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AHAJIM3 TIPOU3BOJUTEJIBHOCTH XMEJIECYIIWJIKH C YACTUYHOU
PEKYIIEPAIIMEU TEIIJIOBOU SHEPTUUN
A. O. Bacuines, K. B. Eropos, P. B. Anuapees, H. H. Ilymkapenxo, M. H. Kanumyainn

Pegepar. Cymka sSBIsIeTCS HEOTHEMIEMOH YacThI0O TEXHOJIOTHYECKOrO IpOoIlecca IMPOU3BOJ-
CTBa TOBApPHOTO XMeJlsl. B 3aBHCMMOCTH OT 00BEMOB IIPOU3BOJICTBA M YPOBHS aBTOMATH3ALMH IIPOIIEcca
CYIIECTBYET HECKOJIBKO CIIOCOOO0B BHICYIIMBAHMS MINIIEK XMEJIS, CPEAN KOTOPHIX MOKHO OTMETHTh KOH-
BEKTHBHBINA, MUKPOBOJIHOBOH M CyOMMManoHHbIN. [Ipy 3TOM cymmiku 061aaaloT pa3HbIMA COOTHOIIIE-
HUSIMHM Ka4ecTBa U MIPOU3BOAUTENBHOCTH. CHIDKEHHE dHEpro3arpar Ha CyLIKY XMeJsl IPeACTaBiIseT co-
0011 BayKHOE HalpaBJICHHE B Pa3BUTHH XMEJIEBOJICTBA. B CBSI3M C 3TUM MOJEpHHU3ALUS ¥ aHAIU3 IPOU3-
BOJUTENIBHOCTH XMEJECYIIIIOK SIBISAETCS aKTyaJIbHOW 3aaueil B TEKYIIUX YCIOBUAX YAOPOXKaHUS TPO-
n3BozcTBa. Llens nccnenoBanus — aHaJIM3 IPOU3BOAUTENBHOCTH XMeecyiku MXC-25, MmogepHHU3H-
POBaHHOM ITyTeM yCTaHOBKH TETJIOBOTO HacOCa B KOHTYP LMPKYJIALUY BO3AyXa U 00Jaaromeil HacTpa-
MBAaEMOH peKylnepanueil TemIoBoi 3Hepruy. TeMneparypa Bo3yXa B CyIUMIbHON KaMepe KOHTPOIUPO-
Bajach B muamazoHe 60 = 2 °C. Bpems mpenBapuTeNsHOTO HarpeBa, HEOOXOIUMOE UIS JTOCTHKCHUS
TEMIIepaTypbl BO3/yXa, cOoCTaBmiio npumepHo 0,5 4aca, 4TO COOTBETCTBYET NMPUOIM3HUTENBHO 5% OT
oOriero BpeMeHn cymku xmeist. CpaBHEHHE U3MEPEHHBIX 3HAYSHUI YHEpPrornoTpedIeHus ¢ pacyeTHBI-
MH TIOKa3ajlo, 4TO 3KCIIEPUMEHTAJbHBIE 3HAU€HHs HaXOoAWiINch B nuamazoHe oT 10,2 xBr-u no
11,5 xBT-4, uTto B cpesHeM 3a BpeMs dKCIEpUMEHTa cocTaBmio npudiamnsutTensHo 10,85 kBr-u. Coor-
BETCTBEHHO, PaCUEeTHBIC 3HAUCHHU HaXOIMINCh B peaenax 8,9 kBt-u u 10,2 kBT-4 mpu cpenHem 3Haye-
HUH 9,55 kBT-4. Psig SKCcriepuMEHTOB 10 CPaBHEHUIO MPOU3BOIUTEIBHOCTH CYIIKH C MICTIONE30BaHIEM
YaCTHYHO PAa30MKHYTOTO IMKJIA TT0Ka3all, YTO JOCTI)KEHHH TeMIepaTypsl OKpyxaromieit cpenst 24 °C u
BIXHOCTH 53% MakcHMalbHOE 3HAUYEHHE OTHOCHTENBHOM CKOPOCTH BIIArOOTHAENEHHS JTOCTUTANIO
6,23 xr/(xkBt-4) ¢ xo3¢pdunnentom ooxona 0,86, 4ro OBUIO BBIIIE, YEM JUISI CYIIKH C TOJHOCTBIO 3a-
MKHYTBIM ITUKJIOM 5,54 kr/(kBT-4). CucTeMa ¢ YaCTUYHOW peKyrepalreii Teria mpeBOCXOIUT CUCTEMY
C IOJHOM peKynepauueil ¢ TOYKH 3peHUs] SHEProd(pHEeKTUBHOCTH M MOBBILICHUS IPOU3BOANUTEIBHOCTH
CYILIKH XMeJS.

KiroueBble c10Ba: XMelb, CyIIKa, MOACTHPOBAHHE, TETNIOMACCONEPEHOC.

Beenenue. Cymka siBAsI€TCS OOHMM U3 ca-  TaKXKe P JPYTHX NPEUMYINECTB, TaKUe Kak 0o-
MBIX 9HEPrOEMKHX INPOIIECCOB, HA JOJIO KOTOPO-  JIE€ BBICOKAasl yJENbHAas CKOPOCTh HW3BICUYEHHA
ro mpuxoautcs 10 15-25% oOmero sHepromo- — Biar, Jydilee KadecTBO MPOXYKTa CYIIKH, OT-
TpeOnennst B xmeneBojctse [1]. Cymka xmenst — CyTCTBHE IEepecylIMBaHUS U T. 1. [6].
OCYIIECTBIIACTCS] HECKOIBKUMHU CIIOCO0AMHU, TaKH- PaccmarpuBasi CylmMiaku ¢ TOUKHM 3pEHUS HC-
MU Kak BO3IYyLIHBIM, TEIUIOBOM, BAaKyyMHBIH,  IIOJIb30BaHUs PEKyNepaluy TEIla, MOXKHO BbIJe-
CBUY, 13 KOTOPBIX IPEUMYIIECTBCHHBIM SIBJISETCSI  JIUTh B HUX TPU THIA: PAa30MKHYTOTO THIA, Ya-
Bo3aymHbIA. [To3TOMY LienecooOpa3zHO MpoBele-  CTHYHO PA30MKHYTOI'O THIA M 3aMKHYTOT'O THIIA.
HHUE psifa MCCICIOBAHUH, HANpPaBICHHBIX HA I10- JUis  CymmiIoK pa3oMKHYTOTO THIIA CYIIe-
BBIIIIEHUE MPOM3BOANTEIBHOCTH 3TOTO MPOCTOTO,  CTBEHHBIMHU SIBISIFOTCS ()aKTOPBI COCTOSIHUS OKPY-
HO JOCTaTOYHO YHEPrOeMKOro nporuecca [2]. JKaroIIed cpefbl, IOCKOIbKY B 3TOM CIIy4ae OKpy-

CucteMbl CyImIKM XMeJs, OCHOBaHHBICE Ha  JKAIOUIMH BO3/AYX SBISETCS HaYaJbHBIM MCTOYHH-
MPUHIUIE HUCIOJB30BaHUSI HHU3KUX TeMmmepartyp KoM Teruia. OHM MMEIOT HU3KYIO IPOU3BOJUTENb-
HaXOJAAT HE3HAUUTENIbHOE BHEIpeHHe. B CBsi3u ¢ HOCTH B CHIPYIO XOJIOAHYIO morogy. B cBssu ¢
9THM CTAHOBHUTCS aKTyaJbHOM 3a/laua pa3paboTKH  STHM OBbUIM MPEAJIOKEHbl HEKOTOPbIC PELICHUs
ONTHMHU3UPOBAHHOIN CHCTEMBI CYIIKH, B KOTOPOH  JUISI MOJICPIKKH MOBBIIIEHHON POU3BOAUTEIBHO-
3TOT MPOLECC MPOUCXOJUT C PEKyMEpalel, M1 CTH TpPH JKEIaeMOH TEeMIepaType CYyIIKH IpH

UCIIONIb30BAHMEM  OCTATOYHOTO  Temia [3].  HEraTHBHBIX ~ METEOPOJIOTHYECKHUX  yCIOBHSX.
OneHka TakoM CUCTEMBI TOJDKHA BKIIOUaTh cpaB-  Hampumep, [7] mpeacTtaBieHa KOHCTPYKLUS Cy-
HEHHE 3aTpaT U BBIPYYKH, PU KOTOPBHIX KOMOM-  IIHMJIKH C JIBYMS pEeXKHMaMH CyIIKd. Pexxum pado-

Halys HCIIOJIb30BaHUA aTMOC(l)epHOI‘O BO3ayXa Thl MCHAJICA MCKIY OJHOCTYIICHYATHIM U KaCKal-
M OCTaTOYHOrO TEIJIa HMMEET SKOHOMUYECKHUU HBIM IUKJIaMH, 4TOOBI YAOBJICTBOPUTH HOTpe6—

cMmbIch [4]. HOCTb B OCYLIEHMM IIPU PA3JIUYHBIX TEMIIEpATy-
TpaauLMOHHBIN MpOIEcC CYIIKH UMEET Cylle-  pax OKpyskaromen cpenbl. OTHaKO TaKoW MOAXOM
CTBEHHBII HEIOCTATOK, CBSI3aHHBIN C OTHOCUTENb-  NIPH BCEX CBOMX NPEHMYIIECTBAX HE ITO3BOJIAI
HO BBICOKHM JHepromnoTpebneHneM. Kpome 3To-  MOBBICHTH 3HEProd(h(HEeKTHBHOCTH M IOTpedOBa
ro, oH obOnamaetr HE3KUM TepmuaeckuMm KI1JT [S]. 3HAYUTENBHBIX CTAPTOBBIX BIOXKEHUI.
OTO B 3HAYUTENBHON Mepe 00yCIIOBICHO BHIOPO- PaGouee mpocTpaHCTBO CYHIMIIOK C 3aMKHY-
COM HEIOYBIaKHEHHOTO BO3AYyXa U3 CYIIMIBHBIX  THIM KOHTYPOM IIOJHOCTBIO H30JIHPOBAHO OT
Kamep, 0COOEHHO Ha (PMHAIBHBIX JTAlax CyIIKH.  OKpPYXKarolleW Cpelpl, NPH 3TOM peKyleparus
C npyroii CTOpOHBI, HCHOJB30BAHME CYIIMJIOK C  TEIUIa JOCTUIAeTCS 3a CUeT PEIMPKYJSAIUH BO3-
peKymnepanuei Teria MOKeT HCHONb30BaTh OCTa-  BPATHOTO BO3/yXa CyIIMIIbHOHM kamepsl. [Ipomecc
TOYHOE TEIUIO OTPaOOTAaHHOTO BO3AyXa VIS TMO-  XapaKTepH3yeTcsl MIMPOKUM Hana3oHOM YyCIo-
BBIIIEHUS 3G PEeKTUBHOCTHU Tporiecca cymku. Cy-  BHH CYIIKH, W TO3TOMY H3YYaeTcsi M HaXOIUT

LIWJIKY JaHHOT'O TUIIA, KO BCEMY IIPOYEMY, UMEIOT LIAPOKOE MPUMEHEHUE B YCIOBUSX XOJIOJHOIO U
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MIEPEMEHHOTO KJIUMATa, SBJIAETCS IPUEMIIEMbIM
JUISl TEPMOYYBCTBUTENBHBIX ~ MAaTepuasoB, Tpe-
Oylommx CTaOWIBHBIX 3HAYCHUH TeMIlepaTyp
CYIIKH, KaKUM SIBJISICTCS] TMBOBAPEHHBIH XMeEIb.

U3-3a ocobeHHOCTEH 3aMKHYTOro KOHTYpa
M30BITOYHOE TEIUIo, BhIpabaThIBAEMOE KOMIIPEC-
copaMHu, HMeeT OCOOEHHOCTh TEpsIThCS uepe3
KOHJICHCATOPBI, YTO CHWXXaeT dHeprodddextus-
HOCTh Takumx cucreM. Hampumep, coobmianocs,
YTO TETJIO, OTBOJUMOE OT BHEILIHETO KOHICHCATO-
pa, coctaBisio He MeHee 35% oT o0miei Terro-
BOM 3HEpPIWH, MCHONB3YEeMOH Ul CYHIKH XMEJs,
IIPU HUCIIONIb30BaHMM BO3AyXa B KayecTBE CY-
IIWJIBHOM cpebl [8].

YroObl CHHTE3MPOBATh NPEHMYILIECTBA pa3-
JIMYHBIX CXeM, OBUIM TPEIUIOKEHbI CYIIMIKH C
YaCTUYHO PAa30MKHYTBIM KOHTYPOM, KOTOpBIE
TIIATELHO HMCCIENOBATNCH B Poccuu u 3a pyOe-
»xoM. Hammpumep, Ob1a paspabotana [9] u mpoTe-
CTHPOBaHA CYNIMJIKa C YaCTHYHO PAa3OMKHYTHIM
KOHTYPOM, TIPH HCHOJIb30BaHUHM KOTOPOI 3HEpro-
norpebneHue cHu3mioch Ha 32,55% mo cpaBHe-
HUIO C OOBIYHOW CYNIMJIKOM TOPSYUM BO3IYXOM.
Kpome 3TOro, OBIIM TEOPETHUECKH PACCUMTAHBI
[10] TenmoBBIe XapaKTEPUCTUKU CYIIHIIOK TAaKOTO
TUIIA W OOHApYXEHO, 4YTO IIPH TeMIeparype

7 2. 3

1

/

okpy>xatoriero Bo3ayxa ot 8 °C go 33 °C ux uc-
moJip30Banue 0oiee 3h(HEKTUBHO.

Hecmotpst Ha Hanuume psina OOIIMPHBIX HC-
CIIEIOBaHUI, CyIIECTBYET HEOOXOAMMOCTh Ialb-
HEWIIero yJIy4IIeHNs XapaKTepUCTUK CYLIMIIOK
BO3JIyLIIHOTO THIAa C YAaCTHMYHOM peKynepauuen
TEIJIa U UX BHEAPEHUIO B IPOM3BOCTBO CEIHCKO-
XO351CTBEHHOU IPOAYKIIMH.

Llenp wuccnenoBaHWs - aHAIU3 IIPOM3BOIM-
TenpHOCTH XMenecymiku MXC-25, mogepHU3H-
POBaHHOI IyTeM YCTaHOBKH TEILIOBOIO Hacoca B
KOHTYp LHPKYJSIIIMM BO3AyXa M oOnamaronieit
HacTpauBaeMOH peKyIepalyeil TEeIuIoBoi SHep-
THH.

YcaoBusi, MaTepuaisl 1 MeToabl. Mccneny-
eMasl CYIIWJIKa IpeCTaBIseT co00l MOOMIbHYIO
CYIIMIBHYIO KaMepy CTEe/UIaKHOTO THIIA, MpeIHa-
3HAUCHHYIO UL CYIIKH XMEJsl B HEIIOCPEACTBEH-
HOI OJM30CTH K MECTY PacHOJIOKEHHSI XMEIbHHU-
KoB. JlaHHas XMeJecynIrika OblIa yCTAHOBJICHA B
aHrape ¢ JOCTyIIOM aTMOC(EepHOTO BO3IyXa UIs
CMEUIMBaHKs C IENbI0 MOBBIIIEHUS YHEProdd-
(hEeKTHBHOCTH CHCTEMBI, M30erasi Mpu 3TOM IIps-
MOTO BIIMSHMSI YCJIOBUH OKpY Karolled Cpembl.
[Mpunun paboTHI 3TOH CHUCTEMBI TPEACTABICH
cienyroM obpaszom (puc.l).

1 2

/

T

—

0)

Puc. 1 — IlpuHnunuansHas cxema pabOTHI XMEIECYIIIIKH: a) — C TIOJTHOH peKyIepanuei,
0) — c yacTH4HOM pekymneparmeil: | —yBaaxxHeHHbINH Bo3ayX, I — oxylaXIeHHbIH BO3IYX,

[T — ocymieHHsI# MTOIOTPETHIN BO3YX, IV — arMocdepHbIii Bo31yX, V- oCyIIeHHas cMeCh
aTMOoc(epHOTo M OXJIAKAEHHOI0 0TpaboTaBIIero Bo3ayxa, VI — Bo3myx, BeIOpachiBaeMblii B
OKpY’Kalollylo cpeay; 1 — cymminbpHas kamepa, 2 — HoJorpeBaTesb, 3 — BEHTWIATOP, 4 — KOHJEHCaTop,
5 — xommpeccop, 6 — UCTIAPUTEb.

BozaymHsIil [UKT XMEIeCyInIKN ¢ MOJTHOH
pekynepauueil (pucyHok la) 3amkHyT. B Cy-
IIMIBHYIO0 Kamepy | momaercss HarpeThlil pagua-
TopoM 2 ocymieHHbIH Bo3ayX (V). [locne npoxox-
JICHUSI 4epe3 Hachlllb XMEJSl U HACHIICHHS BIIa-
roit orpaboraBmmii Bo3ayXx (/) mocTymaeT B UCTa-
putens 6, rae ero TeMmieparypa MOHMXKAEeTCA U
OTIeNAeTCsl HakoIUIeHHas Binara. Ha Beixone u3
HCTIApUTENs OXJIAXICHHBIN Bo3ayx (/]) momorpe-
BaeTCs TEIUIOM KOHJEeHcaTopa 4 M BEHTHJIATOPOM
3 ocymuIeHHbIH moAorpeThiil Bo3ayx (/I]) HarHeTa-
eTcsi B CYNIWIBHYIO Kamepy, HMpOWIs IOMOJIHH-
TeJBHBIA ToforpeB B pammarope 2. Ilpm sTom
TeMInepaTypa KOHTPOJIUPYETCS BKIIOUYEHUEM U
BBIKJIIOUEHHEM KOMIIpeccopa 5 11l OTBOAA N30bI-
TOYHOTO TeIUIa OT XJaJareHTa, KOTOpOoe paBHO
pasHMIE MEXIy [OTpeOJieHHeEM  JHEepruw,
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BKJIFOYasi BEHTHJISITOPBI 3 M KOMIIPECCOPHI 5, U
SIBHBIM TEIUIOM BOJIbl, KOH/IEHCUPYEMOW HCIIapH-
TelmsiMA 6. BO3IYIIHBIA IIMKII XMEJIECYUIHIIKU C
YaCTUYHOW pekymepaiuei (pucyHok 10) ocy-
MIECTBIIETCST CXOXKUM 00pa3oM. OTHOBPEMEHHO C
ocymieHHBIM momorpetsiM Bozmyxom (III) B cy-
MIMIBHYI0 KamMepy HarHeTaeTcsi Takke M aTMO-
coepublii Bo3ayx (/V), rie mNpoucxoguT UX cMme-
IIMBaHHE B ONPE/CICHHOM COOTHOIIEHHH, Pery-
JMPYEMOM JUII KOHTPOJISI TEMIIEpaTypbl U BIax-
HOCTH TPUTOYHOTO Bo3nyxa (V) B CymUIBHYIO
kamepy. [Ipu 3TOM KOJIMYECTBO PUTOYHOTO BO3-
Iyxa U oTpabOTaHHOTO BO3/yXa, BEIOpachIBaEMO-
TO B OKpy’Karoulyto cpeny oanHaxossl (V7). Bos-
JIYIIHBIN IIMKII XMEJICCYILIMIIKH C TIOJIHOM peKyIie-
paunef/i YaCTUYHO OTKPBIT, B OTJIMYHUE OT NPEAbI-
JIyLEN CXEMBI.
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VYienpHOE 3HEPromoTpedeHne MOXHO HC-
MONB30BaTh Kak Mepy TemioBoro KIIJ xmenecy-
ki, COOTBETCTBEHHO, NPH IOCTIKEHUH pa-
0ouero amamazoHa TEMIIEPaTyp, BO3IYLIHBINA
LUK Ha ICUXPOMETPUYECKON auarpaMme MOXKeT
OBITH IPE/ICTAaBJIECH B 3aBUCUMOCTH OT IMKJa Cy-
UIMIKK. B XMenecymmike ¢ mojHON peKynepary-
eil, (puc. 2a), MOAOTPETHIN MOICYIICHHBIN BO3IYX
MIPOXOJUT 4Yepe3 CYUIMIbHYI0O KaMepy, MOTydaeT
BJIAry M3 XMEIs M OJHOBPEMEHHO OXJIaKAaeTcs
(V-I). llocne 3TOTO BIAXKHBIN BO3AYX U3 CYIIHIIb-
HOW KaMepsl MOCTyIaeT B UCIAPUTENb, TAE OCY-

maercss 3a cder kowaeHcamwmu ([-I). [lanee
f: €
9=100%
//
e
4 W, Ke/ke

MPOMUCXOJUT HAarpeB CHadala B KOHJEHCATOpE,
3ateM B pamuarope (/I-III) u (III-V), mocie yero
IIUKJI TOBTOpsieTcst. JJIsl BO3AYIIHOTO ITUKJIA XMe-
JECYIIWIIKH C YacTUYHO PA30MKHYTBIM LHKIOM
(puc. 26), KOTOPBIN OTIMYAETCS OT MPEIBIAYILETO
TEM, YTO CMEUIAHHBIH BO3JyX COCTOHUT U3 aTMO-
cdepHoro Bozayxa (/V-V) u Bo3myxa, npouie/iie-
ro uepe3 ucnapurens (//I-V). D1oit cmecu mepe-
JAaeTCsl TEIIO KOHJIEHCATOpa, IIOCIE Yero Ipo-
WCXOJUT HarHeTaHWe BEHTWIATOPOM C TIOCIe-
JIYIOIIAM TIOJOTPEBOM B PaguaTope B CYIIHIIb-
HYI0 KaMmepy, YTO COOTBETCTBYET H30TepMHUe-
ckomy mnpoueccy (/I-III-V).

5
4
HLE 4
.- —————
— p=100%
//'/ - 1]
//
< w, ke/ke

0)

Puc. 2 — Ilcuxpomerprudeckas JuarpaMma IUKJIA CYIIKH XMEJA: a) — IPH 3aMKHYTOM LIHKIIE,
0) — IpX 9aCTUYHO Pa30MKHYTOM ITUKIIE: [ —yBIaKHEHHBIN BO3YX, [/ — OXIJIa)KICHHBIN BO3YX,
111 — ocymeHHbIH NOAOTPETHIN BO3ayX, [V — atMochepHbIil BO31yX, V - oCylleHHas CMech
aTMOC(EepHOTo M OXJIAXKAEHHOTO 0TPadOTABIIEr0 BO3yXa, V1 — BO31IyX, BHIOpackIBaeMblii B
OKPY’KaroLIyI0 Cpey; /1 — SHTAJIBINA BO3yXa, ¢ — TEMIIEpaTypa BO3AyXa, W — BIarocoJepiKaHue
BO3/lyXa, ¢ — OTHOCHUTEIbHAs BIAXXHOCTH BO3AyXa

OOmass MeTONOJOIus, HKCIOJb30BaHHAs B
HaIlIeM HCCIIeIOBaHuHU, OepeT Hadaio ¢ pa3pabot-
KM CHCTEMBI MOJICTMPOBAHUS XMEJECYIIMIKH C
MOJTHOM peKyIepanueil, 3a KOTopoil nocneaoBano
SKCHEPUMEHTANBHOE HCCIEI0OBAaHNE, NPOBEJCH-
HOE Ha BHIOM3MEHEHHOM IPOTOTHIIEC CYILECTBY-
IOUIed  OKCHEePUMEHTAIBHONH  XMENeCYIIMIKA
MXC-25. Jlns nanbHe#miero 0OJEr4eHus] Yuc-
JICHHON OLCHKH IMPOM3BOANTEIBHOCTH TIpEJiara-
eMas CHUCTeMa MOJEJUPOBAaHHUS Obla CHadana
MIPOBEPEHA C UCIIOJIB30BAHHEM HSKCIIEPUMEHTAIb-
HBIX PE3yJbTaTOB BMECTE C BBHIOOPOM psifa KIro-
4eBbIX Toka3zareneil a¢¢dexTuBHocTH. Ha ocHOBe
JCUCTBYIOIIEH CUCTEMBI MOJEIMPOBAHUS U KIFO-
YeBbIX MoKa3zareseil d(PEeKTHBHOCTH ObLIa Mpo-
BEJICHA CEpUsl MCCIICOBAHUI Uil U3yUYCHUsI Tell-
JIOBBIX XapaKTEPUCTUK XMENECYIIMIKN MpU pas-
JUYHBIX paboumx mapamerpax. s Kosmde-
CTBEHHOHM OLICHKHM SHEPreTHYECKOW BBITOIBI TaK-
e OBUIO TPOBEAEHO CpPaBHEHHME TEIUIOBBIX Xa-
PaKTEpUCTHK 00CHUX CHCTEM.

[Ipouecc cymku XMemnsi CYMTANICS M303HTAIb-
MUHHBIM MPOLIECCOM, KaK OINHMCAaHO B ypaBHEHHU
(1). YuursiBast 001IyI0 CKOPOCTH YAAJICHUS BIaru
CHCTEMOI OCYIICHHS, a TAKKE CKOPOCTh yJale-
HUSI BJIaTM V MOXXKHO YCT@HOBHUTB, KaK IPEACTaB-
JICHO B ypaBHEHHUH (2).

hV

h[

(1)
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v=t-m-(w,—w,) 2

rae hy, hy — SHTAIBIUS BO3yXa Ha BBIXOJIE M HA
BXOJI€ CYIIMJIFHON KaMepbl COOTBETCTBEHHO, J{x/
KI; ¢ — BpeMs CYIIKH XMeJs, 49; M — MacCOBBIH
pacxoj BO31yXa, KI; Wy, Wy — BIIarocojepxaHue
BO3/lyXa Ha BBIXOZE M Ha BXOJIE CYIIWJIBHOH Ka-
Mepbl COOTBETCTBEHHO, KI/KTr. Koapduuuenr
obxona k B cucteMe MOXHO ONpPEAEITUTh C TIOMO-
IpI0 ypaBHEHH (3):

m, —my

k 3

m,

TZie my, My — MAacCOBBIN pacxo] BO3AyXa, yBIaX-
HEHHOTO TIOCIIE MPOXOXK/ICHNS CYIIMIBHON Kame-
PBI ¥ BEICYIIIEHHOTO BO3yXa COOTBETCTBEHHO, KT.
BrnaxxHbIi BO31yX, BO3BpALABIINICS U3 CYIINIb-
HOW KaMepbl, OXJIAXKJANICSA U OCYIIANICS XJIaJareH-
TOM B Hcnaputene. B pesynbrate MpoxoskaeHUs
4yepe3 MCHapUTeNb OTHOCHUTENbHAS BIAXKHOCTh
Bo3Iyxa npuHUManack paBHoit 100% (puc. 2), a
€ro Temreparypa COOTBETCTBOBaJla TEMIIEpaType
BO3/lyXa Ha BBIXO/I¢ U3 Hcnapurens. Takum obpa-
30M, HCIONB3ys IUarpamMMy, MOKHO HOJIy4YHUTb
SHTAJIBIMIO BO31yXa Ha BXOJE U HA BBIXOJAE U3
UCIApUTENs, a TaKKe SHTAIBIMIO KOHJAEHCATa,
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KOTOPYIO  1[eJIECOOOpa3HO HCIOJIb30BATh LIS
OTpeeNieHns] CKOpOCTH Teruionepenadn Q co-
[JIACHO BBIPAXKECHUIO:

sz,a—k)(h,—h,,)—v'thk ,

4)

rae hy, hy — 3HaYeHMs DHTAJIBIIMK Ha BXOJE U Ha
BBIXOJIC M3 HMCIAPHUTENST COOTBETCTBEHHO, JIXK/KT;
hy — SHTAIBINSA KOHAeHcaTa, JIK/KT.

Ha ocHoBe 3HaueHMiT BJaKHOCTH BO3JyXa Ha
BXOJIC ¥ Ha BBIXOJIC M3 MCHAPUTEIS MOXHO pac-
CUYHMTATh CTENCHb yIAJCHUS BJard UCIIAPHTEIICM,
KaK OIKCaHO B YPaBHCHUU

)

vey=t-m,(1-k)(w,-w,) -

JUIs XMeNecymuIkKiu ¢ YaCTHYHO Pa3OMKHY-
TBIM IIUKJIOM areHTOM CYUIKM BBICTyNajia CMECh
BO3/lyXa U3 BBIXOJa KOHJCHCaTopa U atMmocdep-
HOTO Bo3ayxa. [Ipeamomnarangock, 4TO 4acThb BO3-
JlyXa, BBIXOJSIIIETO M3 CYIIWIHHOW KaMepbl, BbI-
BOAWTCS B OKPYXKAIOIIYIO CPeAy U BO3MOXKHO-
CTH TOJaYd aTMOC(EpHOTO BO3AyXa Ha CIEHYIO-
MU UK.

VYunTeiBas BBINIECKAa3aHHOE, CKOPOCTH yalle-
HUS BJIard M3 CBEXKEro BO3JyXa OIpeaessieTcs
BBIpaKEHUEM

(6)

Vo =t-my(w, —wy,) >

TIIe My — MAcCOBBIA Pacxoj aTMOC(EpHOTro BO3-
JyXa, KT, Wy, Wy — BIIaroCOJEPXKaHUE BO31yXa
Ha BBIXOJIE U3 KoMIpeccopa U d OKpyKaroieM
BO3/IyXe COOTBETCTBEHHO, KI/KT.

Takum o0pazom, ¢ yuetoMm (5) u (6) oOmias
CKOPOCThH YJaJe€HUs BIard CUCTEMOM IPEACTaB-
JIIET cO00# CyMMy CKOPOCTEH yIaICHHsI BlIard U3

CBEXEro Bo3lyxa u ucnaputens. /s oonerdeHus
OLICHKU ITPOU3BOJMTEIBHOCTH CHCTEMBI OBUIN
BEIOpAaHBI KITIOYEBHIE IMOKa3aTeld 3()()EeKTHBHO-
CTH.

VY enbHast CKOPOCTb YAaJICHUs BIaru:
.

E (7
rae £ — oOmuii pacXxom 3IeKTPOIHEPIUH, BKITIO-
4asi KOMIIPECCOp ¥ BEHTWIATOP, KBT-4.

KoaddrmmeHT mpon3BoguTeT-HOCTH:

K=%

E ®)

Koapunment mpon3BoguTeIEHOCTH OTpaXka-
€T IPOM3BOAUTEIHHOCTh XMEJECYIIMIKH C dYa-
CTUYHOM U MOJIHOM peKyIepanuen.

OTH KIIOYeBble MoKazarenu 3(PQPEeKTHBHOCTH
HMIMPOKO HCIIOIB30BAIUCH JJISI OLIEHKH YHEProdd-
(heKTUBHOCTH B 0OIIEIOCTYITHBIX HCTOYHHKAX.

['aGapuThl SKCIEPUMEHTATBHON XMEIeCyIIHII-
Ku coctaBmwm 4 M (mmuHA) X 2,5 M (mmpuHA) X
2,5 M (BBICOTA).

OtpaboTaBImnii BO3ayX M3 CYIIMILHON Kame-
PBl OXJ@XKIAICS W OCYIIAICS HCHAPUTEISIMH, a
3aTeM CorpeBayicsi B KOHIeHcaTope. ATMmocdep-
HBII BO3IyX MOAABAJICS B CYLIMIbHYIO KaMepy U
PEeryIupOBaJICS CIIEIMATIBHOM 3aCIOHKON. ATMO-
chepHBIi BO3AyX W BO3IYX M3 KOHAEHCATOpa
CMEUIMBAINCh W TOAABAINCH B MOAOTPEBATENb.
[Tocne HarpeBa CMEUIaHHOTO BO3AyXa OH CHOBa
MoJiaBajicsi B CYLIMJIBHYIO Kamepy Uil CYIIKH
XMEJIS.

UroObl MOJYYUTHh HYETKOE MPEACTABICHUE O
XapaKTEepUCTHKaX PabOTHI Takoil cucTeMBl, ObLIA
M3ydeHa CEpHsl CIlydaeB IPH PA3IUIHBIX TEMIIE-
parypax okpyxarouieid cpezsl (Tabn.). B xaxmom
Cllyyae  HCCIeIOBaNach  IPOU3BOJMTEIBLHOCTH
CHCTEMBI.

Tabnuna — 3Ha4eHus mapaMeTpoB OKPYKAIOIIETO BO3AyXa

Komnosoe 0003HaucHMe Temneparypa, °C Brnaxuocts, % | AtmMocdepHoe nasienue, klla
B1 10 80 98,92
B2 14 83 98,92
B3 18 75 99,05
B4 21 61 99,05
BS 24 53 99,05

B xmMmenecymmike Ha pa3HOM BBICOTE IO
HaIpaBJICHUIO JIBIKCHHS BO3yXa OBLIO yCTAaHOB-
neHo Tpu natunka temreparypsl (T1, T2 u T3) n
rnaxknoctd (H1, H2 u H3) ans onpenencuus ma-
pameTpoB Bo3ayxa. I[lorpebnsiemass MOIIHOCTB
KOMIIpECcopa, BEHTHIATOPA U JeKTpOHarpeBaTe-
JIs1 OIpEAeNsIach C HCIOJIb30BAHUEM CUETUHKA
anektpodHeprun CE101 RS 145 M6. Jlatuuku
TEMIIEPaTypPbl ¥ BIAXKHOCTH OBIIIM OOBEIMHEHBI B
CHUCTEMy IO YyIpaBleHHeM Onoka Arduino.
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3HaveHus ObUIM COOpaHBI C MOMOIIBIO HHCTPY-
MeHTa coopa nannsix (MS Excel).

AHaau3 U o0cy:k1eHne pe3yabTaToB. [Ipen-
CTaBJICHBI MPOQHIIHM TEMIIEPATYPbI K OTHOCHUTEIb-
HOM BJIQXKHOCTH BO3/yXa B CYIIMJIbHOW KaMepe B
nporecce cymku (puc.3). Temmepatypa Bo3myxa
B CyHIMJIbHOW KaMepe YCHEIIHO KOHTPOJIHMPOBa-
nacek B auanaszo”e 60 + 2 °C. Bpewms npexasapu-
TEIBHOIO HarpeBa, HEOOXOAMMOE ISl JOCTHIKeE-
HUSI TEMIIEpaTypbl BO3/(yXa, COCTABHJIO IPUMEPHO
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0,5 waca, 94TO COOTBETCTBYET NPHUOIM3UTEIHHO
5% ot obiero Bpemenu cymku xmeins. [Ipumep-

ncrounuke [11]. [Ipm 3TOM OTKIOHEHHS OBUIH
HE3HAYMTENIbHBIMU, YTO CBHIETENBCTBYET O CTa-

HO 4Yepe3 7 4 B IpoLecce CYIIKH NMPEephIBUCTOC  OMIBHOM IIpOLlecce CYLIKH XMelis. 3a  cyer

BKJIFOUCHHE-BHIKIFOUCHHE KOHAMIMOHEepa  yHajJeHHWs BIardk M3 XMelsd B  Ipouecce

MIPUBEIIO K HE3HAUYNTEIbHBIM KOJICOAHUSAM TEMIle-  CYIIKHM  BJI@XHOCTh  BO3AyXa  ITOCTEIICHHO

patypsl W BIXHOCTHM BO3AyXa B CYIIWJIBHOM  CHM3WiIach  mpuOmmsurensHo ¢ 90%  no
KaMepe, UTO HAIUIO  MOATBEpXKIEHHE B 12%.
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Puc. 3 — I'pahuk n3MeHeHHS TeMITEpaTyphl ¥ BIAXKHOCTH B XMEJIECYIIIHIIKE:
T1, T2, T3 — Temmeparypa Bo3Iyxa Ha HIDKHEM, CPEIHEM H BEPXHEM ApycaxX CYLIHIKA
cootBercTBeHHO, H1, H2, H3 — oTHOCUTENBbHAS BIAQXKHOCTh BO3/1yXa Ha HIDKHEM, CPETHEM U BEPXHEM
sipycax CYIIIIKA COOTBETCTBEHHO

B pesynbrare sKCHEpHMEHTOB OBUIM M3Mepe-
HBI TIOTpeOJIEHHE HIIEKTPOIHEPTUH U KOdPPHIH-
SHT IPOU3BOAUTEIILHOCTH. TemrepaTypa 1 Biax-
HOCTh aTMOC(EpHOTO BO3/yXa OBUIM H3MEPEHBI
9KCIIEPUMEHTAIIBHO, OHH MEHSUIUCH B 3aBHCHMO-
CTH OT BpeMeHH cyTok. I[lokazaHo cpaBHeHHE
HU3MEpPEHHBIX 3HAYCHUH OJHEpPromnoTpediieHus c
paCcyY€THbIMU, TNMOJTY4YCHHBIMU TEOPETUUCCKUM
criocobom (puc.4). DKcriepruMeHTaIbHBIE 3HaYe-
HMS HaxXOJWJINCh B auana3one ot 10,2 kBt-u nmo

-
0 =]

JHepronotpebnenue E, kBT
o]

11,5 xBt-4, yTo B cpemHeM 3a Bpems JKCIIEpH-
MeHTa cocTaBwiIo npudmusutensHo 10,85 xBr-u.
COOTBETCTBEHHO, pacyeTHbIE 3HAYCHHUS HAXOIH-
muchk B mpegenax 8,9 kBr-u m 10,2 xBTt-u npu
cpenHeM 3HaueHMH okojio 9,55 kBt-u. Cpenne-
KBajZlpaTuieckas OIIMOKa, paccuMTaHHas JUIst
9TUX 3Ha4YeHW#, coctaBuia 1,41. JlaHHOe OTKIIO-
HEHHE MOXET OBITH CBSI3aHO C oTEPAMU TEILIA
yepe3 HEIUIOTHOCTH M CTEHKH CYIIHIbHOW
KaMepBHl.

W
M

—&@®— Pac4yeTHble 3Ha4YeHuA

—@— JKCNepUMEHTa IbHbIE 3HaYeHHWA

05 1,5 25 35 45 55 §5 7,5 85 95 10,5 11,5 12,5 13,5 Bpemsa,u

Puc. 4 — I'paduk sHEpronoTpedIcH s 3IEKTPOOOOPYI0BAHUS

CpaBHeHHe KOX(pOHUIMEHTa MPOU3BOIUTEIH-
HOCTH TIOKa3bIBaeT COOTBETCTBUE HM3MEPEHHBIX
3HA4YEHHUH pacueTHBIM. VI3MepeHHbIE U pacueTHBIC
3HaueHus Haxoauwnuce B mpepenax ot 0,89 no
0,95 u ot 0,87 10 0,96 COOTBETCTBEHHO, a 3HAYC-
HUE CPEJHEKBAIPaTHYECKOr0 OTKJIOHEHUS COCTa-
Buno 0,06. Ha ocHOBaHMHU BBIIIEN3I0KEHHOTO
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MOXHO C/IeNaTh BBIBOJI, YTO TPHBEJCHHAS TEOpE-
THUYECKask MOJIETIb MOXKET 00ECHEeUNTh HaJeKHbBIH
MPOTHO3 3HEProd(P(PEeKTUBHOCTH /ISl OTpesierne-
HUS TPOU3BOJUTEIBHOCTH XMENECYIIMIOK U,
CIIEJIOBATENIBHO, MOXET HCIIOJIb30BaThCa IS
JalbHEHIIero aHaim3a IMPOU3BOAUTEIBHOCTH
XMEJIECYUIMIIOK C PeKyneparuei Temia.
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IIpencraBneHsl 3HaUeHHs YIEIBHON CKOPOCTH
y/aJleHus BJIard B 3aBUCHMOCTH OT KO3 duIreH-
Ta 00X0Ja MPU PA3IUYHBIX COCTOSHUSIX OKPYKa-
forero Bo3ayxa (puc.5). B ciryuae momHON peky-
nepaumu (k=0) cocrosiHME OKpYXaroIIel cpeJbl
HE OKAa3bIBAJIO BIIMSIHUS HA YJEJBbHYI CKOPOCTh
ynanenus: Biard. [lo mepe yBennuenus koddhu-
yeHTa 00xo/1a HabJII01AJIOCh TIOBBIIICHHE 3HAYE-
HUIA 3TOTO MOKa3aTelsl 10 HEKOTOPOTO IKCTPEMY-
Ma, 3aTeM CHipkeHue mpu 3HadeHusx k=100%,
YTO COOTBETCTBOBAJIO TIOJIHOCTHIO PA30MKHYTOMY
UKy B XxMmenecymriike. [Ipu 3Tom Gosee BbICO-
KHe 3HAYCHUS YJIeTbHOI CKOPOCTH y/aleHHs Blia-
' OOHapY>XKWIIUCH TIpH OoJiee BBICOKOH TeMmepa-
Type okpyxarouiel cpensl. C n3MeHEHHEM Iapa-
METPOB OKpYyXarollew cpelpl 10 cocTosHus BS
(Tabn.) MakCcHManbHOE 3HAUYEHUE OTHOCHTEIHLHOM

6,23 kr/(kBT'4) , 4TO COOTBETCTBOBAJIO 3HAUCHHUIO
koa(dunuenta odxoga 0,86, 4ro OBUTO BBHIIIE,
4eM IS CYIIKH C TTOJTHON pekyneparme 5,54 kr/
(xBT'9) HE3aBUCHIMO OT COCTOSTHIHSI OKpY>Karomiei
cpensl B1-BS (tabmn.). OueBunHa HEeKOTOpas pas-
HHIA: [TOJTHOE SHEProNoTpeOIeH e Ul XMelecy-
IIMIKK C YaCTUYHOM peKyrnepanueil u kodpuim-
enroM obOxoxa 0,86 oOkaszalioch HIKE, YeM IS
ciIydasi ¢ IOJHOM pekynepanueii. C yBeTndeHHeM
TEMIIEpaTypbl OKpYXaloLIel Cpeasl 3HEpProrno-
TpebieHne uMeeT TeHICHIMIO K cHIDKeHnto. Crie-
JIyeT OTMETHUTb, YTO PH MOHIKEHHBIX 3HAUCHUAX
TeMIIepaTyphl OKpyxKaromield cpensl (Bl) ynens-
Hasl CKOPOCTh YIAJEHUWsl BJard CHIKAIACh [0
5,38 kr/(kBT-4), MO3TOMY B 3TOM Ciy4ae MCIOIb-
30BaHME 3aMKHYTOTO [IHKJIAa XMEJIECYIINIKH

(k=0) okazamoch HECKOJIBKO 00jiee BBHITOJHBIM,
yeM pazoMkHyToro (k=1%).

CKOpPOCTH BJIArOOTAEIICHUS JOCTHUTAIIO
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Puc. 5 — I'paduk 3aBECUMOCTH yIETBHOW CKOPOCTH YIAJICHHUS BIard OT Ko QumreHTa 00Xoaa npu
Pa3IMYHBIX TApaMeTpax OKpyKaromiero Bo3ayxa: B1-B5 — kojoBbIe 0003HauCHHS TapaMeTpoB (TadJI.)

CoCTOsTHHE OKPYIKAIOIICH CpeIbl OKAa3hIBAJIO
HauOOJIbIICEe BJIMSHUC HA TMPOU3BOJAUTEIHHOCTH
XMECJICCYHIHNIIKA ¢ YaCTUYHO Pa3OMKHYTBIM U IOJI-
HOCTBIO PAa30OMKHYTBIM IUKJIAMU CYIIKH, OC06eH-
HO XapaKTEpHO 3TO MPOSBIACTCS NMPH 3HAUCHHUIX
koadpdunmenta ooxona B auanazone k=0,75...1.
PasHuIa B CKOPOCTH yAaNCHUS BIATU TPH 3TOM
nmocturana 13% (¢ 5,50 no 6,23 kr/kBr-u). B
KaXKIOM cliydae HaOJroAanach TCHICHIUS K CHU-
JKCHHIO 3TOro mokaszarens. Korma ObUT mpHHST
k03¢ dunreHT 00xo7a, COOTBETCTBYIOIIMHA Mak-
CUMaJIbHOMY 3HAYCHHIO OTHOCHTEIBHOI'O BJIAro-
oTaeneHust, K03(Q(UITMEHT MPOU3BOAUTEIEHOCTH
nmocturan 0,79, Torma Kak Ui OHKIA CYIIKH C
MTOJTHOW PEKYIIEPAllieii COCTABIISUT JIUIIb TIPHOITH-
3utenbHo 0,5.

BeiBoabl. AHanu3 TPOU3BOAUTEIBHOCTH
xmenecymmikd MXC-25, MoaepHU3UPOBaHHON
MyTEeM YCTAaHOBKM TEIJIOBOTO HACOCa B KOHTYP
UPKYJISAIKN BO3AyXa U 001aJaroleii HacTpanBa-
€MOIl peKylepauueld TeIIOBOM SHEPTUU NOKa3ai
MIPEUMYTIECTBA TIPUMEHECHHS YaCTUIHO

pasoMKHyTOro nukna cymku. ChopMmupoBaHHas
TeopeTHyeckass MOJEIb IO03BOJIMJIA PACCUUTATh
3HAa4YCHHE DSHEPronoTpeOIeHus, cpeaHee 3Hade-
HHUe KoToporo coctaBmio 9,55 kBr-u CpaBHeHue
W3MEPEHHBIX 3HAYEHUH 3HEPromoTpeONeHus ¢
pacyeTHBIMH TI0Ka3aJlo, YTO SKCIEPUMECHTAIBHbIC
3HAYEHMS HaXOAWJINCh HE3HAYUTENbHBIC OTKIIO-
HEHHS CO CpEIHEKBaJIpaTHYECKOH OIMINOKOMH,
1,41. 3HaueHust yJIeNbHOW CKOPOCTH yJaJEHUs
BJIard TPH HCIOJIb30BAHUM YaCTUYHO PAa3OMKHY-
TOrO LHUKJIA CyHMKH pocturaiu 6,23 kr/(kBrt-u),
YTO COOTBETCTBOBAJO 3HA4YCHUIO Kod(dduimeHTa
o6xozma 0,86. IIpu 3TOM IS CYIIKU C MTOTHOCTBIO
3aMKHYTBIM IIMKJIOM 3TO 3HA4YEHHE JOCTHTaJo
5,54 xr/(kBT-4) HE3aBUCHMO OT COCTOSIHUSI OKPY-
Karomel cpenbl. OTMedaeTcst, 4YTo Py MTOHMKEH-
HBIX 3HaYEHUSIX TEMIepaTypbl OKpyXKarolien cpe-
JIbl yZIeNbHass CKOPOCTh yJalleHnsl BJIaru CHIDKa-
nack 10 5,38 kr/(kBt-u), mosTOMy B 3TOM Ciy4ae
UCIIOJIb30BaHNE 3aMKHYTOTO IIHKJIAa XMEJIEeCY M-
KM OKa3aJIOCh HECKOJBKO 0oJiee BBITOJHBIM, YEM
MOJTHOCTBIO PA30MKHYTOTO.
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ANALYSIS OF HOP DRYER PERFORMANCE WITH PARTIAL THERMAL ENERGY RECOVERY
A. O. Vasilev, K. V. Egorov, R. V. Andreev, N. N. Pushkarenko, M. N. Kalimullin

Abstract. Drying is an integral part of the technological process of commercial hop production. Depending on
the production volume and the level of automation of the process, there are several ways to dry hop cones, including con-
vective, microwave and sublimation. At the same time, dryers have different ratios of quality and productivity. Reducing
energy costs for drying hops is an important area in the development of hop growing. In this regard, modernization and
analysis of the productivity of hop dryers is a pressing issue in the current conditions of rising production costs. The aim of
the research is to analyze the productivity of the MXS-25 hop dryer, modernized by installing a heat pump in the air circu-
lation circuit and having adjustable heat recovery. The air temperature in the drying chamber was successfully controlled
in the range of 60 + 2 ° C. The preheating time required to achieve the air temperature was approximately 0.5 hours, which
corresponds to approximately 5% of the total hop drying time. Comparison of the measured and calculated energy con-
sumption values showed that the experimental values were in the range of 10.2 kWh to 11.5 kWh, averaging approximate-
ly 10.85 kWh during the experiment. Accordingly, the calculated values were in the range of 8.9 kWh and 10.2 kWh, aver-
aging 9.55 kWh. A series of experiments comparing the drying performance using partial recovery showed that with an
increase in the ambient temperature to 24 °C, the maximum relative moisture separation rate reached 6.23 kg/(kWh) with a
bypass ratio of 0.86, which was higher than that of 5.54 kg/(kWh) for drying with full recovery. The partial heat recovery
system is superior to the full recovery system in terms of energy efficiency and increased hop drying performance.

Key words: hops, drying, modeling, heat and mass transfer.
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