagrams through the interaction of detectors, imaging objectives and light-sensitive
components. We can distinguish objects in the field of view by different colours in the
thermal image, and these different colours represent objects of different temperatures
in the field of view. Since the infrared thermal camera works by receiving the infrared
radiation of the object itself, there is no interference to the injector and other
measuring devices, which further increases the credibility of the test results.

3. Analysis of results
3.1. Effect of injection pressure on temperature rise of injector nozzle

Figure 3 shows the analysis of the effect of fuel pressure in the common rail on
the temperature rise of the injector nozzle. The initial conditions are the ambient
temperature of 20 °C, iitial fuel temperature of 20 °C, pulse duration of 1.2 ms, and
injection frequency of 20 Hz. When the rail pressure is 50 MPa, the temperature at
which the injector nozzle reaches thermal equilibrium is 42.8 °C, the temperature rises
by 22.8 °C, and the temperature rise rate is slightly slower. When the fuel pressure is
100 MPa, the temperature at the nozzle of the injector reaches a equilibrium
temperature of 69.0 °C, and the temperature rises by 49.0 °C. At this time, the
temperature rises faster. And within the first ten minutes, the temperature increased by
60.4% of the total calorific value. When the fuel pressure 1s 140 MPa, the temperature

at which the injector nozzle reaches the thermal equilibrium is 86.5 °C. And the
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temperature rises fastest, and the temperature increases by 70.4% of the total heat in
the first ten minutes.
50MPa 100MPa 140MPa

10min

20min

184.6"

40min

60min
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Figure 3 Effect of fuel pressure on nozzle temperature rise

Figure 4 shows the variation of temperature with five rail pressures at an
ambient temperature of 20°C, an initial fuel temperature of 20°C, a pulse duration of
1.2 ms, and a fuel injection frequency of 20 Hz. We can find through the figure that as
the working time of the injector increases, the heat generated increases, and the nozzle
temperature gradually rises until the temperature reaches a stable state. We can see that
within 10 minutes, the nozzle temperature at all fuel pressures increases significantly.
The slope of the temperature curve at 50 MPa for 10 minutes is 4.1; the slope of the
temperature curve at 70 MPa for 10 minutes is 4.8; the slope of the temperature curve
at 100 MPa for 10 minutes is 6.2. The slope of the temperature curve at 120 MPa for
10 minutes 1s 7.5; the slope of the temperature curve at 140 MPa for 10 minutes is 8.1.
After 10 minutes, the nozzle temperature increases slowly at different fuel pressures,
and the speed reaches the final equilibrium temperature. The equilibrium temperature
reached by different fuel pressures is also different. The higher the fuel pressure, the
higher corresponding equilibrium temperature is. The equilibrium temperature at

50MPa is 42.8°C, and the equilibrium temperature at 140MPa has reached 86°C.
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Figure 4. Temperature variation with rail pressure

The results show that the smaller the fuel pressure, the slower the temperature’s
rising rate of the injector nozzle and the lower the equilibrium temperature of the
injector during the working process of the injector. In the first ten minutes of the
injector, the change of the temperature of the injector nozzle is most obvious, the
temperature rises rapidly, and the temperature changes gently after ten minutes, and
then slowly reaches to the final equilibrium temperature.
3.2.  Effect of injection frequency on temperature rise of injector nozzle

Figure 5 shows the analysis of the influence of the injection frequency on the
temperature rise of the injector nozzle. The initial conditions are the ambient
temperature of 20°C, the initial fuel temperature of 20 °C, the maintenance pulse

width of 1.2 ms, and the fuel pressure of 120 MPa.
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Figure 5 Effect of injection frequency on nozzle temperature rise
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When the fuel injection frequency i1s 10Hz, the thermal equilibrium of the
injector nozzle is 71.5°C, the temperature rises 51.5°C, and the temperature increases
by 72% in the first ten minutes. When the fuel injection frequency is 15 Hz, the
thermal equilibrium of the injector nozzle is 75.3 C, the temperature rises 55.3°C, and
the temperature increases 73.4% of the total calorific value in the first ten minutes.
When the fuel injection frequency i1s 20 Hz, the thermal equilibrium of the injector
nozzle is 77.5 C, the temperature rises fastest, the temperature rises 57.5°C, and the
temperature rises 74.2% of the total calorific value in the first ten minutes. As the
working time of the injector increases, the heat generated increases, and the nozzle
temperature gradually rises until the temperature stabilizes. It can be seen that before
10 minutes, the temperature of all the injection frequencies increased obviously, the
slope of temperature curve for 10 minutes at 10Hz is 6.7, and the slope of temperature
curve for 10 minutes at 15Hz is 7.1, and the slope of temperature curve for 10 minutes
at 20Hz 1s 7.2. After 10 minutes, the temperature of the nozzle increases slowly under
different injection frequency, and reaches the final equilibrium temperature slowly.
The equilibrium temperature reached by different injection frequencies is also different.
The higher the injection frequency, the higher corresponding equilibrium temperature
is. The equilibrium temperature at 10 Hz is 72°C ,at 15 Hz reaches 75°C, and at 20Hz is

77°Co
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Figure 6 Temperature variation with frequency

The results show that the higher the injection frequency during the operation of
the injector, the faster the temperature rises at the nozzle of the injector, and the higher
the value of the thermal equilibrium temperature reached. In the first ten minutes of the
injector, the temperature change of the injector nozzle is the most obvious, the
temperature rises fast, the temperature changes gently after ten minutes, and then
reaches the final equilibrium temperature slowly. However, compared with the fuel
pressure, the difference in the rate of temperature rise of the injector nozzle is small at
different frequencies, and the equilibrium temperature is also very close.
4. Conclusions

Through the experiment and analysis, we have summarized the effects of fuel
pressure and fuel injection frequency on the temperature rise of the common rail

injector nozzle. The main conclusions are listed as follows:
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(1) The temperature rise at the nozzle of the injector increases with the increase
of the fuel pressure. At different rail pressure, the difference of the nozzle temperature
rising rates is great, and becomes larger with the increase of the pressure of the rail. At
different rail pressures, the steady-state temperatures reached by the nozzle are also
different, and the steady-state temperature increases as the fuel pressure increases.
During the first ten minutes of the injector operation, the temperature rise of the nozzle
1s more obvious, and then the temperature rise rate slows down and tends to stabilize.

(2) The temperature rise at the nozzle of the injector increases with the increase
of the ijection frequency. Under different injection frequencies, the difference in
nozzle temperature rise is small. At different injection frequencies, the difference of
the steady equilibrium temperature of the nozzle is smaller, and the equilibrium
temperature of the nozzle with high injection frequency finally reaches is slightly
higher than the nozzle with low injection frequency. During the first ten minutes of the
injector operation, the temperature rise of the nozzle is more obvious, and then the
temperature rise rate slows down and tends to be stable.

(3) Under different fuel pressures, the slope of the temperature curve of the
injector nozzle is larger in the first 10 minutes, and the difference of the equilibrium
temperature reached by the nozzle is also larger. However, in first 10 minutes, the
difference of slope of the temperature curve of the nozzle at different injection
frequencies is small, and the difference of the equilibrium temperature reached by the
nozzle is also small. The effect of fuel pressure on the temperature rise of the injector

nozzle is greater than the effect of the injection frequency on the temperature rise.

349



References

[1] Zhang Z.H, Introduction of Ship Power Plant, Harbin: Harbin Engineering
University Press, 2002,

[2] O Yang G.Y, An S.J, Liu Z.M, L1 Y.X, Diesel engine high pressure common rail
injection technology, Beijing: National Defense Industry Press 2012.

[3] Payri R, Salvador F.J, Carreres M, and Belmar-Gil M. An Investigation on the Fuel
Temperature Variations Along a Solenoid Operated Common-Rail Ballistic Injector by
Means of an Adiabatic 1D Model. SAE Technical Paper 2018-01-0275, 2018

[4] Salvador F.J, Gimeno J, Carreres M, and Crialesi-Esposito M. Fuel temperature
influence on the performance of a last generation common-rail diesel ballistic injector.
Part I: Experimental mass flow rate measurements and discussion. Energy Conversion
and Management 2016, 114: 364-375.

[5] Payri R, Salvador F.J, Carreres M, and De la Morena J. Fuel temperature influence
on the performance of a last generation common-rail diesel ballistic injector. Part II: 1D
model development validation and analysi. Energy Conversion and Management 2016,
114: 376-391

[6] Salvador F.J, Gimeno J, Carreres M, and Crialesi-Esposito M. Experimental
assessment of the fuel heating and the validity of the assumption of adiabatic flow
through the internal orifices of a diesel injector. Fuel 2017,188: 442~451

[7] Cheng Q, Zhang Z.D, Xie N.L. Power losses and dynamic response analysis of
ultra-high speed solenoid injector within different driven strategies. Applied Thermal

Engineering 2015, 91: 611-621.

350



YK 621.436

MogennpoBaHue 6bICTPOAENCTBYOLLMX 3NEKTPOMArHUTHbLIX NPUBOAOB
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Modeling of the fast-response solenoid actuators for
the electronically controlled engines

L.V. Grekhov 1] Jianhui Zhao 2

1 Bauman Moscow State Technical University, Russia

2 Harbin Engineering University, China

Llenbto paboThbl ABNsSieTCA CO34aHWe UHCTPYMeHTa NPOeKTUPOBaHUA U
pacyeTHOro aHanui3a O6bICTPOAEACTBYHILWErO 31eKTPOMaArHUTHOIO npusofa
(BA3MIM), B nepByl ouepeab, KnanaHoB TOMNAMBHbIX CUCTEM ABUraTenen.
AKTyanbHocTb paboTbl 06ycnosneHa MNepexofom K  fABUraTenaMm C
3/IeKTPOHHbLIM YynpaBneHWeM, HeLOCTAaTOYHLIM ONbITOM MNPOEKTUPOBAHMUA,
OTCYTCTBMWE MNPUBOAOB C BpeMeHeM cpabaTbiBaHud 0,1 MC B CMEeXXHbIX
obnacTax TexHWKM. MaTemaTuyeckoe onucaHue npouecca 6asumpyeTcsd Ha
afjlekBaTHOM ¥ yaO6HOM ONMWCaHWUM MArHWTHbIX CBOMNCTB MaTepuanoB Ha
OCHOBE OrpaHW4YeHHOW CcnpaBOYHON WHDOpmaynn. PesynbTaTbl pacyeTOB
COOTBETCTBYWT pe3yabTaTam WucnblTaHuii. Ans 6onee TOYHOro onucaHus
npoueccoB nepemMarHu4ynBaHua WUCNONb3YeTCHA y4eT MarHUTHOW BA3KOCTU WU
CONPOTWBNEHUSA OT BUXPEBbIX TOKOB. Mopgenb BCTpOeHa B nporpammbl
pacyeTa AWU3eNbHbIX TOMNAUBHbIX CUCTEM, ee [OCTOWHCTBOM fABNAeTCH
BO3MO>XHOCTb ONTMUMU3ALMM BCeA TONIMBHOW cUCTeMbl. PesynbTaThl
MOAennpoBaHMA  HecTauuoHapHOro npouecca ToONAMBOMOAauYM  Xopowo
KOPPEenMpyr TCA C 3KCNepuMeHTanbHbIMU pe3ynbTaTamMu.

KnwuyeBble cnosa: fsuraTenb, TONINBHAA CUCTEMA, 31eKTPOMArHUT Hbl i

NpuBoA, MaTemMaTWYeCcKoe MOIeNMpOBaHNe, HeCTallMoOHapPHbI npouecc,
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OviIcmpoOeticmayrouuil djexmpomaeHumulii npucoo (bOMII)

The aim of this work is creating a simple auxiliary fast-response solenoid
actuator (FRSA) model for the general fuel injection model in diesel engines.
The mathematical description of static magnetization is characterized by the
following features: 1) an adequate description of the properties of the materials
is proposed,; 2) a convenient approximation for direct and inverse calculations
is used, 3) it is possible to use limited information about the materials from
directories. The specific steels to be used were tested and the experimental and
computed results were compared. The FRSA response time of modern fuel
systems of diesel engines can be less than 0.1 ms. For the purpose of a more
adequate description of the fast processes, the semi-empirical dependencies
presenting the remagnetization resistance of eddy currents and magnetic
viscosity are used. The computation of the processes is not only a tool for
analysis, but it is also a tool for the solenoid actuator design and optimization .
The experimental study of the FRSA performance within the electro-hydraulic
injector of the diesel engine demonstrated that there was an agreement between
the computations and the experimental results.

Keywords: Diesel Engine, Fuel System, Solenoid Actuator, Mathematical
modeling, Non-stationary process, Fast-response solenoid actuator

Beeoenue. Ecnu cKOpPOCTE HAMArHUYMBAHUS BENIMKA, TO MTPOLIECC HAMAr-
HUYHMBAHMS HEJIb3S] CUATAETCS CTaTHUECKUM. OIHAKO, KPUBBIE CTATHYECKOTO TH-
CTepe3nca SIBIISIIOTCS OCHOBOW JUIs pacueTa IMHAMHMYECKOrO THCTEpE3Mca.
Heo0xomumMo MareMaTH4ecKoe ONMUCAHUE CTATUYECKOTO0 HAMArHWYMBaHWs, KO-
TOPOE OTBEYACT CICAYIOIIMM YCIOBUSAM: 1) aieKBaTHOE OMMCAHKUE CBOMCTB Ma-
tepuanioB bOMII ¢ Bpemenem cpadareiBanus 0,1 mc; 2) ynoOHas ¢gopma ar-
NPOKCHMALIMW AJISL PSMBIX U OOPaTHBIX MEPECUYETOB; 3) BO3MOKHOCTh HUCIIOJIb-
30BaHUS OTPAHUYECHHOM MH(POPMALIMK CIPABOYHUKOB.

Ha puc. 1 npencrapneHa cxemaru3anusi 3aBUCUIMOCTH MAarHUTHOM WHAYK-

nuu B ot HanpsbkeHHocTH H MarHuTHOrO nosis U paboyvast oonacte BOMIT

352



L npoko ncnonb3yerca aHanu3 3/IEKTPOMArHUTHbLIX NPOLLECCOB C UCMOJb-
3oBaHnem 33-mopennpoBaHuna [1,2-4]. Haw onbiT CBUAETENbCTBYET, YTO NpMU
XOpoLei AOCTOBEPHOCTU OMMCAHUA MeTOfh MMeeT [Ba HepgocTaTKa: TPYLOeM-
KOCTb M HEBO3MOXHOCTb OnucaHus paboTbl TONAUBHON cUCTeMbl B LenoMm [5].
MoaTomMy napannenbHo pas3BMBalOTCA OAHOMEPHbIe NOAMOAENU NMPUMEHUTENBHO

K MOenamMm TOMAUBHbLIX cuctem [6,7].

Puc. 1. Cxema cTaTU4ecKoro rucrtepesunca n pabodas o6nacte 6AMI

UuncneHHble nccnefoBaHna ynpasndowero Toka Ha ycunme 63MIT npo-
BoAMnucb B pabotax [8,9]. B paboTe [1] n3yyanocb BAUAHME CBOWCTB mMaTepua-
nos BOMI. Munnep v gp. nsydyanu sanaHue ynucna suTtkos [10], B [12] nsyua-
nacb posib KOHCTPYKTUBHbIX MnapameTpoB. VI3BeCTHbl pas/inyHble (OpMbl ar-
npoKcMMauum netenb CTaTUYecKoro rucrepesnca. Micnonb3yrotcsa Takxe Qop-
MYy/ibl B BUAE MONUHOMOB, 3KCMOHEHT, runep6obl, rMnepboInMYecKoro cuHyca,
cnnanHa, apKTaHreHca, runep6o1mMyeckoro TaHreHca.

Hanb6onee coBeplweHHbl Moaenn Ha 6ase mogenn [xeimca-AcepToHa [12,
13]. Ho ansd nony4yeHuUs HOBbIX (PYHKLUMIA TpebyeTcs HOBAA aMNUPUYeCcKas UH-
hopmaynsa, nonyvyeHHas ana Bnme=BJ2. Kpome TOro, M3fiMWIHEE YC/IOXHEHUe
MOZenn NS MarHUTOMATKUX cTanen, npuMeHsemblx B BOMIT, He onpasjaHo.

OueBnAHO, 4YTO BbIGOP (hOopM anmnpoKCUMauun KPUBbIX 0OYCMOBMEH He

TOJIbKO YA06CTBOM ncnonb3oBaHnA, HO U COOTBETCTBUEM IKCNEPUMEHTANIbHbBIM
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JAHHBIM CIIEIUATIBHBIX MAarHUTHBIX MarepuanoB bOMII. Ocraercs akryanbHOM
CO3/IaHKE MOJICIICH, HE TPEOYIOMIMX WH(POPMAITUK, MPEBBIIIAIOMIEH CTPABOYHYIO.

Onucanue cmamuyuecko20 MazHumno2o ucmepesuca ¢ bOMIL.

[Tpennoxen cnocod onmucaHus METENb CTATUYECKOrO TMCTEPE3NCA B Clie-
nytonieid ¢opme. [lepBuyHOE HAMAarHMYMBAHWE MPEAJIAracTCsi OMUCHIBATH Kak
CPEIHIOK JIMHUIO MEXY neTasMu rucrepesuca (O-A Ha puc. 1). Toraa mis ne-

TEJb CTATUYECKOrO TUcTepe3uca (puc. 1):

Ly Ig°[H/H, +2] s yqactka A - C
a
-1
—Ig°[-H/H,] st yuactka C - D
B=4"“ (1

-1 )
7-lgc[—H/Hc+2] a1 yaactka D - E
1

a

1g°|H/H.] st yuactka E - A

Koncrautel C 1 o MOTYT OBITH ONPEACIEHBI MO CKYAHBIM CIPABOYHBIM
HOAHHBIM: By, (), He, Br iny By(Hy), He, 4, -

B XapOnHCKOM TEXHHYECKOM YHUBEPCHTETE YTOUHEHBI CBOMCTBA MATEPH-
annoB BOMII, npumensiembix B popcynkax CR. Ha puc. 2 npuBeacHo cpaBHEHUE
PaCUETHBIX U SKCIIEPUMEHTAIBHBIX PE3YAbTaToB Mg ctamu 16MnCrS5.

Onucanue OUHAMUYECKO20 MAZHUMHO20 2ucmepesuca oaa BIMII
MONUGHBIX CUCHIEM.

Maremarndeckas monens bOMII ucnone3yercss ais ONTUMU3aLUKA KOH-
CTPYKUMHU U NpoekTupoBaHus. OaHako, ais OMII co BpemeHeM cpabarbiBaHUs
0,1 MC CTaHOBATCS aKTyaJbHbBIMM HECTALMOHAPHBIE SJIEKTPOMATHUTHBIE MPO-
necesl. K HUM oTHOCATCS 3aMennenue nercteus bOMII npu nepemMarHuyuBa-
HUM Marepraia (MAarHUTHAS BI3KOCTh) U BO3HUKHOBEHMSI BUXPEBBIX TOKOB.

JUis  onucaHuMs JAMHAMMYECKOTO THUCTEPE3UCa HUCIOJIB3YEM  MOJAECIb

A U Kanounukosa [14]. OHa omIMYAECTCA MPOCTHIM M AICKBATHBIM OMUCAHUEM
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BaXKHEMLWMNX HeCcTauMOHapPHbIX 3PMEKTOB. dPheKTUBHAA HANPHKEHHOCTb NONS

MpuW TOM Xe MHAYKLUMUKN NpeBblLllaeT KBa3nucTaTUYeCcKyto:
1 B2 dB 1 dB
Hd(t) =HJBav) +- exp(a-*m) — f N B2e— o | (2)

roe: Hst(Bay) - cTaTuueckas Kpupas nepemMarHumumBaHusa;, Hd - guHamuyeckas

Hanps)XeHHOCTb MONS NPW NepeMarHM4YnMBaHUM; 3 - TONWMUHbI NEHTbI; yeq- na-

pameTp 06bEMHON 31EKTPONPOBOAHOCTN, @ F,a - MAarHUTHOW BA3KOCTH.

Puc. 2. KpuBble HamMarHn4mMBaHua ana cneynanbHou ctannm 16MnCr5:
a - aBTOPCKMe pe3ynbTaTbl UCMbITAHWIA; C - pacyeT no popmyne (1)
OnucaHHble 3aBUCUMOCTU, ycTaHaBnueatwwme ceasm H =f (B) B panb-
HelweM MCNONb3YKTCA ANA onpefeneHns cunol, cosgasaemont MM, Onda aToi
LLeSIn B UCMOMb30BAHHOM a/irOpMUTMe onpeenisieTcd MarHUTHbIA NOTOK ®:
n iw ~ iw
®= B3a3op AR A 20 + L (§_)\

[ ] [ J
i=1 S3a3_ HO =1 SMar j rljmar

Cuna B BOMII ¢ yyeTom KoappmumneHTa kpac paccemBaHus:

B2.S
Foun = & ias (4)

sjkpac T
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Pe3yivmampl_pacuemuviX U _IKCHEPUMEHMAAbHLIX UCC1e008AHUI_DA-

oomwt bOMII ¢ cocmaege hopcynoxk Common Rail u ux ananus.

3aBUCUMOCTh (3) MOKAa3bIBAET, YTO COMPOTHBICHUE MAarHUTONMPOBOAA
OBICTPO PACTET MPU BO3pACTaHMKM HaAMAarHMYMBaroWEei cuitbl Ilw. Tak, mpu 3a30pe
y sikopst 0,1 MM OHO CTAHOBHUTCSI PABHBIM COMTPOTUBIICHHIO pab04ero 3a3opa. 310
NOBBIIIAECT TPEOOBAHUS K PAMOHAIbHOMY TPOSKTUPOBAHUIO MAarHUTOMPOBOIA U
1ENECO00Pa3HOCTH pacueTHOM onTumMu3au bOMI

Onucannas mozaenb bOMIT ncnonp3oBana st pacyeTa padboThl AJEKTPO-
THIPABIMYECKUX (POPCYHOK AKKYMYJISITOPHBIX TOIUIMBHBIX cucteM (Common
Rail, cokp.- CR) ¢ ucnonwszoBanuem nporpammsel BITPBICK [15,16]. ITpoueccer
B TOTUIMBHBIX CUCTEMAX OMUCHIBAKOTCS MO MoAesM [17].

Jlnst uccnenoBanust padbotel PpopcyHok CR B cTarMyeckux W JMHAMMUYE-
CKMX YCJIOBHSX B XapOWHCKOM TEXHHMYECKOM YHUBEPCHUTETE ObLT MOCTPOECH CIie-
LMAJIbHBIA CTEH/ C U3MEPEHUEM TMEPEMELICHUI U IIEKTPAYECKUX MMapaMETPOB.
Ha HeM npou3BOAMIIMCE CTATHYECKUE W JUHAMUYECKHE ucnbiTanus. Ha puc. 3
MIPENCTABIICHBI PE3YJIBTAThl CTATUYECKUX McnbITaHuii BOMII ¢ onpenenenrem
YCUJIMIA TPU Pa3IMYHbIX 3HAYECHUSX TOKA, & TAKKE €0 PACUETHBIC BEJIMYUHBI.

B nunamuueckom pexxkume bBOMIIT B coctaBe CR 3kcniepUMEHTATIBHBIC PE-
3yJABTATHl CPABHUBAIMCH C pacueTamu (puc. 4).

Pesynbrarel pac4eToB 1O JBYM PA3JIMUHBIM IMPOrpaMMaM IMPAKTUYECKH
coBnagator. Jlocromncreom mnporpammbl BIIPBICK sBnseTcss BO3MOXKHOCTB
ananu3a padbotel BOMII B cocTaBe TOMIMBHON CUCTEMBI. Tak, OHa CTAHOBUTCS
IPUMEHUMON T MPOEKTUPOBAHUS TOIJIMBHON CUCTEMBI C BO3MOXKHOCTBIO OIl-
TuMHA3aLUU napamerpoB bOMII ynpasisromero kianasa.

B ycrioBusx HecTanMOHAPHOTO OBICTPOMPOTEKAOIIETO MPoLecca MOBEAC-
Hue OMII umeet cBon ocobeHHOCTH. Ha puc. 5 nmpuBEACHO CpaBHEHHE MOBEE-
Husg OMII npu pa3nuyHON OpraHu3anyy 3aBEPLICHUS MPOLECCA: TTPA UCTIOB30-
BaHWW TOJIHOTO pa3MarHuyuBaHus W 0e3 HEero (B 000uX clydasx - ¢ MOJHBIM

npekpatieHueM Toka). [Tpu Gosnee BHICOKMX CKOPOCTSIX U3MEHEHUs MapamMeTpoOB

356



nnowanb netenb AMHaAMWUYECKOro rucrtepes3nca ysenmymBaeTCcd, 3aHMMadA BCE

none B=f(H).

Puc. 3. Ycunme b3MI1 npu 3a3ope 0,1 MM B PYHKLUUWN TOKA: a - IKCMEPUMEHT; C -

pacyeT B nporpamme ANSOFT Maxwell; d - pacuet B nporpamme BIMPbICK.

Puc. 4. Moabem knanaHa CR B ()YHKLUMWN BPEMEHMU: @ - IKCNEPUMEHT; d - pacyeT B
nporpamme ANSOFT Maxwell; e - pacuet B nporpamme INJECT

3HayeHue 60/ilee KOPPEKTHOro OnNMcaHuA npouecca MOXeT OblTb 60/b-
WwumM. Hanpumep, B KOPOTKUX BMPbICKMBAHMAX B paMKax MHOropasoBoin nogayu
Npu paBHbIX YNPaBnALWMUX UMNYNbCaX CKOPOCTU ABUXEHNA KnanaHa pa3nnyHbl

N UMMYNbCbl MO4AYn TOMMMBA CYLLEeCTBEHHO pasinyarTca (puc. 6).
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o 5 O H KA/ M
Puc. 5. rpaHI/ILl,bI cTaTu4yeckoro (a) W AMHaMKUYecKoro rucrtepesuca 6e3 No/HOro

pasmarHmymeaHug (b) n ¢ HeMmoMHbIM pasmarHuymBaHuem (c)

(0] 0,2 0,4 t, mc
Puc. 6. PacyeTHoe faB/neHMe NMUOTHOIO BNPbICKUBAHUA B (DYHKLNU BPEMEHU: €
- CTaTUYECKWUIN ructepesnc, pasmMarHuyeHue;, g - AMHAMUUYECKUIN TucTepesuc,
pasmarHumyeHue; d - AUHAMUYECKUIA TUCTEPe3NC, HENONHOE pasMarHnynBaHume.
BbiBOAbI.
Ana ToyHoro onucaHma BOMIT co CNOXHBLIM MarHUTONPOBOLOM MOXHO

pekomeHgoBaTb nporpammy ANSOFT Maxwell. Ana 6bicTporo onucaHua pab6o-
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Thbl

BOMI, a Takxe ANd 3a4ay aHanM3a u NPoOeKTUPOBaHUA BCEW TOMJIMBHOW CU-

CTeMbl [ABuratener npumeHuma nporpamma BIMPbICK. Pe3ynbTaTbl pacuyeTa

3N1eKTPOMArHUTHOTO Npouecca No 3TUM nporpaMmam 6aU3KK.

MpefnoXeHHbIM cnocob OnuMcaHUA KPUBbIX HaMarHM4YMBaHWA YLOOHbI

TEM, YTO NCNONMBb3YET TPU AOCTYMHbLIX CMPaBO4YHbLIX NapaMeTPOB MaTepunanoB.

B 6biCcTponpoTeKatoLULeM NpoLecce TOMAMBOMNOAAYN HEOBXOAUM yUeT fu-

HaMMNYeCKOro rmcrtepesnca.
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Moae/IMpOBaHHE CHCTEMbI ABTOMATHYECKOT0
PEryJIMpOBAHHS YACTOThI BPALUCHHS TH3eJ/Is
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Simulation of the Diesel Engine Rotational Speed Automatic
Control System

V.A. Markov!, E.F. Pozdnyakov?, V.V. Furman’, S.V. Plakhov’,
A.N. Zenkin!

! Bauman Moscow State Technical University, 2 000 «Forant-Servicey,
3000 «PPP Dizel’avtomatica»

Paccmompenvr npunyunst pe2yiuposanus 4acmoml 8pAujeHUs KOJIeHqd-
moz20 eand, pediuzyemvie 6 O8USAMENAX SHYMpeHHe2o ceopanus. l[lokasarol
npeuMyuecmed NponopYUOHAIbHO-UHmMe2pailbHo-oupgepenyuanvrozo (11HJ])
npuHyuna pe2yauposanus. Ilpoeedenvl pacyemuvie UCCAEO08AHUS  GIIUAHUS
cmpykmypul [IH/[-pecyiamopa Ha ounamuyeckue nokasameiu Cucmembsl asmo-
MAMu4ecKko2o pe2yiuposanus yacmomuol epaugenus ouseis. Obvexmom uccie-
oosanuii aenancs osueamens muna KaumA3-740 ouzenv-ecenepamopHoi ycma-
Hoexu mowrocmoio 100 kBm. Hccineoogamner nepexoonvie npoyeccwl pa3eoHd-
mopmodicenust u Habpoca-copoca naepysku. Ilonydenvr nepexooHvie npoyeccol
SMOIL Cucmembl pecylupoSanus. Npu pPa3iuyHulx 3HAYeHUsX Kodgpguyuenmos
NPONOPYUOHATbHOT, UHMESPATIbHOU U OuhepeHyuanvHol  COCMAasIsouux
[1H1]]-3axona peeynuposanus. Ilpogedena oyeHra Gnusnus smux xodppuyuen-
MO6 HA NOKA3AMeNU KAYeCmEd Npoyeccd pecyiuposanus — NpoOOIICUMENb-

HOCHIb Nepexo0H020 Npoyeccd u nepepecyiuposanie.

Kurouesvie cnosa: osucamens 6HympeHHe20 CeOpaHnusl, OU3eNbHbLI 08U -

meib, cucmemd demomMadmudeCcKoco pecyaupocdiusl 4dcmomabl 6PpAU{CHUA, HHﬂ—

pezyisamop
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The crankshaft rotation speed control principles realized in internal com-
bustion engines are considered. The advantages of the proportional-integral-
differential (PID) control principle is shown. A calculation research of the PID
controller structure influence on dynamic characteristics of the diesel engine ro-
tational speed automatic control system is carried out. The object of the re-
search was a KamAZ-740 engine of a diesel-generator set with a power of 100
kW. The transient processes of acceleration-inhibition and load-dropping are
investigated. Transient processes of this control system are obtained for differ-
ent values of the proportional, integral and differential components of the PID
control law. The influence of these coefficients on the quality indicators of the
regulatory process - the duration of the transient process and overshoot - was

estimated.

Keywords: internal combustion engine, diesel engine, rotational speed
automatic control system, PID-controller
BBEJEHUE

HenpeMeHHBIM yCIIOBUEM TOCTHXKEHUS COBPEMEHHBIX TMOKA3aTeNICh IBH-
rarencii BHyTpeHHero cropanus ([IBC) sBrsercs nanpHEHIIEe COBEPIIEHCTBO-
BAHWEC WX CHUCTEM aBTOMATMYECKOro peryiupoBaHus v ynpaencHust (CAP u
CAY) [1, 2]. OnHoi#t u3 OoCHOBHBIX cucTeM auseneit spisercs CAP 4acToThl
BpAILICHUS, KOTOpas 0OECIECUMBAET MOAACPKAHUE 3aJJaHHOTO CKOPOCTHOIO pe-
JKUMa pabOThl CWUJIOBOH YCTAHOBKM M OCYLIECTBIIICT PsI AOMOJHUTEIBHBIX
¢ynkumii [3, 4, 5]. KoHCTpYKTUBHBIE OCOOCHHOCTH 3TOH CHCTEMBI U €€ mapa-
METPBI MPEIONPEAEIISIOT TAKHE BAKHEHIIME MOKAa3aTeau padOThl AU3EINS, Kak
MAaKCHMAJIbHbIE MOIIHOCTh M KPYTSIIAA MOMEHT, TUHAMHYECKHE U MYCKOBBIE
KAQueCTBA, TOMJIMBHAS 3KOHOMUYHOCTh W TOKCHYHOCTh OTPaOOTABIIMX Ta30B
(OI'). s 1OCTH>KEHUsT HAWITydlINX TOKa3aTesieh anu3eiss HeoOXOAUMO Ompeie-
JUTh ONITUMAIBHBIE CTPYKTYPY M OCHOBHBIC mapameTpel CAP 4yacToThl Bparie-

HHA.
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HaunGonee xectkue TpeOOBaHUS K MOCTOSHCTBY YaCTOTHI BPALLEHUSI KO-
neruaroro Bana JIBC mnpeabsBnsitoTcs B 3JeKTpoarperarax (B AM3EIIb-
reHepaTopHbIX ycTaHoBkax — JI['Y), BeIpaOaThIBarOIMX MEPEMEHHBIN 3JCK-
TPUYECKUNA TOK. ITUM 00€CTIeunBarOTCs TPEOOBAHUS HOPMATHBHBIX TOKYMEHTOB
(I'OCT mmu TVY) k vacrore BeipabarbiBacMoro JII'Y mepeMeHHOro >neKkTpuye-
CKOro Toka. [103ToMy O4YeHb B&KHO TOYHO MOAACPKUBATH CKOPOCTHOM PEKUAM
padoTHI IU3ENs HE3aBUCHMO OT BHEIIHUX HArpy3ok. Hanbonee U3BECTHBIMU CH-
CTEMAMHU aBTOMATUYECKOIO PETYIMPOBAHMS YACTOTHI BPALLICHUS IU3CIICH SIBIISI-
I0TCSL CUCTEMBI, paboTaromme mo npuHuuny [lon3yHoBa-Yarra (o OTKIOHEHUIO
PETYJIMPYEMOTO MapaMeTpa WM MO CUTHAIY OMMOKKU peryiaupoBanus) [4, 6, 7].
Takoli perynsTop, HazbiBacMbiii [I-peryastopoM, GopMUpYET peryaupyromiee
BO3JCHCTBUE Ly = ky X, TPOMOPLUMUOHAIBHOE OMIMOKE PEryJIMPOBaHUS X (TA€ ky -
KO3((PUIMEHT TPONOPUMOHATIBHOM COCTABJIAIOUICH 3aKOHA PETYJIMPOBAHHUS ).
OmmbKa perynupoBaHus X ONPEENIeTCS B BUJE Pa3HULBL X = g - J, TIE g — 3a-
JArOLIEE BO3ACHCTBHIE, XapaKTEPHU3YIOLIEE TPEOYyEMOE 3HAUEHUE PETYIIMPYEMOTO
rapameTpa, y — €ro ACHCTBUTENBHOE 3HaYeHWe. Hapsamy ¢ W3BECTHBIMH IIpe-
umymecTBamu [I-peryiaropoB (mpocToTa peajiu3aliy, YHUBEPCATBHOCTD PEry-
JMPOBAHUs) OHU 00JaJAr0T U ONPEACIICHHBIMA HEAOCTATKAMU — CUCTEMBI PETY-
nupoBanus ¢ [l-perynsaropamMu He Bceraa 00ecneunBarOT HEOOXOAUMBIE CTaTH-
YECKUE U JUHAMUYECKUE NTOKA3ATENN JU3ES.

JUta ynydmenns ctatuuecknx nokazarencii CAP (st oOHyJieHus cTaTu-
YEeCKOH OIMOKM PETyIMPOBAaHUS Xcr) B 3aKOH peryiupoBanusi [I-perymsropa
BBOJAT WHTEIPAIBHYIO COCTABJISIOLIYK) B BUIE HAKAINIMBAEMOW BO BPEMEHHU
OIINOKN PEryIHpOBAHUS, T.. Wy = ky'| x(t)dt. Takoil KOMOUHHPOBAHHBIHA Pery-
JSTOP HA3BIBAOT MPONOPUUOHATIBHO-UHTErpasibHbIM (I TU-perynstop). C uenbro
yIIyUIIEHUs] TUHAMUYECKHUX nokazarencii CAP (cokpameHus: mpoaoKUTEIbHO-
CTH MEPEXOJHBIX MPOLECCOB, YMEHBIICHUS MEPEPETYIMPOBAHNS) B 3aKOH PEry-
mupoBanus [I-perynaropa BBOAST AU (PEPEHIMATBHYIO COCTABIISIOIIYIO B BHJIE

NPOU3BOIHONW OT TEKYLIETro 3HAYEHUs PETYJIMPYEMOTo mapaMmerpa y, T.€. [ =
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kydyldt nnn = kydxldt. Takoh KOMOMHWPOBAHHbLIN PErynaTop HasbliBalT
nponopunoHanbHo-gugdepeHumnansHblM  (MA4-perynatop). OAHOBPEMEHHO
BBeJeHMEe B 3aKOH perynnpoBaHus WHTerpanbHol u aguddepeHumnanbHOn co-
CTaBAAWMX MNPUBOAUT K (HOPMUPOBAHMID MNPONOPLUOHANbHO-UHTErpanbHO-
anpdepeHuymnansHoro (M A) 3akoHa perynnposaHua B Buge “mg = ki x(t) + ku!
x(t)dt + k*dxldt. 3T0T 3aKoH BbipabaTtbiBaetca MW -perynatopom, copepxa-
wum M, W, O-perynatopbl (nosuuymm 5, 6, 7 Ha puc. 1). Takaa pabota CAP
obecneymBaeT CYLWECTBEHHOE YNy4lleHUe CTaTUYECKUX U JAUHAMUYECKMUX

csolicte CAP.

Puc. 1 CtpykTypHaa cxema CAP ¢ M A-perynatopom: 1, 2 - 06beKT perynu-
poBaHuna (gusensb); 3 - cymmaTop; 4 - perynatop yacTtotbl BpaweHusa (MNA-
perynartop); 5, 6, 7 - M-, N-, A-perynatopbl; 8 - NWHUS FNaBHOW OTpULUATENb-
HON o6paTHOWN cBA3KM; 9 - cpaBHMBaKO WM aneMeHT (cymmartop); g ,f, » - 3aga-
ol ee, BO3MyLLaloLwee, perynupytouiee Bo3fenCcTBMA; X - CUTHaN OWKNGKK; Y -

perynupyemsblit mapameTp; yoc - CUrHan 06paTHOW CBA3W

M A-perynatop 6bin n3obpeteH ewe B 1910 rogy [7]. B 1942 r. 3urnep
n Hukonbc paspaboTannm MeToLUKY ero HacTpoilku. MNMocne NoABMEHUA MUKPO-
npoueccopos B 1980-x rogax passutue NN 4-perynatopos nponcxonnT Hapac-

Talowmnmy temnamu. CerogHa TN L-perynatop asnsetca Haumbonee pacnpo-
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CTPaHEHHBIM TUIIOM perysaTopoB. I[Topsaka 90-95 % perynsatopos, Haxons-
HIMXCS B HACTOAILIEE BPEMS B JKCIUTyaTalMu, WCMonb3yroT [IAJ[-anroputm.
[TpnurHaMu CTOJIb BBICOKOW MOMYJSPHOCTH 3THX PETYJIATOPOB SIBISKOTCS MPO-
CTOTa MOCTPOEHUS W (PYHKIUMOHWUPOBAHWS, MPUTOAHOCTH JUIsl PEeIIECHUs OOJb-
LIIMHCTBA MPAKTAYCCKUX 3a71a49 U HU3Kast CTOMMOCTS [8, 9, 10].

[TpUMEHUTENBEHO K CUCTEMAM PETYJIMPOBAHUS TPAHCIIOPTHBIX U ABTOTPAK-
TOPHBIX IU3€EJIEH, a TaKKe ABUTATENICH APYTUX THIIOB, TPOJOKAKOTCS UCCIIEI0-
BaHUS MO Hucnojib3oBanuto [1/I-perymstopos [11], [TU-perymsaropos [12], pas-
mnuHbIX Moaupukaumii [TH/I-perynsropos [13]. Ho Bce-Taku peaim3auus Tpa-
auuronHoro [T /1-perynmupoBanus ctana cBOEro poaa cranaaproM. [IpoBoasrt-
Csl ICCIIEIOBAHMS BIIMSIHUS CTPYKTYphI M napamerpos [THW/I-perynsropa Ha cra-
TUYECKUE U JUHAMHYECKUEC MOKA3ATEIN CUCTEMBl aBTOMATHYECKOIO PETYIIAPO-
BaHus (CAP) nuzens.

B dactHoCcTH, B paboTe [4] npUBEACHBI PE3YJbTATHI UCCICIOBAHUS TUHA-
Mudeckux cBoicTB CAP cranmonapHnoro ausens tuma J1-6 (6 UH 15/18), ocHa-
HICHHOTO 3JeKTPOHHBIM [T ][-perynsaropoM ¢ 1u(ppOBBIM BBIYMCIATEIBHBIM
OJIOKOM M 3JIEKTPOTMAPABIMYECKUM HCHOJHUTEIBHBIM MEXaHU3MOM. B kaue-
CTBE MCCIIEYEMbIX MApaMETPOB BHIOPAHBI KO3PPUIIMEHTHI &y , ky , k; cocTaBIs-
roimx [TW/[-3akoHa perynuposanus. McciienoBanus nokasaiu, 4To B HEPEXO-
HOM Mpolecce Habpoca MOMHONH HArpy3kd HamOoJee MPUEMIIEMO 3HAYEHHUE KO-
apdunmenta nuddepeHManIbHOR COCTaBISOMICH k; = 1. XapakTepUCTHKH,
MPEACTABJICHHBIC HA PUC. 2 U TIOJTYYCHHBIE MTPU TAKOM k; U U3MCHEHUH ky; B THA-
nazoHe ot 1 mo 20, mokasanu, 4Tto BIUSHUE ky; HAMOOJEe BBIPAKEHO MPH HE-
OOJIbIINX 3HAYEHUSX ky . HaunHas ¢ k; = 10, BIMSHUE MHTErPAIbHON COCTaBIIS-
IOIIEH CTAaHOBUTCS Majlo3aMETHbIM. BenmnuuHa nepeperyaumpoBanus (3adpoca
PEryJIMpyeMoOro napaMerpa B MEPEXOJHOM IMPOLECCE) CPABHUTENIBHO €1ab0 HE
3aBUCHUT OT 3HAYCHHIA KOX(PPULMEHTOB ki , ky , ky . [1o pe3yabTaraM pacdyeToB

ObLIM BBIOpAHBI CAEAYIOMIME 3HAYEHUST KO PUIIMEHTOB &y = 20, ky = 0, &y =1.
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Puc. 2. 3aBUCUMOCTb BpeEMeHU
nepexogHoOro npouecca tu Habpo-
ca NOMIHON Harpysku ausens tuna
-6 (6 UH 15/18) ot Koahpuum-
eHTa Kn MW [-3akoHa perynumpo-
BaHMA nNpu K4 =1 W pasinyHbIX
3HaYeHUAX KospuumeHTa kn : 1 -

km=0:2-05;3-10;4-2,0

NMCCNEAOBAHVNE ANHAMWYECKMX KAYECTB CAP YACTOTDbI
BPALLEHNA ON3ENA

Mpun uccnegoBaHmax aunHammyeckmx kKayects CAP n CAY moryt 6biTh
MCNONMb30BaHbl pa3IMyHble MeTOAbl: pacyeTbl MepexofHbIX MPOLEcCcOB C WUC-
MONb30BaHWEM NIMHENWHbIX U HEIMHENHbIX MaTeMaTUYeCKUX MOofLenein, nocTpoe-
HMEe YaCTOTHbIX XapaKTepMCTWUK, MONy4YeHWe M aHanu3 forapuPmuyecknx 4a-
CTOTHbIX XapaKTepuUCTUK, MeToAbl onTumusauuum v ap. [4, 6, 14, 15]. Cnepgyert
OTMeTUTb, YTO coBepweHcTBoBaHMe CAP 4yacToTbl BpalieHns AM3eNnd Leneco-
06pasHO NPOBOAUTL PaCYETHO-3KCMEPUMEHTaNbHbIM NyTeM. OH OCHOBAH Ha UC-
Nofb30BaHNUX MeTOAO0B MaTeMaTMyecKoro MoAenvpoBaHUA, NO3BOMAKOLINX CO-
KpaTUTb BPeMEHHble U MaTepuanbHble 3aTpaTbl NPY NPOBEAEHUN NUCCNef0BaTeNb-
CKMX paboT. MaTtematnyeckoe onucaHne CAP mMoXxeT 6biTb BeCbMa pPa3H006-
pasHo.

MpuBeLeHHble Ha puUC. 2 AaHHble MOMYy4YeHbl MPU UCNONb30BAHUN Hesn-
HelnHoW maTtemaTmyeckoin mogenn CAP Au3end U NpoBefeHUM PacyeTHbIX MC-
cnefoBaHuii. Mpu 3TOM OUEHKa BAUAHUA KOIDMDULUNEHTOB YCUNEHUS nponop-
LMOHANbHOW KM , UHTerpanbHON Kn U guddepeHUnanbHON KL COCTaB/IAO L UX

M -3akoHa perynnpoBaHnUa Ha nokasaTe/in KayecTBa Mpolecca perynnposa-
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HUS MPOBEJICHA MyTEM pacyeTa MePEXOJHOrO Mpolecca Mpu Pa3InuHOM COYETA-
HUW 3HAYCHUIH KOD(PPUIMEHTOB Ky , ky W k.

B npoBeneHHOM HCCIeI0BaHUU MAaTEMATUYECKOE MOACITMPOBAHUE MTPOBO-
JUJIOCH ¢ UCIOJIb30BaHUEM mporpammHoro kommiekca (I1K) Multisim 12.0, pas-
paboranHoro komnanued National Instruments [16, 17]. Orot IIK no3Bonset
OPOBOANTH KOMIIBIOTEPHOE MOJCIMPOBAHUE W aHAJIN3 BJICKTPOHHBIX YCTPOHCTB
PA3JIMYHOrO TUNA C MCIHOJb30BAHUEM JIMHEHHBIX M HEJTMHEHHBIX MaTeMaThye-
CKUX Mojenei. BeiOop mporpaMMHOro Komruiekca Multisim niasi TPOBEACHUS
PACUETHBIX MCCIAEAOBAHUI ObUT O0OYCIIOBIEH TEM, YTO OCHOBHBIC BJIEMEHTHI HC-
cienyeMoii CAP — BCE BIIEKTPOHHBIE JATYMKH PEKUMHBIX MAPAMETPOB JBHIra-
TENS, DICKTPOHHBIA Oj0K yrnpaeiaeHus (OBbY) M UCMOJHUTEIBHBIN MEXaHWU3M
(MM) sBistiroTCSt 3NEKTPOHHBIMU yCTpoiicTBaMU. HecMOTpst Ha TO, 4YTO OOBEKT
pEryIMpoBaHns (IU3€Nb) HE SBISETCS JEKTPOHHBIM YCTPOHCTBOM, OH TaK»Ke
xopotio Mmoaenupyercs B cpene [IK Multisim ¢ ncnonb3oBaHUEM NEPEAATOUHBIX
(YHKIMNA anepruouyecKoro 3seHa nepBoro nopsaka Woi(p) = ko1 / (Top+ 1) 1
Wor(p) = koo / (To p + 1), cm. puc. 1. B kayecTBe nepenaroyHbix (PyHKIHNA CO-
crasisironmx [TW/1-perynstopa BeIOpaHbl NEpPeaTOUHbIe (YHKIIMN UACAUTEHOTO
YCHWJIMTENILHOTO 3Be€Ha Wy(p) = ky , MICANBHOTO MHTETPUPYIOLIETO 3BeHA Wy(p) =
ky / p, naeanbHoro muddepeHumpyromero 3seHa Wy(p) = k; p, cm. puc. 1.

B kauecTBe 00beKTa HCCNEA0BaHUS BBIOPAHA IU3€Eb-TeHEPATOPHAS yCTa-
HOBKAa MOIIHOCTBEO 100 KBT, B KOTOPOH B KQUECTBE MEPBUYHOIO ABUTATENS UC-
NOJIb30BAJICS AM3eNbHbId aBurarens thna KamA3-740 (8 UH 12/12). Dnek-
TPOHHBINA 010K yrpasyieHuss CAP BBINOSHEH HA MUKPOIPOLIECCOPHOM 1IEMEHT-
HOI 0a3e, B KAQUECTBE MCIOJIHATEIBHOIO MEXAHW3MA MPUMEHEH MOBOPOTHBIN
AJIEKTPOMArHUT, OXBAYEHHBINM MeCTHOH oOpatHoi cBsi3pto (OC). Moaenu ae-
MeHTOB CAP yTOUHSIMCH MO pe3yabTaTaM (PAKTUUECKMX UCHBITAHWMI, YTO MO3-
BOJIMJIO TIOJTYYUTh BBICOKYHO CXOJMMOCTh PE3YJbTATOB MOJACIUPOBAHUS C DKC-
NEPUMEHTANBHBIMUA JaHHBIMU. CTpyKTypHas cxema 31oil CAP 4acToThl Bpaie-

HUS KOJIeHYaToro Bana asurarens ¢ [TU]/[-peryaaropom noka3aHa Ha puc. 3.
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Puc. 3. CTtpykTypHaa cxema CAP yacToTbl BpaleHWA KOneHyaToro Bana Au-
3e/IbHOT0 [ABUraTtens pfAu3enb-reHepaTopHoin ycTtaHoBku: ABC - pgBuratensb
BHYTpeHHero cropaHus; THB/ - TONAMBHLIA HAacOC BbICOKOrO AaBneHunsa; OYB

- [aTyMK 4acToThl BpalleHus; AMP - gaTYMK NONOXKEHUS peiiku

LJocTuKeHMe Haumnydwmnx nokasaTefieid KayecTBa npolecca perynnposa-
Husa paccmaTtpueaemMoir CAP BO3MOXHO NMWb NpU Bbibope ee ONTUMaNbHOWU
CTPYKTYpbl U napaMeTpoB. B cBA3M ¢ 3TUM, NpoOBeAeHO UCCNef0BaHWE BAUAHNA
KO3(h(DMLUMNEHTOB YCUNEHUSA NPONOPLUNOHANbHON KU , AnddepeHunanbHOR Ko w
MHTEerpanbHOM K« cocTaBnsrowmnx MMNIA-3aKoHa perynnpoBaHUa Ha XapakTep
nepexofHOro npotecca, a TakXXe BIMAHUA HA NePEXOLHble NMPoLeccbl CKOPOCTH
M3MEHEHNA 3alaHNs 4acTOTbl Bpal,eHNa U BBeAEeHNE HENMHEWHOCTN B CTPYKTY-
Py CUCTEMbI perynmpoBaHus.

B papge pa6boTr [12, 18] npeanoxeHo BMecTo TpaguuuoHHoro MAA-
perynartopa ucnonb3osatb MM-perynartop, 1.e. npuHATL K4 = 0. NMpobnema co-
CTOUT B TOM, YTO NPW Pe3KOM WM3MEHEHWMN 3aflaHWns YrnoBOW CKOPOCTM BpaLlie-

HUA ®; npomnssoaHas dx | dt (owmnbka perynnpoBaHuUd X = ®p tpes. - ®n peiicrs.)
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CTPEMUTCA K 6€CKOHeYHOCTU. 03ToOMy He06X0A4MMO OrpaHNUYMBaTb UHTEHCUB-
HOCTb pOCTa 3ajaHunsa yrioBon CKOpPOCTM (MM YacTOThbl Bpal,eHWUs) Bana ABuUra-
Tenda. Pe3ynbTaTbl MOAE/NIMPOBAHNA CUCTEMbI aBTOMATMYUYECKOTO perynnpoBaHus
AN3ena Npu BapbUPOBaHUWN CKOPOCTbIO M3MEHEHUA 3afaHNA YacTOThbl BpaleHUs
npeacTaBfieHbl Ha puc. 4-7. NepexoHble NPOLECCHl Ha 3TUX PUCYHKAX Nnonyye-
Hbl MPU ONTUMU3NPOBAHHBLIX 3HAYEHUAX KOIPPULNEHTOB YCUNTEHUA NPONOPLM-
OHaNbHON Kn , AN (hepeHynanbHON Ky U MHTErPanbHOM Ku cOCcTaBnAoWwmnx NN -
3aK0OHa perynupoBaHuns.

Mo puc. 4 n 5 cnegyet OTMETUTb, YTO B paccMaTpuBaeMbiX MepexoHblX
npoueccax pa3roHa-TOPMOXXeHUA ABuratens npu 6bICTPOM U3MEHEHUW 3afaHuNs
TpebyeMoOW 4YacTOTbl BpalULeHUSA - C UHTEHCUBHOCTbI "H0a wpes. / dt = 200000
MuUHlcek npumeHeHue TMUN[-perynatopa no3BoffgeT nonyyuTtb 6Gonee Kaue-
CTBEHHble MepexofHble npoueccbl (C MEHbWWUMU MPOLAOMXKUTENBHOCTbIO U KO-
nebaTeNbHOCTbLIO) NO cpaBHeHUtO ¢ M -perynaTopom. Mpuyem, aToO 0OTMeYaeTcs
B NepexofHblX npoueccax pa3roHa-TOPMOXEHUA M NPU MOCTOAHHOW HYNeBOW
Harpyske Ha reHepatop (puc. 4), n npu nocTosHHON 100%-HOW HarpysKe Ha re-
HepaTop (puc. 5). B aTux cny4yasax Hanuume agnddepeHunanbHON COCTaBSO-
wen MNL-3akoHa perynnposaHuna no3eonseT ctabunusmposatb paccmatpusae-

Mble MepexoHble NPOLECCHI.

A b
Puc. 4. MNepexogHble npoueccbl B CAP, Bbi3BaHHble M3MEHeHMeM 3ajaHuda 4a-

CTOTbl BpalULEHUS C KPYTbIMU (pPOHTaMU (CKOPOCTb W3MEHEHUS 3adaHus —
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200000 MMH9ceK), Npu MNOCTOSAHHON HYNEeBOW Harpy3ke Ha reHepatop u pas-
NUYHON CTPYKTYypoOn perynatopa: a - MNA-perynatop - kn= 12, ku= 57, kg = 3;
6 - MN-perynatop - kn= 7, km= 10, ko= 0. Ans rpadymkoB Ha puc. 4-7, 9 : ——--

MHTEHCUBHOCTb WU3MEHEHUA yFI'IOBOI7I CKOPOCTM BpalWeHna KosieH4aToro Barlna

do/dt; --—--- NoNMoXeHne posupytouein peinkn THBL; ---—--- 3afjaHne 4acToThbl
Bpal,eHus; yacToTa BpalieHus asurartens (CBepxy BHU3)
A b

Puc. 5. MNepexogHble npoueccbl B CAP, Bbi3BaHHble U3MEHEHMEM 3ajaHud 4a-
CTOTbl BpaWEeHWss C KPYTbIMW (PPOHTaMM (CKOPOCTb W3MEHeHWA 3ajaHus -
200000 mmnHYcek), npun nocTosiHHOW 100%-HOI Harpys3ke Ha reHepatop WU pas-
NUYHON CTPYKTYpOW perynsatopa: a - NMNLO-perynatop - kn = 12, Ku = 57, Ka = 3;

6 - MN-perynatop -kn =7, ke = 10, Ky = 0

Mpu 60nee XECTKOM OFpaHMYEHUN CKOPOCTU U3MEHEHMUS 3afaHus Tpeoby-
eMOM 4acToTbl BpaweHns d<” rpes. - C UHTEHCUBHOCTbIO d<~ rpes. / dt = 400
MUHYceK pa3nnuma B nepexofHbIX Npoleccax pa3roHa-TOPMOXeEHUA ABUraTens
c MNA-n cTN perynatTopoM CTaHOBATCA MeHee 3aMeTHbIMMK (puUc. 6 1 7). Ho u
B 3TOM cny4ae npumeHeHue MW -perynsatopa obecneymBaeT ny4yllee KayecTBo
nepexoAHbIX nNpoueccoB nNo cpaBHeHU c [MA-perynatopom. [Mpuyem, 3TO
cnpaBeAnnBO U ANS cnydas NOCTOAHHOM HYNeBOW Harpy3ku Ha reHepatop (puc.

6), n gna cnydaa noctoaHHon 100%-HO Harpy3ku Ha reHepatop (puc. 7).
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A b
Puc. 6. MNepexogHble npoueccbl B CAP, Bbi3BaHHble U3MEHEHMEM 3ajaHuUA 4a-
CTOTbl BpalWeHna C OrpaHNYeHWeM CKOPOCTU MU3MeHeHUs 3agaHua - 400
MUH7CEK MpPW NOCTOAHHOW HYNEBOW Harpyske Ha reHepaTop W pasnnyHOMn
CTPYKTYypoOu perynatopa: a - NN A-perynatop - kn= 12, kn =57, kg = 3; 6 - MAN-
perynatop -kn=7,km= 10, k=10

A b
Puc. 7. MNepexogHble npoueccbl B CAP, Bbi3BaHHble U3MEHEHMEM 3ajaHuUA 4a-
CTOTbl BpaWeHWs C OrpaHMYeHWEeM CKOpPOCTU WU3MeHeHUa 3ajaHus - 400
MUHYceK npu noctofHHOW 100%-HON Harpys3ke Ha reHepaTtop W pas/INYHOW
CTPYKTYypoOu perynatopa: a - NN -perynatop - kn = 12, kn =57, Ky = 3; 6 - MN-

PerynaTtop - kKn =7, Kn = 10, Ky = 0
3BeCTHO, YTO NMpPU WMPOKOM AManasoHe U3MEHEHUSA Peryanpyemoro na-

pameTpa - YrnoBOlM CKOPOCTW BpalleHWs KoneHyaToro Bana KQ B mepexofHOM

npouecce ncnosib3oBaHne NUHENHbIX MaTeEMaTUYECKNX MO,U,EI'IeI\/’I MOXET NPUBO-
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ANTb K 3HAYUTENIbHbIM MOrPEeWwHOCTAM pacyeTa NepexofHblX npoueccos [3, 4,
19, 20]. MoaToMy A5 PpaCCMOTPEHHbIX Bblle MepPexoHbIX NPOLLECCOB pa3roHa-
TOPMOXXEHUSA LenecoobpasHee WCNOMb30BaTb He/MHEWHbIE MaTeMaTuyeckue
mogenun. B uccnegyemoin CAP ogHOl U3 Hambonee 3HaYMMbIX HENMHEWHOCTeMN
ABNSETCA He/NIMHEeNHAaa 3aBUCUMOCTb LLMKIOBOW Mojayn TONAnBa OT NOMOXKEHUS
posupyrouiero opraHa - peikn THBJ (puc. 8). B cBA3M C 3aTuMm, npoBejeHa

OLleHKa BAUAHUA 3TON HENNMHERHOCTM Ha Ka4yecTBO MpoLecca peryampoBaHus.

Puc. 8. 3aBUCMMOCTU LLMKIOBOW
nogayu TonnMBa OT MOJIOXEHUSA

LO3VPYIOLLEro opraHa - peiiku

THBLO: - NUHelHas-xapakTe-
pucTuka; - HeNunHelHaa Xxa-
paKkTepucTnka

CpaBHeHMe nepexoaHbIX npoueccoB pasroHa-topmoxeHua B CAP, Bbl-
3BaHHbIX U3MEHEHNEM 3aflaHNA YacTOTbl BpalW,eHNa ¢ KpYyTbIMU (PpOHTaAMU (CKO-
pOCTb M3MeHeHMA 3agaHna — 200000 muHYcek), Npu NOCTOSAHHOMW HYNEBOW
Harpyske Ha reHepatop u mcnonb3oBaHuu MU-perynatop ¢ Koap@uumeHTamu
Kn= 7, kn= 10, KA = 0 NnoKa3biBaeT, YTO YUYET HEIMHENHON XapaKTEPUCTUKHN TOM-
NMBOMOAAaYM NO3BONSET NONYUYUTb NepexofHbln npouyecc (puc. 9,a) C MEHbLI K-
MW MPOAOIXKUTENBHOCTLIO U KONebaTeNIbHOCTLIO MO CPABHEHWUIKD C MEPEexXOoLHbIM
MPoOLEeccoM, MOJIYYEHHbIM TMPW JNHENHOW XapaKTepuCcTUKe TOMAMBOMOAAYUN
(puc. 4,6). Takoi Xe BbIBOJ CAenaH v No pesyfbTatam CpaBHEHUA aHaNorMyHo-
ro nNepexofgHoOro npouecca Npu yyete HeNMHEMHON XapaKTepUCTUKU TOMNNBO-
nogauu (puc. 9,6) n MCNONb30BAHUMN IMHENHOW XapaKTeEpPUCTUKK TOMAMBONOAA-
yn (puc. 5,6) B cnydae noctosdHHOW 100%-HOWN Harpys3kum Ha reHepartop, HO

30€Cb pa3nnynma nepexogHblX NpoLeccoB MEHEE BblpaXXeHbl.
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A b
Puc. 9. lNepexoaHble npoueccbl B CAP, Bbl3BaHHble U3MeHeHWEeM 3ajaHNa ya-
CTOTbl BpaleHNUs C OorpaHMYeHMeM CKOPOCTM M3MeHeHna 3agaHuma - 200000
MWUHICEK NPU NOCTOAHHOW Hynesoi (a) m noctoaHHoW 100%-HOW Harpyske Ha

resHepartop (6) c MN-perynatopom c kn =7, Kn= 10, kg =0

Ons pnsenenn AT'Y 60nee xapakTepHbIMU ABNAKOTCA NepexofHble npolec-
cbl Habpoca-cbpoca Harpysku [4]. 3Tu npoueccbl OTAMYAOTCHA CYL,ECTBEHHO
MEHbLW UM AMana3oHOM M3MEHEHUS pPerynMpyemoro napameTpa - Yri0oBOW CKO-
pOCTU BpalleHUs KOMIeHYaToro Bana k. HO M B 3TUX NepexofHbiX npoueccax
CTPYKTYypa perynatopa 4acToTbl BpaweHNa (3HaYeHUSA KO3IP(PULMNEHTOB Kn , Kn ,
Ka ) OKa3blBaeT B/IMAHME HA KAYeCTBO nmpouecca perynuposaHud. MNMpu 3aTtom ne-
pexoAHble npoueccol gnsenda ¢ MM A-perynatopom (puc. 10,a) UMEOT MeHbLUNE
NPOAO/MHKMUTENBHOCTb U KO/iebaTenbHOCTb, Yem y ausena c¢ MW-perynatopom
(puc. 10, 6). Ucnonb3oBaHue M -perynatopa ¢ KOsGDUUMEeHTaAMU Kn = 12, Ku
= 57, Ka = 3 06ecneymBaeT NPOAO/DKMUTENBHOCTb NEPEXOLHOro npoyecca Habpo-
ca NOSIHON Harpys3km % = 5 c u nepeperynupoBaHue (NpoBan 4acToThbl BpaLl,eHUs
B nmepexofHOM npouecce) a = 7%, 4to cooTBeTcTBYeT TpeboBaHuam FOCT P

55231-2012 k CAP TpeTbero knacca touHoctn ABC [21].
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A b
Puc. 10. MepexopHble npoueccbl B CAP, Bbi3BaHHbIE U3MEHEHNEM Harpysku Ha
reHepatop ot 0 go 100 %, npuv NOCTOAHHOWM 3agaHHOW 4YacToTe BpalWeHUa n =

1500 MnH1K pasnnyHon CTPyKType perynatopa: a - MM -perynartop - kn= 12,

Kn= 57, k= 3; 6 - MWN-perynatop - kn=7, kn= 10, k= 0; WHTEHCUBHOCTb
N3MEHEHWNA YII0BOW CKOPOCTU BpalieHUa KoneHyaToro Bana droldt; nono-
XeHune posupyrouiern peikn THBA; Harpyska reHeparopa; yacrtoTa

BpalleHna aBuratens
SAK/TKOUEHWNE

1. Hannune gnuddepeHumanbHoin coctaBnsawowen ML -3akoHa perynmpo-
BaHMA 3aMETHO YNy4ylwaeT KayecTBO MepexoAHbIX MNPOLECCOB pa3roHa-
TOPMOXeHMs M Habpoca-cbpoca Harpyskum - yMeHblaeT MPOAO/IKUTENbHOCTb
3TUX NepexofHbIX npoueccosB n KonebatenbHocTb CAP.

2. OrpaHn4yeHne CKOPOCTN U3MEHEHNA 3alaHNA YaCTOThl BpalleHns KO-
NeH4yaToro Bana ABuUratesns NPUBOAUT K YNY4YLIEHUIO KayecTBa NepexoHblX
NMpoLeccoB pa3roHa-TOPMOXXEHUS.

3. YyeT HeNWHeWHON XxapakTepUCTUKW TonaumBonogavm (3aBMCUMOCTHU
LMKNOBOW nofaym TOMAMBa OT MOJIOXKEHUA [O3UPYHOLLEro opraHa - penku

THB/) ynyuwaeT Ka4yecTBO nepexoAHbiX npoueccos B CAP.
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VK 621.43

Opranu3anusi CTyneH4YaToil XapaKTePHUCTHKH BIPbICKUBAHUS
YIPABJICHHEM YIEKTPUYECKHM HMITYJIbCOM, MOCTYNAIIAM HA
JIEKTPOMATHUT POPCYHKH AKKYMYJISTOPHOI TONJIMBHON CHCTEMBI
M.T'. lIaTpos, JI.H. I'oayOkoB, A.1O. /lynun, IL.B. {ymkun
MOoCKOBCKHI aBTOMOOWIEHO-A0POKHBIH TOCYAAPCTBCHHBIN TeXHIICCKHUE yauBepcuteT (MAJIA)
Providing of boot-type injection rate shape by electric impulse control of
common rail injector
M.G. Shatrov, L.N. Golubkov, A.U. Dunin, P.V. Dushkin
Moscow Automobile and Road Construction State Technical University (MADI)

s sghghexmusroeo crusicenst yposHs utyMd 1 COOepICaHUs OKCUOOB d30Md 6
OmMpabomasuiux 2azax ouseinell NPUMEHsIiom MHOLOCHAOUIHOE GNPBICKUBAHUE G
covemanuy ¢ YnpasiieHuem nepeoHuM QPOHmMOM OCHOGHO20 6NPLICKUSAHUSA. B
Mockosckom — aBmoMOOWILHO-OOPOANCHOM — 20CYOAPCMBEHHOM — MEXHUYECKOM
yHugepcumeme  (MAJ[H)  npeonooicen  cnocob  ynpasgienus — Ghopmoii
oupgheperyuanvborl Xapakmepucmuk GNpLICKUBAHUS JJIEKMPULECKUM UMNYTTLCOM,
KOMOpylti  NOOdemcst  HA  2NeKMPOMACHUM — YAPAGIAIoueco0  KIAnaHd
NEKMPOSUOPAGTIUYECKOT  (POPCYHKU — AKKYMYISIMOPHOT  IMOWIUGHOT  CUCEMb.
[Iposeden  paciemHo-5KkCRePUMEHMWIbHBIN  AHAIUZ  BOZMOJICHOCHIU  OP2AHUZAYUU
CIMYNEHYAMO20 NepeoHe2o (hpoHma XapaKxmepucmuKy GNPLICKUGAHUs (CIMyneH4amoe
enpwickusanue). Hcecneoosanvr anexkmpoeuopasiudeckue gopcynku (I1'@) mpex
Haubonee npumensiemelx xKoucmpykyui: I’ Nel — ynpasnsiowuii kianan ¢
3aNOPHBIM KOHYcOM U noputervkom, I @ No2 — ynpasisiowuil KIanan ¢ niOCKUM
3aNOpoM U UId, He NePeKpuIBalowds CIUE NPU HAXOHCOEHUU 6 KPATIHEM GEepXHeM
nonooiceruy; D No3 ¢ yacmuynbim nepekpvimuem Ciuea moniusd, pacxooyemoco
Ha ynpasierue. [lokasano, 4mo mpenue 8 nape NOPULEHEK YRPAGIIAIone2o KIanana —
Hanpasisiowas nogepxrocme 1D Nel sampyonsem peanuzayuio CHyNneH4amo2o
nepeoHe2o (hpoHma XapakmepucmuKky 6NPLICKUBAHUSE BCIEOCBUE €20 CeTIANCUBAHUL.

OI°'D No2 u II'D Ne3 obecneuusarom cniynenyamoe GNPuiCKUGAHUE NPU PAZTUYHbIX
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oasneHuax 8 moniueHom arkkymyisimope. Ha npumepe OI'® No3 nokasano, ymo
HECMAOWILHOCHb MONIUBONOOAY YU NPU CHIYNEHYAMOM GHPLICKUBAHUY CONOCMABUMA
¢ HECMAOWILHOCIBIO NPEOBAPUMENBHO2O BNPLICKUBAHUS, MONIUGA, KOMOPOE ULUPOKO
npumMensiemcs npu opeanuzayuy pabodeco npoyecca ouseieli ¢ akKyMyISsmopHuIMU

monnusHvimu cucmemamu muna Common Rail.

Kiuoueswie crosa: snexmpozudpasiuueckas hopcyHrd, aKxkymyismopHast

MONIUGHASL cucmeMd, YNpasieHue (Gopmot Xapakmepucmuxu 6NpulCKUBAHUS

moniued

For effective decrease of nitrogen oxide content in exhaust gases and noise
level of diesel engines, a multistage fuel injection combined with control of the front
edge shape of the main injection is used. In the Moscow Automobile and Road
Construction State Technical University (MADI), a method of control of injection
rate shape using an electric impulse was proposed which is applied to the
electromagnet of the control valve of the injector of the Common Rail fuel system. A
computational and experimental analysis of the possibility of boot-type injection rate
shape is carried out. The studies involved common rail injector (CRI) of the three
most used designs: CRI Nel, characterized control valve with shut-off cone and
piston; CRI Ne2, where consist of the flat-lock control valve and the needle, which
not overlapping drain, in needle highest position; CRI Ne3, which partially
overlapping drain. For CRI Nel is shown that the friction in the pair of control valve
pistons-the guide surface complicates the implementation of the boot-type injection
rate as a consequence of its smoothing. EGE Ne2 and CRI Ne3 provide boot-type
injection rate at different pressures in the fuel accumulator. On the example of CRI
No3 it is shown that the instability of fuel supply during boot-type injection rate is
comparable with the instability of fuel pre-injection, which is widely used in the

organization of the Common Rail diesel engines working process.

Keywords: common rail electro-hydraulic injector, common rail fuel

system, injection rate shaping
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Beenenue

[TpenmyniecTBa akKymyJaTOpHOM TomnmBHOM cuctembl (ATC) Tunma
Common Rail ¢ snekrporuapaBnmyeckuMu  (POPCYHKAMH M JJIEKTPOHHBIM
VIPaBICHUEM OOBSICHIECTCA pa3fciicHueM (YyHKUMHA TOMYyYEHUS BBICOKOIO
JaBJicHUs W BOpbICKMBaHWA TormumBa. ATC Takyke MO3BOJISIET OCYIUECTBIISTS:
ApoOHOE  BIOPBICKMBAHWE, THOKOE PEryJIMPOBAaHME YIWIa  ONEPEKEHUS
BIPBICKMBAHMSI, JTABJICHHUS BIPBICKABAHWS W KOJIMYECTBA BIPBICKUBAHWI 3a
mukn. C npuMenennem ATC ynpomaroTes 3aJaud OTKIIFOYEHUS UUAIMHIPOB U
LUKJIOB, YIIPABJIECHUS PA0OTON CUCTEMBI HEMTpanu3anuu 0TpadOTABIIKX ra30B, a
TAK>KE TUArHOCTUPOBAHUE NATYUKOB U UCIIOJIHATEIBHBIX YCTPOMCTB.

JlanmpHelee y>KeCTOUEHHUE 3KOJIOTUYECKUX TMPABWII W CTAaHAAPTOB JUIs
JU3ENICH CO3AacT MPEanoChulky 1t coBepmeHcTBOBaHus ATC. OqHo U3 Takux
HanpaBieHuii pazButus ATC — oOecneueHue TpeOyemoii (PopMbl MEPEAHETO
(poHTa XapAKTEPUCTUKH BIPHICKHBAHMSI.

CryneHuatelii nepeaHuil PPOHT XapaKTEPUCTUKKA TO3BOJISACT HAa PSIC
PEKUMOB PA0OTHI W3ENsl CHU3WUTh CKOPOCTh HAPACTAHWS W MAKCHMAJIbHOE
JAaBJICHAC B LMWJIMHAPE, YTO MO3BOJIIET YMEHBIUUTH BPEOHBIE BBIOPOCHI C
0TpabOTaBLIMMHK ra3aMy U CHU3UTh YPOBEHb LIYMa.

Llens HaCTOSAMIETO WCCICAOBAHUS 3aKJIKOYACTCS B CPABHECHUHU psija
KOHCTPYKUMA 3JIEKTporuapaBiudyeckux (opcyHok (BI'®) ¢ Toukm 3peHus

BO3MOKHOCTH OpraHu3anuy CTYIICHYaTOrO0 BIIPEICKMBAHWA TOILJIMBA.

OO0BbeKTHI HCCICI0BAHUSA

B kauecTBE OOBEKTOB MCCIAENOBAHUS MPUHATHL TPH CXEMBI COBPEMEHHBIX
OI'®D, KOTOPBIE OTIMYAKOTCS CIAEAYOUIMMH KOHCTPYKTUBHBIMUA OCOOCHHOCTSIMHU.

OtnmuunTenbHas 0COOEHHOCTh KOHCTpYKIMKH OI'd Nel, npuBeneHHOW HA
pUCYHKE 1 — KOHCTPYKIHS YIPABJISIOUIETO KJIAlaHa 2, BKIOYAKOMIAs 3aOPHbIi

KOHYC 13 ¢ BHYTPEHHUM IMAMETPOM 2 MM M MOPIIEHEK 12 ¢ nuaMeTpom 2 MM.
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Jannas koHcTpykuus OI'® wmcnonb3yercs ¢upmoii Delphi m Anraiickum
3aBOJIOM MPEUU3NOHHBIX M3aenid (A3I1N).

Ha pucynke 2 npencraBneHa KOHCTPYKTHBHAsA cxema OI'd Ne2, koropas
OTJAMYACTCS KOHCTPYKUMEN YIPABISIOMIErO KjanaHa 3 ¢ MJIOCKUMM 3amopoM, a
TaK)K€ TEM, YTO NMPH HAXOKICHUM B BEPXHEM TMOJOXKEHUM TOPEL, UIJbl 8 HE
nepekpeiBacT  ciamB.  Cxema OI'd  No2  peanmmzoBaHa B (DOPCYHKE
[UIT/[.387442.20.00,  paspaborannoii B  IlpobGnemuHoii  naGoparopun
TpancnoptHeix aurarened MAJIMA  coBmectHO ¢ HOrmHckum  3aBOAOM
tTormBHOM annaparypsl (H3TA).

Konctpykums OI'd No3 (pucyHOkK 3) sBISETCS OJHOM M3 caMmbIxX
pPacpoCTPaHEHHBIX KOHCTPYKLMMA, KOTOpas, HanpuMmep, peanuzoBaHa B OO
¢upmbl Bosch CRI 2.2. OcHoBHasi ocoOeHHOCTE OI'd No3 — wyacTuyHOe
NEPEKPBITUE CIMBA TOIIMBA PACXOAYyEMOr0 Ha ympaBlicHUE. J[maMeTp BBICTYIA
Ha MOpUIHE S5 MYJIbTUIUIMKATOpPa MOAOOPaH TakWuM O00pa3oM, 4YTOOBI CIIMB
TOIUIMBA HAa YNPAaBICHWE B TECYCHHE BIPBICKUBAHHMS NEPUOAMYECKA
NEPEKPBIBAIICS. W 3aTe€M  OTKpbIBICI. Takas KOHCTPYKUMS TO3BOJISET

CYILIECTBEHHO CHU3UTh PACXO0J TOIUIMBA HA ynpasicHue O O.

Pe3yabTaTsl pac4eTHOr0 UCC/IeI0BAHUA

Jlns pacuera BIUSHHUS CWJI TPEHUS F'pp, BO3HUKAOMKX B OI'® Nel, npu
JIBUKEHUU MOPIICHbKA YIPABIISIIONIETO KiarnmaHa ObUTM MCHOJIb30BAHbI JIaHHBIE,
npuBeacHHble B padore [1]. DT jaHHbIE OBUIM TOJYYEHBI JUISl  WIJIBI
pacnbuTeNsl. Pe3ynbrarel pacueTa MOKa3ajd, YTO CTYMECHYATHIM MepeaHuit
(OPOHT XapAaKTCPUCTUKKM BIPBICKABAHMS TOJHOCTBIO CIJIQXKUBACTCS MPH
KO3 puumenTe TpeHus k=60 Hc/M (maBieHHME B TOIUIMBHOM AKKyMYJISATOPE

Pa=100 MITa) n npum k=50 He/m (pu=160 MITa).
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Puc. 1. KoHcTpyKTuBHada cxema 3 P Nel:
1- aneKTpoMarHuT; 2 - ynpasnstoWwmnii knanaH; 3 - Kopnyc; 4 - ynpasnstouias

Kamepa; 5- urna; 6 - noAbironbHbIA 06bem; 7, 10 - NPYXUHbI; 8 - BbINYCKHOMN

XUkKnep; 9 - BNYCKHOW Xuknep; 11 - BHYTPeHHWA 06beM; 12 - noplieHek

ynpaBnstoLWLero KknanaHa; 13 - 3anopHbIil KOHYC yNpaBAstoWero KnanaHa
1

Puc. 2. KoHCTpyKTuUBHada cxema I @ Ne2:

1, 7 - MNPYXWHbl; 2 - 231eKTpOMarHut; 3 - YynpaeBndloWMn knanad; 4 -
BbIMYCKHOWM XWKnep; 5- ynpasndawlas kamepa; 6 - kopnyc 3re; 8- urna; 9 -

HaMONHUTENbHbLIA XUKNep; 10 - BHYTPeHHUA 06bem 3 P; 11 - NOLAbITONbHbIA

006beM
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Puc. 3. KoHCTpyKTMBHaA cxema I ® Ne3:
1 - 3neKTpoMarHuT; 2 - ynpaBnswWwuin knanaH; 3 - kopnyc OIr®d; 4 -
HaNOMTHNUTEeNbHbIW XWUKNep; 5 - MopweHb MyabTUNAUKaTopa; 6 - BHYTPEHHWUN
o6bem IAIrP; 7 - wrna pacnbinutens; 8 - NOAbITONbHbLIA 06beM; 9, 12 -

NPY>XWHbI; 10 - BbINYCKHOW XuUKnep; 11 - ynpasBnstoliaa kamepa

Joka3aHa BO3MOXXHOCTb peanusauuum npu pa=200 MTlla ¢ npuMeHEHNEM
Ard Ne2 cTyneHYaTON XapaKTepUCTUKU BNPLICKUBAHWUS TOMAMBA C NOMOLLbLO

(hopMMpoBaHUS Kak OAHOT0, Tak U ABYX MPeABapUTeNbHbIX UMNY/bCOB.

Pe3ynbTaTbl 3KCMNEPUMEHTa/IbHOI0 Uccnef0BaHuUSA

CteHg Ans  WUCNbITaHUA  AKKYMYNATOPHbIX  TOMJIMBHLIX CUCTEM U
n3MepuTenbHas cucTemMa onmcaHbl B pabote [2].

Llenb 3KcnepuMMeHTanbHOro wuccnegoBaHUa KOHCTpyKuum 3P Nel -
OoueHKa CcTabuibHOCTM  (DOPMUPOBAHMA  CTYMEeH4YaTOWn  XapaKTepUCTUKWU
BMPbICKMBAHMA  NO  CpPaBHEHWD €O  CTabMIbHOCTbO  (DOpMUpPOBaHUSA
npeLBapuUTENIbHOTO BMNPbICKMBaHUA. Ona npoBefeHns nccnenoBaHuii
ncnonb3oBaHa MopcyHka npoussoactea A3M, BbINOMHEHHAA MO CXeMe,
n306paxeHHON Ha pucyHke 1.

MPoLO/MKNTENbHOCTN YNpPaBAAKLWMX UMMNYNbCOB TOKAa W WHTEpPBANoB

MeXAY  HUMM  nNpu  (GOPMMPOBAHUM  CTYNeHYaTOW  XapaKTepUCTUKM
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BIPLICKABAHUS TPUBEJCHBI B TAONULE 1, TAC: Tuym1, Tunar, Tuym3 — JUTHTEIIBHOCTH,

COOTBETCTBEHHO, TEPBOr0, BTOPOr0 M TPETHETO YIPABIAOLIUX WMIYJILCOB,

ATy, ATy.3 — MHTEpBaNBI, COOTBETCTBEHHO, MEXKAY MEPBLIM U BTOPHIM, BTOPHIM
U TPETHEM VIIPABJISIOIIUMHA UMITYIbCAMMU.

Tabmuna 1

[TpoAOMKUTENIBHOCTH YIIPABJISAIOIINX UMITYJILCOB U UHTEPBAJIOB MEXKIY

HUMMU, 3aJ1aBacMbIX Npu ucnbiTaHuu O1'd Nel, B ciiydae ¢popmupoBaHus

CTYIEHYATON XapaKTEPUCTUKH BIIPBICKMBAHUS

ITapaMeTp | pa, MIIa | Ty, MC | AT, MC | Tuwm, MC | ATo3, MC | Tina, MC

3uauenne | 150 035 027 0,33 0,43 1.9

OuneHka CTaOWMIBHOCTM  LMKJIOBBIX MMOJAY C  MPEABAPUTEIIbHBIM
BrpbickuBanreM DI'® Nol mokazana koyieOaHus 3HAYEHUH [IUKJIOBBIX mogad Qy
ot 0,81 10 8,7%. Ilpu cTyneH4aTol XapakTEpUCTUKE BIPBICKUBAaHUS Pazopoc Oy
Mexay 3amepamu coctaBui 22.5% (ot 436,8 no 550,4 mr). Takoli yBeTUYeHHBIH
(M0 CPaBHEHHMIO C MPUMEHEHWEM IMPEIBAPUTEIBHOTO BIPHICKMBAHUS) Pa3Opoc
OOBSICHSIETCS HAIMYMEM B KOHCTPYKIMM OI'D Nel ympaBisroomero KianaHa c
nopuieHbkoM 12 (pucyHok 1). HecTaOMIIbHOCTh TPEHUS B COSAMHEHUHN MOPIIEHEK
— HampapJsOUIas MOBEPXHOCTh NPUBOAWT K HECTAOMIBHOMY JBHIKEHUIO
YIPABJISIOIErO KianaHa M, KaK CICACTBHE, K U3MEHEHHUIO (DPOPMBI TIEPEAHETO
(PpOHTA XaPAKTEPUCTHKK U BPEMEHN OKOHYAHUS BIPHICKMBAHUS TOTUIMBA.

Pe3ynbrarsel uccnenoBanmii mokasanu, 4ro II' @ Ne2 nipu pa = 200 MITa B
ortmuure o1 OI'® Nel, mo3BosisseT (POPMUPOBATH CPABHUTEIILHO YCTOHUYMBYHO
CTYIIEHYATYIO XapPaKTEPUCTHKY BIPHICKUBAHUS TOIUIHBA.

Jlns aHanm3a cTaOUabHOCTH (POPMBI XAPAKTEPUCTUKN BIPHICKUBAHMS MPU
OPUMEHEHUH KOHCTPYKIMK OI'® No3 (pucyHOK 3), BBIOpaHBl TpPH PEeKHMA

padoTsl (popcyHkn CRI2.2, npeacraBieHHbIe B TAOIHILIE 2.
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Tabnwuua 2

HpOI[OJ'DKI/ITeHBHOCTI/I YHPaBJIAIOIKUX UMITYJIBECOB 1 HHTCPBAJIOB MCIKAY

HUMH, 33JJaBACMBIX MPU UCTIBITAHUKA D1'D No3

Ne pexxuma | Ty, MC AT12, MC T 2, MC ATy3, MC T 3, MC
1 0,25 1,30 0,15 1,30 0,50
2 0,25 1,12 0,50 — —
3 0,15 6,00 0,70 — —

B tabnuue 2: pexxum Nel — cTyneHvaras XapakTepuCcTHKa BOPBICKABAHHUS,
chopMUpOBaHHAs TPHA ABYX NPEABAPUTEIBHBIX M OCHOBHOM YIPABJISIOIIAX
UMITYyJIbCAX, pexkuM Ne2 — cTyneHYaras XapakTepUCTUKA BIPHICKABAHMS,
MOJIyYEHHAsT NPA OJHOM NPEABAPUTEIBHOM M OCHOBHOM  VIIPABJISIOIIMX
UMITYJIbCAX; PEKUM Ne3 — MHOTOPA30BOE BMNPBICKUBAHUE (ITPEIBAPUTEILHOE U
OCHOBHOE).

Ha kaxgom pexume pabotel OI'D No3 mpoBEAEHO TPU PErUCTpaliu
XAPAKTEPUCTUKN BIPBICKMUBAHMS, MO KOTOPBIM OBLJIM PACCUMTAHBI BEJIMYMHBI
IUKJIOBbIX oaad (B Tadnuile 3: Oy, Oip 1 O3 COOTBETCTBEHHO).

Tabnuna 3

JlaBJieHUS B aKKyMYJISITOPE (Pax) U LAKIIOBBIE ToAauu ((y) OI' D Ne3

Ne pexxuma Pax, MlTa Oul, MT O, MT O3, MT
1 100 128,7 1322 1133
2 150 1614 1447 141,9
3 100 96,9 88,2 92.8

MeskuukiioBasi HeCTaOUILHOCTH Ha pexkume Nel (tabnwuia 3) cocTaBisieT

18,9 mr (15,1%); Ha pexxume No2 — 19,5 mr (13,06%). [1pr 3TOM MEKIMKIOBAS
HECTAOUIIBHOCTh XapakTepHa TAaKKe U Uil pexnma No3 ¢ mpeaBapuTEIbHbBIM U
OCHOBHBIM BIpPBICKMBaHUsMU (Tabiuua 3): 8,7 mr (9,4%).

HccnepoBanuss Bce Tpex KOHCTpyKuuid OI'®  mpoBOIMIMCE €
MCIOJIb30BAHUEM CHCTEMBI yIpaBieHus, pazpadorannoit B MAJIU [3], koTopas

obecrnieunBaeT (OPMUPOBAHUE YMPABJSIOMIETO MMITYJIbCA € TOYHOCTBIO [0
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+5MKc. CHUCTEMBI YOPABJICHUS HKCIOJIB3YEMbIE B OOJIBIIMHCTBE CEPHIAHBIX
aBTOMOOMJIBHBIX AU3ENICH 00eCmeunBatOT TOYHOCTh A0 £1 MKC.

JI1st OLIEHKM BAMSIHUSL TOUHOCTH (DOPMHUPOBAHMS YIIPABJISIOIINX UMITYJIHCOB
IIPOBEJICHO PACYETHOE CPABHUTEIBHOE UCCIEAOBaHUE HA npumepe DI D Nel mpu
Fipy=0, pa=160 Mlla. OueHuBanoch BIMSHUE TOYHOCTH (POPMHUPOBAHUS
YIPABJISIIOIIAX HMMITYJIbCOB HA MAKCHMAJIBHO BO3MOXKHOE OTKIOHEHHE  Omax
mKIoBol mojgaun (J,. Ilpm TowHOCTM ympaBneHuss +1 MkcC BenmuuHa Oy
konebanack B mpeaenax 298,9 — 300,3 Mr, 4To COCTABIISET Omax = 0,47%. B ciyuae
TOYHOCTHU YIPaBJICHUS +5MKC KoyeOanus () coctaBuam oT 295,15 no 302,51 wmr,
T.€. Omax = 2,38%. O0€ TOUHOCTH MO3BOJIMJIM COXPAHUTH CTYNMEHYATYIO0 (popmy

nepeaHero (PpoHTa XapaKTEPUCTHKH BIPBICKMBAHUS TOTLIIMBA.

baaroxapHocTh

[IpuknagHple  HAy4YHbIE  MCCIENOBAHHMSA M OKCIEPUMEHTAIBHBIC
pa3pabOTKK, pacCMOTPEHHBIC B JAHHOW CTaTbe, MPOBEACHBI MPH (PUHAHCOBOM
NOAJIEPKKE rocygapcTBa B JiMine MuHUCTEpCTBA OOpa30BaHUST W HAyKu
Poccuiickoii @eneparum no cornmamenuro Ne 14.580.21.0002 ot 27.07.2015 r.
YuukaneHsiii uacHtudukarop ITHUOP: RFMEFI58015X0002.

BbiBOABI

1. IlpoBeaeH pacyeTHO-3KCICPUMEHTAIBHBIA  aHAIW3 BO3MOXKHOCTH
OpraHM3alil  CTYNEHYATOr0  BIOPBICKMBAHUS  OPH  MCIOJIb30BAHUH
ANEKTPOruapaBInYeCKuX (QopcyHoK (BI'D) Tpex OCHOBHBIX MPUMEHSEMBIX
KOHCTpyKumi: OI'® Nel (konctpykums Delphi m A3IIH), ortnuuaromascs
VIOPABJIAOLIMM KIIAlAHOM € 3alOpHbIM KOHYCOM M mopuieHbKkoMm; OI'®D No2
(koncTpykumst MAJIM-H3TA mopemm TUUITJI.387442.20.00), oTnmruaromasics
YIPABJISOMUM KJIAMaHOM C IJIOCKMM 3alopoM M HIJIOW, HE MEPEKPBIBAOIIEH

CIMB TIPU HAXOXKACHUM B KpalHEM BepxHEM mNoJiokeHuH;, Ol D  Ne3
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(koHcTpykums ¢Gupmbl Bosch moaenmu CRI 2.2) ¢ 4acTUYHBIM MEPEKPHITHEM
CJIMBA TOIIMBA PACXOLYyEMOTr0 HAa YIIPABJICHUE.

2. Crynenuatbii nepeaauii GpoHT OI'D Nel MOKET CriakMBaTbCs MPU
JOCTMKEHUM BEJIMYMHBL KO3(P(PUUIUEHTA TPEHUS B COCAMHCHHHM MOPIIEHEK
YIPABJISAOWIETrO Kaanana — kopyc I1'® 6onee 60 He/m.

3. OI'® N2 m OI'd Ne3 obecreunBatOT BO3MOKHOCTH TMOJTYYCHHS
CTYNIEHYATOr0 BIPBICKAUBAHWS TOIUIMB TMPU PA3IMYHBIX JABICHUSAX B
AKKYMYJISITOPE.

4, Ha npumepe OI'®d Ne3 nokazaHO, YTO  HECTAOWIBHOCTH
TOIUIMBONOJAYM  OPHA  CTYNEHYATOM  BIPBICKMBAHMM  COMOCTaBUMA €
HECTAOMIBHOCTBIO  MPEABAPUTENBHOIO  BIPBICKMBAHMS, KOTOPOE IIMPOKO
OpPUMEHSETCS MpWd  OpraHum3anmm  pabodero  mpomecca  AM3ENCH ¢

AKKyMYJISTOPHBIMM TOIUIMBHBIMU crucTeMaMu Tina Common Rail.
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B Hebe, Ha 3emMne
N Ha BOAE

OB-AMCKUIA MalWMHOCTPOUTENbHbLIW 3aBoa “AFAT”

AO aBpuNoB-AMCKUIA MalIMHOCTPOUTENbHbIN 3aBOA «AraTt» - COBpEMEHHOE MPOMbILLI/IEHHOE
npeanpusaTue ¢ MOLWHON NPOM3BOACTBEHHON 6a30li U NnepefoBbIMU TEXHONOTUAMMU.

OCHOBHbIE HAMNPABNEHUA AEATENBHOCTW :
- Mpon3BOACTBO M PEMOHT arperatoB TOM/IMBOPErynpyrwen annapatypbl aBMaLNOHHbIX
ABuratenemn, arperatoB 1 y3/10B CaMOJIETHbIX CUCTEM, arperatoB AN MOPCKUX ra3oTypOMHHbIX
Asuratenein n HaseMmHbIX rasoTypbuHHbI YyCTAaHOBOK. B HOMeHknaType CepuinHOro BbliMycka
HaxoamTcsa 6onee 100 arperaTos.
- Mpon3BoACTBO M PEMOHT rugpoannapaTtypbl A9 MOOGWABbHON TPYy30NOAbEMHON TEXHUKW,
[OPOXHO-CTPOUTENIbHBIX U KOMMYHa/IbHbIX MalluH.
-Mpon3BOACTBO KOMMNNEKTYHOLWMNX Y3/10B AN aBTOMOOUNbHbLIX ABUraTenen.
-Mpoun3BoACTBO MOTOG/10KOB Mapkn «Arat».

C 2011 r. Ha NpeAnNpuUATMN BeAeTcHA akTuBHaa paboTta no pa3paboTke M CO3L4aHMI0 NMOPLLUHEBLIX
aBMaLUNOHHbIX aABuUrateneim mouwHocTbio 0T 45 go 400 n.c. N 6ecnMAOTHLIX NeTaTeNbHbIX
annapartoB ¥ CaMO/1IeTOB /1IeTKOW 1 CBEPXJ/IErKOW aBnaLunu.

152240, Apocnasckasa 06.., . FaBpunos-Am, npoess MawunHocTpouTenei,!
Ten. (48534) 2-32-64: e-mail:agat@ gmzaqat.ru: http://gmzagat.ru
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