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Pe3ynbTaTbl 3KCNepMMeHTanbHbIX UCCNIeA0BaHUM reHepaToOpPHbIX Y3NoB
abCcopOLMOHHBLIX XONoAUNbHbLIX NPUOOPOB, paboTaloWmX B LUUPOKOM
Anana3oHe TemnepaTtyp OKpyXalLlien cpeabl

A. 0. Xonookoe, A. C. Tumnoe
Opnecckas HaMOHANbHAS akaneMus numieBbIx TexHonoruit (OHAIIT), Kanatnas, 112, Onecca, 65039
B e-mail: titlov1959@gmail.com

Ilpeocmaenennvl pe3ynbmamsi IKCHEPUMEHMANLHBIX UCCIEO08ANHUL 2EHEPAMOPHBIX Y3106 ADCOPOYUOHHBIX XOIOOUIbHBIX
npubopos 6 duanazone memnepamyp 6030yxa oxpyscaioujelt cpeowvt §8...34 °C. Iloxazana HeobX00UMOCmb YCMAHOBKU
MEeNnIoB0U UOTAYUY HA Bcell ONuHe NOOBLEMHO20 YYACmKa Oedaezmamopa, npudem Osi pa3IUYHbIX MEeMNePAnypPHbIX
VCI0BULL IKCHIYamayuy MmeniomexHuyeckue Xapakmepucmuku meniousonsayuy 00adicHul usmenamocs. Onpedenena
ONMUMANbLHAS MEeMNepPAmypd, XapaKxmepusyloujdst NOA0NCEHUe QPOHMA UHEPIMHO20 2a3d 8 KOHOEHCAMOPe X0NA00UNbHO-
20 azpecama. Ilokazano, umo cooepicanue 005IHO20 NAPA 8 CMECU C AMMUAKOM 00 4 % ne CHudcaem uHmeHCUSHOCMU
npoyecca ucnapenusi, a no3eoisiem 00 MUHUMYMA COKPAMUMb 6pemMsi nyckogo2o nepuooa. Ilpednoscen suepeocbepe-
2arowuil cnocob ynpaeienus ab6copoOYUOHHbIM XOL00UTbHLIM NPUOOPOM, NO3GOISIOUUT CHUZUIND IHEPLONOMpedieHUe 8
WUPOKOM OUANA30He memMnepamyp 8030yxa okpyicaioweti cpedwvt 00 36 %.

Knrwouegvie cnosa: abcopbyuonnviii Xon100unbHblll NPUOOP, IKCNEPUMEHMATbHbIE UCCIe008AHUSL, 2CHEPAMOPHbIIL Y3e,
Oeghneemamop; dHepeemuyeckas dQPHeKmusHocmy, GIUAHUE MEMRePamypbl OKpyscaouyeli cpeovl

Pe3ynbTaTtyn eKcnepuMeHTanbHUX AOCHiQKeHb reHepaToOpHUX BY3JliB
abcopOUiMHNX XonoaunbHUX NpPUNaaiBe, WO NpPauroTb B LULUPOKOMY
AlanasoHi Temnepatyp HaBKOJIMLWLHbLOro cepeaoBuLLa

A. 0. Xonookoe, O. C. Timnoe
Opnechbka HalliOHaIbHA aKajeMis XapuoBUX TexHosorii, Kanarua, 112, Omeca, 65039, Ykpaina
D4 e-mail: titlov1959@gmail.com

Ilpeocmasneno pe3ynrbmamu eKCnepuMenmanbHux 00CAi0NHCeHb 2eHepamopHUX 8Y3/1i6 aOCOPOYIIHUX XOL0OULLHUX NPU-
1a0ig 8 OlandazoHi memnepamyp nosimps HA8KOAUWHb020 cepedosuuya §... 34°C. Ilokazano HeobXiOHICMb YCMAHOBKU
menio6oi i301ayii Ha BcCiti 008JCUHI NIOUOMHOT OiNAHKU Oeghieemamopa, npuyomy OJid PI3HUX MeMNepamypHux ymos
eKcnyamayii meniomexHiuHi XapaKmepucmuKky menuoizonayii nogunti sminoeamucs. Busnaueno onmumanvuy mem-
nepamypy, AKa XapaKxmepusye cmat Gponmy iHepmHo20 2a3y 8 KOHOeHCamopi Xon00unbhozo azpezamy. Ilokasano, wo
emicm 8005HOI napu 6 cymiwi 3 amiakom 00 4% me 3HUICYE THMEHCUBHOCMI NPOYECY BUNAPOBYBAHHS, A 00360JIAE 00
MIHIMYMY CKOpOmumu 4ac nyckogozo nepiody. 3anpononosano enepeozbepicaiouuti cnocié ynpasiinua abcopoyitinum
XONOOUNIbHUM NPULAOOM, WO OO03BO0JIAE 3HUSUMU eHEP2OCHONCUBAHHA 6 WUPOKOMY OianazoHi memnepamyp noGimps
HABKONUUHBO20 cepedosuya 00 36%.

Kniouogi cnosa: abcopbyitinuii Xon00unvHull npuiad, exCcnepuMenmanvhi OOCHIONHCEeHHA, 2eHepAmOPHULl 8y301, Oe-
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1 BBepneHue

HecmoTps Ha HEOONBIIYIO AOMIO B aCCOPTUMEHTE MO-
Jienieii OBITOBOM XOJIOAMIBHON TexHUKH (B cpemuem 5-10 %
[1]) OGwrToBBIE aGCOPOIMOHHBIE XONOAMWIBHBIE MPHOOPHI
(AXII), B cocTaB KOTOPBIX BXOIHUT aOCOPOIIMOHHBIN XOJI0-
JTeHBIN arperat (AXA), ONB3YIOTCS CIPOCOM Ha MHPO-
BOM pBIHKE OBITOBOW XOJIOMMIBHOM TEXHUKH Onaropaps
HMIMPOKOMY AMANa3oHy pabouux Temmneparyp — OT MHHYC

4

24..munyc 18 °C (mnmurensHOE HU3KOTEMIIEPATYpHOE Xpa-
HeHue) 0 12 °C (xpaHeHue I0JO0BOIIHON NPOAYKLUHUU U
OXJIKJEHHBIX HAITUTKOB), & TaKXKe KOMIUIEKCY MPHUCYITUX
TOJILKO UM Ka4eCTB Kak: OECIIyMHOCTh B paboTe, 4TO Jela-
€T UX MPAKTUYECKH HE3aMEHUMBIMH B TOCTHHHIIAX, OQH-
cax, KaOWHeTax, >XWIBIX KOMHATax, OONbHUIAX W T.1I.);
BO3MOXHOCTH PaOOThI HA HERJIEKTPUIECKUX SHEPTOHOCUTE-
nsX (TIpUPOJHBINA Ta3, AU3ENBbHOE TOTUIMBO, OSH3WH, Kepo-
CHH, TIPOTaH-0yTaH, OMOTa3, YHEPTUS COTHEYHOTO H3Iyde-
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HUA, BhIXJONHBIE ra3bl [IBC); BO3MOKHOCTh HCIONB30Ba-
HUSI B OJJHOM alrapare pa3sIMuHbIX MCTOYHUKOB YHEPTHUH,
HarpuMmep, nepeMeHHsli Tok (220 B), nocrosaubIi TOK (12
B u 24 B), ropenoutoe ycrpoiictso [2].

Kpome storo, AXII umeroT cieayromye npeumMyIiecTa
repes LIMPOKO PaclpOCTPaHEHHBIMH KOMITPECCHOHHBIMU
MozensaMu [2]: BBICOKas HaleXHOCTh M JIUTEIBHBIN pe-
Cypc OKCIDTyaTallid H3-32 OTCYTCTBHUS B KOHCTPYKIHMAX
KOMITPECCOPa; BO3MOYKHOCTh pabOTBI Ha JIIEKTPHUECKHUX
HCTOYHHMKAX HU3KOTO KadecTBa (JMana3oH HANPSDKCHUS B
cetu 160..250 B); Oomee HHU3Kasg ceOESCTOMMOCTH (HM3-3a
OTCYTCTBUSI B KOHCTPYKIHMSX I[BETHBIX METAaJUIOB), a, Clle-
JIOBaTEeNbHO, JOCTYIMHOCTh LIMPOKHM CJIOSIM HAacEJICHHUs.
HemanoBa)KHBIM MOJIOKUTENBHBIM aCIEKTOM MPOHU3BO/ICTBA
AXII siBsieTcss U 3KOJIOTHYecKass 0e30MacHOCTh pabodero
Tesna (BOJOAMMHAYHOTO pacTBOpPa C HMHEPTHBIM Ta30M-
BOJIOPOIOM), YTO HCKIIIOYAET JOPOTOCTOSIINE MEpPOIpHs-
THSI 110 TIepeXoy Ha IPUPOJHBIE XJIaJarcHThl, a HeJaBHUE
uccinenoBanus OuepersiHoro F0.A. [3] nokazanu nepcoex-
TUBBI Hcnonb30BaHus AXII xak Ha aBTOMOOWIBHOM (TIpU
TpsCKE), TaK ¥ HA PEYHOM M MaJOM MOPCKOM TpPaHCIOPTE
(mpu HakiIOHAX U qUdPepeHTax).

Bwmecte ¢ TeM AXII UMEIOT MOBBILIEHHOE, IO CpaBHE-
HUIO C KOMIIPECCHOHHBIMU aHAJIOTaMH, YHEPronoTpediIeHue
IPU DKCIUIyaTalluyd U3-3a TEPMOJMHAMHYECKOTO HECOBep-
[ICHCTBA abCOPOIIMOHHOTO XOJOAWIbHOTO mnukia [4],
HaJIMYMsl MaJOMHTEHCHBHBIX IU(QY3HOHHBIX MPOIECCOB
MaccooOMeHa B ucnapurene u abcopbepe [S] u morepw,
CBSI3aHHBIC C BBINAPHBAHHEM M IOCIENYIOIIEH TpaHCIop-
THUPOBKOI aMMHaKa U3 TeHEPATOPHOTO y3Jla B KOHICHCATOP
U Janee ucrnapuTens [6].

CHUCTeMHBIN aHANH3 TIOKa3aj, 9T0 HanOombIImid 3¢ dext
B 3HeprocOepexeHnu mpu 3kciuryatanuu AXII npu MuHH-
MaJIbHBIX U3MCHEHHSAX KOHCTPYKIHH MOXET OBITh JOCTHT-
HYT NIPA COBEPIICHCTBOBAHHU PEKMMOB PaOOTHI reHepa-
TOPHBIX y37OB [/], B YacTHOCTH, MpPH ONTHMAIBHBIX, B
YacTH TPAHCIIOPTHBIX IOTEPh, PEKUMAX TPAHCIIOPTUPOBKH
amMMHaka B KoHIeHcaTop AXA BO BCeM AMana3oHe TeMIle-
paryp Bo3jayxa OKpysKaroliei cpesi [6].

Kak ormeuanoch paHee, NMpHM HHU3KHX TeMIIepaTypax
BO3/lyXa OKpYXalolled Ccpeabl Ha MOABEMHOM Y4YacTKe
nedaerMaTopa BO3HMKAIOT HEPACUETHBIE IMOTEPH, CBS3aH-
HBIE C JJONOJHUTENbHON KOHJEHCAIMeH YHCTOr0 aMMHaKa
[6].

Pemenne Takoif 3agaun B OOJIBIIMHCTBE CIydaeB CBO-
JMTCSI K CcO3/aHui0 0a30BbIX (usmueckux mojeneit [8],
o0ecrieunBaroNIMX HEOOXOANMBIN IHEPreTHUeCKUH BBIXOJ,
OJIHAKO, MPU ITOM JaJieko He BCeraa MPUHHMAIOTCS BO
auMmanue [9] wmm ynpomarorest [10] ocobeHHOCTH pealthb-
HBIX MPOLIECCOB I'MPOJMHAMHKU U TEIUIOMAaCCOOOMEHa.

[TosTOMY OCHOBHOE HAIpaBJeHUE COBPEMEHHbBIX HCCIIe-
JIOBaHMI HAIEJICHO Ha Ka4eCTBEHHOE IOJYy4YeHHE IKCIIepH-
MEHTaIIbHBIX TaHHBIX.

DKcneprMeHTaIbHbIE MCCIICIOBAHUS B HacTosAlIeH pa-
6oTe, BO-TIEPBBIX, MpeIHA3HAYCHBI IS ONpPEIENICHUs cTe-
MIEHN JIOCTOBEPHOCTH Pa3pa0OTaHHBIX METOJUK MOJEIHPO-
BaHMS TEIUIOBBIX PEKUMOB JiedyierMaropa B COCTaBe I'eHe-
patopHoro y3ia AXA [9, 10], B ToM 4ucie U NPHUHSITBIX
JIOTYIIEHUH.

Bo-BTOpBIX, 115 pa3paboTKH 3HEProcOeperaroImux Cro-
coboB ympaBmenuss AXII HeoOxomuma wuHpopMmamus o0
0COOEHHOCTH O3KCIUTyaTallud BCEX JJIEMEHTOB KOHCTPYK-
UM, KaK B LIMPOKOM [JHana3oHe TeMIlepaTyp BO3IyXa
OKpYIXKalollel Cpe/ibl, TAK M IyCKOBBIX U MEPEXOJHBIX pe-
KHUMax.

OTH J1BE TJIaBHBIC 3a7a4K HACTOSIIMX IKCIICPUMEHTAIIb-
HBIX UCCJIEJIOBaHMUH.

Jnst perieHus MOCTaBJICHHBIX 33/1a4 HEOOXOJMMO OIpe-
JICTIUTh TeMIIEpaTypbl B XapakTepHbIX Toukax AXA u ka-
Mepe XOJOAWIBHOTO MpHOOpa COIJacHO HOPMAaTHBHBIM
TpeboBaHusM [11], mpu pazaMYHBIX 3HAYEHUSIX TEIUIOBOH
Harpy3ku B reHeparope AXA u TemmepaTypax OKpyXkaro-
mel cpelpl B CTAlMOHAPHBIX, IMYCKOBBIX M IEPEXOTHBIX
pexxumax. IlpoBecTn SKCHEpHMEHTANbHBIC HCCICAOBAHUS
TemoBbIX pekuMoB AXII cremyer mpu pasmHYHBIX yCio-
BHSIX TEIUIOOOMEHa Ha TIOJbEMHOM yJacTKe aediermaropa.

TaxkoBBIMH SBISIOTCS 3aJaddl SKCIIEPUMEHTAIBHBIX HC-
ClIeZIOBaHUIl.

B kauectBe 00bEKTa SKCHEPHMEHTAIBHBIX HCCIEN0Ba-
Hull ucnonszoBanu AXII mpousBojacTBa BacuibkoBckoro
3aBOJia XOJIOJMJIBHUKOB, pa3pabOTaHHBIH COBMECTHO CO
cneruanuctaMmu OHAIIT u 3amuiueHHblil OXpaHHBIM J10-
KyMeHToM [12].

AXII mpencraBnseT co00il 0JHOKaMEPHBIH XOJOIMIIb-
HUK ¢ xomonmwibHO# kamepoil (XK) um Hm3KOTeMmeparyp-
M otaencHueM (HTO) mapku «Kmes-410 AIII-160»
(pucynok 1). B oTnuumu ot OonpOIMHCTBA Mojeneil ad-
copbumonubIX xonommibHIKOB AXIT mmeer HTO B BHIE
QTIOMHUHHEBOTO KOpoOa, a HWCHapureib abCOPOIIMOHHOTO
XOJIOAUIBHOTO arperara pacroiokeH B THAPOTEIION30IH-
PpOBaHHOM Kopobe.

Pucynox 1 — O6uwmii Bug o0bexTa
IKCIEPUMEHTAIIbHBIX HCCIIEIOBAHUIM

MeroauKa MPOBEECHNS SKCIEPUMEHTAIBHBIX HCCIIE10-
BaHMH pa3padOTaHa Ha OCHOBE HOPMAaTHUBHBIX TPeOOBaHWH
[11] u ombrTa apyrux uccnemxosareneit [13].

B mporiecce 3KCIepUMEHTAIBHBIX UCCIIE0BaHUIH T10/1a-
BaJlach M PETUCTPUPOBAACh TEIIOBAsk HArpy3Kka B reHepa-
Top-Tepmocudon AXA B nuamazoHe 3HadeHuit 60-150 Br.
B HecTalMOHapHBIX PEKMMaXx MOJBOJA TEIJIOBON HATPY3KH
B IEPEXOAHBIX PEXHMaX PErucTPUPOBAIOCH CYTOYHOE
notpebJIeHne 31eKTposHepruu. McecenoBanust IPOBOIUIN
B JMana3oHe TEMIIepaTyp BO3[yXa OKpYXaiollel Cpebl
or8...11 °C no 31...34 °C.

Jnst u3ydenuss 0coOEHHOCTEH IKCILTyaTaluu OBITOBOTO
AXII B mIMpOKOM JHana3oHe TeMIlepaTyp BO3IyXa OKpY-
JKaroIed cpensl M TPOBEPKH paHee cHOpMyTHPOBAHHBIX
MIOJIOXKEHUH Ha NMOABEMHOM ydacTke Jediermaropa JOmoJl-
HUTENBHO YCTAHABIIMBAJICS TEIIOU30JISIIIMOHHBIA KOXKYX M3
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CTEKJIOBOJIOKHA. Bo Bcex ciywasix B Iporecce NpoBeieHHs
9KCIIEPUMEHTAIBHBIX ~HCCIICAOBAHUN PETHCTPUPOBAINCH
Temneparypsl: eMeHToB AXA B 14 Toukax, Ipu 3TOM
OCHOBHOE BHHUMaHHUE YJENSUIOCh jAeduierMaropy — Ha HeM
ycraHoBuiaHM 10 JaT4MKOB TeMIlepaTyphl; peOpa NaHenu B
XK B 30HE yCTaHOBKHM THIIOBOTO JaT4HKa TEMIIEPaTypbI
TEPMOpENE CHCTEMBbl NO3ULMOHHOrO yrpasieHus AXII
«Kues-410 AII-160»; Bo3gymHoro oobema HTO n XK B
COOTBETCTBHH C HOpPMAaTHBHBIMH TpeOoBanmsmu [11]; BO3-
JlyXa OKpPY>KaroIEel Cpeibl.

Pe3ynbpTaThl 3KCIEpUMEHTAIBHBIX HCCIEAOBAHUN pas-
TUYHBIX pexxnMmoB paborel AXII mpexncTaBneHsl B BHIE
3aBUCHMOCTEH TEMIIEpaTypbl B XapaKTEpHBIX TOYKaX OT
TEIJIOBOW Harpy3ku reHepaTopa-TepMOCHU(OHa M pas3ind-
HBIX TEMIIEpaTypax Bo3jayxa OKpyKaroue cpesibl.

2 Pe3ynbTaTbl 3KCNepuMeHTanbHbIX UccnegoBa-
HUW N UX aHanus3

Ha nepBoM 3tare ObLJIO MPOBEACHO CPABHEHUE PE3YJib-
TaTOB MOJICIIUPOBAHUS TEILIOBBIX PEKUMOB Jediiermaropa
U DKCIIEPUMEHTAIbHBIX TaHHBIX. Pe3yabTaThl CpaBHHUTEIb-
HOTO aHanu3a Juisi aeduermMaropa 0e3 TeIIoBON H30JIAIHN
WA TPpaAUIMOHHOT'O UCIIOJTHEHU MPUBCJICHBI Ha pI/IC.z-S.

WX aHanmm3 mokasbIBaeT, YTO UMEET MECTO XOpollee Ka-
4eCTBEHHOE coriacoBanue. DYHKIMOHAIbHBIE 3aBHCHUMO-
CTH YKJIQJIBIBAIOTCS B Uana3oH, Ha mpesbimaomuii 5 °C, a
B CpelHeM, pa3HOCThb cocTaBiseT mopsanka 3 °C. Makcu-
MasbHasi norpemHocTh A0 10 °C Habirogaercst Ha HavYalb-
HOM y4YacTKe, NpPUYEM pPAacuETHbIC TEMIIEPATyphl BCeraa
BbIIIE peanbHbIX. Kak mokasan aHamms, 3TO CBSI3aHO C He-
YUYTCHHBIMH [IPU MOJICIIUPOBAHUH TEILIOBBIMHU MOTEPSIMHU OT
TemIoo0OMeHa ¢ OKpYXKalollel cpemoi A0 BXoJa Ha Jie-
(ermarop.
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Pucynox 2 — PacyetHble U 3KCIEpHUMEHTAIbHbIC 3HAYCHUSI
TEeMIepaTyp IMOJIBEMHOTO HE3aKPHITOTO TEIUIOM30JIAIINeH
yudacTka aedermMaTopa Hmpu TEMIEpaType BO3AyXa OKpy-
xaromeil cpeapl 10 °C u mpu pa3IMYHBIX 3HAYCHUAX TETI-
JIOBOM HArpy3Ku reHepatopa-repMocudoHa
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Pucynox 3 — PacyeTHble U SKCIIEpUMEHTAJIbHbBIE 3HAYCHUS
TeMIeparyp IOJBEMHOTO HE3aKpPHITOTO TEIIOU30JIAIuen
ydacTka geduiermMaTopa IpH TeMIIepaType BO3LyXa OKpY-
skatonieil cpenpl 25 °C U npu pa3iIM4HbIX 3HAYEHHUAX Tell-
JIOBOH Harpy3Ku reHepaTopa-repMocudoHa

[IpuBeneHHBIC HA PUCYHKAX 2 U 3 pe3ysbTaThl MTOKA3bI-
BAalOT M POCT ypOBHS paboumx Temmeparyp Ha aediermMaro-
pe IpU COOTBETCTBYIOUIEM YBEJIWYEHUH TEMIIEpaTyphl
HapykHoro Bosayxa: npu 10 °C — sto 30...40 °C, a npu
25 °C. —42-52 °C.

PesynbraThl, mpeicraBlieHHbIE Ha pUCYHKax 3-7, ciy-
)KaT OTBETOM Ha BOIIPOC O MPHYMHAX HEpabO4Yero cocros-
HUsE AXA TIpu 9KCIUTyaTaluy B YCJIOBUSX HU3KHX TeMIlepa-
TYp BO3/yXa OKpy»Xarollen cpeasl, B HamieM ciydae 10 °C.
Tak, moirydeHHbIe Pe3yJIbTaThl MOATBEP)KAAIOT CIIOKUBILIHU-
ecs IpecTaBiIeHUs 0 (U3NIecKux mporeccax [14], mpoxo-
JSIMX B jaeduiermMarope — MakCHMallbHas OYHCTKa Iapa
BojoammuauHoii cmecu (BAC) mpoxoauT Ha HavalbHOM
y4acTKe ¢ MAaKCHUMAJlbHBIM OTBOJIOM TeIlIa B OKPY’KAIOIIYIO
cpeny. Ha xoHeuHOM yuacTke nediermMaTopa Temmeparypa
HIDKE, YeM TeMIlepaTypa HACBIIMEHUs YHCTOr0 aMMHaka
49°C [15], maxke ¢ y4eTOM pacUeTHBIX MEPEnaoB TeMIepa-
Typ Mexnay cTeHkoi u motoka BAC. Takum ob6pasoMm B
KOHIIe TIOJTLEMHOT0 yJacTka Aeduiermaropa (mepej; BX00M
B KOHAEHCATOp) HaxoauTcs (POHT WMHEPTHOro Tasa-
Bojopona. /IuHamuueckoro Hamopa mnotoka napa BAC
HEJI0OCTaTOYHO, YTOOBI OTTECHUTH ()POHT B KOHAEHCATOP H
Ha4aTh MpPOLECC CXKIDKEHUs aMMHaka. B sTom pexume,
HECMOTps Ha MOJBOJ TEIUIOBOM HEPrHMU M MPOLECCH Ma-
pooOpa3zoBaHusi B reHeparope-tepmocuporHe AXA Xomo-
JIWTBHBIN a0COPOITMOHHBIN IUKIT HE 3aITyCKaeTCs.

[Ipu Temmeparype Bo3ayxa okpyskaromeit cpeast 25 °C
Pa3HOCTH TEMIIEPATyP MEXKIY CTEHKOW M BO3IyXOM CHHXKa-
ercsa. VHTEeHCHBHOCTh TEIUIOOOMEHA MajaeT U, COOTBET-
CTBEHHO, TIOTEpU OT HEpacyETHOM KOHJIEHCAIIMM Iapa aM-
MHaKa Ha MOJBEMHOM Y4YacTKe CHIKaroTcs. JmHammuye-
ckuil Hanop notoka BAC yBenuuuBaeTcsl 1 MHEPTHBIN ras
BBITECHSIETCSA B KOHJEeHcaTop. Jlanee map aMMMaka CoKHMXKa-
eTcsl C OTBOJIOM Teruia (pa3oBOro Iepexo/ia B OKPY>KarouIyIo
Cpelly M CTeKaeT II0 HaKJIOHHOW TpyOe KOHAeHcaropa B
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UCrapuTesb, TIe 3aIyCKaeTcsl MpoLece MPOU3BOJCTBA HC-
KYCCTBEHHOT'O X0JIO/1a.

Ha pucynke 4 mpuBeneHbl pe3yjbTaThl dKCHEPHUMEH-
TAJIBHBIX MCCIICIOBAHUH TEMIEPaTypHBIX IOJIEW ITOIbEM-
HOTO «aaMabaTHOro» ydacTKa JiedierMaropa Mpu pasiind-
HBIX 3HAYCHUSIX TEMIIEpATyp BO3JlyXa OKPY)KAIOIIEH cpeibl
U pa3iMYHBIX 3HAYCHUSX TEIUIOBOIl Harpys3KH IeHepaTopa-
TepMocudoHa.
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Pucynok 4 — Pe3ynbTaTsl SKCIIEPUMEHTANBHBIX HCCIIEA0BA-
HUH TEMIEpaTypHBIX MOJIEH MOJBbEMHOr0 «aanabaTHOTO»
ydacTtka aediermMaTopa npy pasjiiuHbIX 3HAYCHUSIX TeMIIe-
paTyp BO3lyXa OKDPY)KalOlIeH CpPelbl U PAa3JIMYHBIX 3HaYe-
HUSIX TETUIOBOW HAarpy3KH reHeparopa-tepMocudoHa.

31ech TEPMUH «aauabaTHBIN» y4JacTOK OTHOCHTCS K
TEIUIOBOU M30JsIMK U3 crekiaoBosiokHa A =0,056 B1/(m-K)
¢ HapyXHbIM auaMeTpoM 80 MM, YCTAaHOBIEHHOW Ha M3HA-
YaIbHO HE3AaKPBITBIM TEMJIOBOH W3OAIMEH IOJbEMHOM
ydJacTKe JuaMeTpoM 16 mm.

CpaBHeHHE ¢ pacdeTHBIMH PE3yJbTaTaMH HE IPOBOJH-
JIOCh W3-3a OTCYTCTBHS TIOCIECOHMX ISl CTalMOHapHOTO
pexxnma paboThI (TTociIe BBIXO[a Ha PEKIM).

Pe3ynbraThl SKCTIEPUMEHTAIBHBIX HCCIEIOBAHUH TIPH
CPaBHEHUM C pacUETHBIMHM TaKKe ITOKa3bIBAIOT HE3HAUH-
TeNbHBIM Mepenaja TemIepaTryp IO BBICOTE MOJBEMHOIO
yuyactka neduiermaropa. Tak, npu TemoBoil Harpyske 150
Bt mepenax coctasnser 2 °C, Kak B yCIOBUAX YMEPEHHBIX,
TaKk ¥ HU3KHX TEMIepaTyp BO3IyXa OKPYKaroIled Cpembl.
AHanorugHas CHUTyanus W A PEXHMOB C MEHBIINMU
TEIUIOBBIMH Harpy3kaMu. MakcuMasbHBIE Mepenaja TeMIe-
partyp 1o BbIcOTe Aeduiermaropa HabI0qaeTcs Ipu TEIIo-
Boil Harpy3ke 70 Bt u cocrasnser 5 °C.

IIpu cHMXEHMH TEIUIOBOW Harpy3ku B TeHeparope-
TepMocU(oHe HaOII0aIOCh U CHIDKEHNE YPOBHS TeMIlepa-
Typ Ha IOJbEMHOH yuacTke aeduiermaropa: npu 150 Bt —
s10 107...108 °C; mpu 100 Bt — 106...104 °C; npu 75 BT -
105...100 °C. Takas TeHIeHIUS OOBICHAETCS PEATbHOMN
«HeaanabaTHOCTRIO» TETUIOM30JIIIMOHHOTO KOXKyXa TOXb-
e€MHOM YacTh JediermMaTopa U, XOTs U He3HAYUTEIbHBIMH,
HO TETUTOBBIMH MTOTEPSIMH B OKPYIKAIOIIYIO CPEIy.

Tem He MeHee Hanuuuhe TEIUIOBOM H3OJALUM 3HAYU-
TEJIBHO YIYy4YIIAeT TPAHCIOPTHBIE BO3MOXKHOCTH MOJbEM-
HOTrO ydacTka jaeduierMaTopa MOXXET PacCMaTpUBATHCS B
Ka4yecTBe NPEIUIOKEHUH 00 JHEpreTHYecKOM COBEpLICH-
crBoBaHuM ObIToBBIX AXII nanHOrO THMA.

Ha pucynke 5 npencraBieHa SKCriepuMeHTalIbHAs 3aBU-
CHMOCTh TEMIIEpATyphl CTCHKH Ha BBIXOJE IOABEMHOTO
ydacTKa AediermMaTopa M TeMmIepaTrypsl Ha peOpe maHern
XK mpu temmeparype Bo3Iyxa OKpyskaromien cpeasl 25 °C
OT TEIUIOBOH Harpy3KH reHepaTopa-TepMocudoHa U MpHBe-
JICHO CpaBHECHHE «aqnabaTHOI» M HETSIUIOM30JIMPOBAaHHON
KOHCTpyKIMHU aeduiermaropa. Temmeparypa Hapy:KHOTO
Bo3ayxa 25 °C sBiaseTcd HOPMaTHUBHON IpU ONpeAeTIeHUU
CYTOYHOT'O SHEPronoTpeOeHus] OBITOBBIX XOJOIMIBHBIX
npubopoB Bcex THnoB [11]. 3HauuTEeNnbHOE OONBIIMHCTBO
OBITOBBIX  XOJIONMJIBHBIX MNPUOOPOB  IKCILTYyaTHPYIOTCS
MMEHHO B 30HE 3TOH TeMIepaTyphl.

AHanu3 TpeNCTaBICHHBIX HA PHCYHKE 5 pe3ysbTaToB
TIOKa3bIBAET IEPCIEKTUBHOCTh YCTAHOBKH «aAnabaTHOW»
TETIJIOBOH M30JIALMM Ha MOJBEMHOM ydacTke aedermaro-
pa. Bo Bce nmamasone TemnoBeix Harpy3ok 70...150 Br
MOJKHO 00€CTIeUNTh TpeOyeMble TeMITEpaTyPHBIC PEKUMBI B
o6bseme XK — e Boime 5 °C [11].

Ha mpencraBineHHBIX 3aBUCHMOCTSX TeMIlepaTypaM B
XK cOOTBETCTBYIOT U TeMIIepaTyphl Ha BEIXOJAHOM y4acTKe
nedaermaropa. Kak BUIHO, MakcHUMallbHasi XOJIOAOMPOU3-
BoAMTEIbHOCTE AXA COOTBETCTBYET TemiepaTypam Ha
BhIxoJIe neduiermaropa 60...65 °C mpu TEmI0BO# U30JIAIUU
MoABEMHOTr0 yuacTka u 45...55 °C npu 0TCYTCTBUU TEILIO-
BOM M30JSILUH, T.€. B CEPUHHOM HCIOJIHEHUHU. DTU 3Haue-
HUSI TEMIIEPATyp MOXKHO PEKOMEHIO0BATh U1 HICHTH(HKA-
UM PEKHUMOB C MAaKCUMAaIBHON XOJOAONPON3BOAUTEIHHO-
CTBIO HCIIapUTEIIS.
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Pucynok 5 — 3aBUCHMOCTD TEMIIEPATYpbl CTEHKH Ha BBIXO-
JIe TIOJIbEMHOT'0 yJacTKa Jieduiermaropa 1 TeMIepaTypsl Ha
pebpe nmanenn XK mpu Temmeparype Bo3myxa OKpYKaro-
meit cpenbt 25°C OT TEMJIOBOW HArpy3Kd TeHeparopa-
tepmocudona: 1,2(1,2") — nednermarop ¢ «anxuabaTHOI»
TEIUIOBOW m3ossreit (6e3 TerwtoBoil m3omsmmm); 11—
TemnepaTypa Ha pebpe manenmu XK; 2,2'— Temmeparypa
CTEHKH Ha BBIXOJIe IIOABEMHOI'0 YJacTKa aedermaropa.
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Ha pucynke 6 npezacraBieHa 3aBUCHMOCTb TEMIICpaTy-
PBI CTCHKH Ha BBIXOJIC MOIBEMHOTO yYacTKa aediaermaropa
U Temrepatypsl Ha peOpe manenu XK mpu Temmeparype
BO31yXa OKpy:karotei cpensl 32 °C OT TeIIOBOM HArpy3KH
reneparopa-repmocudoHa.

PaccMoTpeHsl Tpu ciywas: cepuiiHbI BapuaHT (0e3
TEIUTOBON HW3OJIAINN); MUHUMAJIbHAS TEIUIOBAs H3OJIALNS;
«agmabaTHas» TEIUIOBas M3OJLAIMA. MHUHUMAaNbHAs TEIlIo-
Bas W3OS MOABEMHOTO ydacTKa nedermaropa CooT-
BETCTBYET PEKOMEHIAIMAM, H3II0KEHHBIM B [16] u cocTas-
JISIET CJIOM TOMIIMHOM 3...4 MM M3 CTEKJIOBOJIOKHA.
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Pucynox 6 — 3aBUCUMOCTb TeMIIepaTyphl CTEHKU Ha BBIXO-
JIe IOIbEMHOT0 YJacTKa AediermMaTopa u TeMIepaTypsl Ha
pedpe manenn XK mpu Temrmeparype Bo3ayXa OKpYKaro-
meit cpenpl 32 °C OT TemjaoBOW Harpy3Kd IeHepaTopa-
TepMocu(OHA W YCIOBHH TEII00OMEHa ¢ BO3AYXOM OKpPY-
xaronted cpensl: 11 — nmeduiermarop ¢ «aamabaTHOM»
TEIIOBOW w3onsuueit; 2,2' — neduermarop 0e3 TErioBOR
n3osstnun; 3,3 — mederMatop ¢ MUHUMAJIBHOW TETIOBOM
m3omsinmeit; 1,2,3 — temmneparypa Ha pebpe manenn XK;
1,23 — TemmepaTypa CTEHKH HAa BBIXOJE IMOJBEMHOTO
y4dacTka neduiermaropa

[IpuBeneHHbIE pe3yNbTaThl MOKAa3bIBAIOT, YTO «ajaua-
OaTHBIN) KOXKYX B JKECTKUX YCIOBHUSX ODKCIUTyaTallud He
obecreunBaeT JOMKHBIA YPOBEHb TEMIIEPATYP OXJIAXKICHUS
B XK BO BceM Juana3oHe TEIJIOBBIX Harpy3ok. B mratHom
pexxume (6e3 Temtonsosun), HauuHas co 100 BT teruio-
BOM HArpy3kH TeHepaTopa-TepMOcH(OHA, YPOBEHb TEMIIC-
paTyp OXJIaXIEHHS COOTBETCTBYST HOPMATHUBHBIM Tpebo-
BaHUSM.

AHaorn4Hasi CcUTyalluss U C OOBEKTOM, 3aKpPHITHIM
«MUHUMAJIbHON» TEIJIOBOM HM30JLHUeH, HO YPOBEHb TeM-
neparyp oxiaxaeHus Huwxke 2...4 °C. YpoBeHb TeMIieparyp
Ha BBIXOJIe TIOJTLEMHOTO ydJacTka neduierMatopa, WISHTH-
(bunupyromux MakCUMaldbHbIE PEKHMBI OXJAXKIEHUS, CO-
crasisiet 74...75 °C.

Ecnu npuHATH BO BHUMaHUE pacdeTHbIC 3HAYCHUS TEM-
neparyp notoka BAC, To Temneparypa peajabHOro MoToKa
MokeT nexaTs B auanasone 100...105 °C. Otu remnepaty-

psl pu pabouem pasieHun 2,0 MIla cooTBeTCTBYIOT cO-
crasy BAC 0,96 [15]. 3mech MOXHO choenath BbIBOA 00
OTCYTCTBUM BJIMSHHS HEKOTOPOrO MaJjloro KOJIMYEecTBa
BoJbl (10 4%) B motoke BAC Ha X071010NPOU3BOAUTENb-
HOCTb UCTIAPUTEIISL.

Pannue wnccnenoBanus HuzkoremiepatypHeix AXIT c
ypoBHeM oxjaxzaeHus no muHyc 35...mMuHYC 30 °C He
MTOITBEPXKAAIOT Takod BBIBOX [17], ogHAKO 3TO MOXKHO
OOBSICHUTH 0COOEHHOCTSIMH HCIIAPEHISI )KUAKOW CMECH TIPH
HU3KHX TapruanbHbeIX gaBieHusx (mo 0,05 Mlla), korma
OSIBJIIETCS BIIMSHUE BCEX KOMITOHEHTOB [18].

OTH mapaMeTpsl MOKHO PEKOMEHJOBAaTh IS Pa3pabOTKH
CHCTEMBI YHEProcOeperaroiero yrnpasieHus npu padore B
KECTKHUX PeKMMax dKcIuryaranuu ositoBoro AXII.

Jnst u3ydeHust AMHAMUYECKUX PEeXMMOB BBIXOJIa U3 He-
pabouero cocrosiuss AXA ObUIO TpOBeAeHO 0000IIEHNE
pe3yJIbTaTOB SKCIEPUMEHTANBHBIX HCCIEJOBAaHUN (pHCY-
HOK 7).
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Pucynox 7— 3aBUCUMOCTb BpEMEHH NPOXOKIEHHUS NapOBOM
BAC uyepe3 nednermarop AXA mpu 3ammycke u3 Hepaboue-
IO COCTOSIHUS OT YHCJICHHBIX 3HAYCHUI TEIJIOBOW HArpy3KH
B TreHeparope-TepMocH(OHE B Pa3IMYHBIX YCIIOBHSX IKC-
IUTyaTalMy: TeMIlepaTypa BO3JyXa OKpYJKalolleld Cpebl:
11'-25°C; 2,2'- 10 °C; 1, 2 — nedrermarop 6e3 0MO-
HUTENILHOTO TemIoBol wm3omsium; 1,2'— neduermarop ¢
«aanadaTHOW» TEeIIOU30JIALUeH

AHanu3 TIPUBEACHHBIX PpE3yJbTAaTOB IIOKa3al MAaKCH-
MaJIbHYI0 CKOPOCTh MpojBmxkeHUs mnotoka BAC mnpu
150 Bt TemioBo#i Harpy3kud reHeparopa-tepMocH(OHa BO
BCEX CJIyyasiX, IPHYEM BO BCEM [HAaNa3oHE TEIUIOBOI
Harpy3Kd HauOOJbIIIMe 3HAYEHHS CKOPOCTH HAOJIOIAIOTCS
B CJIydae TEeIJIOM30JIALUH HOJABEMHOI0 yuacTKa Jediierma-
TOpA.

[IpuBeneHHBIE PE3yNBTATHl MO3BOJISAIOT PEKOMEH/IOBATh
JUIS PEKUMOB 3aIlycKa TEIUIOBY0 Harpysky 150 BT, xoto-
past COOTBETCTBYET U TPEOOBAHHUSIM KOPPO3HMOHHOMN 3aIUTEI
[19] — makcumanpHas Temmeparypa B TeHepaTtope TepMo-
cudone He npessimaer 170 °C [20].

Jlpyrum BBIBOJIOM M3 TAKOTO aHAIM3a MOXET OBITh pe-
KOMEHJAIM YCTAaHOBKH TEIUIOM3OJIAIMOHHOTO KOXyXa
nedimermMaTopa HE TONBKO JUIA CHIDKCHHMS NOTEph IpH
TpaHCHOPTE aMMHaKa B KOHICHCATOP, HO M CIHOCOOHOCTH
€ro COXpaHATh TeIIo B Hepabouwmii mepuon. Tak, mpu oT-
CYTCTBHHM TEIUIOBOI M30JIALIMU CTEHKH Kopiryca aedierma-
Topa B HEpaOOYHMIl MEpHOa IOCTATOYHO OBICTPO OTHAIOT
TEIUIO B OKpYXKarolyro cpeny. Haxonsmuiics B kaHane nap
KOHJIeHCcHpyeTcsi, a Ha ero mecto u3 III'K 3axoaut unepT-
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HbIi ra3. [lpu 3amycke TpeOyeTcs At BBITECHEHHs] MHEPT-
HOT'O ra3a HnporpeTh CTEHKH aediermMaTopa, 4ro Tpedyer u
TEIUIOBOW 9HEPruu, U BpeMeHH. Hannuue TeruioBoit u3oms-
LM MHOTOKPAaTHO CHIDKAET TEIUIOBHIE MOTEPU M CTEHKH
nediermaTopa B HepaOO4Mi IEPHOJ HAXOAATCS B MPOTrpe-
TOM cOCTOSIHUH. OCOOEHHO 3TO 3aMETHO NPH HU3KUX TEM-
nepaTrypax HapyKHOTO BO3[IyXa, Korga 0e3 JOMOJHHUTEINb-
HOM TEIUIOBOM HM3OJILMU JOCTATOYHO CJIOKHO 3aIlyCTHUTh
XOJIOJVIIBHBIN IIUKIL.

[IpoBeneHHBI KOMIUIEKC 3KCIEPUMEHTAIBHBIX HCCIIE-
JOBaHWH W X aHAIH3 MO3BOJIII IPEIIIOKUTD CIEAYIOIIHE
sHeprocoOeperatomue pexumsl ynpasinenus AXII, uccie-
JlyeMOoro THIIa.

Tak, B yCHOBHSIX IOHWXXEHHBIX TEMIeEparyp BO3IyXa
okpyxatomiei cpensr (8...15 °C), korma Haubosee Oiaro-
NPUSATHBL YCIIOBUSL JJISI TIPOU3BOJCTBA HCKYCCTBEHHOTO
X0JI0[1a, HO CYIIECTBYIOT IPOOJIEMBI C TPaHCIOPTHPOBKOM
mapa aMMHaka U3 TeHepaTropa-TepMocH(OoHa B KOHAEHCA-
TOp, MOKHO HCIIOJIb30BaTh KOMOMHHMPOBAHHBIN ITO3UIINOH-
HBI CHOCO0 TOABOAA TEIUIOBOH Harpy3ku. TpeOyercs
«annabaTHAs» TEIUIoBas W3OJLSIIMU ITTOJBEMHOTO YdYacTKa
neduermaTopa.

Taxo# pexuM M ero CpaBHEHHE C CO LITATHBIM (TEILIO-
Basi Harpy3ka 110 Brt) npuBenenst Ha pucynke 8. IIpose-
JACHHBIC UCIIBITAHUA TMOKa3aJInu B 3TUX YCIIOBHUAX CHUKCHUC
CYTOYHOTO 3HepromnorpebneHus, uccienyemoro AXII Ha
36 % — npu 110 Bt — 2,25 xBT-4/cyT, B KOMOMHUPOBAaHHOM
pexxume Temonoasona — 1,44 2,25 kBt u/cyt. Ilepexon ot

Q.Br

«popcaxnoro» pexxuma 3amycka 150 BT k «rexymemy»
70 Bt ocymiecTBisitoT npu npoxoxxaeHun noroka BAC mno
MOJJbEMHOMY YYacTKy nediermaropa. MoMeHT Iepexoja
OIIPEAEIIAIOT 10 TeMIlepaType B BepXHel 4yacTu aeduierma-
Topa 65 °C. OTKIIOYEeHHE TEIIOBOM HAarpy3ku NPOBOASAT
NP JOCTH)KEHUM 3aJaHHBIX 3HAUYEHHH TeMIlepaTyphl B
xapaktepHoi Touke XK.

B ycnoBusax pabotsr 6srToBoro AXII mpu ymepeHHBIX
TeMIeparypax Bo3ayxa OoKpyxkaromieit cpensl (16...27 °C)
npeanaraercst paboTaTh ¢ MOCTOSHHO-TIEPEMEHHOH TeTo-
BOW Harpy3Kku B T€HEpaTope-TepMOCH(OHE, IO aHAIOTHH C
W3BECTHBIMH  COOCTBEHHBIMH  peKOMeHaamsmu  [16]:
«oxaymuiny pexuM — 40 Bt; «rexymmit» — 70 Bt.

Ha mompemMHOM yuacTke nediermaropa HMCHONB3YeTCs
TemyoBas M30isALMs  «anuabatHoro» tumna. Ilepexon c
<OKITYIIET0» pPEeXMMa Ha «TEKYIIMH» MPOBOAMUTCS MO (HK-
callMy TEMIepaTypbl B BepxHel dactu nediermaropa
60...65 °C. OOpaTHbIil Iepexo] — MO0 AOCTIKCHUIO 3aaH-
HO TeMmiepatypsl B XK.

CHIDKEHNE 3HEpPromnoTpetNieHHss MO CPaBHEHUIO CO
IITaTHBIM TIO3UIHMOHHBIM  PETYINPOBAHUEM COCTABUIIO
18 %.

[Ipn pabore B yCIOBUSX IOBBIICHHBIX TEMIIEPATYp
BO37yXa OKpykatomei cpeasl ot 28 10 35 °C pexomeHny-
€Tcsd HCIONb30BaTh TEIUIOBYIO H3OJIIUIO IOJXBEMHOTO
yuactka nediermMaTtopa ¢ MHHHMAIBHBIM TEPMUYECKUM
conpotuBiieHHeM (pUcyHOK 9), HampuMep, yKa3aHHOTO B
HacTosIei padboTe THma.
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Pucynok 8 — CpaBHeHHE TO3ULIMOHHOTO CII0CO0a IT01a4u TEINIOBOHW Harpy3KH B T€HEPAaTOP-TepMOCU(OH
¢ KOMOMHHMPOBAaHHBIM TIPH TEMIIEpaType Bo3ryxa okpyxatomiei cpenst 10 °C. [Ipn KoMOMHUPOBAHHOM YIIPaBIICHUH
Ha MOJABEMHOM y4acTKe Ae(ierMaTopa yCTaHOBJIEHA «aJuabaTHas» TEMI0Bast H30ISIIUS
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Pucynok 9 — CpaBHeHHne KOMOMHUPOBAHHBIX CIIOCOOOB M10/1a4U TEILIOBOM HAPY3KH B FeHEPATOP-TePMOCU(OH
IpY TEMIIEpaType BO3AyXa oKpyskaromeit cpeanl 25 °C mpu pa3IUuHBIX YCIOBHAX TEIIOOTBOJIA C TOJBEMHOTO yJacTKa
nedaermaropa: 1(2) — Ge3 (¢) TEIOBOM U30JIAIUK MOABEMHOTO YIacTKa; 2 — Ha MMOJJbEMHOM y4acTKe Jediermaropa
yCTaHOBIICHA «aAnadaTHas TEeTUIOBAasT U30JISLUS

B stux ycnosusax npu 110 BT TemoBoit Harpy3ku re-
Heparopa-TepMOCH()OHa, KaK IPaBHIIO, PEXUM pabOThI
reHeparopa-TepMocudoHa «mocTosHHEI [21]. OcHOBHOE
TpeOoBaHME K XOJIOIWIBHOMY NpHOOpPY — obOecnedeHne
3aJIaHHOTO YPOBHS TeMIiepaTyp oxnaxaeHus [11].

C yueTom OoJbIIeH XOJI0IOTPON3BOANTEIBHOCTH HCIIa-
pHUTENS MpeIaraeTcsi PeXUM TEIUIOBOH Harpy3kd TepMo-
cudona-reHepatopa 150 BT, mpum KOTOpOM Ha HWKHEM
JMara3oHe TeMIepaTyp Hapy)KHOTO BO3AyXa pean3yercs
TO3WIIMOHHBIA peXHuM paboTHI, a BpeMs BBIXOJA M3 Hepa-
0ouero coctosHUS B pabouee — MUHUMAIBHO. DKOHOMUS
SHEPronoTpeOIeHNs, TI0 CPABHEHUIO CO INTATHBIMH PEXU-
MOM, IIpH paboTe ¢ Temneparypoil HapyxHoro 30...31 °C
BO31yXa cocTaBuio A0 4 %.

Crnenyer OTMETHTb, UYTO BBIACICHHE TPEX IUAMa30HOB
TeMIepaTyp HapyXHOTO BO3JyXa JOCTaTOYHO YCIOBHO U
MX TPaHUIIBI MOTYT HaKJIaJ(bIBAThCS IPYT Ha IpyTa.

Pe3ynbraThl SKCHEpUMEHTANBHBIX HCCIEAOBAaHHUM, IO-
NTydeHHBbIE B HacTosmeld paboTe, MO3BOJSIIOT CHOPMHUPO-
BaTh MCXONHBIE NMaHHbIC a1 maeHTuukammu AXII, xax
00BEKTa yIIpaBIICHHS.

10

3 BbiBOAbl 1 peKoMeHAaauum

1. BrImmomHEeH KOMIDTIEKC 3KCIIEPUMEHTAIBHBIX UCCIIEIO-
Banuid AXII tuna «Kues-410 AILl-160» oTedyecTBEHHOTO
MIPOU3BOJICTBA B JMANa30HE PEKUMHBIX MApaMETPOB: TEIl-
JoBasi Harpy3ka TreHeparopa-tepmocudona 60...150 Br;
TeMIeparypa BO3AyXa OKpyskaromed cpensl §...35 °C.
HccrenoBanust mpoBeneHs! IS yCIOBUH, MOJASTUPYIOIINE
pa3IMYHBIC YCIOBHUS TETIOOOMEHA ¢ OKPYXKAIOMIeH cpenoit
MObEMHOTO y4acTka nediermatopa AXA: «aanabaTHBIN»
PEeXUM; IITATHBIN pexkuM (0e3 TeIUIOBOW HM30JISIKN); TPO-
MEXXYTOUHBIA — C MUHUMaJIbHOMN TETIOBON M30JISLIUEH.

2. DKcHepuMeHTaNbHble UCCIEeI0BAHUS MOKa3alu Mpu-
€MIIEMYIO ISl HH)KEHEPHOIO IPOEKTUPOBAHUSI CXOIUMOCTh
pe3yabTaTOB MOAEIMPOBAHUS U PEANBHBIX XaPAKTEPUCTHUK,
Ha TpUMepe, TeMIepaTypHbIX Iojel cTeHku nediermaro-
pa. Takast cxoAUMOCTb MO3BOJSIET MPENNOIOKHUTE O JOCTO-
BEPHOCTH Pe3yJIbTATOB MOJIEINPOBAHUS B YaCTU ONpenee-
HUS pEaNbHON TEMIIepaTyphl IMOTOKA M0 TeMIIepaType CTCH-
KM, KoTOpast MoxxeT nocturats 36 °C.

3. Ha ocHoBe aHanmm3a pe3yJabTaTOB MOJCITHUPOBAHHS H
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SKCHEPUMEHTANBHBIX MCCIEJOBAHUIl IOKa3aHO, YTO He-
00JIBILIOE KOJIMYECTBO BOJBI, 10 4 %, HE OKa3bIBaeT 3aMeT-
HOTO BJIMSIHUSI HA YPOBEHb TemIiepaTyp oxiaxkaeHus B XK
obrroBoro AXII tuna «Kues-410 ALL-160».

4. YcTaHOBKA TEMJIOBOM M30JIALUH MO BCEMY MOABEM-
HOMY y4YacTKy aeduermMaropa crocoOCTBYeT HE TOJIBKO
COKpAIICHUIO TOTEPh NPH TPAHCIOPTUPOBKE aMMHaKa B
KOHJCHCATOp, HO YMEHBIICHUIO BPEMEHH 3aIlyCKa U3 Hepa-
6ouvero nepuoja.

5. Ipemmoxen sHeprocOeperaromuil crocod yrpasie-
Hus OprToBEIM AXII ogrOKamepHoro Tuma ¢ HTO Ha mpu-
Mepe MOJeNIM OTe4ecTBeHHOro mnpousBoactBa «Kues-410
Alll-160» B MmMpOKOM [AMana3oHe TeMmIepaTyp BO3Ayxa
okpyxatomiei cpeast — oT 8 mo 35 °C. Crmocob mpeamnosa-
raeT BapbUpPOBAaHUE TEMJIOBOI HArpy3ku B TIeHepaTope-
TepMOCU(OHE B TpEX YCIOBHBIX JIUara3oHaxX TeMIeparyp
HapyxHoro Bo3ayxa: 8...15 °C; 16...27 °C; 28...35 °C.

IIpn mOHMXEHHBIX TEMIEpaTypax IPEATOKEHO I03HU-
LIHOHHOE PEryJIMpOBaHUE ¢ (OPCaAXKHBIM 3amyckoM B 150
BTt u nocnenyrommum nepexogom Ha 70 BT. [Tokazano, yto
3TO TO3BOJIHT TOJYYUTh SKOHOMHIO TEIUIOBOI SHEPTUH 110
36 %. B cpemHeM pamama3oHE YMEPEHHBIX TEMIIEPaTyp
Hapy>XHOTO BO37yXa MpeJaracTcsi paboTarh ¢ MOCTOSHHO-
MepEeMEHHOH TEIJIOBOW HArpy3KOM: «KIyIIni» pexum — 40
Brt; «rexynmii» — 70 Br. DxoHOMUS TEIIOBOM 3HEPTUH A0
18 %. B 30HEe MOBBIIICHHBIX TEMIICPATYp HAPYKHOTO BO3-
JyXa PeKOMEHIYeTCS IMPUMEHATh MO3MLUOHHBIA PEXHUM C
0a30Boil TemsioBOW Harpyskoit 150 Bt. DxoHomus Teruio-
Boil sHepruu 10 4 %. B mepBeIX ABYX Iuana3oHax peKo-
MEHIYeTCs NPUMEHATh «aanabaTHYI0» TEIUIOBYIO H30JIs-
1M0. B 30HE MOBBIMIEHHBIX TEMIEpaTyp — TEIUIOBYIO H30-
JSIIMIO C MHHUMAJIBHBIM TEPMUYECKHM COIIPOTHBIICHHUEM, B
HallleM CJly4yae — CTEKJIOBOJIOKHO, TonmuHol 4 mMm. Iona-
Ya-OTKJIIOYEHHE TEIUIOBOM Harpy3kd Ha TeHepaTope-
TepMocH(OHEe TNPOU3BOAMUTCSA MO 3aJaHHOMY 3HAYECHHIO
TemmepaTypbl B XapakTepHoil Touke XK, a mepexom c
Oouiblliell HAarpy3KU Ha MEHbBIIYIO — T10 3HAUSHHUIO TeMIlepa-
Typbl Ha BBIXOJIE IOABEMHOIO ydacTka aediiermaropa —
60...65 °C.
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Simulation of the Thermal Regime of the Reflux Condenser Domestic
Absorption Refrigeration Unit

A. O. Kholodkov, A. S. Titlov
Odesa National Academy of Food Technologies, 112 Kanatna St.,Odesa, 65039, Ukraine
B e-mail: titlov1959@gmail.com

Absorption refrigerators (AHP) have advantages over widely known compression analogues: high reliability and long
service life; the possibility of working on low quality electrical sources; lower cost price, and accessibility to the general
public. An important aspect is the ecological safety of the working fluid (water-ammonia solution with inert gas-hydrogen),
which excludes costly measures for switching to natural refrigerants. At the same time, AHP have an increased energy
consumption, in comparison with compression analogs. System analysis showed that the greatest effect in energy saving
with minimal changes in design can be achieved by improving the operating modes of generating units, in particular, with
optimal modes of transporting ammonia to the condenser in the entire range of ambient air temperatures. At low ambient
air temperatures, an unaccountable loss occurs in the elevating portion of the reflux condenser, due to the additional con-
densation of pure ammonia. Experimental studies in this work, firstly, are intended to determine the degree of reliability of
previously developed techniques for modeling the thermal regimes of a reflux condenser in the generator assembly, includ-
ing accepted assumptions. Secondly, for the development of energy-saving methods of controlling the AHP, information on
the operation of all structural elements is required, both in a wide range of ambient air temperatures and in the starting
and transient regimes. In the course of experimental studies, a thermal load was applied to the generator-thermosyphon in
the range of 60-150 W. In non-stationary modes of supply of heat load in transient regimes, daily electricity consumption
was recorded. Studies were carried out in the range of ambient air temperatures from 8...11 °C to 31 ... 34 °C. To study the
peculiarities of the operation of household AHP in a wide range of ambient air temperatures and to check the previously
formulated positions, a heat insulating glass fiber casing was additionally installed on the elevating part of the reflux con-
denser. The results of experimental studies of various modes of AHP operation are presented in the form of temperature
dependences at characteristic points from the thermal load of the thermosyphon generator and various ambient air tem-
peratures. Experimental studies of AHP have been carried out for conditions simulating various cases of heat exchange
with the environment of the elevating part of the reflux condenser: "adiabatic" mode; regular mode (without thermal insu-
lation); intermediate - with minimal thermal insulation. The convergence of simulation results and real characteristics,
sufficient for engineering design, is shown, for example, for the temperature fields of the wall of a reflux condenser. This
convergence allows us to assume the reliability of the simulation results in terms of determining the actual flow tempera-
ture from the wall temperature, which can reach 36 °C. It has been shown that a small amount of water, up to 4 %, does
not have a noticeable effect on the cooling temperature level in the AHP-type cooling chamber of the «Kiev-410» type, and
the installation of thermal insulation throughout the refluxing lift contributes not only to reducing losses during transporta-
tion of ammonia in the condenser, but reducing the start-up time from the non-working period. An energy-saving way to
control AHP in a wide range of ambient air temperatures - from 8 to 35 °C is proposed. The method assumes a variation of
the thermal load in the thermosyphon generator in three conventional temperature ranges of the outside air: 8...15 °C;
16...27 °C; 28...35 °C. Thus, at low temperatures, positional regulation with a forcing start of 150 W and a subsequent
transition of 70 W is proposed. It is shown that this will make it possible to obtain heat savings of up to 36 %. In the middle
range of outside air temperatures, it is proposed to work with a constant-variable thermal load: the "waiting” mode is
40 W; "Current" is 70 watts. Saving thermal energy up to 18 %. In the zone of increased outdoor temperatures, it is rec-
ommended to use the position mode with a base thermal load of 150 W. Saving of thermal energy up to 4 %. In the first two
ranges it is recommended to use "adiabatic" thermal insulation. In the zone of elevated temperatures - thermal insulation
with a minimum thermal resistance, in our case - glass fiber, 4 mm thick. The feed-off of the thermal load on the thermosy-
phon generator is performed at a given temperature value at the characteristic point of the refrigerating chamber, and the
transition from a larger load to a lower one by the temperature at the exit of the refluxing section of the refluxed is 60 ...
65 °C.

Keywords: Absorption refrigeration unit; experimental research; generating unit; a reflux condenser; energy efficiency;
influence of ambient temperature
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Tennoo6MiH y pa3si KOHAeHcauil BcepeauHi MiHikaHaniB

B. B. I'opin
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Y pobomi npoananizosano excnepumenmanbHi 00CHiOHCEHHSA KOHOEHCAYI pOOOYUX PedO8UH YcepeOuHi MIHIKaHANI8 i3
nimepamypuux Oocepen. Hasedeno zanesicnocmi xoeghiyienmie mennogiooaui 6i0 Maco8oeo napoemicmy 3a pizHUMU
MaAco8UMYU WEUOKOCMAMY 1 menosumu nomoxamu. Ilokazano eniue Ha mennogiooavy eeomMempuyHux opm ma pos-
Mipie miHikananie. Ananiz pobim y pasi KOHOeHcayil 6cepeOuHi MIHIKAHANIE NOKA3A8, W0 6 6a2amvox onyoONIKOSAHUX
pobomax po32ns0aoms Nepesa’cHo NIUE HA MeN08I00ayy Maco8oi WEUOKOCHI NOMOKY I MACOB020 RAPOBMICTY, ale
He 00CHLOACYIOMb GNIUSY MENJI08020 NOMOKY HA Xapakmep menioobminy. Takooic oensd pobim ceiduums npo HeoOXio-
HICMb NPOBEOeHHs NOOAILUUX OOCIIONCEHb NPOYECi6 KOHOCHCayll 8 MIHIKAHANU I pO3POONeHHs BIONOBIOHOT MemOOUKU
DPO3DAXYHKY Mennogiooauyi, aka 6y0e KOPeKmHOW (MPUUHAMHOI0) Ni0 Yac YPAaxy8aHHs 6NAUEY DISHUX PedCumie NOMOKY
Ha npoyecu nepeoasanHs meniomu. Y nooanvuux 00CIiOHCeHHAX HeoOXiOHO: nposecmu Oinbu demanbHull (IPYHMOG-
HULL) QHANI3 HAABHUX MeOopemUdHUX i eMRIPUYHUX Memoodié pO3PAXYHKY Menaogiooaui y pasi KonoeHcayii 6 cepeouHi
MIHIKaHanie, wob chopmysamu 3a2aibHy MemoOUKy po3paxyHKy meniogiooayi 3 ypaxyeanHam 6NJIUGY Pedcumie meuii
@az i mennogoeo NOMOKY, vy OOCHIONCEHHAX 3 KOHOCHCAYil 8 MIHIKAHANAX — ICHOMHO po3uwiupumuy 0ianason pooouux
PeuosuH, AKi BUKOPUCOBYIOMb 6 eKCNEPUMEHMAX, HANPUKIAO CyMiuiesux ma npupoOHux xorododazenmis. Bapmo 3a-
yeasicumu, wo 3acmocy8ants MIiHIKAHANIE ¥ KOHOEHCAMOpAx Pi3Hux azpecamo8anux CUCmeM, HANPUKIA0 CUCMeMax
KOHOUYII08AHHA NOGIMPSL, € OOCMAMHLO NEPCNEKMUBHUM HANPAMOM O IX OLIbW WUPOKO20 3ACMOCY8ANMSL.

Knruosi cnosa: xondencayis, minikanaiu, meniooomin, Koepiyicum mennogiooayi, mixcgasne mepmsi, nOGepXHesUll

Hamse.
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1 Betyn

YiockoHaJeHHsI TEIUIOOOMIHHMX amapariB, 30Kpema,
MiHIKaHAJIbHUX KOHJEHCATOPIB XOJOAMIBHUX arperariB Ta
ABTOMOOITBHUX CHUCTEM KOHIHWIIFOBAHHS MOBITPS, € Hac-
JIKOM 3aCTOCYBaHHS PI3HOMAaHITHAX KOHCTPYKTHBHHX 1
TEXHOJIOTIYHUX PIllICHb I0JI0 CTBOPEHHS Ta BUTOTOBJICHHS
KaHaTiB 31 3MCHIICHUMH TSOMETPUYHUMH PO3MipaMH.
[ponec MiHiaTIOpU3aIii KaHATIB 1 TPYOOK € OTHUM i3 CITO-
co0iB iHTEeHCU(]iKaIi] TeIUI00OMIHY Y pa3i (a30BUX HepeT-
BOpEHb Ta POOHTH 3aCTOCYBAaHHS MiHIKaHAJIB MEPCIEKTHB-
HHMM HaIpsIMOM Y CTBOPEHHI KOMITAKTHHX araparis.

BukopuctaHHs MiHIKaHAIIB 103BOJSE 3a0C3MEUUTH
BUCOKHI PIBEHb MIIIHOCTI amapaTiB, MiJBUIIATH 1HTCHCHB-
HICTh TEIUIOOOMiHY, a TaKOX MPHU3BOJNUTH 10 3MEHBIIICHHS
KiJIbKOCTI poO0UY0i PEUOBHHH Y HUX.

[MutaHHA NPaKTHYHOTO 3aCTOCYBAaHHS MIKpOKaHAJIb-
HHUX CHUCTEM IIPHCKOPWJIO HAYKOBHH 1HTEpec 10 eKCIlepH-
MEHTAJIbHUX JOCII/DKEHb IPOLECIB TiAPOAUHAMIKH Ta KOH-
JieHcanii BcepeluHi MiHiKaHamiB, 0 HaOyno BimoOpaxeH-
Hs1 B Garathox poborax [1 - 11].

SIx poboui pedyoBUHHU y OLIBIIOCTI POOIT AOCIIKYBa-
JM OOMEXEHY KUIbKICTh XOJIOIOAreHTIB, 30Kpema, R22,
R32, R290, R410A, R407C, i, naituacrinre, R134a.

Y 3anmpoIioHOBaHIN CTAaTTI HaBEAEHO OTJISA POOIT cTo-
COBHO pE3yJIbTaTiB JOCTIIKEeHb TMPOIECIB KOHJEHCAIIil
poOOYNX PEYOBMH Yy MiHIKaHaTaX 3 PI3HOI TEOMETPI€l0
BHYTPIIIHBOTO TIEpePi3y KaHATYy.
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2 Tennoo6miH y pasi koHOeHcauii B MiHikaHanax

VY po6orti [1] aBTop mpononHye Kinacudikariro KaHaIiB
3a 1x HalMeHIM po3mipom (d - miameTp KaHay):

- 3BM4aiini Kananu d > 3 MM;

- MiHika"aau 3 MM > d > 200 MKM;

- mikpokananu 200 mxMm > d > 10 mkwMm;

- nepexiani Mikpokananu 10 mxm > d >1 MkM;

- nepexiani HaHokaHamu 1 mxm>d > 0,1 MKM;

- garokaHaimu 0,1 mxMm > d.

VY pasi HEKPYroBHX KaHaIiB PEKOMEHIOBAHO MiHiMa-
JpHUIA po3mip kananmy. Hanpukiazx, y pasi nomnepedHoro
IPSIMOKYTHOTO TIepepidy KaHamy 3amicTh miamerpa d mpo-
NOHYIOTh BUKOPHCTOBYBATH HalMEHIIY CTOPOHY IIEPETHHY.

3aranbHUi BUTIIS]T TIONIEPEYHUX TIepepi3iB OaraTomop-
TOBHX EKCTPYIOBAaHMX MiHIKaHAJiB HaBeJIeHO Ha puc. 1 i3
poGortu [3], me MOCTIKEHO KOHIEHCAII0 XOJOJ0areH-
Ty R12 y cepenuni anomiHieBuX GaraTokaHalbHUX TPYyOOK
MaJIOTO JiaMeTpa 3 MIKpoOpeOpeHHHsSM Ta 0e3 HbOro i
pobGouoro HoBxUHOK TpyOoK | = 455 MM. YV gocimimkeHHIX
BUKOPHCTOBYBAJIHM TPYOKH NPSIMOKYTHOTO Hepepi3y 3 po3-
Mipamu 16x3 MM. BHyTpimHi kaHamu 0e3 opeOpeHHs Mallu
eKBiBaTeHTHUH PO3Mip Ueqy. = 2,64 MM 260 1,56 Mm. Bucora
Mmikpopebep cranosmia h = 0,2 mm 3 kpokom S = 0,5 Mm.

OTtpumaHi pe3yapTaTH eKCIEPUMEHTIB y Gopmi 3aiie-
JKHOCTI KOe(]iIieHTIB TEIUIOBiAgadi y TIIagKOCTIHHUX Ta
MiKpoopeOpeHnx TpyOKax BiJJ MacoBOTO IAapOBMICTy X Ta
MacoBoi mBuakocti G HaBeaeHO Ha puc. 2.
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Pucynok 1 - bacamokananohi ekcmpyoo8aHi anioMiHIES]
21a0Ki ma Mikpoopebpeni mpyoxu (a, 6) ma ix eeomempuy-
Hi po3mipu (8).

OpnHak i3 puc. 2 He BUAHO CYTTEBOi iHTeHcHGiKarii
Temnoo6MiHy. 3a MacoBux mBuakoctsix (G = 400 kr/(m%c))
HaiiOupImil edext iHTeHcHpikamii craHoBuTh 1,6 pasy, a
31 30uIpIeHHAM G 1o 1400 Kl“/(MZC) el eheKT 3HIKYETHCS
1o 11%. BixnosigHO, 3 ypaxyBaHHSIM PO3BHTKY BHYTpill-
HbOT IOBEPXHi, BITHOCHE 3pOCTaHHS MHOXHHKA (a'F), cTa-
HOBHUTS Bix 2,21 mo 1,58.

9 9
g | Rz, T =65'C, q=8 kBr/m? iz | R12, Tk =65°C, q=8 xBr/m?
= 2 2 e
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Pucynok 2 - 3anescnicmo koegiyicumie meniogiooaui o
nio uac KoHOexcayii 810 Macogo2o naposmicmy X 3a noc-
mitino2o menioeo2o nomoky ( = 8 KBm/m?: a) enaoxa
mpybka; 6) mikpoopebpera mpyoka.

VY po6Gorti [4] aBTOpH IOCTIIHKYBAIN TEIUIOBI ATy TTi[]
yac konjeHcauii R410A y 4YOTUPHOX MYJIBTHIIOPTOBHX
ATIOMIHIEBUX TPYOKax i3 INIaJIKUMH NPSIMOKYTHUMH Tiepepi-
3aMu 1 3 rigpaBinidyHAME jgiamerpamu d,, sSKi JOPiBHIOIOTH
0,82; 1,08; 1,11 i 1,12 mm (tabm. 1) 3a MacoBUX IIBHIKOC-
teit G =50-500 kr/(M%c), TemwioBEX mOTOKiB (=5 -
12 kBt/M” i TemmepaTypy HacHdeHHs t, = 48°C.

Tadanus 1 — ['eoMeTpuuHi XapaKTEpPUCTUKU KaHAIIIB Tec-
TOBUX Tpy6OK [4]

HE3HAYHOI0 MIPOI0 3aJIe)KUTh BiJi MAacOBOi IIBUIKOCTI M
MIAPOBMICTY 3 X HU3bKHX 3HAYCHb.

Y poOOTi TakoX BiA3HAYEHO BIUIMB T'€OMETPHYHHX
PO3MIpiB epeTHHY Ta TOBEPXHEBOTO HATATY HA TEIUIOBiA-
nmagy. Koedimientn TermmoBigmadi 301IbpIIYIOTECS 32 paxy-
HOK 3MEHIIEHHA KoeQillieHTa CTHCHEHHS 1 301MbIIeHHS
LIMPHUHY KaHaJIB.

PesynbraTi nOCHimKeHb NMOKazanu 301IbIICHHS KO-
¢himieHTIB TETUIOBIAAAYI O 31 3pOCTAaHHIM PESKUMHHX I1apa-
MmetpiB (X, G, q). OnHak, Ipy HU3bKHUX 3HAYCHHSX MapOBMi-
CTy X 1 MacoBux IBUAKOcTed G, KoedilieHTH TeTIoBiaa-
4i 0l HE3HAYHOIO MIpPOIO 3aJIe’KaTh BiJ TEIUIOBHX IOTOKIB (.
e BugHO 3 puc. 3, n¢ 3HAYCHHs KOe(]Iili€HTIB TEIUIOBi 1A~
4i Maike OJTHAKOBI 32 HU3BKHX 3HAUYCHb MAaCOBUX HIBHUIKO-
creii G, siki cramoBmath - 50, 100 i 150 kr/(m’c). ABTopH
[4] mocumaroteest Ha poGotu [7], [12], y sxkMx Takox 3a-
YBa)k€HO, 1[0 3HA4YCHHS Koe(ilieHTiB TerutoBinmadi € ¢ak-
TUYHO PIBHUMHU 33 HH3BKUX MacoBux mmBuakocteit G = 100
i G = 200 kr/(m%).

ABTOpH [4] TIOSCHIOIOTE II€ THUM, M0 MiK(pa3He TepTs
3MEHIIYETHCS 10 MOMEHTY, KOJIM BOHO Iepectae OyTH Iie-
PEeBaXHUM YMHHUKOM Yy pa3i KOHAEHCALIl y MPSIMOKYTHOMY
KaHaJi, Ta 3r0JIOM BIUIUB MTOBEPXHEBOI'O HATATY CTa€ JOMi-
HYIOUHM.
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Pucynox 3 — Bnaue macosoi weuokocmi G na
Koegiyicum mennogiooaui A.

Ie npumymeHHs y3ro/Ky€eTbCsl 3 TEOPETUUHUMHU J1a-
Humu 3 pobotu [13]. ABropu pobotu [14], ne mociiKyBa-
TM TETI0OOMiH Tix dwac KoHmeHcarii R134a BcepeamHi
KPYIIMX Ta TPSIMOKYTHHX MIiHIKaHAIB, TAKOX BUSBUIU
HE3HAUYHWH BIUIMB Ha KOC(QIII€HT TEIUIOBiNadi HU3BKOI
MacoBoi mBUAKOCTI. OIHAK, 32 BUCOKMX MACOBHUX IIBUIKO-
creii motoky (300 i 500 kr/(m%c)), BB MixdasHOro TepTs
Ha TEIUIOBiauy € Ha0araTo CHUJIBHIIINM HiX BIUIMB MOBE-
PXHEBOTO HATSATY.

Ha puc. 4 HaBeseHO 3ajexHICTh Koe(illieHTa Tero-
Bigmadi y QyHKUii mapoBmicTy 3a koHzneHcamii R410A ms

Ne Tun Kinexicts S, h, dh,
TpyOKH | KaHaJiB, OA. MM MM MM
1 A 7 8 2,5 1,12
2 B 11 12 2,5 1,11
3 C 18 16 1,8 0,82
4 D 16 20 2,1 1,08

VY po6oTi TOCHiKEHO BIUIMB Ha TEILIOBIqAady O pe-

PI3HUX TEIUIOBHX MOTOKIB ( Bix 3 j0 15 kB1/™M%

xuMHHUX TapamerpiB (G, () Ta reoOMETpUYHHX PO3MIpiB
kaHamiB dn. Pe3ymsTaTé HOCITIKEHB, HA TPUKIAI TPyOKH
B-tumy, HaBeneHo Ha puc. 3 - 5.

3 rpadikiB BUAHO, M0 KOCPIiEHTH TEILUIOBIAIAYI O
30UTBIIYIOTECS 31 30IMBIICHHSAM IapoOBMICTY X, MacoBOi
mBuakocTi G 1 TerwmoBoro motoky . OmHaK TEIUIOBiagaYa

'3
-: R:tl E;_i B-ten ® g=FrBmn’
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=15
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Pucynok 4 — Bniue mennogozo nomoxy q Ha
Koeghiyicum meniogiooaui .
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JlocTipKeHHsT TIOKa3aly, 10 3a 3POCTaHHIM PEXHM-
HUX mapametpiB (X, G, ) koediuieHTH TemIoBiAmaydi o
30UIBIIYIOTECS. Y pa3i HU3BKHX 3HAUY€Hb MAPOBMICTY X i
MacoBux mBHAKocTeld G koedilieHTH TemioBigmadi o
HE3HAYHOO MIpOIO 3aJIeXKAaTh BiJl TEIUIOBHX ITOTOKIB (.

BB rigpaBnigHOro miameTpa Ha KOEQIi€HT Tel-
jonepenayi y pasi KOHAEHCAIii y NMPsIMOKYTHHX KaHajlax
MOKa3aHoO Ha puc. 5. Bmime reomerpwdHMX po3MipiB Ha
KOoe(ilieHT TEIUTOBiAIadil 3aIeKHUTH Bil PO3MIpPy HPSIMOKY-
THHUX KaHJIB 33 CTYIEHEM BIUIMBY IOBEPXHEBOI'O HATSATY.
Koediuient teruoBinmadi 301IbIIyBaBcsl 31 3MEHIICHHSAM
CHIBBIHOIIICHHSI CTOPIH Ta 30UIBIICHHSAM IMUPUHU Oararo-
MOPTOBHX KaHAJIIB.

3a yMOBHM KOHAEHcalil BcepeiuHi 0araTtonopToBoi
NPSIMOKYTHOI TPYOH BUSIBJICHO OJTHAKOBHH BIUIHB SIK MOBeE-
PXHEBOTO HATATY, TaK i MiXK(A3HOTO TEPTS MapH Ta PiIUHH.

[ 6

R410A R410A Aluminum Tube
. | T BidType @BType .| Te=nsT BATpe ORType
T g3k FU—— T =tk
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EE 23 *
= e = *
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Pucynok 5 — [lopisuanus koe@iyicumis mennogiooaui o
MIDIC PIBHUMU MUNAMU OOCTIOHUX MPYOOK.

VY po6ori [5] aBTopH m0CTIHKYBaIM KOHICHCAI[IO X0-
nomoarentiB R22, R410A ta npomany (R290) B cepenuni
TOPHU3OHTAIILHOT aIfOMiHIEBOT OaratornopToBoi (9 xaHaliB)
wiockol TpyOku 3 rigpaBmiunuM giamerpom dy = 1,4 mm,
nosxuHo0 | =530 Mmm. ExcniepiMeHTanbHi 1aHi CTOCOBHO
TEIUIOBIaYl Ol OTPHMAHO 3a TAKUX 3HAYEHb PEKUMHHUX
napametpiB: maposmict X =0,1-0,9, macoBa mBHAKICTH
G =200 - 400 kr/(M%c),  rtemroBmii  motik (=7,3-
7,7 kB1/M%, Temneparypa Hacudenns t, = 40 °C. Otpumani
pe3yIbTaTH TOCIIKeHD MOJaHo Ha puc. 6 Ta 7.

= G=200 kr/m?c % G=400 xr/n’c
3 O R22 2 O R22
H F O Rat0a § O Raoa
9 o R290 © © R290
Y ¥
4000 = 4000 -
@
o
<o [=]
o]
[ o @ i ® oo B og °
< OB oﬁ & ° g ©
2000 = o] 0% Qﬁ ] 2000 |~ o@ &
o e
PR PR RPN SR o,
o 0.2 0.4 0.6 0.8 1 ] 0.2 0.4 0.6 08
x x

a) 0)
Pucynok 6 — 3anesxcnicmo xoeiyicnmie mennogiooayi o
810 napoemicmy x 3a Maco8oi weuoKocmi
nomoxy G = 200 ke/(m?c) (a) i 400 kel(v’c) (6).

IopiBHstHHS aBTOpamu poboTH [5] oTpuManux HOCHTi-
JHHX JIaHHUX 13 PO3paxyHKaMH 3a HAHOUIbII BIJOMHUMHU PO3-
PaxyHKOBHMH KOpEJALisMU pi3HuX aBTopiB [15 - 21], sxi
Oys po3poOiieHi Ui po3paxyHKy KOHZIEHcalii BCepenuHi
3BUYaiHUX TPYyO 3 miameTpamu d > 3 MM 3a Kiacudikauieo
3 mpari [1], moka3aB BigxuiieHHsS B Mexax jgo 25 % s
BUKOPHCTAaHHS €(EeKTUBHOI IJIONII MOBEPXHI TEIIOOOMIHY
B IOCTiJax.
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3a mymkoro aBTopiB [5], e 03HaAuae, MO y pasi 3MeH-
meHHs aiameTpa Tpyou mo 1,4 MM, y kKaHanax BigOyBarOThb-
Csl He3HAYHI 3MiHH XapaKTEPUCTHUK Ta CTPYKTYpH MOTOKY.
Ha mixcraBi oTpMaHUX IOCTIAHUX NAaHMX BOHH 3aIpOIIO-
HyBaJI MOAX(IKOBaHy 3anekHicTh (1), sIKy MOXHa 3acTO-
COBYBATH 0 TPyO Majoro giameTpa 3 ypaxyBaHHIM e(ek-
TUBHOI TUTONII TIOBEPXHI TEILTOBiIIaYi:

’ 081 K 1
a=2242-a,|1+ — Bo%®| £ |x Ry’ @
tt D
08 p 0.4 Q Ff‘( X -
ac ap:0,0ZSRe' Prp ’ BOerFa Rgfl': F y ¢ — Ha

pametp Jlokkapra-Maprinenni, Fep i F — edexTusna i nos-
Ha MTOBEPXHi TEIUIO0OMiHY BiIIOBIIHO.

Po3paxyHok 3a 3anexHicTio (1) mokazaB HaiiMeHIIe
CepeIHeE BiMXMIICHHS 171st BCix manux (20%).

Astopu pobotu [6] mocmimKyBaan KOHICHCAIIO XO-
nogoareHTiB R22, R410A i R407C y nBOX TOpH30HTAIEHUX
Heip)KaBHUX TPyOKax i3 pi3sHUMHU BHYTPIITHIMH JiaMeTpaMu
ds, = 1,088 i 1,289 mm. ExcriepMeHTH MPOBOANIN 33 TEM-
nepatypu HacmueHHA t; = 30°C i 40°C, MacoBOIO MIBUAKIC-
TI0 OTOKY Big G = 300 10 600 kr/(Mc) Ta MacoBoro napo-
Bmicty X = 0,1 -0,9. ¥V craTTi He HaBEeICHO 3HAYCHB TEILIO-
BUX IOTOKIB Y €KCIIEpUMEHTaX.

PesynbraTi BIUTMBY Ha TEIIOOOMIH MacoBOI IIBUIKO-
CTi i MapoBMICTy TOKa3aJl 3pOCTaHHs KOe(illieHTiB Ter-
JoBiggaui 31 30inepmeHHsM G 1 X, 0COONMBO LIEH BIUIMB
MOCHUITIOETHCSI B 00JIACTI BUCOKHX 3HAYEHD MAPOBMICTY X.

Otpumani B poOOTi eKCIIepUMEHTaJbHI JaHi IMOpPiB-
HIOBAITK 3 PO3PaXyHKaMH 3a PI3HUMHU KOPENALISIMH, 30Kpe-
Ma 3a 3anexHocTsMu 3 pobit [19] i [15] anst TpyO 3i 3BH-
yaiiHuM giametpom (dn >3 MM). ABTOpH HAroJIONIYIOTh, IO
pe3yJabTaTH PO3pPaxyHKIB Maibke 3a BCiMa 3aJeKHOCTSIMU
NEPEBUIIYIOTh 3HAYEHHS! OTPUMAaHUX EKCIIEPUMEHTAIbHUX
nanux. OHaK, pe3yabTaTH PO3PaXyHKY 32 3aJICKHOCTIMH 3
poGir [22] ta [23] manu IOCTaTHRO BUCOKY 30iXHICTH 3
JOCTITHUMHY JTaHUMHU.

BB reoMeTpuuHNX XapakTEepUCTHK Ha TEIUIO0OMiH
HAMOLIBII XapaKTepHO MPOSIBIETHCS U TPYOKHU 3 TiIpaB-
miuruMm piametpom dy = 1,088 mm (puc. 7).

R410A 7

. w1 T=H0C
g T=40C D "
= £ —8—d=1.088 ot G=300 i’
1088 ot G= :
3 [ el 080 G300 e SOF e =108 G450
= ;= E
S —o—d=1 088 G=430 A ;r —0—d=1.289 G=300
— d=1.289 G=3 —
84 G— d=1.289 ,G=300 P St o d=1.289 G=450 .
—0—d=1.289 G=450 ~
z"'
3 A

-

v

1 . . ;

00 01 02 03 04 05 06 07 08 09
a) )]

Pucynok 7 — Bnaug ciopasniunozo diamempa
mpyooK Ha Meniogiodavy «.
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Agtopu npaui [23] ekcriepuMeHTaIBHO TOCIIIKYBaIH
TEIJIOBiAjauy Ta 3HWXXEHHS THCKY 32 YMOBH KOHJICHCAIlii
xosjonoarenTy R134a y ropusoHTanbHiN Kpyriii TpyOi 3
BHYTpIiIHIM JiamMeTpoM Oy =2 MM. ABTOpDM BHBYAIH
BIUIMB Ha TEIUIOBIIAa4dy Ta 3HIKEHHS THUCKY TEIIOBOTO
MTOTOKY, MAacOBOi IIBHUAKOCTI, MaCOBOTO APOBMICTY  TeM-
nepatypu HacuueHHS R134a. Otpumani 3HaYeHHS IOPiB-
HIOBAJMCA 3 JAHUMHU Ui TpyOW 3BHYAiHOTO niamerpa i3
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d.. = 8 MM. 3’sicyBasocs, 10 BIPOIOBK 3MiHIOBAHHS BChO-
ro Jiana3oHy MapoBMICTy Koe(iIlieHTH TerioBimmadi s
TpyOH Majoro IiamMerpa MEepeBHINYIOTh JaHi I TPyOH 3i
3BHYaifHUM AiameTpoM npubamsao Ha 10%. Takox y pobo-
Ti 3ayBa)XKE€HO, IO 32 HU3BKOTO TEIIOBOTO TOTOKY i TeMIe-
paTypu HacH4YeHHS 1 3a BHCOKMX MACOBHX IIBHIKOCTEH
MIOTOKY, TEIUIOBifAa4ya y TpyOi 3 ManuMm JiameTpoM Oyna
BuIol0. Ha mifcTaBi OTpUMaHUX JaHUX aBTOPH 3alporio-
HYBaJIU EMITIPUYHY 3aJI€KHICTh OO0 PO3paxyHKy Koedimi-
€HTa TeIUIOBiAIaYi:

exe

a/"T‘ﬁd Pr-°% Bo’? Re = 6,48Re""* )
P
G 05
ne Re,,, = o , G,, =G| (1-x)+x L
H, P.

ExgiBanenTHe uncno Reqy, 171 piguHK 3alponoHOBa-
HO B poGoTi [15].

Astopu mpaiui [23] mpomnoHyHOTh BHKOPHCTOBYBATH
OTPUMaHI pe3yabTATH MPH MPOCKTYIOUX OLIBII KOMIIAKTHI
Ta e(eKTHUBHI KOHICHCATOPH CHCTEMH KOHIHIIIFOBAHHS
TIOBITPS 32 JOITOMOT OO0 XoJlogoareHTy R134a.

Y poboti [7] mocmimkyBamu JoKanbHI KoedilieHTH
TEIUIOBIIaYl Mmig yac KoHAeHcamil xomonoareHTis R134a i
R32 BcepenuHi TOpU30HTAIBHOTO KPYIJIOro MiHiKaHAIy 3
BHYTpimiHIM giamerpoM dy, = 0,96 mm. [locmimkeHHs mpo-
BoAWIM 3a Temmeparypu HacwueHHs t, =40°C, wmacosi
wBKAKOCTI MOTOKY Bix 100 mo 1200 kr/(mc) i MacoBoro
maposmicty X = 0,01 - 0,9. Bia3naueHo, o 3a BUHSITKOM
HAHIKIOT MacoBOi MIBUIKOCTI, pe3yiIbTaTH BUIPOOyBaHb
HE TIOKa3yIOTh CYTTE€BOI HEBIIMTOBITHOCTI 3 PO3PaxXyHKOM 3a
3aJISKHOCTSMH AJIsL TpyO 31 3BHUYAHUM BHYTPIIIHIM Jiame-
TpoM. OTpuMaHi pe3yNbTaTH IOCHIKEHb  II0JaHO
Ha puc. 9.

Omnmcana B poOOTi METOIUKA JO3BOJISE BHUMIipPIOBATH
JIOKaJIbHI KOS(II[iEHTH TEIUIOBiAIa4i 3 BUCOKOK TOYHICTIO,
OCKIUJIbKHM 11 OTPUMAaHO 3 JIOKaIbHOTO TEIJIOBOI'O IOTOKY,
SIKHi, Y CBOIO Yepry, MOXOIUTh Bia Mpodiio TeMuepaTypu
OXOJIO[DKYBAIBHOL PiMHU. Y IUJIOMY B AOCHTITHIA MiTbHHII
OyJio BcTaHOBJIEHO Ounbiie Hixk 30 TepMomnap Ui BUMIipIo-
BaHHS TEMIIEPaTYPU XOJIOJJOATEHTY, CTIHKH TPYOKH Ta 0XO0-
JIOJKYBAJIBHOT PiTHHH.
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Pucynok 8 — 3anesicnicmos excnepumenmanbHux koegiyie-
HMI8 mennosiooaui & 8i0 naposmicmy X 0Jis X01000a2eHmia
R134a (a) i R32 (6) 3a macosorw weudkicmwo G 6io 100 0o
1200 ke/nic.

[Tix wac po3paxyHKy TeIJIOBiAgadi 3a BIJOMHUMH MO-
JIEIIMH, SIKi BUKOPHCTOBYBAJIHM aBTOPU JUISl MOPIiBHSIHHS 3
OTPUMAaHUMH EKCIIEPHMEHTAIbHUMH aHUMH, HAWOLIbII
TOYHMI MPOTHO3 Hajana Kopessis 3 podoru [24]. IIpote,

TIOPiBHSIHHS pe3yIbTaTiB, OTPUMAHUX Y POOOTi 3 pO3paxyH-
KaMH{ 3a BiJOMHMH 3aJISKHOCTSAMH, SKi BHKOPHCTOBYIOTH
IUSL pO3paxyHKy KOHZIEHcAIli y 3BM4aitHuX TpyOax (d >
3 MM), MOXYThb BHKOPHCTOBYBATHCS MJISi TIPOEKTYBAaHHS
MiHiKaHAJIFHUX KOH/ICHCATOPIB 32 YMOBU JIOCTaTHBO BEJH-
KHX MAacOBHX IIBHIKOCTEH Ta KPYTJIOTrO IONEPEIHOTO Iie-
pepi3y kaHaimy. OJHak, nepil Hi’k BUKOPHCTOBYBATH aHaJO-
TiYHI BUCHOBKM CTOCOBHO MiHIKaHAJiB 3 HEKPYTJIMMU TIie-
pepizamu, HEOOXiZHO MPOBECTH Psi JOCIHIIKEHb y MOJa-
JBLIOMY.

ArTopu pobotu [8] mocmimKyBanu nporecH KOHICH-
cauii xonogoarenty R290 (npomnan) y cepeanHi ropusoHTa-
JHHOTO KPYTJIOTO MiHIKaHAIY 3 BHYTPIIIHIM JiaMeTpoM
dy = 0,96 MM. JToCTiKeHHsT TPOBOIWINA 3a TEMIIEpaTypH
HacmueHHA t, = 40 °C, macoBori mBuznkicti motoky G Bin
100 mo 800 KI‘/(MZC) i macoBoro maposmicty X = 0,01 - 0,9.
VY craTTi He HaBEICHO JaHUX 3 TEIJIOBHUX IOTOKIB y eKCIIe-
pumeHTax. OTpuMaHi pe3yiabTaTH AOCIIKEHb MOJIAaHO Ha
puc. 9.
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Pucynok 9 — 3anesxcnicmo ekcnepumeHmanbHux Koeqiyi-
€HmMie menyogiodaui o 6i0 napoemicmy X 0Jis X01000a2eH-
; : 2
my R290 3a macosoro weuoxicmio G 6io 100 do 800 kelm“c.

Sk i mepenbavanu aBTOpH, Koe(ili€HTH TETUTIOBIIIATi
oL y pa3i KOHJCHCAIl B cepefinHi TPYOKH 301IbIIYOTECS 31
3pOCTaHHSIM MacoBOI IBUAKOCTI G Ta MapoBMICTY X.

ExcriepuMeHTanbHi JaHi 3 TEIUIOBiIAa4l MOKa3yIOTh,
110 KOHJICHCAIlS BU3HAYAETHCS MDK(A3HUM TEPTAM, IIO €
HEePEBAXHUM JJIsl OUIBIIOCT] OTPUMAHUX JIAHUX, TOMY KOe-
GbIlieHTH TEIIOBIIaYl MOKHA PO3PaXOBYBATH 3 BHKOPHC-
TaHHAM Mojeni [25] ta mogudikoBanoi mojeni [26], 3 Bu-
KOPUCTaHHSAM MeTOAy 3 pobotu [27] momo po3paxyHKy
3HW)KEHHS THUCKY.

Astopu pobGortu [9] mocmimkyBamu TEmIOOOMiH i
3HIDKEHHS THCKY TiJ dYac KOHJEHcalii XOJIOJ0areHTy
R152a y kpyriiomy Ta KBaJIpaTHOMY MiHIKaHaNaxX 3 TiIpaB-
miuaumu giamerpamu dp = 1,152 i dy, = 0,952 mm Bignosia-
Ho. ExcriepuMeHTH MpoBOAMIM 32 MacoBoi mBHAKiCTIO G
Biz 200 10 800 kr/(M°c), Temmeparyp Hacuuenus t, 40 °C
ta 50°C i macoBomy maposmicTty X Bix 0,1 10 0,9.

Ha puc. 10, 3i cMyxkamM# TOXHOOK, TOKa3aHO BILIHAB
MacoBoi mBHAKOCTI G, MacoBOro mapoBMicty X i rigpanii-
YHOTO Jiamerpa KaHaiy Oy Ha TerIoBignauy o.

3 puc. 10 BumHO 30UTBIICHHS KOS(Ili€HTIB TEIUIOBII-
Jadi 3i 30UIBIICHHSIM MACOBOT IIBUAKOCTI Ta MAPOBMICTY SIK
y KpyIJIOMY, TaK 1 y KBaJpaTHOMY MiHiKaHajax, 110 y3ro-
JUKYETBCSL 3 TOTNEPENHIMH JIOCTIDKEHHSIMH LUX aBTOPIB
[28]. 3a BuCOKHX 3HAYEHD MAPOBMICTY ¥ y pa3i 301IbIICHHS
MacoBO1 MIBUIKOCTI, KOS(DIIIEHTH TETUIOBiAAaYi Pi3KO 3pO-
CTalOTh, HI0 aBTOPH MOSICHIOIOTH JOMIHYIOUHUM BILTMBOM
MiX(a3HOTO TePTS.

17
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Pucynox 10 — Bnius macosoi wmeuoxocmi G,
Maco6oeo naposmicmy X ma eeomempii kanany dy

Ha KoeghiyieHmu mennogiooaui a.

I
@

Lo

Sk 3a3Hayajocs BUIIE, CKCHEPUMEHTH IPOBOAWIH 32
ZIBOMa Temrieparypamu HacuaeHHs t, 40 i 50°C y kpyriomy
MiHikaHami. [Ipu IbOMY BCTAaHOBIICHO 3HIDKCHHS KOoeiIlie-
HTIB TEIUIOBiAIadi 31 30UIBIICHASAM TeMIIEpaTypy HACHUCH-
Hsl, 1[0 aBTOPU POOOTH MOSICHIOIOTH 3aJIEKHICTIO TEPMOJIH-
HaMIYHUX BJIACTUBOCTEH XOJIOJIOATeHTY BijJ TEeMIEpaTypH
HACHUYCHHS.

Takox, Ha puc. 10 moka3aHO BIUTUB reOMETpil KaHATY
Ha Kkoe(ilieHTH TeruioBinaavi npu konzaeHcanii R152a 3a
pisHEX MacoBux mBHIKocTeil. 3a G = 200 xr/(m’c) koedi-
IIEHTH TEIUIOBiaYi y KBaAPATHOMY MiHIKaHAII BHII, HIX
y Kpyriomy. 3 oIHOro OOKY, I1e 3yMOBJICHO BIUIMBOM KYTiB
y KBaJIpAaTHOMY MiHIKaHalli, IPU LbOMY KOHICHCAT «BUTS-
T'YEThCS» J0 KYTIB 32 paxXyHOK BIUIUBY IIOBEPXHEBOI'O HATS-
Ty, IO 3MEHIIYE CepenHill TEePMIYHIA Omip MOIEepPeYHOro
nepepisy KaHaiy. 3 Ipyroro 00Ky, MEHIIWH TiApaBIiqHHN
JiaMeTp KBaJpaTHOrO MiHIKaHaNy MOPIBHSIHO 3 KPYIJIHM,
301sIbIIy€e KOSQIIIEHT TEMIOBIIaYi, 10 30Ira€ThCs 3 MoIe-
pemHiM  JOoCHmijpKeHHsM — 1mMX  aBropie  [28]. 3a
G =400 kr/(m%c) koedimieHT TemIOBiAaUi y KBaAPATHOMY
MiHIKaHaJll TaKOX BUIMH HDX y KPYIJIOMY, XO4a BILUIMB
MacoBOi  HIBUIKOCTI ~ 3MEHLIYETHCS  IOPIBHAHO 3
G = 200 xr/(M® ¢).

Ipore, 3a 36inbmennsM 10 G = 600 kr/(m2c) Koedirti-
€HTHU TETUIOBINAAYl I BOX MiHIKaHAJIB Maike PiBHI MiXkK
c000¥0, IO CBIYUTH MPO TMEPEBAXKHUH BIUTHB MiX()a3HOTO
TEpTs MOPIBHSIHO 3 NMOBEPXHEBUM HATATOM (BIUIMB KYTiB
KBaJPaTHOrO MiHIKaHAIy CTa€ HE3HAYHHM 33 BHUCOKHX
MAacOBHX MIBUIKOCTEH).

VY po6Gori [9] aBTOpH 1aHO MOPIBHIOBAIM EKCIIEPUMEH-
TaJlbHI JIaHi 3 PO3paxyHKOM TEIUIOBiJjiadi 32 4OTUPMa eM-
MPUYHUME 3aTIEKHOCTIME 3 pobit [22; 29; 30; 31] i Teope-
THYHOMY pillleHH!o i3 mparii [32] cToCOBHO MPOTHO3YBaHHS
TEIJIOBiAja4ul B KPYIJIOMY i KBaJpaTHOMY MiHiKaHajax. 3a
BHHATKOM TEOPETUYHOrO pileHHs 3 npaui [32], iHuwi 3aie-
JKHOCTI TPYHTYIOTBCSI Ha EKCIIEPUMEHTAJIPHHMX IaHUX 3
KOHJIeHCallii XoyomoareHTiB. Y po6orti [32] 3a3HaueHO, M0
€ MeBHi 001acTi, Ie HAWOIIBIINI BIUTUB MalOTh CHJIH MOBE-
PXHEBOTO HATATY, TOMY B PIllIEHHI I0JI0 PO3PaxXyHKY Tell-
JoBiga4i HeoOXiTHO BPaxOBYBAaTH iX BIUIHB.

PesynbraT po3paxyHKIiB OO KPYTIOTO MiHIKaHATY
J00pe y3roKyIOThCs 13 3anexHocTsmu [22], [29] 1 Teope-
THYHAM pimreHHsM [32], mporte it KBaapaTHOTO — 3 Tpa-
wamu [29], [30], [31] 1 [32].

VY pob6oti [10] mocmiKyBanu MmpoiecH KOHAEHCAIl
R32 B anmomiHieBUX KBaJpaTHUX 0araTo-mopTOBUX TPYOKax
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i3 rizpaBiiuaum giamerpom dy = 1,16 MM MOpPIiBHAHO 3 KOH-
nercariero R410A. ABTOpH IOCITIIKYBaaM BILIHB TEMIIC-
patypu HacHYCHHS, MAacoBOI IIBHAKOCTi, MapOBMICTy Ha
KOeQiIlieHT TEeIIOBinAayui Ta TPami€eHT THUCKY TepTsa. 3Ha-
YeHHs PeKUMHEX MapaMeTpiB mepeOyBain B MeXax: TeM-
meparypa HacmueHHs t, = 30; 35; 40; 45; 50°C, macosa
mBuakicte G - Big 100 mo 800 KF/(MZC), MapoBMICT X —
Bix 0,05 10 0,9.

Y Bcix ekcrepuMeHTaxX Koe(illieHTH TeIUToBiaaadi
s R32 BusBuaMCs BUINMMH, Hix 3HaueHHs a1 R410A
(puc. 11).
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Pucynok 11 — [lopiensanis ekChepumMeHmaibHux
oanux o R32 ma R410A.

OtpuMaHi pe3yNnbTaTH aBTOPH POOOTH MOSCHIOIOTH Pi-
3HAMH TEIUIO(I3UYHUMHU BJIACTHBOCTSIMHU ITUX XOJIOIOATCH-
TiB (Tab. 2). Ockinbku 3a t, = 40 °C o6uaBa X0J0A0areHTH
MalOTh OJTHAKOB1 3HAUYEHHS B’SA3KOCTI 4, iX ymcia Re i xoe-
¢imientn Teprss C; Maibke piBHI 3a 3a/laHOI0 MacoOBOIO
mBHAKICTIO G. 3 orjsimy Ha Iie OULTBII BHUCOKI 3HAYCHHS
3HIDKCHHS TUCKY CIIOCTEPIraroThCs y xojomoareHty R32 3a
foro meHmoi ryctunu p. Lleit edekr me OinblI MOCHIIIO-
etbes 3a t; = 30 °C 3a gemo BHIIOT pi3HUIN 3HAYCHb TYCTHH
pimua R32 Ta R410A Ta iX B’S3KOCTI.

Ta6aunsa 2 — Termodi3uyHi BIACTHBOCTI XOJIOJ0ATreHTIB 3a
temreparypu Hacudennst t, = 30 ta t, = 40 °C [30].

Temnodizuuni R410A | R32
BJIaCTI/IBOCTi TeMnepaTypa HAaCUYCHHSA tH, OC
peuOBHH 30°C | 40°C | 30°C | 40°C

Tuck, Kputnunnit 4901,9 5782,0
klla Hacnuenns 1889,8 | 2426,2 | 1928,0 | 2478,9
Sumkenna [] | 0,385 | 0,492 | 0,333 | 0,428
I'yctuna, |Pimnna 1032,6 | 975,26 | 939,58 | 892,98
Kr/M° [Mapa 76,57 103,3 54,79 73,29
B’sa3kicTs, | Pinnna 110,36 | 95,84 | 107,22 | 94,97
mlla-c [Tapa 14,04 14,91 13,12 13,83
T.GHJ?OPO- Piguna 0,086 0,081 0,122 0,115

BIIHICTB,

Boark | |Tapa 0,016 | 0,019 | 0,016 | 0,018

Haromicts R32 mae Oibli BUCOKY TEILIONPOBIIHICTh
pianHM, fKa 1 IPU3BOIUTH 10 KPalIMX HOTo Temjonepena-
BaJIbHUX BJIacTUBOCTEH. OCKUTBKH Pi3HUII 3HAYEHB TEIJI0-
MIPOBITHOCTI MK 000Ma XO0JIO/I0areHTaMH € Mai)Ke PiBHOIO
HE3aJIe)KHO BIJ TEMIEpaTypH, BIAMIHHOCTI MiX oOoma
XOJIOJIOAreHTaMK He 3ajieXaTh Bill TEMIepaTypH HAaCH4YCH-
HS, SK NokazaHo Ha puc. 11. Takox, Ha AyMKy aBTOpiB,
UMM BIIMIHHOCTSIMH BIIACTMBOCTEH pIiIUH Ta IX 3MiH,
TOSICHIOIOTHCS BIIMIHHOCTI Y 3HW)KEHHI TUCKY (Ta0I. 2).

Sk 1 B Garatbox poOOTax pi3HHWX aBTOPIB, y POOOTI
[10] mopiBHSHO OTpHMaHi eKCIIepHMEHTANbHI JaHi 3 po3pa-
XYHKOM 3a JIeSKHUMH BiJOMHMH MojensiMu. Haiibinsm Bu-
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coKa 301KHICTh €KCTIEPUMEHTATBHUX JaHUX 3 PO3PaXyHKOM
3a Mojesunio 3 npaiii [29] crocrepiranacs mus R32 ta gero
mmwk4a - it R410A. Po3paxyHok 3a Moaentio 3 miparti [33]
MTOKa3aB IIEPEBHUIICHHS KOe]ilieHTIB TeruioBignadi musa R32
3a BCiMa TeMIepaTypaMu HaCHYCHHSI.

Asrtopu po6otu [11] BUKOPHCTOBYBaIN BHCOKOTOYHY
TEXHIKY, 100 OI[IHKK BIUIMB Opi€HTAIlli KaHAJTy HA CKCIIe-
pUMEHTaNBHI Koe(ilieHTH TEeIJIOBilaui 32 KOHJCHCAII€0
R134a Bcepenuni MiHiIKaHamy KBaJpaTHOTO MEPETHHY 3
rigpapiaiyaum miamerpom Op = 1,23 MM y TOpPH30HTANBHO-
My, BEPTUKAJIbHUX BHCXiITHOMY Ta HU3XIIHOMY MOTOKAaxX 3a
temnepatypu HacuueHHs t, = 40 °C Ta MacoBOi MIBHIKOCTI
Bix 100 zo 790 kr/(m%c).

3rigHO 3  eKCIEpUMEHTAJIbHUMH  TOCIIHKCHHIMHA
(puc. 12), me Oymo MOMIUEHO BIAMIHHOCTEH IS TPHOX
PI3HUX TOTOKIB 3 MACOBHMH MIBUIKOCTSAMHU Bix 790 KI‘/(MZC)
i Hrxkue, no 200 KI‘/(MZC), Jle HassBHUU BIUIMB Ha TEIIO00-
MiH Mixda3zHOro TepTs i MOBepXHEBOro Harsry. HaBmakw,
3a MacosuMu mBHakocTsMu 100 1 135 kr/(m2c), koedimien-
TH TEIUIOBIANAYi y BEPTUKAIbHOMY HH3XIJHOMY IOTOI
HIDKYI 32 3HaYEHHs Koe(ili€HTIB TemyIoBiAna4i, BUMiploBa-
HUX y TOPHU30HTAIHLHOMY Ta BEPTUKAILHOMY BUCXIJTHOMY
MOTOKAX.

[opiBHAHHA OTPUMAHHX MAHUX 3 PO3PAXyHKOBHMH
KOPEJLILiSIMA TIOKAa3alo iX MPUHHATHY 30DKHICTE i3 Moze-
v [34] ta [35] 3a BeaMKMX Ta HU3BKHX 3HAYEHb MACOBHX
IOTOKIB BiIIIOBIIHO.
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Pucynok 12 — Bnnus opienmayii kanany na Koegiyicum
Meni08i00auyi 3a Maco8or WeUOKiCmio

G=390 ke/(m?c) (a) ma 135 kel(m?c) (6).

VY pob6orti [36] HaBeneHO pe3ysbTaTH €KCIEPHUMEHTA-
JMBHUX JOCTIDKCHb TEIUIOBIAAAYl Ta 3HIDKESHHS THUCKY i
yac KoHueHcauil xononoarentiB R134a, R404A ta R407C
y TpyOKax MiHIKaHaJIB i3 Heip)KaBKOi cTalli 3 BHYyTPILIHIMU
niamerpamu 0y, =0.31 - 3,30 MM Ta pOGOUOK JTOBKHHOKO
nocrigaoi aineHuii | = 950 MM 3a HACTYITHUMHU PEKUMHU-
MU TlapameTpamu: Temreparypa HacudeHHs t, = 30 — 40 °C,
MmacoBuii naposmict x = 0 - 1, macoBa mBukicts G = 100 -
1300 kr/(m%c).

VY poOOTi MOPIBHIOIOTH PE3YJIBTATH €KCIEPHUMEHTANb-
HUX JIaHWX 13 pO3paxyHKaMH 3a KOPEJSLiSIMU 1HIIUX aBTO-
piB 3 poGit [15; 19; 37] y Mexax 0OMEKEHOro Iiana3oHy
PEKUMHUX TTapaMeTpiB.

Ha mincraBi ekcriepuMeHTaIBHUX JOCIIDKEHb aBTOPH
3alpONOHYBAJIH BIACHY KOPEJALII0 JUIS PO3PaXxyHKY JIOKa-
JILHOTO Koe(ilieHTa TeTuIoBiaaqi:

[Lj ©)
1-x '

Emnipuuny dopmyiy (3) 3anponoHOBaHO Ul po3pa-
XYHKY JIOKaJBHOTO KOeillieHTa TeTUIOBiAIadl 3TiJHO KiJlb-
LIEBOI0 Ta CTPaTH(]IKOBAHO-KIIBIICBOIO CTPYKTYpPaMH JBO-

-0,288

a,,d
= = 25,084Re) P, Lo

P p"[’

(a3HOTrO MOTOKY Ta 32 TAKUMHU PEKUMHUMHU IapaMeTpaMH:
temneparypa HacwueHHs t, = 30 — 40 °C, macoBuii mapos-
mict x= 0 - 1, macoBa mBuakicts G = 100 - 1300 kr/(m°c).
Pesynbratn eKCiepUMEHTANBHIX JOCHTIKEHB BiAPI3HIIACS
Bil 3HA4YCHb, pO3paxoBaHWX 3a Qopmymnoro (3), y Me-
xax 25 %.

Y pob6ori [38] aBTOpM HOCHiKYBaIH TEIUIOBiIIaYY
mig yac koHzaeHcanii R134a y xBanpaTHHX, TPUKYTHHX Ta
HaIiBKPYIJIMX MapalieIbHUX MiHIKaHalaX 13 TigpaBlidYHAM
niamerpoM Oy, =1 mm. JlocmifkeHHST TPOBOIMINCS 32 TEM-
neparypu HacuueHHs 1, =35°C Ta t;=45°C, macosoi
mBuaKocTi moToky G - Bim 75 mo 4500 KF/(MZC), MAaCOBHUM
maposmictom X = 0,05 - 0,9 ta rycTHHOIO TEIIOBOTO MOTO-
Ky q Bix 23,5 10 40 kBr/M°. OTpuMaHi pesynbTaTi I0CHTi-
JUKEHB TI0/1aHo Ha puc. 13.

A5 8000} G=150 watn’e i: 8000} G150 xein’c I
£ 7000 L e TR
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5000 I [ 1 5000, Ti*ﬁ’]“
ﬂ \th I b
4000 ral gl ] aooof BT
! l#}“ﬂ JEE 1
3000 . Bg %L lh it 3000 *tfh}ﬁl[f 1
2000 1y ﬁ% i I 2000} 14
1000} 1 1000

00 0.1020304050.60.708 O.QrT Oﬂ 0.10.20304050.60.70.809 x1
a) 0)

Pucynox 13 — 3anesicnicmv excnepumenmanibHux
Koeiyicumie mennogiooaui o 6i0 naposmicmy X 0Jis X0J10-
doazenmy R134a 3a macosorw weuokicmio
G=150 ke/(m*c) (a) ma 800 k2/(m’c) (6).

YcraHOBIIEHO, 10 MacoBi HIBHIKICTH IIOTOKY Ta Ia-
POBMICT MarOTh 3HAYHWUN BIUIUB Ha MPOIEC KOHICHCAIl
HAaBiTh 32 MaJIMX MacOBUX IUIBHIKOCTEH, TOMI SIK TUCK HACH-
YeHHs1, TCIUIOBUI NOTIK Ta opMa KaHay HE MarOTh 3Ha4-
HOTO BIDIMBY Ha TeIUI000MiH. Takox y poOoTi BcTaHOBIIE-
HO, 1m0 (hopMa MiHIKaHAJiB HE Ma€ CYTTEBOTO BIUIMBY Ha
TEIUIOBiIIaqy.

Y po6oTi MOpPiBHAHO OTpUMaHi AOCIiIHI TaHi 3 po3pa-
XyHKaMH 3a Kopewsiisima 3 pobit [31; 39; 40; 41].
Haiixpamry 301kHICTh pO3paxyHKOBHX 3HAa4YEHb 3 EKCIIEPH-
MEHTOM TI0Ka3ajia Kopessiis 3 poboru [39] y mexax Big 20
10 30 % quis1 Bcix MiHIKaHAMIB.

3 BUCHOBKM

1. AHanii3 eKCIepuMEeHTABHIX JOCIiKEHb TEII000-
MiHy TiJ] yac KOHJAEHcamii y MiHiKaHaJax IO0Ka3aB, IO Y
JIOCTaTHIH KITBKOCTI OITyOJIIKOBaHUX Tpalb PO3IIISTHYTO
NepeBayKHO BIUIMB Ha TEIUIOBiJiady MacoBoi mBuakocti G
1 TTapoBMICTYy X, OJHaK HE JIOCIIJDKEHO BIUIMB TEIJIOBOTO
MOTOKY (] Ha XapakTep TEMI000MiHY.

2. BukoHaHuii aHami3 poOIT CBIAYMTH MPO HEOOXi-
HICTh Yy TOJAIBINTUX JTOCIIHKEHHSIX MPOIECiB KOHEH AT B
MiHiKaHaJlaX Ta PO3pOOJICHHI BiANOBITHOI METOAWKH PO3-
paxyHKy TeIUIOBiAadi, sfka Oyne KOPEKTHOK 3 MOTIIAY
BpaxyBaHHS BIUIMBY DPI3HHUX PEXUMIB IIOTOKY Ha NPOLECH
TriepeiaBaHHs TEIUIOTH.

3. IToTpiOHO mpoaHai3yBaTH HasiBHI TEOPETHYHI Ta
eMIIipUYHI METOAN PO3paxyHKy TEIUIOBiIadi IiJl yac KOH-
JICHCAIlil B Cepe/InHI MiHIKaHAIIIB, 32 aHAJIOTIE€I0 3 METOJJOM
PO3paxyHKy Ui 3BHYAitHUX TpyO i3 pobit [42; 43], mob
chopMyBaTH 3arajbHy METOIMKY PO3PaxyHKY TEILIOBijia-
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4i 3 ypaxyBaHHSM BIUIUBY PEKUMIB Tedil (a3 i TEIIOBOTO
MOTOKY.

4. Y mopmaipImMX MOCTIIHKEHHAX MPOIECiB KOHICHCA-
mii y MiHiKaHaNaxX, BOYEBHUIb, HEOOXiTHO CYTTEBO PO3IIH-
pUTH [iama3oH poOOYHMX PEYOBHH, BHKOPHCTOBYBAaHHX B
EKCIIePUMEHTAX, 30KpeMa, CYMIIIHUX Ta MPUPOAHUX XOJO-
JIOAreHTiB.
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Heat exchange under condensation inside minichannels
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The work analyzes the experimental studies of the working substances condensation inside mini-channels from open-
acess literature sources, shows the dependence of the heat transfer coefficients on the mass vapor quality at different
mass velocities and heat fluxes, and shows the influence of the geometric shapes and sizes of minicans on the heat
transfer. The analysis of the work carried out during condensation in mini-channels has shown that in many published
papers the influence on the heat transfer of the mass flow rate and mass quality is mainly considered, but the influence
of the heat flux on the character of heat exchange is not investigated. Also, the review of the works demonstrates the
need for further studies of condensation processes in mini-channels and the development of an appropriate methodolo-
gy for calculating heat transfer, which will be correct when considering the influence of different flow regimes on heat
transfer processes. In further studies it is necessary: to conduct a more detailed analysis of existing theoretical and
empirical methods for calculating heat transfer during condensation inside minichannels in order to obtain a general
methodology for calculating heat transfer, taking into account the effect of phase flow and heat flow regimes; in studies
on condensation in minichannels, the range of working substances that are used in experiments, for example, mixed and
natural refrigerants, is significantly expanded. It should be noted that the use of minichannels in capacitors of various
aggregated systems, for example, air conditioning systems, is quite a promising direction for their wider application.

Keywords: condensation, minichannels, heat exchange, heat transfer coefficient, shear stress, surface tension
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Application of the Open Cycle Stirling Engine Driven with Liquid Nitrogen
for the Non-Polluting Automobiles
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Progress on advancing technology of using liquid nitrogen for the non-polluting automobiles is reported. It is shown
that the low exergy efficiency of the known engines fueled with liquid nitrogen has discredited the very idea of a
cryomobile. The design of the open-cycle cryogenic Stirling engine is proposed. This engine allows extracting up
to 57% of the exergy accumulated in liquid nitrogen. The method used to calculate of such open-cycle Stirling engine is
described and the calculation results and discussion are presented. It is shown that 200 liters of liquid nitrogen is
sufficient for 180 km range of cryomobile at speed of 55 km/h, while a full charge of the 300-kilogram battery of Nissan
LEAF electric vehicle is sufficient for a range of 160 km. Use of liquid nitrogen or liquid air as an energy vector in a
transport will not require scarce materials, and, in comparison with using of lithium-ion batteries or hydrogen, this will
require less capital investment.

Keywords: Heat engines; Zero emission vehicles; Liquid nitrogen; Liquid air; Cryogenic; Stirling engine.

3acTtocyBaHHA ABUryHa CTipniHra, wo npauie Ha pigkomy a3oTi, Ans
CTBOPEHHSA €KOJOoriYHoO YMCTUX aBTOMOGIniB

M. b. Kpasuenko
Odecvra HayioHabHa akademis xapuosux mexnonoeit, eyn. Kanamna, 112, Odeca, 65039, Vrpaina

Y cmammi nagedenuii oenso cyvacnozo cmany po3eumky mMexHONO02li 6UKOPUCHAHHA PIOKO20 azomy OJia CHGOPEHHS
eKOoN02IUHO Yucmux aemomoobinig. Ilokasano, wjo HU3bLKA excepeemuina epekmueHicmy 08USYHI8, WO Npayioms Ha
piokomy azomi, OUCKpeOumysaia camy ioeio Kpiomobins. 3anponoHo8ano KOHCMPYKYIIO0 KPiO2eHHO20 08USYHA, SIKULL
npayioe no iokpumomy yuxny Cmipainea. Llew 0gueyn 0o3zgonse sunyuyamu 00 57% excepeii, HaKonuuenoi y pioKkomy
asomi. Onucana MmemoouKa oOYUCTIEHHS OCHOGHUX XAPAKMEPUCTIUK MAK020 08USYHA | HABEOEHI pe3yIbmamu 1020
po3spaxyuxig. Ilokaszano, wo 200 nimpig piokoeo azomy docmamuvo Oasi 180 xm npobicy kpiomobina 3i weuokicmio
55 km/200., mooi ax nosuuii 3apsd 300-kinoepamosozo axymyrsmopa enexkmpomo6bins Nissan LEAF docmammuiil nuwe
ona npoodiey 160 km. Buxopucmanmus piokoeo azomy abo pioko2o nosimps 8 AKOCMI eHepeOHOCIs HA MPAHCNOPMI He
suMazamume UKOPUCMAHHA OeDiyumHUX Mamepianie, i, 8 NOPIGHAHHI 3 BUKOPUCMAHHAM Jimit-loHHUx damapeii abo
B00HIO, GUMASAMUME MEHULUX KANTMANIOBKIAOEHD.

Kniouogi cnosa: mennosuii 08ucym; eKoao2iuHo yucmi asmomooini; piokuil azom; pioxke nogimps;, Kpuo2eHHa mexuixka,
osueyn Cmipninea.
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To completely abandon fossil fuels it will be
necessary to find an intermediate energy carrier that could
be used in a transport. The accumulation of this

1 Introduction

At present, the world energy industry is experiencing

the technological revolution connected with explosive
growth of the renewable energy sources. This
is illustrated in Figure 1, which shows the change in the
share of energy received from renewable sources in the
energy balance of Germany for the period 1991-2016.

Now the share of renewable energy sources in the
energy balance of many European countries exceeds 20%.
In 2016, 191 billion kW-h of electricity was generated from
renewable energy sources in Germany. It comes to 32% of
the total amount of electricity consumed in this country [1].
Spain and Germany set a goal of receiving more than 50%
of electricity from renewable sources until to 2030.

intermediate energy carrier during periods with surplus
electricity in the grid is also solution to the problem of
reconciling the demand and production of electricity
received from renewable sources.

There are at least three competing projects to solve
the problem of an intermediate energy carrier suitable for
use in a transport. The most advanced is the project of
electric-driven car with lithium-ion batteries. In this case,
the role of the intermediate energy vector performs by
lithium, which accumulated in the lithium-ion battery when
it is charged.

Electric-drive vehicles have several benefits in
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comparison with conventional cars, running on gasoline,
diesel or gas. They are almost noiseless, easy to manage
and reliable and reduce emissions of greenhouse gases. The
operation of electric vehicle is much cheaper than the
operation of a traditional car, because electricity is much
cheaper than gasoline or diesel fuel. The main advantage of
an electric vehicle is environmental safety and zero
greenhouse gas emission when using electricity from
renewable sources to charge the batteries.

Electric-driven vehicles have a long history of
improvement. At the beginning of the 20-th century, the
number of electric vehicles sold each year was about the
same as the number of conventional cars sold. However,
with the improvement of gasoline and diesel engines, the
share of electric vehicles in the vehicle market was
declining. The main reason for the abandonment of electric
vehicles were low efficiency of its batteries that did not
allow electric vehicles accelerate to high speed and, at the
same time, to have sufficient range without recharging the
batteries.

The situation changed with the advent of lithium-ion
batteries, capable to provide the capacity necessary for an
electric vehicle at acceptable dimensions and weight.
Despite the unique characteristics of lithium-ion batteries,
they remain the weak point of the electric vehicle.

First, lithium-ion batteries are very expensive; their
cost is 500-600 USD per kW-h. Therefore, in modern
electric vehicles, the cost of a battery is about 30-40% of
the cost of the car itself.

Secondly, lithium-ion batteries are not durable, after
3-5 years of intensive operation their capacity drops, and
they need to be replaced.

Thirdly, lithium-ion batteries can not be quickly
charged. For example, the battery charging time of the most
popular brand of electric car Nissan Leaf not less than nine
hours. Even with such a prolonged charging of an electric
vehicle, a significant load is created on household electric
grids.

And, finally, lithium, which is necessary to
manufacture batteries, is a scarce material, most of which is
mined in just three countries: Chile, China and Australia.

In March 2015, llon Mask presented his new electric
vehicle — Tesla Model 3, and said that by 2018 his
company intends to sell 500,000 such cars, but "for this, it
will be necessary to buy all the lithium produced in the

world." After this statement, the prices for lithium have
soared. The cost of this raw material in terms of lithium
carbonate in May 2016 has reached $ 20,000 per ton versus
$ 6,000 per ton in early 2015.

“Goldman Sachs” top strategists predict thatin
connection with the growth in sales of electric vehicles by
2025, lithium consumption can to reach 570 thousand tons,
while in 2012 it was produced only 26.5 thousand tons of
lithium.

Thus, replacing the existing car fleet with electric
vehicles will require a significant increase in electricity
supply, as well as a significant increase in the production a
number of scarce materials, such as lithium and copper.

The second project, implementation of which can lead
to abandonment of fossil fuels in transport, is the use of
hydrogen as a clean energy carrier [2, 3].

Hydrogen energy was formed in the mid-1970s as one
of directions of scientific and technological progress.
Starting of the works into controlled thermonuclear fusion
lent impetus to researches related to the production, storage,
transportation and use of hydrogen. At that time it was
believed that these works would quickly lead to the
development of reactors with controlled thermonuclear
fusion, which would ensure the production of a large
amount of cheap electricity.

Hydrogen was chosen as an intermediate energy
carrier because of its obvious environmental benefits. In the
presence of cheap electricity, hydrogen was planned to be
obtained by electrolysis of water.

Electrolysis of water is one of the most well studied
methods to obtaining hydrogen. The electrochemical
method of obtaining hydrogen from water has the following
positive qualities:

— high purity of the produced hydrogen — up to
99.99% and higher;

— simplicity of the technological process,
continuity and the possibility of a full automation;

— always available and practically inexhaustible
raw material — water;

— flexibility of the process and possibility to obtaining
hydrogen directly under pressure;

— possibility to obtain valuable by-products — heavy
water and oxygen.

Despite the fact that hopes for the rapid development
of nuclear fusion technology have not implemented,
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Figure 1 — Share of energy, received from renewable sources in Germany for 1991-2016.
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significant achievements in the hydrogen energy have been
in demand in a world, which is preparing for the transition
to use renewable energy sources.

When hydrogen is used as an energy vector on the
transport, in addition to absolute environmental purity, it
has a number of others advantages.

First, existing internal combustion engines can be
converted to hydrogen, and this requires minimal changes
in engine design.

In addition, the chemical energy of hydrogen can be
converted into electricity in the so-called fuel cells. When
hydrogen is dissolved in metals, for example in platinum,
the proton and the electron that make up the hydrogen atom
are separated. If the platinum electrode is in an alkaline
medium, then it reacts to form free electrons:

2H, +40H" =4H,0+4e .

In a fuel cell, these electrons pass through an
electrical circuit and perform useful work. After that, the
electrons get to another electrode, where the next reaction
occurs with participation of the oxygen:

4e +0,+2H,0=40H"

This way of using hydrogen is much more efficient
than its combustion in the internal combustion engine. The
efficiency of conversion chemical energy into useful work
in fuel cells is much higher and reaches 80%. The main
disadvantage of this process is the high cost of platinum or
palladium electrodes in the fuel cells.

Several decades of research aimed to improve design
of fuel cells led to creation of compact, reliable and
efficient sources of current, but this efficiency is based on
the unique properties of platinum, which is still used for the
production of electrodes. Therefore fuel cells remain
expensive; their cost is about $1500 per KW.

In addition, the using of hydrogen as an energy vector
has a number of significant drawbacks. First in the list of
hydrogen drawbacks are the fire and explosion hazards.

Traditional types of fuels used in transport (gasoline,
diesel fuel and natural gas) are the flammable and explosive
substances. But hydrogen, even against such background, is
a highly flammable and explosive substance. For example,
a mixture of methane and air under normal conditions
ignites if volume fraction of methane is within the range
of 5.3-15%, and detonates at volume fraction of 6.3-13%.
The mixture of hydrogen with air ignites and detonates in a
much larger range of volumetric hydrogen concentrations,
respectively — 4.1-75% and 18.3-74%.

The thermal impulse (the energy of ignition)
necessary for the ignition of combustible substances is, for
mixtures of methane with air, E;=280-10° J, and for
hydrogen-air mixtures Eq=19.6-10° J. The energy that
initiates the reaction of hydrogen with air is so small that
the ignition of hydrogen can occur even from spark of static
electricity accumulated on clothing. Therefore, when
working with hydrogen, it is not allowed to wear synthetic
clothing.

The TNT equivalents of the explosion of
stoichiometric mixtures of methane and hydrogen with air
are 4.8 and 10.6 kg of trinitrotoluene per kilogram of
product, respectively.

Another disadvantage of hydrogen as an energy
carrier is the complexity of its accumulation and storage.
Hydrogen is the lightest gas, therefore its storage and
transport in cylinders is extremely irrational. If 9 kg of
oxygen can be pumped into a standard cylinder, then
only 0.48 kg of hydrogen will fit in the same cylinder.

Liquefying of hydrogen can increase its density, but
liquid hydrogen is also a very light liquid. The density of
liquid hydrogen is only 70.9 kg/m®.

Hydrogen liquefaction is a very energy-expensive
process, since the normal boiling temperature of hydrogen
is only 20.4 K. If we add to this carrying out the ortho-para
conversion, which is needed to ensure the long-term storage
of liquid hydrogen, then the high cost of the infrastructure
to use liquid hydrogen in transport becomes clear.

Despite these drawbacks of hydrogen, a number of
leading automotive companies have developed and produce
a limited number of cars running on hydrogen. The most
famous of these models are: Honda FCX Clarity, Mercedes-
Benz F-CELL, BMW Hydrogen 7, Mazda RX-8 hydrogen
(see Figure 2).

Liquid air or liquid nitrogen comparatively recent has
to be considered as a potential intermediate energy carrier,
which can be used in transport.

The idea of using the liquid air as an energy vector for
a car appeared shortly after industrial air-liquefaction plants
were created.

The first prototype of a car fueled with liquid air was
shown in 1902 and was called “Liquid Air” (see Figure 3)
[4]. In this photo, “Liquid Air” is driven by its inventor —
the Dane, Hans Knudsen. The car was able to drive 64
kilometers through the streets of London at a speed of 19
kilometers per hour, spending on it 64 liters of liquid air.
According to experts, energy efficiency of this cryomobile
was only about 4%.

The next attempt to create a car fueled with liquid air
was made in the United States, in 1914. Two managers of
Buick company — William Little and William Durant create
experimental cryomobile, which they called “Little” (see
Figure 4). As the engine of this model converted 4-cylinder
internal combustion engine was used. In the process of
testing, the cryomobile demonstrated its working capacity,
but did not attract investors, in particular, due to lack of
infrastructure for refueling the cryomobile with liquid air.

The idea of a car running on liquid nitrogen returned

Figure 2 — Car BMW Hydrogen 7, working on
hydrogen
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only in the 90-s of the last century, when the question arose
about developing a car with zero emissions.

Figure 3 — The first car working on liquid air, and its
inventor — Hans Knudsen

Figure 4 — “Little” — cryomobile working
on liquid air (1914)

In 2000, a group of scientists from the University of
Washington developed and tested experimental car

operating on liquid nitrogen, which they called the LN2000
(see Figure 5).

Figure 5 — LN2000 — experimental model of
cryomobile operating on liquid nitrogen

The experimental cryomobile was created on the basis
of the serial electric vehicle Grumman Kubvan. As the
engine it was used the ship pneumatic motor, intended for a
lifting and lowering anchor. Power of the air motor
was 11 kW [5].
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On a tests cryomobile developed speed up to 35
kilometers per hour. Measurement of the flow rate of liquid
nitrogen showed that efficiency of the power installation of
this cryomobile reaches 9%.

Schematic diagram of the LN2000 cryomobile power
installation is shown in Figure 6. It includes a Dewar vessel
1 for storing liquid nitrogen, liquid nitrogen pump 2,
economizer 3, atmospheric heat exchanger 4 and expansion
machine 6. Power of expansion machine via transmission
transferred to the wheels of the cryomobile.

The scheme of this cryomobile, like in all previous
models, is the same as for a steam locomotive, but instead
of water, liquid nitrogen is used.

Therefore, it is not surprising that the efficiency of the
power installations of such cryomobiles was about the same
as efficiency of a locomotive — less than 10%. The low
efficiency of power installations used in the known samples
of cars working on liquid nitrogen or liquid air discredited
the very idea of the cryomobile [6, 7, 8, and 9]. Therefore,
public interest and the financing of cars running on liquid
nitrogen is much less than interest in electric vehicles or
cars running on hydrogen.

In 2001, the British inventor Peter Dearman proposed
a new engine design for the use of liquid nitrogen energy.
The experimental model of the Dearman engine has
accelerated its cryomobile, assembled on the basis of the
Ford Fiesta car, to 50 km/h.

The main feature of the Dearman engine is the contact
heat exchange of the liquid heat transfer agent with liquid
nitrogen directly in the working cylinder of engine. This
makes it possible to realize the process of nitrogen
expansion close to isothermal, and due to this, it is essential
to increase the efficiency of the machine [10].

In Figure 7 shows the principle of operation of
Dearman engine. The working process in Dearman engine
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1 — Dewar vessel for storage of liquid nitrogen;
2 — liquid nitrogen pump; 3 — economizer;

4 — atmospheric heat exchanger; 5 — the fan;

6 — expansion machine.

Figure 6 — Schematic diagram of the LN2000
cryomobile power unit.

consists of four stages. At the first stage (Figure 7a), when
the piston moves upward, a liquid heat transfer agent is
supplied in the cylinder.

At the top dead center, liquid nitrogen is injected into
the engine cylinder (Figure 7b). When a jet of liquid
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nitrogen flows into the liquid heat transfer agent, a quick
boiling of liquid nitrogen is occurs. As a result of the
intense boiling of nitrogen, the pressure in the cylinder
increases, and the expanding vapors of liquid nitrogen
pushing the piston of the engine downward (Figure 7c).
Near the bottom dead center, the piston opens a window in
the cylinder through which a mixture of expanded nitrogen
vapors and droplets of heat-transfer liquid leaves the
cylinder (Figure 7d).
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Figure 7 — Principle of the Dearman engine.
a — inlet of the heat-transfer liquid; b — injection of
liquid nitrogen; ¢ — working stroke; d - release of the
expanded vapors of nitrogen and drops of heat-transfer
liquid.

As a "garage inventor" Dearman went beyond the
stereotypes that were formed by engineers in the course of
their practical activities. One of these stereotypes is that
there should be no liquid in the engine cylinder. The
presence of fluid in the cylinder can lead to a hydraulic
shock, which usually ends up damaging the machine.
Dearman managed to create the working piston engine,
which has liquid in the cylinder constantly.

Another stereotype of thinking, which Dearman
destroyed, is that the engine for the car running on liquid
nitrogen, shut be a pneumatic motor — a machine that
converts the energy of compressed air into mechanical
work. He was creating the first machine that converts the
energy of liquid nitrogen into mechanical work.

2 Thermodynamic analysis of the engine working
on liquid nitrogen

The maximum work that can be obtained by
interaction of a cryogenic liquid with the environment is
equal to the minimum theoretical work for liquefaction of
this cryogenic liquid.

Minimum work for liquefaction it is the work of ideal
liquefaction cycle for a definite substance at present
environmental parameters.

An ideal liquefaction cycle is a cycle composed of
isobar of liquefy substance at ambient pressure, isotherm
for this substance at ambient temperature, and adiabatic
process which closing this cycle.

In Figure 8 is shown the pattern of ideal liquefaction
cycle in the temperature-entropy diagram. As is known, the
area of the thermodynamic cycle on the temperature-
entropy diagram represents the work spent in this cycle.
Consequently, the minimum work required to liquefaction

of gas, in direct proportion to the area of the shape 1-2-3-4.
It is easy to calculate, that the minimum work required to
nitrogen liquefaction at ambient temperature 293 K and
atmospheric pressure (760 mmHg) is equal to 741 kJ/kg or
183.7 kW-h/kg. This value determines the maximum work
that can be obtained by the interaction of liquid nitrogen
with the environment.

In Figure 8 also shown the thermodynamic cycle that
was used in the LN2000 cryomobile, it is the cycle 1-8-9-2.
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Figure 8 — Ideal cycle of nitrogen liquefaction and
cycles of cryomobils power installations in the
temperature-entropy diagram.

1-2-3-4 — ideal cycle of nitrogen liquefaction;
1-8-9-2 — cycle of the LN2000 power unit;
1-7-6-5-3-2 — cycle of the Dearman engine.

Therefore, comparing the areas of different cycles,
you can get a visual representation of the potential of a
particular cycle. From this figure, we notice that the single-
stage adiabatic expansion, which used in the LN2000
cryomobile, is extremely inefficient. Thermodynamic losses
in this cycle could be reduced by applying a multistage
expansion of nitrogen with intermediate heating from the
environment.

The realization of nitrogen expansion process close to
the isothermal in the Dearman engine makes it possible to
essentially increase the work obtained with nitrogen
expansion. From this temperature-entropy diagram we can
notice that the area of the figure 1-7-6-5-3-2, which
corresponds to work in the Dearman cycle, is larger than
the area of the cycle used in the LN2000 cryomobile.
Comparison of the areas of the Dearman cycle and the
cycle of the LN2000 cryomobile with the area of the ideal
nitrogen liquefaction cycle indicates that both these cycles
are far from ideal.
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To estimate the theoretical potential of a cryomobile it
is enough to compare the minimum work required to
liquefaction of nitrogen with the specific capacitance of
certain types of electrical accumulators. The below figure 9
shows a comparison between the specific energy
accumulated in different types of electrical accumulators
with the maximum work that can be obtained by the
interaction of liquid nitrogen with the environment.

It is obvious, that liquid nitrogen as an intermediate
energy carrier is in no way inferior to existing batteries. But
this is possible under the condition a method of efficient
extraction of energy from liquid nitrogen will be found.

The figure 9 shows that the capacity of existing
batteries is strongly dependent on the power that this
battery emits to the network. This is due to the fact that all
batteries have an internal electrical resistance. When an
electric current flows in the circuit to which the battery is
connected, some of the electricity supplied by the battery is
lost inside it, turning into the heat. From Figure 9 we can
notice that lead batteries have internal resistance less than
other types of batteries, so this type of battery can give
more power to the electrical circuit. In lithium-ion batteries,
the internal resistance is relatively large, so the capacity of
this type of battery is highly dependent on the output power
or the discharge rate.
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1 — lead accumulators; 2 — nickel-cadmium batteries;
3 — lithium-ion batteries; 4 — work that can be obtained
from 1 kg liquid nitrogen.

Figure 9 — Comparison of the specific energy
accumulated in various types of accumulators with the
maximum work that can be obtained by the interaction of
liquid nitrogen with the environment.

The most widespread electric car Nissan Leaf has a
lithium-ion battery with capacity is 24 kWh, and the battery
weight is 300 kg. Hence, it is not difficult to calculate the
actual value of the specific capacity of lithium-ion batteries,
which are used in electric vehicles — 0.08 KW-h/kg. It
follows that if you can create a machine that will extract at
least 50% of the energy stored in liquid nitrogen, then
cryomobile will outperform the electric cars.
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3 Open-cycle Stirling engine

The concept of the open-cycle Stirling engine is not
new. For example, Isshiki etal. [11, 12] developed the
steam Stirling engine, which operates as a hybrid of the
Stirling machine and the Rankine steam-operated cycle.
This engine has one cylinder with a power piston and a
heater at the top, and a second cylinder in which displacer
moves. Between these two cylinders, there is a regenerative
heat exchanger like in the Stirling machine. But besides
this, the Isshiki engine has intake and exhaust valves
through which the steam enters the cylinder, expands in it
and is ejected from the working cylinder. The same as in
the Rankine cycle, the spent steam is condensed, pumped
into the steam boiler and again fed into the power cylinder.

When the Isshiki engine is running, saturated steam
from the external boiler enters the power cylinder when the
piston approaches to the top dead center. Subsequently
steam passes through the regenerator and the heater, and
then expands at an almost constant high temperature.
Further, the expanded steam passes through the regenerator
and vent to the condenser, where it condenses and is again
pumped into the boiler.

In experiment performed on the miniature size
prototype operating on overheated steam with pressure
of 0.2 MPa and temperature of 250 °C, output power of
12 W was obtained. This is approximately five times
greater than the power of a Stirling gas engine of the same
dimensions, operating at 320 °C [11].

The following article appeared in  the 2014, it
presented the results of mathematical modeling and
experimental research of the prototype of the steam Stirling
engine, which has a beta-type configuration. In Figure 10
shows the scheme of the steam Stirling engine, or
"isothermal expansion machine" from [13].

\

1 — steam boiler; 2 — supply of heat; 3 — exhaust steam.

Figure 10 — Scheme of steam Stirling engine [13].

The experimental sample of the engine had working
volume of 100 cm®. This model was allowed to regulate the
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phase shift of the piston and displacer motion. In the
experimental study of this engine, it was shown that it
develops the greatest power with the phase shift of piston
and displacer motion is equal to 20 angular degrees.

Since in this work was studied an "isothermal
expansion machine", that the main attention was paid to
increasing its power. The questions of the thermodynamic
perfection of this machine went to the background and were
not studied.

In the article of Weiqging at al. [14] the scheme of
open-cycle Stirling engine operating at liquid nitrogen is
described. The authors of this work proposed to combine
the reservoir for storage of liquid nitrogen with a cold
cavity of the Stirling engine. In this engine, which has a
gamma-type configuration, nitrogen vapors, produced by
the engine, run through the regenerative heat exchanger and
are released into the environment from the warm part of the
engine.

Unfortunately, this design of Stirling engine, working
at liquid nitrogen, is not functioning. Because, during the
engine operation the pressure swing of gaseous nitrogen
above the surface of liquid nitrogen have supposedly with
amplitude up to 5 bar, per one revolution of the shaft. The
mathematical model of the engine, given in the article, also
does not take into account the possibility of condensation of
nitrogen vapors with increasing their pressure above the
surface of the liquid.

Despite this, the main idea stated in this article is that
to convert the exergy of liquid nitrogen into mechanical
work, it is necessary to utilizing not only the energy of gas
pressure, but also the cold exergy of the liquid nitrogen is
certainly correct.

In the proposed design of the open-cycle Stirling
engine, nitrogen is also used as the working substance.
Moreover, most of this nitrogen involved in a closed
thermodynamic cycle, and a smaller part passes through the
engine. This part of nitrogen is used as a cold source in the
heat engine.

The transit part of nitrogen enters in the cold cavity of
engine and exits it from the warm side of the Stirling
engine. The principle of operation of the proposed Stirling
machine working on an open cycle is shown in Figure 11.

Nitrogen injection occurs when most of the working
substance is in the cold cavity of the cylinder and gas from
the cold part of the cylinder begins to move into its warm
part (see Figure 11a). Since the nitrogen pressure in this
phase of the cycle is above the critical, the injected nitrogen
will be a cold supercritical fluid that almost instantaneously
mixes with the nitrogen in the cylinder. As a result of this
mixing, the temperature of nitrogen in the cold cavity will
decrease, and the mass of the working substance in the
engine will increase. Calculations show that the optimum
amount of injected nitrogen is 8-10% of the mass of the
working substance already present in the Stirling machine.

At the next stage of the machine operation, due to
moving of the displacer, nitrogen is pushed into the warm
cavity of the Stirling engine (see Figure 11b). At the same
time, the working substance obtained heat from
environment.

Then, the expansion of nitrogen at a temperature close
to the ambient temperature follows (see Figure 11c).
Expansion of gas is accompanied by the production of
useful work.
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Figure 11 — The principle of operation of Stirling
machine with open cycle.

a — injection of nitrogen into the cold cavity of the Stirling
engine; b — displacement of nitrogen into a warm cavity
with the supply of heat from the environment; ¢ —
expansion of nitrogen in the warm cavity with
production of useful work; d — exhaust of nitrogen at the
minimum pressure in the engine.

At the last stroke of the proposed Stirling engine, due
to moving of the displacer into the warm part of the
cylinder, gas is pushed into the cold cavity (see Fig. 11d).
This process is accompanied by decreasing the pressure in
the cylinder. When the cylinder's minimum pressure is
reached, the exhaust valve opens. Through open exhaust
valve a portion of nitrogen is discharged from the engine.
Thus, the mass of the nitrogen, participating in the
operation of the machine returns to its original value. After
that, the cycle repeats.

As is known, the lower the temperature at which gas
is compressed, the less energy it will take to compress this
gas. In the Stirling machine under consideration, the
working substance is compressed at a low temperature, and
then expands at a higher temperature. Therefore, for one
rotation of the shaft, the total energy balance will be
positive. It follows that the machine will operate as a heat
engine.

To evaluate the possibilities of the proposed cycle, it
is necessary to simulate the operation of the Stirling
machine operating on the proposed cycle.

Before constructing the mathematical model of
proposed machine, its basic parameters were set. The main
dimensions of the simulated machine are the same as those
of the legendary PLA-107 cryogenic Stirling machine. This
machine was developed by the Philips in 1954 and with
small improvements is being released to the present time.
The choice of this machine is due to that all it
characteristics are well known. In addition, this machine is
extremely reliable, because it is a result of long term
improvement and optimization. For example, the four-
cylinder machine of this type, established in 1967 in the
University of Brussels, has worked 192,000 hours.

The selected machine has a beta-type configuration,
so it has one cylinder in which the piston and displacer
moves coaxially. The beta configuration of the Stirling
machine is compact. Therefore it is best suited for transport
use.
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The main dimensions of the machine are chosen as
follows: piston diameter 80 mm, displacer diameter 70 mm,
piston stroke 52 mm, displacer stroke 30 mm. The dead
volume is assumed equal to 70 cm®. The phase shift
between the movements of the piston and the displacer
is 70 angular degrees. Stationary gas pressure in this
machine is 19 bars.

The temperature in the warm cavity of the machine is
assumed to be equal to 250 K. Such low temperature makes
it possible to supply heat from an intermediate coolant
interacting with the environment.

The temperature of the cold part of the machine is
assumed to be 130 K.

In the process of modeling this machine, the complete
revolution of its crankshaft was divided into 180 parts, each
corresponding to the rotation for 2 angular degrees. Further,
in each of these positions of crankshaft, the volumes of
warm and cold cavities are calculated.

Knowing the volumes of warm and cold cavities, as
well as the gas temperature in these cavities, and using the
material balance equation, finding the current value of
pressure in the machine by the formula:

P(p)= o
{Vc (9) , Vulo) , 2V, ((P)}C
TT, T 4T,

where M — is the total mass of nitrogen in the machine; V; —
is the volume of the cold cavity; V,, — is the volume of a
warm cavity; Vo — is the dead volume; T, — cold cavity
temperature; T, — temperature of a warm cavity; R — is the
universal gas constant; p — is the molar mass of nitrogen;
¢ — is the angle of the shaft rotation.

On the pressure in the Stirling machine, the work of
gas expansion in the warm and cold cavities of the engine
was determined. The work to be done by the gas is

determined by the trapezoidal rule:
V2

L= jP(v)dv ~PAV +
V1
where P; — is the pressure in the engine at the beginning of
the section under consideration; AP and AV — the pressure
change and changing of cavity volume in the corresponding
position, respectively.

The total work of gas compression in the cold cavity
of the engine is equal the amount of heat that must be draw
away from the cold cavity to execute a heat balance of the
engine. This heat is removed by injecting a dose of liquid
nitrogen into the cold cavity. The amount of heat that is
taken away from the cold part of the engine was determined

by formula:
Q, =G(h, —h,)

where G — is the flow rate of nitrogen supplied to the
engine cylinder; h. — the enthalpy of nitrogen in the cold
cavity of the engine; hy — is the enthalpy of nitrogen, which
is supplied by a liquid nitrogen pump from a container with
liquid nitrogen. In the calculation, it assumed that liquid
nitrogen adiabatically compressed by the pump to the
pressure of 40 bars and fed into the cold cavity.

It is obvious that the amount of heat that removed by
liquid nitrogen depends strongly on the temperature in the
cold cavity of the engine. The higher nitrogen temperature
in the cold cavity the more heat taken away with dose of

APAV
2
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nitrogen injected. Therefore, the temperature in the cold
cavity of the engine selected in thus the overall thermal
balance of the engine is fulfilling. This value of the
temperature in the cold cavity of engine was equal
to 130 K.

In Figure 12 showed the calculated pressure-volume
diagram of the proposed Stirling engine. This diagram also
shows the areas where nitrogen injected and discharged.
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Figure 12 — Calculated pressure-volume diagram
of the engine with the open Stirling cycle.
1 — nitrogen inlet; 2 — release of nitrogen.

Further, the efficiency of the regenerative heat
exchanger evaluated.

In the working Stirling machine there is the changing
a volumes of the warm and cold cavities and a pressure
changing in these cavities. Therefore the instantaneous
value and the sign of the flow of nitrogen through the
regenerative heat exchanger was defined as the difference
between changes within gas masses in the warm and cold
cavities of the engine when the shaft is rotated by 2 angular
degree.

Further, knowing the pressure and temperature of the
gas at the inlet and outlet of the heat exchanger, the
enthalpies of nitrogen at the inlet and outlet of the
regenerative heat exchanger were determined. Knowing the
mass flow rate of nitrogen in each of the positions, it is
possible to determine the amount of heat that is supplied or
diverted from the thermal elements of the regenerative heat
exchanger when the shaft is rotated by the next 2 angular
degrees.

In Fig. 13 shows the calculated graphs of the heat load
of regenerative heat exchanger per revolution of the
machine shaft. It can be see that the heat that accumulates
in the packed bed of the regenerative heat exchanger in the
cooling period is not enough to heat gas in the heating
period. Therefore, the gas leaving the regenerative heat
exchanger must warm to the temperature of the warm
cavity, taking heat from the environment.

Such heat transfer features in the regenerative heat
exchanger of the Stirling machine operating on an open
cycle can be easily explained. Over injecting a doze of
nitrogen into the cold cavity, the expenditure of nitrogen in
the heating period is greater than its flow rate in the cooling
period of regenerative heat exchanger.
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Figure 13 — Thermal load of the packed bed
of regenerative heat exchanger for one revolution
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This ratio of the flow heat capacities during the
heating and cooling periods of the regenerative heat
exchanger is favorable for the Stirling engine. Insufficient
nitrogen heating is compensated by the supply of heat from
the environment. From the thermodynamic point of view,
this is much better than compensating of the losses from the
imperfection of heat transfer by a part of the useful cooling
capacity, as is the case, in cryorefrigerators operating the
Stirling cycle.

The described mathematical model of the open-cycle
Stirling engine made it possible to optimize it in order to
obtain the maximum efficiency of converting the exergy of
liquid nitrogen into mechanical work. As a result of
optimization the cold cavity temperature and amount of
nitrogen supply, the following values of these parameters
obtained. The optimal temperature of the cold cavity is
equal to 130 K. The optimum proportion of injected
nitrogen is 7.8% of the amount of nitrogen already in the
cylinder. With these parameters, the engine produces 1.81
kW at 600 RPM. The flow rate of nitrogen in the optimum
operating mode is 25 kg/h. At the same time, this engine
can turn to work 39.5% of the exergy accumulated in liquid
nitrogen (the minimum work of nitrogen liquefaction). To
the warm part of the engine 5.1 kW of heat must supply.

Since nitrogen is released from the engine at a
temperature of 250 K and a pressure of 12 bar, the heating
of this nitrogen to 273 K and the expansion in a two-stage
machine with an adiabatic efficiency of 75% makes it
possible to obtain additional 0.82 kW of mechanical
energy.

In sum, the energy produced by the Stirling engine
and the expansion machine is 2.63 kW-h, which is 57.5% of
the minimum liquefaction work of 25 kg of nitrogen.

To accelerate a small car at a speed of 55 km/h,
requires an engine power of about 5 kW (data for LN2000

[5]). If the described Stirling engine, used in combination
with an expansion machine to drive such a cryomobile,
then at the speed of 55 km/h consumption of liquid
nitrogen will be 1.1 I/km. Consequently, 200 litters of
liquid nitrogen will suffice for to travel more than 180 km,
while a full charge of a 300-kilogram weight of battery is
sufficient to range for 160 km for the electric car Nissan
Leaf.

Conclusions

The use of liquid nitrogen or liquid air as an
intermediate energy carrier does not require use of scarce
materials, and investments necessary to create appropriate
infrastructure will be less than using other types of
intermediate energy carriers.

As a result of the thermodynamic analysis of engines
operating on liquid nitrogen, it shown that liquid nitrogen
as an intermediate energy carrier is in no way inferior to
existing batteries of electric power, in the event that a
method for efficient extraction of energy from liquid
nitrogen will be found.

The open Stirling cycle is proposed and the device
for its realization described. Mathematical modeling of
this device showed that the open Stirling cycle
theoretically allows converting more than 50% of the
exergy of liquid nitrogen into mechanical work.

When using the proposed Stirling engine for driving

a cryomobile having mass up to 1500 kg with speed of
55 km/h., the consumption of liquid nitrogen will be 1.1
L/km. Consequently, 200 litters of liquid nitrogen will
suffice for to travel more than 180 km, while a full charge
of a 300-kilogram weight of battery is sufficient to range
for 160 km for electric car Nissan Leaf.
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New non-stationary gradient model of heat-mass-electric charge transfer
in thin porous media

V. B. Rogankov, M. V. Shvets, O. V. Rogankov
Odessa National Academy of food Technologies, 112 Kanatnaya str., Odessa, 65082, Ukraine

The well-known complicated system of non-equilibrium balance equations for a continuous fluid (f) medium needs the
new non-Gibbsian model of f-phase to be applicable for description of the heterogeneous porous media (PMs). It
should be supplemented by the respective coupled thermal and caloric equations of state (EOS) developed specially for
PMs to become adequate and solvable for the irreversible transport f-processes. The set of standard assumptions
adopted by the linear (or quasi-linear) non-equilibrium thermodynamics are based on the empirical gradient-caused
correlations between flows and forces. It leads, in particular, to the oversimplified stationary solutions for PMs. The
most questionable but typical modeling suppositions of the stationary gradient (SG) theory are: 1) the assumption of
incompressibility accepted, as a rule, for f-flows; 2) the ignorance of distinctions between the hydrophilic and
hydrophobic influence of a porous matrix on the properties; 3) the omission of effects arising due to the concomitant
phase intra-porous transitions between the neighboring f-fragments with the sharp differences in densities; 4) the use of
exclusively Gibbsian (i.e. homogeneous and everywhere differentiable) description of any f-phase in PM; 5) the very
restrictive reduction of the mechanical velocity field to its specific potential form in the balance equation of f-motion as
well as of the heat velocity field in the balance equation of internal energy; 6) the neglect of the new specific
peculiarities arising due to the study of any non-equilibrium PM in the meso- and nano-scales of a finite-size
macroscopic (N,V)-system of discrete particles. This work is an attempt to develop the alternative non-stationary
gradient (NSG) model of real irreversible processes in PM. Another aim is to apply it without the above restrictions 1)-
6) to the description of f-flows through the obviously non-Gibbsian thin porous medium (TPM). We will suppose that it
is composed by two inter-penetrable fractal sf-structures of f-phase (formed by the “mixture” of g- and |-phases termed,
in total, interphase) and solid (s) porous matrix termed below s-phase. The permanent influence of humidity and the
respective increase of the moisture content in TPM including the unavoidable phenomenon of capillary condensation
are the main factors to occur the non-stationary transport f-flows through its texture.

Key words: thin porous media; non-stationary gradient model; transport process of fractal fluid phases; non-gibbsian
heterogeneous structures.

HoBa HeCTaLI,iOHapHa rpap,ieHTHa mMogersnib nepeHocCy Tenna, macu
i eJNIeKTPU4HOro 3apsaay B TOHKUX NOPUCTUX cepenoBUuLlax

B. b. Pozaukoe, M. B. Illgeys, O. B. Pozankos
Opecbka HalllOHAIBHA aKaJieMis XapuoBHUX TexHoJOTiH, Byl KanatHa, 112, Oneca, 65082, Ykpaina

Jlobpe gidoma ycknaonena cucmema HepiBHOBANCHUX PIGHAHb banaucy 0 besnepepsnozo arionozo () cepedosuya
nompebye Hnoeoi ne-I'l66ciscokol moodeni ¢h-¢ghazu, wob 6ymu npUOAMHOIO OISl ONUCY 2eMEPOSEHHUX NOPUCUX
cepedosuuy (IIC). Bona nosunna Oymu 00nosHeHa 83AEMONO08 A3aHUMU MEPMIYHUMU | KAIOPTUHUMUY DIBHAHHAMU CINAHY
(PC), possunenumu cneyianvro 011 moodeni IIC 3 memor ii adekeamuocmi i po3e’s13y8aHOCMI Ol HE360POMHUX
npoyecig ¢-nepenecents. P10 cmandapmuux npunyujens, nputiHamux 6 JiHitiHill (a00 Ka3iniHilHill) HEePIGHO8AICHII
MEPMOOUHAMIYL, 3ACHOBAHI HA EMNIPUYHUX, SUKIUKAHUX 2PAOIEHMAMU MEPMOOUHAMIUHUX NOAIE KOPesyisamu Midc
nomokamu i cuaramu. Lle npuzgooums, 30kpema, 00 HAOMIpHO-CcnpoweHux cmayionapuux piwens oas [IC. Haubinbw
CRIpHUMU, ale MUNOBUMU MOOeTIoIoUUMY npunywenusamu cmayionapnoi epadienmnoi (CI)) meopii e¢: 1) donywenns
HeCMUCIUGOCmi, NpuliHAme, K NpAGuno, 01 (H-nomokis, 2) ienopysanHs GiOMIHHOCMeU Midc 2iopo@invhum i
2iopoobHum eniusom nopucmoi mampuyi Ha ¢h-enacmugocmi; 3) He8paAXy8auHs eexmis, w0 SUHUKAIOMb 3ABOAKU
BUHUKHEHHIO BHYMPIUHbO-NOPUCTIUX (PA308UX Nepexo0ié Midc CYCIOHIMU (-ppacmenmamu 3 pisKUMU BIOMIHHOCMAMU 8
eycmuni; 4) euxopucmanns, sukmouno, I66cigecokux (mo6mo, 00HOPIOHUX i 6Cl00U OughepeHYillosanux) yseiens y
Oyov-sixuil g-ghazi ecepeouni I1C; 5) Oyaice obmedicyioue npunyujennss NOMeHYitiHOCMI NOJis MEXAHIYHOT (-ueuoKocmi 6
PisHAHHI pYXy (h-cepedosuwia, a maxoxc NOMEHYIUHOCMI NOAs Meniosoi ¢h-ueuoKocmi 8 pieHsHHI Oanancy 0.
SHYMPIWHbOT eHepeil; 6) HeXmy8aHHs HOBUMU CNEYUDIUHUMU OCODIUBOCMAMU, WO GUHUKAIOMb NPU UGHEHHI OVOb-SKUX
HepisHosadicHux IIC 6 me30- [ HaHO macumadax cKiHueHHO-MipHOi makpockoniunoi (N, V)-cucmemu Ouckpemmuux
yacmunok. s poboma € cnpobor pozsunymu arbmepHamugry Hecmayionaphy epadienmuy (HCI) modenv peanvrux
Heobopomuux npoyecis. Inuioro memoro ¢ ii 3acmocyganus be3 3a3navenux suuje oomedicensv 1) -6) 0o onucy ¢-nomoxis
Kpisb ouesuono ne-Ibbciecvke momnke nopucme cepeoosuwe (TIIC). Mu 6ydemo npunyckamu, wo 6oma ymeopena
080MA 83AEMO-NPOHUKHUMU PPAKMATGHUMU M@-CMPYKMYPAMU, WO CKIA0AIOMbCs 3 (h-gasu (cemepoceHHoi «cymiuiin
2a3060i (2) i pioxoi (p) ¢as, Hazeanux 6 yinomy, inmepghaszoio) i meepooi (m) nopucmoi mampuyi , HA36aHOL HUdICYE M-
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¢asoro. Hocmitnuii énaus éonoeocmi i 8i0nosione 36invuienns emicmy eonozu 6 TIIC, sxmoyaouu HemuHnyue asuuye
KAniisApHOi KOHOCHCayil, Cli0 68aAXCami OCHOBHUMU (PAKMOPAMU, WO CTHUMYTIOIONb HeCMayioHapricms ¢-nomokis

nepexocy uepes ii cmpykmypy.

Knwowuoei cnoea: monki nopucmi cepedosuwya;

HeCmayioHapHa 2padieHmua Mmooenv;

npoyecu nepemocy 8

@paxmanvhux guioionux ¢azax; ne-I'6ociscoki cemepozenni cmpyxmypu.
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The functioning of a variety of TPMs (thin porous
media which share the wide range of thickness ¢ from the
textile fabrics and the polymer protecting plates up to the
walls of buildings) needs the clear recognition of the
relevant transport processes. It is hard task even to
enumerate the respective experimental and theoretical
works considering the one-dimensional heat-and-mass
transfer through the usual PM at the given stationary

gradients of pressure VP =(oP/dx) ~AP/L and

temperature VT ==(0T / 6x)t ~AT /L. Thus, one

admits that a sample of PM in the chosen x-direction of its
fixed thickness L (it is here compatible with two other
linear sizes) has the maintained isothermal-isobaric (hence
the locally-equilibrium) LE-conditions on its internal

(Ty,R) and external (T,,P,) sides-planes. Second Law

determines, of course, the direction of a resulting forced
heat-mass flow in dependence on the given relationship

between T, and T, as well as between P, and P,. The so-

called “dry” air porosity &=V, / V), <1 and the certain

implied spatial structure of s-phase (porous matrix M) are
the determinative factors for any PM at the traditional study
of transport processes. The unavoidable moisture content of

f-phase @=m; / my, is ignorable, as a rule, in such one-

phase investigations.

The most serious and unsolved until now problem is
the necessity to extend such oversimplified stationary-
gradient model (SG-) on the description of nonstationary
processes by the realistic gradient models (NSG). It arises
if the initial and boundary conditions become t-dependent.
Another manifestation of complexity in this problem is an
occurrence of a local first-order phase transition
(condensation and/or vaporization) in the pores-capillaries
induced by their hydrophobic (hb-) or hydrophilic (hl-)
internal surfaces and by the possible change of the applied
to PM external (P,T)-conditions. One may add to these
factors the changeable influence of a relative humidity ¢,

% which provides the inflowing moisture air content @(t)

in any PM. Therefore, itself notion of “dry” porosity ¢ loses
perceptibly its meaning with a gradual increase of w inside
of texture. Simultaneously, the respective swelled shape of
PM and its mechanic deformation become the essential
factors at the description of transport processes.

It was recently shown [1] that all above-mentioned
characteristics of a realistic PM can manifest their

34

cumulative effect by the rather simple experimental
observation, at least, for the particular case of TPMs (see
below). The specific feature of latters is the very small
actual magnitude of thickness (& << L) which becomes
much less than two other linear TPM-sizes. From a formal
viewpoint, all described trends of a supposed NSG-model
should be pronounced in such actually one-dimensional
transport. Indeed, the thermodynamic forces-gradients
become augmented: VP=~AP/S6>>AP/L and
VT = AT [ 6 >> AT | L in comparison with a usual PM.
Moreover, it is naturally to admit the failure for TPM of the
non-equilibrium linear SG-model of thermodynamics [2,3].
Formally, the gradients of fields (VP; VT ; Vu - of

chemical potential, V@ - of electrostatic potential)

through TPM become great while the respective vector
convection of mass (pu) and/or diffusion flow (of

momentum j.q ., heat jo, mass j;, and free charge j;)

cannot be too great to provide its expected proportionality
to the above gradients. Oppositely, linear non-equilibrium
SG-model postulates that gradients and flows should be
small and linearly-dependent. The well-established only in
the framework of a bilinear entropy production [2,3] cross-
effects of thermo- and electro-diffusion as well as the
thermoelectric phenomena must be the non-linearly
interdependent in a TPM and the determinative factors for a
common transport flow. In other words, the problem of
NSG-model becomes so complex in the case of TPM that
its any simplified (and, even, rather approximate) solution
seems to be very useful for applications.

Additionally, the appearance in the recent years of a
“smart-zexture’s” (ST-) concept applied initially just to the
textile fabrics makes the theoretical investigation of TPMs
especially actual. The construction for them of an adequate
NSG-model confirmed by the relatively scarce and
restricted experimental data can lead to the novel insight
into ST-problem. The main aim of such investigations is the
search for the appropriate controlling parameters and
factors.

2 Reference ideal-liquid and perturbation ideal-
liquid with thermal conductivity regimes proposed
for NSG-model of heterophase phenomena
in any PM.

We refer now the readers of present work to our
previous results reported not only in [1] but also in [4-6]
where the foundation of fluctuational thermodynamics
model (FT- model) has been in detail represented. The main
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idea of latter was the extension of macroscopic non-
equilibrium  thermodynamics [2,3] on the spatial
mesoscopic, nano- and, even, microscopic (i.e. compatible
with the effective sizes of atoms, ions and molecules)
scales. The implied methodology of such extrapolation
maintains the hypothesis of LE-states but formulated,

exclusively, in terms of the independent fields (T,z,p)
and their unique thermodynamic potential P(T,z,¢). The
approach involves their conjugated, strongly fluctuated in
PM densities pe(ps,p,peq) determined per unite of

volume by the fundamental LE-condition. It is formulated
in FT-model [4-6] by means of the standard [2,3]

substantial derivatives (D/Dt=0/ot+0-0/or) for
the velocity field T(F,t):
1DP_DT Du,. Do [W]
p Dt Dt Dt Dt kg
where s=S/ m is the specific (per unit of mass) entropy
and & =4 / m is the specific charge (e denotes below the

specific internal energy E / m).

To avoid the misunderstandings, let us note that the
used also denotation D,, is related, mainly, to the
isothermal-isobaric mass diffusion coefficient [m?/s] in the
Fick’s law for the density gradient Vp [kg/m‘]. This
“force” as well as the similar, widely usable moisture
content gradient Ve [1/m] (see Egs.(2,3)) exist in the
interfacial layers finite thickness of the first-order vapor-

liquid (v,I) VLE-equilibrium phase transition. Hence, both
ones correspond to the equality of chemical potential

44, (P, T)=14(P,T) and themselves cannot obligatory
lead to the thermodynamic irreversibility of such
heterophase self-diffusion. The real cause for latter may be
only gradient Vz [m/s?]. Its dimensionality prompts to
many authors the questionable idea at the formulation of
LE-hypothesis in terms of the co-called modified fluid-
pressure: P=P; +ps g-z (f =v orl). It is composed

by the omnidirectional scalar (Pf ) and the strictly vector

(pf gz) components (see, for comparison, Eq.(4)). Such

combination of external gravitation field and molecular-
based internal field seems to be adequate at the description
of a convection flow by the known Bernoulli’s integral (see
below). However, the similar estimate of the diffusive, by
nature, velocity field described by the famous D’ Arcy’s law
for an irreversible barodiffusion through PM seems to be
oversimplified. One should take into account the quite
different influence of gravity on the air flow (where it is
negligible) and on the liquid flow (where it is essential).
The accepted form of LE-hypothesis in Eq.(1)
emphasizes the determinative scaling meaning of the

inhomogeneous mass density p(x,t). It leads, in
particular, to a possibility of the automodel solution in

terms of the diffusion scaled variable afDm ~~\x% [t for
the balance equation of total mass m. Unfortunately, both

alternative and widespread differential NSG-forms [7-15]
of this equation for PMs based on the strongly fluctuating

field of a one-dimensional moisture content w(X,t) seems
to be hardly adequate for TPMs:

ow =
ey =V-(DwVa)+ D VT +D,Vo+ Dsz), @)

%‘(’zv(o{w(x,t)}w)), E} [10-15], (3)

where the difference between the gradient applied to the
modeling vector velocity field V-U(x,t)(ie. its
divergence) and the gradient applied to the scalar potential

fields Vo, VT , Vo, Vz isemphasized by arrow placed

over the former. The similar distinction has been also used
by FT-model for the divergence of the vector heat flow

V. TQ included in both coupled balance equations for E

(internal energy) and S (entropy).

In opposite to the vast majority of known solutions
performed for Egs.(2,3), the stringent thermodynamic
hierarchy of the determinative sequence has been
introduced by FT-model for a chosen here set of physical

fields {P >T > u,0—>§,E,ix §} . Tensities of the

fundamental gravitation g

{ Ez—V(p [J/Cl-m], B [J-s/CI-m?]} fields determine the
relatively small external force-field influence per unit of

[m/s?] and electromagnetic

volume ¥ /V on the moving fluid:
Du 1, = . =oext | N

pﬁ——VP+\7(mg+qE+ququ) I:F:|(4)
The further FT-transformation of two main Eulerian
regimes for the above hierarchy has the following meaning
and value illustrated schematically by the reported below
sequence of steps. The first reference regime is introduced
as an alternative to the widely usable in the phenomenology
of heat and mass transfer EOS-models of ideal gas and of
its mixtures. An appearance of time t [s] in Eq.(1) is the
realistic feature at the study of actual non-equilibrium
processes in the finite volumes V [m® of any locally
heterogeneous (i.e. non-Gibbsian) N-systems [4-6].

IL-regime of NSG-model for a reference compressible
ideal liquid without the thermal conductivity and the
viscous damping (induced by the D’Arcy’s law)

Assumptions:
1a) the common density of external forces in Eq.(4) tends
tozero & /V 0.
1b) the adopted approximation of isotropicity in Eq.(4) for
the tensor of deformation: R; =—6;P (5; =0 at
i = ] ) provides the LE-interpretation of P;

1c) the implied identification of the resulting Eulerian
Eqg.(4) with the vector equation of motion in the

Newton’s mechanics (D/ Dt<d/ dt) for the

conservative field of a potential pressure-field P(x)
per unit of volume.
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Consequences and results
1A) the introduction by FT-model of the dimensionless
“thermodynamic time” for PM (and for any other
inhomogeneous media) is postulated by the equality
including the inverse volume:

dt, /t, =—dV /V =—(V-d)dt ®)

Its aim is the adequate account for the elasticity of medium
by the isothermal or isoentropic bulk modulus By ¢ (or by

the respective compressibility:

115 =1/ p)(oploP); (=11Br ).

AP At At Pa-s
oo = Brs =% [ 2 } (6)
L°V-u L Xt sk m

where the usual physical time At=t -1, and the pressure

drop through PM AP =P — Py are the finite 4-differences

which have been used instead of differentials d for the
simplicity and for the further correlation with Eq.(1);
1B) Since the relative “thermodynamic time” is now

presented as the ratio (4o / p). . in both characteristics

of elasticity By ¢ and yy ¢, further elimination of (VJ)-

divergence from the system composed by the Eulerian’s
equation of motion and by the continuity equation provides

straightforwardly the integrated pr  ( P)-dependences:

P = Po eXp(ZT,s APT,S) (a)
ap=po| ep( 71 5 4P 5)-1] (b)

1C) An absence of the viscous damping and the thermal
conductivity postulated for the ideal liquid corresponds to
the following isoentropic integral of motion in the Eulerian

description Z!- (t)~0 (which defines here the negligible
entropy production [2,3]):

ZtH(t)=p—'=

s J | ®)
=p|l—+0-Vs|=0
p(at+u Sj {m3K-s}

1D) Its usage in a combination with the LE-hypothesis of
Eqg.(1) leads immediately to the generalized Bernoulli’s
integral:

2
u Tl=
p(7+/¢+eqq0+s ]—

2

u J
=p|—+h|=const, | —
p[Z j [mg}

which is (again formally) identified by FT-model with the
total “mechanical” energy (i.e. with the “hamiltonian” of
mechanics) for a conservative “potential” enthalpy field

ph(P,s) [I/m°] per unit of volume:

, ©)
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ph(P.s) = pe(v.s)+P, [%} W)

1E) The IL-regime admits that any arbitrary path of the
possible perturbation non-equilibrium processes (see below
regime ILT) can be adequately expressed in terms of two
experimentally controllable caloric and thermal EOSs:

ph(P.T)=pe(v,T)+P(v.T),

Ah=Cp(P,T)4T (a) .
28=C,(v,T)AT (b) (42

(11)

where Cp [J/kg K] and C, [J/kg K] are the standard heat

capacities. Hence, to construct the thermodynamic
description of medium one should also know both f- and s-
types of EOS for any non-Gibbsian (i.e. fractal by its
nature) complex phase. It is composed by the fractal solid
(s) matrix of PM and by the fractal fluid (liquid and/or gas)
flows moving inside of it. FT-model imitates both ones by
the molecular-based concept of an excluded volume
introduced long ago by van der Waals.

Namely the alternative to entropy from Eq.(10) value
of temperature in the system of Eqgs.(11,12) stands it on the
second place (after the pressure) in the above
thermodynamic hierarchy of physical fields at the
description of real irreversibility. To corroborate such a
special role of T and of its conjugated variable of entropy s
for any non-equilibrium process, let us remind that just this
pair of isolines was chosen by Carnot to form the well-
known reversible cycle. It was supposedly realized by the
extremely (infinitely) quick processes at S=const and by
the extremely (infinitely) slow processes at T =const.
Strictly speaking, a literal recognition of such extremes
should lead to the certain inconsistency between the
differential forms of First and Second Laws for the
reversible processes (all realistic processes are occurred, of
course, during the finite time intervals):

dE=6Q-6W, {m,q}=const, [J]

o J
| NQ_y 1
T K
Another questionable extreme of Carnot’s ingenious cycle

is, of course, the choice of an ideal gas (ig) as one-phase
working  medium. Its density and  pressure

Pig (T,Pig)z RgM / RT should simultaneously tend to

zero (to be, in fact, negligible) in accordance with the
respective ig-EOS, while the specific ig-internal energy

from Eq.(13) €4 =(3/2)RT /M depends exclusively on

the temperature.

To avoid such oversimplifications, the strategy
proposed long ago by FT-model [4] seems to be the most
appropriate. Indeed, due to its realization one does not omit
on the ad hoc basis the divergences of the vector velocity

field V- l](X,T) in IL-regime and of the directed heat flow

(13)

(14)

V- jo(X,T) in ILT-regime below induced by a gradient

of temperature VT . Instead of this, it is naturally to
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eliminate their finite (i.e. unknown but realistic) values
from the explicit sequence of thermodynamically-consistent
transformation steps by the following scheme.

ILT-regime of NSG-model for a compressible ideal
liquid with the perturbation contribution of thermal
conductivity but without the viscous damping implied by
the D’Arcy’s law

Assumptions:
1a) the system of balance equations for entropy and internal
energy leads to the irreversible production of entropy

Z,(t) which becomes the changeable and x,t-dependent in
comparison with Eq.(8) assumed for IL-regime:

Ds 1- -
207 ()= po === o (xb);

bt T
1b) FT-model proposes to eliminate the itself divergence
V. TQ from the above system of balance equations instead

(1)

of an attempt to obtain the implied complex solution for the
respective parabolic equation of thermal conductivity:

V(}LVT)z(pCPVV)%r—T-ZS'LT(t), (16)
where the subscript P,v for Cp , is recognizable;

1c) the fundamental exact result [4] of such elimination
introduces the characteristic relaxation time-scale 7 [s] for
any PM and/or TPM:

zM =z (t=0)exp[-2t/ 7], (@)
which is the main parameter of ILT-non-stationary changes;
1d) the necessary estimate of initial ZJ"' (t=0)-value

can be obtained by solution of the much more simple
elliptic (stationary) variant of parabolic Eq.(16) in which

the entropy density p- S(X) and the relaxation parameter ¢
should be preliminarily found:

V(AVT)=—(psT), [ r-Ty-Z"" (t=0) (18)

Consequences and results
1A) the discussed Poison’s-type Eq.(18) for the T-field may
be, of course, supplemented by the similar equations for the
u-field and ¢-field following from the LE-condition
assumed by Eq.(1):

Ve-(ymVu)==—py /= (a)
@-(Gquo)z—(poeq)O/r (b)’

where coefficient of the mass conductivity y,, [kg¥/m-s-J]

(19)

and the electric conductivity oy [CI/m-s-J] have been

introduced. Their subordinated role in relation to the T-field
and the use of common <z-value correspond to the
abovementioned hierarchy of fields:

P—>T—u,0—0,El;xB;

1B) the respective cross-effects leading to the known
transport equations of thermal diffusion (Soret effect),
thermal-electric diffusion (Peltier effect) and electric
diffusion (Nernst effect) may be straightforwardly analyzed

for the respective set of quasi-linear T-dependent SG-

coefficients:
jm:_ym(T)V/u (a)

Jg=—0q(T)Ve  (b)
supplemented by two measurable linear SG-correlations for
thermal conductivity (Fourier’s law) and barodiffusion
(D’Arcy’s law):
(a)

Jg=—AVT

Jm=-7VP  (b)
1C) the rejection from the combined definition of an
electrochemical potential (,u+eq(p) in Eg.(1) and the
remarkable “flexibility” of adopted by FT-model LE-

condition which can be represented in terms of the Gibbs-
Duhem’s finite differences:

AP =pSAT + p Au+ pey Ap (22)
Leads immediately to the following SG-description of
thermal-electric diffusion for any f- and/or s-phase:

A _| 5 2.
{m}m‘[eﬂo !

It seems that the well-known Videmann-Frantz’s law
obtained for the proposed by Zommerfeld explanation of

the Lorentz’s coefficient L:

2 2
{i} :LST:”—(k—Bj T, (@4
T4 |, 3le

can be considered as the limiting discrete form of the more
general FT-EQ.(23) derived here for the thermal-electric
phenomena;

1D) the similar FT-correlation for the electric diffusion has
the especially simple form expressed in terms of the

specific charge e, = g/ m:

oq(T) 2

=(eq)y -

Ym (T) fs °

It is interesting and informative to compare this result
with the well-known Nernst-Einstein’s law expressed in
terms of the particle concentration n=N /V , elementary

electric charge gy and the self-diffusion coefficient D,
from the Fick’s law:

2
P} _ngs
D, fs kg T
jm=-DnVp (b)
Such comparison provides immediately the following

explicit ~ T-dependence of  y,, (T ) -coefficient from
Egs.(20,25):

(20)

(21)

(23)

(25)

(a)
. (26)

2
7m(T):pO Dm/(nkBT) (27)
as well as the generalized FT-correlation for electric

diffusion:
2
o(M)] _(ear);
.. nkgT

(28)
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Its physic sense is obvious: the more is temperature at any
density of electric charges, the worse becomes the electric
conductivity of a medium;

1E) the combined test of the previous 1C)- and 1D)-results
leads to the following FT-correlations for the thermal
diffusion:

A 2
—| =s55T (a)
I:ym(T):If,s "

H (sp)
D Js ¢ nkg

For comparison, the formal elimination of oy from the

(29)
(b)

Videmann-Frantz’s and Nernst-Einstein’s laws leads to the
much more restrictive description of the thermodiffusion
ratio from Eq.(29b):
A 7’
S = _kB n
Dy 3
because it ignores, in fact, the physical reason of thermal
conductivity (i.e. transport of heat which is related just to
the entropy density ps).

The physical adequacy, simplicity and the experimental
testability of the reported FT-correlations are the main
advantages used in this work to construct the solvable
TPM-model in Sects. 3,4. Let us discuss below, for
comparison, the conventional theoretical and simulation
approaches to the same or similar PM-problems. The
interested reader can find the more detailed description in
the cited references [7-9, 22-29]. Our aim here is to
emphasize the distinctions between the conventional PM-
models and the proposed NSG-model without the detailed
additional comments. We have changed some denotations
of the original references to make the comparison more
informative.

There are two main concepts in the discussed problem,
which can be termed one-medium and two-medium
approaches. The former adopts the local thermal
equilibrium for the volume-average fields of f-velocity

<uf> and both main thermodynamic fields (T), (P).
The abovementioned modified f-pressure determines the so-
called D’Arcy’s f-velocity up namely by the generalized
D’Arcy’s law:

(30)

P=Pi+p;gz (a) an
up =(ts)=—(K/7)V(P) (b)’

where K [m?] is permeability and # [Pa-s] is viscosity. In
accordance with our previous criticism, this approach
combined with the further omission of the f-velocity

divergence (§~<Uf > = O) leads to the unrealistic model of

incompressible (Po = Const) f-flow (see, for comparison,

FT-Eqgs.(5-7)). This conclusion is also related to the “old”
conventional interpretations of the D’Arcy’s law termed,
respectively, the drag theory and the hydraulic radius
theory. They were described comprehensively by Iberall
long ago [30] for usual PMs:
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j 32
Im="a4 TV L | m2s (32)

The D’Arcy’s correlation (developed for the flow of
liqguid water through sands) resembles, of course, the

Poiseuille’s law for the laminar flow of a continuous lig-

_po N _K 4P {_kg }

uid through the cross-section area 7R? proposed to
determine viscosity 77 =pv [Pa-s]| from experiment
(see also Eq.(31h)):

_poN _R% 4P
- 7R2 At _ET .

(33)

IJm

The conjectural replacement of the (R2 / 8)-quantity
in a medium by the effective quantity termed permeability
of PM K [m’] leads, often, to the confusions at its
experimental determination and interpretation [1]. The
additional,  rather crude, from our viewpoint,
approximations of the supposed convective velocity up

(termed the D’Arcy’s velocity) and the conjectural
Reynold’s number for PM:

N

= RePM =
A-c-At

(a) (b) (34)

d-up -
Up D" Ao
n
provide two alternative modeling variants of K / v -ratio
from Eq.(32):

3d? ~InRe”™ )| 4p

(2
16v(1—5).(4_|nRePM ) L

e (9]”” 1 | ap,
pO D — S v (178)2 L

The former expression of the drag theory of
permeability modified by Iberall [30] contains “the
dimension characteristic of the medium structure, for
instance, it is (either) the diameter (d) of the granule (or)
the fiber diameter”. In accordance with assumptions of
Eq.34 (a,b) this is very complicated and implicit for the

input parameters (d,e,p,,77) equation of the stationary

, (39)

PolUp =

(36)

modeling D’Arcy’s convective flow ( pyUp ). Such rather

formidable drag model is best applicable at high porosities
(e belongs to the range of 0.7 to 0.9). The latter expression
of the hydraulic radius (r) theory of permeability
developed, mainly, by Kozeny contains the purely
adjustable ratio of “an orientation PM-factor O to a shape
PM-factor S”. It turns out [30] that the hydraulic radius
model is applicable exclusively at low porosities in range ¢
0f0.1t0 0.3.

After such interpretation of the mechanical D’Arcy’s
flow contribution, the
volume-averaged balance energy equation becomes [2-5] a
variant of Eq.(16):

{ S (/Ce), ei}6§>+

i=s,f

+(poCp ), <uf>-V<T>—_

=V-[(%e +24)-V(T)]
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where two last terms in the left-hand-side provide a
combination of the convection contribution (?) for the
vector VT -field with the “volume-averaged heat source
term that can be used to describe the cure kinetics (?) of the
resin” [24]. The tensors of the effective thermal
conductivity 4, and of the thermal dispersion A4

introduced on the ad hoc basis in the right-hand-side of
Eq.(37) make, to our mind, any its solution to be rather
arbitrary.

We have not reported here the even more formidable
system of two coupled phase-averaged f,s-energy equations
proposed for the two-medium treatment of PMs-data [26-
29]. It is hardly to discuss the quite complex differential
equations in which the vast majority of input parameters
either unknown or determinable with the large

uncertainties. The concept of two different <Tf > and (T, )-

temperatures itself seems to be rather questionable if the
medium approach is realizable. Nevertheless, we will
demonstrate  below (Section 3) that the similar
discontinuities of the pressure AP and temperature AT
but observable within the same f-phase are unavoidable in
the realistic f-flows through TPM.

This observation returns us to the problem of
equilibrium first-order (I) VLE-phase transition arising
within any realistic PM due to the appearance of moisture
content w in its porous texture. We consider, however, the
conventional approach [7-9] based on the attempt to model,
separately, both v- and I-components of the common f-

velocity field u; as the purely mechanical methodology
(proposed long ago by Clebsh):
G =D Vw+D{ VT =

=(D2’0 + DCIU)VC()-F(D-\[I + D})VT .
The substitution of such superposition into Eq.(2) leads,
simultaneously, to the following modification of the energy
balance equation [7-9] in comparison, for example, with the
one medium description of Eq.(37):

ot
cyPm AT
(PC)" -4

~py A, V(D4 Ve DY VT) |-, (39
=V-(2"MvT)

where the latent heat Ah, [J/kg] (enthalpy of v—I

change) is related to the capillary condensation and plays,
formally, the role of a heat source term. Any solution of the
coupled EQs.(2,39) depends completely on the chosen
(supposedly experimental) magnitudes of ill-founded

coefficients: Daf,, DTf, ...and APV related to the “dry”

porosity ¢ [m*m® of PM. In total, the described
methodology of I-phase transition in PMs’ bears the strong
resemblance with the known Clebsh’s potential of the
convection velocity fields [4]. One may introduce them by
Eq.(1) without the above complexities:

(38)

ip =[Vy+sVT +€ V(p]r, [m/s]. (40)

3 Second law and zero-order (0) VLE-transition in
non-Gibbsian f-phases

To go beyond the Carnot’s cycle artificial extremes,
FT-model introduces not only the described reference IL-

regime with the zero entropy production Z."(t)=0 of

Eq.(8). It uses also the following alternative formulation of
Second Law proposed long ago by Joule, Horstmann and
others [16]:

T dT
where 6V is a variation of volume. It emphasizes here the
discrete nature of description accepted for 6Q on the

molecular and/or atomic levels. Again let us remind (to
avoid the misinterpretation) that the same symbol ¢ is used
in the present work for the thickness of TPM and to distinct
it from the large thickness L of usual PM. Due to such
distinction, we have postulated the principal anisotropy of
one-dimensional transport flows in which the above
“thermodynamic time” of Eq.(5) should be replaced for

TPM by the one-dimensional ratios: ts=0,/07,
dts /t;=—d5/ 5=—(V,-Uy)dt.  The  similar

transformation will be used for the linear compressibility
Xs AP =—461 &y and linear expansivity

a5 AT =A5 1 &, of TPMs. From the viewpoint of FT-

model [4-6] both variations in Eq.(41) should be considered
as the quantisized finite values (i.e. the quantities composed
by the great but finite number of the microscopic portions

of energy kgT [J] and volume of particles

[b ~ d3] [m]).
The presence in the right-hand side of Eq.(41) the only
parameters of a ther-mal EOS (P\V,T) supports the

above-mentioned concepts of FT-model. The me-chanical
theory of heat assumes in this formulation (without any
appeals to the unrealistic extremes) that the internal energy
content and/or the enthalpy content in Eqs.(10-12) of a
body during its state change can be calculated through
nothing more than the P,V,T-information. Hence, the heat
quantity consumed during any such change is irrespective
of what are the path (usually, an isoline) and the
thermodynamic cause (usually, a gradient) for this
consumption.

Particularly, Joule corroborated the consequence of
Second Law by the experimental adiabatic compression of
different liquids [16]:

AT :(T dd )AS P,
PCp
where ap =—(1/ p)(0p/ OT),, contains, again, the

“thermodynamic time” introduced by FT-model. All
processes are here realizable during the finite physical
time-intervals At. The main conclusion from the Second

Law is that the adiabatic compression of a liquid: A, P >0

RQ_P sy, (41)

(42)

should always lead either to its heating AT >0 if
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ap >0 or to its cooling AT <0 if ap <0 (asitisin

water at temperatures below than: t =4 °C, for example).
The meaning of the generalized Bernoulli’s integral
from Eq.(9) becomes now recognizable for any PM. It is
the derived in the present work thermodynamic extension
of its traditional mechanical value [3] (see our comments to

Eq.(1)):
2
u J
— z|+P=const | —|.
,00[ 5 +9 }r [mJ

The latter implies: a) the stationary, non-viscous laminar
flow of incompressible ( oy =const) liquid (or, even, gas)

in the external gravitation field g ; b) the absence of the

internal energy and heat content h (enthalpy) contributions;
c) the implied absence of the permeability for the fluid
particles in its imaginary walls. One may conclude that the
more is a convection contribution in the brackets, the less
becomes a molecular momentum flux (pressure) in such
rather restrictive and purely mechanical integral of a fluid
motion.

The NSG-model rejects in its IL-regime all above
assumptions a), b), ¢) and proposes the much more flexible
description of IL-flow through any PM. In this case, the
more is a convection non-stationary contribution

uz(t)/2, the less becomes a heat content h(t)

(43)

composed by the interchangeable internal energy e(t) - and

pressure P(t)—components. However, this interconnection

of “kinetic” and “potential” parts of “hamiltonian” in the
brackets of Eq.(9) should be additionally controllable by its
changeable mass per unit of volume(i.e. by p(t)). Besides,
the dynamical nature of such changes in the LE-state should
take into account not only the compressibility of IL-flow by
Eq.(7) but also the possibility of internal vapor-liquid
(v—1 or I =) capillary phase transitions occurring in
the pores of PM.

It is the remarkable feature of the developed here
NSG-model and its interpretation adopted by Eq.(41) that
the latter corresponds congruently to the differential
Clausius-Clapeyron’s equation for any I-phase transition:

dP)  5Q  An(T)

{d_TjHV TV Ta(T)
Thus, the T-dependent ratio of discontinuities in the
enthalpy (i.e. in the specific heat content) and the specific
volume (i.e. in the inverse (v=1/p) mass content)

reflects, as a matter of fact, the thermodynamic
irreversibility of a real phase transition (!). The natural
conclusion is that a spontaneous process of condensation
(including its local capillary form) v —I produces
quantitatively the lower cooling effect |-6Q/T| in

comparison with a concomitant process of vaporization
consuming the external heat at the same temperature
(6Q/T) from Eq.(44).

The supposed hysteresis of the “latent” heat 4h (i.e.
its thermodynamically well-grounded by FT-model
irreversibility between the consuming Ah_,, and emitting

(44)
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4h,_,; heat contents) can be experimentally corroborated

for any non-Gibbsian i-phases (i denotes g (gas), v (vapor),
I (liquid), s (solid) etc.). Their main signs and features are
the finite volume V and the finite time At of observation in
which the LE-hypothesis is applied to the heterogeneous
two-phase l-phase transition’s ij-state. Both coexistent
non-Gibbsian i,j-phases cannot (separately) be completely
homogeneous in contrast to their idealized infinite Gibbsian
counterparts. The typical example of a realistic
heterogeneous i,j-coexistence for a pure fluid is, of course,
the LE-states of a moist vapor (i.e. of the mechanical
mixture formed by the bubbles of v-phase in I-phase or by
the drops of I-phase in v-phase). This type of distribution
for a mass content is a typical situation also for PMs.
FT-model [4-6] excludes (as an inaccessible result for
the finite-size measurements) the reality of the strict
Gibbsian equalities between the respective i,j-fields

(R=P 4=u;, Ti:Tj, @, =@j). Thus the same

constraint is also realizable for the LE-state between two
actual non-Gibbsian i,j-phases. However, FT-model admits
the easily verifiable by experiment with the moist air (ma)
relative stability of such mixed i,j-phase in the saturated

density range of a 0-phase transition: Ap:pj —p; (see

below). This relatively stable colloid (as a matter of fact)
heterogeneous formation has been termed interphase (not
interface (!), i.e. not the interfacial layer presumed in the
standard van der Waals-Maxwell-Gibbs (WMG) theory of a
unified EOS and its equilibrium phase transition [17,18]).
FT-model assumes so the metastable LE-states (they exist
during the finite At-interval) but rejects completely the
unstable states of a spinodal decomposition.

This natural admission leads to the novel concept of a
congruent zero-order (0) phase transition [17-21]. The
standard positive characteristics for I-phase transitions
a1 >0 and Cp >0 should become sometimes great but

still finite ones for 0-phase transitions. The magnitudes of
these derivatives correspond to the supposed by FT-model

very small dishalances between Tj; -fields AT =T; —T; at

the forcedly adopted Gibbsian equality for ij-pressures

Rj =B =P;j. Vice versa, the same is true for the small

disbalance: AP =P; — R at the condition: T;; =T; =T;.

Thus Eq.(44) for a Gibbsian’s |1-phase transition should be,

for example, replaced by the following equation for the 0-
phase transition:

AP AAnAT)

AT pTi(avIAT),  Tal

L]

Its congruence with the reference s-path of EQ.(42) is
obvious. Moreover, it is straightforward task [16] to derive
the similar equation for the second-order phase transition

(1) in which the role of given (initial) density p; becomes
pronounced:

(45)

(40" _2 alct1p)
AT _TiA(ag /Pi) |

This variant of FT-model corresponds to the limiting case
of an equilibrium state between two ij-phases occurring at

(46)
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their compatible densities and enthalpies. The respective

conclusion is that the increase of pressure (AP)“ >0
alongside of the path (dP / dT)II leads to the heating of
medium (AT)II only if the both signs of discontinuities
A(ag /pi) and A(Cg /pl) are the same (+/+ or

—/ —). This result can be of great importance (Sect. 4) for
the development of a flexible predictive NSG-model for
TPMs too. In this type of PM the sharp “jumps”

(discontinuities) of second thermal ( yt,ap) and caloric

(C,.Cp) derivatives in the different pores are not only
possible but unavoidable.

4 Fluctuational EOS for hydrophobic and hydro-
philic TPMs

We have assumed in Sects. 2,3 that the thermal
conductivity A [W/m K] and the relaxation period 7 [s] in
Egs.(21a,b) for two main measurable thermodynamic forces
of medium (VT and VP) maintain their constant values
while two other transport coefficient of the particle self-

diffusion 7, (T) and the electric charge conductivity

oy (T)become T-dependent in the proposed model of

NSG. This assumption is in a complete correspondence
with the Second and First Laws combined by the so-called
thermodynamic EOS for single-phase i-states and two-
phase ij-states [18] (the subscripts dp and 6T emphasize the
heterogeneous nature of the 0-phase transition):

pot|[R + p? %
boer ), ek
(313
T T
oP; € —€j
Ri =Tij o AR S| T
S Pi=Pi )q

- ay o )

The accepted by FT-model order of priority for fields from
Eq.(1) is here confirmed. Moreover, the appearance of both
caloric A-discontinuities for entropy and internal energy in
Eq.(48) may become the elucidative factor for explanation
of an irreversible 0-phase transition introduced for the non-
Gibbsian i,j-phases in Sect. 3. We will omit the superscript
0 and the double subscript ij below to avoid the
overcomplications in denotations. The fluctuation i-phase

, (47)

(48)

interpretation of thermal pressure (R, / 6T )p :a,ig / ;A

(see Egs. (41,42)) extended here on its ij-phase counterpart

(dP/dT) 5 =P ! yr (see Egs. (44-46)) leads to the
unambiguous conclusion. It concerns the so-called internal

(energy) pressure term (8ei /8v)T from Eq.(47) and its
respective generalization (Ae / Av)a‘r from Eq.(48). Both

ones should be dependent on the discrete by nature
variables (i.e. the numbers of particles and free electric
charges). They have to be determined as the complementary
parameters of a thermodynamic medium with the following
exceptional role. They should compensate and relax any
external irreversible changes of two main thermodynamic
contributions arising due to the forces VP and VT in
accordance with Egs. (41,42) and/or (44-46). The result of
such compensation includes the main characteristic FT-
parameter of relaxation 7 [s]:
(a)

Vm(T)ZT'p(T'P)
(b)’

oq(T) =gz ! po(T.P)
where the D’Arcy’s law determines by Eq.(32) the
experimental z-values[1] as the ratio of the hardly
measurable permeability K [m?] to the purely theoretical
kinematic viscosity v [m?/s]. Eq.(49) corresponds to the
usual Joule’s density of heat pg Wwhich is supposedly

(49)

compensated by the thermal conductivity:

oq(T)=i56% 1 (AVT). (50)
The derived relatively simple NSG-correlations may form
the reliable basis for the creation of smart textures. Despite
the widespread belief on contrary, neither VP nor VT
can be directly usable as the transport governing variables-
forces. Both are dependent on the changeable external

conditions of TPM-exploitation. Nevertheless, it follows
from our consideration that a combination of two desirable

fixed flows of mass and heat ( jy,, jo) could be provided

through TPM just by the appropriate choice of 7 VP - and
AVT -magnitudes. They should be co-ordinated with the
controllable variable namely of internal pressure
(& / ov), or its variant (de/ Av)s . We intend to
demonstrate below that both are determinable by the T-
dependent cohesive vdW-coefficient a (T) introduced in
FT-EOS. In this case, the obtained explicit correlations for
Ym(T)- and o (T)-parameters in Eqs.(32,49,50)
become the important indicative factors to control, for
example, the given optimal conditions for the comfortable
wear of TPM-fabrics.

We have argued in our previous work [1] that the
interrelation between the volume densities of matrix

My / Vi, moist air mg, /V,, and water content
(liquid) m, /'V, is essential to specify the following factor
of difference between the hydrophobic (hb) and hydrophilic
(hl) TPMs:

A= Pm +(pma Y )Vda IV +

: (51)

+(P1 = Pma VI 1V
where the additivity of the dry air (da) volume
(Vga =Vma +V|) in the total representative volume
V =Vy, +Vy  with the “dry”
&=Vya IV have been assumed. Thus the indicative factor

of above difference can be introduced by
two inequalities for the a priori unknown liquid volume

fraction V| / Vg, :

standard porosity

41



XonogunbHa TexHika Ta TexHonorisa, 53 (5), 2017

PuPra Moo (hbomatrix), (52)
A~ Pma Via
_ V :
Pv " Pra o 2 <1 (hl-matrix).  (53)
P ~Pma  Via

Since both densities of TPM: p, (at the given level

of relative humidity) and o) ~my /V (pga ~0) (at the

zero moisture content @ =0) are, in principle, measurable
quantities, one should, firstly, assume the following
experimental estimate:

0
AR oA A
Va €-p(T)
where o (T ) is the saturated T-dependent liquid density of

water. This simple assumption leads, however, to the rather
interesting and useful for practice observation. The hb-
condition in Eq.(52) can achieve the Ilimit of its
applicability with the permanent increase of moisture

content (t). At this t-moment the given hb-texture

becomes, formally, the modified hl-texture in which the
liquid fragments may exist inside of some capillary pores.
So the study of capillary condensation is necessary for both
hl- and hb-structures.

The further treatment of the wide set of experimental
TPM-data in [1] has completely corroborated the result of
such analysis. Indeed, the calculation of standard TPM’s-

surface density y, [g/m?] (where the TPM-volume is
V = A-9) has shown the existence of two quite different

types of its behavior . It was revealed for the different sets
of hb- and hl-fabrics, respectively:

~w [g/ky], (54)

PR =10 A8 (a) 55
TA==10 +/ -5 (D)

instead of the trivial linear oJ-correlation with the
homogeneous TPM’s-volume density y, =, 6 . In other
words, the very small J-thickness of TPM can become in a
combination with the given asymptotic parameter =y, the
determinative factors for its changeable properties and, first
of all, permeability in accordance with the proposed in [1]
alternate basis I/b-model of the moist permeable media
(see, in particular, Eq.(50)).

The general f- and T-dependent FT-EOS was
introduced by one of us (V.B.R.) [17] in the van der Waals
(vdW)-like 3-coefficient’s form:

2FT 1 b (T)p—c¢(T) a;(T)p
1-b¢ (T)p ke T

where p [m?] denotes here the concentration of particles

N/V and Z; =P; (pkgT). Its further investigation

and application to the wide set of problems [5,6,18-21] has
corroborated its universality and high level of accuracy.
The latter is achievable at the description of any i-phase
and/or ij-phase states if the coexistence curve (CXC) data
of I-phase transition are known from the reliable

experiment {PS(T),pg (T).m (T)} More accurately,

such information is necessary and enough to evaluate the T-

. (56)
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dependent coefficients {af D¢ ,Cs } of f-phase without any

adjustable parameters. In this work we propose to extend
the FT-EOS’ methodology (which rejects the vdW-concept
of a unified (i.e. common for both coexistent f-phases) EOS
[21]) on the description of s-phase (i.e. TPM’s-matrix) too.
Our arguments can be discussed below for the
convenience of reader in the simplified vdW-form with two

constant coefficients {ag,by} :

qow_ _ Bop  3(byp)
aw g _
1-byp kghyT
) 57
Ly Teft-s) o
- Es T

where the characteristic Boyle’s (B) temperature Tg of a
fluid has been introduced in terms of B-density pg and
cohesion coefficient a;:

Tg =89/ (ksbp)=(ay/kg)ps-

This form defines the “dry” porosity ¢ by means of the

(58)

ratio of free volume (V —Nby), where by - excluded
molecular volume, to the representative total volume V. It is
the (1—by p)-parameter determined by the specific

repulsive interparticle potential of f-phase.

But in this framework any structural aggregate
properties of an excluded volume are omitted. We have
used this simple observation to extend its notion on two hb-
and hl-variants of s-phase, respectively:

bhbp l-¢
zP_q=_0 2 7% 0" =0, (59)
s 1_b8bp < 2l
hl
1_
AL R (-¢) (60)
kaO T

To the best of our knowledge, such postulated on the base
of Eq.(56) PM-definitions are the first attempt to
incorporate the physically plausible molecular-based

parameters (@g,by) of matrix M for the description of its
interaction with the molecular structure of f-phase. An

absence of cohesion contribution agb =0 in hb-textures of
Eq.(59) reflects, in particular, their inability to wetting by
the moist f-flow. The remarkable consequence of the
proposed approach is a possibility to combine the given
properties of f- and s- phases by the well-known vdw-
concept of one-fluid approximation. It is most usable at the
description of binary f;, f,-mixtures. We plan to represent

the respective foundation of such idea in the next
publications for f,s-type non-Gibbsian phases.

Some results of the discussed FT-methodology seem
to be especially informative [31,32] at the application to
PMs in the low-temperature range of water (the main
component of a moisture air) located between its triple
T, =273.15 K and normal boiling T,=373.15 K
points. To illustrate the main 0-phase transitions
approximation  (Z; =0, Z;~1) which becomes
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appropriate in this range, the tabular CXC-data [33] are
represented in Table 1 and Fig. 1. The monotonously

changeable but negligible values of Z;(T)~0 as well as
the oscillating deviations of Z (T )=~1 from the ideal-gas

estimate: Zj; =Zg =1 lead in accordance with Eq.(57) to
the basic well-established vdW-behavior of f-phase [31].
Two values of free volume in I-phase +e (T) are

compared in Fig. 2 with that in g-phase €, (T ) to confirm

the obvious heterogeneous nature of former. This is a
typical macroscopic-interphase:

1 4T T
g,:a(li ﬁ‘ﬂ} (2) =1 (). 6D

For water the appropriate numerical estimates are [32]
Tg =2379 [K], by=0.01658 [dm*mol] but the
constant vdW-estimate of the cohesion coefficient
8y =474 [J dm*mol’] seems to be rather crude for our
aims. The more appropriate T-dependent estimate of
ay(T) can be obtained for the low-temperature variant of
FT-EOS (56) at the I-phase transition constraints:
bp =bs; cy=cf =0 and:
aO(T):ag(t):al(T):_ (62)
=—(&—eg)/ (o1~ rg)
Its substitution in the universal form of

thermodynamic two-phase EOS (48) gives the following
system of the coupled f-porosities:

1 1
s=o—— (a) g=o—— (b). (63)
ZyA-1 Z Ay +1
This refined quantity is also represented in Fig. 2.
The cross-impact of Z;- and

A¢ =(T/PR,)" (dr, 7 dT)" -parameters is here the very
interesting feature of the proposed &4 -estimates. It is

coherent, of course, with the concept of 0-phase transition,
which implies the interaction of coexistent f-phases. Such
FT-correlation expressed in terms of the non-dimensional

Z;-and Ay -factors by Eq.(63) cannot be described by
the conventional WMG-theory of the I-phase transition.

The latter adopts, at best, the thermodynamic reversibility
of g —1 and | — g VLE-transient phenomena following

from the unified EOS’-concept and leading to the common
f-coefficients of the type those from Eq.(62). Hence, the

presence of different A (T)-and A, (T)-reduced slopes

in the derived here Eq.(63) corresponds, namely, to the 0-
phase transition from EQ.(45) but not to the I-phase
transition  from  Eq.(44) (where the equality

A(T)=A(T)=Ay(T) should be strictly fuffilled).

The fundamental distinction of the congruent CVL-
diagram [5,6,18-21] from the traditional VLE-diagram
requires the account for irreversibility indicated by the

difference in the direct (A4,qe(T),4 4h(T)) and
reverse  ( Aey; (T),4hg;(T)) two-phase changes
described by the caloric EOSs from Eq.(11,12).

Table 1 — The input CXC-data [33] (Ps, Z), Zg) and FT-predicted (A;, A, &, Pr)-parameters (see text) for the low-tempe-

rature range [Ty, T,] of water.

T, K P, kPa Z Zq A A, & Pui, Pa
273.16 0.6112 4.845-10° 0.9993 15.40 19.84 0.0695 0.0030
275.15 0.7054 5.551-10° 0.9985 14.58 19.66 0.0738 0.0039
280.15 1.0013 7.739-10° 0.9989 14.07 19.22 0.0766 0.0077
285.15 1.4016 1.065-10° 0.9986 13.80 18.80 0.0782 0.0149
290.15 1.9364 1.447-10° 0.9984 13.50 18.39 0.0801 0.0280
295.15 2.643 1.943-10° 0.9984 13.25 18.08 0.0818 0.0514
300.15 3.564 2.580-10” 0.9979 13.05 17.63 0.0832 0.0919
305.15 4,753 3.389-107 0.9971 12.75 17.25 0.0854 0.1611
310.15 6.274 4.409-107 0.9972 12.47 16.90 0.0875 0.2766
315.15 8.198 5.681-107 0.9962 12.14 16.56 0.0901 0.4657
320.15 10.614 7.255-10° 0.9962 11.96 16.23 0.0916 0.7700
325.15 13.612 9.181-10° 0.9951 11.76 15.91 0.0934 1.2497
330.15 17.312 1.153-10" 0.9941 11.43 15.60 0.0965 1.9957
335.15 21.84 1.436-10" 0.9936 11.19 15.30 0.0988 3.1372
340.15 27.33 1.776-10™ 0.9924 10.95 15.01 0.1014 4.8537
345.15 33.96 2.181-10" 0.9916 10.75 14.73 0.1035 7.4075
350.15 41.89 2.660-10" 0.9904 10.50 14.46 0.1064 11.1424
355.15 51.33 3.224-10" 0.9891 10.29 14.20 0.109 16.549
360.15 62.49 3.883-10" 0.9876 10.09 13.94 0.1116 24.267
365.15 75.60 4.649-10" 0.9861 9.89 13.69 0.1143 35.149
370.15 90.93 5.537-10" 0.9844 9.70 13.46 0.117 50.351
373.15 101.325 6.134-10" 0.9835 9.58 13.32 0.1187 62.156
375.15 108.76 6.559-10" 0.9829 9.51 13.23 0.1198 71.333
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FIG.1(a) — CXC of water [33] as an example of the strongly
curvilinear diameter. The formal application of Zeno-line's
methodology may lead, in principle, to the serious errors at

the prediction of critical parameters o (T¢,P. ). 1(b) — The
elongate CXC and its curvilinear diameter provide the exact
location of critical point although the rectilinear part of |-
branch shown by thin line is located for H,O significantly
lower than the actual critical point (black square).
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Fig. 2 — Volume fraction of liquid water & (T) in the total

volume of moist air (ma) and the drop of intra-capillary
pressure Ry (T) in the hydrophilic (hl) PMs.

The important practical consequence of this
requirement is the necessity to introduce the certain CVL-

corrections, especially, in the standard (h,a)) -diagram

[33]. It is based on the physically-plausible vdw-
interpretation of I-phase [34]. Its main parameters are

(p| € ) while s; — 0. This concept leads to the choice of
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zero-point for entropy of I-phase s; (T, =273.16 K)=0

at the triple point of H,O and to the ideal-gas’-estimate of
its enormous value in g-phase:

hg (T) =Ty Sig (T )+ (Ty) . where  hyg O by (Ty) = 0.
Just the rather arbitrary and singular estimate of
hig (Tt ) / s (T, ) -ratio at the triple point corresponds to the

slope of reference isoenthalpy h,, =q in the (T,)-

plane at the construction of standard (h, ) -diagram.

We propose to take into account that the experimental
value of the consumed vaporization heat:

Ag h= hg (Tb P = O.101MPa)—

—h (Tb,PS = 0.101MPa) ~ 2.26kJ / kg
measurable parameter at the adjustable determination of the
above initial value [33] for water: by (T;)= 2.5-10°

[kd/kg]. FT-model states that the respective latent heat
Ath of the reverse condensation process ( g —1) is

is the main

always significantly less for the real 0-phase transitions at
which,  additionally, R (T)<R,(T). Hence, the
introduction of such correction at the standard construction
of (h,®)-diagram may be, in principle, the essential factor
of adequacy for the description of any condensation

phenomena including capillary one.
In this work we have developed the rather simple and

useful estimate of the intra-porous pressure B, <P, (T)

within hl-systems. It is based on the previous results and
admits the following combination [18,36] of the well-
known correlations introduced long ago [37] by Laplace
and Kelvin:

Ry / P (T)=exp{Z) (T)[1-R(T)/ Ry (T) ]} (64)
Its evident advantage is an absence of any hardly
measurable for PMs and TPMs parameters of surface

tension and fractal geometry of a dividing intra-capillary
surface. The capillary condensation is formally impossible

in hb-textures for which B, > P (T).

2800 — 10
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hN X 8
2400
E, 6%
= WMG ==
= As =
= 4 7.
20000 WMG S
Ah 2
1600 1 1 1 1 1 0
270 290 310 330 350 370
LK

Fig. 3 — FT-calculated caloric functions of discontinuities
in the enthalpy and entropy compared with the classical
WMG-estimates in PMs.

To solve this transcendent equation we have used its
differential form, which immediately leads to the
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remarkably simple estimate (shown also in Fig. 2) for the
sought-for intra-porous pressure:

Hence, the independent B, (T )-estimate may be the first

step to use the discussed in this work hierarchy of fields and
the developed NSG-model in accordance with the derived
in Sect. 1-4 resulting equations of a combined mass-heat-
charge transport.

5 Conclusion

The proposed NSG-model opens the new wide field of
the relevant investigations in the non-equilibrium
thermodynamics due to the formal absence of an x-
integration and of its usual complexities. We consider that
only t-dependence of indicative parameter are essential at
the description of transport processes through TPMs.
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Lnaxu nigBuweHHA eHeproeeKTUBHOCTi CUCTEM KOHAULUIIOBaAHHA

noBiTpA B 6acenHi

H. B. ZKuxapeea, €. O. baoboii, P. E. Tanuonu, H. O. ’Kuxapesa
Opnecrka HalliOHAJIbHA aKaJAeMis XapuoBHUX TEXHOJIOTIH, By KanarHa, 112, Oneca, 65039, Ykpaina

B pobomi posensanymi winaxu nioguuyeHHs e@pekmugHOCmi cucmem KOHOUYIIOBAHHA NOGIMPS 01 3aKPUMUX OdceliHie
YINOpIiuHO20 (DYHKYIOHYBAHHS, DO3IAHYMI OesKi MeXHONo2li [ eleMeHmu, 600CKOHANEHHS SKUX 0e3n0cepeoHbo
nioguuye enepzoeekmueHiCmy i 3HUNCYE CNONCUBANHS eNleKmpoeHepeii 6 PIiuHOMY YUKLI SUKOPUCHAHHA CUCHeM
KOHOUYIIO8AHHS, 6 SIKI 6X00amb ocyulysaui nogimps. ILllisxamu nidsuwjenus enepeoegpexmusHocmi cucmemu
KOHOUYII068AHHA NOGimpa baceliny €. eKOHOMIYHO-OOYINbHA (301AYis, SUKOPUCTNAHHA DeKynepamopa, 3acmocyeanHs
batinacyeanns ma 6paxyeanus HecmayioHapHocmi menionaoxoodxcents. Ocobnusull inmepec NPeOCMABIAE SHUNHCEHHS
000608020 CNONCUBAHHA eHepeii ma OYIHKA Yacy Ni020moeKu Nicia (QYHKYIOHYBAHHA 8 HIUHOMY pDedcumi OYiKY8AHHMS
cucmem 3abe3nedentss MiKpoxkaimamy 8 npumiwenni 3 oacevinom Iloxkasani pe3ynivmamu po3paxyHKie 3a po3pooieHoIo
MemoOuKoio, SIKA 6PAX0BYE HECMAYIOHAPHI MeNnio80102ICMHI 306HIWHI MA BHYMPIWHI HABAHMANCEHHSA Md BNIUS

YUHHUKIB 00IAOHAHHS A 0aHi peKoMeHOayil.

Knrwuosi cnosa: rououyitoganHs nogimpsi;
MACOOOMIH; ONMUMIZAYIAL.
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1 Betyn

CTBOpeHHsI MIKpOKJIiMaTy B MPUMILIEHH] 3 OaceiHOM
€ OJTHMM 3 HaMOUIbII CKJIaJHHUX 3aBJaHb MPH PO3pOOLI Ta
peamizamii  CHCTEMH KOHIOWIIIOBAaHHA 1  BCHTWILALII
MIPUBATHOTO OyIHHKY.

Jl51s1 3MEeHIIeHHS! BUIIApOBYBAHHS PYXJIMBICTD TOBITPS
Ol TOBEpXHI BOAM TIOBUHHA OyTH MiHIMaJBHOIO.
[HTEeHCHBHICT, BHIIAPOBYBaHHS 3aJICKHUTH BiJ IUIOMII
BOJIOWMHM, TEMIlepaTypd BOJM, BOJIOTOCTI  IIOBITpS,
LIBUJKOCTI TOBITPSHOTO TOTOKY 1 akTHUBHOCTI. Mera
CHUCTEMH KOHJMIIIOBaHHS TOBITpS — 3a0e3lnedyeHHs
koM(opTHUX yMOB JUIs BiJBiAyBa4iB 1 3amoOiraHHs
KOHCTPYKILIi Bix mepemuacHoro pyiHyBaHHSI. Oco0imuBO
BaXJMBO 1€ B XOJIOJHY IIOPY POKY, KOJH MeTajeBi
KOHCTPYKINi  CTPaXJalTh  BiA  MEPE3BOJIOXKEHHSA 1
KOHJIeHcallii BOJIOTH.

3HIKCHHS CIOXKUBAHHA C€HEprii Ta 3amoOiraHHs
BHITAIaHHIO KOHACHCATY Ha CTiHaX i BIKHAX NMPUMIIICHHS 3
GaceifHOM 3a PaxyHOK OCYIICHHS MOBITPsS BEHTHIIALI€0. Y
npumimenHi 3 OaceliHom  moTpibeH  0coOnMBHIA

MIKpOKJIIMAT, M0 JIO3BOJISIE JIIOAAM BimdyBaTH ceOe
koMpopTtHO. Jl0 HAWBAXKIMBINIMX TapaMeTpiB, IO
3abe3meuye KOMQPOPT B TpUMINIEHHI 3 OacelHOM,

BiTHOCUTBCA BOJIOTiCTh TMOBiTps. ONTHMaIbHE 3HAYCHHS
BiTHOCHOI BOJIOTOCTI TOBIiTpS B NPHUMIIICHHI 3 OaceiHOM
60%. Taxy BiZHOCHY BOJOTICTh MOXIWBO 3a0€3MEeUnTH,
3aCTOCOBYIOUM CIIelialibHI ocynryBadi. st NmpuBaTHOTO
OaceiiHy B NPHUMINICHHI IUIOMICIO a3epkana Bomu 30 M2
HEeOoOXiTHUH OCyIIyBay, CHOXXHMBaHA MOTYXHICTb sKOro 3,2
kBr. [lns m’saTH mronei, mo KymaloThCs IO HOpMI
HeoOXxinmHO monxaBath He MeHme 400 M3/r0)1 CBIXKOTO
TIOBITPSI.

OcCoO0JMBICTIO TEXHOJIOTIT CTBOPEHHS MIKPOKIIIMAaTy B
OaceiiHi € OopoTh0a 3 TMIJBHIICHOI BOJIOTICTIO B
NPUMILIEHH], MOB'A3aHOI 3 BUNAPOBYBAaHHSAM BOAU 3
BEJIMKUX IUIOLI BOJIOTOi ITOBEPXHi, BKIIOYAIOUM BIIACHE
JI3epKajio BOJIU, OOXIiTHI JOPIXKH TOIIO.

[t 3MEHIIEHHST BUNIAPOBYBaHHS PYXJIMBICTh MOBITPS
Ol TOBEpPXHI BOAM TOBHMHHA OyTH MiHiManbHOW. Hamu
PO3TISHYTI OCOOJMHMBOCTI KOHJAWIIIIOBaHHS TMOBITPS B
OaceifHax, e 3a0e3MeYyrOTbCs KOMGBOPTHI YMOBH ISt
BiJIBiyBadiB i 3amo0iraHAs KOHCTPYKIIT BiJl TepeI4acHOrO
py/HYBaHHS.

2 Wnaxu 3HMXEeHHA CNOXWBaAHHA eHeprii cuctem
KOHAULiOBaHHA NOBITPA B 6aceHax

Hamu PO3IIIsTHYTa MOXITUBICTh 3HM)KEHHS
CIIO)KMBAHHS CHEPTill BEHTWIAMIHHUX arperaTiB B 0aceitHax
Ha MiJIrpiBaHHSA 1 OXOJOJHKEHHS MPHUIDIMBHOTO MOBITPS, a
TaKoX TOKa3aHi CIOCOOM OLIHKM BHUTPATH EJIEKTPUYHOL
€Heprii, CII0KUBAaHOI EJIEKTPOIBUTYHAMHU BEHTHIISITOPIB.

Hanmani OCHOBHI  XapakTepUCTUKH 1 TTOKa3HUKH
BEHTWIALIIITHUX arperaris, sIKi BINIUBAIOTh HAa €)EKTUBHICTD
poboTH  ycie€l BEHTWIAMIMHOI CHCTEMH: MeEXaHiuHa
MIIHICTh, TE€PMETHYHICTh, BIUIMB «TEIMJIOBHX MICTKIBY,
KoediIieHT TeTuIonepeaadi naHeneil KOpmycy, mepeTikanHsI
moBiTPst B cekuii ¢imprpamnii ta iH. [Ipm npaBuibHOMY
MPOEKTYBaHHI CHUCTEMH, W0 TIATPUMY€E HOPMOBAHHH
piBeHb  TeMmmepaTypd 1  BIZHOCHOI  BOJIOTOCTI B
MPUMILIEHHSAX BOPOJOBX POKy 1 1o 3abe3nedye
HOpPMAITbHUH XIMIYHUIA CKJIaJ MOBITPs (KUCCHb, TOMIIIKH i
TaK Jaji), BAXKKO 3HAXOJUTH IUIAXM €KOHOMIi eHeprii Ha
MATOTOBKY MOBITPs. A OCh €NEKTPUYHA MOTYXKHICTb, IO
BUTpaya€Tbcs Ha POOOTY OJIOKY <«IBHI'YH-BEHTHIIATODY,
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MOXe 1 Mae MiHIMaJIEHO
MoxuBoro [1,2].

J1 CTBOpEHHS TIEBHOTO IIOTOKY IOBITPS HEOOXimHa
BUTpaTa €Heprii 3aJeXUTh BiA THIy BXUBAHOTO
BeHTIIITOpa, KKJ[ enementiB 1iei rpymm, cmocody
MepeIaHHs MOMEHTY, IO KPYTHUTbh, BiJl BaJdy IBUTYHa Ha
BaJl BEHTWIATOpa (KIMHO-peMiHHa mnepenaua 3Hmkye KKJ]
BEHTHJIALIHHOI rpymu Ha 4-6%), HasSBHOCTI MepeTBOprOBaYa
YaCTOTH EJIEKTPUYHOTO CTPyMy, BCE dYacTimle 1 yacrimie
BXKHBAHOTO [UIS MIABHINCHHS €(QEKTHUBHOCTI POOOTH
CHUCTEMH BEHTWIALI] 1 KOHAULIIOBAaHHA. HalBaXkIuBilIUM
MOKAa3HUKOM OIIHKH pPOOOTH CHCTEMH BEHTHIAMIl €
noka3sHuk SFP (amrm. Specific Fan Power), mo mokasye
BIJIHOILIICHHSI  CIIOKUBAHOI TMOTYXKHOCTI  €IEKTPUYHUMU
meuryHamMu P [kBt a6o BT] mns cTBOpeHHS OIMHUYHOI
BHTpaTH TOBITPs [M/c a60 M°/rox] y KOHKpeTHiil cuctemi
MeXaHI4HOT BEHTHJIAIIIT [5]. ITokazuuk SFP
PO3PaXOBYEThCS K BiTHOIICHHS CIIOKMBAaHOI MOTY)KHOCTI
CJIEKTPOJBUI'YHOM BEHTWIATOpPAa JO BUTpPATH MOBITPA,
nepeMilnlyBaHoro B mid cucremi BeHTwmii. [Ipu mpomy,
SKIIO arperatr NPHIUIMBHO-BUTSDKHUM, TO BpPaXxOBYETHCS
CIIOKMBAHA IOTYKHICTh ABOX OJOKIB (IPUMIUBHOTO Ppyy i
BUTSDKHOTO Pg,.), a IUATBCS O cyMa Ha OJHY BEIHKY

OyTH KOHTPOJILOBAHOKO 1

MOBITPONPOAYKTHBHICT  Vimax  (BT/(M>sroz))  siky, sK
[PaBIJIO, MA€ MPUILTHBHUMN OJIOK:
+

SPF — pnpum pRM”I . (l)

max

IIpu 3amaniii BHUTpaTi TOBITPA 1 oOmopi Mepexi,

pO3paxoBaHOi  CHCTEMHM  BEHTWDLil JIS  CHCTEMH
KOHIUWITIFOBAaHHS  TOBITPS, HOMiHalbHa  IOTY)KHICTh
EJIEKTPOJIBUI'YHA 3aJIe)KUTh TUIBKM BiJ] BHYTPILIHBOTO
aepoJMHAMIYHOTO  Omopy  arperaTy  (L€HTPaJbHOIO
KOHIUITIOHEPA).

Ilpu  ¢ikcoBaHMX  (QYHKIIOHAJIBHUX  EJIEMEHTaX,

HEOOXITHUX JUIsl JIOBEJCHHS MapaMeTpiB 30BHILIHBOTO
TIOBITPs IO HEOOXITHUX KOHAMIIIH, el Omip 3a1eXHUTh BiJ
HIBUAKOCTEH PyXy MOBITpS yCepeauHi MaIiuHH. Y CBOIO

4yepry, IIBHAKICTH  TIOBITpS  BHU3HaYae  rabaputu
BEHTWJISLIIHOTO arperary.
[lnsxn 3HWKEHHA CHOXWBAaHHA €HEprii CHUCTEM
KOHIUITIFOBaHHS TOBITPS IIE.
- repMeTH3alisi TOTOKY TOBITPS 1 BHUKIIOYEHHS
NPUCOCIB  HABKOJIMIIHBOTO TIOBITPSI 1 BUTOKIB

00p0o0IIeHOT 0 MOBITPS;

- KOpIYC CHCTEMH KOHIUIIIIOBaHHS Mae OyTu moope
TEIJIOI30bOBaHMUN 11100  BHUKJIIOYHTH  BTPaTH
TEIUIOBOi ~ eHeprii, BHTpadeHOI Ha JOBEJCHHSA
napaMeTpiB IOBITPS 1O NOTPIOHUX Tepen Horo
MOJAHHSM B IIPUMIIIEHHS

- BUKOPHCTaHHS B NPHUIUVIMBHO-BUTSDKHOI BEHTHJIALI]
arperary 3 peKyIepaiero Temia,

- BpaxyBaHHS HECTAI[lOHAPHMX TETJIONPHILIMBIB.

Bumorn eBpomeWchKHX CTaHIApTiB 1 HOPM HiTKO
YIOPSIKOBYIOTH MiIXi/ O OLIHKH MapaMeTpiB KOHCTPYKIii
KOPIIYCiB arperariB, BHW3HAYalOYM HAWOUIBII BaXKIUBI 1X
XapakTepucTHKH. 3rigHo i3 ctamaptomM EN 1886 : 2007
«Ventilation for buildings». Air handling units. Mechanical
performances» [5] OCHOBHI XapaKTEpPUCTHKH KOPIIYCY
KIacU(]IKyIOTbCsS 3a HACTYNHHMH O3HAaKaMH: MEXaHIuHIH
minHocTi (mechanical strength); repmerndnocTi Kopmycy
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(air leakage); meperikaHHAM TmOBiTps (OalmacyBaHHSA) B
o0xin ¢ineTpy ycepeauni kopmycy (filter bypass leakage);
koeQimieHTy Termonepenadi criHok kopmycy (thermal
transmittance); YHHHWKY BIUIMNBY «TEIIOBHX MICTKIiB»
(thermal  bridging); ™ipu  3Bykoizomii  (acoustic
insulation).

Y €Bpomni HaAWOUIBIII BUCOKOKIACHUMHY 1 OCHAIIICHUMU
€ naa gochimHuipbki wueHTpu B Himewumni TUV
(Technischer Uberwachungs Verein) — e HiMenbka
ABTOPUTETHA HEJCp)KaBHa CTPYKTypa, sKa 3alMaeTbcs
MMUTAaHHSAMH TEXHIYHOTO HamsiAy 3a HPOAYKLI€, IO
BUITYCKAETHCS.

Cragmapr EN 1886 Bu3Hauae yMoBH, MeTOmW i
CIOoCcOOM  TPOBEICHHSA  BUIPOOYyBaHb K  KOPITyCY
BEHTArperaTiB  ICHTPAJbHUX  KOHAWIIOHepiB.  Jlesxki
XapakTepUCTHKH OO'€KTIB BU3HAYAIOTHCS HA MOJEIi
JOCITIPKYBAaHOT YCTaHOBKHM, a JEsKi Ha 3pasKy, ToOTO Ha
KOHKDETHIM yCTaHOBII, JOBITbHO BHOHUpaHiii BKa3aHUMHU
JOCITITHUIIEKAMH [EHTPaMH.

Sk MIPUKIIAL pO3IIIsTHEMO BEHTHJISILIIHO-
KOHIuIioHytoui  arperatu VTS —  Ventus, ski
BUMpPOGOBYBaiCA B HiMelpkiid maboparopii TUV Sud
Munich [5]. Yci ui arperatu ceprudikoBaHi acoliamiero
Eurovent i iM mpucBoeni meBHI Kimacu. [lo piBHIO
MEXaHIYHOT MIIHOCTI €BPONEHCHKHI CTaHIApPT IPOIOHYE
po3ainaTa yci koprycu Ha Tpu kinacu: D1, D2 i D3.

OCHOBHHM KpUTepieM T@pH BH3HAYCHHI Kiacy
KOHKPETHOTO BEHTArperata € «MaKCHMajbHE BiJHOCHE
BigxwieHHs» (maximum relative deflection), 1o mokasye
BIIXWJICHHS TMCPBUHHOI TMO3UII maHeni abo pamMu B
MUIIMEeTpax Ha MeTp JOBXHMHM (MM/M) mpH Jil Ha HHUX
NEBHOTO THCKY. PiBeHb (Mipa) T€pMETHYHOCTI KOPITyCY
BEHTYCTaHOBKH, TOOTO 3/aTHICTh KOPIYCY BHKIIOUUTH
mepeTikaHHsd TOBiTps a00 B MOBKUDIA, pPO3AUICHHN
crargapToM EN 1886 na xracu L1, L2 1 L3.

KoedimienT 6aiinacy ¢inpTpiB K mokasye y BiICOTKaxX
YaCTHHY «HE(PUIBTPOBAHO» BHUTPATH IMOBITPS, TOOTO Ty

4acTHHY, MmO o0XxomuTh GineTpu. SK BUAHO, KiIac
BEHTUIIALIHOTO arperaty BIIIOBIIAE TOMY
MaKCUMaJlbHOMY Kilacy QiuIbTpy, SKHH MOXe OyTh

3MOHTOBaHHMH 1 €(EKTUBHO MNpPALIOBATH B Iiii KOHKPETHIH
cucTeMi BeHTHIAIII. BaacTUBOCTI KOpIycCy, sIKi i30JIF0I0Th
TEIJIo, BM3HAYAIOTh 3/IaTHICTh CTIHOK KOpIycy 30epiratu
€Heprito, HaJlaHy MOBITPIO B Ipolieci Horo HarpiBaHHs, abo
K TIOHU3UTU BIUIMB TEIUIOTH 330BHI JIO OXOJIOJPKEHOTO
MTOBITPSL.

3a craagaproM EN 1886 omiHroBanwcs aBa YHHHUKH:
KOeQiIlieHT Terulonepenadi CTIHOK KOPIyCy 1 BIUIMB
«TeryIoBUX MicTkiB». KoediuieHT Temonepenadi Kopmycy
BHU3HAYAEThCA B JIA0OPATOPIAX LUIIXOM BHIIPOOYBaHHS
peasbHOr0 BEHTWILIMHOIO arperary, Npamiolvyoro 3a
CTaHIAPTHUMHU PO3PAaXyHKOBHMH YMOBaMH IpPH PI3HHI
TEeMIepaTyp MOBITps ycepeawHi 1 30BHI, piBHOIO 20 °C .
«TemnoBuMu MICTKaMi» BBQXXAIOTHCS YaCTHHU
KOHCTPYKIIi BEHTWAMIHHOTO arperaty, IO MaioTh
MiABUIIEHUHA KOedillieHT Teruionepenadi B MOPIBHAHHI 3
OJTHOPITHUMHM CTIHKaMH KOPITyCY.

VY nux 30HaX KOpPIyCy CIOCTEPIraeThesl ITJBHIICHE
NepeMillieHHs TeIUIOBUX MOTOKiB. Cllij mam'sTaTi 1mpo Te,
0 caMeé B 30HI «TEIUIOBHX MICTKIB» Yy BEHTarperarax 3
OXOJIOJUKEHHSM ~ MOXJIMBE  3HIDKCHHS  TEMIIEpaTypu
30BHINIHBOI ~ TOBEPXHI  KOpIycy B  IIOPIBHSAHHI 3
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TEMIEPaTypOI0 TOYKH POCH MOBITPSI, III0 OTOYY€E YCTAHOBKY
i BuUmamaHHd KoHAeHcary. Jlnsd OWIHKH  BETUYWHU
TEIUIOBTPAT Yepe3 «TEIUIOBI MICTKM» BBOAWTHCS YHMHHHUK iX
BIUJINBY:

K, = —min v
air
e Atmin = ti— tynax € HAWUMCHIIOK PI3HHUICKD TEMIIEPATyp,
Atyi=ti—t; — pi3HHUII MDK TeMmmepaTrypamH IOBITPS
yCcepenuHi i 30BHI BEHTarperara,
tj— cepeaHs Temmeparypa BHYTPIIIHBOTO MOBITPS;
tsmax MaKCUMalbHa TEMIIepaTypa Ha 3OBHIIIHIN
TTOBEPXHI;
t, — cepenHs TemIepaTypa 30BHIITHBOTO MTOBITPSI.

Bynp-sika yacTnHa TIOBEpXHI KOPITYCy, SIKa IiIJa€ThCs
il  30BHINIHBOTO TOBITPS, BBAXKAETHCS 30BHIITHBOIO
noBepxHero. Kiac TernoBux MIiCTKIB BigmoBiae 3MiHi Ha 3
°C MakcHUMaJbHOI TEeMIepaTypu IIOBEpXHI NpH Pi3HHII
temnepatyp 20 °C (MakcuMajbHa MOTPIIIHICTE BUMIpIB
TemrepaTypu Ha noBepxHi = 0,2 °C).

PiBeHb aKyCTHYHOI i30JIA1ii KOPIYCY BH3HAYA€THCS
BUIPOOYBaHHSAMH, SIKI HPOBOAATHCS HA  MOJEISIX
YCTaHOBOK, OI0 MAalOTh PO3MIPH BIATIOBIAHO JO BHMOT
cranaapty EN 1886 [4,5].

3 PesynbTaTtu gocnigkeHb

B po0orti mokazaHo, 1o OUTBIIY YaCTHHY XOJIOTHOTO
Mepiogy MOXKHAa CYIINTH TOBITPS B TPHUMIMOICHHI 3
OaceitHOM, BHUKOPHUCTOBYIOUH 3araJlkHOOOMIHHY
MIPUIUTUBHO-BUTSKHY BEHTUIIALLIIO, pobota SIKOT
00yMOBJICHA HEOOXIMHICTIO MOJa4i CBIXKOTO MOBITPS IS
OUXaHHA Jofae. TakuM YHHOM, B XOJIOMHUN mepion
MOXKHa, HE€ BKIIIOYAIOYM CIICL[ialIbHUH OCYIIyBaJbHUMA
arperar, 3a0e3rnedyBaTd HEOOXIZAHY BIJHOCHY BOJIOTICTh
60% 3a paxyHOK poOOTH NMPUIUIMBHO-BUTSDKHOI BEHTHIISLLII.
Hnst xiriMatnaauxX ymMoB M. OniecH OCYIIKY BEHTHIIALIEIO
MOJKHa BHPOOJIATH 0 30BHINIHBOT TeMmepaTtypu 19-22 °C.
[Ipu OinpII BHCOKHMX TEMIIEpaTypax 30BHIIIHBOTO IMTOBITPs
HAJIXOJUKEHHS BOJIOTH 3 TIPUIUIMBHUM IIOBITPSAM IOYHMHAE
NPEBaJIIOBaTH HaJ KIIBKICTIO BOJIOTHM TIOBITPS, IO
BUJIAIIETECS BUTSDKHOIO BeHTWsiiero. Lle nmomarkoBa
KUIBKICTh BOJIOTH Pa30M 3 BOJIOTOIO, 0 BHUIIAPOBYETHCS 3
n3epkana OaceiiHy, B 1€ IMepioJg Ma€ BiJasITUCS
CHeLiaIbHUM  KOMIIPECOPHO-KOHJICHCALIHHUM  OCYIIy-
BayeM.

[TpoBenenuii aHaii3 IHTEHCUBHOCTI BUNIAPOBYBAHHS B
OaceliHi 3a jgomomoror nporpamu, e BpaxoByeTbest Wig,
/Wudp, e Wigp KinbKicTh BOAM, IO BHIIAPOBYETbCA 3
MIOBEPXHI BoAN OaceifHy sIK (yHKIIiSl BIiIHOCHOI BOJIOTOCTi
NOBIiTPS B NpuMilieHs 3 OaceitHoM, Wygp KUTBKICTb
BOJIOTH,  II0  BHUJAISETHCS  NPHUIUIMBHO-BUTSKHOIO
BEHTWIALI€I0, SK (yHKIiS BIXHOCHOI BOJIOTOCTI B
MIPUMIIIICHb.

3 rpadixy, HaBeIeHOMY Ha pPHCYHKY 1, BHIHO IIO
KBa3iCTal[lOHapHAa pIBHICTP HAcCTa€ KOJMM  BiJHOCHA
BOJIOTICTB BiAMOBimaTHMeE y nepexinauit nepiox ¢ = 60%, y
xonomHu#t @ = 49%. Y Ttemnmii mepion, SK MOKa3aHO Ha
PUCYHKY 3, ¢ > 60%, tos = 36°C HEeoOXiHO
BUKOPHCTOBYBATH OCYIIyBau IOBITPs KOJIM TeMIleparypa y
npuMminenHi 3 6aceiinom nepesuiuTsb 30 °C. Y 1eil nepion

KIJTBKICTD BOJIOTH, sKa  BHHOCHTBHCS BUTSDKHOIO
BEHTHJIAIEI0 Oyne IOPIBHIOBATH KiIBKOCTI BOJIOTH, sIKa
MOCTyNa€ B MPHUMIMICHHS 3 TMOBITPSAM 3 MPHUIDIMBHOI
BEeHTWIALIT. BUXOASYM 3 OTPUMAHOTO 3HAYEHHS BiTHOCHOI
BOJIOTOCTI, SIKE HEOOXI1THO MiATPUMYBaTH IUTS
KBa3iCTaIliOHAPHOT PIBHOBArW, MO BCTAHOBWJIACS, MOXKHA
TOYHO BHM3HAUUTH KUIbKICTH TOBITps, SIKE€ HEOOXiTHO
MoJaBaTH 1 BUAANATH 3 mnOpuMinieHHA. Jlami MokHa
migiOpaTd oONTUMalbHE YCTAaTKYBaHHS JUIsL OCYIICHHS
TIOBITPs B MPUMIILIEHb OaceiHy.
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Pucynox 1 — IHTEeHCHBHICTb BUIIapOBYBaHHS BOJIOTH Y
HepexiHui 1epioz.
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PucyHok 2 — IHTEHCHBHICTb BUIIApPOBYBaHHS BOJIOTH Y
XOJIOHUH MEPio POKY
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PucyHnok 3 — [HTEHCHBHICTb BUIIaPOBYBAHHS BOJIOTH
y TeIUTHH TIepiof poKy

OcobnuBuil  iHTEpeC  TNPEJCTABISE  3HWKEHHS
J0O0OBOTO CIOXKMBAHHS €HEPTii Ta OLIHKA Yacy MiJIrOTOBKH
micnst QyHKIIOHYBaHHS B HIYHOMY PEXHMI OYIKyBaHHS
cucteM 3a0e3Me4yeHHs MIKpOKJIiMaTy B NPHUMIIIEHHI 3
6aceiinom [1, 3]. Tlicis 3aKiHUeHHS] BUKOPUCTaHHS OaceiiHy
MOHA 3aKpUTH J3€pKajo BOJU CIEIiabHOIO TUIIBKOIO i
JIOMYCTUTH  30UIBIIEHHS  BIIHOCHOI  BOJIOTOCTI B
npuMimenHi 1o 65-70%. lle MoxxHa 3poOUTH B Py4HOMY
pexxumi abo Tpu BUKOPHUCTAHHI NMPOTpPaM i PeryiIboBaHOTO
KoHTpoJiepa. JlofaTKoBa aBTOMATHKA, BKIIOYAI0OUN TATYUKH
MIPUCYTHOCTI JIIOJIEH, OKYIAEThCSl MPOTATOM 2-3 POKIB 3a
paxyHOK €KOHOMii eHeprii B 4eproBOMy peXHMi, KOII
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OaceifH 3aTATYETHCS IUIIBKOIO, BUMHUKAETHCS CIICIiadbHUI
OCyIIyBad i 3MEHIIYEThCS ab0 TPUMUHAELCS BEHTHIISAIIS
30BHIMIHIM TOBITpAM. Tak Hampukiag, Ko0oBa €KOHOMis
enekTpoeHeprii st ymoB M. Onecu NpH BCTaHOBJICHIH B
YeproBoMy pPEeXHMi NPHUILIMBHO-BUTSDKHOI — BEHTHIIALIL
(TpuBanicTh 4eproBoro pexumy 10 ToauH) 1 30BHILIHIN
temrepatypi t, = 18 °C 3amummts 3a 10 rogun Oinbire 80
kBr. HarpiBau cnoxxusae 7,9 kBt i1 Bentunsropu 0,3 kBT.
SIKIIO0 BEHTWJISILIS TO€JHAHA 3 CHUCTEMOIO IOBITPSHOTO
OMAJICHHS, TO OINAJCHHS BHMHKATH HE MOXKHA, MOXKE
YTBOPHUTHUCS KOHJIEHCAT Ha OrOposkax (CTiHaX 1 BIKHaX).

BucHoBok

BpaxoByroun mOUIAXH TiABHIMIEHHS e(eKTHBHOCTI
CHCTEM KOHIWIIIOBAHHS TOBITPS UII KPUTHX OaceiHiB
MOKa3aHo, [0 EKOHOMII0 €HEPrOBUTPAT MOXKHA OTPHUMATH,
BUKOPDHCTOBYIOUM B MPUIUIMBHO-BUTSDKHOT — BEHTHIISLIT
arperar ¢ pekylepamielo Temia Ta 3 3aCTOCYBaHHIM
Gaitniacy [2, 4, 5]. 3acTocyBaHHS TaKOi CHCTEMH JIO3BOJIUTH
IPU TEMIIepaTypi 30BHILIHBOTO MOBITPs 1 yMoBax M. Ozecu
eKOHOMHTH TOoHa] 4 KBT moTyXHOCTI Kanopudepa.
HeoOxigHO Big3HAYWTH, IO TPH IiIBUIICHHI 30BHIITHBOT
TEeMIepaTypH KiNbKiCTh TeIlIa, IepeiaHe IPUTOYYBAaHHS B
pekymeparopi, Oyne majaTy, ajue MNpyu ObOMY 3MEHIIHUTHCS 1
noTpibHa TOTYXHicTh HarpiBada. I[lpm TemmepaTypax
30BHIMIHBOTO TIOBiTPs BHIIE 28 °C 3'IBUTHCA HEOOXITHICTH
OXOJIO/KYBATH NPUILIMBHE MOBITPS, NPOTE PEKyIepaTop
Oyne 3MEHIIYBaTH HEOOXiIHY XOJOAONPOAYKTHBHICTH
KOHIUI[IOHEpa  OCyIIyBaya.  3pO3yMiio, M0  MpHU
TeMIiepaTypax 30BHIIIHBOIO NOBITps Buuie 28 °C TemioBa
MOTY)KHICTb, IO BIIBOJUTHCS Bil NMPUILUIMUBHOTO IMOBITPS,
Oyne ICTOTHO HHW)KYE, HDK TEIUIOBA IMOTYXXHICTh, IO
nepeaacTbcss HOMy B 3MMOBHH Yac yepe3 Habarato OiTbII
BHCOKY PI3HHIIIO TEMIIEPATyp Mi>K BHYTPILITHIM i 30BHIIIHIM
noBiTpsiM. OJHAK 3MEHIICHHS HEOOXiTHOI XOIOIOIpPO-
JOYKTHBHOCTI KOHIWIIOHEPa B OKPEMHX BHIIAJKaX MOXKE
JO3BOJIUTH  BUKOPUCTOBYBAaTH KOHIWI[OHEP MEHIIOrO
TUTIOHOMiHANa, HDK KOHIOUIIIOHEp 0€3 peKylepaTopa.
PisHuils B I{iHI TaKuX KOHIMIIIOHEPIB MOXE CKIACTU

ICTOTHY YaCTHUHY BapTOCTi 1 TAKMM YMHOM 3HU3UTH TEPMiH
1oTo OKyIHOCTI Ha 1-2 poKw.

[Toxa3aHO, IO BHKOPHCTaHHA MOBITPSIHUX CHCTEM
OTTaJIeHHs i 00irpiBy OaceiiHy Ta CyMDKHHX HPHUMIIICHB
TEpMiH OKYITHOCTI peKyIiepaTopa 3a3BHYail HE IIEPECBHIIYE
3-4X poKiB.

BcraHoBneHo Takoxk, 10 Mae e(eKT 3HIKEHHS
JO0OOBOTO CIOXKMBAHHS €HEPTii Ta OILIHKA Yacy MiJrOTOBKH
micnst (QyHKIIOHYBaHHS B HIYHOMY PEXHMI OYIKyBaHHS
cucteM 3a0e3Me4yeHHs MIKpOKJIIMaTy B NPHUMILIEHHI 3
GaceliHOM.

[IpoBenenuii aHami3 NOUIAXIB MiIBUIICHHS €(PEKTHUB-
HOCTI CHCTeM KOHJAHWIIIOBAHHS IOBITPS O3BOJSE IPOBO-
OUTH 3ICTaBIICHHS aJbTEPHATUBHUX BapiaHTIB CHUCTEM
KOH/IMIIIOBAaHHS MTOBITPS TIPH 1X ONTHMIi3aLii.
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Ways to improve the energy efficiency of air-conditioning systems

of swimming pools

N. V. Zhykhareva, E. O. Baboy, R. E. Talybly, N. O. Zhykhareva
Odessa National Academy of Food Technologies, 112 Kanatnaia str., Odessa, 65039, Ukraine

The paper considers the ways to improve the efficiency of air-conditioning systems for year-round functioning
indoor pools, as well as some technologies and elements, the improvement of which directly increases energy
efficiency and reduces electricity consumption in the annual cycle of air conditioning systems with dehumidifiers
utilization. The ways of improvement of the pool air conditioning system energy efficiency are: economical and
integral isolation, recuperator use, the use of bypassing and heat transfer unsteadiness consideration. Particular
interest is the reduction of daily energy consumption and the assessment of the preparation time of after night-
time operation of the microclimate maintenance systems in the room with the pool. Based on the developed
method which takes into consideration the unsteady heat flows and the influence of equipment factors the results
of calculations are shown and some recommendations are given.

Key words: air conditioning, swimming pool, recuperator, bypass, non-stationary heat and mass transfer,

optimization.
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XOonoaunbHI TA CYNYTHI TEXHONOTr I
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The analysis of different aspects of grain refrigeration on elevators of Ukraine, Commonwealth of Independent States
and in the world is carried out. The advantage of the refrigeration method is shown concerning the quality and of en-
ergy conservation. A comparative analysis of various types of refrigeration machines operating on ozone-friendly re-
frigerants has been carried out. It is shown that it is more profitable to use heat that is worked out from refrigerating

machines.
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1 Introduction

The solution of the problems of the country's food security
in the parameters set by the Law of Ukraine "On Food Security
of Ukraine™ and the stabilization of food prices are primarily re-
lated to the development of its own high-tech and competitive
agro-industrial production.

The most important problems of the agro-industrial com-
plex were and still are insufficient depth of processing of agri-
cultural raw materials and high losses during the storage. To
solve these problems, it is necessary to develop the food and
processing industry, the material and technical base storage, and
also, the creation of modern storage facilities for primary prod-
ucts of conditions for the modernization of food and processing
industry enterprises through technical re-equipment based on in-
novative resource-saving technologies [1].

Agriculture is a branch of the economy aimed at providing
the population with food and obtaining raw materials for a num-
ber of industrial areas. It is one of the most important sectors for
the population, as well as the functioning of the state. Cereal
crops are the predominant branch of agriculture.

Grain is one of the most important human basic foodstuffs,
for cultivation and collection of which extensive resources are
attracted. Post-harvest processing and storage is a key link in the
production of grain. According to the UN Food and Agriculture
Organization, in the world about 20% of the collected grain is
spoiled annually [2]. The main task of grain storage is to save
grain without losses in mass or with minimal losses. Losses
caused by a decrease in the quality of stored grain lead to quanti-
tative losses.

The increase in grain dry capacity in recent years has been
mainly in the way of increasing the capacity of individual devic-
es to ensure harvesting in a short time. The introduction of the
commodity classification of grain products also determined the
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need to improve the technology of post-harvest processing of
grain products, including for various in terms of volume and
quality of grain lots.

Existing high-temperature grain dryers do not yet have a
flexible technological scheme that allows drying under optimal
conditions, depending on the initial humidity and grain quality,
require additional solutions for cooling grain after drying and for
temporary storage, including using artificially refrigerated cool-
ants.

In the process of drying, a significant amount of scarce
light oil products is consumed, and existing combustion devices,
especially those equipped with heat exchangers, have a low co-
efficient of efficiency.

Existing active ventilation systems have low specific air
supply, significant metal consumption and insufficient reliabil-
ity, in most cases the drying and active ventilation process are
considered separately and do not complement each other. The
lack of necessary research does not allow the use of grain refrig-
eration technology, high-temperature drying and active ventila-
tion for the processing of grain products, which is especially im-
portant for preserving the quality of grain, especially small
seeds.

As shown by many years of experience in the technology
of primary processing of freshly harvested grain, one of the most
urgent tasks is its cooling to temperatures that ensure safe stor-
age. Numerous physiological, biochemical and technological
studies have established that a decrease in the grain temperature
below 8 ... 10 ° C sharply reduces the intensity of physiological
and biochemical processes, contributes to maintaining the initial
quality of the grain, and increases the shelf life of the grain both
during long-term grain storage and during its temporary storage
to possible additional treatment in the dryer [3]. Thus, the prob-
lem of developing primary refrigeration systems for small seeds
is actual.
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2 Analysis of existing refrigeration systems for prima-
ry processing and storage of grain. Formulation of
the problem

When choosing the method of primary grain processing
with cold at a temperature of 8 ... 10 ° C, technologists take in
view of quality factors, minimizing losses, saving financial
costs, labor and energy resources, environmental issues [3-9].
Improving the quality of stored grain at low temperatures is as-
sociated with the elimination of favorable conditions for the de-
velopment of mold fungi [3-6] and, respectively, the exclusion
of chemical grain processing [6]. Minimization of grain losses
during low-temperature storage is determined by the decrease in
the vital activity of insects at temperatures below 13 °C - insects
fall into hibernation and do not harm the stored grain [4-6].

Saving financial costs, labor and energy resources for low-
temperature storage of grain is due to the fact that:

a) cooling complexes can be placed directly at harvest sites and
excluded

grain losses during re-stocking (reach 0.03% of the total [7, 8]
and save on technological transport facilities [8];

b) grain and seeds of oil crops with high humidity are stored at a
temperature of 8 ... 10 °C without deterioration of quality over a
long period of time (Table 1), and this makes it possible to alle-
viate the problem drying during the harvest period [3].

Table 1 — Duration of grain storage, depending on the initial
humidity and storage temperature [9]

Initial Seed grain Food grain Fodder grain
hqml- The stor- | Dura- | The stor- | Duration | The stor- | Duration
d'oty' age tem- | tion of | age tem- | of stor- | age tem- | of stor-
% perature, | storage | perature, age perature, age
°C °C °C
12...15 |9..12 isnot |10...12 isnot |10..12 is not
limited limited limited
15...16,5|8..10 1...151(9...10 isnot |9...10 is not
years limited limited
16,5...18|5...7 4..6 |8...10 5...10 |8...10 6..13
months months months
18...20 |5 2...3 |8...10 2.7 9...10 3...9
months months months
20...22 |5 3..4 |6...8 4...16 |6...8 5..20
weeks weeks weeks

The ecological positive aspect of the low-temperature
storage method is related to the fact that
technological process excludes high-temperature drying
with a mixture of flue gases and air and accordingly, the
possibility of contamination with carcinogenic substances,
for example, benzapyrene, is eliminated. The cooled grain
does not contain hydrocarbons, soot, sulfur and nitrogen
oxides, heavy metals, nitrites and nitrates [3] and does not
require additional cleaning costs.

Technologies of artificial cold application are used in
many countries of the world - in the USA, Germany, Japan,
Australia, Brazil [3]. So, for example, Germany widely uses
technology of low-temperature grain processing - annually
it is cooled up to 70 million tons of grain [9].

To serve the vast majority of consumers in the world,
the transnational corporation "GRANIFRIGOR" produces
mobile refrigeration units based on vapor compression re-
frigeration units. Mobile refrigeration units periodically
cool the silos by blowing a column of grain with chilled air.
In the mid-1990s, mobile (on a mobile platform) THU-50-
2-0 refrigeration unit (cooling capacity 37,000 kcal / h) was

introduced in Trostyanets Grain Receiving Enterprise in
Ukraine to cool the grain in a typical 3200-tonne warehouse
with air [3].

Known experience in the use of stationary cooling
plants in the Russian Federation [3,6] for storage of rice,
which has not received further distribution.

It should be noted that among all types of cereal prod-
ucts of particular interest for low-temperature
drying is a variety of fine grains (rapeseed, flax, millet,
mustard, amaranth, etc.). Due to their insignificant charac-
teristic linear dimension, they are most susceptible to dam-
age during drying by heating [3]. For this type of grain,
there is no standard cooling equipment, since heat transfer
processes and hydraulic regimes when blowing a fixed lay-
er of small-seed grain with cooled air in currently not stud-
ied.

3 Purpose and objectives of the study

The purpose of this study is to assess the prospects for
using different types of refrigeration machines for low-
temperature grain storage and the development of such sys-
tems for fine grain.

To achieve this goal it is necessary to accomplish the fol-
lowing tasks:

- to evaluate the prospects of using different types of refrig-
eration machines for low-temperature processing of small
seeds;

- carry out experimental studies of heat transfer processes in
a low-temperature processing of small seeds;

- to develop perspective schemes of cooling systems for
primary low-temperature processing

A preliminary analysis showed [3] that the prospects
for use in mobile cooling systems
Grain can have a vapor compression refrigeration machine
(VCRM) and a gas refrigerating machine
(GRM).

The advantages of GRM include the absence of prob-
lems with the working air body, they are easy to operate
and do not have anthropogenic impact on the ecosystem of
the planet.

The drawbacks of GRM include high weight and size
parameters and low energy efficiency [10].

The use of VCRM in grain cooling systems is current-
ly associated with the transition to ozone-friendly refriger-
ants.

At present, a whole range of substitutes for traditional
refrigerant VCRM — R12 is offered, including
including natural ones, for example ammonia [11, 16].

To determine the prospects for using traditional and new re-
frigerants, a thermodynamic analysis of the VCRM cycles
was carried out.

The calculation of the VCRM cycle was carried out
for the following conditions [12]. The boiling point of the
refrigerants is taken into account taking into account the op-
timal level of grain storage temperatures (5 °C and 10 °C),
the driving temperature head between the grain and the
cooled air (10 °C) and the temperature drop in a typical air
cooler (10 °C), i.e., - minus 15 °C and minus 10 °C. The
condensation temperature of the refrigerants (40 °C) is tak-
en into account when VCRM is operated at an ambient
temperature of 32 ° C and the temperature difference in a
typical air condenser (8 ... 10 °C). The temperature differ-
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ence in the regenerative heat exchanger (RHE) is assumed
to be 20 °C. In VCRM with R717, as a refrigerant, RHE is
traditionally absent. The results of calculating the energy
characteristics of such VCRM cycles are given in Table. 2.
Analysis of the results presented in Table. 2, shows
that the greatest prospects in mobile
systems of grain cooling has a natural refrigerant - ammo-
nia, which is also excellent ecological characteristics.

Table 2 — The calculated values of the energy characteris-
tics of VCRM cycles at different boiling points

Number
refrig- Jo | COP n
erant
2 168 44 3.82 81,4
(170) | (38) 447) | (85.0)
152 41 371 79,1
RI34 | (150 | (39) 395 | (75.1)
115 39 2,94 62,9
RAOAA | (118) | (39) 347 | (66.0)
160 49 3.27 69,6
RA07C | 162) | (43) k77 | (716)
R4T0A | 167 55 3,04 64,7
172) | (55) 3,13) | (59,5)
RS07A | 112 40 2,80 59,7
(116) | (39) 2.94) | (56,5)
R717 | 1047 | 278 3.77 80,3
(1053) | (242) | (435 | (827)

Note: 1 - the characteristics for the boiling point of the re-
frigerant is minus 10 °C; 2 — Summary values: g0 - specific
cooling capacity, kJ / kg; | - is the specific work of com-
pression, kJ / kg; 7 - is the degree of thermodynamic per-
fection,%

Despite the widespread use of VCRM at present [9], it
is possible to speak about certain
perspectives of absorbing refrigeration machines (ARM)
and steam-jet refrigeration machines (SJRM) type in sta-
tionary grain cooling systems [10]. ARM and SJRM use, as
a rule, heat of low temperature potential, for example, heat
of exhaust gases of internal combustion engines, waste heat
of gas turbine units and boilers. Electric energy in ARM
and SJRM is used only for driving pumps and in automa-
tion systems, and in ARM in the total energy supply, the
share of electricity is from 0.5% (bromide-lithium units
[13]) to 2.3% (water-ammonia [13]), in the SJRM ~0.6%
[14]. Brine-bridging lithium ARM provides cooling of ob-
jects to 6 ... 12 °C with a thermal coefficient of 0.64 ... 0.69
[13].

The thermal coefficient of serial SJRM in the range of
cooling temperatures 4 ... 8 ° C is 0.06 ... 0.13 with a cool-
ing capacity of 350 ... 1150 kW [13].

Let's compare VCRM with compressor P220 and am-
monia as a refrigerant.

Calculations show that the refrigerating coefficient of
such VCRM at a boiling point of 5 © C and the condensa-
tion temperature of 30 ° C is 7.5, and the cooling capacity is
650 kW [16]. In this case, the cost of electricity to produce
1 kilowatt of artificial cold is 0,13 kW; in bromistolite
ARM - 0.008 kW, water-ammonia ARM - 0.04 kW; SIRM
-0.1kw.
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These results lead to the conclusion that in the pres-
ence of waste energy resources, operating costs for all types
of heat-utilizing refrigerating machines (ARM and SIRM)
are lower than for VCRM.

4 Experimental studies of low-temperature treat-
ment of small-seed cultures

To solve these problems, studies were carried out on a
specially manufactured laboratory unit. The object of re-
search was selected grain of rape [1].

A schematic diagram of the experimental setup is
shown in Fig. 1.

Fig. 1. The scheme of the stand for the study of modes low-
temperature grain treatment of small-seed cultures: 1 - the
refrigerating chamber; 2 - air ducts; 3 - experimental cell; 4
- the fan; 5 - the compressor; 6 - air condenser; 7 - receiv-
er; 8 - filter drier; 9 - thermostatic expansion valve; 10 -
evaporator; 11 - additional refrigerating unit; 12 - evapora-
tor.

The installation consists of a rectangular insulated (3 =
30 mm) body 1 (1900 x 500 mm) with a height of 570 mm,
divided into two compartments by a partition. The air ducts
2 connecting the two compartments are made of plastic
pipes in the form of a pipe-in-pipe construction, between
tubes space is filled with polyurethane foam. In one com-
partment heat treatment of air takes place before feeding to
the grain cooling. In the other compartment there is exper-
imental cell 3, which is a cylindrical hopper with a height
of 370 mm, the inner diameter of which is 104 mm, insulat-
ed from the outside. A small metal mesh in the form of a
sieve is fixed in the lower part, and the upper one is open.
To visualize the level of the processed small-seed grain in
the bunker, transparent window in height with a measuring
scale. In the lower duct there is an injection fan 4 rotation
speed, which is regulated by LATR. Also an electric heater
is installed, which allows to heat the air of the grain that is
going to heat treatment. An air-to-air unit is used for air
cooling, which consists of a sealed compressor 5 with a
suction valve, a ribbed tube air condenser 6 with a diffuser,
a receiver 7 with a shut-off liquid valve, a filter dryer 8, a
fan with an electric motor, and pipelines connecting the
compressor, condenser, receiver and filter-drier, mounted
on a steel stamped plate. The complete set of the unit in-
cludes a shield of electrical equipment consisting of an au-
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tomatic fuse and a magnetic starter. For automatic control
of the compressor is used thermostatic valve 9, pressure
switch, for visual monitoring of compressor operation -
pressure gauge and a vacuum gauge. A finned coil battery
10 is used as the cooling device.

In order to more accurately maintain the air tempera-
ture that is fed to the grain processing, an additional refrig-
erating unit 11 (with a cooling capacity of 150 W) was in-
stalled, which includes a hermetic piston compressor, a
ribbed coil air condenser, and a filter drier. The evaporator
is a finned double-row coil battery 12.

The method of experimental research was as follows.
A chiller was switched on and the unit went out to a prede-
termined temperature and humidity regime. Pre-prepared
rape seed, moistened and heated in a thermostat, was placed
in an experimental cell. The height of the backfill was de-
termined by a measuring scale on a transparent window of
100 mm, 200 mm and 275 mm, respectively. At first, the
mass of the cell itself was weighed on the laboratory elec-
tronic scales, and then together with the grain. The grain
temperature was determined by means of resistance ther-
mometers with a digital output to the electronic unit.

The cell was installed in the chamber, and the design
of the cell-duct connection provided hermetic quick-
detachable connection, which does not allow lateral leakage
of air during the purging of the grain.

The velocity and air flow were measured at the outlet
of the experimental cell. To determine the speed and air
flow, a micromanometer and a Pitot differential tube were
used. Time tracked by stopwatch. Every 60 s the cell was
removed and weighed on electronic
laboratory scales, and also measured the temperature of the
grain in the upper part (at a distance of 10 mm from the
edge at the rash) and in the middle part of the mound. After
this, the experimental cell was placed in a cooling chamber
and the experiment continued. During the experiment, the
temperature of the air entering the cooling of the grain and
leaving after heat treatment was also measured. The exper-
iments were carried out with the same grade of grain, which
had the same initial temperature and humidity. The speed,
flow rate and temperature of the cooling air were also the
same in all the experiments.

Each experiment ended when the same grain tempera-
ture was reached at the top of the embankment, regardless
of the height of the layer. The initial and final moisture con-
tent of the grain was determined in the laboratory condi-
tions on the SESH-3M instrument.

Experimental studies of the kinetics of cooling of
small-seed cultures from cooling regimes, such as rapeseed
and millet seeds, have been carried out.

Curves are obtained for changes in the rate of cooling
of the grain in time and moisture content of the grain, de-
pending on the temperature decrease (Fig.2, Fig.3).

5 Processing and analysis of experimental data

Analysis of equations describing the process of heat
exchange between the filtering gas and the surface particles
can be described in the form of the following criterial equa-
tion [17]:

Nu =a-Re?. pr0-3

where a, b - empirical coefficients, determined experimen-
tally;
v-d-p,

=4Q>Re_Re _

T o6l-g) 7
V - true gas velocity, m/s;
2
D= % - coefficient of sphericity of particles by volume

Re

d?2

V=—>-+~
6
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Fig. 2. Graph of changes in the rate of grain cooling over
time
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Fig. 3. Graph of the change in moisture content of grain as
a function of temperature decrease

To calculate the convective heat transfer of granular

material and cold air, we used the equation
Nu = 2(1+0.276 - Re*2- Pr*?) (1)

The criterion equation (1) was supplemented with a
simplex d/h, which takes into account the loading height (h)
and the dimeter layer (d).

The general form of the equation describing the pro-
cess of cooling the grain of a spherical shape, to which the
investigated rape seed belongs, can be represented as:

b
Nu=2+a-Re,"*. Pro'Ss-(ﬂ) )

where Nu is the Nusselt criterion, p, — a-d ;

Pr - Prandtl criterion, Py = £ ¢ :

o - is the heat transfer coefficient from moving air to grain,
W / (m?/K);
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A - coefficient of thermal conductivity of air, W / (m K);
u - is the coefficient of dynamic viscosity, Pa c;
c - is the heat capacity of the air, J/ kg K;
d - is the diameter of the pipe, m.
a, b - empirical coefficients to be determined
experimentally.

To determine the unknown coefficients in Eq. (2), a
well-known technique was used [19].

An equation for determining the convective heat
transfer coefficient for a refrigerating processing of rape
seeds:

d 1.423
Nu =2+O.2~Re3°'5. Pro.%(ﬁ] (3)

Range of simplex change: 11 (dJ <037
1= — h — ¥

In Fig. 3 compares the results of experimental studies
and obtained by the equation (3).

The relative error in determining the heat transfer
coefficient does not exceed 10% (Figure 4), which allows
us to use equation (2) for the design of primary
refrigeration systems small-seed grain.

o, Briw* K
2.2 +*

2
1 \
0.6

1.8
020 030 040 050 060 070 080 080 100 4y

16
14

1.2

1
0.8

Fig. 4. Graph of the change in the heat transfer coefficient
from air to the grain layer: 1 - experiment, 2 — calculation

6 Advanced design solutions for primary low-
temperature processing systems small-seed cul-
tures

Based on the experimental data on the heat transfer
between cooled air and grain, model studies of the tempera-
ture and hydrodynamic fields of the embankment small-
seed grain.

At the heart of mathematical models lie the known po-
sitions on heat exchange of air flow and
fixed grain embankment and distribution of velocity fields
under these conditions [18-21].

The result of the simulation is two technical proposals.

6. 1 Primary cooling system of container type

The cooled container (Figure 5) [22] is a box 1 with
airtight external fences without a top cover and with a per-
forated bottom. On the side there is a hatch 2 for unloading
the grain. To the bottom of the container is fixed the air dis-
tributor 3 in the form of a cone, to which, in turn, the air
duct 6 is connected to the hinges (springs) 4 by means of a
movable connection 5. In the side walls, guides 7 are pro-
vided for tight fitting to a nearby standing container. In this
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case, the construction of the connection of the air ducts to
each other allows this automatically when the next adjacent
container is installed due to the coupling. It additionally it
contains the platform 8 on which it is installed.

The process is as follows. Containers are filled with
grain mass and installed in a storage facility for grain stor-
age. And the first container joins the general
distribution duct. Each subsequent container fits snugly into
the front, and the air ducts 6 are automatically connected in
a single line. This is provided by the guides 7, hinges
(springs) 4 and a special design of the coupling. The last
container installed in the row has a plug at the end of the
duct. The number of rows is determined by the size of the
warehouse.

1 7
2 G i
3 j

| -
5 8
6

Fig. 5. Scheme of the container for the primary low-
temperature cooling of small-seed grains:
1 - housing; 2 - hatch for grain unloading;
3 - the air distributor; 4 - suspended springs;
5 - movable connection; 6 - the air duct;
7 —guides; 8 - installation platform

6.2 The cooling system of a warehouse for the outdoor
storage of a moist grain of small seeds

The technical proposal is shown in Fig. 6, a-c.

The design is supposed to be installed in the places of
direct harvesting of grain. Grain is loaded into separate par-
titions, in the lower part of which there are channels for
supplying chilled air.

To prevent the grain from being poured in the lower
part of the partitions, perforated grilles are installed.

The exhaust air is vented by ducts from the top of the
storage.

7 Discussion of the results of the development of
cooling systems for the primary low-temperature
processing and storing grain of small-seed crops

The merits of the study include:

- the executed analysis and a substantiation of pro-
spects of a way of low-temperature processing and grain
storage of small-seed crops, as well as an analysis of the
types of refrigeration machines that can be effectively used
in such systems;

- novelty of the results of an experimental study of
heat transfer processes between cold air and fixed filling of
small seeds (on the example of rapeseed);
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- new designs of systems for primary low-temperature
treatment of small-seed crops, which can be used in farm-
ing in Ukraine.

b) c)

Fig. 6. Storage system for floor storage wet grain of small-
seed crops: a - general view of the warehouse; b-system
distribution of air flows.

The shortcomings of the work include:

- study of small-seed grain only on the example of rape,
which does not allow to generalize the results

on other crops;

- the absence in the article of the results of mathematical
modeling of thermal and gas dynamic regimes during re-
frigeration treatment of small seeds by air flow.

The conducted researches are useful for developers of
systems of primary low-temperature processing of small-
seed cultures.

The developed systems of primary low-temperature
processing of small-seed crops can be widely used in farm-
ers 'and peasants' economies of Ukraine, first of all, due to
the simplicity of manufacturing and use of known materials
and equipment.

The presented work is a new one and it is planned to
continue it in the framework of state budget and postgradu-
ate studies.

8 Conclusions

1. An assessment of the prospects of using refrigerat-
ing machines, realizing various methods of obtaining artifi-
cial cold, showed that:

- lithium bromide and water ammonia AXM (bro-
mide-lithium and water ammonium) and PECM can be rec-
ommended as stationary refrigeration units at grain eleva-
tors and grain storage sites in Ukraine and CIS countries,
and due to the high cost of stationary systems based on

PKHM, the use of cheap environmentally friendly heat-
promising in the near future;

- the greatest prospects in mobile grain cooling sys-
tems based on PKHM has a natural refrigerant - ammonia,
which also has excellent environmental characteristics;

- in the near future in the grain cooling systems of sta-
tionary type, PEHM with refrigerant R134a can be used -
they provide the possibility of using low-potential heat
at the temperature level plus 70 ... 80 °C, their structures are
compact, and the pressure in

the system is maintained above atmospheric, which
eliminates air sucking in the evaporator.

2. Experimental studies of convective heat transfer
during purge fixed layer of small-seed grain showed that:

- cooling of the grain to 8 ... 10 °C is accompanied by
its partial dehumidification: for rapeseed - 1,13%, for millet
- 0.98%, with the maximum intensity of moisture entrain-
ment observed at the beginning of heat treatment, thus, for
example, when the temperature is reduced by 50% of the
initial grain temperature, the entrainment of moisture is for
rapeseed - 90%, millet - 80%;

- the obtained effect of dehydration of the grain upon
its cooling allows to exclude from the technological chain
process of high-temperature drying, and this will not only
reduce energy costs when storing small-seed grains, but al-
S0 increase its quality.

3. Based on the analysis and the results of experi-
mental studies of convective heat transfer processes, two
schemes of primary cooling systems for grain - container
(mobile) and stationary type, are proposed, each of which
can be used in farmers 'and peasants' economies of Ukraine
depending on the volume of processed prod ucts.
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OueHKka BNUAHUA UCXOAHbIX YPaBHEHUM NIIOTHOCTU U TeNJIONPOBOAHOCTH
WHeA Ha pe3ynbTaTbl NPOrHO3MPOBaHNUA CKOpPOCTU POPMMPOBAHUA HAMO-
pOXeHHOoro cnos
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B cmamve npusedenvl ochosHble 3asucumocmu 05 onpeoeienus NIOMHOCMU U Menaonpo8ooHocmu uxes. Ilpusedeno
cpasHeHue Hauboiee pacnpoCmpaHéHHbIX 3a8UCUMOCHIel MenIonpo8oOHoCmU U niomHuocmu uxes. Ilpedcmasnensl pe-
3YIbMAMblL PACUEMa MameMamuieckoll Mooenu 6 guoe spapuros pocma moawuHsl Clos UHes 60 BPEMEHU HA NepPEoM
pAdy, a maxoice no enybure nyuxa. IIpoeeden cpagnumenvuvili anaius Haubosee pacnpoCmpanenHblx 3a6UCUMOCTEl
HIOMHOCIU U MENJONPOBOOHOCHU UHEsl U NOKA3AHO GIUSHUE DMUX NAPAMEMPO8 HA UMO206blll 6UO DYHKYUU 3A6UCU-
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Y cmammi nagedeni ocrnosmi 3anesicnocmi 05l BUHAUEHHS 2YCMUNYU ma menionposionocmi inero. Hagedeno nopisusn-
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500 (I NS
0 rapaMeTpbl XOJIOAUIBLHOTO areHTa 1 BXOJI B psAIl TPYO
2 BEIXO[I U3 psina Tpyo a BO3IYX
fr uHen vr BEPTHUKAJIbHBIN
f pebpo in BHYTPEHHHIA
th TpyOa ex HapY>KHBIN
b OCHOBaHME hr TOPH30HTATbHBIH
tp BEpIINHA c KPUTUYECKUH
m TasiHue

1. Beenenue

B o0nacTi MCHONB30BaHusI TEINIOOOMEHHOTO 000pY-
JIOBaHMS [UIS XOJIOJWIBHBIX KaMmep, SBICHHE 0Opa3oBaHUS
MHEs Ha OXJIAKHAEMBIX IOBEPXHOCTSAX OMNpENeNsieT Kade-
CTBO PabOTHI M TEXHHYECKHE IapaMeTphl ammapartoB. Tem
HE MEHee, [0 HAcTOAIIee BPEeMs IPH IPOSKTHPOBAHUU BO3-
JIYXOOXJaJUTeNIeH OIEHKA BIMSHHSA WHES OCYIIECTBILSIETCS
MHTYUTHBHO. Tak Kak MHEW paguKanbHO TpaHC(HOpMHUPYET
0a30BbIil Tpoliecc MepeHoca TEIIOThl, €ro CBOMCTBA U UX
BIMSHUE Ha PabOTy BO3AYXOOXJIAJAWUTENCH IOJDKHBI OBITh
noApoOHO wu3ydyeHbl. Ha JaHHBII MOMEHT CYIIECTBYET
MHOXKECTBO 3aBUCHMOCTEH JJIsl ONpPEIEICHUs IIIIOTHOCTH 1
TEIJIONPOBOIHOCTH MHEsI KaK €ro OCHOBOIMOJIAraroImux (Gu-
3MYECKUX CBOWCTB, KOTOPbIE HAXOIST NMPHUMEHEHUE B MaTe-
MaTHYECKHX MOJETSIX MPOTHO3MPOBAaHHA pocTa HHes. B
JAHHOM CTaThe OIMCHIBACTCS BIMSHHE HanOoJee MPUMEHS-
eMBIX 3aBHCHMOCTEH Ha pE3yJIbTaThl pacdyera MOAEIH
NpeCTaBICHHONW aBTOpaMHt B IpeAblayLiei crathbe [21].

Temnodusndyeckne mpoIEeccH, NPOTEKAOIINE BO
BHYTPEHHEH CTPYKType WHEs M BIUSIOLIME Ha €ro pocT,
HOAYMHSIOTCS JISHCTBHIO CJIOXKHBIX MEXaHHU3MOB Maccolle-
peHoca a TakXkKe MX B3aUMOJECHCTBUIO JIpYyr ¢ JIpyroMm. B
cBoeit pabore I'.H. Hamankos [1] npuBen nauboinee moi-
HbIIl NepeueHb NOJA00HBIX MEXaHU3MOB, B COCTaB KOTOPBIX
BKJIFOUMJI: MOJICKYJSIpHYIO TU(D(y3HI0 BOJSHBIX MapoB,
KOHBEKTHBHOE II€pEeMEIIeHNE BO31yXa, M3JydeHHe, TeIIo-
MPOBOIHOCTh COCTABISIONINX BHYTPEHHEW CTPYKTYPHI,
(ha30BBIN TIEpexo]l BOASHBIX MApOB B TBEPAOE COCTOSIHHE,
MacCOIepeHOC B3BEIICHHBIX B BO3JyX€ MeNbYalIInX dYa-
CTHI JIbJIa TI0J{ JIeHiCTBMEM HHM3KOTEMIIEpPaTypHOTO Ipaju-
€HTa, IepeMENICHHUE 1T0]] IeHCTBUEM CHIIBI TSDKECTH M 3aKO-
HOMEPHOCTH POCTa KPUCTAaLUIOB HHesl. B nepuon hopmupo-
BaHMS CJIOSI MHEsI, €r0 TOJIIMHA, TNIOTHOCTh, TETUIONPOBO/I-
HOCTb M TeMIlepaTypa MOBEPXHOCTH MOCTENEHHO BO3pac-
TaloT, a J0JISl COCTABJISIONIMX (PaKTOPOB B CYMMAapHOM Tell-
JIO- ¥ MaccoIlepeHOoce 3aBUCUT OT TOT0, KaKyr0 KOH(pHUrypa-
IO MMEET XOJIO/IHAsi IOBEPXHOCTh, KaKyl0 OpPHEHTALUIO B
IPOCTPAHCTBE OHAa 3aHMMaeT, e€ TeMIleparypsl U HHTEH-
CHBHOCTH TEIUIONIEPEHOCA Ha TpaHHLE pa3aena WHeH—
BO3JyX, T. €. OT XapaKTepa KOHBEKIIMH M MapaMeTpoB BO3-
nyxa. [IpuBeieHHBIH HENOJIHBIN NepeueHb 1aeT OCHOBaHUE
HojaraTb, 4T0 TEOPETHYECKOE BBHIBEAEHHE 3aBUCHMOCTEH
TaKUX OCHOBOIIOJIATAIOLIMX CBOICTB MHEs, KAK €ro TeIJio-
MIPOBOJIHOCTH U IIOTHOCTD, SIBJISIETCS TPYAOEMKOIl 3a/1a4eH,
MOMNBITKH PELICHUsS KOTOPOH OCTArOTCSl aKTyalbHBIMHU 10
Hacrosiiiee Bpems. TeM He MeHee psii aBTOpOB, UMes JI0-
CTaTOYHbIE OOBEMBI OJKCHEPHUMEHTANbHBIX MaHHBIX, IUIs
ompeneneHus cBoicTe mues [2-20,22] mpemararoT BbIBe-
JICHHBIE MMM SMIIMpUYEcKHe 3aBUcHMocTH. Kak moxasan
0030p CyIIECTBYIOIIMX HA CETOAHSIIHUNA J€Hb HCCIEI0Ba-
HUH B 00JIaCTH OIpEeNeNIeHUs] TUIOTHOCTH M TEIUIONPOBO/I-
HOCTH WHEs, OOJBIIMHCTBO aBTOPOB IPEUIAraloT 3aBHCH-
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MOCTHU B JMANa30HE 3HAYCHUI, KOTOPbIC JIUOO BBIXOIMT 3a
pamMKu 00JacTH 3HAYCHUH MPUMEHUMBIX IS Kamep OXJia-
KICHUS W XpaHCHHS IUIIEBHIX HPOIYKTOB, JINOO MOKPHI-
BaroT €€ JIUIIb YaCTUYHO.

st TOYHOro MOAENUpPOBaHUS IpoLecca OCeHaHUs
WHEST HEOOXOIMMO ITOJIHOE IMOHMMAHKME B3aMMOCBSI3H MEXK-
Iy CpelHEHN MJIOTHOCTBIO MHES], €ro TEIJIONPOBOJHOCTHIO U
mapaMeTpamMu paboTBl XOJNOJWIBLHOW cucTeMbl. CremoBa-
TCJIBHO, ypaBHeHm[, OIIMCBIBAKOIIUEC IIJIOTHOCTH U TCILJIO-
HpOBO}IHOCTL HUHCA U 3aJI0OKCHHBIC B aHFOpI/ITM pacqua
HpOI’paMMLI, ABJIAKTCA OCHOBOIIOJAraromiuMu, a HUX BJIMS-
HHUC Ha peSyHLTaTLI paC‘IeTLI HpOIpaMMLI IIOJJIC)KUT OLICH-
Ke.

2. IlJ1oTHOCTDL MHes

HecmoTpst Ha 3HAYMMOCTH TUIOTHOCTH WHES U Ma-
TEMAaTUIECKUX MOJIENIeH CHUMYISIMHA paboThl BO3IyX00XIIa-
IUTEJICH B TOCTYITHOW JTTEpPAaType BCTPEUACTCS PEIKO OT-
HOCHTEJIbHO BBIBEACHHBIX 3aBUCHMOCTEH, MOAKPEIJICHHBIX
HAJIC)KHOM MaTepHuanbHOM 0a30il ¥ MPUMEHSIEMBIX HCCIICIO0-
BaTeISIMU JJIsl MOJICJIMPOBAHUS Ipoluecca (pOpPMUPOBaHUS
uHesi. Ellle MeHbllle U3 HUX JieXKaT BHE 00J1aCTH TIIyOOKOTrO
xonona. Opgummu u3 mepBoix B 1967 1. Hosoda T. m
Uzuhashi H. [15] npexncraBuiu ypaBHEHHE 3aBHCHMOCTH
IUIOTHOCTH WHes, KaK (PYHKIHIO TeMIIepaTyphl OXJakIaae-
MO MMOBEPXHOCTH M CKOPOCTH MOTOKa Bo3nyxa. [lomyuen-
HOE ypaBHCHHE CIIPABEIUIMBO IUISI TEMIIEpaTyp MOBEPXHO-
cth Ty = —20...-5°C, TeMnepaTypbl OMBIBAIOIIETO BO3IyXa
T, = 0...10°C, ero ckopoctu W; = 1...5 M/c u Biarocomep-
skanusg 0;=0,0188...0,00604 kr/kr c.B.

P, =340T % +85m; @

Hayashi Y. [17] B 1977 r. IpeasioxXuI SMIUPHUIECKYIO
3aBHCUMOCTH (2) OCHOBAHHYIO TOJIbKO HAa W3MCHCHUU TEM-
neparypbl MHesl U IPUMEHUMYIO B 00JIaCTH 3HA4YeHUU Tg =
-18,6...-5°C, w;=2...6 M/c, d;>0,0075Kr/kT C.B.

0= 650exp[0, 221(T ,-273 15)} : )

Jannas ¢gopMmyna Ha CETOAHSIIHMN JIeHb Hamboiee
pacripocTpaHeHa 3a pyOeXoM M 4acTo MPUMEHSETCS HpH
MOJICTMPOBAaHUM TIPOTHO3WPOBAaHUS pocTa WHes. TeM He
MeHee, B cBoeM uccienoBanuu Hermes C. J. [18] ompene-
7mi, 9yTo ypaBHeHue Hayashi naer 3aBbllieHHbIE 3HAYEHUS.
IMomuMo 3TOTrO, AaHHAs 3aBUCHUMOCTH JAeT HEIPUEMIIEMO
OoJipIIe 3HAYEHUs] B JMAlla30HE TeMIleparyp OJHM3KUX K
TOYKe TasHMA Jibaa. Ha pucyHke 1 mpencraBieHO cpaBHe-
HHE pe3yJIbTaToB Hermes, mosy4eHHbIX B X0/ IPOBEICHUS
SKCHEPUMEHTOB C PE3yIbTaTaMHU BBIUUCIEHHS IUIOTHOCTU
nHest o ¢opmyne Hayashi mis Tex xe ycinoBuil. AHamm3
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yKa3bIBaeT Ha OrPaHMYEHHOCTh NPUMEHEHHMs AaHHOH (op-
MYJbl [0 TPUYUHE CBEACHUsS (YHKIMH IUIOTHOCTH HHES
JHIIB K TEMIIepaType WHes, 4To o0 MHeHHto Hermes sBis-
eTCsl CIIUIIKOM TIpyObIM ympomieHueM. HecMotps Ha 3ToO,
JAaHHOE ypaBHEHWE MONy4miio cBoé pasBurme. B 2012 .
rpynmna yaensix Bo rimase ¢ W. Wang [19] Buecnu B ypas-
nenne Hayashi nopaGoTku B BUIE JOMOTHUTEIBHBIX MHO-
xuteneit (3).

P =6500xp(0,227T ¢ )-cy-C, » ®3)
rue:
C,=0,70132-0,11346T+0,00203T;>;
C,=1,4333-0,17389T,-0,00722T".
VpaHenue (3) npuMeHUMO JIsl 001acTH: Tp=—
16...-8°C, T;=11...19°C, 9, = 0,4...0,8, w; = 5 m/c.
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II1OTHOCTE HHes OImpeJeneHHas
sKcrepeMeHTanbHO Hermes C. J., kr/m3

Pucynok 1 — I'padyik cpaBHEHUS TEOPETHUECKHUX U IKCIIE-
PUMEHTAJBHBIX 3HAUYCHUH INIOTHOCTH HHes [18]

H. B. Jlomakuabiv [20] (1989 r.) 6butO BBIBEIEHO
ypaBHenue (4) miotHocTH uHes. Kak W B ypaBHEHUH
Hosoda n Uzuhashi mioTHOCTE MHeEs Tpe/icTaBIeHa B BHIE
3aBUCHMOCTH OT CKOPOCTH U TEMIIEPATYpPhI BO3yXa, TEM-
neparypsl MOBEPXHOCTH M TOJIMHBI WHes. [10 JaHHBIM
aBTOpa, YpaBHEHHE MPOSIBISET XOPOIIYID CXOJUMOCTH C
peaNsHO MPOBEICHHBIMU SKCIIEPUMEHTAMHU

.
P =15625 (o)™ 550 L (@)

fr Tfr

Hermes C. J. [18] B 2009 r. Obui1a nmpencraBieHa ciie-
JyroInasi 3aBucuMocTs (5):

pfr=a~exp(b-Ttb +c-Tfr), ®)

rJe KOHCTaHTHI @,b,C ObLIM BHIBEAEHLI HA OCHOBAHHMH IIPO-
BejieHus skcrepumenTon: a = 207,3; b = 0,266; ¢ = 0,0615.

VYpaBHeHHUE CIpaBEUTMBO IS OOJAaCTH MapaMeTPOB:
Tg=-16...-4°C, T;=16...22°C, ¢,=0,5...0,8, w; =0,7 m/c.

M. Kandula [12] B cBoeit paGote (2011 r.) nmpuBoauT
ypaBHenue (7) 11 TUIOTHOCTH WHES KakK (DYHKIMH TeMITe-
paTtypsl MOBEPXHOCTH MHES, yuciia PeliHobaca, TeMiepa-
TYpbl OXJIQKIAEMON TIOBEPXHOCTH U TEMIIEPATYPHI TasHbsI

apga. 3aecs Reg= 5-10° — KPUTHYECKOE 3HAYEHUsS 4HCIIa
PeiiHonbaca nns mepexoia OT JaMHUHAPHOTO peXHMa K
TypOyJIleHTHOMY, T, — TeMIIepaTypa TasHbs JIbIa

T, -T
~|0,376+15/1-——*

T - T,
T, -T, =1
T -T, 05
™1 Re

J1-] =
Re,

P _
IOice

Bo Bcex BBIIENEPEUNCICHHBIX CIydasX NPHUBEACH-
HBIE YPaBHEHHUS JJIS TNIOTHOCTH MHES SIBJISIOTCS SMIIUpUYe-
CKHMH, YTO OTPaHMYMBAET HX NPHUMEHHMOCTh B paMKax
SKCHEPUMEHTOB IPU KOTOPHIX OHU OBLIM BbIBeAEHBI. CTOUT
OTMETHUTB, YTO B OCHOBE OOJBIIMHCTBA yPaBHEHHH JIEKHT
TemIeparypa IMOBEpXHOCTH MHEs, 3TO 3HAUUT, YTO UX MpU-
MEHEHHE HEPa3phIBHO CBSI3aHHO C M3MEHEHHEM TOJIIUHEI
HHEes BO BPEMEHH U HE MOXET OBITh IPIMEHEHO K MOJIEIISIM
OTZAENBHO OT 3THX (DPAKTOPOB.

3. TensIoMpoBOAHOCTH UHES

Jatp TOYHOE omMcaHue AEHUCTBUTEJIbHOW TEIIONpPO-
BOJIHOCTH MHEsS — Ype3BBIYAHHO CIIOXKHAas 3ajada. OTO SB-
JSIeTCs CIEJICTBHEM HEPaBHOMEPHOW IOPHUCTOCTH CTpoOe-
HUS, HaJIW4Msl ppakiuid JibAa pa3audHoi (GOpMbI U pa3Mme-
POB, HaJIMYHs Pa3IMYHOIO KOJIMYECTBA BJIard B BO3IYXeE,
MpOHUKaIoeH BriayOb MHes, U €€ B3auMOJACWCTBUS BIIHS-
omed Ha Temno U MaccomepeHoc. Ilopucras crpykrypa
HHes ¢ HAJIMYHEM TI0p pa3iMyHbIX (OpM U pa3zMepoB OTAa-
JSI0T TPOLECC HepeHoca TeIIoThl OT H30TpomHoro. Ilo
9TOH MpUYMHE MHOTHE MOJENH NPUHUMAIOT JOITyIIeHHE 00
OJTHOPOJHOCTH CTPYKTYpPBI HHEs 110 ToymmuuHe. B Tabmmme 1
HpeCTaBIeHa YacTh AOCTYIHBIX B CBOOOIHBIX HCTOYHHUKAX
3aBHCHMOCTEH TEIUIONPOBOJHOCTH WHES HAKOIJICHHBIX C
HepBOM MOJOBHMHBI IPONUIOTO Beka. Tak Kak BO Bcex 0Oe3
UCKIIIOYCHHS 3aBUCHUMOCTSX TEIUIONPOBOIHOCTE SIBIIAETCS
(GyHKIMEH ITIOTHOCTH, HMEET CMBICI PACHIOJIOKHTh KPUBbIE
JAHHBIX 3aBUCHUMOCTEH Ha OJHOM Tpaduke, Kak 3TO MOKa-
3aHO Ha PHUCYHKE 2.

TennonpoBoIHOCTh UHES 3aBUCHT OT HECKOJIBKHX Ma-
paMeTpoB, TakUX Kak TeMIepaTypa HHes, TeMmIeparypa
OXJIaXK1a€MOM MMOBEPXHOCTHU a TAKXKE MapaMeTPOB BO3AyXa,
OMBIBAIOIET0 NHEH (Temmeparypa t;, CkopocTb W,, OTHOCH-
TeNlbHAs BJIAXHOCTh @; M mpouune). Hambonee BecomMbIM
(akTOpOM SBISETCS IJIOTHOCTH WHes. Hipke mpuBeneHbI
SMIHUPHUYECKUE 3aBUCHMOCTH UIS ONPEAETICHUS TEIUIONpPO-
BOJHOCTH HHES, NMPUTOJHBIX K HCIIOJIB30BAHHUIO IIPH IIO-
CTPOCHHH MAaTEMaTHYECKUX MOZETeH IPOTHO3UPOBAHUS
JUHAMUKH POCTa WHES.

TouHOe ommcaHWe 3aKOHAa M3MEHEHHUS TEILUIOTPOBOJI-
HOCTU MHes ABIsieTCA TpyIHOU 3amadeid. I[IpuunmHOi ToMy
SIBIIIETCS €r0 MepeMEeHHasi CTPYKTypa, KOTopas BapbupyeT-
Csl OT JIEASIHBIX UTOJIOK, 00Pa3yIoNX HOPUCTYIO CTPYKTYPY
JI0 TOMOT€HHOTO JIbJIa, U €r0 COCTOSHUE, KOTOPOE HaXOUT-
Csl B HENPEPBIBHOM IIpoliecce TpaHc(opMalnnu Kak BO Bpe-
MEHHOM TII0JIe, TaK U 110 BEKTOPY TITyOHHBI CIIOSI.
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Pucynok 2 — I'padyik cpaBHEHU MTOIYIECHHBIX Pa3IIHBIMK aBTOPAMH 3aBUCHMOCTEH TETIIO-

TIPOBOAHOCTHU UHECA OT INIOTHOCTU UHCH

Tabnuya 1 — IlepedeHp 3aBUCUMOCTEHN IS ONPEAETICHUS TETJIONPOBOHOCTH HHEs

[11]

Ne ABTOpHI 3aBHCHUMOCTh ObnacTs npumere-
IL.11. HUA
1 | LotzH.[2] 1 =003+210% p°

JlomaxuH 1 YenypHoii 2\?
2 | 200 A =008(1+0,0084- |

| 2
3 | I.®. Aemsc [1] Ay=28510° p
2
. 2 -3
4 | PrinsL. [4] 21 =15(07,107 +0,0035) ~0.01
5 MIporm u muar [1] o= 2,73-10°° pzfr
6 A6nyn llakyp Xan [5] A+ =12676 107 P, —0,0877
| 2

7 A. C. Kongparsesa [1] Aq=306-10 5. o P >350 kr/m®

O'Neal D.L. & Tree D.R. _ 30963 <130 Kr/m°
8 - A=120210% p fr

_ - 3

9 Van Dusen [8] A+ =0029+0,403-10 s -pfr+0, 2367-10°° P 243<t;<273°K

J. D. Yonko & C. F. Sep- _ 103, 105, pr<573 xkr/m°
0|yl A r=0,024248+0,731-10°. p _+01183-10°. p | P

Ostin R. & Anderson S. 3 4 6 2 | 50<p;<680 kr/m°

=-8,71-10°%+4,39-10*. 1,05-10°°. '

e Ax * Pyt P | 253<t,<258°K
12 | Sturm M. [10] A5 =0138-101-107. p +3,233.10°. p’, 156<py<600 xr/m’

Lee K.S. end Kim W.S. _ —4 7 2
13 A7=0132+313-10% p_+16-107"- p"
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4. Pe3yabTaThl TAHHBIC u3 SKCIIEPUMEHTOB, MIPOBEACHHBIX
BakynuaeiM A. C. T'eoMeTpuveckue mapaMmerpbl Tpyo u

IIpakTHyeckoe TpPUMEHEHHWE OICHKA  (YHKIMIA  Ty4KOB, I KOTOPBIX  IPOU3BONWIICS  pacuer,
3aBHCHUMOCTCH IUIOTHOCTH U TCIUIONPOBOJAHOCTA WHEs, IPEACTaBICHBl B Tabmuie 2. PexuMbl TpoBeacHHS

UCIIONIL3YEeMBIX B MOJIEJIM IPOTHO3MPOBAHMS WHTEH-
CHUBHOCTH POCTa MHEs, COCTOUT B IIOCTPOCHUH 3aBUCHMOCTH
O = f(t). Jlns oueHKM BIMSHUS TaHHBIX MapaMeTPOB ObLT
MIpOBEJIEH CpaBHUTEIbHBII pacder. PesynbTaTs!
MpeaCcTaBlIeHb B BHIE rpadukoB Ha pucyHKax 3-8. B
MaTeMaTHYECKyI0 MOZENb, B Ka4eCTBE MCXOIHBIX JaHHBIX,
ObUTH BHECEHBI IMapaMeTpbl, IOTHOCTHIO ITOBTOPSIOIIHE

Tabnuya 2 — I'eomeTprUeCKIE TAPaMETPHI TPYO U IMydKa

9KCIIEpUMEHTa MpeJcTaBieHbl B Tabiuue 3. B kauecte
XJlaJareHTa MpUMeHsUICs aMMuak. Bosmyxooxmaantenp —
3TO TEIII000OMEHHBIH My40K c HIaXMaTHBIM
PacIIoNIOKeHHEM OopeOpeHHBIX  TpYO. Opebpenne
BEITMIOJTHEHO B BHUIE KPYIJIOTO OMMETaLTMYecKoro pedpa,
HAHECEHHOTO METOJIOM JIUTBS 110]] TaBICHUEM.

Ne .. ITapamerp 3HaveHne
1 Juametp u TonmuHa cTeHKH TpyOsI (Dy, X Oy ), MM 25x2,5
2 Tommuna HaroraBku pedpa (dfm), MM 15

3 Huametp pedpa (Dy), Mmm 80

4 Juamerp ocHoBanust pedpa (D), MM 28

5 Bsicota pebpa (hy), Mmm 26

6 Tonmuaa ocHOBaHus pedpa (Opt ), MM 1,2

7 Tonmuna BepumHbl pedpa (S ), MM 0,6

8 IMomepeunsrit mar Tpyod (Sgp.yr.), MM 120
9 Ipononbrsrit mar Tpyo (S pr.), MM 90
10 lar pebpa (Us), MM 20
11 KonmuecTBo TpyO mydka no ¢gppoHTy myuka (N ), WT. 8
12 KonmuecTBo TpyO mydka no riryouHe mydka (N, ), WIT. 8

Tabnuya 3 — PexxuMbl IPOBEICHUS SKCIIEpUMEHTa

Ne .. | Peskum, Ne mo [22] | t, °C 1o, °C G M4 01, %0 OobaacTh HAOTIOAEHUS
42 0 -12 7272 85 TICPBBIH psilt

2 44 -5 -14 7272 90 TICPBBIH psilt

3 19 0 -10 10800 95 10 MIyOUHE TTyuKa

4 39 -4 -14 10800 95 0 TIIyOWHe my4JKa

Jnst noctpoenust GyHKuuM Oy = f(z) ObLIO BHIOpaHO
IITh YPaBHEHUH, OMMCHIBAIONINX TEIUIONPOBOJHOCTh MHES,
00J1aCTh MPUMEHEHHST KOTOPBIX JISKUT B IPUEMIIEMOM JHa-
Ma30HE 3HAYCHUH, a TaKXKe JBE 3aBHCHUMOCTU W3MEHEHHUS
IUTOTHOCTH MHesl. [|nis rpadukoB Ha pucyHkax 3-8 kpusas |
MOCTPOEHA MO JAHHBIM JKClepuMeHTa bakynuHa, rpymmna
TOUEK 2 SIBJIETCS Pe3yabTaTOM pacdyeTa MOJENH, e B Ka-
YECTBE YPaBHEHHsI ONPENENICHUS TEIIONPOBOAHOCTU HHEsS
ucnons3yercst 3aBucumocts Ulpona u muara. I'pynmnst
Touek 3,4 U 5 moaydeHsl MyTeM MOACTAaHOBKH B MOJENb
3aBucumocteit JlomakmHa n Yemypaoro, O'Neal, Tree u
Lotz H., coorBercTBenHo. I'paduku Ha pucyHkax 3, 5, 6, 7
— TIOCTPOEHBI MIPH UCIIOJIB30BAaHUH B MOJIENN 3aBUCHMOCTH
npempioxkenHoi H.B. Jlomaxunbmv [20]. {1 oneHKH Bins-
HHUS WCXOJHOTO YpaBHEHMS IUIOTHOCTH WHES Ha KPHUBYIO
byukuun oq=f(z), rpaduxku Ha pucyHkax 4,6 ObuTH MO-
CTPOEHBI HA OCHOBAaHUM MOACTAHOBKH B MOJIENIb yPaBHEHUS
Hayashi Y.

Jnst pucynkax 3, 5, e B KauecTBe ypaBHEHUsS IUIOT-
HocTu npuHATO ypaBHeHue H. B. JlomakuHa, kpuBble, HO-

CTPOEHHBIE TI0 YPABHEHMSIM TEIUIONPOBOAHOCTH 2-5, naroT
Malblit pa3dpoc Touek Jp=f(z). Cinenyer OTMETUTh, 4YTO
pe3yabTaThl, MOYTH TMOJHOCTBIO COBMAJAIOIINE C KCIEPH-
MEHTAJIbHBIMU JIAaHHBIMH, OBUIM TOJIy4YEHBI MPH MpPUMEHe-
HUU ypaBHeHMs TemonpoBoaHocty H.B Jlomakuna u
M.H. Yenypnoro. Ha pucynkax 4, 6, e B KauecTBe ypaB-
HEHHS TUIOTHOCTH NPHHATO ypaBHeHne Hayashi Y., kpuBble
GyHKIMH Jf=f(7) XapakTepH3yroTcsi OOJBIINM pa3dpocom
TOYEK JUISl MCIIOJb3YEMbIX Pa3IMYHBIX YpaBHEHWH Terio-
MIPOBOAHOCTH MHesl. B wactHOoCcTH Tpaduk Ha pucyHke 4
MOKa3bIBaeT HAWOOJBIIEE PACXOXKACHUE, YTO CBS3AaHO C
BBIXOZIOM peknMa Ne 44 u3 00JacTH PUMEHEHHUsT ypaBHe-
Hus Hayashi Y.

[IpoBeneHHBIE pacdeTsl 3aBUCUMOCTH Of=f(T) TIO TIIy-
OuHe Ty4yka TpeJCTaBJIeHbl Ha puUcyHKax 7, 8. Jlns obonx
PHCYHKOB B KaueCTBE YpaBHEHHS IUIOTHOCTH WHES IpUMe-
Hsanoch ypaBHeHue H. B. JlomakuHa. 3agaBmych TOJIMHON
uHest oTMeueHHoH baxynuneimM A.C. Ha mepBoM psay MO
ucreueHnH 12 4acoB pabOTHI BO3AYXOOXJIAAUTENS MOTyde-
HBl KpHUBBIE PACHpeNeNICHHs] TOJIIUHBI WHEs 10 TIyOuHe
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W3MEHEHHs TOJIIWHBI MHed 1o pspam. Pexxum Ne 19, rme
MPOLIECC BBIMAJCHUSI HHES IPOUCXOIUT Ha 00Jiee BHICOKOM
TEMIIEPATYPHOM YPOBHE, MOKa3all HAUITYUIIYI0 CXOJUMOCTh
C IKCIIEPUMEHTAIIbHBIMU TAHHBIMHU.

nmy4ka. MakcuMallbHasi IOTPEIHOCTD 110 BpeMEHH IIPH pac-
4yere ABYX pexuMoB coctasuna 14%, cpenusa — 5,5%. st
BCEX YPAaBHEHHH TEIUIONPOBOJHOCTH HHES MOZENb HaeT
MaJblii pa30poc MaHHBIX W COXPAHSAET OOIIYI0 ITHHAMHKY
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Pucynox 3. — Pexxum 44. VI3mMeHeHNe TOIIIMHBI CIIOS
VHes Ha TIEPBOM psAy. YpaBHEHHE IJIOTHOCTH UHES

Pucynok 4. — Pexxum 44. V13MeHeHNe TOJIIUHBI CIIOS
HHes! Ha TIEpBOM pAy. YpaBHEHUE TNIOTHOCTH HHEs

H.B. Jlomakuna. Hayashi Y.
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Pucynox 5. — Pexxum 42. VI3MeHeHne TOIIIHMHBI CIIOSI
WHEs Ha TIEPBOM psAly. Y paBHEHHUE IJIOTHOCTH UHES
H.B. JlomakuHa.

Pucynox 6. — Pexxum 42, VI3sMeHeHHE TOMIIUHBI CIIOS
WHEs Ha TIEPBOM psy. Y paBHEHHUE TUIOTHOCTH UHES
Hayashi Y.
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Pucynok 7. — Pexxum 19. VI3MeHEHHE TOIIIHHBI CIIOS
MHesI 1o TITyOHHe IyYKa BO3yX00XIaJuTeNs. Y paBHe-
Hue wiotTHocty uHest H.B. Jlomakuna.
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Pucynok 8. — Pexxum 39. VI3MeHEeHHUE TONIIMHBI CIIOS HHES
O TITyOWHE My4YKa BO3yX00XJIauTelisi. Y paBHEHHE
miotHocty uHes H.B. JlomakuHa.
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BoiBoabl

B nanHOI cTaTbe BBIIOJHEH CPAaBHUTENIBHBIN pacuer
3aBHCHUMOCTEH Of=f(7) TPHU WCIIOIB30BAaHUH PA3TUIHBIX
YPaBHEHHUH IUIOTHOCTU M TEIUIONPOBOAHOCTH MHes. Cpas-
HUTEJBHBII aHAIN3 MIOKa3all, YTO YpaBHEHHUE, MPEAJIOKEH-
Hoe H.B. JlomakuHbIM sBIsieTcst Ooyiee yHUBEPCAJIBHBIM C
TOYKH 3pEHUs Juara3oHa BO3MOXKHBIX PEKUMOB BO3IyXO-
oxJlaauTeNst. BapuaHTHBIN pacyeT MOJENU MPU pa3InuHBIX
UCXOJHBIX YPaBHEHHSIX IJIOTHOCTH W TEIUIONPOBOIAHOCTH
WHes ToKa3all, YT0 KOMOMHAIMS 3aBUCUMOCTEH TUIOTHOCTH
U TemonpoBoaHocTH wuHes JlomakuHa-UenypHoro [20],
JA0T HAWIY4IIyI0 CXOAMMOCTh C 3KCHEPHMEHTAIbHBIMU
narHbiME O.C. bakynuHa Ui pa3iudHbIX PEXUMOB KakK Ha
MIEPBOM DSy IydYKa, TaK WU 1O ero Iriayomue. Taxke OBLIO
OTMEUECHO, YTO NPUMEHEHHUE Pa3INIHbIX yPaBHEHMH IUIOT-
HOCTH ¥ TETIONPOBOJHOCTH HHES a TAKXKE X KOMOWHALNH,
OKa3bIBAIOT BIUSHHE HA IMOCTPOEHHE KPUBOH Of=f(T) WHO-
I7a pajuKajbHO, a CIIeJOBAaTeNIbHO, UX IPUMEHEHUE JOJIK-
HO OBITh 00OCHOBaHO. IIpennokeHHass MaTeMaTH4ecKas
MOJZeNb BO3AYXOOXTaAUTENd A BCEX YPaBHCHUH 3aBHCHU-
MOCTEH IUIOTHOCTH U TCIUIOMPOBOAHOCTU COXPAHACT TCH-
JCHIIUIO CKOPOCTH POCTa MHES, CXOXKYIO C PeabHBbIM 3KC-
MIEPIMEHTOM JJIsl BCEX PEKUMOB.
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Evaluation of influence of initial frost density and thermal conductivity on
the results of the frozen layer formation speed predicting
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The main dependences for determination of the density and thermal conductivity of frost are presented in the paper. The
comparison of the most common dependences of thermal conductivity and density of frost is given. The results of calcu-
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lation of the mathematical model in the form of frost layer thickness growth charts on the first row in time, as well as
the depth of the beam are presented. The comparative analysis of the most common dependences of the density and
thermal conductivity of frost is carried out and the influence of these parameters on the final form of the function of
thickness dependence on time is shown. The approbation of the model on available experimental data for four modes at
various temperature and humidity levels was conducted. As a result of the work, a combination of the dependences of
the frost density and thermal conductivity is determined, which allows to provide a low error of the mathematical model

for a wide range of calculated modes.

Key words: Modeling; Air cooler; Frost formation; Frost heat conduction; Frost density; Heat and mass transfer.
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Po3sgin 4. ABTomMaTvKa, KOMITIOTEPHI Ta TENEKOMYHiKaLilHi TexHonorii
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Pa3paGoTka anropMtMoB ynpaBrieHusi IpoLeccaMu oxnaxaeHus
NPOAYKTOB B TYHHEeSIbHbLIX Kamepax

C. M. /lyona, A. A. I'ypckuii, A. E. I'onuapenko, H. A. [lanmentox
Y4eOHO-HayYHBI HHCTUTYT MEXaHUKH, aBToMaTH3auu 1 podotorexHukd uM. [1.H. [TmatoroBa Opecckoil HalmOHAIEHOM
aKaJeMUH MMUMIEBEIX TexHonorui, 65039, yn. KanatHas, 112, r. Onecca, Ykpanna

B cmamve paccmampusaromes cucmemvl ynpaeieHus RPOYEccamu OXaadcoeHust nPOOYKmMo8 6 MyHHENbHbIX KAMEPAx.
Ipeocmasasiemes paspabomannas 1a60pamopHas X0A00UIbHAS YCMAHOBKA ¢ TMYHHEIbHOU KAMepoll KaK QuauyecKast
MOOenb Ol IKCHEPUMEHMATIbHBIX UCCICO08AHUL PACCMAMPUBAEMbIX cucmeM ynpaeieHus. Peanusyiomes modenu
cucmem ynpasnenus 6 cpeoe MATLAB\SIimulink. [lpedcmasnsiomess 3axonvl ynpasnenuss pasiudHuiX CUCHIEM.
Buinoansemes cpagHumenbHolll AHAIU3 Pe3yibmamos MOOCAUPOSAHUs. CUCIEM YAPAGIeHUsL Ol OabHelluerl nposepK
NPUHYUNUATLHOU NPU2OOHOCMU UX Ha Oaze 1abopamopHol XOA0OUIbHOU YCMAHOSKU. B saxmouumenvnou uacmu
pabomel denaemcst 661600 00 AKMYALLHOCIMU NPUMEHEHUS CUCEMbl YAPAGLCHUsL, (DYHKYUOHUPYIOWEH NO NPUHYUNY
CONACOBANHO20 Pe2YTUPOBAHUSL U KOOPOUHUDYIOUE20 YNPABTCHUSL.

Knrouesvte cnosa: Tynnenvnas xamepa; Xonoounsnas yemanoska; Coenacosannoe pezynuposanue; Koopounupyiowee
ynpaenenue; DHepeospghexmusnocms; JJuHamuueckas moyHoCms

Po3po6ka anropuTmiB ynpaBniHHsA NpouecamMmu OXonomKeHHs
NPOAYKTIB Y TYHeNbHUX Kamepax

C.M. /lybna, 0.0. I'ypcokuil, O.€. I'onuapenxo, M.O. Ilanmeniok
HaBuanbHO-HayKOBHH IHCTUTYT MEXaHIKH, aBTOMaTH3alii i podoToTexHiku iM. [1.M. ITnaronoBa Omechkoi HalliOHATBLHOT
akaaeMii xapuoBux TexHouorii, 65039, Byn. Kanarna, 112, m. Oneca, Ykpaina

V' cmammi posensdaromvces cucmemu YAPAGUIHHA RPOYECAMU OXONOONCEHHS NPOOYKMIE YV MYHEIbHUX KAMepax.
Haoaemvca pospobnena nabopamopra Xon00unbHA YCMAHOBKA 3 MYHEIbHOK KamMepoi AK Qisuuna modenv O
EKCNePUMEHMANbHUX O0CTIONCEHb PO3STAHYMUX CUCTNEM YNpasninHa. Peanizyiomvcs modeni cucmem YnpasniHHA 8
cepedosuwsi MATLAB\Simulink. Bukonyemuvcsi nopisHsibhull aHaniz pe3yismanmie MOOen08anH s CUCEM YAPAGIIiHHSL
01 nOOALULOI nepesipKu NPUHYUNOB80T npudamuocmi ix Ha 6azi 1abopamoproi xon00unvHoi yemanoeku. Haoaromuvcs
3aKOHU YNPAGNIHHA PISHOMAHIMHUX cucmeM. Y 3akmiouniil uacmuni podomu pooumscsa UCHOB0OK NPO AKMYAIbHICb
3aCmMoCy8ants cucmemu YNpasninia, QYHKYIOHYIOHUOI 3a NPUHYUNOM NO200HCEHO20 PecyTIO8aHHA | KOOPOUHYIOUO20
VAPABAIHHA.

Kniouosi cnoea: Tynenvna xamepa; Xoroounvna ycmanoska; Iloeoodsicene peeyniosanns, Koopounyioue ynpagninns,
Enepeoegexmuenicmo; /Junamivna mounicme
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1. Beenenne

XonoaAnNbHBIE TYHHENW WIM TYHHEIBHBIE KaMephbl
UMEIOT IIUPOKOE IPUMEHEHHEe TaM, TIJle He0O0XOJMMO
MOJYYUTh KA4eCTBEHHBIH MNPOJYKT IPH MNPaBHIHLHOM
OXJIAXKICHUH. KauecTBo OXJTKACHHS MpOJyKTa
o0ecrieunBaeTcsi  BBICOKOH  TOYHOCTBIO  IMOJJICPKAHUS
TEMIIEpaTypbl HE3aBHCHUMO OT BO3MYILQIOUIMX (AaKTOPOB.
I[Ippy  3TOM  TMOBBINIEHWE  TOYHOCTH  MOJJICPIKaHUS
TEMIIEpaTypbl UrpaeT BaKHOE 3HAUYCHHWE KaK HpH
OXJIOKICHUH OIpPEIENCHHBIX MpPOJIYKTOB, TaK W IpH
obecrieueHnn 3HEProdpQPeKTUBHOr0 (PyHKIMOHUPOBAHMS
XOJIOJUJIBHON YCTaHOBKHU.

OueBUAHO, YTO TOUYHOCTh MOAJEPXKAHUSA TEMIEPATYpPbI
OCYILECTBIIAETCS HOCPENCTBOM peryaupoBaHus
MIPOU3BOIUTEIBHOCTH XOJOAUIBHOTO KOMIIpeccopa,
OJHAKO CJEQyeT Yy4YecTb €Ile MHOXECTBO PAa3JIMYHBIX
¢axTopoB. OnuH U3 Takux (HakKTOPOB — 3TO TeMIeparypa
MpoAyKTa Ha BXOAE B Kamepy, CKOPOCTb JIBIKECHHUS
TPAaHCHOPTEPHOI! JICHTHI WM CETKU B TYHHEIBHOHN KaMepe u
COOTBETCTBYIOIIAsT CKOPOCTh MOCTYIUIEHHS NPOIYKTa B
Kamepy, a TaKXe OJHHM M3 BaXHBIX (PaKTOpPOB — I3TO
MIPOU3BOAUTENBHOCTh HATHETATENIEH XOJIOAHOTO BO3J1yXa B
TYHHENBHYI0 KaMepy. B JaHHOM cilyuae MOXKHO BBIIEIHUTH
pasiIMYHbIE YNPaBIAIOLINE BO3AEHCTBUS, HalpUMep, MO
CKOPOCTH JIBHJKEHHUS JIEHTHI TPaHCIIOpTEpAa M 3arpy3KH
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MPOAYKTA, a TAaKXKe IO MMPON3BOAUTEIIFHOCTH HarHETaTenen
BO3yXa.

[Ipumenenne Pa3IHIHBIX YIPaBIISIONIIX
BO3JICHCTBUH M1 OOECIEUEHUsT TOYHOCTH TOACPKAHUS
TEMIIEPATYpPhI 1aeT BO3MOXKHOCTh PACCMOTPETH Pa3IUUHbIE
cTpykTypHble cxeMbl CAY, oaHako [Uisi BBIJIEICHUS
Hanbonee ynayHoro BapuaHta cxeMbl CAY TtpeOyercs
MPOBEICHUE PA3IMYHBIX IKCIICPHUMEHTOB M CPABHUTEIBHBIX
aHATN30B (QYHKIIMOHIPOBAHUS YCTAHOBKH.

OmuH #3 [eHCTBEHHBIX METOIOB  IOBBIIICHHUS
nmuHamudeckoil TouHoctd CAY cBs3aH ¢ oOecrieueHueM
WHBAapUAHTHOCTH HEKOTOPHIX ITEPEMEHHBIX B CHCTEME HIJIH C
o0eCreYeHUEM JIMHAMHYCCKOW pa3Bs3KH (aBTOHOMHOCTH)
KaHaJoB perynupoBanus. OJHaKo, Kak OTMEYaloCh B
HCKOTOPBIX  paboTaX, CHCTEMBI, MOCTPOCHHBICE Ha
MPUHLMIAX AaBTOHOMHOCTH, HE BCErJa MOTYT IIOKa3aTh
JKellaeMble pe3ynbTaTel. Hampumep, «CHCTEMBI YIpaBICHUS
JKUBBIMH OPTaHU3MaMH, KOTOPBIE COBEPIICHCTBOBAINCH B
TEYCHHUE IENBIX TEOJIOTHUYECKUX 3II0X, TOCTPOCHHI HE Ha
MPUHIUIIE aBTOHOMHOCTH, a, HA0OOpOT, Ha MPHUHIIUIIC
UCKITIOYUTETHHO TECHOTO B3aMMO/ICHCTBUS, 4TO
obecreunBaeT BICOKHE THHAMUYECKHe KauecTBay [1, 2].

IIpu 0c000# BaXKHOCTH MOAICPIKAHUS TEMIIEPATYPHI C
ONpEe/IeIeHHON  TOYHOCTBIO  aKTyaJbHO  PacCMOTPETh
TIPUHIIUIT COTJIACOBAHHOTO peryaupoBaHus UIn
KOOPAMHUPYIOIIETO YIpaBJICHUS, IS obecnieueHHs
COTJIACOBAaHHOTO U3MEHECHHS CKOPOCTH IBIKCHUS
TPaHCHOPTEPHOH  JIHTHI u TIPOM3BOIUTEIHHOCTH
HATHeTaTeJel XOJOTHOTO BO3yXa B KaMepy IpH Iporecce
peryaupoBaHus TeMIepaTypsl [3, 4].

Takum o0Opazom, B HaCTOSIIeH pabote
paccMaTpUBAIOTCS MOJICTIH Ppa3IuYHBIX cucTeM
yIOpaBJCHUs, B TOM  4YHCJIE€  MOJAEIb  CHUCTEMBI,

OTpa’karolied MPUHIMI COTJIACOBAaHHOTO pPETyJIHUPOBAHHUSA,
JUId  JajbHEWIIero MpHUMEHEHHS OJTHX CHUCTeM Ha 0aze

XonoaunbHasa malwnHa

UMeromencss  Qu3nvecko  MoJenH —  XOJOIWUIbHOU
mabopaTOpPHOIl YCTAaHOBKH C TYHHEIHHOH KaMepon

Henb u 3a5aya HacTosimel padoThl

Lembto pabOTHI SBISETCS MOBBIMICHUE THHAMUYECKOM
TOYHOCTH CAY u 3HEeprodPHeKTHBHOCTH
(YHKIIMOHUPOBAHUS XOJIOAUIBHBIX YCTaHOBOK c
TYHHEJIbHBIMH KaMepaMHu.

JIIst MOCTHIKEHHS MOCTAaBJICHHON ILIeH HEOOXOIUMO
peanu3oBaTh CHUHTE3 pAa3jIMYHBIX CHUCTEM YIpPaBICHUS
mporeccaMi  OXJaXKACHUS TPOAYKTOB B TYHHEJIBHBIX

Kamepax, a Takke [POBEPUTH  IPHHIHUIHAIBHYIO
NPUTOAHOCTE  JAHHBIX ~ CHHTE3HPOBAHHBIX  CHCTEM
yopaBieHHs Ha 0a3e  XOJOAWJIBHON  JabopaTtopHOU

YCTAHOBKH C TYHHEIbHOMN KaMepou.
2. OcHOBHAasI 4aCTh

TexHoJiornyeckue O0COOEHHOCTH pa3padoTaH-HOI
J1a00paTOPHOIl YCTAHOBKM

JlabopaTopHast XOJIOANIbHAs YCTaHOBKA, OOLIMH BUA
KOTOpOH TMpEACTAaBICH Ha pHUCYHKEe 1, pa3paboraHa B
naboparopun y4eOHO-HAyqHOTO KOMIIEKCa
«ABTOMATH3alMs XOJOAWIBHBIX MpOLECCOBY Kadeapsl
ATII u PC OHAIIT, u npeaHa3HaueHa Jis UCCIEIOBAHUS
9HEeprod(GEeKTUBHBIX CHCTEM YIPaBICHUS MPOLIECCAMH

oxnaxnaeHus. JlaHHag ycTaHOBKa, IO CyTH, SBISETCS
(U3MYECKO  MOZENBI0  YCTAHOBKM C  TYHHEIBHOU
MOPO3HIIbHOU KaMepotii, MpeHa3HaYeHHOU JUISt

3aMOpaKMBaHHUA MOITy(HadpUKAaTOB, MEJIKOIITYYHOTO HIIH
N3MENbUCHHOTO IUIOJJOBOOBOIIHOTO CHIPBsI, CyONPOIYKTOB,
Msica, ppIOBI M T.J. B 1abopaTopHOl ycTaHOBKE B KayeCTBE
OXJIAXKAAEMOT'0O CBhIPbs BBICTYHACT BOJA, KOTOpasA moAgacTCs
B CTaKaHbI IIPU MPOXOXKIACHUU UX HA TPAHCIIOPTEpPE 4epe3
nHppaxpacHsiii Gapbep.

Bak c Bogon

/

Y3en Ao3npoBaHus

QA—,

Jlnuesasn naHenb
M3MEepPUTENbHOMN CUCTEMbI

b S
.
npas.

<

MHbpaKpacHbI

6apbep

Pucynok 1 — O0muii Buj 1abopaTopHOH X0JIOIMILHOM yCTaHOBKH C TYHHEJIbHOW KaMepoit

W3mepuTenbHas cucTeMa, peann3oBaHHas Ha 0Oasze
cpensl  LabVIEW, orpaxkaer BpeMeHHBIE JHarpaMMbI
W3MEHEHUsI TeMIIeparyp, MOJYYEHHBIX OT 6-TH JTaTYHUKOB,
YCTAaHOBJIEHHBIX B PA3JIMYHBIX TOYKAX XOJOAMIbHOM
YCTaHOBKHM. YTIpaBJIeHHE YCTAaHOBKOM peanu3yercs B
PYYHOM peXuMe, a Takke IabopaTopHas YCTaHOBKa
peanusyercss MOJ aBTOMAaTUYECKUM YIPABICHUEM CPE/bl
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LabVIEW, B xoropoii OBIIHM OTpabOTaHBI pPa3IHYHBIC
AITOPUTMBI yrpaBiieHus. [Ipu 3TOM CBS3b ¢ OOBEKTOM, Kak
[0Ka3aHO Ha  CTPYKTYPHO-TEXHOJOTHYECKOH  CXeme
(pucyHok 2), peamm3yercs Ha 0aze MHKPOKOHTpOJLIEpPA,
COEIMHEHHOTO ¢ KoMmmbioTepoM 1o USB, u monyns
yrpasjenust motopamu Motor Driver L298N.
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Pucynok 2 — CTpyKTypHO-TEXHOJIOTHYECKask cXeMa Jab0paTopHO# XOJIOMITBHOM YCTaHOBKH C TYHHEIIBHOH KaMepo

CuHTe3 cHCTeM aBTOMATHYECKOT0 PeryJIMpoBaHus

[ cuHTE3a CHCTEM aBTOMAaTHYECKOTO YIIPABICHUS
ObUTM  TIPOBEICHBI  AKTUBHBIC  OKCIEPUMEHTHI  JUIS
OmpejeNeHUs] JUHAMHYECKOW Mojenu  J1abopaTopHOM
yCTaHOBKH. B pe3yibrare uaeHTHOUKAIUN THHAMHYCCKIX
U CTaTHYECKUX IapaMeTpoOB MOJENTH OBIJIO YCTaHOBIEHO,
YTO YpaBHCHHA JIWHAMHWUKU 00beKTa MOJKHO 3alucaTh B
CIIEAYIOIIEM BHJIE:

tk(p) :Wll(p) 'ul(p) +W12(p)-u2(p)+tk0
t, (P) =W, (p)-u, (p) +W,,(p)-u,(p) +th07

rae t, — 3HaYeHHE TeMIepaTypbl Ha UCHapurene; ly —
3HAYCHHUE TEMIEPaTyphl B KOHIIE TYHHEIBHOH KaMepsl tyg =
— 10°C; tywo = — 4°C — 3HayeHWe TeMIlepaTyp Ha
Ucrapurteae ¥ B KOHIE TYHHEJIBHOH Kamephbl IpH
BBIKJIIOUEHHBIX BEHTHJIITOpax M 0e3 MoJjaud B Kamepy
OXJIaXKIaeMOT'0 IPOAYKTA,;

Wii(p), Wia(p), Wai(p), Wa(p) — mnepemarounsie
(YHKIMHY 110 COOTBETCTBYIOLIMM KaHAJIaM PEryJINpOBaHUsL.

B nponecce wuneHTHOUKANMKM OBUIM  ONpPEAEIICHEI
ClIeyIOIIHe ITepelaTOYHbIe (PyHKIHH:

_0,02-exp(=3p) .

Wll(p) = (15‘ p+1)2
~0,02-exp(—6p) .

Wi, (P) =T 90 prD?

W21( p) = 0.04-&p(=7p) ’

(10- p+1)-(110-p+1)

_0,07-exp(-7p) _

W, (p) =T 0 prD?

Takum 00pa3oM, B HacTOAIIEM cilydae MNpEICTaBIICH
00BEKT JOCTaTOYHO PACHPOCTPAHEHHOTO BHJA — JIMHEWHBIN
MHOTOKaHAJIBHBII OOBEKT, YHCIIO BBIXOJHBIX IEPEMEHHBIX
KOTOPOT'0 PaBHO YHCITYy YIPABJISIIOIUX BO3ACHCTBHH.

IIpr HEOOXOOMMOCTH CTaOWIM3aIMK TEMIepaTypsl Ha
HCTIapuTese, COOTBETCTBYIONIEH TemIepaType KWIICHHS, U
TeMIepaTypbl B KOHIIE TYHHEIBHOW KaMephl, pealn3yercs

tunoBasi CAY, B CIpyKTypy KOTOpPOH  BKJIIOYEHBI
CTaHapTHbHIE [N -perynsaropsl. 3aKoHbI
(YHKIIMOHUPOBAHUS TaKHX PETYIATOPOB HMEIOT B!

u,(p) =Wy, (p)-&.(P);
e (p)=t, —t(p);
p=d/dt;

U, (p) =Ws, (p)-&,(p):
e,(p) =t,, —tu(P)

rie Wy, (p) =k, +K,/p;
HACTPOMKH; iy, ty; — 3aJaHHbIE 3HAYEHMs TEMIIEpaTypbl Ha
UCIIAPUTEIIE U TEMIIEPATYPhl B KOHLIE TYHHEIBHON KaMEPBIL.

ki u k, — xo3dduImeHTH

B mpomecce  MonmenupoBaHHS ~— CHCTEM  OBIIH
paccMOTpeHBl  pa3iW4yHble IyTH MOBBINIEHUS JUHA-
Mudeckoid TouHocTH CAY ® yaydlleHHs KadecTBa

peryiaupoBanusi. OOUH U3 PACIPOCTPAHEHHBIX BapUAHTOB
YJIYYIIEHUS] KaueCTBa PEryJupOBaHus peanu3yercs 3a cUeT
oOecriedeHNsT aBTOHOMHOCTH KOHTYPOB PeTyJIHPOBAHUS
WM JUHAMHUYECKOM pa3Bsi3KM KaHAJIOB peryiupoBaHus. B
JAaHHOM CIy4ae 3aKoH YyIpaBieHHs OyaeT HMeTh
CJEeYIOIIHUHA BUA:

U, (P) =We 1 (P)-&,(P) + W, (P)-u,(p)
U, (P) =Wei, () -€,(P) +Wi(P) - Uy(P)

rae Wia(p), Wia(p) — mepenarounbie (yHKIHH 3BEHBEB B
MEPEKPECTHBIX CBS3SIX, 0OECMEUUBAIOIIUX JIHUHAMUYIECKYIO
pa3BsI3Ky KaHAJOB PEryIMPOBAHUSI.

OueBHIHO, YTO HE OXHAAETCA SBHOE YIIydllIECHHE
KayecTBa peryJnpoBaHus npu BKJIFOUEHHUH
KOPPEKTUPYIOIINX 3BEHBEB C IEPENATOYHBIMU (PYHKIMAMH
Wia(p), Wie(p) Tak kak KaHan peryampoBaHust U; — fg
CYIIECTBEHHO MEHEe WHEPUIUOHHBIN, YeM MepeKpeCTHbIN
KaHal U, — ty. OJHAKO BO MHOTHX CIIy4asx JOCTHXXECHUE

ABTOHOMHOCTH  KaHAJIOB  PErYJIMPOBAaHUS  IO3BOJISIET
YIIy4IINTh TUHAMHYECKYIO TOYHOCTh CAY.

CoBeplIEHO  MPOTHBOIMOJIOXKHBIM  HalpaBlieHUEM
ABTOHOMHOCTH  KOHTYPOB  DPEryJIUpOBaHHs  SIBISETCS
ONTHMaJIbHAasE ~ JUHAMHYECKass  CBSI3HOCTh  KaHAaJlOB
perynupoBaHus. B 1gaHHOM ciyyae Iiejib yIpaBiICHHs
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MOXXET OBITh TIpEJCTAaBJICHA B BHUAC ypaBHEHUH,
CBSI3BIBAIOIIMX 3HAYCHHUS BBIXOJHBIX BEIWYHMH OOBEKTa:
Vi(x1 ... Xp) =0, rme X, — BBIXOAHAS TIepeMeHHast 00beKTa
ynpaBieHus. Ilpm 3TOM peanm3yeTcs COTJIacOBaHUE
MEPEXOIHbIX IMPOLIECCOB B JTUHAMUYECKOH CHUCTEME.
CTpykTypHasi cxemMa MOJEJIH CHUCTEMBI COIIaCOBAaHHOTO
peryIupoBaHMs IMPEACTABICHA HA PUCYHKE 3 CpeICTBAMH
cpenst MATLAB\Simulink.

3aKOH YIpaBICHUS TPU COTIACOBAHHH IEPEXOIHBIX
IIPOLIECCOB JIBYXYPOBHEBBII, UMEET CIEIYIOIINNA BUL!

u=u, +0

N eV K, - (L+k,/p)
rae Uq = <1> ' Zl//(p) ! 11/ ;
u, K, -(1+k,,/P)
0
=, 7P i arym) T P

w(p)=A"-X-b;
AT = [3 —1] — BEKTOP KO3()(HUIUEHTOB COOTHOIIEHHUS;

X = [txk t, ]T — BEKTOP PETyIHPYEMBIX TIEPEMEHHBIX; K,

Kz, K3, Ki1, ko1, K31 — mapameTpbl HacTpO#KH.

——————— — =
1, | Koopaunvpyiouii yposerb | O6beKT ynpasneHus C
I
Constant , | | ::IXY —
1
| |
! Scoped  «<lm 5 5 1
U N 1 k
PIDIs) > g . »
Gain rvrn R [ Saturation2 Transport »
o PID Controller Gsnz2 ! L4 - — — — -

Constant2

denis)
WD) rommroz

Delays

Transport
Delay?

Transfer Fecn18

Saturstion3

110s+1

Transport
Delay4

Transfer Fecn10

Transpart
DelsyS

[

Sine Wave

Transport
Delay1

-
'f!:; Scope’

1 Eeﬁilz_lzm g =E C@i

Random XY Graph3
Number

Transfer Fen17

Pucynox 3 — CtpykrypHas cxema Mojenu CAY yCTaHOBKM C TYHHEJIbHOUM Kamepoit

ITpu stom 1-ii ypoBeHb (Uq) CBSI3aH C peryJupoBa-
HHUEM COOTHOUIEHHUs BBIXOJHBIX MEPEMEHHBIX, a 2-i ypo-
BEHb (Up ) — co crabuim3anuell BBIXOIHBIX MEPEMEHHBIX

Ha 3a/IJaHHBIX 3HAYECHUSX.

AHaJIN3 pe3yJIbTATOB MOJAEJTHPOBAHUS

B pesymprare MonenupoBaHHS OBUIM  IIOJYYEHBI
HepexoHbIEe TPOLECCHl M0 TeMIIepaType Ha HCTapuTese U
MO0 TeMmIepaType B KOHIlE TYHHEIBHOH KaMephl IpH
pazmmuabix CAY. U3 rpadukoB IepexoIHBIX IPOIECCOB,

MNpCACTAaBJICHHBIX Ha PUHCYHKaX 4 — 6, BHJIHO, YTO
" Graph3 = B £
(o]
_"-_xk; ¢ r r T
! | :
25t 1 1 2 ' B
| .

1500

1000 2000

T, cek.

ABTOHOMHOCTb KOHTYPOB PETyJIUPOBAHHS HE NPHUBOAMUT K
CYLIECTBEHHOMY YJIYUYIICHHIO KadyecTBa pEryJIMpOBaHUS,
OJIHAKO COBEPIICHO HMHOM pe3ydbTaT IOJyYeH, KOrjga B
CHCTEME YIPaBJICHHs peryjupyeMble TeMmIlepaTypbl ObLIN

CBsI3aHBl COOTHOIIeHMeM. Kak BuIHO U3 puCyHKa 4,
CYHIECTBEHHO  YMEHBIIWIOCH  MEPEPEryJIUpOBaHUE U
MaKCHUMaJIbHOE JTUHAMUYECKOe OTKJIOHEHHE o
Temreparype B KOHIE TYHHEIbHOW KaMepbl MpHu
COIJIACOBAHHOM DETYJIMPOBAaHUH, B OTIMYHE OT TUIOBOI
CAY, xoTs mnapaMmeTppl HACTPOMKM  pEryisiTopoB
TeMIIepaTyp He MEHSUIUCH.
Graphl =8 =
t.. °c : 7 !
| 1 I
! / ! '
sl 4
| 1
! |
‘ 2 l
9.5 | | | -
1 3 | |
I | 1
| | !
0 l ; ;
0 500 1000 1500 2000
t, cex.

4a

46

Pucynok 4 — TlepexonHble XapakTEpUCTHKH 110 TEMIIEpaType Ha ucnapurene (pUCYHOK 4a) M 10 TeMmeparype B KOHIIE
TYHHEJIbHOW Kamepbl (pucyHOK 40), kpuBas 1 — H3MeHeHHe TeMmeparypsl BO BpeMeHH nipu TurnoBoii CAY 0e3
JUHAMUYECKOH Pa3BsI3KU KaHAIOB PEryIUpPOBAHUS; KPUBBIE 2 U 3 — U3MEHEHUE TEMIIEPATyp BO BPEMEHU IIPU Pa3IHYHBIX
3HAYEHUSX NapaMeTPOB HACTPOUKU KOOPAUHUPYIOLIETO YPOBHS CUCTEMBI COTJIACOBAHHOTO PETYIUPOBAHUS
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CAY,; xpuBas 2 — npu CAY ¢ aBTOHOMHBIMH KOHTYpaMu

Graph3 = @] s 3. BeIBOaBI

[IpoBeneHHBI1 CpPaBHUTENBHBIA aHAIN3 PaA3IUYHBIX
CAY mnpouieccaMu OXJaXIEHUSI TPOAYKTOB B TYHHEJIbHBIX
KaMepax  TOKa3aJl  CYIIECTBEHHOE  IIOJIOKHUTEIHFHOE
U3MEHEHHE KayecTBa PEryJUpOBaHUS TeMIEepaTypbl MpH
MPUMEHEHHH B CHCTEME MPHUHIUIIOB COTJIACOBAaHHOTO

peryJupoBaHusI.
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Development of algorithms in control of the products cooling
processes in the tunnel cameras

S. M. Dubna, A. A. Gursky, A. E. Goncharenko, N. A. Panteleiq
The P.N. Platonov institute of mechanics, automation and robotics. Odessa national academy of food technologies. 1/3
Dvoryanskaya str. Odessa, 65082, Ukraine

The control systems of cooling processes of products in the tunnel chambers is considered in this article. The designed
The control systems of products cooling processes in the tunnel chambers is considered in this article. The developed
laboratory refrigeration system with the tunnel chamber as the physical model for experimental research of the control
systems is presented in this paper. The laboratory refrigeration plant is controlled by means of the LabVIEW
environment. We have used the microcontroller connected to the computer via USB and the motor control module.
Models of control systems in the MATLAB \ Simulink environment are implemented. The laws of control of various
systems are presented. The comparative analysis of control systems simulation results is carried out for further
verification of their principal suitability on the basis of a laboratory refrigeration system. In the final part of the work, a
conclusion is made about the relevance of management system application that operates on the principle of coordinated
regulation and coordinating management.

Keywords: Tunnel chamber; Refrigeration plant; Coordinating control; Energy efficiency
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ABTOMaTU3MpPOBaHHasi cUcTemMa Ans onpeaeneHns Tennouanyeckux

CBOMNCTB TeEXHUYECKUX BeLlecTB

E. C. Boorwan

Opecckast HAMOHAIBHAS aKaIeMUs MIHIIEBEIX TeXHoJIorui, yin. Kanatras, 112, r. Ogecca, 65039, Yikpanna

P4 e-mail: bodyulolena@ukr.net

Paspabomana asmomamusuposannas cucmema ThermoPro 5 ona pacuema mennoguszuueckux cgovicme 6onee 50 ge-
wecms. B asmomamusuposannoil cucmeme 8 0CHOBHOM NPeOCMAGLeHbl COBPEMEHHbIE YPAGHEHUS COCMOSIHUSL (DYHOA-
MEHMATbHO20 MUNA, a MAaKICce GUPUATIbHbLE YDPAGHEHUS. COCIOSIHUSL OISl 8bICOKUX MeMnepamyp u oasienuil. B cucmeme
UCHONL3YEMC sl MeoPemuieckoe YPAagHeHue cOCMOsIHUSL MEepA020 6eujecmed (Memana, KCeHOHA), NOCMPOEHHOe 8 PAM-
KaX meopuu 603MyweHus, 20e 8 Kauecmee Hyne6020 NPUOIUICEHUs. BbICIYRAem KPUCMALL, COCMOoswuil u3 cghepuie-
CKUX MOJIEKY]l, a4 8 Kauecmee NOMeHYuaia 603MyueHusi — OKmMynoib-0KmynoisHoe 3aumooeiicmeue monexyi. Cucmema
obecneuusaem pacyem 6oiee 30 ceoticmes, cpedu KOMOPbIX NAOMHOCHb, IHMALLIUS, IHMPONUS, MENI0EMKOCHU, CKO-
POCMb 38YKA, 653KOCHb, MENIONPOBOOHOCHb, U30MEPMULECKUll Opoccenb-3¢ghgexm, Kodgdduyuenm 0b6veMHo20 pacuiu-
penus, yucio Ipanomus u Op. Omu eenuuunsvt Mo2ym dvims onpedeieHvl 8 00HOPA3HOU U 08YXPA3HOU 0OIACMAX U HA
JUHUAX (ha3068020 pagrHosecus npu OOCMAMo4HO OOILULOM OUANA30He MeMnepamyp u 0agieHutl O 0essimu KOMOUHA-
yul Hezasucumvlx nepemenHvix. Modynu pacuema ceoticms ewecms, 6xo0suue 8 CUCIEMY, MONCHO UCHOTb3068AMb 6
npocPAMMAX, NPeOHA3HAUEHHBIX 015 peuleHUs NPUKIAOHBIX 340ay.

Knroueevie cnosa: Aemomamusupogannasn cucmema — Ipoepammmoii mooyne —OKmynois — OKMynoabHoe 83aumooeti-
cmeue — Tennogusuueckue ceoicmea — Texnuuecku 8ajicuvie gewecmea — Ypagnenue cocmosHus.

ABTOMaTM3OBaHa cuctema Anst BU3HaYeHHs TeﬂnOd.‘)i3VI‘IHVIX

BNacTUBOCTEN TeXHIYHUX PevYOBUH

0. C. booron

Opechka HaliOHaJbHA aKaZeMis XapuoBHX TEXHOIOTiH, By KanartHa, 112, M. Oneca, 65039, Ykpaina

Pospobaena asmomamusosana cucmema ThermoPro 5 ona pospaxynuxy mennoghizuunux énacmugocmeil oinoue 50 pe-
woeun. B aemomamuzosaniii cucmemi 6 OCHOGHOMY NPeOCMABIIeHI CYYACHI PIGHAHHSA CMAHY DYHOAMEHMATLHOZO MUNY,
a MakooiC 8ipianbHO20 PIBHAHHA CIMAHY OJIA BUCOKUX memnepamyp i muckie. B cucmemi euxopucmogyemucs meopemu-
YHe DIGHAHHSA CMAHY MEepOioi peuosuHu (Memany, KCeHOHY), nobyoosane 68 pamkax meopii 00ypenHs, 0e 8 AKOCMmi Hy-
JIbOB02O HAONUNCEHHS BUCMYNAE KPUCMAT, WO CKAAOAEMbCA 3 CHepUUHUX MOAEKY, d 8 AKOCMI NOMeHyiany 00ypenHs —
OKMYNOb-OKMYNONIbHA 83aeM00is monexyn. Cucmema 3abe3neuye pospaxyHox nouwad 30 enacmugocmeil, ceped AKUX
2YCMUHA, eH-MAanbnis, eHMpPONis, MeniI0EMHOCII, WBUOKICMb 38VKY, 8'A3KICHb, MENIONPOSIOHICIb, I30MepMIYHULL OpO-
cenv-epexm, Koeghiyicnm 00'emHo20 poswupenns, uucino Ipanomas ma in. Lfi enuuunu modcymos 6ymu 6usHayeHi 6
00HOMa3HOI | 060¢hasnoi obracmsax i Ha NiHIAX az06020 pieHogazu npu OOCUMb 8eIUKOMY OIANA30HI memnepamyp i
Mmuckie s des'ssmu KomoiHayill He3anedcHux 3mMiHuux. Mooyni po3paxynKy eracmugocmeli peuo8uH, wo 6Xx00ambv 8 CU-
cmemy, MOMCHA BUKOPUCTNOBYBAMU 8 NPOZPAMAX, NPUSHAUEHUX OJis UPIUEHHS NPUKIAOHUX 3080AHb.

Knrouogi cnoea: Asmomamuzosana cucmema — Ipoepammuuti Mooy — OKmMynoab-okmynoavha 63aemoois — Teniogi-

3uuni enacmugocmi — Texuiuno eaxcauei peuosunu — Pignanus cmany.
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1. Beenenne

IIpu pemeHMM MHOTHMX 3aJa4 NMPOEKTHPOBAHUS M JKC-
TUTyaTaluy YHEPTeTHYECKOT0 O0OPYAOBaHHUS HEOOXOIMMO
3HaHWE TEIUIO(MU3MUECKUX CBOWCTB BEIIECTB, HMCIIOJb3Ye-
MBIX B KadecTBe paboumx Tesl Mpu (HYHKIMOHHPOBAHUHU
arrapaToB U MallWH, YCTAaHOBOK U cucTeM. Jljisi mpaBuiib-
HOTO TIPEICTaBICHUS POUCXOSMIINX MPOIECCOB TpedyeTcs

72

JIOCTOBEPHOE OMMCAaHUE TEPMOJMHAMUYECKHUX, TPAHCIOPT-
HBIX, aKyCTUYECKHUX U APYTUX CBOUCTB BEIECTB.

B mocnemHue ronpl mosBWIIOCH OOJBIIOE KOJIUYECTBO
MyOJMMKannii ¢ ypaBHEHUSIMH COCTOSHMSI BEILECTB, B TOM
YHUCJIE MCPCHEKTUBHBIX B KAY€CTBE XOJIOAUJIBHBIX ar€HTOB.
B mopasnstonieM OONBIIMHCTBE CIy4aeB JJIs ypaBHEHHH
COCTOSHUSI HUCTONb3yeTcs ¢opMma  (yHAaMEHTAIHHOTO
YpaBHCHUA COCTOSAHMSA, BhIpaKaromiasd SOHEPTrUun I'enbMromns-
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I[a B 3aBUCUMOCTH OT IUIOTHOCTH W TemIepaTypsl. Takne
YPaBHEHHSI MOXXHO Pa3JeJINTh Ha J[BA THIA, COOTBETCTBY-
IOIIME TTOCTABJICHHBIM 3a/1a4aM, — TCXHHUECKNE U HaydHbIC.
COOTBETCTBEHHO PA3NUYAIOTCA U TPEOOBAHUS, TIPEIBIBIIS-
€MbIE K TAKUM OIIMCAHUSIM CBOMCTB.

Jus ompeneneHus TEITO(QU3MIECKIX CBOWCTB BEIISCTB
LIMPOKO HCHOJIB3YIOTCS BO3MOXKHOCTH BBIYUCIHTEILHON
TEeXHUKH. B HacTosimiee BpeMsi co3/laHa HOBAas BEpPCUS aB-
ToMaTH3upoBaHHOH cucteMbl «ThermoPro», mpu paspa-
0oTKe KOTOpOH Obula TOCTaBlIeHa 3ajada o0ecreuuTb
MOJIb30BaTeNeil TaHHBIMU O TEIIOPU3MYECKUX CBOHMCTBAX
OoJiee MIMPOKOTO CHEKTPa BEIIECTB, UCHONIB3Ys YpaBHEHHS
COCTOSTHHSL HAyYHOTO THIIA.

B ornmnune ot npeskHux Bepeuit [1, 2] HoBast Bepcus cu-
CTEMBI JI0JDKHA ONPEIENATh UIS Ps/a BEIIECTB CBOWCTBA Ha
JIMHUSIX OTBEPACBAHMS W IUIABJICHUS, a TaKKe PACCUHTHI-
BaTh CBOWCTBa TBepAbIX Tesl. Tak, Halpumep, B CHCTEMa
MPEAYCMOTPEH pacdeT TEPMOAWHAMUYECKHX CBOWCTB Me-
TaHa C MOMOUIBIO TEOPETHYECKH OOOCHOBAHHOI'O ypaBHE-
HUSI COCTOSIHUSI TBEPAOTO METaHa, IOCTPOSHHOTO B paMKax
TEOpPHU BO3MYIIEHHH, I'/Ie B KAYECTBE ONMOPHOH BBICTYIACT
cucrteMa chepuIecKuX MOJICKYH, a OKTYNOJIb-OKTYIIOJIEHOE
B3aUMOJCHCTBHUE SBIACTCS BO3MYIICHHEM. Takxe B CHCTE-
M€ TPEeIyCMOTPEH pacdeT TEePMOJMHAMHYECKUX CBOWCTB
TBEPJIOTO KCEHOHA.

2. YpaBHeHHsI COCTOSIHHS, HCTI0JIb3yeMble B AaBTOMATH-
3HPOBaHHOI cucTeme

B paspaboTtaHHOI aBTOMaTH3UPOBAaHHOI cHUCTEME B OC-
HOBHOM TIPEJICTABIEHBI COBPEMEHHBIE MHOTOMapaMeTprude-
CKHE YPaBHEHUS COCTOSIHUS. B OONBIIMHCTBE CiIydaeB Hc-
nosib3yercst popMa (QyHIAMEHTAIFHOTO YPaBHEHHS COCTO-
SIHYSL, BBIPAXKAIOILASl SHEPTUIO I eNbMronsua B 3aBUCUMOCTH
OT IUNIOTHOCTU ¥ TEMIIEPATYPHI.

B nacrosimee BpemMst 0OBIYHO paccMaTpHBAIOT HECKOJIb-
KO KaTerOpUi MHOIONapaMEeTPUYECKUX YPABHEHUHN COCTOS-
Hust. OcoOblii MHTEpeC NPENCTaBISIOT TaK Ha3bIBaeMbIe
«QTaJIOHHBIE YPAaBHEHUS COCTOSIHUS) — CIPAaBOYHBIE YpaB-
HEHH, NpeIHa3HauYeHHBIC I HCIOIB30BaHUA KaK B TEX-
HUYECKHX, TaK M B HAYYHBIX CTaHAApTax Ul ONHCAHMSA
TEPMOANHAMHYECKHX CBOWCTB OIPEJECIEHHOIO BEILECTBA.
JocTurHyTast TOYHOCTh OIIPEAETICHUS] CBOMCTB MOXKET OBITH
Pa3MYHOM B 3aBUCHMOCTH OT JIOCTYIHBIX HaOOpOB JKCIIe-
PUMEHTAIBHBIX JAHHBIX M OT HCHOJB3YEMBIX Ul paspa-
OOTKM ypaBHEHHUI COCTOSHHS METOJIOB.

Ilepasg rpynma STanOHHBIX YPAaBHEHUH COCTOSHUS
MIPEJCTABISIIOT COOOH BBHICOKOTOYHBIE YPAaBHEHHUSI COCTOS-
HUS, OIMUCBIBAIOILIME TEPMOJMHAMUYECKHE CBOICTBA Be-
LIECTB C HUCKJIKYMUTEIbHO KAaueCTBEHHBIMH 3KCIEPUMEH-
TaJIbHBIMHA JAaHHBIMH. TOYHOCTH ONpEAETICHHs CBOHCTB IO
TakKUM YpaBHEHHSM COOTBETCTBYET TOYHOCTH, KOTOpas
MOJKET OBITh JOCTUTHYTA HPH HCIIOJIB30BAaHUH CaMBIX CO-
BPEMEHHBIX SKCHEPUMEHTANBHBIX YCTAHOBOK Ul MOIy4Ye-
HUS IaHHBIX. Y PaBHEHUS COCTOSIHUS IIEPBOM IPYIIIBI MOTYT
UCTIONB30BAThCS JUIA Pa3HOOOPA3HBIX HAYYHBIX M TEXHUYE-
CKHX IPUIOKEHUH, KOTOpbIE OXBAaTHIBAIOT, HAPUMED, IMO-
TpeOHOCTH B KaJMOPOBKE, TECTHl (PU3NYECKUX MOJEIeH,
UCTIBITAaHHSI HOBBIX U3MEPHUTENBHBIX IIPHOOPOB U T. TI.

Cremyer OTMETHTH, YTO MOJyYCHHE HAJEKHBIX JKCIIe-
PUMEHTAIBHBIX JaHHBIX W pa3padOTKa BBICOKOTOYHBIX
YPaBHEHMM COCTOSIHUS O4€Hb TpylnoeMku. [losTomy Ha ce-
TOMHAIIHUNA [1€Hb YpaBHEHHS COCTOSHHS HEPBOM TPYIIIBI

JIOCTYIIHBI TOJIBKO JUJIsl HECKOJBbKUX BelecTB. K HUM OTHO-
cares: asor [3], aprou [4], aByokuch yriepona [5], Boga u
BOJIsTHOM map [6], meTan [7], atuies [8].

JoctynHble CEeroiHs BBIYUCIMTEIbHBIE MOLIHOCTU
KOMITBIOTEPHOW TEXHUKH IO3BOJIAIOT HEOTPAaHUYEHHO HC-
M0JIb30BATh BBICOKOTOYHBIE YPaBHEHHUSI COCTOSIHMSI B IIO-
BCeIHEBHOW paboTe. TUNMYHBIMH OCOOEHHOCTSIMHM TaKHX
YpaBHEHUH COCTOSIHMS IEPBON I'PYNIbI ABISETCS BBICOKAs
TOYHOCTh B HanOoJIee Ba)KHBIX PErHOHAX JUIS TEXHHYECKHX
U HAy4YHBIX MOTPEOHOCTEH, TOYHOE ONMCAHHE CBOICTB B
KPUTHYECKON U OKOJIOKPUTUUECKOM 007acTH, BO3MOXKHOCTh
BBITNOJIHEHHSI SKCTPANOJISAINH.

YpaBHEHUS COCTOSHUS BTOPOH TPYIIITBI TakkKe pa3pado-
TaHbl KaK YPaBHEHHUS BBICOKOTO KayecTBa AJIsl ONPEAEIICHUS
TEPMOJMHAMHUYECKUX CBOWCTB psila BEIIECTB, HO H3-3a
OTpaHUUYEHUIl B OTHOLUECHUM HUMEIOUIUXCA 3KCIEPUMEH-
TaJbHBIX AAHHBIX WU HUCIOJIb3YEMBIM METOJAM MOJyYEHUs
YpaBHEHHS OHH HE YIOBJIETBOPSIOT BBHICOKHM TpEOOBaHMU-
M, KOTOpBIE TPEIBSIBIAIOTCA K BBIIEPACCMOTPEHHBIM
YpaBHEHHUSAM COCTOSIHHMSA. YPaBHEHHS BTOPOM T'pyMIBI Me-
Hee TOYHBI (mpuMepHO B 5-10 pa3), yeM ypaBHEHUS NepBOH
TPYMNIBl, HE UCTIONB3YIOT CIEIHAIbHBIC MOAXOABI IS ONMH-
CaHMA KPUTHYECKOH M PACIIMPEHHOM KpUTH4YecKoH oOna-
CTH U HE TapaHTUPYIOT XOPOILIUX PE3yJIbTaTOB IPU IKCTpa-
noyiAuuy. Takue ypaBHEHUS! COCTOSIHUSA JOCTATOYHO TOYHBI
JUIL OOJBIITIHCTBA TEXHUYCCKUX MPIIIOKEHUN W A pas-
JMUYHBIX HAyYHBIX TPWIOKEHHH, HO KOrAa TpeOyroTcs
OUYEHb BBICOKHE TOYHOCTH, TO MX CJIEIYET HCIIONb30BATh C
OCTOPOYKHOCTBIO.

B nanHOM aBTOMAaTU3MPOBAHHOW cHCTEME B OCHOBHOM
NpeiCTaBiIeHbl (yHAaMEHTAbHBIC YPAaBHEHUsSI COCTOSHUS
nepBoil U BTopoi rpynnsl. KpoMe Toro, mis psjaa BeIiecTs
(apron, KCE€HOH, KPHUITOH, HEOH, a30T, KUCIOPO, BO3AYX,
BOJIOPO/JI, BOJISTHON TMap, MOHOOKCHJ YTJIepojia, OKCHA a30-
Ta, (TOp, MecTU(hTOpUCTas cepa) B CUCTEME UCTIONB3YIOTCS
BHUpHAJIbHBIE YPAaBHEHUS COCTOSIHUS, IPEAHA3HAUYECHHBIE [T
obmactu BeIcOkHX Temmepatyp (ot 500 go 2500 K) u mas-
nenuii [9].

ABTOMaTH3UPOBAaHHAS CHCTEMA IO3BOJISIET PACCUMTBHI-
BaTh TEPMOJUHAMUYECKHE CBOiicTBa 58 BemmiecTB, Takux
KaK: aIleTOH, a30T, aMMHaK, aproH, OyTaH, BOJa M BOISHOU
nap, BoJ1opo (HOpMaibHBIN), TapaBoOJ0POJI, OPTOBOJOPO/I,
BO3/yX, TeNii-4, TeKCcaH, TeNTaH, IBYOKHUCh YTiepoa, en-
TEpU, OPTONEUTEpU, MapajelTepul, IeKaH, AUMETUIIO-
BbI 3¢QUp, n300yTaH, M30TEKCaH, M30MEHTaH, KHUCIOPOJ,
KCEHOH, KPUITOH, METaH, MOHOOKCHJ yIJIepoJa, HEeOH, He-
ONEHTaH, HOHAaH, OKUCh STWJIEHA, OKCUJ] a30Ta, OKTaH, NeH-
TaH, TpomaH, cynbdun Bomopona, GTop, mecTudTopucTas
cepa, 3TaH, 3TaHOJ, 3TwieH, R-116, R-1233zd(E), R-
1234yf, R-1234ze(E), R-125, R-134a, R-143a, R-1523, R-
161, R-218, R-227ea, R-23, R-245ca, R-245fa, R-32, R-
365mfc, R-41.

s pacuera BSI3KOCTH M TEIJIONMPOBOTHOCTH HCIIOJNb-
3YIOTCSl QHAJUTHYECKHE 3aBHCHMOCTH 3THX CBOICTB OT
TEMIEpaTypsl U TNIOTHOCTH.

3. XapaKTepuCTHKA aBTOMATH3UPOBAHHOI CHCTEMBbI

B nacrosimee Bpemsi paspaboraHa HOBasi BEpCHUs aBTO-
MarusupoBanHoii cucteMbl ThermoPRO 5. B atoii Bepcuun
YHCIIO BEHIECTB, JUII KOTOPBIX TEPMOIMHAMUYECKHE CBOII-
CTBa OIpPENENAIOTCS MO (QyHAAMEHTAJIbHBIM yPaBHEHHAM
COCTOSIHUSI, YBEJIMUEHO /10 58. B oTnnune oT npexHux Bep-
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CHH HOBasl BEPCHUsI CHUCTEMbI ITO3BOJISICT ONPEACISITH IS
psia BEIIECTB CBOICTBA Ha JIMHUSX OTBEPIACBAHUS U ILIAB-
JICHUs], a TAK)KE PACCUNTHIBATH CBOMCTBA TBEPABIX TEII.

Tak, HanmpuMep, cUCTEMa ITO3BOJSIET PAaCCUUTATh Tep-
MOJIMHAMHYECKNE CBOHCTBA METaHa C IOMOINBIO TEOPETH-
4ecKn OOOCHOBAaHHOTO YPaBHEHUSI COCTOSIHHS TBEPAOTO
MeTaHa, IOCTPOSCHHOTO B PaMKaX TEOPUH BO3MYLICHUH, Te
B KauyecTBE ONOPHOI BBICTYHAaeT cUCTEMa CHEPHYECKUX
MOJIEKYJI, @ OKTYIOJIb-OKTYIOJIBHOE B3aUMOICHCTBHUE SIBIISI-
eTcsl Bo3MylIieHueM. Takxke B cUCTeMe MOTYT OBITh paccuu-
TaHbl TEPMOJANHAMHUYECKHIE CBONCTBA TBEPOr0 KCEHOHA.

Cucrema ThermoPRO mnpenocraBisier BO3MOXKHOCTB
MIOJIb30BATEIIO:

— BBHIOpaTh U3 CIIMCKa HEOOXOTUMOE BEIIECTBO IS
MOCIIEAYIOINX PacUETOB;

— BBHIOpaTh CAMHUIIBI
yZAeTbHEIC);

— yKa3aTh YHMCJIO 3Hayamux IHMGp B BHIBOAUMBIX pe-
3yJIbTaTax pacyera;

— BbIOpaTh 00JIaCTh TEPMOJMHAMUYECKON MOBEPXHO-
CTH JUIsl BBIUMCICHU (onHO(ba3Has1, nByx(da3Hast, Ha JHHU-
SIX HACBILICHUS, OTBEPACBAHMS);

— BbIOpaTh M3 O0OIIEro 4YHCIa pPacCUUTHIBAEMBIX
CBOHCTB HEOOXOAMMBIC JUIA 3aHECEHUS B TaOIHILy pe3yiib-
TaToB;

— BbIOpaTh HMapy HE3aBHCHUMBIX NEPEMEHHBIX — HCXOI-
HBIX JaHHBIX JUIS PacueTa;

— BBIOpaTh THUN PAcYeTOB (SAWHUYHBIA pacdeT 0o
JUISL OTIpeJeNICHUs] 3HAaueHWH Ha W30TepMax M H300apax
pacyer B pelakTHpYeMOM JHana3oHe 3HA4YCeHUH ¢ 3ajJaH-
HBIM IIIaroMm);

— COXpaHHMTh PE3YJITAThl PACUETOB B BHIE TEKCTOBOTO
(haiina aJst MOCEAYIONIEro aHaIn3a U NeYaTy.

[Iporpamma no3BoOJISIET MOJIYYHUTh MOJIE3HYIO HH(OpPMa-
LU0 O BELIECTBE, HAIPHMEp, CBEICHHS O IapaMmeTpax B
KPUTUYECKOW TOYKE, B TPOMHOM TOUKE, HOPMAILHOH TeM-
repaType KHIICHHS, BHPHAIBHBIX KO3((HUIMEHTaX, mapa-

N3MEPECHNUA (MOJIBHBIC HIn

MeTpax MOTEHIHaNa, JAWIOIGHOM MOMEHTE, alleHTphUYe-
ckoM dakrope ITurnepa n np.

AsromatusupoBanHas cuctema ThermoPRO mo3Bossier
paccunteiBath Ooniee 30 CBOWCTB, cCpely KOTOPBIX ILIOT-
HOCTb, SHTAIBIUS, SHTPOMUS, TEINIOEMKOCTH, CKOPOCTh
3BYyKa, BSI3KOCTb, TEIUIONPOBOJHOCTb, H30TEPMHUIECCKUI
npoccenb-3pPexT, KodDHUIHEeHT 0O0PEMHOTO PaCITUPEHHS,
yucio [Ipanarns u np.

OTH BEIWYMHBI MOTYT OBITH ONpEJNeNICHbl TPH OJUHHA-
JIIATH 33JaHHBIX KOMOMHAIMIX HE3aBUCHMBIX ITEPEMEHHBIX
(TemmepaTtypa—IaBieHUE, TeMIlepaTypa—CTeleHb CYXOCTH,
JIaBJICHUE—CTEIICHb CYXOCTH, JaBJICHHE—OHTAIbINS, AaBJe-
HUE—3HTPOIUS U Ap.), T.€. NCXOJHBIX JAHHBIX JUIS BBIYHC-
neHnit B onHO(a3HoM, 1ByxX(a3HOoi 00JaCTsIX U HAa KPUBBIX
(azoBOTO paBHOBECHS.

IlockonbKy UIsl TOJB30BATENsl AAHHBIE O CBOMCTBaXx
HUMEIOT LEHHOCTh TOJBKO IIPH HATMYUH HH(POPMAIMH O
JOCTOBEPHOCTH OIIPEJEISEMBbIX BEIWYHWH, B IIPOrpaMMme
MIPEACTABIEHB! OLICHKU MOIPEUIHOCTEN CBOWCTB, HAPUMEDP
TaKHUX, KaK INIOTHOCTh B Pa3HBIX OOJACTAX TEPMOIWHAMH-
YEeCKOW TTOBEPXHOCTH, TEINIOEMKOCTH, CKOPOCTh 3BYKa M JIp.

[onp30oBarens MMeeT BO3MOXHOCTb MOJYYUTH Ooliee
moIpoOHYI0 MHGOPMAIIUIO O BEIIECTBE, (PH3MUCCKUX KOH-
CTaHTaX, CCbUIKY Ha JIMTCpAaTypHbIC UCTOYHUKU, U3 KOTO-
PBIX B3AThI YPABHCHUA COCTOSAHUA U YPAaBHCHUA IJIA pacuc-
Ta TPAHCIIOPTHBIX CBOMCTB. [y Ka’kmoro BemiecTBa INpH-
BOJATCA PEKOMEH/IOBAHHBIE MHTEPBAJIbl 3HAYCHUH TemIe-
patypsl, INIOTHOCTH U JABJICHUS, IIPU KOTOPBIX CIPABEIH-
BBl ypaBHEHHSI.

Asromatm3upoBanHas cucteM ThermoPRO mozBomser
B YKa3bIBa€MOM [HaNa30HE 3HAUYCHHUH TeMIlepaTyphl HIH
JaBJICHUS C BLI6paHHLIM maromM paccuutartb U 3aHECTU B
Ta6HPIHy 3HAaUYCHHUSA HCKOTOPLIX CBOWCTB Ha JIMHUSAX IIJIaB-
nenusi. [losap30oBarens TakKe UMEET BO3MOXKHOCTB HOCTPO-
UTh rpadMKH 3aBUCHUMOCTECH NaBICHHS W IUIOTHOCTH OT
TEMIIEPATYPbl HA JIMHUAX IUIABJICHUA W OTBEpACBAHUA, 3a-
BUCUMOCTEH TeMIepaTypel OT JaBieHusd. llocTpoeHHbIe
rpayKi MUMeeTCsl BOBMOXKHOCTh COXPAaHUTh JUIS TOCIENy-
IOLIETr0 NCIIOJIb30BAHUS, HAIIPUMEP B TEKCTOBBIX (haiimax.

Ha pucynke | npencraBieH BHEIIHHN BUJ TUaOTOBBIX
OKOH pa3pabOTaHHOTO MPHII0KEHHS.

ThermopRO - THER] % THERN

[ Select j

‘GASES, LIQUIDS, AND SOLIDS

| [N ‘Single Calculating Table | Iso.Property Tables | Vapor.Liquid Saturation | Solid.Liquid Saturation | Fixed Point Properties | Solid.-Vapor Saturation |
Chemical formuls: ~ CH4. Select Independent Variables input Data
© Pressure - Temperature Pres:
Cutrent independent vanables: P ~Enthalpy e MPa
Pressure - Tempersture Pressure - Entropy Temperature K
Pressure - Quaiity
Equation of state 2 ol m
undamental equation of state of Pressure - Density ” ko; &
Setzmann U Wagner W [1984] | | Pressure - Specific Volume Spec Voluma m kg
| Te - Densit
INFORMATION ABC o eosteatay | iTemonsios: Deos Y Entholoy g
Temperature:  90.6941-625 K Temperature - Entropy Entropy KV(kg"K)
Pressure: 0011000 MPa Temperaturs - Quality Quaiity _
Density: 0.00001 - 250 kg/me3 | Enthalpy - Entropy
¥ DIAGRAMS OF FLUIDS
f=r——————+—+— Select Properties
T s o )
‘Synonym ] T Ry o che 7 Absolute Temperature (T ) Aduabatic Compressibility
CAS nosber 74828 ‘ 1‘0«! m‘_‘”° 7/Denstty (p) Coeflicient of Thermal Expansion (@)
(T=210K) Specific Volume (V) Thetmal Coeficient of Pressure (7))
Range of spplicablity  Spacific Enthalpy (h) Isentropic Temp -Press. Cosficient (B )
Temperature - 90.6941- 625K < Specific Entropy (S ) Coef._ of Isothermal Compression ( K )
Pressure - 0.01 - 1000 MPa Helium~4 T-S p1 h 7 Specific Intemal Energy (u ) Joule-Thomson Effect ()
Density 0.00001 - 250 kg/m*3 //Spacific Gibbs Energy (g ) Isothermal Throttiing Coeficiant (6‘)
g 7 Specific Helmholtz Energy (A) 7 Speed of Sound (W)
Physical constants - 7 Specific Isachanc Heat Capacity (Cv) 7 Thermal Conduetasty ( )
Molar mass, g/mol 16.0428 E 7 Specific Isobaric Heat Capacity ( Cp) 7 Dynamic Viscosity (1)
Specific gas constant, kiifkgK) 05182705 : i = ‘Saturated Liquid Heat Capacity (Cs ) < Kinematic Viscosity (V) | selcctan |
Critical temperature, K BNSEEY i 1R Heat of (ahy) Prandel Number ( Pr )
Caitical pressure, MPa 45922 ﬁ Cp/ov Surface Tension (G )
Critical density. kg/m*3. 16266 Takine o 7 Adiabatic Index (K ) Campressibility Factor  (2)
Triple point temperature. K 90 6941 :M"mum i Qualty (X) Fugacity Coefficient ( )
Triple point pressure, MPa. 0.011696 wm:-;ﬂ Jacobsen. 7 Second Thermal Virial Coefficient (B ) Fugacity
Normal boiling point temperature, K 111.668 Eric W. Lemmon /| Third Thermal Virial Coefficient ( C ) dP/dT at v=const
St 001142 The Intemstional Cryogenics 7
1613637 Pl Prss, & 19 A w
| I : : AN A A
P S rnae 7. | IV B oo |0 ol ] r e I

Pucynox 1 — Jlnanorossie OKHa aBTOMaTH3npoBaHHOH cuctemMsl ThermoPro 5
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Cuctema 1O3BOJISIET BBIBECTH Ha SKpaH IUarpaMMEl
TeMIIepaTypa-dHTPOIHS IS pacCMaTpUBaeMbIX BellecTs. B
CHCTEME HCTONB3YIOTCS AMarpaMMbl 1-S U3 MoOHOTrpaduu
«Temnopusnyeckre CBOCTBA KPHOTCHHBIX BEILECTBY, aB-
Topel SkoOcen u ap. (HamuoHamsHBI WHCTHTYT CTaHIAp-
ToB 1 TexHoyoruit CIIIA) [10].

B aBTOMaTH3MpOBaHHON CHCTEME HCIOJIB3YETCSl TEO-
pEeTHYECKOe YpaBHEHHWE COCTOSHUS TBEPAOTO BEIIECTBa,
MIOCTPOEGHHOE B paMKax TEOPUH BO3MYILECHHMs, TJEe B Kaue-
CTBE HYJIEBOTO NPHOIMKEHHS BBICTYIIAeT KPUCTAILI, COCTO-
SIIUH U3 ChEepUUYECKUX MOJIEKYII, a B KAUeCTBE MOTEHIIAlIa
BO3MYILEHHSI — OKTYIOJb-OKTYIOJIbHOE B3aUMOJICHCTBUE
Moiekyn. CHcreMa IO3BOJIIET PACCUMTHIBATH CBOMCTBA

TBEPJOTr0 METaHa M KCEHOHA, BHEIIHUM BHJ IUAJIOrOBOTO
OKHa C pe3yJIbTaTaM1 PacueTOB MPEICTABICH HA PUCYHKE 2/

VcxonHble TEKCTHI MOZYJICH HAaIMCAHbI Ha SI3BIKE TPO-
rpammupoBanus Free Pascal, a gnms co3maHus camoil cu-
CTEMBI HCIIOIb30BaHA OTKpPHITAs cpena pa3paboTKH Ipo-
rpammMHOrO oObOecreuenust Lazarus 1.6. IlpemmymiecTBoM
CBOOO/IHOTO MPOTPaMMHOTO OOecredeHHsl SBISIETCS €ro
ob1menocTynHocTs U OecrmiatHocTh. [loaTomy BbIOOp maH-
HOW Cpesbl BH3YaJbHOTO INPOrPaMMHUPOBaHMS IO3BOJISET
CHATh BCE NPOOJIEMbl HEJICTabHOIO HMCHOJB30BAHUS JIU-
LICH3MOHHOTO TporpaMMHOro obecneuenusi. Mutepdeiic
TEeKyIIell BEpCHU aBTOMAaTH3MPOBAaHHOW CHCTEMBI — aHIJIO-
SI3BIYHBIN.

' Properties of Solids
Properties of Liquids and Gases

Input Data

Initial Parameters | Coefficients of EOS &

Equation of State of Solid

Results of Calculation

| v | n | 's | ar

Solid methane - ‘

Options

Trnax= 300
377 A
148,0 K
0,308

200 0,001053207
300,0
0,00419498
10,0

o
Options of formatting Lo 0,0004617943

Reees) ' 10,0 0,002497275
Digits 7
Mol Mass 16,04 0,002445618
Coef P 13806
08314
0,6023
1,863
-6,311965
742551
271,4986299
33,27055497
4,985862-05
-0,016382916
-04,37674445
1509,07876
129,9588333

CoefE 0,08057203
Close Input Data Panel
Coef V
0,001824573
Coef OO

Close Input Data Panel DO

0,00146011
DHO
Clear Table Fio [0]
Fio[1]
Fi0[2]
FO[3)

Fi0 [4]

3752724
50,00242
100,001

199,996
399,9976
500,001
799,998

Save Table

Fi0 5]

Calculation Fi0 [6]

MelMass=16,04 sigma=3,77 A

delta_T=10
50LID

P_min=0
METHANE
eps/k=148 K

P_max=10000 delta_P=10
CHe (FCQ)
Oct_m=0,308

29,73927 -2,951484 -66,44097 1,659232 0,3903459 5542161

30,17604 -2,438514 -45,4645 1333821 0,4265437 4213458 42,36994

30,56695 -2,004263 -32,93899 1,260015 0,4660061 37,51496 37,77462

30,95423 -1,596541 2383321 1,266536 0511274 35,28249 35,58518

31,3554 -1,197775 -16,56453 1,315572 0,5649296 3395613 34,31541

31,78474 08022385 -10,42741 1,400093 0,6309200 33,04338 3347928

32,24979 03960238 -5050019 1,522038 0,714118 32,3662 32,80004

32,7201 0,0171474 01758712 1701450 0,8254223 31,82800 3247381
T=
3234716
32,0706
31,15685
29,86139
28,19951
2708494

26,24375

100K
1472392
1,818282
3,206819
5973225
11,38595
16,63707
21,75069

Pm=
2,297905
1,729608
01778577
-2,974287
-6,763098
-9,469204
-11,61798

37,5358 MPa
1,468815
1,363501
1,078631
0,7926023
0,5512742
0,4389012
0,3720462

07171578
0,6611879
0,5100128
0,3591606
0,2333263
0,1753301
0,1422351

31,69449
31,78101
3208238
32,55636
33,26462
33.82052
34,20445

32,30106
3234319
32,52542
3288194
33,49357
34,00556
34,45365

Pucynok 2 — JlnanoroBoe OKHO C pe3y/lbTaTaMU pPacdeTOB TEPMOJANHAMUYIECKUX CBOICTB TBEPJOr0 METaHa

ABTOMaTH3UpPOBAaHHAS CUCTeMa MpeaHa3HaueHa s
(YHKIIMOHUPOBAHUS O]l YIPABICHUEM OIECPAIllMOHHON
cucremMbl Windows. Bxopasiiupe B Hee MOAyJIH pacdera
CBOMCTB BEIIECTB aBTOHOMHBI U YHUBEpcalbHBL. [Ipu HE0O-
XOJUMOCTA OHU MOTYT OBITh BKJIIOUEHBI B IPHUKJIAIHBIC
MPOTPaMMEI, CBSI3aHHBIC C pacyeTaMH TEIUIO(QU3MIECKIX
CBOMCTB JJIsl pa3JINYHBIX OTpacieil HAyKd U TEXHUKH.

4, 3akai0uenne

PazpaboTaHpl NporpaMMHBIE MOXIYJIM JUIsl pacdera
TeHJ'IO(i)I/ISI/I‘-IeCKI/IX CBOWCTB paaa TEXHAYECKU Ba’KHBIX BEC-
IIECTB, IMO3BOJIAIOIIHUEC HWCIIOJb30BATHh HUX B IMPUIOKCHUAX
(mpUKITagHBIX MporpaMMax) IMOJb30BaTelIel IIsI MHOTOBa-
PUAHTHBIX PaCyY€TOB IPU PCHICHUN TEXHUYCCKUX W HAyY-
HbBIX 3aJa4. PacmnpeH NEPEUYCHb BCUICCTB, JJIA KOTOPBIX
pa3paboTaHHBIE MOJYJIM HCTOIB3YIOT OOJIBIIEH YacThiO
COBpPEMEHHBIE  BBICOKOTOYHBIE ypPaBHEHMS COCTOSIHUSL.
BxitoueHHBIE B CHCTEMY ypaBHEHHS C BHICOKOH TOUHOCTBIO

OIUCBHIBAIOT 3KCIIEPUMEHTAJbHbIE JaHHbIe. Pa3paborana
HOBasi Bepcusi aBToMaTu3upoBaHHOM cucrembl ThermoPro
5, obecrieunBaroas NoJIb30BaTeleil JaHHBIMH O TEIIO(pH-
3MYECKUX CBOWCTBaX 58 BemiecTB. ABTOMaTH3UpPOBAaHHAsS
cuctema ThermoPRO 5 mo3Bossier paccuutsiBath 60see 30
cBoiictB. HoBass BepcHsl cUCTEMBI MO3BOJISIET ONPEENATh
JUIS psiia BEIECTB CBOICTBAa Ha JIMHUSX OTBEPJACBaHUSA U
IIaBJICHMS, & TAKXKE PACCUUTHIBATh CBOMCTBA TBEPABIX TEIL
Cuctema mO3BOISIET paccUUTaTb TEPMOAMHAMHUYECKUE
CBOMCTBa ME€TaHa C IIOMOIIBIO TEOPETUUECKH OOOCHOBAH-
HOTO YpaBHEHMs COCTOSHHUS TBEPAOr0 MeTaHa, MOCTPOECH-
HOTO B paMKaX TEOPHH BO3MYIIEHHH, TJIe B KAYeCTBE OIMOP-
HOW BBICTyHAeT CUcTeMa C(PEepHUUecKUX MOJEKYJ, a OKTY-
MTOJIb-OKTYIIOJIFHOE B3aUMOJCHCTBUE SBISIETCS BO3MYIIIE-
HUeM. Takke B CHCTEeME MOTYT OBITh PacCUMTAHBI TEPMO-
JUHAMUYECKHEe CBOMCTBA TBEPAOTO KCEHOHA. YTIPOIICHHBIE
BEPCHHU MPOTPAMMHBIX MOIYJIEH HCIOIB3YIOTCS B yIE€OHOM
Ipolecce.
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The automated system ThermoPro 5 for calculating the thermophysical properties of more than 50 substances was de-
veloped. The fundamental type modern equations of state are presented in the automated system as well as the virial
equations of state for high temperatures and pressures. The system uses the theoretical equation of the solid substance
(methane, xenon) state, constructed in the framework of perturbation theory, where as the zero approximation a crystal
consisting of spherical molecules appears, and the octupole-octupole interaction of molecules as the perturbation po-
tential. The system provides calculation of more than 30 properties, including density, enthalpy, entropy, heat capacity,
sound velocity, viscosity, thermal conductivity, isothermal choke effect, coefficient of volumetric expansion, Prandtl
number, etc. These values can be determined in single-phase and two-phase regions and on lines of phase equilibrium
for a sufficiently large range of temperatures and pressures. for nine combinations of independent variables. The mod-
ules for calculating the properties of substances that are included into the system can be used in the programs intended

for solving application problems.

Key words: Automated system; Program module; Thermophysical properties; Technically important substances; Equa-

tion of state.
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MeTon 3abe3ne4yeHHA CTPYKTYPHOI XXMBYYOCTI iHTenekTyanbHoi Hapobyao-
BU 3 AeLeHTparnizoBaHUM NPUHLUUNOM ynpaBniHHA

JI. M. 3imenxo

Opecpka HaliOHAJIbHA aKaJeMis XapuoOBHX TEXHOJNOTiH, Bys1. KanatHa, 112, Oneca, 65082, Ykpaina
E-mail: zimenko.liliya@gmail.com, http://orcid.org/0000-0002-1866-83

B pobomi npedcmasnenuii memoo oyinKu cmpyKmypHOI dHCU8y4ocmi iHmenekmyanvHoi Haoby0oseu 3 OeyeHmpanizosd-
HUM NPUHYUNOM YNPAGLIHHA NPU HAOAHHI IHIMENeKMYAIbHUX CEPBICi8 8 Mepedcax HACMYNHO20 NOKOLIHHA. [na oyinKu
CMPYKMYPHOL JCUBYHOCTNE ITHMENEKMYATbHOT HA00Y 008U 3aNPONOHOBAHO BUKOPUCMAHHS CEPEOHbO3BANCEHO20 3HAYEHHS
6EPXHbOI MA HUJICHLOI Medic CmpPYKMYPHOI dlcugywocmi. Busnaueno cnocié6 pos3paxynxy 6epxmuboi ma HUdICHbOI Medic
CMPYKMYPHOL HCUBYHOCE MA BUKOHAHO NPUKLAO peanizayii memody 3abe3neuenHs cmpyKmypHoi dcugyvyocmi 0is iH-
menekmyanbHoi Hao6y0osu 3 0eyeHmpanizo8aHUM NPUHYUNOM YNPAGIIHHA NPU 6UKOPUCHIAHHI CNeYiani308aHUx cepge-

pis.

Knrwowuoei cnosa: cmpyxmypna dcugyyicmo; iHmenekmyanbHa Haoby008a; 6epxXHs Medica HCUBYHOCMI, HUICHS Medlcd

HCUBYHOCIE; OYeHMPALIZ08AHUL NPUHYURN YAPAGLIHHA.
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ONAFT

M L-n‘lL Open Access

1 IHocranoBKa 3aaa4i, aHAJI3 OCTAHHIX JOCTIIKEeHbL Ta
nyOaikanii

Ha cporogHiniHiii A€Hb JTOCHUTH PO3BUHEHUH CIEKTP
IHTEJIEKTyalbHUX CEpPBICIB (HAIpHKIal, YHiBEpCAIbHUN
HOMep, TEJEroJIOCyBaHHs, ONHMTYBaHHS HACEJICHHS Ta iH-
11i), YOPaBIiHHS SKUMHU 3/1HCHIOETBCS 1HTENEKTYaJbHUMH
nanoyaosamu (IH). Buxonsun 3 HEOOXiTHOCTI HaJaHHS
inTenekTyanbHuX cepiciB (IC) 3 3amaHUM piBHEM SKOCTI,
omiHKa 1 3a0e3medeHHs xuBy4docti IH € akTyanmpHUM 3a-
BIAHHSIM.

JKuBydicTb cucTeMH — 34aTHICTh CHCTEMH 30epirat i
BIJIHOBJIIOBATH BHKOHAHHS OCHOBHHX (DYHKIIH B 3aaHOMY
00cs31 1 IPOTATOM 3aJaHOTO Yacy B pa3i 3MiHU CTPYKTypH
CHCTeMH 1/a00 aJIrOpUTMIB 1 YMOB 1i yHKIIIOHYBaHHS BHa-
CJIIZIOK HECTIPUATIMBUX BILIMBIB [1].

[HTenexryansHa HaO0yAOBa — CHCTEMa MPUCTPOIB, II0
YIIPAaBJIsIE€ IHTENEKTYaIbHUMU CEpBiCaMu.

[HTENeKTYyabHUI CepBiC — CEpBIC TENEKOMYHIKaIliH-
HOI Mepexi, P HaJaHHI SKOTO BiIOYBAE€THCS 3MiHA IPO-
1ecy oOCIIyroByBaHHs BHKJIHMKY B YacTHHI HpoOLEayp Map-
mpyTH3anii abo Tapudikamii.

[MuranaaM 3a0e3nedeHHs KUBYYOCTI CHCTEM Pi3HOTO
NpU3HAYCHHS NPUCBSUCHHUHN psijl poOIT yKpaiHCHKHX Ta po-
cificekux aBtopiB: lO.I. I'pomoBa [1], A.I'. lomoHosa,
JL.B. Jlarge [2], FO.I. CrekompHikoBa [3], H.O. KuszeBoi
[4], [5] Ta iHmHX.

2 OcHoBHMIT MaTepiaj

B pob6ori [5] posrnsHyTo cuctemy Hamanas IC mpwm
3acrocyBaHHl IH 3 meHTpasni3oBaHMM NPUHIUIIOM YIpaB-
JiHHS. AJle Taka cUCTeMa Mae Jiesiki Hepoiku [6]:

1. Moxe BUHUKHYTH 1pobieMa, ToB'sI3aHa 3 00Mexe-
HUMH IPOITyCKHOIO CHPOMOJKHICTIO Mepexi CHrHamizamii i
NPOIYKTUBHICTIO HEeHTpiB ympasmiHH IC i3 3pocTaHHIM
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kimpkocTi 3anuTiB Ha [C. Ile Mo)ke MOTipImuTH POyKTHB-
HICTh MepexXi, [0 CTaHe HENMPUHHATHUM Ul KOPUCTYBadiB
a00 3po0OHTh HEMOJIIMBOIO MIATPUMKY LEHTPAIi30BAHOI'O
PEXUMY YIPaBIiHHS.

2. Icnyrots Taki IC, sixi He mependayvaroTh 3aTPUMKHU
BUKOHAHHSI.

ToMy IOWUIBHO MEPEHTH 10 BUKOPHCTAHHS CICHT-
panizoBaHoro npuHnuny ynpasninas (JI1Y), mo mo3so-
JUTH 3MEHIINTHU 3aTpUMKy BuKoHaHHs IC.

[pu 3actocyBanni AI1Y ams oOCIyroByBaHHS 3asBOK
Ha IC MOXyTh BHKOPHCTOBYBAaTHCH YHIBEpCaIbHI CEepBEpH
JUIL 0OCITYTOBYBaHHA YCiX BHIB 3asBOK, Ta CIEHiali30BaHi
cepBepH — Ul OOCIyroBYBaHHS BH3HAYEHOTO KJAcy 3as-
BOK.

Po3risiHeMO BHIIQJIOK, Yy SIKOMY BHKOPHUCTOBYIOTHCS
crieniaii3oBaHi cepBepH, KOXKEH 3 SIKUX 00CIIyroBy€e BHU3HA-
yeHHH Kkiac 3as1Bok Ha IC.

IH 3 ITY, npexcraieHa Ha pucyHke 1.

O6cnyroByBanHs 3as8BKH Ha [C BimOyBa€eTbcss HACTYTI-
HUM 4YWMHOM: 3asBKa BiJ IPOrpaMHOr0 KOMyTaTopa
Softswitch mocTymae Ha cepBep cepBiciB, KU 3 HUM 0e3-
MocepeTHRO MOB'I3aHUH. SKII0 cepBep BibHMI 1 00CTyTO-
BY€ JIaHUU KJIac 3asBOK, TO BiH OOCIyrOBYy€ 3asBKy. SIKIo
JaHWH cepBep He 00CIyroBye naHMH Kiac 3asBok Ha IC, To
3asBKa BiAmpaBisieThcss Ha ToW Softswitch, skuit moB's3a-
HUH 13 HEOOXiTHIM CEPBEPOM.

Mix nporpamMHUMH KomyTatopamu Softswitch € piB-
HOTIPaBHI 3B'SA3KH, 3aBJSKM BUKOPHCTaHHIO SKHX yTBOPIO-
€TBCSI MHOXKHMHA IUIAXiB (MapHIpyTiB) OOCIyroBYBaHHS

3asBku Ha IC: Mg = sl,(t , 16 k=1, K K — xijgbKicTh
HUISAXiB MK MyHKTaMH S (kopucrysau) i { (cepsepu cep-
BiCiB).

MeTtoro naHoi pobOTH € po3poOka Meroay 3abesme-
YeHHS CTPYKTYPHOI *KMBYYOCTi iHTENEKTyaJlbHOI HaaOyI0-
Bu 3 [ITY, mo pearnizye MOTOKOBHH MiJIXiJ 3 BUKOPHUCTAH-
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HSM IIOKa3HHUKA CTPYKTYPHOI JKMBYYOCTI, [0 BU3HAYAETHCS
Ha OCHOBI HIDKHBOI 1 BEPXHBOI MEX CTPYKTYPHOI KUBYHOC-
Ti. HIOKHA 1 BEepXHA MeXi CTPYKTYpHOI KHBYYOCTi BH3HA-
YalOThCSl Ha OCHOBI BUKOPHUCTAHHS MHOXKHHH 3aCTOCOBYBA-
HUX IUIIXIB UI1 00CcIyroByBaHHA 3asBoK Ha IC (mms Bepx-
HBOI MeXi) 1 MHOKUHH PO3pi3iB, M0 (HOPMYIOTECS IS BH-
3HAYCHOT MHOXKMHI NUIAXiB (A7 HKHBOI Mexi) [4], [S].
HeoOxinHe 3HaYeHHS! CTPYKTYPHOI JKMBYUYOCTI JOCSTA€THCS
BBE/ICHHSIM

Softswitch g B

m] :
| A
|
]
[

Soﬁswitc

CTPYKTYPHOI HaJUIMIIIKOBOCTi (BJIACTHUBICTH YKUBYYOCTI Ma-
IOTh TiJIBKU HAJIHUIIKOBI cucTeMu). CTpyKTypHA HaIJTHII-
KOBICTh 3IHCHIOETBCS 3 BHKOPHUCTAHHSIM ONTHUMI3aIliifHOT
NPOLENYPH Pe3epBYBaHHS TUX TiJIOK, IO YTBOPIOIOTH MHO-
KIHY IUISXiB, OPTaHi30BaHUX JJIsI OOCITYTOBYBAaHHS 3asBOK
Ha HagaHHA IC, fKi HAOXOIATH B MEPEXy, 1 THX PO3pi3iB,
SIKI NOUISFOTh MHOXKHMHY HIISIXIB, BUOIP SIKUX BH3HAYAETh-
Csl Ha OCHOBI MakcuMmi3auii eeKTHBHOCTI KOKHOTO eTamy
pe3epByBaHHS.

Cepsep
CepEiciE
- = ’
Cepeep
CepEiciB
S
-~
~ Cepeep
e CepEiciB
Ind opManiiTHi TOTOKM
Curnamizaniz

SP - ITyHK curHamsau

Softswitch - [Iporpamrnnt komyTaTop
SSF - ©yHKULA KOMYTAL TOCTyT
CCF - ©yHKUiA YTIPABTHHA EHKTHKOM

Pucynoxk 1 — [umenexmyanvha Haooy008a 3 0eyeHmpanizo8anoio apximexmypoio

ITorokowuii moxix mossoise [2], [3]:

— oOrpyHTyBaTH BUMOTH 110 cTpykTypH IH 3 ypaxy-
BaHHSAM 33J[aHOTO PiBHA IMOKa3HHWKA CTPYKTYPHOI KHBYUOC-
Ti;

— BHOpaTH Kpamui 3a IOKa3HUKOM CTPYKTYpHOT
YKHMBYYOCT] IPOEKT CUCTEMH 3 PO3MIISIHYTHUX AJIbTEPHATHB;

— 3a0e3ne4ynTH MOKa3HUKaM CTPYKTYPHOI KHUBYYOCTI
MakCHMallbHe 3HAUCHHS B JAEsAKiH 00JacTi JOMyCTHMHX
3HAYEHb.

Ha ocHoBi poboTr [5] B SKOCTI TOKa3HHKA CTPYKTYp-
Hoi >xuBydocTi IH BHKOpHCTaEMO cepelHbO3Ba)KCHE 3HA-
YEeHHsI HIDKHBOI 1 BEPXHBOT MEX CTPYKTYPHOI )KUBYYOCTI —

PIH .

IIpu Bu3Ha4YeHHI BEpXHBOI MEXi CTPYKTYPHOI >KUBY-
gocTi ( Pgpyicok ) H2 OCHOBI MHOXKMHH HIISXIB, SKi BUKOPH-
craHi s o0cayroByBaHHs 3assBOK Ha IC, mpuiiMaeThCs, 110
LULIXH € HEe3aJIS)KHUMH, YTBOPIOIOTh IapajeibHy CTPYKTY-
py. HmkHs Mexa cTpykTypHOI xuBy4ocTi ( Prpvicok )» 1O
BU3HAYA€ThCS HA OCHOBI MHOXXHHH PO3Pi3iB, SIKi MOIUISIOTH
MHOXXUHY LUISIXiB, 110 BUKOPUCTOBYIOTBCS JJIsI OOCITYTOBY-
BaHHS 3asBOK Ha IC, mpuiiMaeTbecs, MO BCi PO3PI3H YTBO-
PIOIOTH TOCHiIOBHY CTPYKTYypy. IlokasHuk Py Bu3Haua-
€ThCS BIAMOBLAHO 110 BHpasy (1):

Py = Pemok Wemcoxk + Pavox Wamok
WeMCOK + WHMOK

()

e Wpmok | WMk — BaroBi KoeQillieHTH, 10 BU3HA-
YaloTh BAXKJIMBICTh MOKa3HMKIB Ppyviox 1 Pamox BiA-
TIOBiTHO.

3HaveHHs KoedilieHTIB Wncox | WMk AOLTb-
HO BU3HAYATH HA OCHOBI €KCIICPTHHX OI[IHOK.

IMokasHuk Py BiAmoBizae HACTYNMHUM OCHOBHHUM

Bumoram [3]:
a) 3a CMHCJIOBUM 3MicToM Py BHU3HauaeThbcs Ha OC-

HOBI MOTOKOBOTO MiZXOJY, SIKMH BHUKOPHUCTOBYETHCS JUIS
BUDILICHHS 3aBJaHb CHHTE3y JKUBYYMX CHCTEM, OLIHKH,
3a0e3neueHHs 1 MiABUIICHHS )KUBYUOCTI CHCTEM;

0) JTOCHTH BHCOKHI PIBE€Hb CHCTEMHOCTI JOCIIIKCHb
3a0e3nedyeTbcsl BpaxyBaHHSIM MHOXXHMHH IIISIXIB, OpraHi-
30BaHUX JUI1 00ciayroByBaHHs 3asBoK Ha IC , mo Hazaxo-
JSITh B MEPEXY, 1 MHOXKHHH pO3PI3iB, AKi MOJIUIIOTH IIi
LIJISIXH;

B) MOKa3HUK Py Mae BuCOKy cTymiHb hopmaizauii,

10 JI03BOJISIE BUKOHATH HOTO PO3PaXyHOK 1 MPOBECTH JIOC-
JIKEHHS HOTo 3MiH IPH 3MiHi curyarii B [H;
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T) po3paxyHOK Py 3miHCHIOETBCS Ha OCHOBI Bpaxy-
BaHHs BUMOTr Ha Hagauus IC, mo magiinum B IH, 1 Moxau-
BOCTEH 10 1X 00CIIyroBYBaHHIO, 1110 JI03BOJISIE 3a0€3IEUUTH
YYTIIHMBICTH MOKA3HUKA JIO Oy/Ab-sKUX MaHIMyJIALIH Ha piBHI
xapaxrepuctuk IH.

KpiM Toro, maHuWii MOKa3HUK IMOBHICTIO BiJIMOBima€
KpPHUTEpIsIM PO3POOKM JKMBYYMX CHUCTEM — MPHIAATHOCTI
(P Bu3HAYaeThCS Ha OCHOBI MOTOKOBOTO MiAXOAY), IIO-
PIBHSIBHOI OIIHKM (BU3HAYECHHS JOCSTHEHHS MOKAa3HHUKOM
HEOoOXiTHOTO 3HA4YEHHs 3IiHCHIOETHCS Ha OCHOBI Bpaxy-
BaHHs ICHYIOUMX OOMEXEHb) i OMTUMAIbHOCTI (HEeoOXigHe
3HaueHHs Py JocsraeTscs B mpoleci onTuMizawii (Mak-
cuMi3allii) #oro 3HauEHHs).

Bu3HaueHHS OKa3HUKA CTPYKTYPHOI KUBYJOCTi Py
BiZIOYBA€THCS TaK.

1. BusHavaeTbcsi BEpPXHA MEXa CTPYKTYPHOI JKHBY-
gocTi 3a hopMynoro (2) — HIMOBIpHICTh HEYpaXXCHHS X04a 0O

oJHOTO K-TO HIIAXY ,ugt MHOXHUHH nuisixiB M ¢ o6ciyro-
ByBaHHs 3asBkU Ha IC:

Pemcox =1—

H (1_ Hkpxy)v (2)

k
Hst EM g ﬁxy SHst
: k — .
ae ﬁxy — minsHKa mAxy pgy (K =1,K, K — kinekicTs
uUIXiB, MHOKHHE Mgt ); Pyy— HMOBIpHICTb HeypakeHHs

RinsHKA Syy , WO HATEKATH LUTAXY yé(t

Bu3HauaeTbCcs HIDKHS MeXa CTPYKTYpHOI JKHUBYHYOCTI
3a opmynorw (3) — HMOBIPHICTE HEYpaKEHHS MHOXHHH
pO3pi3iB OS¢t , SAKI PO3IIIAIOTH MHOXKHHY LULIXiB Mg 006-
CJIlyrOBYBaHHsI 3asiBKU Ha [C:

Pomox = T1 Q- TT @—pxy)), 3)

55It 6b\st /BxyEé‘slt
ne Pyy — AiIAHKA po3piy 5s't (1=1L, L — xinbkicts

pO3pi3iB, sKi MOAUSIOTH MHOXKHHY HUBIXIB M g ).

Meroj 3a0e3nedyeHHs] CTPYKTypHOi kuBydocTi IH
NPE/ICTaBICHUIH HACTYITHUMH KPOKaMH.

1. BusHaYeHHs, YH JOCATHYTO HEOOXiTHWH piBEHb
CTpyKTypHOI x)uBy4ocTi [H.

IMokasnuk crpykrypHoi xkuBydocti IH Py, otpuma-
HHH ITiCJIsE pO3paxyHKiB 3a ¢opmyiioro (1), MOpIBHIOETHCS 3
HEOOXiTHUM  3HAUEHHSM  CTPYKTYpHOI  JKHMBYYOCTI
Pueosx:

Pia 2 PaEOBX (4)

ne Py — mokasHuk crpyktypHoi skuBydocti 1H;
Paropx — HE0OXiIHUN NOKa3HUK CTPYKTYPHOI XKUBY-
yocti [H.

IIpu nmocsrHeHHI HEOOXIAHOTO 3HAUEHHS MOKA3HUKA
CTPYKTYpHOI HUBy4YoCcTi Pygpopx, cucrema Haganua IC
Oyzne 3a70BONBHATH 3aAaHil BIMO3i (4). [Ipn HeBUKOHAHHI
yMoBH (4) CItiji mepeiTH 10 npoueaypu 3a0e3neYeHHs He-
00Xi/THOr0 3Ha4Y€HHs CTPYKTYpPHOI *kuBy4ocTi Pygopx-

2. 3abe3neueHHs CTPYKTypHOI xxuBydocTi [H.

3aBnanHs 3a0e31e4eHHs CTPYKTypHOT sxuBydocti [H y
JaHii po0OoTi GopMyIIOETECS SIK 3aa4a JIiHIHHOTO Mporpa-
MYBaHHS, B Pe3yJIbTaTi BHPIMIEHHS K01 (GopMyeThCcs OII-
THMAaJIbHA CTPYKTYpPa pe3epBy MIISHOK NULSIXiB (po3pisiB), a
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caMme: MiHIMI3yBaTH 3HaYeHHs IUIbOBOT QYHKII (5) mpu
BUKOHAHHI 0OMexeHHs (4):

n
Ccuc = 2. ¢im; — min, 5)
i=1
ne C e — BapTiCTh CHCTEMH PE3ePBHHX €ICMEHTIB;
| — HOMep JIISHKA B CHCTEMI;
N — KIIBKICTH TUISHOK B CUCTEMI;
Ci — BapTICTh i-01 pe3epBHOI TIISTHKA CHCTEMH;
M; — KpaTHICTh pe3epBYBAHHS i-01 MIJISTHKH CHCTEMH.

Po3B’s3aHHA mpencTaBiIeHO] ONTHMI3aliifHOT 3amadi
3BOJIUTHCS 0 3HAXOJDKEHHSI BEKTOPY ONTHMAIBHOI CTPYK-
Typu pesepBy M (my,m,,..my), skuil 3a6e3nedye MiHIMyM
¢byukuii (5) mpu obmexenHi (4).

3. ®opMyBaHHS ONTHMAJIbHOI CUCTEMH pPE3epBYBaH-
Hs ainsHok [H.

OntumaibHa CHCTEMa pPE3EepPBYBaHHS CTBOPIOETHCS
HacTymHEUM 4uHOM. CHcTeMa CKJIamaeTbes 3 N OiUSTHOK
Mepexi Ta B KOJHOI 3 JUISTHOK HEMa€ PE3epPBHHUX CICMCH-
tiB. Ha nepiioMy erarmi nporecy 3HaXOAMThCS Taka JAiJISH-
Ka, sSKa Ja€ HaWOLIbLIMH «IIMTOMHID» BUrpall B MPHUPOCTI
NOKa3HMKA CTPYKTYPHOT )KHUBYUYOCTI CUCTEMH B IIJIOMY TPH
JI0JIaBaHHI OJTHOTO PE3ePBHOTO ejaeMeHTa a0 Hel. Edexrus-
HICTh pe3epBYBaHHS IUITHKA OLIHIOETHCSA HAa OCHOBI (op-
Mymu (6), 0 BUKOPHCTOBYETHCS 10 PO3PAXYHKY JUIS KOXK-
HO1 | -0f JNiNAHKM TpM 36inblIeHHI KpaTHOCTI il pesepmy-
BaHHS Ha OJUHHUIIO [4]:

pi (Mi +1) — pim; (6)
Ci - pi (M;)
ne p; (M; +1), p; (M;) — 3HauenHs nokasHuKa iMOBip-

y(m; +1) =

HOCTi HeypakeHHs | -01 MiTAHKM MpH KPaTHOCTi pe3epBy-
BaHHS (mi —|—1) ta M, BiAnOBiAHO.

BpaxoByroun BIUTHB MPOLIECY pe3epBYBaHHS Ha 3MiHY
3Ha9eHb Ppyvox 1 Panviok » AKUH 3IHCHIOETBCS Bigmo-
BiHO po3paxyHkam 3a BupaszoM (6) (ypmox (M +1) —
PO3PaxoBYETBCS TSI MHOXKHH LUTAXIB, ¥imcox (M +1) —

PO3paxoOBYEThCS JUISi MHOKHHH PO3Pi3iB), BHU3HAYAETHCS
MOXITUBICTh pe3epBYBaHHs KOXHOI AUISIHKUA. B pe3ynpraTi
Ui KOKHOT | -0i JimsHKH (OPMYETBCS CepeIHbO3BAXKEHE

3HAYEHHA Ycpsp (7), MAKCHMMAalNbHE 3HAYEHHS SIKOTO CEPEN

yCiX OTPUMAaHHX CEPEAHBbO3BAKCHUX BEIMUYUH IS BCIX
JQUISHOK BH3HAYAE HOMEP MUISIHKH JUIs 30UIbIICHHS Ha
OJIMHHMIIIO HOTO pe3epBy Ha IbOMY €Tari:

_ WBMCOK YBMOK + WHMOK Y HMOK @)
Yepss = > ,

1€ YBMCOK 1 YHMCK — 3HAU€HHS IOKAa3HUKIB, OTpHMa-
HUX 3a Gopmynoro (6) Ipu po3paxyHKax HIDKHBOI 1 BepX-
HBOI MEXI1 CTPYKTYPHOTI )KHMBYUOCTI.

Ha koxHOMY HacTyHmHOMY eTari HpOLEecy pe3epBy-
BaHHS BUKOHYIOTBCS TaKi X cami Jii: 3HAXOAUTHCS IIITHKA
(BriIrOUArOUM 1 Ty, O SIKOi Ha TONEpPEIHROMY eTami OyB
MIPUETHAHUHA PE3EPBHUM €JIEMEHT), 10JlaBaHHs 0 SKOi OJI-
HOT'O PE3epBHOTO EIEMEHTY Ja€ 3HOBY HalOLIbIIE BiIHOCHE
301IBIIICHHS TTOKa3HUKA CTPYKTYPHOI )KUBYYOCTI CHCTEMH B
oiomy.

CucrtemMa ONTHMAJIBLHOTO pe3epBYBaHHS OyIyeThCs
JIOTH, TIOKH He Oy/1e TOCATHYTO BUKOHAHHS YMOBH (4).

HaBenemo mpuxiag 3acTocyBaHHS MeToay 3abesre-
YeHHS CTPYKTypHOi xuBy4ocTi msa IH 3 memenTtpamizopa-
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HOIO apXiTeKTyporo, HaBeneHow Ha puc. 1. [IpemxcraBumo
nany IH y surisni rpady (pucyHok 2).

Pucynox 2 — I'pagh mepeorci

Bepmman rpady Ha puc. 2 MalOTh HACTYIHI MTO3HA-
geHHA: «1», «8», «9» — xopucTyBadi, «2», «4», «6» — Ipo-
rpamHi komytaropu Softswitch, «3», «5», «7» -

Ta6auns 1 — Buxigai gani s po3paxyHKy

cepBepu cepBiciB. KokHMIT KOPUCTYBad MiAKIIOYSHUN 0
CBOTO perioHajJbHOr0 pOrPamMHOTO KOMyTaTopa
Softswitch.

Buznauumo MHOXHUHY LUIAXIB ml’(3'577), mgy(35’7),
Mg (357) Tpoxomkenns 3assku Ha IC Bix xopucrysauis

«1», «8», «9» mo pobounx cepBepiB cepBiciB «3», «5» abo
«7» 1 IpeacTaBUMO X y TU3'TOHKTUBHIN HOpMaNbHiH Gopmi
(8), mns 3HAXOIKEHHS 3HAYCHb ITOKAa3HUKA CTPYKTYPHOI

KuBy4ocTi Ppyjox !
My, (3,5,7) = ab +acd + aij + achj + aihd,
Mg (3,5,7) = kd + kcb + khj + khib + kcij, (8)
Mg (35,7) = Ij +1hd +lib+ Ihcb + Icid.

Hasenemo mpukiaz po3paxyHKy HOKa3HHKA CTPYKTY-
PHOI )KUBYYOCTi BITHOCHO KOpHCTyBada «1».

BuxinHi naHi s po3paxyHKy HaBe[eHi y Tadmumi 1:

— BapTICTh PE3EPBHOTO O0OJagHAHHSI (B YMOBHHUX
OJIUHUIIAX);
- HMOBIPHICT, HEypa)KeHHS! NUISTHOK Mepexi NpH
HECHPUSATIMBOMY BIUIHBI.

Jinsuka a b c d h i j k I
Baprtictsb (y.0.) 2 1 2 1 2 2 1 2 2
VIMOBIpHICTh HeypaKeHH 0,98 0,90 |0,95|0,90|0,95|0,95|0,90 | 0,98 | 0,98

HeoOxigHo 3a0e3neunTH piBeHb CTPYKTYPHOI JKUBY-

yocti [H PHEOBX = 0,999 .
[IpuitmMemo Barosi KkoedimieHTH: Wgnoox =04 1

Wamok = 0,6.

P

BuxizgHe 3Ha4YeHHS BEPXHbOI MEXI CTPYKTYPHOI XKH-
BydocTi Pgpeox U1 MHOXKUHU IUIAXIB (9) po3paxyemo 3a
(bopmyoro (2), BAKOPUCTOBYIOUYH faHi Tabui 1:

My (35,7) = ab+acd +aij +achj +aihd, (9)

Mok =1~ (0= PaPp)d— PaPcPd)A—PaPiPj)A— PaPcPhPj)d— PaPiPhPg) =

=1 (1—0,98-0,90)(1—0,98-0,95-0,90)(1— 0,98 0,95 - 0,90) x
x (1—0,98-0,95-0,95-0,90)(1— 0,98-0,95-0,95 - 0,90) = 0,99987.

Jlnsi BU3HAUEHHS HIKHBOI MEXI CTPYKTYPHOI JKHBY-
wocti PyMeok 3HalineMo posminsiody MHOXHHY po3pisis
(10) st OTpUMAaHKX AOMYCTUMHX HUISAXiB (9):

J) (35,7) =@+ bci +bchj +bdhi +bdj.  (10)

BimnosigHo o ¢opmymm (3) Ta maHuxX Tabdbn. 1 orpu-
MaeMo:

Prvior = €= Q= pa))@— @~ pp)d~ pe)d— pi)) (A~ @~ pp)L~ pe)A— pp)d- pj)) x
@~ @~ pp)A~- pg)A - pp)A~ Pi))A—~ @~ pp)d~ pg)L~ pj)) =
= (1-(1—0,98))(1— (1— 0,90)(1— 0,95)(1— 0,95))(1— (1 — 0,90)(1 — 0,95)(1— 0,95)(1— 0,90)) x

x (1— (1—0,90)(1— 0,90)(1— 0,95)(1 — 0,95)) x

BmsHaunMMO MOKa3HUK CTPYKTYpHOi JKHBYYOCTI IO
dopmyni (1): Py =0,98719. Hokasunk Ppy ne 3a6e3-
“,

TOMY

TOOTO
HEOOXI1IHO

neaye BHKOHAHHS YMOBU
Py =0,98719 < Pggopx = 0,999,
MEPEHTH JI0 MPOIETYPH CTPYKTYPHOTO Pe3epPBYBaHHS Iilisi-
HOK Mepesxi — BupimeHust 3aBaanust (5) npu oomexenHi (4).

Jlnst 11boro HEOOXiAHO BH3HAYMTH 3HAYCHHS IMOKa3HHU-
KiB ypyvorx (M +D 1 yavox (M +1) npu nigxmoyeH-
Hi pe3epBHOrO OOJaJHAHHS JIO KOXXHOI 3 JTUISTHOK MEpexi,

(1— (1—0,90)(1—0,90)(1— 0,90)) = 0,97874.

po3paxyBatu )cpsp 1 3MHCHUTH BUOIp Tiel MiMAHKH, MK~
JFOYEHHS Pe3epBHOrO 00JIaJHaHHS 10 K01 3abe3neuye Ma-
KCUMAJIbHE 3HAY€HHs ) cp3p -

Y T1abm. 2 B croBmusXx 2 — 4 BKaszaHI 3HAYCHHA
Pevox » Cemox (BapTicTe pesepBHOTO OONamHAHHS) i

HOKa3HUK ypyvcook (M +1), oTpuMaHI IpH PO3paxyHKY
Pemcok - Cromui 5 — 7 micTaTh aHanoriudy ingopmariiio

A1 po3paxyHKy Ppyamcoox - BCi Ll 3Ha4YeHHs po3paxoBy-
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I0TBCS JIUISL KOSKHOT 3 TiISHOK (@, ..., j). Y cTOBIEIp 8 3amu-  MPOIEC pe3epByBAHHS HEOOXIAHO MIPOIOBKHUTH.

Pe3ynbpTaTn BUKOHAHHS KPOKY 2 MpeacTaBlieHi B Tao-
nvmi 2. Ha manomy etarni mie pa3 ciniJl BUKOHATH PE3epBY-
BaHHS JAUISHKU «a», 0 3a0e3nedye 3Ha4YCHHS MOKa3HHKA
cTpykTypHoi sxuBydocTi IH Py = 0,99920.

B pesynmerari BUKOHaHHS KpoKy | pesepBHe 006man- Ipu
HaHHA CIIiJ BBECTH Ha AUIMHII «a». OTpuMaHe Ha LIBOMY

Kpoui 3HaueHHs P =0,99761< Pypopx =0,999. Orxe,

CYETBCS 3HAYEHHS! [IOKA3HUKA /' cpsp , SKUH OTPUMYEThCS HA

ocHoBi (10), a #ioro MakcHMayibHe 3HAUEHHS BU3HAYAE BU-
Oip IUISTHKY AJIS1 pe3epBYBaHHSI.

oMy yMoBa (4) BHKOHYETBCS, TOOTO
Prp = 0,99920 > Pypopx = 0,999, mponec (popMyBaHH:
ONITHMAJILHOI CTPYKTYpPH PE3E€PBY 3aBEPIICHO.

Tabnuys 2 — Pe3ynbraT po3paxyHKiB pe3epBYBaHHS JUITHOK

K pjgiy Peviook Cemox |7BMox (M +1) | Pyuex | Camvox | 7aMox (M +1) Vepss
1 2 3 4 5 6 7 8
0 0,99987 0 0 0,97874 0 0 0
1
a 0,99993 10 0,000006 0,99606 2 0,008848 0,005311
b 0,99997 1 0,001000 0,97986 4 0,000286 0,000212
c 0,99992 4 0,000013 0,97880 4 0,000015 0,000014
d 0,99996 2 0,000045 0,97945 2 0,000363 0,000236
h 0,99991 4 0,000010 0,97876 4 0,000005 0,000007
i 0,99992 4 0,000013 0,97880 4 0,000015 0,000014
| 0,99996 2 0,000045 0,97945 2 0,000363 0,000236
2
a 0,99993 20 0,000003 0,99872 4 0,005104 0,001532
b 0,99999 10+2 0,000010 0,99992 4+8 0,001803 0,000543
c 0,99999 10+8 0,000007 0,99892 4+8 0,001718 0,000518
d 0,99999 10+4 0,000009 0,99967 4+4 0,002673 0,000804
h 0,99999 10+8 0,000007 0,99868 4+8 0,001698 0,000511
i 0,99999 10+8 0,000007 0,99892 4+8 0,001718 0,000518
. 0,000804
] 0,99999 10+4 0,000009 0,99967 4+4 0,002673
B pesymnbrari oTpMaHO BEKTOp ONTHMAaNbHOI CTpyk-  Jlireparypa

TYpU PE3€pBY: M (ma ) mb ) mc ) md ) mh ) mi ) mJ ) = (270101070!010)'
Sk GaumMoO, KpaTHICTH pPE3epPBYBAHHS IUITHKHA «@» —
m, =2,
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KpaTHICTh  pe3epBYBaHHSA IHIMUX IIITHOK

My,...Mj = 0. Lie 3aGe3neuye HeoOXiaHMI PiBEHD CTPYKTY-

pHOiI xuBydocri [H.

BucHoBkun

JUis OIiHKH CTPYKTYPHOI JKUBYUYOCT] 1HTENEKTyaJIbHOT
Ha0yZOBHU 3 JCUEHTPANTi30BaHUM MPHHIUIIOM YIIPaBIiHHI
3alPONIOHOBAHO BUKOPHUCTAHHS CEPEIHBO3BAXKEHOTO 3HA-
YeHHS BEPXHBOI Ta HIKHBOI MEX CTPYKTYPHOI )KHBYHYOCTI.
BuznaueHo crocid po3paxyHKY BEpXHBOI Ta HIDKHBOT MEX
CTPYKTYPHOT KHUBYYOCTI.

Hanano meros 3a0e3neyeHHs] CTPYKTYPHOI XKHBYUYOCTI
JUISL IHTEJIEeKTyaJbHOi HanOyJIOBH 3 JELEHTPAIi30BaHUM
NPUHLMIIOM YIpaBiliHHA. BuKOHaHO npukmax peasnizarii
METOAY 3a0e3NeUeHH CTPYKTYpPHOI KUBYUOCTI JUIS iHTEIIe-
KTyaJbHOI HagOyMOBH 3 ICUEHTPATi30BaHUM TPHHIUIIOM
YIpaBITiHHS IPU BUKOPHCTaHHI CHENiai30BaHNX CEPBEPIB.
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This paper presents a method of evaluating the structural survivability of intelligent superstructure with decentralized
control principle in the provision of intelligent services in Next Generation Networks. For evaluating the structural
survivability of intelligent superstructure is proposed to use of a weighted average of the upper and lower limits of the
structural survivability. Nowadays the demand for intelligent services is being increased and they can be provided by
intelligent services. Here is shown actuality of determining the structural survivability of the system of intelligent ser-
vices with decentralized control principle. The article gives an example of calculating the structural survivability of
an intelligent superstructure with a decentralized control principle. For this purpose, the graph of the intelligent su-
perstructure is given, the paths and the number of sections of the request for intelligent service from users "1", 8",
"9" to the servers of services "3", "5", "7" are represented in disjunctive normal form (for paths) and conjunctive
normal form (for sections). Determine the method of calculation the upper and lower limits of structural survivability,
and made an example the implementation of method providing structural survivability of intelligent superstructure
with decentralized control principle for using specialized servers. The upper limit of structural survivability of intelli-
gent superstructure is determined on the basis of the multiple paths used for servicing the requests for intelligent su-
perstructure. The lower limit of structural survivability of intelligent superstructure is determined on the basis of the
multiple of sections divide the multiple of paths used for servicing of intelligent superstructure. These indicators are
used to find the structural survivability of all the system by the formula (1), which then are scrambled with the re-
quired index of the structural survivability of the intelligent superstructure with the decentralized control principles of
services. As a result, the optimal reserve structure vector was obtained. This provides the necessary level of structural
survivability of the intelligent superstructure.

Keywords: structural survivability, intelligent superstructure, the upper limit of survivability, the lower limit of sur-
vivability, decentralized control principle.
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NMpob6nemaTtnka Ucnonb30BaHUSA UHTEPHETA Belwen Ha npumepe
CMapT-XONoAUNIbHMKOB

E. B. Cmupnosa'™, A. 0. Cuupnoé’, O. B. Onvwesckan’, B. b. Braoumuposa®
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Oonoul u3z enaeuvix npobiemamux 6 pazeumuu Kowyenyuu unmeprema eewetl (loT, Industrial Internet of Things) e
OONbUUHCINGE NPUTLOJICEHUTL ABTAEMCSL 0becneueHue UHGHOPMAYUOHHOU Ge30nacHocmu. Dmu npoodiemMvl CHAHOBIMCSL
6ce Oonee akxmyanvbHoiMu u3z-3a pocma cnpoca Ha loT u ux omuocumenvHoti docmynHocmu. Bempoums cucmemy
6e30nacHocmu 6 Kaxcooe yCmpoucmeo npakmuyecku HegoamodcHo. A max kax loT mocym npunumams ungopmayuio
om HOLULO20 KOIUYECMEA YCMPOUCME, COOUPAIom OaHHble PA3IUYHBIX QOPMAMOE OM UCMOYHUKOS C HeOOHOPOOHbLMU
XApakmepucmukamu, 0npoC UHGOPMAYUOHHOU OE30NACHOCIU 3aMPAUBAEm HE MOTbKO KOHKPEMHOoe YCMPOUCmeo, a
6CI0 cemb coobwaiowuxcs yempoticms. B cmamve paccmampueaemes npobnemamuxa ucnonvzosanus loT na npumepe
CMAPM-XONOOULLHUKOS. AKYeHmupyemcs, numanue Ha 60RPOCAX UHGOPMAYUOHHOU OE30NACHOCMU, HE DEUCHHbIX K
HACMOosAWeMy MOMEHMY, d makdce menoenyuu pazsumust 6 ooracmu loT.

Knrouesvie cnosa: UHmepHem 6@1/{4611; UHMENIeKMYallbHA MEeXHUKA, yMHbll; OOM, MHd)OpMaL;MOHHa}l 6630naCHOCI’I’lb;
yAazeumocmu npocpammnozco obecneyenusl.

NMpoGnemaTka BUKOPUCTAHHSA IHTEPHETY peyen Ha npuknagi
CMapT-XonoaurbHUKIB
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3a ocmanne oecamunimms 3pOCMAKHA PO3GUMKY DI3HUX MEXHOL02il NOPOOUNO 3AHENOKOEHHS, Wo00 be3neKu ma KOoH-
@ioenyivinocmi ix euxopucmanns. Ha 6iominy 6i0 ingppacmpyxkmypu 3euunoi mepeoici Inmepnem, Inmepnem peueti 6a-
3YEMbCS HA BeNUYE3HIU KIIbKOCMI 0amyuKie, 60y008anux 6 HatpizHomanimuiwi npucmpoi (na 2017 pik Kirtbkicmv npu-
cmpoig cmanosums mpoxu oinvute 20 minvapois [1]). bacamo 3 yux npucmpois docums npumimueHi i ix ¢ynxyii o06-
MedHCYIOmbCs 8IONPasKoio Ha cepsep 0yOb-Koi iHpopmayii, HanpuxIao, eumipro8ants memnepamypu. Ane éci yi npu-
cmpoi, 6 yinomy, gopmyrome eenuuesHi nomoku iHgopmayii i Ha makiu iH@pacmpykmypi 0yoyemocs "mepeoca me-
peoic”, wo ckradaemovcs 3 NIOKIUEHUX NPUCMPOI8, OIIbWICMb 3 AKUX MONCYMb CAMOCMIUHO NPUUMAMU NEBHI PIUeHHS.
Béyoysamu cucmemy 6esnexu abcontomuo 8 yci npucmpoi npaxmuuno Hemoxcauso. Punox loT-npucmpois esice neoo-
HOPA3080 CMUKABCS 3 HUSKOI CEPUO3HUX nopyuienb iHgopmayitnoi doesnexu. Tax, eéocenu 2016 poky byno sapeecmp o-
sano neputy DDoS-amaxy 3 60ky 6omnemy Mirai, wo nosuicmio ckradaemuvcs 3 "pozymuux” peueil - nonao nieminwbiio-
Ha Kamep, mepmocmamis, gideopeccmpamopie ma besniu inwux npucmpois. Y momomy 2017 poky 6yno nposedeno
amaxy Ha 0OuH 3 HAGYANLHUX 3aK1adis. ¥ yiu amayi opanu yyacms oauzvko 10 mucsau "posymuux” npucmpois, exmo-
uarouu kamepu, poymepu, mepmocmamu. Tobmo npomsazom maiixce 5 micayie supoonuxu loT-npucmpois ne sunpagunu
8pa3IUBOCMI, AKI CNPUUUHULU MONCIUBICb NOBMOPHO20 cmopents bomuemy. Cmanom na keimens 2017 poxy Mirai
6KaI04A8 6 cebe 3() modicausux emynayin opaysepis, Ha 8iOMIHY 6I0 5 00 nepsicHoi eepcii. A ye o3navae, wo 60m modxce
00x00umu OiLWICMb 3aX00I8 3AXUCHLY, WO BAUCUBAIOMbCS haxisyamu 3 iHgopmayitinoi 6esnexu. Cmeopenns QyHKYio-
HanbHUX iHmepgelicis i 3acobié ynpasninta pobums npucmpoi Habazamo 3pyYHIUMY OIS NOMEHYIUHO20 CRONCUBAYd,
00HaK, ye pobums npucmpoi 6invui ypaziueumu. 1 aKkujo Modciusocmi Kkepysamu APUCMpPOEM Y KOPUCHYB8AYA HEMAE,
HAAGHICMb HECHPABHOCMI CMAHe NOMIMHOW Juule 3a (Qakmom, Koau iCHyoua npobiema abo HACTIOKU 31amy Npu-
CmMpoI He BUAGIAMbC CaMi, 3anodisswiu, 8 psoi 6UNaoKie, wumanoi wkoou. 3euuaiino, yyacme 6 DDoS amaxax
CMapm-npucmpois He moodice 3anodiamu 8uOUMo2o 30umxy eiachuky. Oonax, nouunarouu 3 2011 poxky HeoOHOpaz06o
0eMOHCMPYBANUCS PEAbHl HACAIOKU 31AMY NOOIOHUX NPUCTIPOi8: OUCTMAHYIHUL 31AM THCYAIHOB0I nOMNU, OUCMANYTl-
HUL 371aM KapOioCMuMyIsamopa, aKuil no KOManoi 6udaeas cmepmenvhuil pospso ¢ 8308, nosue 3axonienus ynpasiin-
HAM cmapm-asmomooinie i m.0. CmMapm-xon00unbHuKY, K CK1adoea kKowyenyii "poszymmnozo 6younxy", macoeo we He
VEIUULIU 8 HCUMIMA 36UHALIHO20 CNONCUBAYA Yepe3 OOCUMb BUCOKY, V NOPIBHAHHI 3i 36UYAUHUMU XOIOOUTbHUKAMY, UYi-
noto. OO0Hak, 3a npocHo3amu ananimuxie ¢ Havoaudicui 7-10 pokie yi npucmpoi 6yoymo mamu xomepyiunui ycnix. Ha
OaHUL MOMEHM OCHOBHI MPEeHOU 8 CMAPM-XOIOOUNbHUKAX — Ye. YNpaseinHa yepe3 InmepHem, pO3YMIHHA 20J10COBUX
KOMAHO, MOJMCIUGICHb 3AMOGLEHHS A PO3NIZHABAHHS NPOOYKMIE, HASABHICMb 60Y008aHOT Kamepu. Y cmammi po3zensi-
0armvcs NUManHs iHpopmayitiHoi be3neku peuell, 30Kpema NUMAHHL Oe3neKu cMapm-xoa00UlbHUKIe. Buxooauu 3
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BBeaeHune

WurepHer Bemiel coBMemiaeT B ce0e Kak MHOXKECTBO
BO3MOKHOCTEH, TaK U MHOXKECTBO PUCKOB. CTpeMHTEINb-
HBII pOCT cIipoca Ha “yMHBbIe” yCTpOMCTBA M UX Pa3HOO00-
pas3ue CTAaHOBHUTCSI KICTOYHUKOM Ipo0jeM nx 0e30MacHOCTH
KakK JUIs KOHEYHOTO IOJIb30BaTeNsd, TaK M AT KOMIIaHW-
paspaborunkoB. IIproOperas nHTEpECyIOIee yCTPOUCTBO,
3JI0yMBIIIJICHHUKA H3y9aloT KaKk OHO 3alIWIIEHO H, COOT-
BETCTBCHHO, HAaXOAAT criocolb ero B3noma. Cucrema 3armu-
TBI TAKMX YCTPONCTB HE MOXKET OBITH OOHOBIICHA JOCTATOY-
HO OIIEPaTHUBHO, a 3HAYUT JOMa, MAIUHBI, OM3HEC CTaHO-
BATCS YA3BUMBIMHU K yIp03aM TEXHOJOTHYECKUX HOBUHOK.

Camoii rmaBHOU yrpo3oit OeszomacHoctd, u it [oT B
YaCTHOCTH, SIBJISAETCS 4eJoBeueckuidl ¢akrop. JlocraTtouno
Oosbie 00BeMBbI WHGpOPMAIIMHU, IEepPeChUIacMbIe dYepe3
ceTb VIHTepHeT, NPUTATUBAIOT BHUMAHHUE 3I0YMBIIUICHHH-
KoB. U ecnu B370M OTHETBHON MENKOI OBITOBOW TEXHUKH
He HeceT B ceOe Jalle BCero 3HauuTeNbHOro ymepba, To
HECaHKIIMOHUPOBAHHBIN JIOCTYN K CHCTEME YIpPaBICHUS
“YyMHBIM” JOMOM WM OPEANPUATHEM MOXXET HECTH YXKe
JIOCTaTOYHO CepPhE3HbIE TOCIIEICTBHSI.

CornacHo wuccnefoBaHul0 pecypca Raconteur [2], k
2020 roxy 25% Bcex NpPOM3BOAMMEBIX KHOepaTak OyIyT
MpUXoAuThCs Ha cdepy MHTepnera Bemeil. Ilpu stom
tonbko 10% Oromkera chepbl HHPOPMAILIMOHHBIX TEXHOJIO-
rui OyJeT HampaBJeHO Ha yIydlleHne kubepbe3onacHOCTH
Ou3HEC-CTPYKTYp | npeanpusatuii. Cieayer OTMETUTh, YTO
[0 CTATUCTHKE JIIOAM Topa3fo Oojbie OEcroKosTcs O 3a-
IIATE JINYHBIX JQHHBIX B CPaBHEHHWHU C JIAaHHBIMH, CBS3aH-
HBIMH C UX PO eCcCHOHANBHOH NeITebHOCTHIO.

PaccmatpuBass mH(popManmoHHy0 Oe3omacHocTh MH-
TE€pHETa BelleH, MOXKHO BBIJEIUTh HECKOIBKO OCHOBHBIX
npoOJieMm.

E>keZTHEBHO B CeTh BBIXOJAT HOPSIKAa 7 MIJIJIHOHOB HO-
BbIX [oT ycTpoi#icTB, 9yTO BiedeT 3a coboil MOsABIEHHE HO-
BBIX YS3BUMOCTEH. YSI3BHUMOCTh YCTPOWMCTB OOYCJIOBIIEHA
psAnoM GaKTopoB:

— CraHgapTHBIEe YYeTHBIE 3aIUCH OT IIPOM3BOIUTENS,
cinabast ayTeHTH(PHUKAIINS;

— OtrcyTcTBHE MOAJEPKKU CO CTOPOHBI MPOU3BOAUTE-
JIeH Ui yCTpaHeHHs ysI3BUMOCTEH;

— TpynHO MM HEBO3MOXKHO OOHOBHTH INPOTPAMMHOE
oOecrieueHne UiH OIIepaliMOHHYI0 CHCTEMY;

— Hcnonp3oBaHWE TEKCTOBBIX NPOTOKONOB U HEHYX-
HBIX OTKPBITBIX [TOPTOB;

— Hcnonp3oBanne HE3aMMIIEHHBIX MOOWIBHBIX TEXHO-
JIOTHI;

— Hcnonp3oBaHne He3amMUIICHHONW 00JadyHOW WHpa-
CTPYKTYPBI;

— Hcnone3oBanue
obecrieueHwsl.

He0Ee30MacHOr0  MPOrpaMMHOIO

IlocTosiHHO pacTyliee KOJINYECTBO JIETKO B3JlaMbIBae-
MBIX YCTPOWCTB MacCOBOTO MOTPEOJIEHUs MOBBIIIAET BEPO-
ATHOCTb, YaCTOTY U TSDKECTb aTak, BKJIIOYasi aTakd Ha KOp-
MOpaTHBHBIC JaHHBIE, NPEANpHATHs, obopynoBaHue. Mc-
MOJIB3Ys cl1abOCTh OJJHOTO YCTPOMCTBA, 3JI0YMBIIUICHHUKY
JIETKO TIOTIAcTh BO BCIO LieMb (UCIOJIb30BaHUE CIab0ro 3Be-
Ha cetn). [Ipumepom MoxeT OBITH aTraka Ha TEPMOCTAT
NEST, nposenennast B 2015 rogy mHXxeHepaMu KOMITaHUU
TrapX Security. OHH m[pou3BeNH MOJKIIOYECHHE K
miniUSB-opty Tepmoctata u mpoBenu  MITM-araky
(man-in-the-middle), u npu moMoIIU CHEHHATEHOTO TPH-
JIO’KeHUE MPOBENN MOAMEHY ajipeca ceTeBoro mumo3a. O0-
perss KOHTposb Haja loT-ceTbro mpeanpusTus wid AoMa,
3JI0YMBIIIJICHHUKA MOTYT HE TOJIBKO YKPacTh JUYHBIC JaH-
HBIE, HO ¥ TIOCTaBUTh MOJ yrpo3y >KU3Hb U 3I0POBBE BlIa-
JIEIIbIIEB.

IToMHrMO 3TOr0 MOYKHO BBIJETUTH UCIOJIB30BAaHUE NPHU-
BBIYHBIX TapOJICii Ha BCEX YCTPONCTBAX, BKIIOYAs U KOPIIO-
paTUBHEIE.

AHanuTu4yeckun pasgen

[l BcTpanBaeMbIX yCTPOHCTB €IMHCTBEHHOE PEIlICHHE,
KOTOpPOE TIO3BOJIUT HCKJIIOYHTH BO3MOXKHOCTH JKCILITyaTa-
MM YS3BUMOCTEH, - 3TO HCIIOJIb30BaHHE OE30IIacHBIX OIle-
PaIMOHHBIX CHCTEM.

Ecmu paccmarpuBaTh CMapT-XOJOJWIBHUKH, TO Ha
PBIHKE IPEACTABICHBl B OCHOBHOM MOJIENHU ABYX KOMIaHHUN
- LG wu Samsung. Kommanms LG i cmapr-
XOJIOAWIBHUKOB IOCIEIHUX MOJeNied HCIONIB3yeT olepa-
IIMOHHYI0 cucTeMy webOS. DTo BcTpamBaeMasi OTKpBITast
OlepalMoOHHas cHcTeMa, OcHOBaHHas Ha sape Linux. Cu-
cTeMa ONTHMH3UpOBaHa Uil pabOTBl C YCTPOWCTBaMH,
OCHAIIIEHHBIMU CEHCOPHBIMHM JKpaHaMu. Bxmrouaer cran-
JlapTHOE TpOrpaMMHOE O0OecredeHue il OpraHu3anuu
pabotsl ¢ anuyHOM wmHpopManmeil. Kommanus Samsung
CBOIO JIMHEHKY CMapT-XOJIOAWIBHHUKOB BBIMYCTHIA MOJ
yIOpaBI€HHEM OMNEparioHHONH cucTteMbl Tizen, KoTopas
TaKKe SBISETCS OTKPBITOM M OCHOBaHa Ha siipe Linux.

Kak u st mo6oro npyroro IoT ycrpoiicta, “cepaiem”
CMapT-XOJOIMIBFHUKOB SBJISIETCS MPOTrpaMMHOE oOecriede-
HHE, a HE KOMIpEccop. DTH yCTPOHCTBA MOAKIIOYEHBI KO
BCEM YCTPONCTBaM CETH, MMEIT NOCTosiHHOe MHTepHeT-
HOJKIIOUEHHE.

OwuOKy SBISIFOTCS YacThIO Ipolecca pa3paboTku Mmpo-
rpamMMHoro obecrniedenust. Hu onHo mporpaMmHoe obecrie-
YeHHEe HE 3aIlUIIEHO OT OIIMOOK U MHOTHE U3 3THX OLIHOOK
MOTYT TPHBECTH K YS3BHUMOCTSIM, KOTOpPBIE MOTYT OBITH
UCTIONIb30BaHbI KHOEPIIPECTYTHUKAMH.

C BHempeHueM OOJIBIIOTO  KOJWYECTBA  ““YMHBIX
YCTPOMCTB B XH3Hb YEJIOBEKA, YaCTO HET HEOOXOJMMOCTH
B31aMbIBaTh HOYTOYK WJIM IEPCOHAIbHBIH KOMIIBIOTED,
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YTOOBI MOTYYUTH JOCTYH K, HAIIPUMEp, CHEKHOMY CUETYy
kepTBbl. [Ipu B37O0Me omHOTO W3 HeOe3zomacHbIX loT
YCTPOWCTB, 3JI0YMBIIUIEHHUKH MOTYT ITOCTaBHUTh MO, yTPO-
3y BCIO ceThb. 1 cMapT-X0JI0AUIBHUKY U3-32 CBOEH HOBU3HBI
Ha JTaHHBIII MOMEHT BBICTYNAIOT OJHHMHU U3 CaMbIX YSI3BHU-
MBIX B KOHIICTIIINH “‘yMHOTO”’ JOMa.

OOpatuBmIMCh K  CTpaHWLE TapaHTHM  CMapT-
XOJOAWIBHUKOB KoMmaHui Samsung u LG, HEBO3MOXKHO
HalTH HU CJIOBAa O NMPOrpaMMHOM oOecrieueHud. To ecTb
NOTEHIMAIbHBIM IO0JIb30BaTeNb MNPH IOKYNKE JaHHOTO
YCTpOICTBa HE MOJy4aeT CBEACHUI KacaTeIbHO TOro, Kak
JIOJITO IPOJYKT OyZeT Mojiy4aTh OOHOBJICHHS! IPOTPAMMHO-
ro obecriedeHus. 3ampoCchl HA MPEIOCTaBICHUS TaKOW HMH-
¢dopmar B ouIMANBHBIX TPYNNAX COLMANBHBIX CETeH
KOMITaHMH TakK JX€ HE Jajld OTBETOB O IOAJCP)KKE IPO-

T'paMMHOT'O obecrneueHus U1 BBIIYCKACMBIX  CMApT-
XOJOOUJIIBHHUKOB.
HOCKOHLKY KOMIIaHUH, BBIITYCKAromue cMapT-

XOJIOMUIBHUKH, HE HMMEIOT MPO3PayHOW MOJUTHUKU TOJ-
JICPKKU MPOTPAMMHOTO OOCCIICUCHHUS, HET HUKAKOTO IMOJ-
TBEPKIICHUSI W TapaHTUHU TOJy4YeHHs] CBOEBPEMEHHBIX 00-
HOBJICHHY JIJISl KCTIPABJICHUs Opeltieii B 0€30MacHOCTH.

B 2016 roay xubeprpecTyIHUKH COOpaId UHTCIUICKTY-
aNbHBIC YCTPOWCTBA B OTPOMHBIN OOTHET IS 3aITycKa Mac-
coBelx DDoS-arak. OgHako, cMapT-XOJIOAUIBHUKA MOTYT
CIIY’XUTh IS OoJiee cephe3HBIX MpaBOHApyIIeHuH. U peus
HE TOJBKO O TOM, YTOOBI HCHOJB30BATH YCTPOHCTBA IS
3aIlycKa aTak Ha APYTUX JIOACH/KOMITaHUH, HO U O JIMYHOU
0e30MaCHOCTH BJIaJIeIbIa YCTPOUCTRA.

PaccMoTpyM ~ OCHOBHBIE ~ BO3MOXXHOCTH  CMapT-
xononuibHUK Samsung Family Hub u Bo3MoskHbIE yrpo3bl
WHPOPMAIIMOHHONW ~ O€30MacHOCTH  JUIi  aHAJIOTUYHBIX
YCTPOMCTB.

I'maBHBIM aHOHCHpPOBAHHBIM JOCTOWHCTBOM JAHHOM
Mojenu siBiseTcst 21.5-A10MMOBBIH CEHCOPHBIN 3KpaH U
HalM4re Tpex Kamep. Kamephl ycTaHOBICHBI BHYTpPHU IS
TOTO, YTOOBI KaXKIBIH pa3, KOrJa 3aKphIBacTCsS IBEPh Jc-
JaTh CHUMKH TPOIYKTOB B XOJOMMIbHHKE. [lomydeHHBIC
JAHHBIC TEepeJaroTcss Ha CMapT(OH W MO3BOJSIOT Y3HATH,
YTO U3 MPOAYKTOB HYXKHO KYIHTh, & YeTO JTOCTATOYHO. JTO
MOKHO YBHJETh W Ha SKpaHE CaMOro XOJomwibHuKa. [lo-
mumo storo, B CIHIA u HekoTopwix cTpaHax EBpomsl
Family Hub wuaTerpupyercs ¢ JIOKaJbHBIMH MarasmHaMu
MPOJYKTOB U MOXHO 3aKa3bIBaTh JOCTABKY MPOJIYKTOB Kak
C TIaHeNlM Ha JBepIle XOJOJIWIbHHUKA, TaK U cO cMapTdoHa.
Omiara mpu 3TOC MPOU3BOAUTCS C MPUBS3AHHON K MPHUIIO-
SKEHUIO JUIsl YIAJIEHHOTO YIPaBIEHHs XOIOAMIBHUKOM Kap-
THI.

Kakme yrpo3sl MOXET HECTH IaHHBIA (DYHKIMOHAIL.
VYuuteiBasg TOT (PakT, 4TO AL CMAPT-YCTPOWCTB HET YCTa-
HOBJICHHOH MOJUTHKH 0€30MaCHOCTH, BOIIPOCH KOH(HICH-
UMANTbHOCTH JIMYHBIX JaHHBIX OCTaloTcs 1moj BompocoM. K
TOMY K€ WCIIOJB30BaHUE OTKPBITHIX Wi-fi Touek mocTyrma,
OTCYTCTBHE TPOBEPKH MOAIMHHOCTH SSL-cepTuduraTtoB
(maHHas ys3BUMOCTH OblIa MpejcTaBiieHa Ha KOH(pepeHITUH
Defcon wu xkacamack JWHEHKH CMapT-XOJIOJAHILHUKOB
Samsung) nemaroT KOHGUACHIIMATBHBIC JaHHBIE Ooiee J0-
CTYITHBIMH.

JIecKTOIHbBIC CHCTEMBI, HOYTOYKH, pabodYue CTaHIUH U
MOOWIIbHBIC TeIe()OHBI OTHOCUTEIBHO TaBHO HAXOISTCS B
30HE PUCKA U HHTEpecax 3JI0YMBIINIJICHHUKOB, KOTOPHIE
BHEJIPSIOT BPEJOHOCHOE MPOrpaMMHOE 00CCIICYCHHUE C IIe-
JIBE0 KOHTPOJISL U MOJIYYCHHsSI TOCTYNMa K OAHKOBCKHM CYe-
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TaM, JIEKTPOHHBIM KOIIENbKAM M JPYTUM LEHHBIM PeECyp-
cam. TakuM 00pa3oM, Kak OTBET HA 3TO, aHTHBHPYCHBIC
CHCTEMBI BBIpaOOTaM P ONPEICICHHBIX MEp 3aIlUThI,
KOTOpBIE, IMyCTh U B HEJOCTATOYHOM Mepe, OJHAKO 3alllH-
IIAI0T TONb30BaTeNeil oT xumeHnit cpeacts. Co CTOPOHBI
3JIOYMBIIIIEHHUKOB aTaKd Ha TaKHUE CHCTEMBI C Ka)KJIbIM
JTHEM CTaHOBSATCS BCE AOPOXKE, UYEM pa3yMHEE CTAaHOBATCS
CHCTEMBI, U OoJiee TOHKO y4arcsi OTpakaTb MX aTaku. B
cBOI0 ouepenb, 1oT TexHuka, B KOTOpPOH IpPeLyCMOTPEH
(yHKIIOHAT TOKYNKH (2BTOMAaTHYECKOH IOKYIIKH) WM
JFOOBIX IPYTUX aBTOMATH3WPOBAHHBIX OIEpaluil, sIBISETCS
“royObIM OKeaHOM” WM He TpeOyeT Takux 3aTpar (KJacCH-
yecknil moaxoxn). Cpeau TakWxX BEHIEH CIEeIyeT BBIACIHUTH
“yMHBIE” XOJIOIWIBHAKH, KOTOPBIE YK€ CETOMHS H03aKa3bl-
BalOT HEJOCTAIOUINE MPOAYKTHI U3 MarasuHOB, C KOTOPBIMU
€CThb IapTHEpCKas IporpaMmMa. BekTop s Kpaxku CpelcTB
MOXeT OBITh peaM30BaH 4Yepe3 MPOCTYI0 MOAMEHY ajpeca
HOJIy4aTens MpH JCHEKHOM IIEPEBOJIE.

OTnenbHBIM acleKTOM cielyeT OTMETHTh M TO, 4TO C
TaKOW TEXHHKOH 00X0J Bepu(pUKanuy OAHKOB IIATENbIIH-
Ka 1o (ororpauu Takxke JErko OCyLIECTBUM B CHIIY TOTO,
YTO CMapT-XOJOJWJIBHUKU OCHAIIAIOTCA, B TOM YHCIE, U
BHEIIIHUMH KaMepaMHu.

Taxxke ciaeqyeT OTMETHTh, YTO CMAapT-XOJIOJWIbHUKH
OCHAIAIOTCSI HE TOJBKO KaMepaMH, HO M MHUKpodoHaMH
JUIL TOJIOCOBBIX KOMAaHJ, Pa3HOOOpPa3HBIMM JaTIMKAMHU
OCBEIICHHOCTH, MPHOIIKEHNS, YTO TO3BOJIMT Ha 0ase Ta-
KOTO YCTpOMCTBa CO3[aBaTh NMPEKPACHBIA MHCTPYMEHT IJIS
Pa3NUYHOrO poja IMHOHAXKA.

Eme ogHUM MyHKTOM CJEIyeT OTMETHTh, YTO OOraThIif
(hyHKIIMOHAT, 3aJI0KEHHBIN B XOJIOAWILHUKE U JTOCTYITHBINA
MOJIB30BaTENM0 (M, HECOMHEHHO, MOXXET OBITh OCTYIIEH
3JI0YMBIIIJICHHHUKY), KOTOPBI HaXOJIUTCS HEIOCPEICTBEH-
HO Ha ONEPAIOHHOHN CHCTEME XOIOAMIbHHAKA, MOXKET BIIH-
ATh (MEHATH) Ha CPOKH TOAHOCTH IPOTYKTOB, COYETasi 3TO C
HOBBILIEHUSIMH TEMIEPATYp B TO BpPEMs CYyTOK, B KOTOpPOE
YeJIOBEK XOJIOJMILHUKOM He moib3yercs. Takum obpasom
JIOBOZSL ONPEAEICHHbIE MPOAYKTHI 10 COCTOSHUS TOKCHY-
HOCTH, 4TO, B OINpPEJENICHHBIX CIIydasX, MOXET 3aKaHYM-
BaThCsl JE€TANbHBIM UCXOAOM B CHIIy TOTO, YTO ONpEAEIcH-
HBII1 BUJ] IPOAYKTOB MOKET HE MEHSTh (MM MEHATh HE3Ha-
YUTEIbHO) CBOM BKYCOBBIE KayecTBa, HO OBITH IPHU ITOM
y)Xe KpailHe TOKCHYHBIM. JTOT (hakTop HE TaK KPUTHYCH
U1t ctpad EBporibl, HO sIBiISeTCS CEpbE3HOM Yrpo30d st
MOJIB30BaTeNNel U3 A3NHU, KOTOPHIE B OOJIBIIOM KOIHYECTBE
YHOTPEOIISIOT MOPEIPOTYKTHI HEKOTOPBIE U3 KOTOPBIX Tpe-
OyIoT 0cO0O0Tr0 TEMIIEpaTYpHOTO PEXMMa HE TOJBKO JUIs
XpaHEHHUs, HO U JUI IPUTOTOBIIECHUSI.

Ob6ecne4yeHne 6e3onacHOCTU B KNGepnpocTpaH-
ctBe loT

[MoTeHIMaTBHEIME BOIPOCAMHU TIPU OIPEICIICHUH II0-
TEHIMAJIbHO BO3MOXKHO Bpena oT 1oT ycTpoiicTB sBisroTCS
CIIeTYIONIHE:

—EcTh 1M BO3MOXXHOCTH yIAJICHHOTO MOJKIIOYCHHS K
YCTPOWCTBY M KaKHe JCHCTBHS BO3MOXHO NMPOU3BECTH MPU
HaJTMYUU T0CTyMa?

— KakoBsl QpyHKIIMOHAIEHBIE BO3MOXKHOCTH yCTPOMCTBA
M KaKO¥ Bpea OHW MOTYT HaHECTH, €CJI YCTPOHCTBO OyIeT
CKOMITPOMETHUPOBAHO?

—KakoBa “amaromus” ycrpoiictBa (paboTaeT s
YCTPOMCTBO C MOJHON ONEPallMOHHONW CHCTEMOM, UMEET JIU
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oHa (halIOBYIO CHCTEMY U HACTPOUKH KOHPUTyparuu?

Eci TOBOPUTE O KOPIIOPAaTHBHOM CEKTOpPE C OTHEIb-
HBIM INTaTOM CIEIHMAaJINCTOB MO HH(POPMAIHOHHOW Oe3-
OTAaCHOCTH, TO PEKOMEHIAIMH MO olecredeHnto Oe3omac-
HOCTH MO>KHO BBIJICJIUTH CIIEIYIOIIHNE:

— Brienenue oTIeNbHOTO CETMEHTA CETH;

— KoHTpoJ1b 1IET0CTHOCTH CHCTEMHBIX (DaiiiIoB;

— KoHTpoib u3MeHeHns1 KOHPUTYpaIu;

— YpaBienne 0OHOBIICHUSMH;

— PesepBHOE KOnUpOBaHUE;

—JKecTkue naposbHbIE MOJIUTHKH.

OpHako, A PATOBOTO TIOJIB30BATENs, UCIONB3YIOMIETO
IoT ycrpoticTBa noma, 3TH mpaBmiIa MagonpuMeHUMBL. Co-
OTBETCTBEHHO, TTOCKOJIBKY TaKOH IOJH30BaTENb CaMOCTOS-
TENbHO B OOJBIIMHCTBE CIydacB HE CMOXET OOCCIICYHTH
6e3omacHOCTh 10T ycTpOHCTB, 3TO 3a/1a4a TOJHKHA JOKHUTh-
¢ Ha TUICYH BEHAOPOB.

Ecnu paccmarpusathe loT ycTpolicTBa B Li€IOM, TO Ha
YPOBHE NPOU3BOAUTEIIL MOTYT 6I)ITI) MpOM3BEACHBI CICAY-
IOITHE IIaTry:

—JloHecTH 110 MOJB30BATENId O PUCKAX MOJKITIOYCHHS
ycTpoiicTBa K ceTd VHTEpHET U HEOOXOAUMBIX TEHCTBUSAX
CO CTOPOHBI MMOJIB30BATENs I 00eCIIeYeHUsI MUHIUMAJIbHO-
T'O YpOBHs 0€301acHOCTH;

—ObecnieunTh 0€30MACHYI0 KOH(PUTYPALUIO UCIIONB3Y-
€MBIX CEPBHCOB H OTKIIOUCHNE HEUCTIONb3YEMBIX;

—[MpunynutenpHas CMEHa Mapoyiell M0 yMOIYaHHIO,
BBOJI IIAPOJBHBIX MOIUTHK, UCKITFOYAIOIINX HCIIOIH30BAHNE
IIPOCTBIX IApPOJIEH;

— BHenpenne KOHTpouisi 6€30[aCHOCTH KOZAA MPOTrpaMM-
HOT'0 00CCTICUCHHUS;

— CBoeBpeMeHHOE OOHOBIIEHHE TPOTPaMMHOTO obecte-
YCHUS;

— ABTOMaTH4eckasi MpoBepKa KPUTHYECKUX OOHOBIIE-
HUH Kacarommxcst 0e30MacHOCTH.

KacaTenpHO Takmx KPYIHBIX YCTPOWCTB Kak CMapT-
XOJIOAWIBHHUK, [IE1eco00pa3HO HE MOBHIIIATh YPOBCHD «HH-
TEJUICKTYAIBHOCTI) YCTPOWCTBA TaM, TJ€ 3TO omacHo. Ec-
JIU BEPHYTHCS K MIPUMEPY C JOCTATOYHO OIACHBIM YHaJCH-
HBIM  M3MEHEHMEM  TEMIIEpAaTyppl BHYTPH  CMapT-
XOJIOUIBHUKOB, TO 3TO MOXKET OBITh BO3MOKHOCTH OJIOKHU-
POBKH YZAJIE€HHOIO W3MEHEHHS TEMIIEpATyphl BHYTPH Ka-
Mep.

BbiBoabl

Knaccuueckumu kiuiie mupa [oT sBISIFOTCS HHTEIIEK-
TyaJIbHbIH TOCTEp W XOJOAMIBHUK. XOTSI 3TH NPUMEPHI U

MIPEICTABISIOT HEOOIBIIYIO YTPO3y 110 CPABHEHHUIO C TEMH,
KOTOPBIE HCHONB3YIOTCS B KPUTHYECKH BaXHOH HWH(Qpa-
CTPYKTYpE.

Ecmu cpaBHATH cpaBHUTH cMapT(HOH, KOTOPHIH HCIIOIb-
3YIOT MTOBCEMECTHO, CO CMapT-XOJOJMUIEHUKOM, TO CMapT-
(hOH TOTEHIIMATFHO MOXKET HAHOCHTH TOpa3no OoNmbIImit
Bpell: OH 00padaThiBacT KOH(PUACHIMATIBHEIC JaHHBIC, OaH-
KOBCKHE CYeTa, IIapoJin, y Hero ecThb MUKpO(OH U Kamepa,
KOTOPBIMH MOXXHO 3JI0yNOTPEOIsTh, O0ecreYnBacT uje-
AIBPHYI0 TPOMEXYTOYHYIO CBSI3b JUISL B3JIOMA JAPYTHX
YCTPOMCTB ¥ OH MPAaKTHYECKH BCET/Ia PAZOM C BIaJICIIbIIEM.
OnHako cMapT(hOH C caMoro Havajga W3BECTEH Kak IOTEH-
IUaTBFHO YSI3BUMBIH W Mepbl 0€30IIaCHOCTH BCTPOCHHI B
YCTPONCTBO, OOHOBJICHUS AJIS 3AIIUTHI OT HOBBIX YS3BHMO-
CTeH TPUMEHSIOTCS aBTOMATHYECKH, a 3aIlliTa JOMOTHICT-
cs mMUPpPOBaHWEM NAaHHBIX W KPUNTOTrpadUIeCKH TOATIH-
CaHHBIM MIPOTPAMMHEIM 00eCTICUCHHEM.

CMapT-XOJIOMWIEHUKH YK€ MPOCTO PACIIAKOBBHIBAIOTCS H
BKJIIOYAIOTCSI B CeTh M IpoOiieMaTHka Oe30MacHOCTH
KpaiiHe MaJio MM BOOOIIE HE YYUTBHIBAETCSl B MPOLIECCE €T0
pa3paboTKH, YTO JENaeT 3TO YCTPOHCTBO KpaiiHe HebOes3-
OITaCHBbIM.

KOHC‘-IHO, HOTeHLlPIaJ'IbHLIfI BpE€a OT XOJIOAWJIbHHKA
WHOTHA KaxkeTcs (aHtacTmdeckuM. OIHAKO, WHTEIUICKTY-
aNbHBIC TIPUOOPHI yXKEe OYCHBb IUIOTHO BXOIAT B cdepy Me-
TUIWHBL, HAIPAMEp, TI¢ HEMpaBWIbHOE XpaHCHHE IIpera-
paToB MOXET HAHECTH HETIONPaBUMBIH Bpex
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Over the past decade, the growth in the development of various technologies has given rise to growing concerns about
the security and confidentiality of their use. Unlike the infrastructure of the usual Internet network, the Internet of
things is based on a huge number of sensors built into a wide variety of devices (in 2017 the number of devices is just
over 20 billion [1]). Many of these devices are quite primitive and their functions are limited to sending to the server of
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some information, for example, temperature measurement. But all these devices, in general, form huge streams of in-
formation and on the basis of such infrastructure a "network of networks" is built, consisting of connected devices,
many of which can independently make certain decisions. It is almost impossible to integrate the security system into
absolutely all devices. The market of loT-devices has repeatedly faced with a number of serious violations of infor-
mation security. So, in the fall of 2016, the first DDoS attack from the Mirai botnet, consisting entirely of "smart" things
- more than half a million cameras, thermostats, DVRs and many other devices, was registered. In February 2017, an
attack was carried out on one of the educational institutions. In this attack were involved about 10 thousand "smart"
devices, including cameras, routers, thermostats. That is, for almost 5 months the manufacturers of lot-devices did not
fix the vulnerabilities that entailed the possibility of re-creating the botnet. As of April 2017, Mirai included 30 possible
browser emulations, as opposed to 5 in the original version. And this means that the bot can bypass most of the security
measures taken by information security specialists. Creating of functional interfaces and controls makes devices much
more convenient for the potential consumer, however, this makes the devices more vulnerable. And if the user does not
have the ability to control the device, the malfunction will only become apparent when the existing problem or the con-
sequences of hacking the device do not manifest themselves, causing, in some cases, considerable damage. Of course,
participation in DDoS attacks of smart devices can not cause visible damage to the owner. However, starting in 2011,
the real consequences of hacking of similar devices were repeatedly demonstrated: remote cracking of an insulin pump,
remote pacing of a pacemaker, which commanded a deadly discharge in 830V, complete capture of smart cars, etc.
Smart refrigerators, as a component of the “smart home" concept, have not yet massively entered the life of the ordinary
consumer because of the high price, compared to conventional refrigerators. However, according to analysts' forecasts
in the next 7-10 years, these devices will have commercial success. At the moment, the main trends in smart refrigera-
tors are: Internet management, understanding of voice commands, the possibility of ordering and recognizing products,
the presence of a built-in camera. The article deals with the issues of information security of things in particular the
safety issues of smart refrigerators. Based on the features of the area under consideration, possible solutions for organ-
izing information protection of the components of the "smart™ house are suggested.

Keywords: internet of things; intellectual technique; smart house; information security.
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