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Abstract. The possibility of installing of waste heat cooling system in a engine room of a transport vessel was proved.
The waste heat recovery ejector cooling machine utilizing the heat of scavenge air as an example of thermotransformer
is shown. The dependence of the efficiency of the two-stroke low-speed diesel on the temperature of the scavenge air
in the marine environment and the feasibility of heat recovery are shown. Payback of waste heat cooling system for
the two-stroke low-speed diesel was calculated.

Keywords: heat transformation; waste heat recovery cooling machine; two-stroke low-speed engine; scavenge air.

AnHoTanus. JlokazaHa BO3MOXKHOCTb YCTaHOBKH TEIUIOMCIOIB3YIOLMIEH YCTAHOBKH OXJIaXAEHUS B MAlIMHHOM OT-
JeneHny cynHa. Kak tepmorpanchopMarop paccMOTpeHa TEIIONCTIONB3YIOMAs 3KEKTOpHast XOJIOAMIbHAs MaIlIHHa,
KOTOpasi yTWIIN3UPYET TEIUIOTY HaayBodHoro Bo3xyxa MOJI. [Tokazana 3aBucumocTs addexrnBHOCTH MO/ OT TEM-
repaTypbl HaJU[yBOYHOTO BO3/yXa B CYIOBBIX YCIOBHSX, a TAKXKE I€JI€CO00Pa3sHOCTh YTHUIN3ANH TEIIoThl. Paccun-
TaH CPOK OKYIAEMOCTH TEIUIOUCIOIb3YIOLIEH CUCTEMBI OXJIAXKACHHS HAyBOUYHOro Bo3ayxa ainst MO/,

KuaroueBble cjioBa: TpaHC(hOpMAaNUs TETIIOTH; TEIIONCIIONB3YIOMas XoaoaniabHas MamuHa, MO/I; HamyBOIHEIH
BO3YX.

AHoTanis. /[oBesieHO MOXJIMBICTh BCTAHOBJICHHS TEIJIOBUKOPUCTOBYIOUOI YCTAHOBKU OXOJIOJKEHHS B MAalIMHHOMY
BiJUTIeHH] cynHa. SIk TepMoTpaHcdopMaTop pO3IISIHYTO TEINIOBUKOPUCTOBYIOUY €XKEKTOPHY XOJIOAMIIBHY MAIlUHY,
110 yTUIIi3ye Terioty HajysHoro nositpst MO/, [TokazaHo 3anexHicts edekrruBrocti MO/] Bin Temneparypu Hal-
JyBHOTO TIOBITPSI B CYJHOBHUX yMOBaX, a TaKOX JOLUIBHICTh YTHII3amlii TemaoTH. Po3paxoBaHO TepMiH OKYMHOCTI
TEIJIOBUKOPUCTOBYIOUOT CHCTEMHU OXOJIOJPKEHHS! Ha/ITyBHOTO NoBiTpst Jutst MO/I.

Kuro4oBi ci1oBa: TpancopMaris TEIUIOTH; TETNIOBUKOPUCTOBYIOUA XooanibHa Mamiaa; MOJL; Ha/ytyBHE TTOBITPSL.
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ITIOCTAHOBKA ITPOBJIEMbI

VYenoBus SKCIUTyaTallud CYIOBBIX Majlo000POTHBIX
nuzenedt (MOJL) oTmu4aroTcst 3HaUNTEIbHBIM U3MEHEHU-
€M B TEUEHHE pelica TeMIepaTypbl Hapy>KHOTO BO3/yXa,
a 3HA4YMT, ¥ HAIyBOYHOTO BO3JyXa, a TAKXKE TEMIIepa-
TypbI 3a00pTHOM BOJBI £, OTBOJAIIEH TETLIOTY OT Hal-
JyBOYHOTO Bo3ayxa. TorumBHas addexruHocTs MO/
CYIIECTBEHHO 3aBHCUT OT TEMIIEPATyphl HAJTyBOYHOTO
BO3/yXa, KOTOpas, B CBOIO O4epe/ib, 3aBUCUT OT TEMIIe-
paTypbl oOxJIakaaroiei Boasl (Tadm. 1).

B T0 ke Bpemst 00beMbI TEITIOTHI, OTBOIMMOM OT Ha/I-
JTyBOYHOTO BO3/yXa, BECbMa 3HAUUTEIIbHBIE, 1 €€ HCIOJIb-
30BaHHUE JUIS €TO K€ OXJIAXKICHNSI HU3KOTEMIIEPaTypPHBIM
tepmorparcopmaropom (TTp) WM TEIUIOMCIIONB3Y-
tfomieit xonoauiabHOM MammHoi (TXM) mo3Bossino Obl
y/IEPXKHMBaTh TEMIIEpaTypy HaJJIyBOYHOTO BO3yXa JayKe
HIDKE TEMIIepaTypbl OXJIaXKAAoLeil 3a00pTHOM BOABI.
OJHUM M3 BO3MOXKHBIX CITIOCOOOB TOJIICPIKAHUS HU3KOM
(amxe TeMmepaTryphl Hapy>KHOTO BO3IyXa) TeMIIepaTy-
PBI OXJTAXKIAIOMIEH BOJBI SIBISIETCS] TIPIMEHEHHE TETIIO-
UCTIONB3YIOIIEH YCTAaHOBKU OXJIAXKICHHS HaJTyBOYHOTO
BO3/yXa.

HEJBI) PABOTHI siBnsiercs noBbliieHue dpQek-
TUBHOCTH CHCTEMBbI OXJIAXK/ICHHS HaJJlyBOYHOTO BO3yXa
cynoBeix MOJI ¢ momomsio TTp, a Taxke pa3zpaboTka
1 aHAJIN3 KOHCTPYKTHUBHBIX CXEM CHCTEMbI OXJIaKACHHS
HaJIyBOYHOIO BO3JyXa C 3KeKTopHbIM TTp ais cynoso-
ro MOJI.

HN3JI0KEHUE OCHOBHOI'O MATEPHAJIA

CxeMa TPEXKOHTYPHOM TPEXCTYHEHYATOW CHCTEMBI
OXJTaXKJIEHUSI HAJTyBOYHOTO Bo3myxa MO/ ¢ a»kekTop-
HBIM TepMoTpaHchopmaropoM (DTTp), KoTopast HCTIONb-
3yeT TEIUIOTY HaJlyBOYHOTO BO3/yXa IOCIE TypOOKOM-
npeccopa (TK), npuBenena Ha puc. 1.

Kaxk BHIIHO, B TEpMOTpaHC(HOPMATOPE HCHONB3YIOTCS
TEINIOOOMEHHUKN — IITATHBIC OXJIQJANUTEIH HaJlayBOY-
Horo Bo3ayxa (OHB): BBICOKO-, CpeqHe- U HU3KOTEM-
nepatypusie OHB (OHBBI_, OHBCT n OHBHT), a HaJIu4ne
[IPOMEKYTOYHOTO BOJASIHOIO KOHTYpa, K KOTOPOMY TOJI-
KJTFOYAI0T TEIIO0OMEHHUKH ¢ ()a30BBIM MEPEXOJIOM HU3-

kokwursiiero padoyero tena (HPT): reneparop HPT BbI-
cokoro fasienust u ucnapurens HPT Huskoro nasnenus,
a Taxoke Harpepatens kuakoro HPT — skoHomaiizepHas
CeKIMs TeHepaTopa, UCKIIIoYaeT HeoOXOIMMOCTh BHeCe-
HUSI KOHCTPYKTUBHBIX N3MEHEHHH B TPAKT HAJITyBOYHOTO
Bo3ayxa BooOiie. Tak, reneparop napoB HPT Beicokoro
JIABJICHUS MOJKIIOYAIOT K MPOMEXKYTOUHOMY BOISTHOMY
KOHTYpPY BBICOKOTEMIIEPATYPHOH TEIUIOUCIOIb3YIOIIECH
crynean OHB_ (puc. 1), uro obecrieunBaer ero Hajiex-
HYIO JKCIUTyaTalldi0 MPU BIIOJIHE YMEPEHHBIX TeMIlepa-
TYypHBIX HArmopax, OMpeAesIeMbIX TeMIepaTypol KHIe-
uust HPT B rereparope (120 °C), npremiieMbie rabapuThi
Omaromapsi BBICOKOH WHTEHCHBHOCTH TEIUIOTIEpeadn
B mporecce ¢aszoBoro nepexoga HPT (kumenmss HPT)
1 FICKITIOYAET 3aTPaThl SHEPTUH Ha TPEOIOJICHIE adPOIH-
HAMHYECKOTO COTIPOTHUBIICHHS, KOTOPOE UMENIO OBI MECTO
1pu pasmelenuu reueparopa HPT B HagayBouHOM Tpak-
Te MO/,

Bo3MOXHO HEKOTOpOE YBEIMYCHUE ITOBEPXHOCTH
HusKoTeMIeparypHoii crynenu OHB, 1 cooTBeTCTBEHHO
€e a3pOIMHAMHIYECKOTO COIIPOTUBIICHHUS, 00yCIIOBICHHOE
MIOBBILIIEHHOH TETUIOBOI HAarpy3Koi u3-3a Oosee rryooKo-
rO OXJIQX/IEHHsI BO3/lyXa [0 CPAaBHEHUIO C €0 OXJaXKae-
HHUCM ITyTEM OTBOJIa TEILIOTHI 3a00pTHO# Bomoit. OmHAKO
pe3epB MOIIHOCTH COBPEMEHHBIX BBICOKOI(()EKTHBHBIX
TK, cBepx HEOOXOMUMOW MJisi HAIIyBa, JIOCTATOYHBII
JUTSL TIPEOJIONEHUST a9POIUHAMUYECKOTO COMPOTHUBIICHUS
OHB, . O Hamuuuu TaKoro pe3eppa CBUAETEILCTBYIOT
CHUCTEMBI YTHJIN3AI[UHN SHEPTUH BBIMYyCKHBIX Ta30B MO/
MoIHOCTRIO cBBIIe 20 MBT cynoB cOBpeMeHHOW mo-
cTpoiiku, B KOTOpbiXx 10...12 % oOmero pacxoma BbI-
MTyCKHBIX TA30B IMOJAIOT Ha YTHJIH3AIMOHHYIO Ta30BYIO
Typbuny, munys TK.

Jlnst mpoBepku mpeanonaraeMoro 3ddexra oT mpu-
MEHEHHS TEIIOUCTIONB3YIOMEH CHCTEMBI —OXJaXKae-
HUS HaJIAyBOYHOTO BO3Ayxa Ha cymax ¢ MOJI Obutn
TIONYYCHBI JaHHBIE HATYPHBIX WCIBITAHUH Ha COBpE-
MEHHBIX 3KCIUTyaTHPYEMBIX CyIaX-KOHTCHHEPOBO3aX:
«MAERSK SEMARANG» (momep IMO 9350070),
«CMA CGM BERLIOZ» (momep IMO 9222297)
n «VILLE D’AQUARIUS» (momep IMO 9125607),

Tadauna 1. M3mMeHenue ynenpHoro pacxona Tornusa Ab , %, B HeclieM(DHKAIMOHHBIX KIMMATHYECKUX YCIIOBUAX (10 TaHHBIM

¢upmer «MAN B&W»)
IIpu coxpanenuu p_ bes coxpanenus p_
ITapamerp VenoBus U3MEHEHUs - -
Ab,, % Ab,, %
TeMHCpaTypEtBOZ[I:I, OXTIIATOMHEH Tloebimenue Ha kaxapie 10 °C +0,60 +0,41
HaJUTyBOYHBII BO3IyX
Temneparypa Bosjyxa Ha Bxone TToBbimenvue Ha kaxsie 10 °C +0,20 +0,71
B TypOOKOMIIpeccop
JaBnenue Bo3myxa Ha Bxone B TK [NoBermenue Ha 10 mOap +0,02 -0,05
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Puc. 1. CxeMa TPeXKOHTYPHOU TPEXCTYIEHYATOU CUCTEMbl OXJIAXKJCHUS HallyBO4HOro Bo3gyxa MOJL ¢ 33KEKTOPHBIM TE€PMO-
TpaHc(hOpPMaTOpPOM, KOTOpast UCIIONB3YET TEMIOTY Ha{yBOYHOTO Bo3ayxa nocie TK:

OHBBT — BBICOKOTEMIIEPATypHAsl CTYIIEHb OXJIAAUTEN HalyBOYHOro Bo3ayxa; OHBHT — Hu3KOTeMIIepaTypHas CTyIICHb OXJla-
TATENA HAJTYBOYHOTO Bo3ayxa; L[X — meHTpansHbIi Xonoamibauk; MO — Macnooxiaaurens; Kn — xonaencarop; 3B — 3a-
6optHas Boaa; O — 3xekrop; OHB — oxulaauTens HaayBOUHOTO BO3ayXa

KypCHPYIOIIMX Ha Pa3IM4HBIX PEeHCOBBIX JHMHUIX. Ha
cynae «MAERSK SEMARANG» Bo BpeMs dKCILTyara-
MM ero Ha pericoBoit nuHuu Puo-ge-Kaneiipo — ['am-
Oypr B aBrycre—oktssope 2012 roma MpoOBOIMIKCH 3a-
Mepbl mapaMmeTpoB maBHoro asurarens [2K98MC-C
¢dbupmer KMAN B&W» 1 mapaMeTpoB OKpyKaroteit cpe-
Jb1. AHAJOTUYHBIE 3aMEPBI TPOU3BOMIINCH M HA OCTaJIb-
HBIX cynax B pasHoe Bpems (VILLE D’AQUARIUS —
anpenb—utoHb 2014 r.; raBHeIi aBurarens — S8RTA84C
¢upmer «Wartsilay; CMA CGM BERLIOZ — sBaps—
ampenb 2015 r.; TmaBHeIA apurarens — 12K98MC-C).

B cooTBercTBUM C peKMMaMH SKCILTyaTallUd Ipo-
BOJMJIUCh M3MEPEHHUS PA3IMUHBIX MapaMeTPoOB YyKa3aH-
HBIX IJIaBHBIX JIBUTATENICH, B YaCTHOCTU TEMIIEPaTyphI
B HAJJ[yBOYHOM pECHBEpE, TEMIIEPaTypsl B MAalIMHHOM
OTAETICHNH, pacxo/a TormBea, Mmomuoct MO/ (puc. 2).
Bce m3MmepeHus NpOBOJMINCH aBTOMATH3HPOBAHHBIMHU
CHCTEeMaMH pETruCTpaluM, pe3yJabrar o0padaThIBaICs

¢ nomousro 9BM B pexxnme peanbHOro BpeMenu. Maxk-
CHMAJIbHAsI, COOTBETCTBYIOIIAst CyMME CHCTEMaTHIECKOM
MOTPEIIHOCTH U JOBEPUTEIBLHOIO MHTEpBana CThIOICH-
Ta, BEIMUMHA MOTPEIIHOCTH ONpPEAETIEHHs pacxoia To-
TUIMBA U MOIITHOCTH JIBUTATENs HE nmpeBbimana 2%.

B pesymerate SKCHEpHMEHTAIBHBIX HCCIIEHOBA-
HUM OBUIN TIONTy4YEHBI 3aBUCHMOCTH YIEIBHOTO pacxona
TorMBa b, OT TEMIEPATYPBHI { HAIIyBOYHOTO BO3IMyXa
B pecuBepe (puc. 3). Kak BuaHo n3 puc. 3, ¢ noBbllIe-
HUEM TeMIIepaTypbl HaJTyBOYHOTO BO3yXa Y/ICIbHBIH
pacxon tormuBa MOJI Bo3pacTaeT, mpudeM IpH Pa3HBIX
TeMIIepaTypax BO3JyXa Ha BXOJE ! TIpaQuUKH OCTaroTcs
l'[pI/I6J'II/ISI/ITeJ'IbHO OKBUJIUCTAHTHBIMHU.

[Ipn ycranoBke TepmoTpaHChOpMAaTOpa Ha CyIHE
BO3HMKAET BOIPOC 00 pa3MEIIeHUH JIOTOIHUTENHHO-
ro o0OpyHOBaHMA. JJIEMEHTHI TepMOTpaHC(hopMaTopa
MOTYT OBITH PACIOJIOKEHBI B JJIOOOM ITOMEIIEHHH CYIHA,
HO JUIs yA0OCTBa IKCIUTyaTalllM, YNPOLICHUs JOCTyIa
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Puc. 2. Momuocts MO/I B 3aBUCHMOCTH OT TEMIIEpaTyphl HaJl-
JyBOYHOTO BO3/yXa ! TIPH PAa3IUYHBIX TEMIEPaTypax BO3AyXa
na xogte ¢ st igurarens 12K98MC-C dupmer «MAN B&W»

K 00OpYHOBaHMIO, YMEHBIICHHUS CBS3YIOIICH apMaTypbl
pa3MenIaTh ux mejaecoodpa3zHee BCEro B MATMHHOM OTIe-
nernu cyaHa. Kak mokasanu pe3yiabrarbl 3CKU3HOTO TIPO-
CKTHPOBaHUsI, BRITIOJIHCHHOTO Ha 0a3¢ pacYeTOB OCHOBHBIX
AIIEMEHTOB TEIUIOUCITIONB3YIOMICH CHCTEMBI OXJTaXKICHHS,
nx rabapuTHl O3BOJISIOT pa3MenIaTh TepPMOTpanchopma-
TOp B MAIlIMHHOM OT/Ie/icHUHU Oe3 3arpyaHeHuii. Ha puc. 4
MOKa3aHa BO3MOXKHAsI KOMIIOHOBKA TEIUIOOOMCHHHUKOB TE-
TUTOHCITIONB3YIOMIEH YCTAHOBKH OXJIAXKICHUS Ha Oalkepe
tuna «KUIBy», B kauecTBe ITaBHOTO ABHIATEIISI MIPUHAT
MO/] mapku 6S50ME-B9.5-TII ¢pupmbr «MAN B&W»
¢ appexTuBHON MomHOCTRIO V, = 10680 KBT.

Kak BupmHO, rabapuTHBIE pa3Mephl HAUOOIBIIHX
AIIEMEHTOB TepMoTpaHcdopmaropa (TeHepaTop, KOH-
JIEHCATOP, MCIIAPUTEITh) OTHOCUTEIILHO HEOOIBIIHE M X
PACIIOJIOKCHUE TIO3BOJIIET OOCCIICUHUTH JOCTATOYHOE
yao0cTBo 00cmyxwBaHUSA. [Ipy yCTaHOBKE TEILIOWC-
TTOJIB3YIOMICH CHCTEMBI OXJIAXKICHHS Ha CyJax ¢ OOJbIeit
MOIITHOCTBIO TJIABHOTO JIBUTATEJIsSI BOTPOCHI PACIIONOKE-
HUS TEPMOTpaH(OpPMaTOpa YIPOIIAIOTCS, TaK KaK UX Ma-
IIMHHOE OTJICIICHIE NMeeT OOIBINIE 3amachl CBOOOIHBIX
UIomaae 1 00LEMOB.
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OxyaKaeHne HaJJAyBOUYHOTO BO3JyXa B TEIUIOMC-
MOJIB3YIOIIEH YCTaHOBKE OXJQXKICHHS O TeMIlepa-
Typel HIDKE TEMIIEpaTypbl BO3IyXa, OXJIaKIaeMOTO
B TpaxunuonHoMm BojasHoM OHB, obecrieunBaer cokpa-
IICHHE YACTHHOTO be u oOmiero B, pacxooB TOILIMBA.
Pe3ynbTaThl pacdyeToB CHIDKEHUS YACIBLHOTO pacxoja
torumuBa Ab,, monHoro pacxona Ttomnmsa MOJI map-
ku 5S60ME-B8.2-TII ¢pupmer «MAN B&W» (3 dek-
THUBHAsI MOIIHOCTHL B TOYKE L1 — N: = 11900 kBt
1 9KCIUTyaTalMOHHAs N: = 10000 xBt) B abcoimot-
HBIX AB, W OTHOCHTENBHBIX ABe
Ka3bIBAIOT, YTO MPAKTUYCCKH HA MPOTSHKCHHH BCETrO
peiica yMeHBIIEHHE YAETHHOTO pacxoja TOIUIHBA CO-
crapnser Ab, = 2,0 r/(xkBT - 4), oTHOCHTEJIbHAS SKOHOMHUSI
MOTPeOIICHUS TOIUTHBA ABe = 1,1...1,2%, a abcomoTHas
skoHoMus moTpebienus Tormsa AB, 3a petic st MOJI
C JKCITyaTallmoOHHON MoIHOCThi0 10 MBT cocTaBmsier
0K0JIO 18 T MO cpaBHEHMIO C TPAJAULUOHHON CHUCTEMOMU
OXJIKIeHUsT HaJyBouHOro Bo3ayxa MO/, OtHocu-
TeJbHAS 3KOHOMUS TIOTPEOJICHHS TOIUIMBA YBEIHMYHUBACT-
Cs1 TIPH MCTIONB30BAHNH TETIONCIIONB3YIOIIEH YCTaHOBKHI
OXJIXKICHUS HA CYAax C IJIaBHBIMH JBHUTaTCISIMH OOJIb-
IIMX MOIIHOCTEH.

Bbut mpomsBeieH pacyeT cpoka OKymaeMOCTH TeTrIo-
WCTIOJIB3YIOMIEH YCTAaHOBKU OXJIQXKICHUSI HAJTyBOUYHOTO
BO3/IyXa ITIABHOTO nBHrarens Oamkepa Tuma «Libertas»
¢ maBHbIM asurareneM SS60ME-B8.2-TII (mourHOCTh
B Touke ontumusamud N, = 10500 kBr; skcrutyaranuon-
Has MomHocTs N, = 10000 xkB).

IIpu 5TOM KamuTanbHBIE 3aTPaThl HA TEIIOMCIIOIb-
3VIOIIYI0 YCTaHOBKY OXJIaKICHUS BO3Ayxa Ha Bxozae /]
paccuuThiBad Ucxonsd u3 MomHoctu ['J[ B Touke on-
THMHU3alEK N, a COKpalleHHe MOTPEONeHUs TOIIMBa
JIBUTaTesieM — MPH SKCILUTYaTallMOHHON MOIHOCTH N,
Koropas MeHblie N,. Pesynbrarel pacueToB IOKa3aiu,
YTO CPOK OKYHNAaeMOCTH 3aBHCUT OT CTOMMOCTHU TOIUIMBA
1 TIPH COBPEMEHHOI! IIEHE COCTABISAET MEHEE ABYX JICT.

BCINMYHUHaAX II10-
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Puc 3. YnenbHblid pacxos TOIIMBA JIBUTATEN b, B 3aBUCUMOCTH OT TEMIIEPATYPhI HAITyBOYHOIO BO3/lyXa £, IIPU MOCTOSHHON Ha-
IPY3KE JIBUTATENS U Pa3IM4HbIX TEMIIEPATYpax BO3IyXa Ha BXOIE £
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BBIBOJDbI. [loxazaHa BO3MOXHOCTb YCTAaHOBKM YHMBA€T COKpAIEHHE PEHCOBOT0 pacxoja TOIUIMBA Ha

TEIJIOUCTIONB3YIONIe ycTaHoBKM oxinaxaeHuss B ma-  1,0...1,6% u rogoBoro — 1,0...1,5%. Ilokazana neine-
IIMHHOM OTJeNicHHH cyiHa. OmpeNeneHbl YCIOBHs 3KC-  COO0Pa3HOCTh JaHHOTO PEHICHUS YTIUIH3AIUU TEIUIOTHI
wiyaraiuu JIY TpaHCHIOPTHBIX CYNOB, MPH KOTOPBIX ¥ PACCUUTAH CPOK OKYIAEMOCTH TCIUIOUCIONB3YHOIICH
YTHIU3AIMs TCIUIOTHl HAJUTYBOYHOTO BO3IyXa OOCCIe-  CHCTEMBI OXJIaXICHHS HaUTyBOYHOTO Bo3mayxa it MO/I.
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