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I/IH)KeHepHLle TEXHOJIOI'MH U CUCTEMBbI
PELEH3UPYEMBII1 HAyYHBIH KypHaJl OTKPBITOTO JOCTYIIA

Lenp Hay4HOTO KypHaIa OTKPHITOro noctyna «MHxeHepHbIe TEXHOIOTUH U CHCTe-
MBD) — 3HAKOMCTBO YMTATEJICH C pe3y/bTaTaMi OPUIMHAIBHBIX HAyYHbIX HCCIICIOBAHUM
B 00J1aCTH arponpoMBIIIICHHOTO KOMIUIEKCa U MAIMHOCTPOeHNS Poccnyt v 3apyOeKHBIX
cTpaH. Muccus )KypHajla — CO31aHHE MEKAYHAPOAHON TUIOLIA KK JUTs HAyYHOM TUCKYC-
CHUH MCCIIEIOBATENICH, 0OMEHA OITBITOM U IyOJIMKAIMY aKTyalIbHBIX TOCTHXKEHUH B chepe
WHKCHEPHBIX CUCTEM U TEXHOJIOTHH.

JKypHan agpecoBan vcciieIoBaTeNsIM U CIICIHATNCTaM, Pa0OTAIOIMM B MallIHHO-
CTPOEHMU U CEIbCKOM XO3AHCTBE, IPEToaaBaTelisiM, acllIpaHTaM U CTyACHTaM BBICLINX
yueOHBIX 3aBEJICHU, a TAKIKE IMUPOKOMY KPYTY YUTATENICH, HHTEPECYIOIIUXCS IIEPCIIeK-
TUBHBIMH HaIIPaBJICHUSAMH OTEYECTBEHHOH U 3apyOe:KHON MHKCHEPHH.

Penaxmus )xypHaia oCylecTBIsSET HAyYHOE PELIEH3NPOBAaHKE (JIByCTOPOHHEE CIIETIOE)
BCEX MOCTYNAIOIINX cTarei. PyKomuch crarby HalpaBisieTCsl HA peLiEH3UPOBaHUE IS
OLICHKH €€ Hay4YHOTO COZIepKaHusl HECKOIbKIM BEIYIIUM CHEMAIICTaM COOTBETCTBYIOIIETO
npouIIsl, IMEIOIINM HayuHYIO CTICIUaIN3aLHio, Hanbosee OIMN3KyI0 K TEMaTHKE CTaTbU.

Penakmus sxypHana peaqusyeT NPUHLINII HYJIEBOM TOJIEPAHTHOCTH K IUIaruary.
MOHHUTOPUHI HEKOPPEKTHOTO LIUTUPOBAHUS OCYLIECTBIISETCA C MIOMOILBIO CUCTEM
«Antumnaruar» u «iThenticatey.

Pacnpoctpanenme — Poccuiickas ®enepanus, 3apyOeKHbIC CTPAHEI.

JKypnan npemocTaBisieT OTKPBITHIA JOCTYII K IIOJTHBIM TEKCTaM Ty OIUKAINA, HCXOJIS
U3 CJICIYIOIETO IPUHIIMIIA: OTKPBITHINA JOCTYII K pe3yJbTaraM MCClleJOBaHUi cr1oco0CT-
BYET YBEJIMUCHHIO INI00AJIEHOTO OOMEHA 3HAHHUSIMHU.

Kypnan BrimtoueH B [lepeueHnb perieH3upyeMbIX HayYHBIX H3IaHUM, B KOTOPBIX JOJKHBI
OBITh OITyOJIMKOBAaHBI OCHOBHBIC HAayUHBIE PE3YJILTaThl IUCCEPTAILINI HA COMCKAHUE YYEHOH
CTEIICHN KaH/IW/aTa HayK, Ha COMCKaHUE YUCHOW CTENCHM JOKTOPA HayK IO HayYHbIM
CHENHAIBHOCTSIM U COOTBETCTBYIOLIUM UM OTPACISIM HayKH:

1.3.2. IIpuGopsl 1 METOMBI AKCIIEPUMEHTATBHON (PU3UKHU (TEXHHYECKUE HAYKH)

1.3.6. OnTuka (TeXHUYEeCKHe HayKH)

1.3.13. Dnexrpoduznka, HeKTpopU3nIecKre YCTAaHOBKH (TEXHHYECKIE HAyKH)

2.5.3. TpeHune 1 U3HOC B MalIiHaX (TEXHUYECKUE HAyKH)

4.1.4. CanoBoaCTBO, OBOLIECBOJCTBO, BUHOIPAIapCTBO U JICKAPCTBEHHBIEC KYJIBTYPHI
(TeXHUYEeCKHe HayKH)

4.3.1. Texnonoruu, MalvHbI ¥ 000PYIOBAHUE [JIS arPOIIPOMBIIIIIEHHOTO KOMILIEKCA
(TeXHUYeCKre HayKH)

4.3.2. DNEeKTPOTEXHOIOTHUH, JIEKTPOOOOPYIOBAaHNE U SHEPrOCHAOKEHHE arpoIpo-
MBIIIEHHOTO KOMITJIEKCa (TEXHUUECKUE HayKH)

Kypran uHIEKCUpYeTCs U apXUBHPYETCs B 0a3ax TaHHBIX:
Web of Science Core Collection (ESCI)
Russian Science Citation Index (RSCI)
Poccwuiickom nHekce HaydHoro nutupoBanus (PUHLI)

Kypnan sBisercs uneHom Open Access Scholarly Publishers Association (OASPA),
Directory of Open Access Journals (DOAJ), Committee on Publication
Ethics (COPE), Accounanuu HayuHbsIx penakropo u usnareneid (AHPU), CrossRef

MarepuaJibl )KypHaia J0CTyIHbI 1o guien3un Creative Commons “Attribution”
(«Atpubynmsi») 4.0 Bcemupnas
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Engineering Technologies and Systems
A peer-reviewed open access academic journal

The purpose of the open access academic journal Engineering Technologies and
Systems is to introduce the readers to the results of original scientific research in the field
of agroindustrial complex and mechanical engineering of Russia and foreign countries.
The mission of the journal is to create an international platform for scholarly disputes of
researchers, exchange of experience and publication of the articles on current achieve-
ments in the field of engineering systems and technologies.

The journal is addressed to researchers and specialists working in mechanical en-
gineering and agriculture, teachers, postgraduates and students of higher educational
institutions, and to a wide range of readers interested in advanced research directions
of domestic and foreign engineering.

The Editorial Board reviews (double-blind review) all incoming papers. The manu-
script of the article is sent for review to several leading specialists of the corresponding
profile, who have scientific specialization closest to the subject of the article, to evaluate
the scientific content.

The Editorial Board follows the principle of zero tolerance to plagiarism. The incor-
rect citations shall be monitored with the help of Antiplagiat and iThenticate systems.

The journal is distributed in Russian Federation and other countries of the world.

The journal offers direct open access to full-text issues based on the following
principle: open access to research results contributes to the global knowledge sharing.

The journal is included in the List of the leading peer-reviewed scientific journals
and publications, where basic scientific results of dissertations for the degrees of Doc-
tor and Candidate of Sciences in scientific specialties and their respective branches of
science should be published (Higher Attestation Commission under the Ministry of
Science and Higher Education of the Russian Federation):

Instruments and Methods of Experimental Physics

Optics

Electrophysics, Electrophysical Installations

Friction and Wear in Machines

Gardening, Olericulture, Viticulture and Medicinal Plants

Technologies, Machinery and Equipment for Agroindustrial Complex

Electrotechnologies, Electrical Equipment and Power Supply of Agroindustrial
Complex

The journal is indexed and archived by databases:
Web of Science Core Collection (ESCI)
Russian Science Citation Index (RSCI)

Russian Index of Science Citation

The journal is a member of Open Access Scholarly Publishers Association (OASPA),
Directory of Open Access Journals (DOAJ), Committee on Publication
Ethics (COPE), Association of Scientific Editors and Publishers (ASEP), CrossRef

All the materials of the Engineering Technologies and Systems journal are available under
Creative Commons “Attribution” 4.0 license
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PEJAKIHIMOHHAS KOJUIETHUA

Cenun IleTp BacuiibeBuY — 2nasnoitl pedakmop, TOKTOp TEXHUUECKHUX HayK, mpodeccop,
pyKoBOIUTENL BEICIIEH IITKOIBI pa3BUTHS HAyYHO-00pa30BaTEILHOTO IOTEHIIHATIA
HaruoHa bHOTO HCClieJoBaTelIbcKoro MOpI0BCKOIO TOCYAapCTBEHHOTO YHHBEPCHUTETA,
ORCID: https://orcid.org/0000-0003-3400-7780, vice-rector-innov@adm.mrsu.ru
(Capanck, Poccuiickas @enepanus)

JleBueB Auiekceii [laBiaoBuY — samecmumens 21asHo20 pedakmopa, TEXHUUSCKUX HayK, mpodeccop,
3aBeyIoIui Kaderpol TerIodHepreTHIecKuX cucteM HaroHabHOTO HCCIen0BaTeNbCKOTO
MopmoBckoro rocynapctBeHHoro yHusepcutera, ORCID: https://orcid.org/0000-0003-2429-6777,
levtzevap@mail.ru (Capanck, Poccuiickas deneparmst)

Yarkud Muxauia HukonaeBuu — savecmumens 21aeHo2o pedakmopa, TOKTOP TEXHHYECKUX
HayK, mpodeccop kaderpbl MOOMIIBHBIX SHEPIeTHIECKUX CPE/ICTB M CEIIbCKOX03SHCTBEHHBIX
MammH nmenu npogeccopa A. 1. Jlemanknaa HaroHansHOTO HCCIE0BATENBCKOTO
MopnoBckoro rocynapctBeHHoro yausepcutera, ORCID: https://orcid.org/0000-0002-3758-7066,
chatkinm@yandex.ru (Capanck, Poccuiickas ®eneparivisi)

TI'opauna Exarepuna IlaBinoBHa — omeemcmeennblii cekpemaps pelakliii HayYHBIX )KypPHAJIOB
HanmonaasHOTo Mccie1oBaTesIbckoro MopIoBCKOro rocy1apCTBeHHOTO YHHBEPCHUTETA,
vestnik_mrsu@mail.ru (Capanck, Poccuiickas deneparms)

Aunaxsepaues Cypxaii Parum oribl — JOKTOp OHOJTOTHYECKHX HayK, akaJeMHK Poccuiickoit AkazemMun
EcrectBo3Hanms, npodeccop kadenpbl 3KONOTHU 1 PUPOIONONIB30BaHNs MOCKOBCKOTO 11€Iarornyeckoro
rocynapcTBeHHoro yHUBepcutera (Mocksa, Poccuriickas deneparst); npodeccop kaheapsl 1ecHoi
nHaycTpun bapreiHcKoro rocynaperBeHHoro yausepeurera (baptoin, Typrms)

AcrtaxoB Muxaui BiaguMHpPOBHY — TOKTOP TEXHUYECKHUX HAYK, Ipodeccop Kadeapsl KOJTEeCHBIX
MalIiH U MPUKIaaHoi Mexanuku Kamysckoro guinana MoCKOBCKOTO rOCYAapCTBEHHOTO
TexHUUYecKoro yuusepcurera umenu H. O. baymana, ORCID: https://orcid.org/0000-0001-8675-1611
(Kamyra, Poccuiickast @eneparmsi)

Bynrakos Ajexceii I'puropbeBuY — JOKTOp TEXHHYECKUX HAyK, Hpodeccop Kadeapsl MPOMBIIILICHHOTO
U rpakaHckoro crpoutenbcTa FOro-3amaanoro rocynapersennoro yuusepcurera (Kypcek, Poccuiickast
Denepanusi); mpodeccop CTpouTeabHOro haxyibreTa J[pe3aeHcKoro TeXHHYECKOro YHHBEPCHUTETA,
ORCID: https://orcid.org/0000-0003-4261-9840 ([Ipe3nen, ['epmanns)

T'epoep FOpmii BopucoBHY — TOKTOP TEXHUYECKUX HAyK, Ipodeccop Kadeapsl TEXHOIOTHH
1 000py0BaHKS IPOM3BOACTBA U IepepadOTKH MPOTYKINH )KHUBOTHOBOACTBA KpbIMCKoTO (heneparbHOro
yHuBepcutera umenn B. W. Bepuaackoro, ORCID: https://orcid.org/0000-0003-3224-6833
(Cumdeponons, Poccuiickas Demeparis)

Ysxenn Jlaiidpen — Ph.D., npodeccop, nekan [1Ikonsl sHepreTrkn [[3sHCYCKOro YHUBEpPCHTETA HAYKH
1 TEXHOJIOTUH, TUPEKTOp MeKTyHApOHOM 00BEAMHEHHO JTab0PATOPHH MO SKOJIOTHIECKON SHEPreTHKe
CyHOB 1 KOHTpoTro BEIOpocoB L[3sHcy, ORCID: https://orcid.org/0000-0002-4110-2199 (Uxsnb13sH, Kuraii)

JumutpoB Basepuii IleTpoBuY — TOKTOp TEXHUYECKHUX HayK, Ipodeccop, 3aBeTy O
kadenpoil yrpaBieHus KadecTBOM JJOHCKOTO rocy1apCTBEHHOIO TEXHHYECKOTO YHHBEPCHUTETA,
ORCID: https://orcid.org/0000-0003-1439-1674 (PoctoB-Ha-/lony, Poccuiickas deneparis)
Kauxun Cepreii lOpbeBHY — TOKTOp TEXHUYECKUX HayK, Tpodeccop Kadeapbl IKCILUTY TAUH
TPAHCHOPTHBIX U TEXHOJOTUUCCKUX MaIINH BOPOHEKCKOT0 rocyapCcTBEHHOTO arpapHOro
yHHEBepcuTeTa nMeHn ummneparopa Ilerpa I, ORCID: https://orcid.org/0000-0002-1844-5011
(Bopounex, Poccuiickas ®enepanms)

Kenesnnkona Oabra EBrenbeBHa — KaHAUAT TEXHUYECKUX HayK, JIOLEHT, AupeKTop MHCcTHTYTAa
SIIEKTPOHUKH U CBETOTEXHUKH HarmoHaIsHOTO HecaenoBaTenbeckoro MopioBCKOro rocy1apCTBEHHOTO
yauBepcutera (Capanck, Poccuiickas deneparist)

Hrymnos Jleonua AsekcaHApPOBHY — JOKTOP (pU3NKO-MaTeMaTHIECKUX HAyK, IIPO(eccop, 3aBe Ty IO
kagenpoit TKOM MNUTMM HaumonansHOro nccieqoBarenbckoro Himkeroponckoro rocyaapcTBEHHOTO
yauBepcutera umenn H. 1. Jlo6auesckoro, ORCID: https://orcid.org/0000-0003-3035-0119
(Hmwxuuit Horopon, Poccuiickas deneparust)

Hcromuna Haranbs JleonnaoBHa — TOKTOp (U3MKO-MaTeMaTHUECKAX HAyK, HAYAIBHHUK
oraena ¢puznueckux Hayk Poccmiickoil akageMun HayK, 3aMECTUTENh akaJeMHUKa-CeKpeTaps
1o Hay4HOOpranu3annoHHoi padore O®H PAH; npodeccop kadeaps! yrnpaBieHns] HHHOBAIUSIMA
MOCKOBCKOTO aBHAIIOHHOTO HHCTHTYTa (HAIMOHAIBEHOTO MCCIIEIOBATEIbCKOTO YHHBEPCHTETA); TIIABHBII
penaKTop Hay4HO-TeXHHYECKOTO KypHaia «Poronmnka», ORCID: https://orcid.org/0000-0001-6008-1226
(Mocksa, Poccuiickas ®enepanns)
Keuemaiiknn Baaguvup HukosaeBny — kaHIUIaT SKOHOMHYECKUX HAyK, JOLEHT, TUPEKTOP
Py3aeBckoro MHCTUTYTa MalIMHOCTpOeHHsT HarnonansHOro nceienoBaresbckoro MopioBCKoro
rocynapcTBeHHOTO yHUBepcuTeTa (Capanck, Poccuiickas deneparis)
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Korun Anexcanap BiaaguMHpoBUY — JOKTOp TEXHUYECKHX HayK, podeccop Kkadenps
MEXaHH3aIUU NepepadOTKH CeTbCKOX03IHCTBEHHOM MpoayKuny HalmoHarbHOTO HCCIeJOBaTeIbCKOTO
Mopnaosckoro rocyaapctseHHoro yausepcurera, ORCID: https://orcid.org/0000-0001-8235-0052
(Capanck, Poccuiickas @eneparms)

Kycmapues ®@enop BacunnseBuu — Ph.D., nexan ¢usnueckoro ¢paxynsrera Yausepcutera Jlap6opo
(JIap6opo, BenuroOpuranus); mpodeccop Komremka HCKyccTB 1 HayK YHUBEpcHTETa Xamu(bl
(AGy-/Tabu, OAD)

Kyxapes Oger HuxonaeBH4 — JTOKTOp TEXHHYECKUX HayK, Ipodeccop, pexrop [lenszenckoro
rocymapcTBeHHoro arpapaoro yausepcurera, ORCID: https://orcid.org/0000-0002-3519-4066
(ITen3a, Poccuiickas denepariust)

JlobaueBckmii SIkoB IleTpoBHY — TOKTOp TEXHUYECKUX Hayk, podeccop, akagemuk PAH,
NepBbIN 3aMeCTUTENb JupeKkTopa deaepanbHOr0 HaydHOro arpouHXKeHepHoro nentpa BUM;
akaieMuK-cekperapb OTIeIeHns cenbCKoX03aiCTBeHHbIX Hayk PAH,

ORCID: https://orcid.org/0000-0001-7863-2962 (Mocksa, Poccuiickas deneparust)

MukaeBa CBeTjiaHa AHATOJILEBHA — JIOKTOP TEXHUUECKHUX HAYK, OLEHT, TIpodeccop
kadenpsl anekTporukn MUPDA — PoccHiicKoro TeXHOJIOTHUECKOTO YHUBEPCUTETA,
ORCID: https://orcid.org/0000-0001-6992-455X (Mocksa, Poccuiickas Deneparimsi)

Hecmusin Anapeii FOppeBHY — TOKTOp TEXHHUECKHX HayK, mpodeccop Kadeapbl TEXHOIOT Uit
U CPEJICTB MEXaHM3AIUH arpoNPOMBIIIIEHHOTO KOMIUIEKCa, 3aMECTUTEIb TUPEKTOpa
10 Hay4HOH paboTte 1 HHHOBAIMAM A30B0O-UepHOMOPCKOTO HHIKEHEPHOTO HHCTHTYTa JJOHCKOTO
rocynapcTBeHHoro arpapuoro yausepcurera, ORCID: https://orcid.org/0000-0003-3473-8081
(3epHorpan, Poccuiickas ®enepanmsi)
OcTpuxoB Banepnii BacuiabeBu4 — TOKTOp TEXHUYECKHUX HaykK, Ipodeccop, TUPEKTOp
Bcepoccuiickoro HayTHO-HCCIIEOBATEIHCKOTO HHCTUTYTA UCTIONb30BAHMS TEXHUKN
1 HepTenpoayKTOB B cenbekoM xo3stiicTBe, ORCID: https://orcid.org/0000-0003-2927-768X
(Tam0OoB, Poccuiickas ®eneparms)

Inornuxos Cepreii AjnekcaHIpoOBHY — TOKTOP TEXHUYECKUX HayK, Ipodeccop
Kadeaphl TEXHOJIOTHH MAIIHHOCTPOCHHST BSITCKOTO rOCyIapcTBEHHOTO YHHBEPCHTETA,
ORCID: https://orcid.org/0000-0002-8887-4591 (Kupos, Poccuiickas deneparust)

HpsiTkoB FOpuii HukonaeBuY — TOKTOP CEIBCKOXO3IHCTBEHHBIX HAYK, MPodeccop Kaeapsl
300TeXHUKU UMeHH Ipodeccopa C. A. Jlanmmua HaroHansHOTO HCCae0BaTeNbCKOTO
Mopaosckoro rocynapcrsenHoro yausepcurera, ORCID: https:/orcid.org/0009-0006-4344-4383
(Capanck, Poccuiickas @enepanus)

Pymuk ®@ennke SIkoBiIeBUY — JOKTOP TEXHUYECKHUX HAYK, Mpodeccop kadeapsl TEXHOIOT Ui
npoaykToB nuTanus CapaToBCKOTO TOCYIapCTBEHHOTO YHHUBEPCHTETA TEHETUKH, OMOTEXHOJIOTHI
n nrxenepun umenn H. W. Basunosa, ORCID: https://orcid.org/0000-0001-8444-0115
(Caparos, Poccuiickas ®eneparis)

Psioouxnna [ommHa AHATO/IbEBHA — JIOKTOP (PM3HKO-MAaTEeMAaTUICCKUX HayK, podeccop,
HayYIHBIH PyKOBOAMUTENH JJAOOPATOPHH ONTHYECKON CHIEKTPOCKOIHH JIa3ePHBIX MaTepHaIOB
HanmoHnapHOTO HCCITeI0BaTeILCKOTO MOPIOBCKOTO TOCYIapCTBEHHOTO YHUBEPCUTETA,
ORCID: https://orcid.org/0000-0001-8503-8486 (Capanck, Poccuiickas ®enepanusi)

Cajnem Adnean-bagex Moxamen — TOKTOp HayK B 001aCTH KOMITBIOTEPHBIX TEXHOJIOTUH, 3aCITyKEHHBIH
npodeccop, pyKOBOAUTENb HCCIEA0BATEIbCKUX JTa00paTOpHil B 001aCTH HCKYCCTBEHHOTO HHTEIIEKTa
1 3HaHUi, npodeccop dakynpreTa KOMIOBIOTEPHBIX U HH(MOPMAIIMOHHBIX HayK yHHBepcuTeTa AiiH [llamc,
ORCID: https://orcid.org/0000-0003-0268-6539 (Kaup, Erumner)

CUMASHKUH ApKaauii AHATOIbeBHY — JOKTOP TEXHUYECKUX HayK, mpodeccop Kadenpbl
OMOMEXaHHKH U €CTECTBEHHO HAay4HBIX TUCHUILINH Poccuiickoro yauBepcurera cropra «['LIOJIMDK»,
ORCID: https://orcid.org/0000-0001-9761-6183 (Mocksa, Poccuiickas deneparust)

Cxpsadun Biragumup AJjiekcaHAPOBHY — JOKTOP TEXHUUECKUX HAyK, Mpodeccop Kadeapsl
TEXHOJIOTU ¥ 000PYNOBaHHs MALIMHOCTPOCHUS [IeH3EHCKOro rocy1apCTBEHHOTO YHHBEPCUTETA,
ORCID: https://orcid.org/0000-0001-7156-9198 (Ilensa, Poccuiickas denepariis)

Tapacos EBrenunii MuxaiijioBu4 — 10KTOp TEXHHYECKHUX HayK, Ipodeccop, 3aBeAYIOIIUI
kadenpoii aBTOMaTHKH, TeIEMEXaHUKH U CBSI3H Ha JKeJIe3HOI0POXKHOM TpaHcropTe Camapckoro
roCyapCTBEHHOT0 yHUBepcuTeTa mmyteit cooduienus, ORCID: https://orcid.org/0000-0003-2717-7343
(Camapa, Poccuiickas denepanusi)
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Pedaxyuonnas cmamows / Editorial

Ha rpanunne npouJioro ¢ rpsiiymum.
Kypuaa «AH:KeHepHBbIE TEXHOJOIHU U CUCTEMbI»
ormeuaer 35-i1erue!

On the Border Between the Past and Future.
The Journal “Engineering Technologies and Systems”
Celebrates its 35™ Anniversary!

Tot

He nouumari

Cebs cmosiuum

Tonvko 30eco som, 6 cyujem,

B nacmoswen,

A 8o0bpasu cebs uoywum

I1o epanuye npouinoco ¢ epsaoyuum.

JI. Mapmuinos

B atom romy xypHan « IHKeHepHBIE TEXHOIOTHH U CHCTEMBD) OTMEJAET CBoe 35-JeTwe.
[Tpumnuto Bpemst MO3paBUTh KyPHAJ C €ro JOCTHKEHUSIMH 1 BKJIaI0M B 00JIaCTh MH-
JKeHEpHUH, HO, YTO eIlle BaKHee, 3aIITHYTh B OyyIee.

Kypnan ocnoBan B 1990 r. HanmoHanbHbIM HccenoBaTeIbcKuM MOpOBCKUM
TrOCyAapCTBEHHBIM YHUBEPCUTETOM (Jlajiee — YHUBEPCHUTET) MO/ Ha3BaHueM «BecTHuk
MopnoBckoro yHUBepcuTeTa». Perienre o ero u3nanuu ObLJIO MPUHSTO HA 3aceia-
Huu xosueruu l'ocynapcrBenHoro komuteta CoBeta MunuctpoB PCOCP no genam
W3/1aTeIbCTB, NONUrpaduu U KHUKHOM TOProBiH (BBINKMCKA U3 MpoTokoma Ne 17
0t 26.09.1989 r). [1pukaz Ne 363 00 opranu3zanuu U3JaHus MOIITHMCcaH MUHICTEPCTBOM
BBICIIIETO ¥ CPEAHETO CIeanbHOr0 o0pa3oBanus 26.10.1989 1. [maBHBIM pegakTopoM
YTBEPAMIIN PEKTOpa YHHUBEPCHUTETA, 3aciyxkeHHoro aesrens Hayku PCDOCP, mpodec-
copa A. W. Cyxapesa (1990-1992 rr.). B 1992 1. pemakIimoHHY0 KOJUICTHIO KypHaa
BO3IIABUJI pekTop YHHBepcutera, mpodeccop H. I1. Makapkun (1992-2009 rr.).

C MOoMeHTa OCHOBaHUS >KypHaJ U3/1aBajicsl B Me4aTHOM (GopMare, B OTKPBITOM
JOCTyTIe U OecIIaTHO JUIs aBTOPOB. B HeM MmyOIIMKOBAINCH Pe3ysIbTaThl BAKHEHIITHX
HAy4HBIX HCCIIeI0BAaHUN, IPOBOANMBIX B YHUBEPCUTETE M0 BCEM HAYYHBIM CIIeLIHab-
HOCTSIM. 3aj1auy JKypHaJIa ONPeAessUINCh UACSIMU UHTETpallui OTpaciieil Hay4qHOTo
3HAHHS, HICTOPHYECKUM KOHTEKCTOM U OBUIH CBSI3aHBI C 3aJJa4aMH rOCY/IapCTBa B TOJIbI
NepecTpPONKH BhICIIEH KOl OTINYNUTENBHON YepTON MEPBBIX JIET U3AAHUS KypHaIa

© Cenun I1. B., 2025
Konrent nocrynen no ymuensnn Creative Commons Attribution 4.0 License.
3 This work is licensed under a Creative Commons Attribution 4.0 License.
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CTaJI0 OTCYTCTBUE YETKOW CTPYKTYPHI: TIaBHOW LENbI0 OBUI0 MAKCHMAIBHO OXBAaTUTh
BCE HaIPaBJICHUsI HAyYHO-MCCIIE0BATEIbCKON NESTEILHOCTH YUCHBIX YHUBEPCUTETA.
Kaxprit HoMep Jaenmics Ha pyOpUKH, B KOTOPBIX TIEYaTaIuCh PE3yIIbTaThl HCCIISIOBAHUH,
MIPOBOUBIIIMXCS Ha Pa3HBIX (pakynpreTax. OHAKO 10 Mepe pa3BUTHS YHHUBEPCUTETA,
YCIOKHEHHUS €70 CTPYKTYPbI IPOUCXOFIIA U TU(PepeHIHaIHs eANHOTO paHee KypHaa.
C 2006 1. «BecTHHK MOpPIOBCKOTO YHUBEPCHTETA» CTAIT IETUTHCS Ha CEPUH, TTOCKOJIBKY
KaKIBIH (DaKyIbTeT CTPEMIUICS MPEIIOKATD YUTATENSIM BCE OOJbIee KOIMIECTBO
nH(GOpPMAIMN O TIPOBOANMBIX HCCIIEOBaHUAX. MHOTHE CTYAEHTHI M aCIIMPAHTHI By3a
OITyOJIMKOBAJIA CBOM TIEPBBIE HAYYHBIE TPY/AbI HAa €r0 CTPaHMIIAX.

B 2009 1. penakiimoHHYI0 KOJUICTHIO JKypHAJIa BO3MIABII PEKTOP YHUBEPCHUTETA,
norieHT C. M. Boosun (2009-2021 rr.). [louck onTUMaibHON MOAETH pa3MeEIICHUs
MaTepHaoB B KypHAJIC U TEMaTHYECKON CTPYKTYPBI MPHUBEI K CYKCHUIO TEMAaTHKH
¥ U3MEHEHUI0 Ha3BaHus u3nanus. B 2019 1. sxkypHai momy4ns cBoe HeIHELIHEe Ha3BaHUE
¥ BBILIET Ha HOBBIM YPOBEHb MEXXYHAPOAHBIX CTAHIAPTOB, IPAKTUKYEMBIX pelaKuei
Hay4YHBIX KypHaJI0B YHUBepcuTeTa. Mi3menenue reorpaduu aBTOpOB CBUACTEILCTBYET
0 TOM, YTO >KypHaJ BC€ B OOJBIIEH CTEIeH! MpHUBIIEKaeT K ceOe BHUMaHNE MUPOBOU
HAyYHOH OOIIECTBEHHOCTH.

B 2021 1. mmaBHBIM peIakTOpOM Ha3HA4YeH JTOKTOP TEXHUYECKUX HayK, Ipodeccop,
PYKOBOAMTENHh BhICIIel MIKOIBI Pa3BUTHS HAyYHO-0OpPa30BaTEIbHOTO MOTEHIIHATIA
HarmonanpHOTO HiccIe10BaTehecKoro MOPAOBCKOTO TOCYIApCTBEHHOTO YHUBEPCUTETA
I1. B. Cennn (2021 — o nacrosmiee BpeMs). CBUAETETLCTBOM HAyYHOH 3HAYUMOCTH
JKypHaJIa sSIBJISICTCS €ro MHJEKCaIUs B Mex1yHapoHoi 6a3e Web of Science (ESCI),
«benom cniucke» (CMHUCOK HAayYHBIX KYpPHAJIOB, CO3JaHHBIN B LENAX oOecredeHus
MOHHMTOPUHTA U OLEHKHM MyOJIMKAIIMOHHOW akTUBHOCTH), Russian Science Citation
Index (RSCI), HaumonanbHoi 6nbnuorpaduyueckoii 6ase naHHbIX «Poccuiickuii nHAEKC
HayyHoro nutupoBanus» (PUHIL), SHERPA / Romeo, 0a3e xypHallOB OTKPBITOTO
noctyna DOAJ u Bimodenue B IlepedeHs perieH3upyeMbIX Hay4qHbBIX M3/1aHU, B KO-
TOPBIX JOJDKHBI OBITH OITyOIMKOBaHBI OCHOBHBIE HAyYHBIE PE3YIBTAThI IUCCEPTAIIHA Ha
COWCKaHNE YYCHOH CTETIeH! KaHIuAaTa HayK, Ha COMCKAaHNE yUYeHO! CTETeHH JJOKTOpa
Hayk (rrepedenb BAK).

Kpowme Toro, >xypHai BeIcTymaeT ydacTHukoM acconnanun OASPA, mapTHepcTBa
CrossRef, Komurera mo mybmkanmonsoit atuke COPE, mpodheccronansHoro coodmiecTsa
«Acconmanus Hay9HbIX peakTopoB u uznarenein» (AHPI), uto cBumeTenseTByeT 0 cooT-
BETCTBHH PEAKIIMOHHON MOJMTHUKY KypHAJA BBICOKUM MEKITYHAPOIHBIM TPEOOBAHUSIM.

Ha npotsbxkenun 35 neT W3MEHMIOCh MHOTOE: OIHO ThICSUEJIeTHe CMEHUIIO JPY-
roe, CTpaHa craja APYroi, HO JKypHaJ COXPaHWIJI CBOU NE€PBOHAYAIbHBIE MPUHLIUIIBL:
OTKPBITBIH JOCTYI K pe3yibTaTaM HCCIeI0BaHUH, CIOCOOCTBYIONINH yBEINYCHHIO
100aIbHOTO OOMEHa 3HAHUSIMU, TIOJJICP>KKaA CO CTOPOHBI HAYYHBIX IIKOJI YHUBEPCHUTETA
U COJICHCTBUE PACIIPOCTPAHECHHUIO TIEPEIOBBIX HAYYHBIX 3HAHUH.

Lenp HAyYHOTO JKypHAJIa OTKPHITOTO TocTyTa « TH)KeHepHbIE TEXHOIOTUN U CHCTE-
MBI» — 3HAKOMCTBO YHTATENeH C pe3ylIbTaTaMi OPUTHHAILHBIX HAYYHBIX HCCIICAOBAHHN
B 00JIaCTH arponpOMBIIIIEHHOTO KOMITIIEKCA M MAIlTMHOCTpOeHHs Poccnu 1 3apy0exHbIX
ctpas. OH npejyaraeT y4eHbIM | IPaKTHKaM MEXIYHAPOJHYIO TUTOIIAAKY IS HAyIHON
JIMCKYCCHH HCCIieloBaTesiel, 00OMEeHa OIBITOM M ITyOIMKAIMN aKTyalbHBIX JTOCTHKEHHUI.
Kypnax agpecoBaH rccieoBaTessIM 1 CIIEUANIMCTaM, paboTaIOIINM B MAITHHOCTPOCHUH
Y CEJILCKOM XO3SHCTBE, PENOAaBaTeNsiM, aCIIMPAHTaM M CTYIEHTaM BBICIIHX y4eOHBIX
3aBEICHUH, a TaKKe IIMPOKOMY KPYTy UMTaTeNel, MHTepeCyONMXCs NepCeKTHBHBIMU
HarpapJICHUSMH OTEUECTBEHHON U 3apyOCKHON WHKEHEPHH.
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JKypHan crmocoOCcTBYeT pacpOCTPAaHEHUIO HAYYHBIX TEOPHUIA, PE3YIILTaTOB UCCIIEIO0-
BaHWI ¥ TIPE/ITIOKEHUM, a TAKIKE OTBITA B 00JIACTH MHKCHEPHBIX TEXHOJIOTHH HE TOJIBKO
Onarogapsi BBICOKOKQYECTBEHHBIM CTAThsIM, ITyOIMKYEeMbIM B JKypHaJe, HO U HallleMy
AKTHBHOMY MPHUCYTCTBHIO B COIIMATBHBIX CETAX U CO3IAaHHUIO HOBOTO MPOCTPAHCTRA JIJIsI
He(POPMATBHOTO 00CYKACHUS TEM KypHAa.

Penakius xxypHaia oOCyIIeCTRISICT HAyYHOE PELICH3UPOBAHUE (JIBYCTOPOHHEE Clie-
1oe) BCeX MOCTYMAIIIUX cTareil. PyKomnuch cTaThb HalpaBisieTcs Ha pelieH3uPOBaHUE
JJI1 OLICHKHW €€ HAYYHOI'O COACPKAaHUA HECKOJIBKUM BEAYIIUM CIICUaInCTaM COOT-
BETCTBYIOIIETO NMPOGUIIs, UMEIOIIUM HAYYHYIO CHEIHaIN3aliio, Hanboee OIU3KYI0
K TEMATUKE CTAaTbH.

Kypnan npemocTaBnsieT OTKPBITBIH TOCTYI K TIOTHBIM TEKCTaM MyOIMKaLUi, UCXOAS
U3 CIEeIYIOUIETO IPUHIKIA: OTKPBITBINA JOCTYII K pe3yJbTaTaM UCCIIE0BaHUH ClIOC00-
CTBYET YBEIIMYCHUIO TI00ATLHOTO OOMEHa 3HaHMsIMH. [Ipu 3TOM pemakius KypHaia
peau3yeT MPUHIUI HYJCBOH TOJIEPAHTHOCTH K TUIATUATy ¥ OCYIIECTBIISIET MOHUTOPUHT
HEKOPPEKTHBIX 3aMMCTBOBaHHIA.

BesycnorHo, 00beM pelaeMbIxX KYPHATIOM 337184 CTAHOBUTCSI BCE OOJBIIIE, TOCKOIBKY
JIMHAMIYHOE PA3BUTHE HAYKH 00CCIICUNBACT OTPOMHBIN MTOTOK HH(POPMAIHH, TpeOyromei
aHanu3a U 000OIIeHNs, TaK)KE BO3PACTAIOT TPEOOBAHMS K Ka4ECTBY MyOJIMKYEMBIX
MarepuanoB. OJJHAKO KOJIEKTHB KypHana «HKeHepHbIe TEXHOJIOTHHA H CHCTEMBD)
YCIIENTHO CIPABIISIETCS ¢ COBPEMEHHBIMHU BBI30BaMU Oarofapst npodeccnoHamnmy
COTPYAHUKOB. MbI OjarofapHbl aBTOpaM, PElEH3EHTaM, PEIaKTOpaM, U3AaTeisiM
M YUTATEJISIM 3a UX MOCTOSHHYIO Mo KKy. Heo0XomumMocTh cMOTpeTh B Oyyiiee
00s13BIBaCT BCEX YUYAaCTHUKOB PEIaKIMOHHO-U3/IaTEIHCKOTO Mpoliecca MOCTOSHHO
AHAJIM3UPOBATH CEPbE3HBIC HayUHBIE IPOOIEMbI, C KOTOPBIMH MBI CTAJIKUBAEMCS B HACTOSIIIIEE
BpeMsi, (OPMYJIUPOBATh MPEATI0KEHUS, TPOBOJUTH UCCIIEIOBAHUS, KOTOPHIC TIOMOTYT
MIPOJIOJKATh COBEPIIICHCTBOBATh MH)KCHEPHBIE TEXHOJIOTUH U cucTeMbl. [lomiepxxuBarb
BBICOKHI Hay4YHBI YPOBEHb KypHAJla — OJlHA U3 OCHOBHBIX 3aJ1a4 PEAaKIIMOHHON
Koyierud. JIOCTHKEHUE YCIIeXOB JKypHalia MPEICTABISIEeTCSl HAM BO3MOXKHBIM 38 CUET
MPUBJICYCHUS B KAYECTBE aBTOPOB BBICOKO IUTHPYEMbIX YUCHBIX, PACHIUPCHUS OIS
Mpo0JieM U IMyOIUKalui aKTyaJbHOTO XapaKTepa, HEYKIOHHOTO COOMIONEHNUS HOPM
MyOJIMKAIOHHOM ATUKH, TOCTOSHHOTO BHUMAHHS K KQ9eCTBY ITyOITUKaINi.

Cnacubo ecem 6am 3a nooodepicky!
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Abstract

Introduction. The need to increase productivity of grain harvesting equipment and minimize
crop losses has given rise to the increasing use of axial-flow combines (rotary harvester).
The efficiency of harvesting operations depends on correct setting of the adjustable har-
vester parameters allowing full use of its design capabilities. For this reason, it is relevant
to study the problems of optimal adjusting the working tools of a harvester operating in
various environmental conditions.

Aim of the Study. The study was aimed at developing an approach to the choice of optimal
values for the adjustable parameters of the rotor type grain harvesters.

Materials and Methods. Harvesting quality indices, adjustable parameters, and environ-
mental factors are interdependent, so there has been used a linguistic approach to the de-
scription of the subject domain. Information about environmental conditions, the harvester
technical state, interrelations between parameters and harvesting indicators is fuzzy that has
led to the application of the theory of fuzzy sets to solve the problem of optimal choice of
the adjustable parameters. The procedure of fuzzy logic inference has been performed in
Fuzzy Logic Toolbox (MatLab) package.

Results. There are presented the results of the developed approach to the problem of opera-
tional presetting adjustable parameters of a rotary harvester when harvesting various grain
crops under different environmental conditions. The problem solution concept has been
developed on the basis of the fuzzy logic formalism. A linguistic description of the problem
has been given. Models of the considered features in the form of membership functions are
proposed, which adequately take into account the external conditions in which the harvester
operates. Basic and extended term sets have been identified. The optimal models have been
selected on the basis of the consistency analysis of fuzzy expert knowledge using the indica-
tors of general and pair consistency of the models. The results of the solutions obtained have
been illustrated. On the basis of collected and analyzed expert information there has been
created a base of fuzzy expert knowledge including the fuzzy production rules for 12 adjust-
able parameters of TORUM harvester. Different combinations of the values of environmen-
tal factors have been considered, for which there has been given an inference about specific
values of the adjustable parameters.

© Dimitrov V. P, Nurutdinova 1. N., Borisova L. V., Papchenko A. A., 2025
Konrent nocrynen no nunensun Creative Commons Attribution 4.0 License.
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Discussion and Conclusion. The practical significance of the research carried out lies in
the creation of a basis for an intelligent information system to help a rotary harvester
operator in making decisions on choosing adjustable parameter values when harvesting
various grain crops. The use of such a system in field conditions in combination with sen-
sors for continuous monitoring of harvesting conditions and an automated image analysis
system will allow for a prompt response to changing conditions, significantly increase
work efficiency and reduce decision-making time. The implementation of such systems
will significantly reduce the information load on the operator, as well as use operators
with little practical experience during harvesting. The development of such information
systems creates the preconditions for increasing the level of automation of intelligent con-
trol of a grain harvester and is an important stage in the implementation of the approach to
unmanned control of a harvester.

Keywords: rotary grain harvester, adjustable parameters of a grain harvester, preliminary
setting of working tools, axial flow threshing and separating device, linguistic approach,
membership function, production rules, fuzzy inference
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AHnHomauusn

Bgeoenue. HeoOX0muMOCTb MOBBILICHHS TPOM3BOAUTEIBHOCTH 36PHOYOOPOUHOM TEXHUKU
¥ MUHAMH3AIAU TIOTEPh ypokas 00ycIIOBMIIA Bce OOJbIlee MCHONB30BaHNEe KOMOaHOB
C aKCHaJIbHO-POTOPHBIM MOJIOTHJIBHO-CENapHUPYIOIUM YCTPOHCTBOM. D((HEKTUBHOCTH
yOOpOYHBEIX PaboT OmpenenseTcs NMPaBIIBHOCTHIO HACTPOHKH PErylIupyeMBIX Mapame-
TpOB KoMOaiiHa, MO3BOJISOLICH MOIHOCTHIO HCIIOIB30BAThH €r0 KOHCTPYKTUBHBIE BO3MOXK-
HOCTH. B CBSI3M ¢ 3THM akTyanbHBIM SIBISIETCS MCCIIEOBAaHUE MPOOIEM ONTHMAIbHON
HACTPOWKHM paboumx opraHoB kombOaiiHa, QYHKIMOHHPYIOLIETO B PA3INYHBIX BHELIHHX
YCIIOBHSX.

Lenv uccneoosanus. Pazpabotka nomxosa K BIOOPY ONTHMAJIbHBIX 3HAUYSHUI perynupye-
MBIX ITapaMeTPOB 3epHOYOOPOIHBIX KOMOAITHOB POTOPHOTO THIIA.

Mamepuanvr u memoowi. Ilokasarenn kadecTBa yOOPKH, peryiHpyeMble MapameTpsl
U BHEITHHE (aKTOPHI CBSA3aHBI HEOAHOZHAYHBIMH IIEPEKPECTHBIMA B3aNMO3aBHCHMOCTS-
MH, YTO OOYCJIOBHJIO MCIOJIb30BaHUE JIMHIBUCTHYECKOTO TOAX0Aa [UISl ONMCAHUS MpeN-
MeTHOH obmactn. MH(opManus o BHENIHMX YCIOBHSAX, TEXHHYECKOM COCTOSTHUM KOM-
GaiiHa, B3aMMOCBSI3IX MEXy IapaMeTpaMHu U MOKa3aTeliiMU YOOPKH B OCHOBHOM HOCHT
HEYETKHH XapakTep, 3TO ONPEAENIIIO IPUMEHEHHE TEOPUH HEUSTKUX MHOXKECTB JUIS pe-
IIHNUs] 3a[]a49M ONTHUMAJIBHOTO BBIOOpa peryaupyeMbix mapamerpoB. IIporeaypa Heder-
KOTO JIOTHYECKOTO BHIBOJA 3HAYEHWH IapaMeTpoB BHIMONHsIAch B makere Fuzzy Logic
Toolbox (MatLab).
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Pesynomamur  uccnedosanus. IlpencraBieHsl pes3yibraThl pa3pabOTaHHOIO IMOIXOIA
K TpoOiieMe ONepaTWBHON IMPEABAPUTEIFHON HACTPOHKH PETYIHPYEMBIX ITapaMeTpOB
komOaiiHa POTOPHOTO THIIA NMPU YOOpKE 3epHOBBIX KYJIBTYp JUIS PA3IMYHOIO CIIEKTpa
BHEIIHUX ycnoBuii. Ha ocHOBe hopmamni3mMa HEUETKOH JIOTHKH OCTPOCHA CXeMa pellie-
Hus 3a7aud. JlaHO JMHIBHCTHYECKOE omMcaHue 3agadu. IlpennoikeHsl Monenu paccMa-
TPUBAEMBIX NPU3HAKOB B BHAE (QYHKIMI MPHHAUISKHOCTH, aJIEKBATHO YYUTHIBAIOIINE
BHEIIIHUE YCJIOBHS, B KOTOPBIX (ByHKIIHOHUPYET KoMOaiiH. YcTaHOBJIEHBI 0a30BBIE U pac-
MIMPEHHBIE TepPM-MHOXeCcTBa. ONTHMalbHBIE MOJETH BHIOPAaHBI HA OCHOBE aHAIN3a CO-
[JIACOBAHHOCTU HEUETKUX DKCIIEPTHBIX 3HAHMH C UCIIONB30BAaHHMEM MOKa3aTesei oOreit
Y TapHOM COINIACOBAHHOCTH MOJIENIeH. Pe3ynbTarhl OMy4eHHBIX peleHui IPOMILITIOCTPHU-
poBanbl. CoOpaHa U NpoaHaIM3UpOBaHa IKCHEepTHas MH(POpMALUs, Ha OCHOBE KOTOPOM
co3maHa 0a3a HEUETKMX SKCIICPTHBIX 3HAHWH, BKJIIOYAIOMIAS PABHIIa HEIETKOH MPOIYK-
un Ut 12 perynupyeMsix napamerpoB kombaiina TOPYM. PaccMorpens! pasznnyHbie
KOMOHMHAIWY 3HaYeHUH BHEITHUX (haKTOPOB, AT KOTOPBIX MPHUBEACH BBIBOJ] KOHKPETHBIX
3HAUCHUH perylnupyeMbIX 1apaMeTpoB.

Obcyarcoenue u 3axniovenue. IIpakTudeckast 3HAUMMOCTD BBITOJHEHHBIX HCCIICOBAHUN
3aKJII0YAETCsl B CO3JaHMH OCHOBBI MHTEIUICKTYAJIbHOH WH(OPMAIMOHHOW CHCTEMBI IS
MOMOIIM OTlepaTopy KoMOaifHa pOTOPHOTO THIA B MPUHATHU PEUICHHI 1O BHIOOPY 3HA-
YEeHHH PeryInpyeMbIX IapaMeTpoB MpH yOOpKe pa3sIMuHbIX 3epHOBBIX KynbTyp. [Ipume-
HEHHE TaKOH CHCTEMBI B MOJIEBBIX YCIOBHUSX B KOMIUICKCE C JAaTYNKAMHU HETIPEPHIBHOTO
MOHHTOPUHTA YCIOBHH YOOPKH ypOXKasi M aBTOMAaTH3UPOBAHHON CHCTEMOM aHajIm3a U30-
Opa’KeHHH MO3BOIUT ONEPATUBHO PEarnpoBaTh Ha M3MEHEHNE YCIOBHUH, CYIIECTBEHHO MO-
BBICHUT Pe3yJIbTaTUBHOCT pabOThI M COKPATUT BpeMsl IPUHATHS penieHnid. BHenpenue ta-
KHX CHCTEM ITOMOKET 3HAUYUTENIFHO CHI3UTh HH()OPMAIMOHHYIO Harpy3Ky Ha oreparopa,
a TaK)Ke MCIIOJIb30BaTh BO BpeMsl yOOPKH MEXaHM3aTOPOB C MaJIbIM HPAKTUYECKHM OIIbI-
TOM paboTHl. Pa3paboTka momoOHBIX HHPOPMAIMOHHBIX CHCTEM CO3MAeT MPEAIOCHUIKH
MOBBIIICHUS] YPOBHS aBTOMATU3aLUK HHTEIUIEKTYalbHOTO YIIPaBICHUS 36PHOYOOPOYHBIM
KOMOAWHOM W SIBISETCS Ba)KHBIM 3TAllOM Peai3aliy MOAX0Aa K OECIMIOTHOMY yIIpaB-
JICHUIO KOMOaltHOM.

Kntouesnie cnosa: 3epHOyOOpPOUHBIA KOMOAaltH POTOPHOTO THIIA, PEryINpyeMble apame-
TPHI 3epHOKOMOaliHa, HACTPOWKa pabouNX OPraHOB, AKCHATBHO-POTOPHOE MOJIOTHIIBHO-
cerapupylolee yCTpOHCTBO, JMHIBUCTHYECKUH ITOAX0J, (YHKIMH IIPHHAUICKHOCTH,
MPOAYKIMOHHBIE IPABUIIA, HEUETKUI TOTHUECKUI BBIBOL

Kongpnukm unmepecos: aBTopsbl 3asBISIOT 00 OTCYTCTBUH KOH(INKTA HHTEPECOB.

nayumuposanusn: Tumurpos B.I1., Hypyrnunosa M.H., bopucosa JI.B., [Taruenko A.A.
TexHONOTHs HACTPOHKH PabOYMX OPraHOB POTOPHOTO KOMOaifHa Ha OCHOBE HEYETKOTO
MojienupoBanus. Muowcenepuvie mexnonoeuu u cucmemsl. 2025;35(1):13-29. https:/
doi.org/10.15507/2658-4123.035.202501.013-029

Introduction. Ensuring food security is one of the major tasks of agriculture.
Harvesting and preserving crops have an important role in solving this problem. First
of all, this concerns harvesting of grain and grain legumes, while one of the main tasks
is high-quality harvesting with minimal losses. In this area, continuous improvement
of harvesting equipment takes place [1]. Thus, in recent years, the use of grain har-
vesters with axial-flow threshing and separating device (AFTSD) has been increased.
The advantages of this type of the harvesters are higher throughput capability, lower
percent of grain crushing [2], and ability to operate in more weedy fields compared to
the harvesters of classical design [3]. It should be noted that there is carried out con-
tinuous design improving of the harvesters with AFTSD [3; 4], including to expand the
range of harvested crops [5; 6]. Thus, high-performance harvesters with AFTSD are
becoming more widely used, and this is the reason why relevance and importance of
optimal setting of their adjustable parameters are increasing. Effective operation under
various environmental conditions requires adequate adjustment of the working tools
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of the harvester that is based on information about the harvesting factors, performance
indicators, and technical condition of the machine. The interrelations between these
groups of characteristics are complex and ambiguous, and the information itself is dif-
ferent and fuzzy. In addition, the operation in field conditions requires quick response to
changing conditions of harvesting, while the errors in setting parameters of the harvester
result in grain losses, reduced productivity, and increased fuel consumption [7], that is
the inherent design capabilities of the harvester are not used fully. The same is true for
the subject of study in this article — 7" class harvesters with AFTSD — TORUM 740.

The aim of the present paper is using fuzzy logic to develop an approach to the
choice of an optimal preliminary setting of the adjustable parameters of grain harvesters
with AFTSD. The suggested approach is aimed at increasing the harvester productivity
and minimizing losses while harvesting. The results of the study are the basis of the
intelligent information systems (IIS) to help the operator in making decisions on the
choice of values for the adjustable parameters of a rotary harvester.

Literature Review. The central problem during harvesting is minimizing crop losses.
As is known [8], experienced operators have approximately 1.5 times higher productivity
of the harvester, and low overall losses. However, not all the operators have qualification
high enough to set the parameters, which comply with the harvesting conditions. The so-
lution to the problem of optimal choice of the values of the harvester adjustable param-
eters under different harvesting conditions (which can change rather often per day) is the
development of 1IS suitable for solving the assigned problems [8; 9]. These systems will
make it possible for the operators of different qualifications to solve this problem properly.

Over the past few years, the IISs have been successfully used in various areas of
agricultural complex for decision-making, including the problems of managing complex
technical systems using contemporary approaches such as fuzzy modelling, neuron nets,
and automated control systems [9-11].

In solving the problem of increasing productivity of harvesters and optimizing their
characteristics we can distinguish two main lines. The first one is further improving of
the design of a harvester and its individual units, subsystem, and elements. In [7], the
results of comparative studies of energy and harvesting efficiency indicators of rotary
harvesters with different design solutions are presented showing the feasibility of using
such harvesters. There are conducted the studies on making changes to the design of
AFTSD elements [6; 12], which make it possible to increase productivity and quality
when harvesting various crops. The second line of the study is the improvement of the
performance characteristics of a harvester by optimizing modes of operation. The pa-
pers [12—14] present the results of selecting operation modes and setting such parameters
as rotor speed, amount of clearance between a rotor and a concave etc. when harvesting
various crops on the basis of the models constructed on the empirical data. In [15], there
we obtained and analyzed empirical dependencies of fuel consumption and a harvester
parameters setting when harvesting wheat, barley, oats with various humidity and yields,
and there was presented a very significant effect of even small changes in harvesting
conditions on the setting parameters and indicators of harvesting quality.

As already mentioned above, the productivity of harvesters depends largely on
the operator qualification, which is not always sufficient to assess the environmental
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conditions and the corresponding choice of the adjustable harvester parameters. In this
case, a promising direction is reducing the role of the operator while operating the
harvester during field work [8]. This constituent part of design and technological solu-
tions can be implemented through introduction of intelligent information systems in
combination with automated systems for monitoring the state of environmental fac-
tors [8; 16]. Fuzzy models are used for creating these systems [11; 17; 18]. Nowadays,
the expediency of using fuzzy logic for solving the problems of intelligent control
does not raise doubts and is successfully applied, including for solution of the prob-
lems in the agro-industrial complex. The range of such problems is rather wide,
including weeds identification, assessment of yields, assessment of the soil quality,
increase of crop productivity, and efficiency of using fertilizers and others [19-21].
In [22-24], the application of this approach to the problem of assessing the values
of the harvester adjustable parameters is justified.

This approach has been applied in this article to develop the method of choosing
optimal adjustment parameters for the grain harvesters with AFTSD.

Materials and Methods. The proposed approach to the development of a method
for preliminary setting the adjustable parameters of classic drum-type grain harvesters
is presented in [24]. However, rotary harvesters have significant design and technologi-
cal differences, so it is necessary to develop a scheme for solving this problem for the
harvesters with AFTSD.

On the basis of the principle of decomposition, we will divide the problem facing the
decision maker (in this case, the operator) into several subproblems. One of the subprob-
lems is assess the values of environmental factors and performance indicators defining
the next subproblem of parameters choosing. It is reasonable to consider the solution of
each subproblem as a decision-making procedure under the conditions of uncertainty.
In field conditions, it is advisable for the operator to have in advance a certain set of
strategies for his actions in the form of a sequence of certain procedures. In the absence
of these strategies, the risk of making incompetent decision on assessing environmental
factors of harvesting and choice of adjustable parameters values increases for the operator.

We should also note that most part of the factors to be assessed is difficult to be ac-
curately measured, for example, such factors as plant stand density, humidity or grain
dockage. To identify these factors, it is necessary to apply the methods of formalized
assessment by experts.

Making decisions about setting parameter values is based on fuzzy logic inference,
and the process of solving the problem itself incorporates three stages: fuzzification,
composition, and defuzzification. Figure 1 presents a detailed diagram of the process for
solving the problem under consideration. Let us analyze in detail the stages of the solution.

The stage of fuzzification consists in a linguistic description of the problem condi-
tions. The environmental factors that are essential for the problem under consideration
are identified. The set of these factors is denoted as X:

X={X, X, ..X},
where 7 is a number of factors.

The output variable in this problem, the adjustable parameter of the grain harvester,
will be denoted by Y.
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Next, a qualimetric evaluation of the carrier scales is performed, basic and extended term
sets of the linguistic variables (LV) are determined, membership functions pX are defined:

WX: X — [0, 1].

Identification Estimation

of the problem . of consistency Model of the
parameters Fazzification of fuzzy knowledge subject domain

. X
Y —
: m ) ViR ok = omposition n
infestatio 0 m4é

L B 1.l[maxu,,(x)dx
- LI 1 1,2,k Y
) Lodging 0 <?
Y ¢
§
ici iti 1 f
‘f\ Fuzzy logic inference Defazzification Initial values o

adjustable parameters
PP uﬁk,y,)AAuAk,(x» ! P

Harvester speed

(Iy/Y/uB . )dy/) (IHB'(y/Y/)d}'j)
Deductive

/ Rotor speed
inference ) N /

If 4, th B; D 1r—7 > LI
A— trir; ’ o . Clearance between
B— true. 0 t a straw beater and
: )’15 Y a concave

Fig. 1. Scheme of making the solution of the problem under consideration

Source: hereinafter in this article all figures are compiled by the authors of the article.

Typical functions were used to carry out parametric identification. Among the possible
types of functions, a standard set of functions of triangle and trapezoidal forms (Table 1)
are often used to construct the membership functions (MFs). This choice is acceptable
for further use in Fuzzy Logic Toolbox (MatLab) application software package and is
understandable for experts when estimating parameters of the functions. It should be
noted, that it is possible to use other types of functions that satisfy the requirements for
forming MF, for example, a Gaussian function.

Table 1

Type of membership function

When constructing membership functions, the following typical functions were used
(parameters a, b, ¢ and d were assigned separately for each factor and parameter of the machine)

Extreme left term Middle term Extreme right term
0, if x<a;
1, if x<a; 9 ifa<x<c 0, if x<a;
c—a —a .
u(x) = ,ifa<x<b; wx)=11, ifc<x<d;, Wwx)= , ifa<x<b;
— -a
0, if x>b. b2X e d<x<b; 1, if x>b.
b-d
0, if x>b.
18
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Let us detail the issues of constructing the MF. The type of the MF is set axiomatically
taking into account the requirements for symmetry, monotonicity, and other properties
of the simulated attribute, its semantic content. For our problem it is a physical meaning.

The parameters of the MF are determined by experts, so the parameters
meaning should be clear. First of all, the set of values of the MF carrier must be
clearly determined, in which MF is of 0 and 1, for example, for central terms it is
necessary to determine the values x , x,, x,, such that for all x, u (x) = 1, and for all
x<xandx=>x, p (x)=0.

The formal representation of the terms of the linguistic variables on the real R axis is
determined by their physical meaning. Let us denote lower and upper boundary of the set
inf X=x"and sup X = x", and the term, characterized by the carrier located to the left on the
real axis will be numbered by a lower number. Ordering of the set 7 obeys the expression:

(VT € T)(VT, €T)(i > j < (Bx € C)(Wy € C)(x > ¥)).
The term-sets of the MF under consideration should satisfy the conditions:
b (x) =1, ne (X")=1;
(VT e T\{T, )0 < SUP K, (1) <1);
(YT, € T)3x € X)(p, (x) =1);
(VB)3x" € R)(Vx € X)(x' < X <x")).

When constructing the terms in this article, all the mentioned above conditions were
fulfilled and normal fuzzy sets with height of d = 1 were considered

Parametric identification includes determining the optimal number of the MF values —
terms, their carriers, and the MF parameters. The result of structural identification is
a scheme of the problem solution (Fig. 2). Furthermore, it should be noted that this scheme
corresponds to the direct problem, which consists in determining the optimal values of
the adjustable parameters depending on the values of the harvesting factors, i.e. input
variables are the harvesting factors, and the output ones are the adjustable parameters
of a harvester. For the second, inverse problem, it is necessary to structure relationships
between the adjustable parameters and the quality indicators of the harvester operation when
the input variables are the adjustable parameters, and the output ones are the indicators
of the quality of operation.

Input variables Output variables

X:[x],xz,..xn} Y:{y,,yz,-.-ymj
&
GD

Resulting variable
is the value of the
adjustable
parameter

Operator/unit
of value
setting

C=<X. R..R; G>i=T,n

n>

Fig. 2. Result of structural identification of the subject domain
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The power of the set of the problem variables, which are parameters or factors, is
determined by the specifics of the problem. In the problem under consideration, the
powers of the sets of input and output attributes are different. Obviously, they depend
on the type of crop, and in more general context, on the type of a harvester.

In solving the problem of inferring the output variable value using fuzzy logic,
significant importance is given to expert information. Expert estimates of the param-
eters for membership functions are tested for consistency, for that reason, matrices of
consistency indicators and matrices of fuzziness indices are calculated characterizing
the pair consistency, as well as additive and multiplicative indicators of overall consis-
tency of models [24]. Equally important is the contribution of experts to the creation of
a base of production rules that serve as the basis for fuzzy logic inference of the value
of the output parameter.

The selected product model has the form:

i: A= B; (F),

where i is the name of the fuzzy product; 4 = B is the kernel of production, 4 is an
antecedent, B is a consequent, = is a logical implication operator; F is the validity
coefficient of the product, by default it is selected equal to one. The text form of the
product kernel has the form: IF “4 ” and “4,”, THEN “C,”.

The system of fuzzy statements must satisfy the requirements of linguistic non-
redundancy, completeness, and noncontradiction that is one of the conditions for
the adequacy of subsequent decisions.

Letus denote by 4; u B, the statements <I3W is ay, > and <By is Oty]_>, where a,,
is the corresponding values of the terms of the output LV.

With a given system of logical statements for the values of input attributes, the
values of the output parameter Y are such set YO(I) , for each element of which y € ¥;"
the output scheme:

7). y D \.
[v: (IF4, THENB )
A’ — true;
B’ — true.

M

Has the most degree of truth W,,, of the fuzzy rule modus ponens, which is defined
by the expression:

pop (1) = min{L[1=py, W)+ 11, ()]sl =y, W) 411, (0]
The value Mﬁ,g,(l) is the degree of truth of the modus ponens rule for a fuzzy system
of expert statements, it reflects the degree of consistency of the value y"' of the output

parameter Y to the value w' of the generalized input parameter W when specifying
expert information by the fuzzy system:
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o <if A,, then EI>,
O =1L <if A,, then §2>,
. <if A,, then E’m>.

Thus, the decision inference mechanism is based on a model of the given subject
domain which is represented by a composition of fuzzy relationships of semantic spaces
of input and output parameters. In general case, the expanded form of the fuzzy logical
inference for the considered system of knowledge has the form:

Hp = XZX( 1 () AR (X, V).

The defuzzification process consists in converting the fuzzy inference into a clear
number, in this case, into a parameter definite value which is suggested to the operator
for decision-making. There are a number methods which make it possible to inter-
pret a fuzzy value as a specific numeric value. The center of gravity method is applied
more often than others. In this case, the center of gravity is determined as a weighted
average value of all the values in the domain of determining the membership function.
Thus, as a result of the fuzzy inference, the fuzzy number is converted into a clear
number. Defuzzification is the final step in the process of fuzzy inference and makes
it possible to obtain a specific numerical value based on a fuzzy result, which can be
used to make decisions or control the system.

Results. Adaptation of the stages discussed above to the solution of the problems of
preliminary setting of a rotary-type grain harvester allows us to associate the method of
solution with the previously used for setting the harvester of classical type under fuzzy
harvesting conditions [24].

On the basis of our own practical experience of operation of this-type harvesters,
analysis of the literature references [12—14], and expert information about the features
of grain harvesting, groups of harvesting factors and AFTSD parameters and the reap-
ing part were identified as semantic spaces [25]. A fragment of the list of these groups
is presented in Table 2.

Table 2
Input and output linguistic variables
Ne Name of LV Tuple Universal
scale
1 2 3 4
Input LV
1 Yield (Yi) (for wheat) <Yi, hkg/ha{Very small, Small, Average, Large, [10-80]
Very large}>
2 Plantstand lodging (Lod) <Lod, % {Upright, Low, Average, High}> [0-40]
3 Plant stand density (Den) <Den, number of stems {Rarefied, Below [100-1 000]

average, Average, Thick}>
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End of Table 2
1] 2 | 3 4
4 Grain humidity (GH) <GH, % {Dry, Medium-humid, Humid}> [10-22]
Weed infestation of plant stand <WI, % {Absence, Small, Average, Big}> [0-0]
(WI)
6 Strawiness (S) <8, % {Small, Normal}> [40-60]
Output LV
1 Harvester motion speed (HTS)  <HTS, km/h {Very low, Low, Average, High, [2.5-11]
Very high}>
2 Rotor Speed (RS) <RS, rev/min {Very low, Low, Below average, [600-1 100]
Average Above average, Very high}>
3 Horizontal reel extension (HRE) <HRE, mm {Insignificant, Below average, [20-70]
Average, Far}>
4 Clearance between rotor rasps ~ <CRRCR, mm {Small, Average, Big}> [15-20]
and concave rasps (CRRCR)
5 Drift angle of turns of a concave < DATCTP, location {At the beginning, In the [0-38]
threshing part (DATCTP) middle, At the end}>
6 Drift angle of turns of a concave < DATCSP, location {At the beginning, In the [0-56]
separating part (DATCSP) middle, At the end }>
7 Clearance between a straw < CSBC, mm {Small, Average, Big}> [10-35]
beater and a concave (CSBC)
8 Cleaning fan speed at rated <SFSRES, rev/min {Very low, Low, Below [600-900]
engine speed (CFSRES) Average, Average, Above average, High}>

Let us consider a technological process of harvesting grain crops. We will define
X, Y — vectors of environmental factors, adjustable parameters accordingly, and the
vector of quality indicators B.

The components of the vector X are the environmental factors influencing the
harvesting process of spiked cereals are presented by the following sets: X, — yield;
X, — grain humidity; X, — dockage; X, — strawiness; X, — lodging; X, — plant stand
density etc.

The components of the vector Y are adjustable parameters of the reaping part and
threshing machine are presented by the following sets: Y, — harvester travel speed;
Y, —rotor speed; Y, —horizontal reel extension; Y, — clearance between rotor rasps and
concave rasps; Y — drift angle of turns of the concave threshing part; Y, — drift angle
of the turns of the concave separating part; ¥, — clearance between the straw beater and
the concave etc.

As a result of the analysis of the considered sets, there have been identified envi-
ronmental factors that are essential for this problem, adjustable and design parameters
of the harvester. The corresponding linguistic variables have been determined.

Practical experience when harvesting agricultural crops, analysis of scientific pa-
pers [12—14], and design features of the harvester made it possible to establish scales
of carriers identified by LV representing input and output parameters of the problem.
For example, Figure 3 presents boundaries of the terms for the adjustable parameters
of the harvester taking into account characteristic features of the harvested crops.
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Clearance between additional sieve combs (mm):

Crop (i):
— Wheat 8-12 mm
. ° Barley 9-13 mm
—e Rye 11-13 mm
—o Sunflower 6-8 mm

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 mm

Cleaning fan speed at rated engine speed (rev/min):

Crop (i):
——e Wheat 740-870 rev/min
—e Barley 600-720 rev/min
—e Rye 720-840 rev/min

Sunflower  610-650 rev/min

0 100 200 300 400 500 600 700 800 900 1000 (rev/min)

Fig. 3 Boundaries of the terms of the adjustable parameters

As a result of modelling the subject domain, there were determined membership
functions for all 9 environmental factors and 12 adjustable parameters. As an example,
there is presented a linguistic description of one of the environmental factors — “plant
stand density” of wheat and one of the adjustable parameters — “rotor speed”. Formally,
the description of LV is presented as follows:

<Den_wheat % {Rar, Ba, Av, Th}, [100-1 000]>,
<RS sunflower, rev/min {VL, L, BA, A, AA, VH}, [220-560]>.

When formalizing, standard functions of trapezoidal and triangle forms were used.
The parameters of the functions were determined by 5 experts having practical experi-
ence in field work. To describe environmental factors of harvesting, 2-term, 3-term,
and 4-term models were used.

It should be noted, that an increase in the number of terms when describing input
factors significantly increases the number of production rules of the knowledge base,
i.e. the power of the set of rules increases. Increasing the number of rules can lead to
flaws in knowledge base creating.

Examples of MF diagrams are presented in figure 4. Figure 4a presents the results
of the analysis for the harvested wheat crop with a yield of approximately 50 cent-
ners per hectare, Figure 4b presents the results for sunflower. To determine the MF,
arithmetic mean of experts estimates were used which is justified by a high degree
of consistency of expert knowledge. We also obtained original results for other
crops: rye, barley, oats.
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Fig. 4 Type of membership function for linguistic variables:
a) environmental factor; b) adjustable parameter

Construction of the generalized MFs of inputs and output faces the question of the
values of the weighting coefficients of the parameters specified by various experts.
By default, these coefficients are assumed equal, and then the MF parameters are actu-
ally determined as arithmetic mean of the values given by the experts. This approach
can be regarded as an initial approximation, but it requires justification. In cases when
experts of different qualification are involved, and if experts use various indirect means
for assessment, it is advisable to use one or another form of ranking information ob-
tained from different experts. For example, Fishburne numbers or other types of linear
order relations can be used. In this case, the ranks of experts can be determined a priori
(for example, according to their qualifications), or a posteriori (for example, depending
on consistency indicators). The examples of membership functions presented in Figure 4
are constructed under the condition that all experts have the same weight.

At the next stage of solving the problem (Fig. 1) the consistency of expert infor-
mation was estimated. Here are some calculated values of the additive coefficient & of
overall consistency. Thus, for LV “grain humidity” £ = 0,898, and for LV “harvester
travel speed” k£ = 0,796. For all input attributes and output parameters the values of
coefficient £ belong to the segment [0,765; 0,912]. These values make it possible to
assert that the proposed term sets describe the sets of input attributes and adjustable
parameters quite well and can be used for further construction of a fuzzy model of the
solution inference.
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The results of the linguistic description of input and output parameters made it pos-
sible to formulate the system of production rules that form the core of the knowledge
base. It should be noted, that reducing the number of terms of input linguistic variable
from five to three has resulted in significant reduction in the volume of the knowledge
base and did not affect the adequacy of the subject domain model that is confirmed by
the diagrams of three-dimensional response surfaces constructed in the Fuzzy Logic
Toolbox (MatLab) application software package. Figure 5 presents for illustration two
surfaces obtained on the basis of the system of 96 production rules for the output vari-
able Harvester travel speed when harvesting wheat-50. A fragment of the system of
production rules is presented in Table 3.

: o7k 20
Grain humidity 20 Strawiness Yield Grain humidity

a) b)
Fig. 5. Response surfaces of dependency of the harvester travel speed on
a) grain humidity and strawiness; b) grain yield and humidity

Table 3
Fragment of the production rules base

Ne Antecedent Consequent

36 <Yield is “small” and Weed infestation is “small” and Grain humidity is <Speed is average>
“humid” and Strawiness is “normal”>

37 <Yield is “small” and Weed infestation is “average” and Grain humidity is <Speed is high>
“dry” and Strawiness is “small”>

38 <Yield is “small” and Weed infestation is “average” and Grain humidity is <Speed is high>

“dry” and Strawiness is “normal”>

95 <Yield is “very large” and Weed infestation is “large” and Grain humidity is <Speed is very low>
“humid” and Strawiness is “small”>

96 <Yield is “very large” and Weed infestation is “large” and Grain humidity is <Speed is very low>
“humid” and Strawiness is “normal”>

The analysis of the system of production rules carried out in MatLab (Fig. 5) confirmed
the correspondence of the constructed fuzzy model of attribute relationships to the subject
domain under study. All states of the system are described by the rules, the premises of
which have a non-zero degree of membership. There are no contradictions in a system
of rules when the rules have similar premises and mutually exclusive consequences.
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The monotonous nature of the surfaces confirms a sufficient degree of objectivity of the
production rules. Therefore, the created system of fuzzy rules can be used for fuzzy logic
inference of the adjustable parameters. For example, in Fuzzy Logic Toolbox (MatLab)
package, using the “center of gravity” method with the following input variable values:
wheat yield 50 ¢/h, weed infestation 20%, grain humidity 13%, and strawiness 60%,
the recommended harvester travel speed value was 5 km/h.

Thus, the approach created on the basis of expert estimation of environmental fac-
tors of harvesting, allows us to obtain necessary setting parameters of the harvester that
correspond to the state of environment and the crop being harvested.

Discussion and Conclusion. As a result of the study, an approach has been
developed to solve the problem of choosing the adjustable parameters of the rotary
harvester depending on the environmental conditions of harvesting and the harvested
crops. The use of linguistic representation of knowledge and fuzzy logic algorithms
for the problem solution corresponds to the requirements of system analysis. As a re-
sult, the constructed models adequately take into account environmental conditions in
which the harvester operate, and mutual relations between the main elements of the
system. A formal description of the subject domain has been made (parametric and
structural identification has been made) that fully corresponds to the real conditions
of the harvester operation. On the basis of expert estimation, membership functions
for all studied LVs (9 environmental factors and 12 adjustable parameters) have been
identified, basic term sets and limits of change in basic variables have been determined.
The performed analysis of consistency of expert fuzzy knowledge confirms the adequacy
of the adopted models.

A base of fuzzy production rules was made, on which the fuzzy logic inference of
expert system for setting working tools of the TORUM harvester is based. A model
example of the values inference of the harvester adjustable parameters in the Fuzzy
Logic Toolbox (MatLab) is given.

The proposed approach is relevant for a wide range of harvesting equipment and
various crops. Technical difficulties in using this approach can arise when there are a large
number of factors that need to be taken into account. When the power of the set of
input variables is large, the number of rules for fuzzy production increases that leads
to extensive work on entering the rules into the program. In this case, the use of neuro-
fuzzy networks is promising; the implementation of this approach is also available in
the MatLab environment.

Thus, the result of the study is the creation of a basis for the IIS to help the operator
of the rotary-type harvester in making decisions on choosing values of the adjustable
parameters when harvesting various grain crops. In addition to preliminary setting, the
next problem is to develop a mechanism of correcting parameters in case of detecting
inadequacy of the initially set parameters to the changed harvesting conditions, which
manifests itself in deviating harvesting indicators from the specified values. This defines
one of the lines for further studies. Another promising line is increasing automation
for measurements of the values of harvesting factors and quality indicators for direct
connection with the IIS that will increase the efficiency of its application.
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Annomauusn

Beeoenue. MHOrOUHCIICHHBIC HCCIIEIOBAHUS TIOKA3a/IHu, YT0 00pabOTKa U IOJIMB PACTEHUH aK-
TUBUPOBAHHOW BOJIOW ONArOMPUSITHO BIHMSIIOT HA UX POCT U YPOXKAHHOCTD, TOITOMY CIOCOOBI
1 METOJIbI TIOITOTOBKY TAaKOM BOJBI BECbMa aKTyallbHbL. B naHHOM paboTte nccnenyercs crnocoo
MOJI'OTOBKM KaTOJIUTA M AHOJUTA B TaK HA3bIBAEMOM IIPOTOYHOM DJIEKTPOAKTHUBATOPE, KOTO-
PBII yCTaHABIMBACTCSA B aBTOMAaTH3MPOBAHHON CHCTEME IIOJINBA PACTCHUI B YCIOBHUSX TEILINI]
U OTKPBITOI'O I'pyHTA. Bona JUIs TTOJIMBa paCTeHVIﬁ JOJIDKHA UMETh peKOMCH}IyeMbIﬁ B JaHHBIX
YCIIOBHSIX BOJOPOIHBIN MOKa3aTellb, MOITOMY HEOOXOIMMO YCTAHOBHTbH aJCKBaTHYIO CBSI3b
MEKIY PEKUMOM paboThl M pabOYMMHM MapaMeTpaMH 3JIEKTPOAKTUBATOPA C OAHOW CTOPOHBI
U TOKa3aTesIeM YpOBHS BOAOpOJA B BOJAE C Apyroil. B Hacrosiiee Bpemst BONPOC pa3paboTKH
aJIeKBaTHOW MaTeMaTHYECKOM MOJIENIN aKTUBALUH BOJIBI B IIPOTOYHOM 3JICKTPOAKTHBATOPE Tpe-
Oyer u3ydeHus. B crarbe nmpeuioxxeHa MaTeMaTH4ecKkast MOJielib, B KOTOPOH YCTaHOBJICHA CBSI3b
MEXy MOKa3aTeJieM YPOBHSI BOIOPO/A B BOJIE, PE)KUMOM aKTHBAIIUK U IapaMeTpaMH MpoToy-
HOTO 2JIEKTPOAKTHBATOPA.

Lenv uccnedosanus. Iopeienne 3pGEKTHBHOCTH MOIMBA 32 CYET PAMOHATIBHBIX TAPAMETPOB
1 peXuMa paboThl IPOTOYHOTO JIEKTPOAKTHBATOPA, 00ECIICUNBAIONIETO 33 JaHHbII [TOKa3aTelb
BOZIOPO/Ia KATOJIMTA WM AHOJIMTA Ha OCHOBE MAaTeMaTHYECKOH MOJENH ero paboThl.
Mamepuanvt u memoow. Pacuet mapaMeTpoB aKTHBUPOBAHUS BOABI B AJICKTPOAKTHBATOPE OCY-
IICCTBISUICS. C MOMOIIBI0 MAaTeMaTHYECKOM MOJETH JJICKTPOAKTHBAILMU BOJABI B MPOTOYHOM
9IIEKTPOAKTUBATOPE HA OCHOBE IPUMEHEHHS METOIOB (DH3MYECKOW U DNEKTPUUECKOW XUMHUH
C WCIOJIb30BaHHEM AU ((epeHINATBHBIX YPAaBHEHUI W pacyeTOB B CpeJie MPOrpaMMUPOBAHHS
Lazarus. DKcriepuMeHTBI 7151 OLICHKHU aJIeKBaTHOCTH MOJIEINH MPOBOIMIINCH HA Pa3pabOTaHHOI
SKCIIEPUMEHTAILHOH yCTaHOBKE.

Peszynomamor uccnedosanus. Pa3paboTaHbl MaTeMaTnyeckass MOJCNb aKTHBUPOBAHUSI BOJBI
U OKCHEPUMEHTAIbHAsl YCTAaHOBKA, MPEAHA3HAYCHHAs I TPOBEPKU aJE€KBATHOCTH MaTeMa-
TH4eckoi Monenn. OOOCHOBaHBI (OPMYIIBI, YCTAHABIUBAIOIINE CBSI3M MEXIY BOIOPOIHBIM
MOKa3aTeNeM aKTUBHPOBAHHON BOJIbI, TApaMeTPaMH MMPOTOYHOTO IEKTPAKTUBATOPA M Hapame-
TpPaMH €ro pexuma padoTbl, HEOOXOJUMBIMH ISl pa3pabOTKH aBTOMAaTHU3MPOBAHHON CHCTEMBI

© Cmopuesoui B. @., beros M. U., Cmopuesoui A. B., Ymanckuii IT. M., 2025

Konrent nocrynen no nunensun Creative Commons Attribution 4.0 License.
This work is licensed under a Creative Commons Attribution 4.0 License.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.elibrary.ru/org_about.asp?orgsid=5745
mailto:V_Storchevoy@mail.ru
https://doi.org/10.15507/2658-4123.035.202501.030-048
https://elibrary.ru/cqtdbb
https://vestnik.mrsu.ru 

Vol. 35, no. 1. 2025 ENGINEERING TECHNOLOGIES AND SYSTEMS %;73‘

MOJIMBA PACTeHUH. YCTaHOBIICHO, YTO MaTeMaTHYecKas MOJe]b aKTHBUPOBAHHUS BOJbI B HJICK-
TPOAKTUBATOPE MO3BOJISIET OLUEHUTh BOJOPOHBIN MOKa3aTellb C MOrPEIIHOCThIO MeHee 5 %
MIPU Pa3HOCTH MOTEHIIMAIOB MEXAY 3ekTpoaamu He Bbiie 125 B. ITpu stom pabora Toka Ha
HarpeBaHUe U MPOU3BOJICTBO SAMHHUIIBI BEIIECTBA KATOJINUTA TIPH 3aTAHHOM TTOBBILICHUH BOJIO-
POJIHOTO MOKA3aTesIsi TEM HMKE, YeM MEHbILE IIPOM3BOAUTENILHOCTb KaTOAHOM Kamepsl. Teope-
THYECKUE MCCIICIOBAHMS MTOKA3aJIM, YTO TIPU 33JlaHHOM M3MEHEHHH BOJIOPOIHOIO MOKa3aTelis
MOII[HOCTh TOKAa, PacxojlyeMasi Ha HarpeB KaToJUTa, BO3PACTaeT MPSIMO TPOMOPLHOHAIBHO
KBAJIpaTy MPOM3BOAUTENBHOCTH KAaTOAHOH KaMepbl, a YHEPrOEMKOCTb MPOU3BOJCTBA SIUHH-
LBl KATOJIMTA BO3PACTACT MPSIMO HPOIMOPLUOHAIBHO TPOU3BOJUTEIBHOCTH KATOAHOM KaMephl.
DKCIIEpUMEHTAJILHO MOATBEPKACHO, 4TO 3HaueHue pH n3MeHsercs napajuielbHO ¢ W3MEHe-
HHUEM TeMIIepaTypbl aHOJIHMTA M KAaTOJIMUTA, IPSMO IPOINOPLHOHAIBHO PAa3HOCTH IOTCHIINAIOB
MEX/Iy SJIEKTPOZaMH, 0OPAaTHO MPOIMOPIHOHAIBHO MPOU3BOAUTEIBHOCTH Kamep. IIpu 3Tom
MPOU3BOANUTENFHOCTD KATOAHOM KaMephI ¢ 33/IaHHBIMH TTapaMeTPaMHU LeJIeco00pa3HO yCTaHaB-
JMBATh HE BbIIIE 15 J1/4, a TemMIiepaTypy noJrBa KaroJutoM — He Bbiiie 25 °C.

Obcyacoenue u 3akmovenue. PazpaboTaHHash MaTeMaTH4ecKass MOJENIb IOATOTOBKH BOJIBI
B HPOTOYHOM 3JICKTPOAKTUBATOPE MOXKET CIY)KUTh OCHOBOM aBTOMAaTH3MPOBAHHON CHCTEMBI
MOJIMBA PACTEHHUH, B KOTOPOH TpeOyeTcs: 00eCeunTh NOAXOISIMNA PeXUM padOThI B 3aBHCH-
MOCTH OT 3aJIAHHOTO YPOBHSI BOJOPOIHOTO TIOKA3aTelsl BOJIBI.

Knrouegvle cnosa: >nexTpoakTUBATOp, aKTHBHPOBAHHAS BOJA, MOKA3aTelb BOAOPOAA, YpO-
BeHb pH BOJIBI, aHONNT, KATOIHT
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Abstract

Introduction. Numerous studies have shown that treating and watering plants with activated
water have a beneficial effect on their growth and productivity that is why procedures and
methods for preparing such water are very relevant. This work examines the method of pre-
paring catholyte and anolyte in the so-called flow-type electroactivator, which is installed in
an automated system for watering plants in greenhouses and open ground. Water for water-
ing plants should have the pH index recommended for these conditions, so it is necessary
to establish an adequate relationship between the operating mode and operating parameters
of the electroactivator, on the one hand, and the pH index of water, on the other. At present,
the issue of developing an adequate mathematical model for water activation in a flow-type
electroactivator requires studying. The article proposes a mathematical model in which there
is established relationship between the pH index of water, activation mode and flow-type elec-
troactivator parameters.

Aim of the Study. The article is aimed at increasing the efficiency of an automated system for
watering with activation of water in a flow-type electroactivator.

Materials and Methods. The calculation of the water activation parameters in the electroactiva-
tor was carried out using a mathematical model of the water electroactivation in a flow-type
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electroactivator based on physical and electrical chemistry methods using differential equa-
tions and calculations in the Lazarus programming environment. The experiments to assess
the adequacy of the model were carried out on a developed experimental facility.

Results. There have been developed a mathematical model of water activation and experi-
mental facility to test the adequacy of the mathematical model. There are substantiated the
formulas determining relationship between the pH index of activated water, parameters of
a flow-type electroactivator and electroactivator operating mode parameters necessary for de-
veloping an automated plant watering system. It has been found that the mathematical model
of water activation in an electric activator allows estimating the pH index with an error of less
than 5% when the potential difference between the electrodes is not higher than 125 V. In this
case, the work of the current to heat and produce a unit of catholyte substance for a specified
increase in the pH index is less, the lower the productivity cathode chamber is. Theoretical
studies have shown that for a specified change in the pH index, the current power spent on
heating the catholyte increases in direct proportion to the square of productivity of the cathode
chamber, and the energy intensity of producing a catholyte unit increases in direct proportion
to the productivity of the cathode chamber. It has been confirmed experimentally that the pH
index changes in parallel with changes in the temperature of the anolyte and catholyte, direct-
ly proportional to the potential difference between the electrodes, and inversely proportional
to the performance of the chambers. In this case, it is advisable to set the productivity of the
cathode chamber with the specified parameters no higher than 15 I/h, and the temperature of
watering with catholyte no higher than 25°C.

Discussion and Conclusion. The developed mathematical model of water preparation in
a flow-type electroactivator can serve as the basis for an automated plant watering system,
in which it is necessary to ensure a suitable operating mode depending on the specified the
pH index of water.

Keywords: eclectroactivator, activated water, hydrogen index, water pH level, anolyte,
catholyte
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Beenenue. [TonuB 1 006paboTka pacTeHUi aKTHBUPOBAHHOW BOJOW OKa3bIBAIOT
OnmaronmpusATHOE BO3ICHCTBUE HA PACTCHUS U CIIOCOOCTBYIOT UX POCTY U MOBLIIICHUIO
ypoxaiHocTH [ 1; 2], M03TOMY CIIOCOOBI M METO/IBI TIOATOTOBKH TAKOH BOJIbI BECbMa aKTy-
anbHEI [3; 4]. PaboTa mocesiieHa ncciieI0BaHIIO CII0c00a MOTOTOBKH aKTHBUPOBAHHOMN
BOJIBI B BHJIC KaTOJIUTA M aHOJINTA B TaK HA3BIBAEMOM IIPOTOYHOM JIEKTPOAKTHUBATOPE,
MpeIHa3HAYEHHOM I YCTAaHOBKH B aBTOMATH3UPOBAHHON CHCTEME ITOJIMBA PACTCHUN
B YCITIOBHSIX 3aKPBITOTO M OTKPBITOTO TPYHTOB. Bosia 171st onmuBa pacTeHuii 10KHA IMETh
PEKOMEHTyeMBbIii B JAHHBIX YCIOBUSIX BOJAOPOIHBIN MOKA3aTeIh, TOATOMY HEOOXOTUMO
YCTaHOBUTH aICKBAaTHYIO CBS3b MEXKAY PEXKUMOM pabOThl X pabOuNMU TTapaMeTpaMu
ANIEKTPOAKTUBATOPA C OJTHOW CTOPOHBI M MTOKa3aTeieM ypOBHS BOIOPOJIa B BOJIE C APY-
roi. B HacTos1iee BpeMst BOIIpoC pa3pabOTKU aJIeKBaTHOW MaTEMaTHYECKOH MOJIEITH
AKTUBAIIMH BOJIbI B TPOTOYHOM JJICKTPOAKTUBATOPE TPEOYeT N3yUeHUsI.

Llenbio uccnemoBaHus SBISETCS OLEHKA PAllMOHATBHBIX MApaMETPOB U PEKUMaA
paboThI IPOTOYHOTO AIEKTPOAKTHBATOPA, 00CCIICUMBAIOIICTO 3aaHHBIN TOKA3aTelb
BOJIOPOJIa KATOJINTA WIIM aHOJMTA HA OCHOBE MAaTEMATUYECKOW MOJIEIH €ro paboThl.
st moCTIKeHHs TIeM HaMU pa3pa0oTaHa MaTeMaTudecKas MOJCIh aKTUBUPOBAHUS
Bonbl. [Ipy 3TOM BBIBEZIEHBI (DOPMYITBI, YCTAHABIMBAIOIIUE CBSI3b MEXKIY BOJOPOIHBIM
MoKa3aTesieM aKTUBUPOBAHHOM BOJIBI, TapaMeTpaMH MIPOTOYHOTO DJIEKTPAKTHBATOPA
¥ TITapaMeTpaMH €Tro pekuMa paboThl. DTO MTO3BOJIMIO OOOCHOBAThH PallMOHATHHEIE
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napamMeTpbl aKTUBATOpa U PEKUM paboThl, 00eCIeUnBAIOIINE 3aJaHHBIH TOKa3aTelb
BOJIOPO/Ia KAaTOJIMTA WM aHOJIMTA, PEKOMEHIyeMbIH IS TTOJINBA JAHHOTO pacTEeHUs
B OTIPEICIICHHBIX YCIOBHIX [5].

O030p auTeparypsl. Mcrnonabs3oBanne akTHBUPOBAHHOM BOAIBI 17151 TIOJIMBA O1aroT-
BOPHO BIIUSET HA pacTeHus. [lonuB canara akTHBUPOBAHHOM BO/IOH MO3BOJISAET ITOBBICUTh
ero ypoxxaiiHocThb oT 17,7 10 36,6 % [6]. O0paboTKa pacTeHUHN 3JTEKTPOXUMHUECKUMU
AKTMBUPOBAaHHBIMU PACTBOPAMHU MHAYLHUPYET UX YCTOMYMBOCTH K OOJIE3HSM U Bpenu-
temsiM [7; 8]. Hapsamy ¢ o0paboTKO# pacTeHHI 3J1eKTPOaKTHBHPOBAHHBIMH PACTBOPA-
MU COBPEMEHHBIM METOJIOM JIe3MH(EKINN pacTeHuid cIyXUT o3oHupoBanue [9; 10].
[Tpu 3TOM 002 3TUX METO/a IOTIONHSIOT APYT Apyra. [[oluB ceMsiH TOMaToB KaToIHOM
BOJIOM (KaTOMUTOM) yYBETHYMBAET WX mpopacranue Ha 11 %, a aHomHO Bomo# (aHO-
muToM) — Ha 73 % B CpaBHEHHH C IOJMBOM BOIONPOBOIHOW Bojow [11]. Oxanm u3
3¢ PEKTUBHBIX CIIOCOOOB MOATOTOBKH aKTHBUPOBAHHOW BOJBI B MPOLIECCE €€ UCIONb-
30BaHMS JAJIS TTOJIMBA CITYKUT pa3/elIeHUe ee Ha JBa TIOTOKa C MPOITyCKaHWEM Yepes JIBe
pazaeneHHble MeMOPaHOil KaMephl IIPOTOYHOIO AIEKTPOAKTUBaTOpa. M3yueHune Bonpoca
TEOPETHUECKOr0 00OCHOBAHUSI CBSI3M MEXKy BOIOPOIHBIM MIOKA3aTeJIeM B KaMmepax JJist
MOATOTOBKH aKTHBUPOBAHHOHM BOJIBI, MApaMETPaMH aKTUBATOpa U PEKUMOM pPabOThI
OCYIIECTBIISIETCS] METOIaMK (PU3UUECKON U DIICKTPUUECKOM XMMUH M HE YYUTHIBACT MO~
BIDKHOCTHU NOTOKA. [Ipy 3T0M B prznueckoii xuMun nokasaresb BOJOPOAA ONPEAeIIieT s
Yepe3 KOHIEHTPALMH HOHOB BOIOPO/IA B KaMepax', a B AMIEKTPHUUECKON XMMUH — Yepe3
IUIOTHOCTH KOMITOHEHTOB CMeCH?. YCTaHOBJICHHE CBSI3H MEXK/Y dTUMH KOHICTIIHAMH
MIPECTABISAETCS BaXKHBIM BompocoM. [Ipeanaraemelie B HacTosmee BpeMst pacueTHbIe
(dbopMyIIbl 3aBUCHMOCTH ITOKa3aTeJsl BOLOPOJA B KaMepax akTUBaTopa OT padouux
napamMeTpoB HENOCTaTOUHO 0OOCHOBAHBL. Tak, HEJb3s IPU3HATH JOCTATOYHO COCTOS-
TEJILHOW UCXOIHYIO (OpMyIy ISl pacueTa CKOPOCTH MOHOB IIPU UX JBMKEHHU Yepe3
MeMOpany [12]. Taxoke 6e3 T0IKHOTO 000CHOBaHMS TIPEJTIOKEHA (POpMYyJIa 3aBHCUMOCTH
MOIIHOCTH TOKa OT Pa3HOCTH IIOKa3aTesel BOLOPOa B KAMEPE aKTUBATOPa Ha BBIXOJE
u Bxoze [13]. AnanoruuHas ¢popmylia 3aBUCHMOCTH MOIITHOCTH TOKa B AKTUBATOpPE OT
Pa3sHOCTH MOKa3aTesiel BOIopoaa B KaMepe UCIob3yeTcs 0e3 10CTaTOuHOTO MOATBEP-
xaenus [14]. TpeOyeT 1opaObOTKH U aaropuTM pacueTa rmapameTpoB akrusaropa [15].

Cy1mecTByoImue yCTaHOBKH AJIs OTy4eHUS Ae3UH(DUIHMPYIOLINX PACTBOPOB UMEIOT
psa HenoctatkoB. Hampumep, yerpoiicTtsa [16; 17], conepskariye oaHy 3IeKTpOXUMUIe-
CKYIO sIYEHKY, BBIMOJIHEHHYIO U3 3JIEKTPO/IOB, Pa3MEIIEHHBIX B AJIEKTPOJHBIX KaMepax
1 pa3JelieHHbIX MEXy co0oii quadparmoit. Henocrarkamu Takux yCTPOMCTB SBISIFOTCS
UX CJIOKHOCTb, HU3KHE IPOU3BOIUTEIBHOCTD U Ie3NHPULUPYIOILEe ASHCTBHE MOTY-
YaeMbIX PacTBOPOB. YcTpoiicTBo [ 18] amst momydeHus 1e3nH(QUIMPYIOIIETO pacTBOpa,
cozieprKalliee MMEKTPOXUMHUYECKYIO STUEHKY, BEITOIHEHHYIO U3 BEPTHUKAIBHBIX CTEPHKHEBBIX
3JIEKTPOJIOB € MOJYNPOHHUIIAEMOH TuadparMoil, pa3aesstonieii sueiky Ha aHOJIHYIO
Y KaTOJHYIO KaMephbl, TEHEPATOP 030HA ¢ KOMIIPECCOPOM, UIMEET HEJOCTAaTKU: OTCYTCT-
BUE KOHTPOJISI KOHIIEHTPALIMK 030HA PACTBOPA M BOAOPOAHOTO €r0 MOKA3aTesl, pyYHOe
€e peryJIMpoBaHue, NEPUOIUIHOCTb pabOThl YCTPOHCTBA, OTCYTCTBHE 00€33apakKuBaHUs
pacTeHni 1 aBTOMaTHYECKOTO MOJIMBA AJIsl CTUMYJISILIUKM U YCKOPEHUS poCTa.

! Hotomen JIx. Dnekrpoxumudeckue cucteMsl. M. : Mup, 1977. 464 c.; Jlesuu B. I. ®usuko-
XUMHYeCKast THAPOJHMHAMUKA. 2-€ U3/1., JOIL. 1 nepepad. M. : TUDOMII, 1959. 700 c.

2 Cenon JI. 1. Mexanuka crutonrHoit cpessl. M. : Hayka, 1970. T. 1. 492 c.; Tepu I'. T. Dnexkrpoxu-
must. HoBble Bo33penust / ep. ¢ anri. B. lllepbaxosa. M. : Mup, 1983. 232 c.
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[Ipennaraemoe HaMH TEXHUUYECKOE PELIEHHE — YCTaHOBKA T'€HEpallMu BOJIBI C 3a-
JTAHHBIMH BOZOPOJIHBIM [TOKa3aTeIeM U YPOBHEM HachIILEHHs 030HOM [19] — ycTpanser
BBISIBJIGHHBIE HEJIOCTATKHU U TO3BOJISET MTOyyaTh KaueCTBEHHBIE MTOKa3aTesIn pacTBoOpa
JUTsL Ie3UH(EKINH, CTUMYIISIIIUA POCTA U TIOJINBA BBIPAIIMBACMBIX PACTECHHH.

MarepuaJjnbl M1 MeTOAbl. TeopeTHUecKue NCCIe0BaHus POBEACHBI METOIAMH
MEeXaHUKH CIUIOIIHBIX cpejl, GU3NIECKON XUMUH U SIIEKTPHUECKON XUMHUU.

OKCTIEpUMEHTHI 17151 OLIEHKH aJIeKBaTHOCTU MOJIEIIH IPOBOJMIINCH HA Pa3pabOTaHHON
HKCTIEPUMEHTAIILHON YCTaHOBKE [15] — kKamepe 2IIeKTpoaKTHBAIIMH BOABI IPOTOYHOTO
aNeKTpoakTuBaropa (puc. 1a). BogoponHslil mokaszaTenb aHOINTA U KaTOJINTA Opesie-
nsuies pH-metpom mapku YIRYT EZ-9908 (puc. 1b).

a) b)
Puc. 1. Kamepa aekTpoakTuBaIyii BOJbI IPOTOYHOTO JIEKTPOAKTUBATOPA:
a) anekTpoaktusarop; b) pH-metp YIRYI EZ-9908

Fig. 1. Water electroactivation chamber of flow-type electroactivator:
a) electroactivator; b) pH meter YIRYI EZ-9908

Hcemounux: dororpaduu cuenanst M. V. BenoBbIM Mpu MCHBITAHUSIX NIEKTPOAKTUBATOPA B J1a00-
paropuu kadenpsr apromarusanun 1 podorusarmu PIAY — MCXA nmenn K. A Tumupsizesa B 2023 1.

Source: photographs were taken by M. 1. Belov when testing an electroactivator in the laboratory
of the Department of Automation and Robotization of the Russian State Agrarian University — Moscow
Timiryazev Agricultural Academy in 2023.

Pa3HOCTH MOTEHIIMATIOB MEXKTy DIEKTPOJAMH B IKCTIEPUMEHTAX yCTaHABINBAIACh
peoctatoM. [Ipon3BOAUTENBHOCTh aHOAHON WIIM KaTOJHOM KaMepbl peryinupoBaIach
BBIITYCKHBIM BEHTHJIEM M PETUCTPUPOBAIIACH C TOMOIIHIO MEPHOU IMOCY/IBI C H3BECTHBIM
00beMOM V' 1 ceKyHAoMepa, KOTOPBIM OIIPENEeNsIOCh BpeMs At HANlOJTHEHUST MEPHOU
nocynsl. [IponsBomurensHOCTE (0, 1/9) paccunThIBajIach Mo clenyroliei popmyiie:

0 =3600 V/At, n/a.

Pe3yabrarel uceenopanus. Ha pucynke 2 npeacrasieHa yCTaHOBKA TeHEpa-
LN BOJBI, TO3BOJIAIONIAS 3a/1aBaTh 3HAYEHMsI BOAOPOJHOIO MOKAa3aTeNlsl U ypOBEHb
HachlIeHNs 030HOM [5]. OCHOBHOM 3a/aueii pH MOATOTOBKE aHOJIUTA WM KaTOJINTA
C 33JJaHHBIM BOJOPO/IHBIM [TOKA3aTeNIEM CITY>KUT aBTOMAaTHYECKOE PETYIHPOBAHHE dIIEK-
TpoaBmxkymeit cuibl (DC) ncTouHMKa MUTAHUS U MPOU3BOAUTEIBHOCTH KaTOAHON
W aHogHOU Kamep. st perieHus 9Toi 3aaaun Obula pazpaboTaHa MaTeMaTH4ecKast
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MOJEJIb AIEKTPOAKTUBALUU BOJBI, YCTAHOBJIEHA CBA3b €€ BOJOPOAHOIO MOKA3aTeNs
¢ OJIC ucroyHMKa MUTaHUSI KOHCTPYKTUBHBIMU ITapaMeTpaMiu aKTHBAaTOpa U MPOU3BO-
JIUTENBHOCTBIO aHOJHOU U KaTOJHOU Kamep.
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Pwuc. 2. YcraHoBka renepanuy BOABI C 33laHHBIM BOTOPOIHBIM TOKa3aTeneM
1 33JJaHHBIM YPOBHEM HACBHIIICHUS] 030HOM:

1 — XpaH noga4yu BoAbl; 2 — ICTOYHMK PETYIUPYEMOro HaNpsDKeHUs; 3 — 3JIEMEHT CPaBHEHUS
BOZIOPOZTHOTO TT0Ka3arens pH oT naTumka u 3aanHoro; 4 — 650k 3aganust pH; 5 — 3anuBHBIE 0TBEpCTHS;
6 — KJIEMMBI TMOAKIFOYCHUA UCTOYHUKA [TMUTAHUA K DJICKTPOAAM; 7 — KpbIlIKa KaMEpbl akKTUBaTOpa,

8 — kamepa akTuBaTopa; 9 — 31eKTponsl; /() — moayHenpoHuLaemas nuadparma; // — katogHas Kamepa;
12 — anonHast kamepa; /3 — KpaHbl pETryIMPOBKHU pacxojia KaToJIuTa U aHOJIUTa; /4 — reHepaTop 030Ha;
15 — xomnpeccop; 16 — pene BpeMeHH; [ 7 — MUKPOKOHTpoIuiep; /8 — 610K CpaBHEHUSI BIAKHOCTH
NOouBBI; /9 — GJIOK 3aJaHUsI BIQKHOCTH MOYBEL; 2() — eMKOCTB C KaToJIUTOM; 2/ — €MKOCTh C aHOJIUTOM;
22 — naTyuK BOIOPOAHOTO MOKa3aTels; 23 — CTa0MIN3aTop KOHICHTPAMH 030Ha; 24 — cucteMa
KareIbHOTOo OpomIeHust; 25 — popcyHKa KalelbHOTo T0HBa; 26 — NaTIUK BIAKHOCTHU ITOYBEL;

27 — TpyOOnpoBO I TIOIAYH B CHCTEMY OpOLIeHUs; 28 — MarucTpaib OAa4u KaToNINTa;

29 — perynsrop pacxoa karoaura; 30 — 1aT4UK KOHLEHTPALUU 030Ha B KaToIuTe; 3/ — yCcTpoiCcTBO
CpaBHEHHMs] KOHIICHTPALUK 030HA B KAaTOJIUTE C 3aJJaHHOI1; 32 — OJIOK 3a/1aHUs] KOHIIEHTPAL[MH 030Ha;
33 — MarucTpainb NOla4y aHOJINTA; 34 — PETyIHPOBKA MOJIaYX AHOIUTA B CHCTEMY OPOIICHUS

Fig. 2. Installation of water generation with a specified pH index and a specified level of ozone saturation:
1 — water supply tap; 2 — adjustable voltage source; 3 — element for comparing the pH index from the
sensor and specified pH index; 4 — pH setting unit; 5 — filler openings; 6 — terminals for connecting the
power source to the electrodes; 7 — activator chamber cover; 8 — activator chamber; 9 — electrodes;
10 — semi-permeable diaphragm; // — cathode chamber; /2 — anode chamber; /3 — taps for adjusting the
flow of catholyte and anolyte; /4 — ozone generator; /5 — compressor; /6 — time relay;

17 — microcontroller; /8 — soil moisture comparator; /9 — unit for setting soil moisture; 20 — container
with catholyte; 27 — container with anolyte; 22 — pH index sensor; 23 — ozone concentration stabilizer;
24 — drip irrigation system; 25 — drip irrigation nozzle; 26 — soil moisture sensor; 27 — pipeline for
supplying to the irrigation system; 28 — catholyte supply line; 29 — catholyte flow regulator; 30 — sensor
of ozone concentration in catholyte; 3/ — unit for comparing the ozone concentration in the catholyte
with the specified one; 32 — unit for setting ozone concentration; 33 — anolyte supply line;

34 — adjustment of anolyte supply to the irrigation system

Hcemounuxk: pucyHKH 2, 3, 5 cOCTaBIEHBI aBTOPAMH CTaThU.
Source: Figures 2, 3, 5 compiled by the authors of the article.

W
(9]
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st onmpeneneHuss U3MEHEHHUS! KOHIEHTPAIIM HOHOB BOAOPO/A B AHOIHOM Kamepe
BOCIIOJIb3YyEMCS CJICAYIOIIUMU 0003HaUeHUsIMU : Ox)y — IPSIMOYTOJIbHAS CUCTEMa JeKap-
TOBBIX KOOPAMHAT C HAYAJIOM Ha BEPXHEM YPOBHE BOJIBI MKy aHOJHOM M KaTOTHOU
KaMepamH, 0Ckio Ox, HallpaBICHHON MEPIICHIUKYISIPHO TUIOCKOCTH AJIEKTPOa OT aHOIa
K KaTomy, U ocbio Oy, HANPABICHHON BHU3; L — pacCTOSHUE MEXIY (PPOHTATLHBEIMHU
CTEHKaMH KaMephl 3JIEKTPOAKTUBATOPA, M; L — PACCTOSHUE MEXKIY JJIEKTPOJAMH, M;
h — BBICOTA KaTOAHOW M aHOTHOM KaMmep, M; S — TuIomaap padodell TOBEpXHOCTH Ka-
TOZIa WM aHOJa, M’ U — CKOPOCTh YaCTHIIbl BOIBI B KAMEpaX aHoja U KaToza, M/c;
V,;, Uy, — CKOPOCTH COOTBETCTBEHHO TMPATUPOBAHHBIX HOHA BOIOPO/IA M THAPOKCH]L
MOHa, M/C; U, U, — OIBUKHOCTh COOTBETCTBEHHO T'MPATUPOBAHHBIX MOHA BOIOPOA
¥ THpOoKCcH MoHa, M*/(B-¢); C,,, C ,, — MOJISpHAs KOHIIEHTPAIHs COOTBETCTBEHHO HOHA
BOJIOPOJIa ¥ THAPOKCH I-HOHA, kMonb/M*; C, . )\, — MONAPHAs KOHIEHTPAIUS COOTBET-
CTBEHHO HOHA BOZOPO/Ia U THIPOKCH/I-NOHA B KATOJUTE KATOMHOU KaMepbl, KMOJb /M°;
C,,, — MoJIsIpHas KOHIIEHTPAIKs HOHA BOJIOPO/Ia B aHOJIMTE aHOJHOM KaMephbl, KMOJIb M*;
N — uucno Asoraapo N = 6,022-10 1/monb; k  — MOHHOE NPOU3BEAEHUE BOJDI,
(xkmonb/M*)? (k= 107" npu Temneparype 22 °C); pH — BonoponHslii mokasaresb BOJbI;
pH, — BOIOPOIHBIN MOKA3aTelb BObI [IEPEJl dNeKTpoakThBarmeit; pH,, pH — BomopoHsrii
ITOKa3aTeNlb COOTBETCTBEHHO KaroymTa u aHonuta; U — DJIC ucrounuka nuranus, B;
n — KIIJ[ uctounuka nutanusd; / — BeJIUYMHA TOKA MEXIY AJIEKTpoaamMu, A;
R, R, R,— CONpOTHBIICHHE COOTBETCTBEHHO KAaTOJIMTA B KaTOJIHOM Kamepe, aHOJIuTa
B aHOJIHOM Kamepe 1 nradparmbl MeXTy Kamepamu, OM; E , E, — CpeiHss HalpsHKEHHOCTh
AIIEKTPUYECKOTO TTOJII COOTBETCTBEHHO B aHOJHON KaMmepe W KaTOAHOU kamepe, B/Mm;
O — IpOU3BOJUTEIHLHOCTh aHOTHOW MJIM KaTOIHOW KaMepshl MPHU MOATOTOBKE aHOJIUTA
WM Karonuta, M’/c; AT,, AT — NOBBIIICHUE TEMIIEPATYPBl COOTBETCTBEHHO KATOIUTa
u a”onuta, °C; ¢, — TeIIOEMKOCTh KATOIUTA U AHOIIHTA, Jox/(xr °K); p,, — ynenbHOE
COIPOTHUBIICHUE BOJIBI IIPH JJAHHOHW TemMiieparype, OM-M; o — TOPUCTOCTh Tuadparmbl;
[ — TonuHa quadparmbl, M; p — IUIOTHOCTB BOJIBI, KI/M”.

B Bozme ¢ ManbIM coaepKaHUEM COJIEH ITIABHYIO POJIb MPU AJIEKTPOAKTUBALUU
BBITIOJTHSIOT IPOAYKTHI ee auccornranud [20]. Eciau cautars qumoim MOIeKysl BOJIHI,
OKPY’KAIOITUE TOJIOKUTEIBHO 3apsOKCHHBIA MOH Bogopoaa H u orpuniatensHo 3apsi-
JKEHHBIH Tuapokcua-non OH rugparnpoBaHHEIMI HOHAME Bogopoaa H™ u ruapox-
cun-uona OH™, To mucconuanus MOJIEKyJI BOJbI Ha HOHBI MPEICTABISCTCS B BUIIC

dbopmynsr [6]:
H,O < H" + OH™. (1

N30BITOK TUAPOKCUI-MOHOB (AaHUOHOB) BO3HUKAET BOJIM3H Karojia 1 00pa3yeT Hello-
CTaTOK TUJIPAaTUPOBAaHHBIX HOHOB Bojiopona H*. M30bIToK HOHOB BO/10pO/ia (KATHOHOB)
BO3HUKACT BOJIM3M aHOJIa M 00pa3yeT B CBOK OYEPE/lb HEIOCTATOK TUAPATHPOBAHHBIX
ruapokcui-uonoB OH-. Tlo Mepe ynaneHus: OT IEKTPoJia KOHIEHTPAIIMH KaTHOHOB
1 aHHMOHOB BBIPABHUBAIOTCSI.

[Ipu a1eKTpoaKTUBAIIMM HEUTPAIbHON BOJbI B HOPMAaJIbHBIX YCIIOBHSIX AHOJIUT
MPEJICTABIISIET COO0I KUCIYIO Cpelly ¢ BOIOPOIHBIM MTOKa3aTelieM HIKe 7, KaTOJIHUT —
HICJIOYHYIO Cpelly C BOJOPOIHBIM ITOKa3arelieM Bbilie 7. FiMesi OBBINICHHYIO XUMU-
YECKYI0 aKTUBHOCTD, KATOJIUT CTUMYIUPYET Ouojoruueckue npomeccol. CoznaBas
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KUCJIOTHYIO CPEy, AaHOJIUT MOXET CIY>KUTh aHTUCEIITUKOM [l PACTCHUH, pacTy-
[IMX B MOYBE C HOPMAJIBHON KHUCIOTHOCTHIO, I CTUMYJISITOPOM POCTa pacTCHUH,
pacTylux B KUCJIOW MOYBE.

CocTaBuM yHpOIICHHBIE YPABHEHIS HEPa3pPHIBHOCTH CILTONIHOMN CPENbI B AaHOTHOM
U KaToAHOW Kamepax. [I[prHATHIM OAX00M IIPYU MaTEMATUYECKOM IOCTAHOBKE TAKOM
3a/1a4¥ SBIISICTCS COCTABICHUE YPAaBHEHUH HEPA3PHIBHOCTH IS MHOTOKOMITOHEHTHBIX
cMecei. IIpu 3TOM HEM3BECTHBIMU MEPEMEHHBIMU CIIyKaT KOHIIEHTpAIlMd UOHOB WU
TJIOTHOCTH KOMITOHEHTOB CMECH. B 4acTHBIX 3a/1adqax ampHOpHO TpeiaraTes Gop-
MyJIbl, YCTAHABIUBAIOIINE CBA3b MEX1Y BOJOPOIHBIM MOKa3aTeleM U IapameTpamu
anekrpoaktuBauuu [11]. Ilpu sTom Bausinue 3JC UCTOUHMKA TUTAHUS U BOIOPOAHO-
ro MOKa3aresisi UCXOIHOU BOJbI HA BOJAOPOJHBIN MMOKA3aTeNlb aHONIUTA UK KAaTOJIUTA
He paccMmarpuBaercs. [loj cruionmHo cpeoil OyJeM MOHUMATh CMECh, COCTOSIIY IO
13 MOJICKYIT BOJIbI, THIPaTUPOBAHHBIX HOHOB BOAOPO/Ia (KATHOHOB) U THPATUPOBAHHBIX
TUAPOKCUA-UOHOB (aHHOHOB). [Tomaraem, 4To MOH ABMKETCS MO ACUCTBUEM JIBYX CHIL:
cwibl KynoHa, HarpaBJIeHHOW MEPICHIUKYIIIPHO paboucii TOBEPXHOCTH JIEKTPOJIOB,
u crtbl CTOKCA BS3KOTO COMPOTHUBIICHIS, HATTPABICHHOM ITPOTUBOIIOIOKHO CKOPOCTH HOHA.
I'mapaTupoBaHHBIN MOH MPAKTHYCCKU CPa3y JOCTUTACT MAKCUMAIBLHONU CKOPOCTH
Y IBIDKETCS WM TIepeIaeT ABMKCHHE IO IETH C MMOCTOSTHHOW CKOPOCTBIO; CKOPOCTH
TUJIPATHPOBAHHBIX MOHOB BOIOPO/IA L, ¥ THIPOKCUI-HOHOB V, CBA3AHbI C MX MTOBUK-~
HOCTSIMH JTHHCHHBIMH 3aBHUCUMOCTSIMH:

v, =uk Vo= Uy (2)
PaccmoTpum MHIMBULYabHBIH 00BEM CIUIOIIHOM CpeAbl B aHOJHOH Kamepe Kak
QJIEMEHT aHOJINTA MEXKIY CTEHKOW M TuadparMoil B BHE NPSMOYTOJIBHOTO Hapaiiie-

nenvnesna o6beMom ¥, GOKOBBIE IPaHU KOTOPOTO UMEIOT PaBHBIE TIPAMOYTOIBLHUKH
IUIOIIA/IbI0 S, Ha CTEHKE U uadparme (puc. 3).

+ 9 = x

dy

h

Pwuc. 3. Kpacuery m3MeHEHHs KOHIIEHTPAIMH HOHOB BOOPO/a B aHOIHOH KaMepe:
1 —anon; 2 — karox; 3 — nuadparma;
4, 5 — DIEeMEHT aHOJIUTAa aHOAHOU KaMephl B Pa3Hble MOMEHTBI BPEMEHU;
6 — DIIEMEHT KaTOJIUTa KaTOAHOW KaMepbl; 7 — HKHUI ypOBEHb KaTOJIUTA B KATOAHOW Kamepe

Fig. 3. To calculate the change in the concentration of hydrogen ions in the anode chamber:
1 —anode; 2 — cathode; 3 — diaphragm;
4, 5 — anolyte element of the anode chamber at different times;
6 — catholyte element of the cathode chamber;
7 — lower level of catholyte in the cathode chamber
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Enunnna usmepenns oobema V, coBnajaeT ¢ eIMHMUIEH 00beMa Jisl KOHLIEHTPa-
1u HoHOB. [Tosaraem, 4To Ha JOCTATOYHO OONBIIOM PACCTOSIHUH OT CJIHUBA JIBUKEHHE
3JIEMEHTA TOCTYNAaTEIbHOE CO CKOPOCTBIO V)

20h
V=T 3)

ITpu BBIBO/IC YpaBHEHHU#T HEPA3PBIBHOCTH KOMIIOHEHTOB CMECH, TO €CTh HOHOB, OyIieM
roJjiaratb, 4YTO Macca KOMIIOHEHTBI CMECHU OLICHUBACTC YUCJIOM MOHOB B UHAWBUIYaJIbHOM
obbeme, a CKOPOCTh U3MEHEHHSI MaCcChl KOMITOHEHTHI CMECH W3BECTHA. TakKe MpuMeM
CIIeTyToIIHe JOMYIIEHNs: 1) n3MEHEeHHe KOHIICHTPAIIMHA HOHOB B JIEMEHTE ITPOMCXOIUT
TOJIBKO 3a CYCT ABMXKCHHA MOHOB YCPE3 I'PaHUIBI 2JIEMEHTA C aHOAOM U ﬂHaq)paFMOﬁ,
JIBIYKEHHUE Yepe3 BEPXHIOK U HIYKHIOKO TPaHUIIBI CO CPEION He BIUSIET Ha KOHIIEHTPAIAIO
WOHOB B UHJIUBUIyallbHOM 00beMe; 2) BIUSHUECM Ha KOHIICHTPAIIMIO HOHOB BOAOPO/IA
B DJIEMEHTE aHOJIUTA BXOJAIINX B HETO uepe3 JuadparMy ruIpoKCHI-MOHOB 3a BpEMsI
JIBYDKCHHS 9JIEMEHTa B KaMepe MOXKHO TIpeHeOpedb; 3) BIUSHUEM HA KOHIICHTPAIIUIO
THJIPOKCH]I-MOHOB B 3JIEMEHTE KaTOJNUTA BXOJSIIUX B HETO uepe3 AuadparMmy HOHOB
BOJIOPOJIA 3a BpeMsl ABIDKCHUS 3JIEMEHTA B KaMepe MOXHO MPEHEOpeUb.

IlycTh df — GECKOHEUYHO Majoe BpeMsl, 32 KOTOPOE PacCMATPUBAEMBINA DJIEMEHT
MEPEMECTUTCSI M3 TIONOKEHUS 4 B MOJIOKeHHe 5 (pHC. 3), a KOHIIEHTPAIIHs HOHOB BOJIO-
pozia B €ro 00beMe U3MEHUTCS Ha OeCKkoHeUHO Manyto Benmuuny d(C,, ). Jlo mepexona
B syieMeHTe 4 Haxonunoch (10°N-C,, -V ) nonos Bogopona u (10*N-C,, V) runpokcun-
HOHOB. 3a BpeMs dt yepe3 ceueHue eMenTa Ha aHoje Bouaet (10°-N- CHa-SamH-dt),
a uepes auadparmy Berider (10>N-C, a S v, dt) nonos Bonopona. OueBUIHO, UTO
usmenenue d(10°-N-C,, -V ) uucia MOHOB BOJOPO/A B SIIEMEHTE 3a BpeMs df paBHO
Pa3HOCTU MEKAY YMCJIOM BOLICAIIMNX B 3JIEMCHT U YMCJIOM BBILICAUINX M3 DJICMCHTA
HOHOB BOJIOPO/IA 3a OTO BPEMSI:

d(NC, V)= NC,S v, dt—NC, oS v dt
WM, Tak Kak V =S -L /2 1 ¢ yueToM paBeHCTB (2),
L, dc,,
2 dt

3a Bpems df JIEMEHT W3 TOJIOKEHUs 4 MepeMEeCTUTCsS BHU3 Ha paccTosHue dy
u 3aiimeT nonoxenue 5 (puc. 3). O4eBUIHO, YTO

y
L

w

= C, uyE,(1- o). (4)

WM, IPUHUMAsT BO BHUMAHUE PaBeHCTBO (3),

_ LS

3aMeHUB IIEpEMEHHYIO / IEpEMEHHOH ) U3 ypaBHEHH (5), iepenuiieM ypaBHeHue (4):
dC,, uyE,(1-a)SL ¢
dy - La Q h Ha* (6)
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Pemrenne quddepennuanbroro ypaBHeHus (6) MOXKHO 3aIicaTh B TAKOM BUJE:

uy E, (1-a) SLy

—ke L (7)

b

e k| — KOHCTaHTa, paBHas konuenrpaiuu C, nipu y = 0.

Jlist ompenenenus KOHCTAaHThI K| 3a/1alMM KPAeBO€E yCIIOBUE HA BEPXHEM YPOBHE
BOJIbI B KaMepe, Ha KOTOPOM BOZIOPOIHBIN IOKa3aTelb BOJbI, IIOCTYIAIOLICH Ha JJIeK-
TpOAaKTUBALMIO, 3a1aH U paBeH pH . ITo onpenenenuio’

pH=-1lgC.,. ®)
Bepxunii ypoBeHb BOJIBI B aKTUBATOPE TpEACTaBiIsieTca ypaBHenueM y = 0, B co-
OTBETCTBUH C OTIpeieiicHneM (8) KpaeBoe yclioBre perieHus (7) MOJKHO 3aIicarh Tak:

PH, =~1g(Cy,l,-0) = ~1g (k).

Otcrona

k =10"%
u pemtenue (7) mpu y = h, TO €CTh Ha BBIXOJE AHOJUTA U3 aHOIHON KaMepbl, MOXHO
MIPEJCTABUTH B CIEAYIONIEM BHIE:
SuyE,(1-a.) L
G, =10"e "0 ©9)
3a Bpems df uepe3 ceueHUE aHaJOTHYHOIO JIEMEHTa 6 B KaTOIHOM KaMepe Ha
karozie B snemMeHT Boiner (10°-N-C -S -u, -E,-dt), a uepes nuapparmy BbligeT
(10*N- COHk-a-Sa-uH-Ea-dt) TUJIPOKCHU/I- I/IOHOB I/I3MeHeHHe YyHciia THAPOKCHI-HOHOB
B DJIEMEHTE 3a BpeMs df paBHO Pa3HOCTH MEK/Ly YHCIIOM BOLICANINX B SJIEMEHT U YHCIIOM
BBIILIEAIINX U3 JIEMEHTa TUIPOKCH/I-MOHOB 32 3TO BPEMSL:

d(NCoilV,) = NCoy, S ton B, dt = NCoyy 0 S oy B dt,
Win

L dC
Do S0 Gt (100, (10)

3aMeHUB [TepeMEHHYIO f IepeMEHHOH y U3 ypaBHeHus (5), nepenuiiem ypasaenue (10):

dCos _ o B (1-0)SL . 0
- OHF *
dy L .Oh
Haiinem koHIIEHTpALMIO THAPOKCHI-MOHOB Ha BEPXHEM YPOBHE BOJIbI B aKTUBATOPE
y = 0. YcnoBue MOJSIPHOTO paBHOBECHUs peakiuu (1) st BOJIBI 3aITUCHIBACTCS KaK
KOHCTaHTa MOHHOI'O ITPOU3BCICHUS:

(12)

rae k, — xoncranTa (k, = 107 npu Temneparype Bozbl 22 °C) ¢ enununeil usmepeHus
(Moub/)? uin (KMOJIL/M3)2 PaBencTBo (12) m1st KaTONHMTa UMEET CIETYFOIININ BUI:

CouCon= k.. (13)

w

C.Con=k

W

3 Cxopuesiertu B. B. Teoperuueckas snekrpoxumust. JI. : Tocxumusaar, 1963. 609 c.
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BO,Z[OpO,HHLIﬁ II0Ka3aTeCJib KaToJInuTa B KaTOI[HOfI KaMepe Ha BEPXHEM YPOBHE ITIPU Y = 0

3a1aH U paBeH pH:
pH,=- lg(CHk\y=0 )-
Hcnons3ys paBeHcTBo (13) u mociieHee paBeHCTBO, 3alHIIEM KpaeBoe YCIOBUE
Jutst ypaBHeHus (11): i
Conty-0 = 10" (14)

Pemenne ypasuenus (11) ¢ kpaeBsiM ycioBueM (14) mpeacTaBuM B cilenyrolieM
BHJI€ Ha BBIXO/I€ KaTOJINTA U3 KaTOJHOW KaMephl pH ) = A
Suon By (1-) L

Coy =k, -10M0e  HC (15)

[Moncrasnsas pemenne (15) B paBeHctBo (13), HaiieM KOHIICHTpAIMIO HWOHOB
BOIOPOZA Ha BBIXOJIE U3 KATOJHOM KaMephl:

~Sugy By (1-00) L
— 107 PH Lo
Cy =10""e : (16)
PaBencTBoO (8) A5 aHONMMTA 3aITUCHIBACTCS TAK:
pH,=-lgC,,

WIH, y9uThIBas hopmyiy (9),
Su,E (1-a)Llge
— H LaQ . (17)

pH, =pH,

a

®opmymna (17) cipasennusa, eciu nokasarens pH we menbiue 0. B npotuBHoMm
clyvae moka3aTelb CIeAyeT MPUHUMATh paBHBIM 0.
PaBencTBo (8) mist KaToNIKTa 3aMUCHIBACTCS AHATIOTHYHO:

pH, =-igC,,
WM, YIUTBIBas hopmyiry (16),
Su,E (1-a)Llge
1k 0 ‘ (18)

pH, =pH, +

®opmyna (18) cpaseuba, eciu nokasarens pH, He npesbimaet 14. B npotuBHOM
clly4ae mokasareib cielyeT IPUHUMATh PaBHBIM 14,
3anumieM 3akoH OMa B TAaKOM BHJIE:

__Unm
I=%%R+R (19)
rIe
_p.L . _p.L . _pt
R=555  R=75> Ri=os (20)
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CpenHio HanpsKEHHOCTh JEKTPUYECKOTO IMOJISl B AaHOJIUTE U KaTOJIUTE MEXAY
TUTACTMHAMH 3JIEKTPOJOB OLEHUM 10 clienyromum popmynam [1]:

p.L
@:@:S
NJIn
o p.Un
E,=E = (R.+R +R)S’ @D

®opmynst (17), (18) ycTaHaBIHUBAIOT CBS3b BOIOPOAHOTO MOKA3aTeNsl aHOJINUTA
Y KaTOJINTa C BOJOPOAHBIM IT0Ka3aTeNIeM BOABI 10 SIEKTPOAKTUBALMH, C KOHCTPYKTHBHBIMH
napaMeTpaMu (reOMETPUUYCCKUMH IapaMeTpaMHu aHOAHOW M KaTOIHOM Kamep,
MOPUCTOCTHIO auadparMel) U ¢ peryiaupyemeiMu napamerpamu (DJC ncrounnka
MUTaHMs, TPOU3BOIUTENBHOCTHIO MMOATOTOBKH AHOJIUTA U KaTOJINTA).

B coorBerctBuu ¢ 3akoHOM [[xoynsi-JIeHnia Bcs paboTa JIEKTPUYESCKOTO TOKa
B JIEKTPOJINTAX MpeBparaeTcs B Teruio. [loBbleHne TeMneparypbl KaTolnyuTa 1 aHOJIUTa
MOYKHO OIICHUTH IO CJIEAYIOIUM popmynam:

Anzgumﬂ&+&+&n, @)
Opec,

A]; — Ra[Un/(Rk +Ra +Rd)] . (23)
Opc,

Crnemyer OTMETHUTh, YTO Ha OCHOBaHUH 3aKoHa JI>koyns-JIeHna qBuKeHne HOHOB,
KOHIIEHTpAIIHsI HOHOB, BOJIOPOJHBIN IMOKa3aTellb aHOJIUTA U KaTOJIIUTa HUKAK HE
CBSI3aHBI C pa0OTON W MOIIHOCTHIO AIEKTPUIECKOTO TOKa. TeM caMbIM ABMIKEHUE
MOHOB, KOHIIEHTPAIHsI HOHOB, BOJOPOIHBIN MMOKA3aTehb SBISIOTCS MPOIECCaMH
Y XapaKTepPUCTUKAMHU, Ha KOTOPBIE TOK HAapsIMyo He BiuseT. Kak cnemyet u3 popmyn
(17), (18), (21), BomOpomHBII1 ITOKa3aTeNh 3aBUCUT OT Pa3HOCTH MOTCHIINATIOB MEXITY
AIIEKTPOJIAMH U OT COMPOTUBJICHUH CPEbl U HE 3aBHCHT OT TOKA U MOIIHOCTH TOKA.

Ha ocHoBanuu ycTaHOBIEHHBIX (YHKIHOHAJIbHBIX 3aBUCUMOCTEH MEXIY
BOZOPOAHBIM [I0KA3aTEJIeM aKTHBUPOBAHHOM BOJIBI U ITapaMeTPaMH JIEKTPOAKTHBATOpa
NPECTaBUM aJTOPUTM pacueTa MoKa3aTeseld akTHBAIlMK BOJIBI:

1) BBOA MCxOHBIX AanubIX: L [M], L [M], S [M°], u, [M*/c B], u, [M*/c B], pH,, k_
[kmoms?/Mm®], O [MP/c], p [kr/ M*], U [B], 1, p.. [Om-M], [ [M], a, ¢, [ dox/(xr °K)];

2) BBIYUCIIEHUE CONPOTUBIIEHUH R,, R , R 110 popmynam (20);

3) BBIUMCIIEHUE BEIMYMHEI TOKA 110 Gopmyie (19);

4) pacuet cpeaHeil HAPSHKEHHOCTH 3JICKTPHUUYECKOTO TOJIsl B AaHOJIUTE U KaTOJIUTE
no ¢popmynam (21);

5) BBIUKCIIEHHE BOAOPOIHOTO [TOKa3aTelsi anoauTa 1o gopmyie (17);

6) BBIUMCIICHUE BOJAOPOIHOTO MOKa3aTess karoauTa o gopmyie (18);

7) BBIYMCIICHUE BEIMYMH U3MEHEHUs Temieparypbl karonuta AT, u anonura AT
COOTBETCTBEHHO 10 popmynam (22) u (23).

w
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CoracHo airopuTmy paspaboTaHa KOMIBIOTEpHas mporpamma B cpene Lazarus,
MO3BOJIAOLIAS PACCYMTHIBATH BOIOPOAHBIN OKA3aTENIb aHOJIUTA U KaTOJIUTa B 3aBUCUMOCTH
ot 3aganHoi DJ[C uCTOYHMKA MUTAHUS U IPOU3BOAUTEIHLHOCTH aHOTHOM U KaTOIHOM
kamepbl. MlcxoaHble JaHHbIC [T pacyeTa MpeCTaBlIeHbl B Taduie 1.

Tabnuma 1
Table 1
Hcxoanble 1aHHbIe 10 npuBeneHus k cucreme CU
Initial data before reduction to the SI system
2 2 /A g6 . 7 2 . . 7 2 .
Lyvm/| L,vm/ |S, cm z/ [, mm/ 0. 1/1/ 0, Vh k,, KMOJ‘II;Z/M /|u,-10 ,MQ(B ) /|ty 107, M Q(B c)/
L,mm | L ,mm |S, sm* |/, mm k., kmol’/m® | u -107, m*/(V-s) | u, 107, m*(V-s)
62 40 561 2 15..35 107 3,26 1,80
p, Kr/M3/ p,,omMm/ |c, Jla/(xr °K) /
v.B p, kg/m? @ n p,, Ohm m pcp, J/(kg °K) pH,
40..160 1000 0,15 0,98 1 600 4180 7,0

I/ICXOILSI U3 NPCACTABJICHHBIX BbIIIC PACYCTOB, CACIAJIN BBIBOJA, YTO MAaTCMAaTH-
YCCKasa MOJCJb JJICKTPOAKTUBAIIMU BOABI B BJICKTPOAKTUBATOPC MMO3BOJISICT OLUCHUTDH
BO,Z[OpOZ[HHﬁ IIOKa3arTeb ¢ TOYHOCThIO MeHee 5 % IIpU pa3HOCTHU MMOTCHIIUAIOB MCKAY
QJICKTpOAaMU HE BBIIIC 125 B. HpI/I PAa3HOCTHU MOTCHIUAJIIOB MEIKAY IJICKTPOAaMU OT

125 no 160 B TouHOCTH MOJECIN CHMXXACTCS, OTHOCUTEIbHAS MOTPEIIHOCTH BO3pa-
craer 10 15 % (puc. 4).

pHk
. °
12
m ] 1
e 2 [ ] / A
A3 2
10 A
]
//
8
0 40 80 120 160 U,B

Puc. 4. I'paduk 3aBMCMMOCTH MOKa3aTeIs BOgoposa pH, karouTa T pa3sHOCTH HOTeHIHanoB U
MEK/Ty DIEKTPOIaMHU TIPH IPOU3BOUTEILHOCTH KATOAHON KaMEpPhI C yKa3aHHEeM
JKCTIIEPUMEHTAJIBHBIX TOUCK:
1—15n/a; 2 —25 a/a; 3 —35 0/

Fig. 4. Graph of the dependence of the pH index of the catholyte on the potential difference U
between the electrodes at the productivity of the cathode chamber, indicating the experimental points:
1—-151/h;2-251/h; 3-351/h

Hemounux: cOCTaBICHO aBTOPAMHU CTAaThH [0 MaTepHaiaM TaOIuIbI 2.
Source: compiled by the authors of the article based on materials from Table 2.
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Tabnuma 2
Table 2

Pe3yabTarhl IKCIIEPHMEHTOB 110 ONpe/ieIeHHI0O OCHOBHBIX IIAPaMeTPOB
MPOTOYHOI0 3JIEKTPOAKTHBATOPA

Results of experiments to determine the main parameters of a flow-type electroactivator

IIpon3BOAMTEIEHOCTE Hsuenerme | BosopoaHELi ITagenue HanpsKEHKS Hanpsoxerme
p BOJIOPOJIHOTO | TOKA3aTelb Harp MEXITY
Ne n%fagoggii};,’ Jé/q / nokazarens/ | karonuta/ |° %TﬁgHoﬁrKaM;pteﬁ B/ anektponamu, B /
odu Yoy Change in pH | pH index of 0'1age crop ° Voltage between
catholyte, /hour . cathode chamber, V
index catholyte electrodes, V
1 15 3,5 11,0 43,75 116
2 25 2,1 9,6 45,50 121
3 35 1,5 9,0 46,30 123
4 15 5,9 12,4 53,24 141
5 25 35 11,0 56,48 151
6 35 2,5 10,0 58,07 155
7 25 5,0 12,5 64,45 172
8 35 3,5 11,0 66,83 178

Amnanu3 rpadukoB Ha pucyHke 4 u gopmyn (18), (22) nmo3Bomiser caenarh clieny-
IONIMK BBIBOA: paboTa TOKa Ha HarpeBaHHE W MPOU3BOJICTBO CAMHUIIBI BEIIeCTBa Ka-
TOJIMTA MPH 33JaHHOM ITOBBIIICHIH BOAOPOJHOTO MIOKA3aTesl TEM HIDKE, YeM MEHbBIIIE
MIPOU3BOAUTENBHOCTD KaTOAHOM KaMmephbl. [[elicTBUTENBHO, TyCTh Pk — MOILIHOCTH TOKQ,
TPOXOJIAMIETO Yepe3 KaTomuT, ApH, — M3MeHeHHe BOMOPOHOTO TOKA3aTENsl KaTOIMTa
NpY JIeKTpoaKTHBaIK. [10 onpeieneHuto

Un ’
R=PR=R|—>+—|.
k k "I:Rk+Ra+Rd} 24)
W3 popmynst (18) ¢ yuerom (21) ciemyer paBeHCTBO:

. ApH, O(R +R +R))L,

Un= 25
N o (1-a)Lige 2
HUcnonb3ys paBeHCTBO (25), 3armumieM Gopmyity (24) A MOITHOCTH TOKA!
R APH,O°L,
(26)

© Ipy o (1- o) LigeT

W3 paBenctsa (26) ciemyer, 4To MpH 331aHHOM U3MEHEHHH BOIOPOJHOTO MOKa3aTes
MOIIHOCTb TOKa, PacXolyeMas Ha HarpeB KaToJIuTa, BO3pacTaeT NpsiMO IPOIOPIIMOHAb-
HO KBa/IpaTy MPOU3BOAUTEILHOCTH KaTOAHOM KaMephl, @ SHEProeMKOCTh IPOU3BOACTBA
€/IMHUIIBI KaTOJIMTA BO3PACTAET MPSIMO MTPONOPLHNOHATIBHO IPOU3BOAUTETHHOCTH KaTo-
HOM KaMepbl. AHAJIOTHYHBIA BBIBOA MOYKHO CZENIaTh U TI0 aHOJIHTY.

[MepenceiBas popmyiy (22) ¢ yaeTom (24), OTMETUM, YTO U3MEHEHUE TEMITEPaTy-
PBI KATOJINTA MIPSIMO [IPOIOPLIHUOHAIBHO YIEJIbHONH 3HEPIrOEMKOCTH €r0 IPOU3BOCTBA!

5
Opc
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WK, y4uThIBas popmyiy (26), KBaapaTy H3MEHEHHs BOIOPOIHOIO MOKa3aTells:
272
R, ApH,OL,
>
p ¢, [P Uon (1-a)Lige]

W3meneHne BOZOpPOJHOTO MOKAa3aTeNsl Ha 2 €AMHUIBI IPUBOANT K MOBBILIEHUIO
Temriieparypbl Ha 8§ °C 1 BbILIe IPU IPOU3BOAUTENLHOCTH Kamepbl Oosee 15 11/4 (puc. 5).
[onaras, uTo Temmneparypa BOAbI Iiepell IeKTpoakTuBanuei pasaa 18 °C, Bo uzbdexa-
HHE MOJIBA KaTOJUTOM ¢ Temreparypoid 25 °C u BbllIe 1esieco00pa3Ho yCTaHABIUBAT
MPOM3BOAUTENHLHOCTh HE BBILIE 15 JI/4 ¢ epepbIBOM Ha OXJIaX/ICHHE KaTOIUTa MOCIe
M3MEHEHHsI BOJIOPOIHOTO TIOKa3aTesst Ha 2 €INHUIIBL.

(28)

AT, =

ATy, °C

" /

30

20 2/
//

0 1 2 3 4 ApHk

Puc. 5. Cessb MEXy MOBLIIEHUEM TEMIIEPATYPbl AT, KATOJINTA ¥ H3MEHEHUEM BOJIOPOHOTO
nokasarelist Karonura ApH, npu Npou3BOAUTEILHOCTH KATOAHOM KaMeph:
1—15n/a; 225 n/a; 3 —35 n/qa

Fig. 5. Relationship between an increase in the AT, temperature of the catholyte and a change in the
pH index of the catholyte ApH, at a cathode chamber productivity:
1 — 15 1/hour; 2 — 25 1/hour; 3 — 35 I/hour

I'padmkn Ha prcyHKE 5 0TOOpaKaroT 3aBHCUMOCTb, OMMMCaHHYIO dopmyIoil (28),
C YYETOM aJropuTMa M UCXO/HBIX JIaHHBIX B Ta0muie 1.

O0cy:xaeHue u 3aKia04eHne. MaremaTnyeckasi MOJIeIb, IIPEICTABICHHAS YPaB-
HeHusiMU (17)—(28), MOXKET CITy’)KUTh OCHOBOU TIPH CO3JaHUU aBTOMAaTU3HPOBAHHON
CUCTEMBI TI0JIMBA PACTEHUH, OCHAIIIEHHON MPOTOYHBIM 3JIEKTPUYECKUM aKTHBATOPOM.
Ona 1o3BoJISIET 110 33/IaHHOMY TOKA3aTelTo BOOPO/Ia BOJIBI, 33/1aBAEMOMY TOJIb30BaTeIeM
Kak HanOoJee MOAXO/AIIEMY B JIaHHBIX YCIOBUSIX, PACCUUTATh MapaMeTphbl U PeKUM
paboThI akTuBaTOpa, Takue kak DJ]C ncroyHnka nuTanus (pasHOCTh MOTEHIIMAIOB MEKTY
3JIEKTPOAAMH), TPOU3BOIUTEIILHOCTh AHOAHOM M KaTOAHOM KaMep, paCCTOSTHHE MEKITY
3IEKTPOAMH, JUTMHY KaMep, oOecriednBaeMyto TpeOyeMoe BpeMs aKTHBAllUU U JIp.
Tem cambiM focturaercs 3pPeKTUBHOCTD MOATOTOBKH BOBI JJISI TIOIHMBA C TIOMOIIHIO
TEXHOJIOTWH MTPOTOYHOTO AJIEKTPOAKTUBHPOBaHUs. PaccmarprBaemast TEXHOIOTHSI aBTO-
MaTH3MPOBAHHOTO NOKBA 3(p(PEeKTHBHA B yCIOBHSIX 3aIIUIIIEHHOTO TPYHTA, T/I€ MOKET
OBITH MCTIONB30BaHa B TeueHUe rofa. [lpu »ToM momydeHHble pe3yabTaThl B PaBHOU
Mepe CIIPaBE/UIMBHI U TP YCTAHOBKE TAKON CHCTEMBI B YCIIOBUSX OTKPHITOTO IPYHTA.
MaremaTtrueckas MOAEIb U SKCIIEPUMEHTHI [TO3BOJIMIIN C/IeaTh YaCTHbIC HAYyYHbBIC
BBIBOZIBL. B cooTBeTCcTBUM ¢ ypaBHeHHEM (25) BOAOPOIHBIN MMOKa3aTelnb U3MEHSETCS
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npsiMo niponiopunoHansHo I/1C 1 00paTHO MPONMOPIMOHATIBHO PON3BOJUTEIBHOCTH.
Pacxopn snekTpuyeckoii SHEPTUX Ha DIIEKTPOAKTUBALINIO 00YCIIOBJICH HArpeBaHUEM aK-
TUBUPOBAHHOM BOJIBI U COITyTCTBYIOLIMMHU €€ HOHM3allMel U N3MEHEHHEM BOJJOPOIHOTO
nokaszarens. B cooTBeTcTBHM ¢ ypaBHeHHEM (27) TeMIieparypa aHOJuTa U KaToJinTa
W3MEHSIETCS MPSIMO MPOMOPIIMOHATIBHO MOIITHOCTH TOKa B KAMepe U 00paTHO TpoIop-
[IMOHAJIFHO MPOU3BOAUTEIHLHOCTH KaMephl. B cooTBeTcTBHM ¢ ypaBHEeHHEM (28) npu
HEU3MEHHON NMPOU3BOIUTEIBHOCTH M U3MEHEHUH HANpPsLKEHUS MEKAY JIEKTPOIaMU
nepeMeHa TeMIeparypbl IpsSMO IPOIOPLUOHAIbHA KBAIPaTy U3MEHEHHSI BOIOPOIHOTO
MOKa3aTesIsl aHOIKTa WK KaroiuTa. CornmacHo rpadykaM Ha pUCYHKE 5 BO U30eKaHue
MOJIMBA KATOJIUTOM ¢ Temmeparypoi 25 °C u Bbllle NPOU3BOAUTEIBHOCTh KATOIHOM
KaMephl ¢ 3aJaHHBIMU [TapaMeTpaMy Py peoOpa3oBaHUN BOJOPOIHOIO MOKA3aTEIs
Ha 2,5 u 6onee no mkane pH neixecoobpaszHo yctaHaBnuBaTh He Bbie 15 /4. Takum
00pa3oM, MOoTy4YeHHass MaTeMaTHuecKas MOJEIb TIO3BOJIHUT PACCUMTAThH MMapaMeTphl
Y PEKUM pabOTHI aKTUBATOpa B pa3padaThbiBa€MbIX aBTOMATH3WPOBAHHBIX YCTaHOBKAX
NP UX MPOCKTUPOBAHUH M SKCIUTyaTalliy Ha IPOM3BOJICTBE U TOCTHYb 3PPEKTHBHOCTH
MOJITOTOBKHU BOJIBI /IS MTOJIUBA C TIOMOIIBIO TEXHOJIOTHH MPOTOYHOTO 3JIEKTPOAKTHBH-
POBaHUS U O30HUPOBAHMSL.
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Tenonepenaya oqHOTPYOHOI CHCTEMbI OTOILICHHSI
NPHU peBePCUBHOM MOAa4e TeIIOHOCUTEJIS
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Aunomayusn

Bsedenue. B TpaIMIIMOHHOM PEXMME TEIJIoNepeaada OTHOTPYOHBIX CHCTEM OTOILICHHS
3HAQUUTEIIPHO YCTyNaeT AByXTpyOHBIM. C pa3BHTHEM UMITYJILCHBIX TEXHOJIOTHI B CHCTe-
Max TEIUIOCHA0XEHHsI CTa0 BO3MOXKHBIM CO3JIaHHME PEBEPCHBHOTO PEXHMMa IOIAYH Te-
IUIOHOCHUTEJIS, B KOTOPOM TeIuIonepe/aya OTOIMUTEIbHBIX TPUOOPOB YIIydIIaeTcs 3a CUeT
MyJIbCAlMH TEIJIOHOCHUTENISI, OAHAKO KOA(P(UIMEHT TeIonepeaady B0 MHOIOM 3aBHUCHT
OT TEXHOJIOTHYECKUX PEIICHHI CO3IaHUsI TAKOTO PeKUMa. B CBA3HM ¢ 3TUM CO3aHKE OpHU-
TMHAJIBHOW TEXHOJIOIHYECKOIl CXEMBI JUISl PEBEPCHBHOIO peXHMa Ha 6ase MeMOpaHHOIO
Hacoca 1 000CHOBAHHME ONTHUMAIBHOIO YaCTOTHOTO AMAINa30Ha €ro paboThl SBISETCS aK-
TYaJIbHBIM M TIPAKTHYECKU 3HAUYMMBIM ISl PA3BUTHS OHOTPYOHBIX CHCTEM OTOILICHUSL.
Lenv uccneoosanus. Ioseimenne 3pheKTHBHOCTH pabOTHI OHOTPYOHBIX CHCTEM OTOILIe-
HHS C IOMOIIBIO CO3/IaHMsl PEBEPCUBHOTO PEKMMA [10/1a41 TETUIOHOCUTEIIS C UCIIONB30Ba-
HHEM MeMOpaHHOIo Hacoca.

Mamepuanst u memoowi. TIpu ycTaHOBKE SKCIIEPUMEHTAIILHBIX 3aBUCHMOCTEH mepernaja
TeMIIeparyp [UIs TPEIOLIEro U HarpeBaeMoro KOHTYPOB OTOIUICHUSI PEBEPCHBHOMN TEIIO-
nepeavu Mo OJHON TpyOe OT 4acTOThI MyJIbCALMI pacXo/a TEIUIOHOCHUTENS P Pa3HbIX
BXOZIHBIX TEMIIEpaTypax B JUHAMHKE HCIIOJIb30BaJIHCh METO/BI eneH, pu3niecKkoro sKc-
MePUMEHTA, MaTeMaTHYeCKOH CTaTUCTUKY. DU3MUecKuil SKCIIEpUMEHT IPOBOJIMIICS HTOCIIe-
JIOBATEJIbHO MPU MOBBIIEHUH U IOHWKEHUK Temneparypsl Temtonocutens (50 u 60 °C).
Pesynomamut uccnedosanus. Ha mabopaTopHOil ycTaHOBKE PEBEPCHBHON TEILIONEpEIaul
0 OJJHOH Tpy0e Moy4YeHa ONTHMalbHAsl 4acToTa IS JIBYX TeMIIepaTyp TeIUIOHOCHUTES,
obecreynBarolas MOBBILICHHE TIeperna/ia TeMIepaTyp B KOHTYpax U KO3 (HUIHEHT Teruio-
nepenadu. [1oaydeHsl 3aBUCHMOCTH IIeperaja TeMIepaTyp IS TPEIOIero (BHEIIHETO)
U HarpeBaeMoro (BHYTPEHHET0) KOHTYpa TeIUIOCHA0XKEeHHMs, a Takxke koddduimenra te-
IUIONepe/auy JUlsl TeIIO0OMEHHHKA OT YacTOThI X0/1a AnadparmMbl MEeMOPaHHOIO Hacoca.
Obcyrcoenue u 3axniouenue. B pesynprare mpoBeeHHs (U3MUECKOTO SKCIICPHMEH-
Ta YCTAQHOBJICHO, YTO Iepeada TEIUIOBOIl SHEPIMU IO OFHOW TpyOe BO3MOXKHA B ILIH-
POKOM [Mala3oHe 4YacToT, NPU 3TOM HauOoublias Teruoneperada 3adUKCHpoBaHa Ha
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gactote 0,3-0,4 ['n. Takum 00pa3oM, TEXHOJIOTHSI TEILUIONEPEa4H IO OMHOU TPyOe MOXKET
ycnemﬂo l'lpPIMeHS[Tl)Cﬂ JUIS OTOIVICHUSI MECT O6l.].leFO I10JIB30BaHUS B MHOFOKBapTI/IprIX
JIoMax, OOIIEKNUTHSX, IPOMBIIIJICHHBIX, CETbCKOXO3SIMCTBEHHBIX OOBEKTAX U 3JaHUAX HH-
JIMBUYaJIbHOM JKUIIOHN MOCTPOMKH.

Kniouesvle cnosa: cuicteMa OTOIUICHUS, ITYJILCHPYIOMINI PEXHUM, PEBEPCHBHOE JBUKE-
HUe, QU3HYECKUIT SIKCIEPUMEHT, IIepera]] TeMIeparyp, koahUIueHT Teronepenain

Kongpnuxkm unmepecog: aBTopbl 3asBISIIOT 00 OTCYTCTBUM KOH(IUKTAa HHTEPECOB.

Jna yumuposanusn: Jlesues A.Il., Jlaun E.C., JIsicsaxoB W.U., Yxens [. Termome-
penada OJHOTPYOHOW CHCTEMBI OTOIUICHUS MPU PEBEPCHBHOH IMOJaue TEIIOHOCHTEIIS.
Hnorceneprnvie mexnonoauu u cucmemnl. 2025;35(1):49-59. https://doi.org/10.15507/2658-
4123.035.202501.049-059

Investigation of Reversible Heat Transfer
in a One-Pipe Heating System
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¢ National Research Mordovia State University
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b Jiangsu University of Science and Technology
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™ levizevap@mail.ru

Abstract

Introduction. With the standard mode, heat transfer in one-pipe heating systems is signifi-
cantly inferior to heat transfer in two-pipe systems. The development of pulse technolo-
gies for heating systems made it possible to create a reversible heat transfer in which heat
transfer in heating devices is improved through the heat transfer agent pulsation, but the
heat transfer coefficient depends largely on technological solutions for creating this rever-
sing mode. In this connection, developing original technological scheme for reversible
heat transfer based on the diaphragm pump and substantiating optimal frequency range of
its operation is relevant and practically important for improving one-pipe heating systems.
Aim of the Study. The study is aimed at increasing the efficiency of one-pipe heating sys-
tems through creating reversible heat transfer agent supply using a diaphragm pump.
Materials and Methods. There were used the methods of circuits, physical experiment and
mathematical statistics to establish experimental dependences of the temperature diffe-
rence for the heating and heated circuits of reversible heat transfer through one pipe on
the frequency of pulsations of the heat transfer agent flow at different inlet temperatures in
dynamics. The physical experiment was carried out at two heat transfer agent temperatures
(50 and 60°C).

Results. With the use of the laboratory setup for reversible heat transfer through one pipe,
there have been found the optimal frequency for two heat transfer agent temperatures,
providing an increase in the temperature difference in the circuits and the heat transfer
coefficient. There have been found dependences of temperature difference for heating
(external) and heated (internal) circuits of heat transfer and heat transfer coefficient for the
heat exchanger on the pump diaphragm stroking rate.

Discussion and Conclusion. As a result of the physical experiment, it has been found
that the heat energy transfer through one pipe is possible in a wide frequency range
(from 0.15 to 0.4 Hz), while the greatest heat transfer is recorded at a frequency
0f 0.3-0.4 Hz. The technology of heat transfer through one pipe can be successfully used
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for heating common areas in apartment buildings, dormitories, industrial and agricultural
facilities, and individual residential buildings.

Keywords: heating system, pulsating mode, reverse motion, physical experiment, tempera-
ture difference, heat transfer coefficient
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Beenenne. Ilepenadya TenaoBoil 3HEPTUH B OTOMUTENBHBIX YCTAHOBKAX COMPOBO-
JKAaeTCs TEXHOJIOTHYECKUMH MOTEPSMH KaK TETJIOBOM, TaK M AIEKTPUUECKON SHEPTUH.
Bennunny TeXHOIOTHYECKUX MTOTEPh MPH Tepeiade TEIUIOBOW SHEPTHH 10 CeTAM IS
TOPOJICKUX TTIOCEJICHUH B MIEPCIIEKTHBE CTAPAIOTCS OTPAaHUYHTh Ha ypoBHE 7 %. OnHako
(baxTHyeckas ee BeIMUMHA TIOKa ocTaeTcs Bbicokoit (16 % u 6onee) [1]. HopmarusHast
BEJIMYMHA TEXHOJIOTHMYECKUX TTOTEPh MPH Mepejade TeTIOBOH IHEPTUN 3aBUCHUT TIaB-
HBIM 00pa30M OT MCTIOJHEHHS TEIJIOBOM CETH (IBYXTpyOHAs OHA WIJIM OJHOTPYOHAas).
Ha npaxTuke nonmy4nia pacipocTpaHeHue ABYXTpyOHas repeada TeTIOBOH SHEPTHH,
MIPU KOTOPOUW TOPSYUH TETJIOHOCHUTENh IMOCTYIAeT K MOTPEOUTEINIO 0 MTOIAF0IIEeMY
TPyOOTIPOBOTY, @ OTPaOOTaHHBIN TETIOHOCHTENh OTBOIUTCS M0 0OpaTHOMY TPyOO-
npoBoxay [2]. TexHoMOrM4eckne MOTEPH 3/1eCh HeCyT 00a TpyOOIpoBoIa, a pacxox
TpyO 1O CpaBHEHHMIO C OAHOTPYOHBIMU CUCTEMaMH BBILLIE B /iBa pa3a [3]. Bmecte ¢ Tem
B CTapoii 3aCTpOHKe U IOMaxX WHAMBHYyaIbHOMN MOCTPOMKH €Il He peAKO BCTpedyaeTcs
OTHOTpYOHAas pa3BoKa, IPU KOTOPOW OTOMUTEIBHBIA MPHOOp CTABUTCS B PACCEUKY
TpyOOIpoBOJa, @ OTPAOOTAHHBIN TETNIOHOCUTEIb BO3BPAIIACTCS 10 YKOPOUCHHOMY
TpyOompoBoay [4; 5], mpruyem mocieHNi He BCera y/IJauHO BIIUCHIBAETCS B MHTEPhEP
3naHus. B ¢BA3M ¢ 3TUM 0HOTpYOHAs pa3BO/IKa PEAKO MPUMEHSETCS IIPH PEKOHCTPYK-
IINY CUCTEM OTOTUICHUS 3IaHU ¥ HOBOM CTPOUTEIHCTBE [6].

C pa3BUTHEM UMITYTHCHBIX TEXHOJIOTHI B CHCTEMaX TEIJIO- U BOXOCHAOXKEeHNUs [ 7-9]
CTaJI0 BO3MOXKHOM peBepCHBHAs Tepeiada TeIIoBOH dHEpruu 1mo oxHoi tpyoe [10].
Teopernueckre OCHOBBI TAKOH TeTuIonepenadn u3aokeHsl B padorax [11-13]. [Tymscupy-
IOIIIee IBMKEHHE TETUIOHOCHUTEIS ITPU STOM OCYIIECTBISIETCS C TOMOIIBEIO MEMOPaHHOTO
Hacoca [13], koTopslii Ui paboThl UCTIONB3YET N30BITOUHBIA HAIOP TEMJIOBOM CETH.
JlocTaroyHo BBICOKYIO HAJCKHOCTh B pab0Te U HEIUIOXHE XapaKTEPUCTHKH ITOKa3aln
MeMOpaHHbIE HACOCHI ¢ TapeasdarbiMu quadparmami [13—15]. [lonokuTenbHbIH ONBIT
MCIOJIb30BAHUS MYJIbCUPYIOIIEr0 PeKUMa OTKPBIBAET HOBbIE BOBMOYKHOCTH peann3a-
[[UM PEBEPCUBHOM TEILIONEpe a4 110 oHOH TpyOe. [Tpu 3ToM BIHSHUE TyIbCUPYOLIETO
peknMa MeMOpaHHOTO Hacoca Ha TeIuionepeiady Ipu peBEPCUBHOM JIBHKEHHUH TEIUIO-
HOCHTENS He M3y4deHo. TakuM 00pa3om, COo3MaHne OPUTHHAIBHON TEXHOIOTHYECKON
CXEMBI JJIsI PEBEPCUBHOTO PeKUMa Ha 6a3e MeMOpaHHOTO Hacoca U 000CHOBAHHE OIITH-
MaJIBHOTO YaCTOTHOTO JAMAara3oHa ero paboThl ABISIOTCS aKTYaIbHBIMA U IIPAKTHYECKA
3HAYMMBIMHU 3a/1a4aMU JIJIsl pPA3BUTHS OAHOTPYOHBIX CHCTEM OTOTUICHUS.

B cBsi3u ¢ 3 THM TIeNBI0 TaHHOW pabOTHI CTAJO MCCIENOBAHNE YCIOBUN CO3MaHUS
PEBEPCUBHOTO JIBUKEHUS TEINIOHOCUTEISI B CHCTEME OTOIUICHHS! C HE3aBUCHMBIM
MOJKIIIOUEHUEM, a TAK)KE MOJIyYeHNE dKCIIEPUMEHTAIbHBIX 3aBUCUMOCTEN Iepenana
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TEMIIEpaTyp JUIs IPEIOILEro (BHEIIHET0) U HarpeBaeMoro (BHyTPEHHET0) KOHTypa TeIUIo-
cHaOkeHus 1 K0d(h(PUIMEHTa TeruIonepeaaqn sl MPOMEKYTOUHOTO TETII000MEHHUKA
OT YacTOTHI Xofa AuadparMbl MeMOpaHHOTo Hacoca. [locnenHre mo3BoISIOT BEIOPAThH
palnMoHaNbHBIA PEXKUM PEBEPCUBHOMN TEepellaud TEIIOBON SHEPTHH B OIHOTPYOHBIX
CHCTEMax OTOIUICHHUS C HE3aBUCHMBIM TTOJIKJIIOYEHUEM.

00630p auTeparypbl. OMHOTPYOHBIC CHCTEMBI OTOTUICHIS ITUPOKO UCITOIB3YIOTCS
B 3/IaHVSIX WHANBUIYAILHON MTOCTPONKH, a TAKOKE JUIS OTOTUICHHS OTJETbHBIX TIPOMBIIII-
JICHHBIX U CEIHCKOX03HCTBEHHBIX 00BEKTOB (CKIIA/IbI, TAPaXKH, CTAHIINHA TEXHUIECKOTO
00CITy)KMBaHUS U JIp.) Oraroiapsi CBOel POCTOTE M HAZIEKHOCTH B padote [4; 5]. [pakTrka
AKCIUTyaTalluy TAKUX CUCTEM ITOKa3bIBAET, YTO MX IMOTECHITUAI B 3HAYUTEILHON CTETICHN
HE UCT0JIb30BaH. OCOOEHHOCTBIO OAHOTPYOHO! CUCTEMBI OTOIICHHUS SIBJISIETCS TO, YTO
TEIUIOHOCHUTENb ABMKETCS B OTHOM HampasieHuu [16]. IIpu BcTpeue ¢ oTonUTenbHBIM
npu6opom (OI1) TonbKo 4acTh TEMJIOHOCUTENSI OTBETBISICTCS K HEMY, a OOnbIIast UAeT
10 OCHOBHOI TpyOe. OTpaboTanHblii Teronocurens u3 OIl cmemmBaeTcst ¢ OCHOB-
HBIM TIOTOKOM TETUIOHOCHTEIISI, TIPU 3TOM TeMIleparypa TEIJIOHOCUTENsS 110 XOAY €ro
JIBUKEHUS yMEHBIIIAeTCH.

K mpenmyiectBam ogHOTPYOHOM CHCTEMBI OTOIUIEHUSI MOKHO OTHECTH MIPOCTOTY
MOHTaa U 00CITy’)KHBaHHS, HE TPEOYIOIINX BHICOKON KBATM(PHKAIIUK IIEPCOHAIIA; DKO-
HOMMIO PACXOTHBIX MaTEPHAIIOB JIJIT MOHTaXa (TpyOa, apMaTypa H JIp.); SCTCTHICCKUH
BHEIIHUN BUJT; BOSMOYKHOCTh OpTaHH3aIiH HECKOIBKIX KOHTYpOB [4; 17]. B kauectBe
HEJIOCTATKOB OTHOTPYOHOI CHCTEMBI MOJKHO OTMETHTH CJIEIYIOIIHE: CHIYKSHHE TeMTIe-
parypsl 1o Xoay ABrkeHus TeruioHocuTens (y mocnennero OIT ona Oymer Huke Ha 1 °C
u 0osiee); CIOKHOCTh PETYIUPOBAHUS TEMIIEPATYPhl 110 OTICIbHBIM ITOMEIICHUM;
3HAYUTEIIbHBIC 3aTPaThl AIEKTPOIHEPIUU Ha MPUBOJ HACcOCa M3-3a HEOOXOAMMOCTH
MOJIICP>KaHNUs MTOBBIIIEHHOTO pacxoia TeronocuTens [6; 17].

OnHUM M3 ACWCTBEHHBIX CIIOCOOOB MOBBIMICHUS (P(EKTUBHOCTH OTHOTPYOHBIX
CHCTEM OTOIUICHHS U PACHIMPEHUS UX Cepbl UCTIOIL30BAHUS SBISICTCSI OpPraHN3aIHsl
MyJbCUPYIOLIETO peKUMa JBMKEHHS TETNIOHOCUTENS TIPH HE3aBHCUMOM ITOKIIIO-
gennu Ol [10]. CyTs maHHOTO M300PETEHHS 3aKII0YACTCS B UCIIOIb30BAHIHN YaCTH
Haropa TeIuIOBOM CeTH JUIsl MPUBOAA MEMOPAHHOTO Hacoca, KOTOPBIA CO3JaeT B Ha-
rpeBaeMOM KOHTYPE MYJbCUPYIOLINNA pEeBEPCUBHBIN pexKuM. [Tpu 5TOM TerIoHOCUTENh
npoxoaut Oll B AByX HampaBiieHUSAX: IPSIMOM U 0OpaTHOM. B 00onx HampaBiIeHHSIX
IBWKeHUs TeruioHocutens depes Ol okpyskaromeMy BO3AyXy TMepeaeTcs TeryioBas
sHeprus. MeMOpaHHBII HACOC YIPaBIAETCS C TOMOIIBIO AIEKTPOMArHUTHOTO KJlaraHa
B 3aBUCHUMOCTH OT MOJIOXKEHHUSI MeMOpaHbl. Pacxon TemnjaoHoCHUTENsl B HAarpeBacMOM
KOHTYpE OHOTPYOHOM CHCTEMBI OTOIICHHS 3aBUCUT OT 00beMa AuadparMbl U 4aCTOTHI
NpHBO/Ia MEMOpaHHOTO Hacoca. B kauecTBe MeMOpaHHBIX HACOCOB ISl CHCTEM OTOILICHUS
XOPOIIO 3apeKOMEHI0BaU ceOsi MeMOpaHHBIE HACOCHI C TapeIbuaTbiMu quadparmaMu
OT TOPMO3HBIX CHCTEM aBToMOOmei [13—15].

MarepuaJnbl 1 MeTobI. C 1eJIbI0 HAaX0XKICHHUS pallOHAIbHOTO PEKUMAa PEBEPCHB-
HO TIepeiadu TEIUIOBOM SHEPTUH 0 OHOH TpyOe Obli1a coOpaHa dKCIepUMEHTaIbHAS
YCTaHOBKa, MPOBeJIeH (PHU3NIECKHI IKCIIEPUMEHT.

DKcrepuMeHTaNbHAsT yCTAaHOBKA I UCCIIEIOBAHNS PEBEPCHUBHOM Tepenadn Te-
TUTOBOM SHEPTUH IO OTHOH TpyOe B IMMyIhCHPYIOIEM PEKUME TIPHUBEICHA HA PUCYHKeE 1.
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Puc. 1. [lpuHnmmmaneHas cxeMa J1abopaTopHOH yCTaHOBKU:
1 — ternoBast ceth; 2 — quadparma MeMOpaHHOTo Hacoca; 3 — MeMOpaHHBII Hacoc;
4 — paboyast 30Ha MEMOPaHHOTO Hacoca BHEIIHETO KOHTYpa; 5 — paboyast 30Ha MEMOPaHHOTO Hacoca
BHYTpPEHHET0 KOHTYpa; 6, 11, 21, 23, 28, 33 — 3apBwxkkwy; 7, 15, 19, 29 — cIycKHBIE BEHTUIH;
8, 24, 26, 32 — coequHUTENBHBIC TPYOOTIPOBOBL; 9, 13, 22, 34 — 3eKTPO-AaTINKH TEMIICPaTyphbl;
10, 35 — >nexTponaTINKA JaBIeHHUs; /2 — TeII000MEHHUK HE3aBUCHMOTO MTOAKITIOUCHHS;
14 — paguarop BO3LYIIHOIO OTOILIEHUS; /6, /8 — KpaHbl; /7 — TUIPOAKKYMYJIATOP;
20 — peBepcuBHBII TpyOOpoBox; 27, 30 — 3MeKTpOMarHUTHEIE KiamaH; 25, 31 — oOpaTHbIE KilanaHa;
36, 37 — MuKporepeKiroyaTeny; 38 — IToK MeMOpaHHOTO Hacoca

Fig. 1. Schematic diagram of the laboratory setup:

1 —heating system; 2 —pump diaphragm; 3 — diaphragm pump; 4 — working area of the external circuit
diaphragm pump; 5 — the working area of the diaphragm pump of the internal circuit;
6,11,21,23,28, 33 — gate valves; 7, 15, 19, 29 — drain valves; 8, 24, 26, 32 — connecting pipelines;
9, 13, 22, 34 — electro-temperature sensors; /0, 35 — electro-pressure sensors;

12 — independent connection heat exchanger; /4 — radiator for air heating; /6, /8 — cranes;

17 —hydraulic accumulator; 20 — reversible pipeline; 27, 30 — solenoid valves; 25, 31 — check valves;
36, 37— microswitches; 38 — the stem of the diaphragm pump;

Hcmounuk: cOCTABICHO aBTOPAMHU CTaTh Mo Marepuanam [10].
Source: the diagram is compiled by the authors of the article based on the materials [10].

TerutoHOCHTENL 320UPASTCS U3 TEIUIOBOM CETH YePe3 OTKPBITHIN ICKTPOMArHUTHBIN
KianaH 30 ¥ ocTynaeT B pabouyro kKamepy 4 MeMOpaHHOTO Hacoca 3, THIe 3a CYET TPAHC-
(hopmaruy Haropa TEIIoBO ceTr Yepes nuadparmy 2 MeMOpaHHOTo Hacoca 3 co3aaeTcCs
JTaBJICHUE B paboueii kamMepe MEMOPaHHOTO Hacoca 3 CO CTOPOHKI TIOTPEOUTEINS TETUIOBOM
SHEPTUH 5, KOTOPOE CIIOCOOCTBYET BHITECHEHHIO TIOPIIUK TEIUIOHOCHTENS U3 paboueit
kamepsl. llepenaB Hanop u M3MEHHB MOJIOKEHHE MTOKA 38, TIOCHe MOTydYeHHs CUTHANIA
C MUKPOTIEPEKITIoUaresisi 3 7 OTKPhIBAETCS AIIEKTPOMAarHUTHBIHN KiaraH 27. TernIoHOCUTeNh
4yepe3 COeNMHUTENBHBIA TPYOOTIpoBo 26 OCTyIIaeT B TEINIOOOMEHHUK HE3aBUCHMOTO
TIOAKITFOYEHUS [ 2, TIe TIPOMCXOIUT MIPOIIECC TEIUIONEePEaadH OT TEINIOHOCUTEIS BHEIITHETO
KOHTYpa K BHyTPEHHEMY KOHTYpY yCTaHOBKH. Jlanee uepes CoeIMHUTENBHBIN TPyOOIIpoBOLT &
0TpabOTaHHBIN TEIIOHOCUTENH BO3BPAIIIAECTCS B TEILIOBYIO CeTh /. Bo BHYTpEeHHEM KOHTYpe
JIBIDKCHUE TETUIOHOCHTEIS TIOCIe CMEICHUs AuadparMbl UAET Yepe3 COSTUHNTEIbHBIN
TpyOONpoBOA 24, MUHYsI OOpaTHbI Kianad 3/. [Ipu 3TOM TEeIIOHOCHUTENb MOCTYIAeT
B TEIJIOOOMEHHHK HE3aBUCHMOTO TIOJIKIIFOUCHUS 1 2, TJIe IPOUCXOMT Niepe/iada TErIOBOM
SHEPTUH OT TEIUIOHOCHUTEISI BHEIIHETO KOHTYpa. 3aTeM 4epe3 PEeBEPCHBHBIN TPYyOOITpO-
BOJ 2() TETIOHOCHUTEIH TTOCTYTIAET B CEKITMOHHBIN paauarop /4, Te mepenacT TEIIoByIO
SHEPIHIO B OKPYKAOIIYIO cpefy. B mociemyroriem oH mocTymnaeT B THAPOaKKyMysiTop /7,
TIOBBITIIAS TABJICHUE B HEM. [ IpH TOBBITIIEHNY JaBJICHUS B THAPOAKKYMYIISITOPE / 7 CBBIIIIE
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TPEJICITLHOTO BO BHYTPEHHEW CUCTEME HAYMHACTCS OOPATHBIN XOJT IITOKA 38, TEMIIOHOCHUTENh
BO3BPAIIACTCS HA3a]] B pabOUyI0 KaMepy MEeMOPaHHOTO HAcOCa CO CTOPOHBI MOTPEOUTENS 6,
MPOXOJIS Yepe3 PEBEPCUBHBIN TPYOOIPoBo 20 U Yepe3 COSMUHUTENBHBIN TPYyOOIIPOBOL 24,
B3aMOJIEUCTBYS C 00paTHBIM KianaHoM 25. [Ipy 3ToM ImITOK BO3BpaIIaeTcsi B HICXOTHOE
TTOJIOKEHUE ¥, B3AaMMOCHCTBYS ¢ MUKPOTIEpEKITIoUaresieM 36, OTaeT CUTHAJ Ha Iepe-
KPBITHE DJIEKTPOMAarHUTHOTO KJlarmaHa 27 U OTKPBITHE JIEKTPOMAarHUTHOTO Kiianana 30.
3anoaHeHNEe CHCTEMBI BOIOH MPOUCXOIUT Yepe3 KpaH /6. 3anoTHeHHE THIPOAKKYMY-
JSATOpa BO3MyXoM obecriednBaeTcs 3a cuer kpana /8. s cOopa pacHeTHBIX JaHHBIX
AKCIIEPUMEHTAIBHONW YCTAHOBKH UCIIONIB3YIOTCS AAaTYUKU Temneparypsel 9, 13, 22, 34
u garunku gapnenus [0, 35. Jlns obecriedeHus SKCIUTyaTallii 1 PEMOHTa YCTAHOBKH
TaK)X€ YCTaHOBJICHBI 3aABUXKKU 6, 11, 21, 23, 28, 33. Bo3nyx u3 cUCTEMBI ynamnsieTcs
IIyTE€M OTKPBITUSA CIIyCKHBIX BEHTHJIEH B BEpXHUX TOUKaX yCTaHOBKU 15, 19, 29.

IIpoBeneHue 3KCEpUMEHTa OCYIIECTBISUIOCH [0 METOJUKE, KOTOpasi BKIIOUaia
MOCIIEZI0BATEIBHOCTD CIEAYIOUINX II1aroB:

1. IMoaxmrouanucek gaTuyuku Temneparypst 9, 13, 22, 34 u naBnenus 10, 35 K KOM-
MBIOTEPY [T cOOpa TaHHBIX ¢ SKCIICPUMEHTAJILHON YCTaHOBKH.

2. [Ipou3BoamJIOCh 3aMOTHEHNE BHYTPEHHETO KOHTYpa TEIUIOCHAOKEHHSI TETIIO-
HOCHTEIIEM OTKPBITHEM 3aaBWkeK /9, 21, 33, a Takke KpaHa 3allOTHEHUS CUCTEMBI
BOjioH /6. [Tocne co3anus naBlieHUsl BO BHYTPEHHEH CUCTEME OTKPBIBAIUCH CITyCKHBIE
BEHTHJIH 7, 15, ynansmncs Bo3ayx u3 cuctemsl. [Ipu sTom auadparma Hacoca cMeranach
B KpaliHee MOJIOKEHUE, 3aMblIKasi MUKponepekitouarenb 36. CiiyCKHble BEHTWIH 7, 15
npukpsiBanuck. KpaH 3anoiaHeHus: cucteMbl BOJoU /6 3akpbiBajics. Bkiroyancst KoM-
MPECCOP U OTKPHIBAJICS KPaH 3aIllOJIHEHHUS BO3YXOM JAuadparMbl TUAPOAKKYMyIsitopa 8.
Cosnasanocs jaBnenue BHyTpH auadparmel P, = 3 arm. Kpan 3anonnenuns apadparmbl
BO3yXOM /8 3aKphIBajCs.

3. OCyIIeCTBISIIOCH 3aI0JIHEHUE HAPY)KHOTO KOHTYpa TEIIOCHA0KEHUS TeIJIOHO-
cuteneM. OTKPBIBATUCH 3aBUKKH 6, 11, 23, 28. Britodanack B CETh IEKTpOCXeMa
PETYIUPOBAHSI PAOOTHI MIICKTPOMATHUTHBIX KJIAITAHOB. DJICKTPOMArHUTHBIN KiiamaH 30
TIEPEKITIOUAT TTOJIOKECHIE, M HApy KHAsI CHCTEMa 3aIoTHIACh BOMOM. 3a CUET OTKPHITHS
CITyCKHOTO BEHTHIS 29 M3 HAPY)KHOM CUCTEMBI ynassuics Bo3ayx. CITyCKHOW BEHTHITH 29
nopkuMadcs. 1ITok MmemOpaHHOTO Hacoca HaYMHAI MTEPEMEeNaTbcs, B CHCTEME TPO-
MCXOJUIIA TIUPKYIISINS TeTTIOHOCUTENS. VICTOUHNK TETUTOBOM YHEPTHH B BUIE DIIEK-
TPUYECKOTO KOTJIA BKIIFOYANCS B ceTh. [locie crabunm3anum pexxuma (OKOJIo 5 MUH)
3aITUCHIBAITUCH TIOKA3aHMUs C BOJITHBIX c4eTYHKOB. [1o mepromam BpeMeHu repeMenieHus
IITOKA OMpEJeNsiiach 4acToTa paboThl MEMOpPaHHOTO Hacoca.

4. 3anuchIBAINCH PE3YAbTAThl U3MEPECHHUSI C JATUUKOB AABICHUS U TEMIIEPATYPHI.

Pe3yabTarsl ucciaegoBanus. B pe3ynbrare TEMIOBBIX UCIBITAHUN MOCTPOCHA
3aBUCUMOCTH Iepenaaa TEMIEPaTyp BO BHEITHEM KOHTYPE OT YaCTOTHI PaOOTHI MEM-
OpanHoro Hacoca (puc. 2).

Ilepenan TemmepaTyp BO BHEIIHEM KOHTYPE MPOUCXOAUT OT YaCTOTHI PAOOTHI
MeMOpanHoro Hacoca mpu 50 °C 1 uMeeT TCHACHIINIO K CHIKEHUIO TTPH TIOBBIIIICHUT
gacToThl. [Ipu Temmeparype 60 °C HaOmMIOmaeTCcs CHIKEHUE Pa3HOCTH TeMIIepaTyp
TIPH 9acTOTe paboThl MeMOpanHoro Hacoca ot 0,16 mo 0,33 I'm, a mocie mpu gacToTe
ot 0,33 10 0,42 I't rpaduk HAXOAUTCS B COCTOSTHUH TIOKOSI.
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y=148,467x2 — 35,952x + 9,4258
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3
y=-7,4034x + 4,6262
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1
0 0,1 0,2 0,3 0,4 0,5
f.Tu/f,Hz
—o— t=50 —o— t=060
—————————— JInneitnas (t = 50) / —— TlonuuomuansHas (t = 60) /
Linear (t = 50) The polynomial (t = 60)

Puc. 2. I'paduk 3aBECHMOCTH TIepenajja TeMIIEpaTyp BHEIIHETO KOHTYpa TEIUIOCHA0KECHHS
OT 4acTOThI X0/1a JuadparMbl MEMOPaHHOTO Hacoca

Fig. 2. Diagram for the dependence of the temperature difference of the external heat supply
circuit on the pump diaphragm stroking rate.

Hcemounuk: 3mech U aaiee rpa(bm(n TOCTPOCHbI HA OCHOBAHUU IOJYUYCHHBIX PE3YJIbTATOB B XOA€

MIPOBEICHNUS UCCIIEIOBAaHHMH.

Source: hereinafter in this article the diagrams are compiled by the authors of the article based on the
results obtained during the study.

Janee paccMOTpeH nepenaj TeMIeparyp BO BHyTPEHHEM KOHTYpE OT YacTOTHI X0/1a
nmuadparMbl MeMOpaHHOTO Hacoca (puc. 3).

7
6
5
¥ =154,068x2 — 38,908x + 10,391
O 4 e
3 y=—48,964x2 + 19,428x + 2,1344
2
1
0 0,1 0,2 0,3 0,4 0,5
f,Tu/f, Hz
—e— t=50 —o— t=60
............. IMonunomuanshas (t = 50) / —— IMonuHomuanbHas (t = 60) /
The polynomial (t = 50) The polynomial (t = 60)

Puc. 3. Tpadux 3aBuCHMOCTH TIepenaia TEMIIEPATyp BHYTPEHHEr0 KOHTYpPa TeIUI0CHAOKEH S
OT YacTOTHI X0/1a AradparMel MEMOPaHHOTO Hacoca

Fig. 3. Diagram of the dependence of the temperature difference of the internal heat supply
circuit on the pump diaphragm stroking rate
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Ha nannom rpaguke MoxxHO HaOMIOAATh, 4TO TIpH Temiiepatype S0 °C moBbleHHe
napaMeTpa pa3HOCTH TeMIIepPaTyp 3aBUCHT OT MOBBIIICHHUS YaCTOThI pa00OTh MEMOpaH-
Horo Hacoca ot 0,150 mo 0,215 I'y, a mocne 0,215 'l 3HaYEHUE CTPEMUTCS K YOBLIH.
ITpu Temneparype 60 °C 3ameTHa yOBITH 3HAYSHNS NIEpETaga TEMIEpaTyp OT YaCTOTHI
paboter MemOpanHoro Hacoca ot 0,150 no 0,330 I'u, 3aTrem mapameTp HaXOAUTCS
B YCTOWYUBOM MONIOKeHNE 0 4acToThl 0,410 I'11.

Paccmorpum rpaduk 3aBucHMOCTH Kod(PUIHEHTa TerIonepeadn OT 3HAUCHUS
JacTOTHI padOTH MeMOpaHHOTO Hacoca (puc. 4).

k , kBt/(m2 °C) / k, kW/(m?2 °C)
(=}
[oe]

0 0,05 010 015 020 025 030 035 040 045
f,Tu/f,Hz
——1'=50 —— T'=60
Puc. 4. I'paduk 3aBucuMocTd K03 GHUIMEHTA TEIUIONEePEIaYn TSIIO0OMEHHUKA HE3aBUCHMOTO
MOJKITIOYEHHS OT YaCTOTHI X0/1a TuadparMbl MEMOPaHHOTO HAacOca

Fig. 4. Diagram for the dependence of the heat transfer coefficient of the heat exchanger using
independent connection on the pump diaphragm stroking rate

W3 manHoro rpaduka ciuemayer, 9To cTabMIbHBIH pocT Kod(duUIreHTa Teronepeayn
OCYILECTBISICTCS MPH MOBBIIICHUH YaCTOThI pabOThl MeMOpaHHOro Hacoca. [Ipu aTom
TeMreparypa mojaBacMoro TeMJIOHOCUTENS MPAKTUYSCKH HE OKA3bIBACT BIUSHUS HA
n3MeHeHue kod(duimenTa Teronepeaadn.

O6cy:xaenue u 3aKkiao49eHne. Ha sxcriepuMeHTallbHOM YCTaHOBKE OJHOTPYOHOM
CUCTEMBI OTOTUICHHSI C HE3aBUCHMBIM ITOJIKIIFOYEHIEM OTOITUTEIBHBIX IPUOOPOB C IIOMO-
HIbI0 MEMOPaHHOTO HacoCa UCCIEA0BaHbI YCIIOBHS CO3/IaHHSI PEBEPCUBHOTO ABHKCHUS
TETJIOHOCHUTEJISI. YCTaHOBIICHO, YTO PEBEPCHUBHAS Mepeada TeIIOBON SHEPIHHU TI0 OJI-
HOM TpyOe B CHCTEME OTOILICHUS MPU HE3aBUCUMOM CXEMe C IIOMOIIbE0 MEMOPaHHOTO
Hacoca, UCIOJIL3YIOIIET0 HAIMOp TEIIOBOM CeTH, BO3MOKHA B ITMPOKOM JHaIa3oHe
gactoT (o1 0,15 mo 0,40 I'mm). [TomydeHs! SKCIIepIMEHTATBHBIC 3aBUCHMOCTH TIeperaa
TEMITepaTyp B KOHTYPax OT YaCTOTHI MYJIbCAIMH TEIIOHOCHTEIIS, TOKA3bIBAIOIIUE, YTO
C POCTOM YAaCTOTHI Mepernaji TEMIEepaTyp KakK JJisl BHEIIHETO, TaKk U JJIs HAPYKHOTO
KOHTYpa CHUXKaeTcs 00Jiee MHTEHCUBHEE [T MEHBIITMX TEMIIEPaTyp TEIUIOHOCHUTES Ha
BXOJ1€, a K0O3(GHUIUESHT TeTUIonepeaun pacTeT Mo JTNHEHHOI 3aBUCHMOCTH H3-32 YBEIHU-
YEHHS pacXola TEIJIOHOCUTENS MEMOpPaHHOTO Hacoca. Takum 00pa3om, ONITUMAITbHBIN
JIMAIa30H YacTOT Iepeadr TeIUIOBOW SHEPTHHU 110 OJJHOM TpyOe 110 He3aBUCUMOU CXeMe
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C MTOMOIIIbI0 MEMOPAHHOTO HACcOCa, UCTIOJIB3YEMOT'0 HAIlOp TEIJIOBOM CETH, COCTABIISICT
ot 0,3 10 0,4 I'u. TexHomornyeckue pemieHus nepeaadn TeII0BOM YHEPTUHU TI0 OTHOM
TpyOe 10 HE3aBUCUMOM CXEME C TTOMOIIIBI0 MEMOPaHHOTO HACOCa, UCTIONB3YEMOTO HATIOP
TEIUIOBOM CETH, MOT'YT YCIIEIIHO PUMEHSITHCSI ISl OTOIICHUS. MECT OOIIIEero MOJIb30-
BaHMS B MHOTOKBAPTHUPHBIX JOMaX, OOIIECKUTHUAX (ITOIXBE3IbI, ICCTHUIHBIC TIPOICTHI
U JIp.), a TaKK€ HU3KOITAKHBIX TIPOMBIIIIICHHBIX (CEIbCKOX03IHCTBEHHBIX) 00BEKTaxX
Y 3IaHUSIX UHAUBUIYaTbHOM KUIJIONW MOCTPOUKHU.
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Annomauusn

Bseoenue. OcHOBHOI TPOOIEMOI MOIOTKOBBIX APOOMIOK SIBISETCS NMEpeH3MebuCHUE
3epHa M3-32 HECBOEBPEMEHHOIO OTBOJA TOTOBOTO MPOAYKTa M3 KaMepbl M3METbUEHUs.
OnHIM U3 CHOCOOO0B BIMSIHUS HA OPTaHU3AIMIO IBIDKEHHS BO3LYIIHOTO TIOTOKA B MOJIOT-
KOBOM IpOOHJIKE SIBIISIETCS] M3MEHEHUE TAaBJICHHS CHAPYKH APOOMIIBHOM KaMepbl, TOATOMY
WCCIIEIOBAHNE BIMSHUS JABICHMS BO3IyXa, OKPYXKAIOIIETO MOJIOTKOBYIO APOOHMIIKY, Ha
Ka4eCTBEHHbIC M DHEPIeTUUECKHE ITOKa3aTeNlN ee paboThI SIBJIIETCS aKTyallbHOU 3aauei.
Lenv uccneoosanus. OnpeneneHne BIUSHUS IABICHUS BO3AyXa CHAPYXH IPOOMIBHOM
KaMephl Ha XapaKTep JBH)KEHMs BO3AYIIHOIO IIOTOKAa B IPOOMIIKE 3€pHA U €€ SHEPreTU-
YeCcKre MOKa3aTelH.

Mamepuanvl u memooOul. JIns TEOPETUUECKOTO UCCIIENOBAHUS LIUPKYIALMH BO3LYIIHOTO
MOTOKA B APOOMIILHON KaMepe MMOCTPOeHa TeOMETPHUIEeCKast MOZIENIb POTOPA, MOMEIIEHHO-
o B KaMepy U3MeNbueHUs. B 0CHOBe MaTeMaTHueCcKo MOJIeNIN IBMXKEHUS BO3LyXa JIeKaT
ycpeaHeHHble 1o PelfHomb/Icy ypaBHEHUS IBHKEHUs CIUIOIMIHOM cpenbl. [1o pesynpraram
pacueToB MOCTPOEHBI MOJI CKOPOCTEH BO3AYNIHOrO MOTOKA. [l npoBeaeHus dKCrepu-
MEHTAJIbHBIX NCCIEA0BAaHUI CKOHCTPYHpOBaHa Oapokamepa, MO3BOJISIONIAas MEHATH J]aB-
JICHHE BO3/LYIIHON CpeJibl B IPOOUIIKE.

Pesynemamer ucciredosanus. Ilo pesympraraM TEOPETHYECKHMX HCCIEHOBAHHH OIpe-
JIeJIWIIN, YTO CHUXKCHUE JABJICHUS B Kamepe uaMenbueHus B 10 pa3 Mo3BOIsSET CHU3UTh
noTpedmsieMylo MomHOCTh Ha 112 BT. Bo Bpemst mpoBemeHHs SKCTIEpUMEHTANBHBIX
HCCIIeJOBaHUN BBISIBIIIM, YTO MPU CHIDKEHUU JIABJICHUS B KaMepe M3MEJIbUCHUs YMEHb-
mraeTcst moTpedisemMast IBUTATENIeM MOIIHOCTh JUTS BCEX THIIOB POTOPOB. YBEIHYEHHE
JIaBJICHUS BO3/lyXa B JPOOMJILHON Kamepe MPUBOIUT K U3MEHEHHIO KOJIMUECTBA OCTaTKa
Ha cute 10 0 MM: 7T JIOTTAaCTHOTO M MOJIOTKOBOTO POTOPOB OCTaTOK YMEHBIIASTCS, A JUIS
MOJIOTKOBO-JIONIACTHOTO POTOPA yBENNYUBAETCS.

© Casunvix I1. A., Typyoanos H. B., Anewxun A. B., Cyxnses B. A., 2025
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Obcyorcoenue u 3akaouenue. Pe3ynbsTaThl TEOPETHYECKUX U OKCIIEPUMEHTAIBHBIX HCCIIe-
JIOBaHUH MOKA3BIBAIOT, YTO CHIDKCHHE IABICHMS BO3AyXa CHAPYKH JPOOMUIBHOI KaMepsl
[I03BOJIICT COKPATUTh SHEPreTHUYECKHE 3aTpaThl HAa TEXHOJIOIMYECKUH IpoLecc U mepe-
MeIIeHHe BO3AYIIHOTO TTOTOKA BHYTPH APOOMIBHOM KaMephl, a TAKXKE YMEHBIITHUTH TIepe-
H3MeJIBICHUE MaTepHaia. Pe3ynabTaTel HCCIeN0BAaHUI MOT'YT IOMOUYb B IIPOCKTUPOBAHUU
KaMepbl H3MEJIBIEHNST MOJTOTKOBBIX IPOOHIIOK C YI€TOM JBIKEHHS BO3MYITHOTO MOTOKA.

Knrouesnie cnosa: MoiotkoBast ApoOHIIKa, BO3LYIIHBI [TOTOK, Gapokamepa, T10j1e CKOpo-
CTeH, JIONAaCTHOU pOTOP, MOJIOTKOBBIHA POTOP

Brazooaprocmu: aBTOpBI BRIPAKAIOT MPU3HATEIILHOCTH AHOHUMHBIM PELICH3CHTaM, 00b-
CKTHBHBIEC 3aMEYaHHUS KOTOPBIX CIIOCOOCTBOBANIN TTOBBIIICHHUIO KaueCTBa CTAThH.

Kongpnuxkm unmepecog: aBTopbI 3asBISIOT 00 OTCYTCTBUH KOH(MIUKTA HHTEPECOB.

JIna yumuposanua: Capunsix [1.A., Typybano H.B., Anemxuna A.B., Cyxise B.A.
BiusHue paBiieHMs BO3AyXa Ha TEXHOJOIMYECKHH IpOIECC H3MENBUeHUsl 3ep-
Ha B IpoOwike. Unowcenepnvie mexnonoeuu u cucmemsl. 2025;35(1):60-83. https:/
doi.org/10.15507/2658-4123.035.202501.060-083
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Abstract

Introduction. The main problem of the grain hammer mill is over-grinding of grain caused
by untimely removal of the final product from the grinding chamber. A way to effect the air
flow arrangement in the grain hammer mill is to change the air pressure around the grin-
ding chamber. Therefore, the study of the effect of air pressure around the grain hammer
mill on the quality and energy indicators of its operation is an urgent task today.

Aim of the Study. The study is aimed at determining the effect of air pressure around the
grinding chamber on the air flow motion pattern in the grain hammer mill and its energy
indicators.

Materials and Methods. For a theoretical study of the air flow circulation in the grinding
chamber, there was constructed a geometric model of the rotor placed in the grinding
chamber. The Reynolds averaged equations of a continuous medium motion was the basis
for the mathematical model of air motion. The calculation results were used to construct
the velocity fields for the air flow. To conduct experimental studies, there was designed
a pressure chamber that allows changing the air pressure in the grain hammer mill.
Results. Based on the results of theoretical studies, it has been determined that the pres-
sure decrease in the grinding chamber by 10 times reduces the power consumption by
112 watts. Experimental studies have shown that when the pressure in the grinding cham-
ber decreases, the power consumed by the engine for all types of rotors decreases too.
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Also, an increase in air pressure in the grinding chamber leads to a change in the amount of
grinded grain remains on the sieve to 0 mm: for the blade and hammer rotors, the amount
of remains decreases, and for the hammer-blade rotor it increases.

Discussion and Conclusions. The results of theoretical and experimental studies have
shown that decreasing the air pressure around the grinding chamber can decrease the en-
ergy costs for the technological process and air flow motion inside the grinding chamber,
and reduce the over-grinding of grain. The study results make it possible to design the
grinding chambers for grain hammer mills taking into account the air flow motion.

Keywords: grain hammer mill, air flow, pressure chamber, velocity field, blade rotor,
hammer rotor
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BBenenue. OcHOBHas Macca Gypa)kHOTO 3epHa MOCTYITaeT Ha KOPM SKHBOTHBIM
u nrure [1; 2]. Oxorno 50 % mpoTenHa J0CTaBIsIeTCS B OPTaHU3M KUBOTHOTO U3 3€PHO-
BBIX 1 3¢pHO0000BBIX KyIbTyp. [Ipn HepocTarke 1o 19 % nepeBapuBaeMoro npoTenHa
CHUKEHHUE KUBOTHOBOAUECKON MPOIYKLUUU MOXKET cocTaBUTh 10 30-35 %, mostomy
KOpMa HeOOXOMMO MOTOTABINBATh TaK, YTOOBI MAKCHMAIIbHOE KOJIMYECTBO MPOTENHA
MOTJIO YCBOUTHCS )KUBOTHBIMU [3; 4]. C 3TOM 1eNIbl0 KOPM HEOOXOIUMO M3MEIbUaTh.
bnaromapst Takomy crioco0y MOJTOTOBKM HapyllaeTcs TBEpasl CTPYKTypa 3epHOBKH,
MUTATEIbHBIC BEUIECCTBA CTAHOBATCS TOCTYITHBIMU, MOBBIIIACTCS TIOMIAAb BO3ACUCTBUS
MUILEBAPUTEIHLHOTO COKa Ha OTPEOISIEMBII KOPM U, KaK CJIEJCTBUE, IPOUCXOAUT Oosiee
OBICTPOE YCBOCHHE HEOOXOAMMBIX JJIsi OPraHMW3Ma )KUBOTHOT'O BEIIIECTR.

J71st KK T0TO BHUJIA M BO3PACTA JKMBOTHOTO CYIIECTBYIOT CBOU TPeOOBAHUS TI0 CTe-
neHn u3mensaeHus. CormacHo TpeOOBaHUAM!' BBIIENSIOT TPH CTEMEHH ToMona: oT 1,8
1o 2,6 MM — KpymHBIH omoit; oT 1,0 1o 1,8 MM — cpemnwmii; ot 0,2 mo 1,0 MM — METTKUH.
PasMepb! gacTrIl KOHIICHTPUPOBAHHBIX KOPMOB TSl KPYITHOTO POTaTOroO CKOTA HE TOJDKHBI
MIPEBBIMIATE 3 MM, JUTS B3POCHBIX cBUHEH — 1,2...1,6 MM, 11 TAIB — A0 1 MM (TIpu
WCTIOJIH30BaHNH BIIAYXXKHOTO KOpMa) 1 2...3 MM (TIpH CYXOM KOpMeE).

B kauecTBe M3MENBIUTENEH UCIIONB3YIOT APOOWIIKU C Pa3IUYHBIMU PA0OYNMU
opraHamu (MOJIOTKH, HOXH, JIOITACTH U Jip.). Hanbornee mupokoe mpuMeHeHne Ha
CETOAHSIIHNHN JICHb HAIIUTH APOOHIIKU C MOJIOTKOBBIMHU pabourmMu opranamu?’, O1HaKo
JIPOOMJIKK TaKOTO THIIA UMEIOT SIBHBIH HEJOCTATOK — IePEU3MEeIIbUCHUE MaTepralia
M3-332 HECBOEBPEMEHHOTO OTBOJIa TOTOBOTO MPOAYKTa U3 KaMephl n3MenpueHus [5].
Haubosiee xapakTepHO neper3MelIbueHHE JJ1s1 MOJIOTKOBBIX JIPOOHIIOK, I7Ie B KAYeCTBE

" HTTI-ATIK 1.10.16.002-03. HOpMBI TEXHOJIOTHYECKOTO TIPOSKTHPOBAHMUS CEILCKOXO3SHCTBEHHBIX
NPEIIPHUSTHI IO TPOU3BOJACTBY KOMOMKOpMOB [DnektponHbliit pecype]. URL: https://docs.cntd.ru/
document/1200034655 (nara obpamenus: 25.09.2024).

2 Oroponos JI. A., TTanaes [I. C. ITosbliienue 3p(HEKTUBHOCTH MOJIOTKOBOW IpOOMIIKK 3epHa //
Hayunsie Tpynst crynenros Mxesckoit [CXA. 2022. T. 2. C. 745-748. EDN: GZOTFE

3 AnucumoB M. C., CrpenkoB E. C. 3MeHeHue coepKaHus MbUIEBUIHON (PpaKiMd B TOTOBOM
MPOJYKTE B 3aBUCHMOCTH OT KPaTHOCTH BO3JCHUCTBUS APOOMITKU Ha 3epHO // HaydHble Tpy/Ibl CTYAEHTOB
Wxesckoit TCXA. 2023. T. 1. C. 1216-1220. EDN: XRYKNL
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JIeKH UCTIONIb3yeTcs pewerto [6; 7]. s ycTpaneHus 9Toi mpoodieMbl HEOOXOAUMO CO-
371aHUE JIOMIOTHUTEIBHOTO BO3IYIIHOTO MOTOKA, CIOCOOCTBYIOLIETO BBIBOAY Marepraia
U3 IPOOHIILHOM KaMephl.

st 6onee 3 pekTHBHOTO OTBOA TOTOBOTO MPOIYKTa HAMH MPEATIOKEHA KOHCTPYK-
U POTOPA C JIOTIACTSAMH, KOTOPBIE Pa3pyIIal0T MaTepHall U CO3/Ial0T JOMOTHUTEIbHBINA
BO3LyIITHBIN TOTOK. CO31aBaeMblii JTOMACTIMH BO3/YIIIHBIH MIOTOK TUPKYIUPYET BHYTPU
KaMepbl N3MEJIbUEHHSI, Ha €r0 ABMKCHHUE 3aTPauyuBaeTCs JOIOIHUTEIBHAS SHEPTHsL.
C yBeIM4YEeHHEM CKOPOCTH BPALICHMs POTOpa MOBBILIACTCS U KOJUYECTBO IepeMe-
1aeMoro Bo3ayxa [8]. DxcrnepuMeHTalbHbIE UCCIIEAOBAHMS ABUKEHHS BO3LYLITHOTO
MOTOKA B IPOOMIILHON KaMepe 3aTpyAHHUTENbHBI BBUY BPALIAIOIIErOCs ¢ OOJIbIIOH
YacTOTOM pOTOpa U Pa3HOHANPABIEHHOCTH BEKTOPOB CKOPOCTEN IBUKEHHS BO3/1yXa
B Pa3IMUYHBIX TOUKaX KaMepbl U3MeIbUeHUs. TeopeTnueckne UeeaeJOBaHus IBUKEHUS
BO3/YIIHO-IIPOILYKTOBOTO MOTOKA BHYTPU APOOMIBLHON KaMepbl HEMHOTOUHCIICHHBI,
M03TOMY U3y4€HHUE JIBUKEHHS TaKUX MTOTOKOB SIBIIIETCS aKTyallbHBIM. TeopeTnueckue
MCCJIEZIOBAHUS TTO3BOJISIIOT OLIEHUTH BEJTMYMHY BIUSHUS KOHCTPYKTHBHO-TEXHOJIOTH-
YecKHnX (DakTOpOB Ha XapaKTep ABUKEHUS BO3IYLTHOTO MOTOKA. J{Jist CHYU>KeHwUs 3aTpar
SHEPIHy Ha MePEMEIEHIE CO3/1aBaeMOr0 BO3IYIITHOTO OTOKA JIONAaTKaMH pOTOpa HaMU
MIPOBEICHBI TEOPETHYECKHE U DKCIIEPUMEHTAIbHBIE HCCIIeTOBAHMS.

Llenp uccaenoBaHuil — onpenenceHue BIUSHUS AaBICHUS BO3AyXa CHAPYKU JpO-
OMIIbHOM KaMepbl Ha XapaKTep ABMKEHUS BO3LYLIHOTO IOTOKA B KAMEPE U3MEJIbUCHHUS,
a TaKk)Ke BBIYMCICHUE SHEPIeTHUECKUX 3aTpaT Ha MIPOLECC U3MEITBUCHUS.

00630p auTeparypbl. M3yueHuto NBWKEHHs BO3AYIIHOTO MTOTOKA B APOOUIBLHON
KaMepe MOCBSILEHb] UCCIIEI0BaHU MHOTUX aBTOPOB, HO MIPOLECC HEJOCTATOYHO H3-
yUeH, I03TOMY TpeOyeT TOMOTHUTEILHOTO BHUMAHHSL. YMEHBIICHHUE MIEPEU3METBYCHUS
Marepualia B MOJIOTKOBBIX IPOOMIIKaX BOSMOXKHO 32 CUET YCTAaHOBKH JOTIOJIHUTEIBHBIX
JIOTIAaTOK K MOJIOTKOBOMY POTOpY M MCIOJIB30BaHHUs JOMACTHOTO poTopa. B kamepe
W3MENBUCHUS JPOOUIIKH C JIOMACTHBIM pabounuM OPraHOM CO3/1aeTCs TOTOIHUTEIb-
HBIM BO3JIYIIHBIA MOTOK, CHOCOOCTBYIOIIUH OTBOMY TOTOBOTO MPOIYKTa, HO TAKKE
CO3MIAIOIIUI JIOTIOTHUTENbHBIE 3aTPaThl SHEPTUH Ha ero apwkenue. b. I 3uranmmus,
C. 10. bynaros, K. E. Muponos, B. H. Pykasumaukosa, H. I1. IlIkuneB npoBoannn
WCCIIIOBAHUS BIUSHUS KOHCTPYKIIMU POTOPa MOJOTKOBOW IPOOMIIKM Ha BH)KEHHUE
BO3JyLIHOT'O IIOTOKA B KaMepe n3MelnpieHus. McceiaenoBanys nokasaiu, 4To HCHONb30-
BaHME KOMOMHUPOBAHHOTO POTOPa MO3BOJISIET YBEIMUYUTD IUIOIIAAb CeNapayuy Mare-
pHaa yepes pelera 3a c4eT M3MEHEHHsI HalPaBJICHNs IBMKEHHUS BO3LYLITHOTO ITOTOKA.
[IpuMmeHeHne B KOHCTPYKIUH POTOPA TOJIBKO MPSIMOYTOJIBHBIX UM YITIOBBIX MOJIOTKOB
HE TI03BOJISIET MOJHOCTBIO MCIOJIB30BaTh IIomaas cenapanuu [9]. Uccnenosanus
B. B. Canosa, C. A. CopokuHa MO3BOJIHIIN OMIPEACITUTH 3aBUCUMOCTD 3 PEKTUBHOCTH
M3MEIIBICHHS B MOJIOTKOBOW IPOOHIIKE C BEPTHKAIBHBIM BaJOM OT TNIOTHOCTH BO3/IYIL-
HO-TIPOIYKTOBOTO CJIOSl. YCTaHaBIMBaeMble Ha POTOP pa3TOHHBIE JOMATKH MTO3BOJISIOT
CO3/1aTh JIOTIONHUTEIBHOE CTATHYECKOE JIABICHHUE TI0 Mepudepun poTopa, MOBBICUTD
TUIOTHOCTh BO3YIIHO-IIPOYKTOBOTO CJIOS U 3)(HEKTUBHOCTD MpoIiecca U3METBICHHSI
3a CYeT yBEeJIMYCHHUS YHCia COyJapeHni YaCTHIl MaTeprasia ¢ MOJIOTKaMHU. Takke BO3-
JYLIHBIN IOTOK, JOIOJIHUTENBHO CO31aBaEMbIi JIOIIATKaMU, CIIOCOOCTBYET BbIBECHUIO
13 KaMepbl U3METBICHHS TOTOBOTO TTpoaykTa [10].
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B paborax aBropos* [11; 12] npencraieHbl UCCISIOBAHUS IBHKCHUS YaCTHIIBI
B BO3/IyILIHOM IIOTOKE, TI0 pe3y/bTaTaM KOTOPBIX MOJy9IeHbl MaTeEMaTUIECKUE 3aBUCHMOCTH
Y TIOCTPOEHBI TPAEKTOPUH JIBMKEHUsL. VcenenoBanys MO3BOJISIOT OMHUCATh TPASKTOPUIO
JIBIDKEHUS YaCTHIIBI B TOPU30HTAILHOM BO3/IyIITHOM ITOTOKE, YTO MTO3BOJISIET MOTyYEHHBIE
pe3yABTaThl UCTIOIB30BATH IPH ITPOSKTUPOBAHUN MAIIIMH C THEBMATHYECKOHN CeTiaparieii.
ABTOpBI® B CBOEH paboTe MPH pacueTe TPACKTOPHUHU JIBHKCHHUS YACTHIIbI TAKKE YUHTHIBAIOT
TypOYJIEHTHOCTB BO3AYIITHOTO TIOTOKA. /1151 OTFicaHmst IBYOKSHUST YaCTHIT TI0 KPUBOTMHEHHON
HOBEPXHOCTH IO ICHCTBUEM BO3/IYIITHOTO TOTOKA yueHbiMu® [ 13] pazpaborana marema-
THYECKast MOJIEIIb, [TO3BOJISIOIIAS TOCTPOUTH TPACKTOPHUIO ABMKEHHS YacTULIbL. 3yuenue
JBIKEHHSI YaCTHLIBI [10 KPUBOJIMHEHHON MOBEPXHOCTH MO3BOJISIET NCCIIEA0BATD BIMSHHUE
KOHCTPYKTUBHBIX OCOOCHHOCTEH KaMepbl U3MEIBYCHUSI HA TPACKTOPHIO €€ IBHKCHUSL.

Pesynbrarsl TEOpETHUECKUX UCCIIETOBAHUN TAaK)K€ MOXHO HCIOJIB30BATH IS
MPOEKTUPOBAHUS KOHCTPYKTUBHBIX 3JIEMEHTOB ITHEBMOCETAPUPYIOIINX KaHAJIOB.
Uccnenoatenu [14] Ha 0CHOBaHUH MPOBEIACHHBIX TEOPETUUCCKUX PACUETOB OIpe-
JIeNTAIIN TIMPUHY KaMephl cerapalii MaTepraia Juis BBIOpaHHOW KyIbTYyphl. Y UYeHbIe
B. A. Jlazpikun, A. U. bypkos, A. JI. I'mymxkos, B. FO. MokueB TeopeTndeckumMu
WCCIIETOBAHMSIMH JBMKCHHS BO3YITHOTO TIOTOKA B THEBMOCETIApUPYIONIEM KaHale
MOKa3aJiv, YTO yCTAHOBKA HAINPABIAIONINX JIOTIATOK B KaHAJ MO3BOJIIET BHIPOBHSATH
CKOPOCTB JBH)KEHHUS BO3/IYILIHOTO MTOTOKA'.

Just noBbImeHus 3 eKTHBHOCTH U3MEIBYEHNS MATEPUAIOB B MOJIOTKOBBIX APOOHII-
Kax y4eHbIC BHOCSAT H3MEHEHHsI B KOHCTPYKLIHIO KaMepbl M3MeJbueHusL. JlomonHuTenbHas
yCTaHOBKa BUXPEBBIX KaMep U3MEHSET HapaBICHNE IBHKECHUS BO3LYIIHO-IIPOLYKTOBOTO
MOTOKA U COCOOCTBYET CHIKEHUIO SHEpro3arpar npu apodnenuun. B padorax [15; 16]
MPEACTaBICHBI UCCIICOBAHMUS 110 BIMSHUIO YCTAHOBKH BUXPEBBIX KaMEp B IPOOMIIKAxX
Ha JIBUKEHUE BO3JYLIHOTO MTOTOKA. YCTaHOBKA BUXPEBBIX KaMep MO3BOJIAET CHU3HUTH
CKOPOCTh BO3AYIIHO-ITPOIYKTOBOTO TOTOKA M KI3MEHHUTH €T0 HAaIllPaBICHHE, CIOCOOCTBYS
TEM CaMbIM YBEJIMUEHHIO CKOPOCTH COyJJapEeHHUsI MOJIOTKOB M YacTHIl MaTepHaa.

YcTaHOBKa B KaMepy M3MENIBUYEHUS Pa3IUYHbIX KOHCTPYKTHUBHBIX JIEMEHTOB CO-
371aeT IOTIOTHUTEIBHOE COTPOTUBIICHNE IBHYKEHUIO MaTepraa i crioco0CTByeT Ooee

4 Cauros B. E., Cysopos A. H., ®apadonos B. I'. MaTemarnueckasi MOJEIb ABUKEHHS YaCTHIII
B IIPSIMOJTMHEHTHOM ITHEBMOCETIAPHPYIOIIEM KaHalle C y9eTOM HEPaBHOMEPHOCTH CTPYKTYPHI BO3LYIIIHOTO
MOTOKa // YIIydIlleHHe SKCIUTyaTallHOHHBIX MTOKa3aTesIel CelnbCKOX03sHCTBEHHOI SHEPreTHKH : MaTepHaJIbl
VI MexnayHnap. Hayd.-ipakT. koH(}. «Hayka-Texnomnorus-Pecypcocoepexenne» (6 ¢hespans 2013 r,,
r. Kupos). Kupos. 2013. C. 148-153. EDN: XSLWBT

> Epumenko B. B. J[BWKeHHE 4aCTHIIBI B TOPH3OHTAIBHOM KaHase ¢ TypOYJICHTHBIM BO3/IyILIHBIM
noTokoM // COBEpIIEHCTBOBAaHHE MEXaHN3UPOBAHHBIX IPOIECCOB MPOMU3BOJCTBA U MEpepabOTKH
CETbCKOXO03SICTBEHHOH MPOIYKIMH B ycIIoBUsIX [Ipumopckoro kpas : ¢0. Hayd. Tp. Yccypuiick : [IpuMopckast
rocylapcTBeHHas celibcKkoxo3sicTBeHHas akagemus, 2009. C. 124-132. EDN: SZHIMX

¢ KaprnioBa M. B., Jlebenes U. ®., Hukudoposa JI. B., Skosnes b. B. Pazpaborka MaTemMaTuueckoit
MOJIEJU IBHYKSHHS YaCTHI] 110 MCKPHBJICHHON TTOBEPXHOCTH ITHEBMOCEIIApaTopa MoJl AHCTBHEM BO3IYIITHOTO
noToka // 'eoMexaHndecKkre 1 Te0TeXHOJIOTHIECKHE POOIeMbl (D (EKTHUBHOTO OCBOCHHS MECTOPOXKICHHIA
TBEPJIbIX MOJIE3HBIX HCKOITAEMBIX CEBEPHBIX M CEBEPO-BOCTOUYHBIX pernoHoB Poccun : Tp. Tpetweii Beepoc.
Hay4.-TIPaKT. KOH(., MOocBAIEeHHOH maMatd wi.-kop. PAH M. /1. HoBonammaa (16 — 19 urons 2015 r.,
r. Skyrck). Axyrek, 2015. C. 77-82. EDN: VUMLHX

7 aseikus B. A., Bypkos A. ., Tnymkos A. JI., Mokues B. 0. Teoperudeckoe HCCiie10BaHNE BITUSHUS
HAIpaBISTIOIINX JIOMIATOK B OTBO/IE ITHEBMOCEIAPHUPYIOIIEro KaHajla Ha PaBHOMEPHOCTh BO3IYLTHOTO
MOTOKA // AKTyalbHBIE BOIPOCH COBEPIICHCTBOBAHNS TEXHOJIOTHUH MPONU3BOJICTBA U MEPEPAOOTKH
MPOJYKIMH CEIBCKOT0 X03sIMCTBA : MaTepuaibl MexayHap. Hayd.-IPakT. KOH). « MOCOIOBCKUE YTEHHSD)

(16 — 17 mapra 2022 r., r. Momkap-Ouna). Moukap-Ona, 2022. C. 605-608. EDN: TIMLNL
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a¢dexTuBHOMY ero paspyuienuto. B padore A. 1. Marseesa u B. P. BunokypoBa B pe-
3yJbTaTe MPOBEACHHBIX dKCIIEPUMEHTAIBHBIX UCCIIEI0BaHUH 10Ka3aHO, YTO JOMOIHH-
TeNbHAasl yCTaHOBKA OTOOMHBIX 3JIEMEHTOB ITO3BOJISIET TOBBICUTH CTEIICHb U3MEIIBUCHHS,
a3 (HeKTUBHOCTH PAbOThI CTYIIEHUATON IEHTPOOCIKHON MEIBHUIIBI YBEIUYMBACTCS 32
CYET BIUSHUS BO3MYIIHOTO MOTOKA HA TEXHOJIOTHIECKUi mporecc [17].

Bonpimoe BnusHME HA MPOIECC U3MENBUCHHS OKa3bIBa€T PAaBHOMEPHOCTH pac-
Hpe/esieHNs] N3MENBFIaeMOro MaTepuaa 1o CenapupyoIieil moBepXxHOCTH. Y4eHble®
WCCIIEI0BAIIN PACIPEAEICHHE BO3AYIIHO-ITPOTYKTOBOIO TOTOKA B KAMEPE N3MEIIBYCHHUS
JpOOHIIKH. DKCIIEpUMEHTAJIbHBIE HCCIIEA0BAHUS TIOKA3aJIH, YTO [0 MEPe JBIKCHUS Ma-
TepHaja BIOJIb OCH APOOMIIBHOIN KaMephl TPOUCXOIUT U3MelbueHne. KpyHble 4acThIlbl
MarepHalia IoJBEpraroTcsi BO3JEHCTBUIO BEPXHUX MOJIOTKOB, 110 MEPE MPOIBUKEHUS
MaTepuasia K HIKHUM MOJIOTKaM BEIMYMHA 4acTHIl yMeHbIIaeTcss. CBOEBpEMEHHBIN
OTBOJZ TOTOBOTO MPOAYKTa U3 APOOHMIIKH C BEPTUKAJIBHBIM POTOPOM CIIOCOOCTBYET
CHIDKEHHIO DHEpro3arpar Ha U3MeJbueHHe 1 OBBIILIEHUIO TPOU3BOUTEILHOCTH. B pa-
6ote [18] mpensoxkeH METO TEOPETUUECKOTO UCCIIET0BAHNS IIMKINYECKON KOPPEKIIUN
TPaeKTOPUHU JIBUKEHUS CTAaHAAPTHBIX YAaCTHUI] U3MEJIBYEHHOTO CHIPhS B ONTHMAJILHON
30HE PaCMOJIMKEHHUS pa3IeNUTeNbHbIX cUT. [IpeacTaBnena BO3MOKHOCTE 0O0CHOBAHUS
JIOTTYCTUMBIX TIPE/IETIOB BXOIHBIX MAapaMeTPOB TEXHHUECKOTO PEHICHUS C yUeTOM W3-
MEHUYUBOCTH YCJIOBHUH KCIUTyaTallud U MOAEIUPYeMOH QpyHKIMU. DyHKIMOHAIbHbIE
3aBHCUMOCTH IIO3BOJIAIOT IOJIYYUTh I10JI€ CKOPOCTEH OTPakKEHHBIX O0YCIIOBIEHHBIX
YaCTHI BO BPEMEHU U BEJINYNHY TPACKTOPHH MX JIBHKEHHS B IONIEPEYHOM BO3IYIIIHO-
MIPOIYKTOBOM ITOTOKE.

AHanu3 IUTEepaTypHBIX NICTOUHUKOB IO pacCMaTpUBaeMON TEME IMOKA3bIBAET, UTO
Ha CETOAHSIIHUN JIEHb OTCYTCTBYET CIIOKMBIIASICS TEOPUs ONHUCAHUS TEXHOJIOTHYE-
CKOTO Ipoliecca U3MeIbueHHs MaTeprana B IpoouinbHoi kamepe. OCHOBHAsI pUYKHA
3aKiIo4aeTcs B TOM, YTO Ha XapakTep JABM)KEHHUS YacTHULl MaTepuaia OKa3blBaeT BIIH-
sHUEe 0OJNBIIOE KOMMYeCTBO GakTopoB. OUeHb CIOKHO ONMHUCATh MaTeMaTndeCcKUMHU
3aBUCHMOCTSMH B3aUMOCBSI3b 3TUX (DAaKTOPOB, OATOMY AJISI IOTYUCHUSI aJIeKBATHBIX
MaTeMaTHYeCKIX MOJIEIIEH, OMTMUCHIBAIONINX ABMKEHUE YACTUI] BO3IYIITHO-ITPOYKTOBOTO
MOTOKA TIPY TEOPETUIECKIX UCCIEOBAHUAX, HEOOXOTUMO TPUHUMATE OOJIBIIIOE KOJIH-
4yecTBO JonyiieHuil. [IpoBeneHne TeopeTUYeCcKUX UCCIEA0OBaHUM C UCTIOIb30BAHUEM
B pacyeTe MaKCHMAaJIBHOIO KOJMYECTBA BIMSIOINX HA TEXHOJIOTUYECKHUH Mpouece
(axTOpOB SABJISETCSI OCHOBHBIM HAIIPABICHUEM IPU 3aJaHUN TPAHUYHBIX YCIOBHH IS
pEeIIeHus MOCTaBIEHHOM 3a/1auu.

Marepuansl 1 MeToabl. C LEIbI0 TEOPETUUECKOTO UCCIETOBAHMS IUPKYIALUN
BO3/YILIHOTO MOTOKA B IPOOMIIBHON KaMepe MOCTPOSHa FeOMETPUYIECKast MOZICNb POTOPa,
MOMEIIEHHOTO B KaMepy U3MENBYEHHs], C BOCBMBIO JIOMACTSIMH.

B ocHoBe mMareMaTHueckoil MOJIENN JIBUKEHHs BO3yXa JIeXKaT yCpPEeIHEHHBIE 110
PeiiHonbICy ypaBHEHUS IBHKCHUSI CILIOIIHON CPEIbl’:

8 KieBoa T. A., Ilynsiaua A. A. VccrienoBanne pacrpeelieHus 3epHa 1Mo Kamepe JIpoOeHust
JPOOMIIKU ¢ BEpTHKAJIBHBIM poTopoM // HayuHo-uHdopManroHHOe obecrieueHre HHHOBAIIHOHHOTO
pasButus AIIK : matepuansr XV MexmyHap. Hayd.-nipakT. KoH®. (8 mrons 2023 r., 7. Mocka). Mockaa,
2023. C. 140-147. EDN: SLVUAH

® Aspamenko M. U. O k- moxenu TypOysieHTHOCTH. 2-€ u3j., nmepepald. u gom. CHexuHCk : V31-Bo
POSL - BHUNUT®, 2010. 102 c.
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olpu) olpu) _ 2 o ( (au é’u) —)
EY, U, ax,. =pPJ; axj -ptu ax puu
TIC U, — yCPCIHEHHAsl CKOPOCThb B HAIPABICHUHA KOOPJAMHATHI X, Mm/c; i, j=1,...,3;
u' u'. — HynbcaHI/IOHHBIe COCTABJISOIIINC CKOpOCTI/I 10 COOTBCTCTByIOHII/IM

i J

KOOPJMHATaM, M/C; p — MIOTHOCTb CILIOLIHOH CPesibl, KI/M’; f,— yleIbHbIE MaCcCOBbIE
CHIJIBI, KOTOPhIC BO BpAIAIOIIUXCS JIOMEHAX BKJIIOYAIOT CHIBI WHepuwmu, H; p —

JMHaMHU4ecKas BA3KOCTb cpensl, [la-c; p — ycpenuenHoe nasnenue, [la; — — cumBon
yCpeIHEeHus!.
IIpuyem
— ou, Ou,\ 2
uu= (—’+ ’)——kS,.,
P Ox; oOx,/ 37

e W, — IMHAMUYECKas TypOyleHTHas BI3KoCTb, la-c; 81.]— cumBon Kponekepa;
k — kuHEeTHYECKast SHEPTHS TypOyaeHTHOCTH, JIK/KT:
1 [

k= » Uk

Jliist 3aMbIKaHUsI CUCTEMBl YPaBHEHHUH HCIIONBb3YETCS YPaBHEHHE HEPa3phIBHOCTH
CIUIOIIHOM CpeJibl:
ap
ot
rie V — omeparop [ammnbrona, a Taioke IBa Iu(QepeHIHaNbHBIX YpaBHEHHS,

OMKCHIBAIOIIME TypOYJIEHTHbIC BS3KHE HANPsDKEHHsS M0 CTaHIApTHOM MOJEIH
TypOyeHTHOCTH kK — €

6(pk)+6(pku,-)zg(u,_8k
ot Ox, Ox;, \o, Ox,

+V-(pu)=0,

) +21, B, E; —pe,

ope Opceu) O (u, O¢ )

2
€
o1 ox, ox \o, ox/tE FMEE -G T

le
‘/ k k
i€ € — CKOPOCTh JUCCUTIAIMN KHHETUIECKOW YHEPTUH TYpOYICHTHOCTH; E — KOMITOHEHT
cKopocTH Aedopmaruu.
Junamuueckast TypOyJieHTHasI BI3KOCTb:

Perynupyemble MOCTOSHHBIE B MOJEIM HMEIOT TMOA00paHHBIE IO pacyder-
HOU MPAKTUKE YHUBEPCAJIbHBIC 3HAUYCHUS: CH= 0,09;0,=1,0,= 1,3, C,_ = 1,44
¢, =192

s uccnenoBaHus JBWKCHUS BO3AYIIHOTO MOTOKA B JPOOMIIKE C JIOMTACTHBIM

poTopoM HcIoNb30Basics pacueTHbd makeT Ansys CFX ¢ oGomoukoit Workbench
(puc. 1).
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Puc. 1. Mozenb poropa ¢ JIONAacTIMHU B KaMepe N3METBICHUS
Fig. 1. Rotor with blades in the grinding chamber
Hcemounux: Monenu [t pucyHKoB 1-3, 5—14 ToCTpoeHBI aBTOpaMU CTaThU B IPOTpaMMe Ansys.

Source: the models for the figures 1-3, 5-14 are built by the authors of the article in the program
Ansys.

B kadecTBe Tes TeueHUs BHIOPAHBI JBa IOMEHA: BPAIAFOIIUNACS [IHIUHAP (pUC. 2)
C BBIPE3aHHBIMU M3 HETO 3JIEMEHTaMU POTOPA M CTAIIMOHAPHBIHA JJOMEH, OXBAThIBAFOIIU N
CO BCEX CTOpOH HepBBIﬁ )41 HpI/IMI)IKa}OH_II/Iﬁ K HEMY II0 ITIaJAKUM IIOBECPXHOCTAM
BparmieHus (puc. 3).

Puc. 2. Mozenp Bpaniaromerocs 1oMeHa Puc. 3. Moaenb HENOABUIKHOTO JOMEHA
Fig. 2. Rotating domain Fig. 3. Fixed domain

Ji1s mpoBepKH pe3yIbTaTOB TEOPETHUECKUX MCCIIEIOBAHUIN MPOBEICHBI KCIIEPH-
MEHTaJIbHbIE HccaenoBanus. [Ipu npoBeneHNH HKCIEPUMEHTAIbHBIX UCCIAEIOBAHUN ISt
OTIpe/ieTICHHS BIUSHUS H3MEHEHUS IABJICHHUS BO3yXa B IPOOHITKE HAa SHEPTEeTHUECKHE
U TEXHOJIOTMYECKUE MMOKA3aTEeNId U3MENBYCHHSI 36PHOBOTO MaTeprala CKOHCTPYUPOBaHa
Oapokamepa, cxeMa KOTOpOH MpejicTaBieHa Ha pucyHke 4 [19].

Technologiery, machinery and equipment 67



%;73‘ WHXXEHEPHBIE TEXHOJIOTMW U CUCTEMBbI Tom 35, Ne 1. 2025

Nl = S

Puc. 4. Cxema Gapokamepsl:
1 — xamepa; 2 — 3arpy304HbIi 1ILTI03; 3 — 3arpy304HbIi OyHKep; 4 — 103aTop; 5 — eKa; 6 — poTop;
7 — IBUrarens; § — pemero; 9 — BO3AyXonpoHuaeMas MeMopana; /() — npueMHbIi OyHKep;
11 — BBITPY3HOH LIUIIO3
Fig. 4. Pressure chamber diagram:
1 — chamber; 2 — loading gateway; 3 — loading hopper; 4 — dispenser; 5 — deck; 6 — rotor; 7 — motor;
8 — solution; 9 — breathable membrane; /0 — receiving hopper; // — unloading gateway

Hcemounuxk: cxema MOCTPOEHA aBTOPAMH CTATBH.
Source: the diagram is compiled by the authors of the article.

W3menpyaeMplii MaTeprai yepes3 3arpy304Hblii IIUTI03 2 MOCTYNACT B 3arpy304HbIH
oynkep 3. [Tociie HanoIHEHYsI 3arPy304HOT0 OyHKepa 3 3arpy304HbIii LT3 2 3aKphIBa-
eTcsl, U B Kamepe / co3naercs Tpedyemoe JapieHue. Bkiroyaercs JBUrares 7, KOTOPbIi
NPUBOJIMT BO BpallleHHe poTop 6 npoOmiiku. M3 3arpy3ouHoro OyHkepa 3 103aTopoM 4
M3MeJTBYaeMbIid MaTepHall MoIaeTcs B IpoOmiKy. Potop 6 ynapsiet mo yactuam mate-
puana. He pa3pymmBiimecs 9acTUIBI OKa3bIBAIOTCS B JIEKE 5 U MTOJAIOTCS Ha TIOBTOPHOE
n3MeNbueHUe. [0TOBEIN MPOMYKT Yepe3 pemero § MOCTymaeT B MpUeMHBINH OyHkep /0.
Bosnyxonporumaemas memOpaHa 9 MpensaTCTBYeT CO3/IaHUI0 BUXPEBBIX TTOTOKOB
Y CTIIOCOOCTBYET BHIPAaBHHUBAHUIO JaBieHus B kamepe /. [locne u3menpuaeHns Bcero
MarepHala IBUTaTeNb / OTKIFOUaeTCs, B Kamepe / co3maercst atMoc(epHOe TaBIeHHE,
OTKpPBIBAETCS BBITPY3HOH 1103 [/, MaTepual u3 OyHkepa /() momaercs Ha BBITPY3KY.
Paspexenne, coznaBaemoe B kamepe /, MO3BOJISIET YMEHBIINTD INIOTHOCTh LUPKYIIH-
PYIOIIEro BO3AYIIHOIO MOTOKA, CHUKAS 3aTPaThl SHEPTUHU HA MPOLIECC U3MEJIBYCHUSI.

Pesynbrarbl uccsegoBanusi. s NpoBeieHUs pacyeToB pa3OMITi MOJIeITb IOMEHOB Ha
2JIEMEHTHI CETOUHBIM TeHepaTopoM. [lomyummu ceTky, cocrosmryto u3 138 885 anemenToB
u 254 326 y3110B, ¢ MPOrPaMMHBIM KOHTPOJIEM €€ KauecTBa 1 T00aBICHNUEM ITOT PAHUTHBIX
cioes (puc. 5).
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Puc. 5. Mozeinb 10MEHOB B pa3pese C 2JIeMEHTaMH CETKU
Fig. 5. Domains in the section with grid elements

Jli1st IpoBeieH s pacuera 3a1aBajii YIJIOBYIO CKOPOCTh poTopa ® = 50 ¢ .

['pannuHbIe yCI0BUS TOKa3aHbl HA PUCYHKE O: CKOPOCTh HA BXOJIE B KAMEPY BapbH-
posazack ot 1 10 10 M/c; Ha BEIXOZE M3 KAMEPBI HCIIOIB30BAJIOCH YCIOBUE — OTKPBITOE
OKHO C HYJIEBBIM OTHOCUTEIILHBIM AaBJICHUEM, PAaBHBIM JaBICHUIO CHAPYKHU APOOHUIIb-

HOM KaMCphbl; HAa CTCHKAaX poTOpa U KOpIyCa KaME€pPbl U3MCJIBUCHUS HCII0JIB30BaJIOCh
YCJI0BUEC MpUJIUITIaHUSA TTOTOKA.

Puc. 6. I'pannunsle ycnoBus
Fig. 6. Boundary conditions

Pacuets! mpoBezieHb! pH pa3HbIX naBieHusax ¢ marom 0,01 MIla ot Hyns 1o HOp-
MaJIbHOTO aTMoc(epHOro IaBieHus. B pe3ynbrare momydeHsl pacipeaeeHus: mI0T-
HOCTB BO3/yXa; a0COJIOTHBIC IaBJICHUSI; [10JI€ CKOPOCTEH BO3yXa B Ka’KAOM JOMCHE.
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OTMeTHM OJJMHAKOBBIN XapaKTep pOCTa IIOTHOCTH BO3MyXa K Mepudepun poTopa
B BEPTHKAJIBHOM CCUCHHH KaMepbl U3MelbueHus (puc. 7, 8) [ Bcex JaBJICHUI CHa-
PYXU IpOOUIIBHON KaMephl P OTIIMYAFOIINUXCS HA TIOPSIIOK a0COTFOTHBIX 3HAYCHHUSIX.

Puc. 7. PacupeneneHue mioTHOCTH BO3IyXa B KaMepe N3MEIbUCHUS TIPH aTMOC(HEpPHOM
nmasnernd 101 325 [Ma. CkopocTh OTOKa Ha BXOnE 5 M/c

Fig. 7. Distribution of air density in the grinding chamber at an atmospheric pressure of 101 325 Pa.
The flow rate at the inlet is 5 m/s

Pwuc. 8. Pacnpenenenne mioTHOCTH BO3yXa B KaMepe N3METBUCHUS TIPH aTMOC(HEPHOM
naeiennn 10 132,5 ITa. CkopocTh oTOKa Ha BXoae 5 M/c

Fig. 8. Distribution of air density in the grinding chamber at an atmospheric pressure of 10 132.5 Pa.
The flow rate at the inlet is 5 m/s

Ha pucynkax 9, 10 mokazano pacnpezenenre aOCONMIOTHBIX JaBICHUN IS TEX Ke
3HAYCHUN JIaBJICHUS CHAPYXKHU IPOOMIbHON Kamepbl. CleyeT OTMETUTh MOA00HBIH
XapakTep pacipeielIeHUi INIOTHOCTEN U JIaBJIEHUH ¢ BO3pacTaHUEM OT OCU POTOpa.
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Puc. 9. Pacnpenenenue abCOMOTHBIX JAABICHAN B KAMEPE U3MEIBYCHHS IPU aTMOC(HEPHOM J1aBJICHUH
101 325 ITa. CkopocTh OTOKA Ha BXOZE 5 M/C

Fig. 9. Distribution of absolute pressures in the grinding chamber at an atmospheric pressure
of 101 325 Pa. The flow rate at the inlet is 5 m/s

Puc. 10. Pacnpenenenne abCOMIOTHBIX JAaBICHUH B KaMepe N3MENBICHHS IIPH aTMOC(HEPHOM
napienun 10 132,5 ITa. CkopocTh 1oToKa Ha BXoae 5 mM/c

Fig. 10. Distribution of absolute pressures in the grinding chamber at an atmospheric pressure
of 10 132.5 Pa. The flow rate at the inlet is 5 m/s

JIBrKeHHe BO3/lyXa BHYTPH JIOIITACTHOTO POTOPA MPU ABYX BEIWYMHAX AABICHHS
CHApyXH APOOMIILHOM KaMephl ToKa3aHo Ha pucyHkax 11, 12. OTmeTrnm BpaiieHue
MIOTOKA MEX/Y JIONIACTSAMH B CTOPOHY ITPOTHBOIIOJIOKHYIO BPAIEHHIO POTOPa B OT-
HOCHTEJIBHOM JBIKeHUH. Ha pucynke 13 mpencraBieHO 1mojie CKOpOCTeH Bo3Iyxa
B a0COJIIOTHOM JABMKCHUH.

Technologiery, machinery and equipment 71



&?75‘ MHXEHEPHBIE TEXHOJIOTUU 1 CUCTEMBI Tom 35, Ne 1. 2025

Puc. 11. Pacnpenenenue nois OTHOCUTEIBHBIX CKOPOCTEH BO3AyXa BHYTPH JIOMACTHOTO POTOpa
npu arMocdepHoMm paBinenun 101 325 Tla. CkopocTh NOTOKA HA BXOZAE 5 M/C

Fig. 11. Distribution of the field of relative air velocities inside the blade rotor at an atmospheric
pressure of 101 325 Pa. The flow rate at the inlet is 5 m/s

Puc. 12. PactpeneneHue mossi OTHOCHTEIIFHBIX CKOPOCTEH BO3/IyXa BHYTPH JIOIIACTHOTO POTOPa
npu cHwkeHHoM fasieHuu p = 10 132,5 [Ta. CkopocTh 1oToKa Ha BXOJIe B KaMmepy 5 M/c

Fig. 12. Distribution of the field of relative air velocities inside the blade rotor at a reduced pressure
p=10132.5 Pa. The flow rate at the entrance to the chamber is 5 m/s
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Puc. 13. Pacopenenenue moss abCOMIOTHBIX CKOPOCTEil BO3AyXa BHYTPH JIOMACTHOIO POTOpPa
nipu arMocepHoM painenun 101 325 T1a. CkopocTs nOTOKA HA BXOZAE 5 M/C

Fig. 13. Distribution of the field of absolute air velocities inside the blade rotor at an atmospheric
pressure of 101 325 Pa. The flow rate at the inlet is 5 m/s

Ha PUCYHKE 14 nmoka3aHo JIBMKEHHE IMOTOKA BO3yXa B IMOMEPCYHOM CCUCHUU,
OJIM3KOM K 0CEBOMY, U3 KOTOPOI'0O BUAHO, YTO XapPAKTEP ABUIKCHUS HE SBIIACTCA IJI0-
CKOIIapaJUICJIbHBIM U COIIPOBOXAACTCA CMCIICHUEM CJIOCB BOJIb OCH POTOpA.

Puc. 14. Pacnipenenenue nois abCOMOTHBIX CKOPOCTEl BO3/lyXa BHYTPH JONACTHOTO POTOPA
nipu arMoceproM pasinenun 101 325 [1a B monepeunom cedernu. CKOPOCTH TOTOKA Ha BXOzE 5 M/C

Fig. 14. Distribution of the field of absolute air velocities inside the blade rotor at an atmospheric
pressure of 101 325 Pa in cross section. The flow rate at the inlet is 5 m/s
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IIpoBenens! pacyeTsl MOMEHTA M, CO34aBaeMOr0 BO3LyLIHBIM IIOTOKOM Ha IIOBEPXHO-
CTH pOTOpA JUIs pa3HbIX JaBieHui (puc. 15). MoMeHT Ha Bally poTopa Onpeelisiics mo
pe3ynbTaraM pacdeToB B Ansys Kak MOMEHT BO3EHCTBHS CITONIHOM CPeIbl U TUCKPET-
HBIX YaCTHUI] Ha BPAIIAIOIIMICS POTOP MPH Pa3IUuHbIX AaBICHUSIX CHAPYKH JPOOMITLHOM
kaMmepbl. MomHocTs N Ha IPUBOJ] pOTOPA, 3aTpadyrBacMas Ha IIEpeEMEILIEHUE BO3yXa,
MIPOTIOPIIOHATIEHA 3TOMY MOMEHTY N = M o (puc. 16).

M, H*m / M, H*m M(p)
05

0,4

0,3 /
0,2 /

0,1 %

0 20 000 40 000 60 000 80 000 10 000 12 000

P,ITa/ P, Pa
L ) M(p)

Puc. 15. MowmeHT Ha ocu poTopa
Fig. 15. Torque on the rotor axis

Hemounux: rpaduku 1uist pucyHkos 15-17, 21, 22 nocTpoeHbl aBTOpaMH CTaThH.
Source: the graphs for the Figure 15-17, 21, 22 are plotted by the authors of the article.

N,Br/ N, W N(P)
150 )
0 /

50 —

0 20 000 40 000 60 000 80 000 100 000 120 000
P,ITa/ P, Pa

—o— N(p)

Puc. 16. MoIHOCTB Ha OCH POTOpA, 3aTpaynBaeMas Ha IepeMelleHHe BO3ayXa
Fig. 16. The power on the rotor axis spent on air movement

AHanu3 pe3yiIbTaToB MMOKa3bIBAET, YTO Ha NEpPEMEIIEHHUE BO3AyXa B APOOHIIKE
npu atMoc(epHOM AaBJICHUH 3aTpauuBaeTcsi MOIIHOCTL N = 125 BT, a nmpu aasne-
HUM CHapy>kKu ApoOmisHON Kamepsl p = 10 132,5 T1a (0,1 ar) N = 13 Br. CHmxenue
MOIIHOCTH HPSMO TPOMOPIHOHATEHO YMEHBIICHHUIO IABICHHUS CHAPYKU APOOHIIHHOM
KaMmepsl. MomrHocTs coctaBiseT 112 Bt. Hecmotpst Ha ee HeGonbiine aOCOIIOTHBIE
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3HAYEHUSI IPH YBEIMYCHUH MacIITada yCTPOUCTBA, BOBMOJKHO MONYYHTh 3HAYUTEIBHBIN
MIOJIOKUTEIBHBIN 3PEKT OT CHUIKEHHSI JaBIICHUS B IPOOHIIKE.

Ha pucynke 17 npeacraBieHb! 3aBUCUIMOCTH MOMEHTa M (CrJT IaBJIE€HUsI BO3YIIHO-
T'O MOTOKA Ha TOBEPXHOCTH POTOPA) OT CKOPOCTH MOTOKA HA BXOZE B Kamepy MPH ABYX
BEJIMYMHAX JAaBJICHUS CHAPYXU APOOUIHHON KaMephbl.

M(V)

M, H*m / M, H*m
0,6

0,5
/i

0,4 —

0,3

0,2

0,1

0 2 4 6 8 10 12

V,m/c/ V, m/s
=M, H*M (p = 10 132,5) == M, H*um (p = 101 325)

Puc. 17. MomeHT Ha OcH pOTOpa Ha NepeMelIeHHEe BO3/lyXa B 3aBUCUMOCTH
OT CKOPOCTH [IOTOKA BO3/IyXa Ha BXOJE B JPOOHIKY

Fig. 17. The moment on the rotor axis for the movement of air, depending on the flow rate at
the entrance to the crusher

AHaJIM3 3THX 3aBUCUMOCTEH MOKa3bIBAET, YTO MOBBILICHUE CKOPOCTH BO3AYXa,
MPOTEKAIOIETO Yepe3 KaMepy U3MEIbUCHHS, YBEIMUYNBAET MOMEHT Ha POTOPE, IPHUEM
3TO yBeJIHUYEHHUE OoJiee BBIPAXKECHO MPH OOJbIIEM AAaBICHUH CHApPY>KU IPOOMIBHOM
KaMephbl.

Jnst ycTaHOBIEHHMS BIMSHUS JaBICHHS BO3lyXa B KaMepe H3MEJIBYCHHS Ha TEXHOIIO-
THYECKUH TIPOLIECC MTPOBECHBI AKCIIEPUMEHTAIbHBIE UcciienoBaHks. OHH TPOBOIUINCH
BHYTpH Oapokamepsl (puc. 18) ¢ ApoOuiikamMu IByX TUIIOB — C OCEBOW U PaJHaibHOM
nojadei marepuana (puc. 19)' [19].

J7st 3arpy3Kd M3MeNbuaeMoro Marepualia ¥ BBITPY3KH TOTOBOTO MPOAYKTa
HCTIOJT30BANIA BEPXHUM 2 W HIDKHUK [/ TITI030BBIE 3aTBOPHI (puc. 4). CHIIOBBIC
HPOBOJA U IPOBOAA TEIEMETPUH BBEJCHBI B OapoKaMepy Yepe3 I'epMETHUHBIC PA3bEMBI.
[aBnenue B GapokaMepe U3MEHSIN Yepe3 apoBble KpaHbl. M30bITOUHOE HaBieHne
CO3[1aBAJIM MOPIIHEBBIM KOMIIPECCOPOM U IMOAJAEPKUBAIM HA 3aJJaHHOM YPOBHE
MTHEBMaTUYECKUM PETYISTOPOM pacxozaa. BakyyMm cosznaBany mmOepHBIM BaKyyMHBIM
HAcOCOM M MOAJCPKUBAIM Ha 3aJJaHHOM YPOBHE BaKyyMHBIM PErYJISTOPOM.

1" Benosepos C. A., CyxisieB B. A. Biusine KOHCTPYKTHBHO-TEXHOJIOTHYECKUX TAPAMETPOB MOJIIOTKOBOM
JpOOMIIKK Ha TOKa3aTeu ee pabouero mpoiecca // MTHHOBaMOHHBIC TSHACHIIMN PA3BUTHSI POCCHITCKOM
Hayku : MaTepuanbl X VI MexayHap. Hayd.-IpakT. KoH). MOIoAbIX y4eHbX (29 — 31 mapta 2023 1.,
r. Kpacnosipck). Kpacunosipek, 2023. C. 256-258. EDN: OYBGXG
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Puc. 18. OOmuii BUI 9KCIICPUMEHTATBHOM Puc. 19. O0Ommii Bua 1poOUiKu
Gapokamepbl IIPY paJIHaIbHOM 10/1a4e 36PHOBOIO MaTepHalia
Fig. 18. General view of the experimental B IPOOHIIBHYIO KaMepy
pressure chamber Fig. 19. General view of the crusher with radial

feed of grain material into the crushing chamber

Hemounux: dpotorpadun st pucynkos 18-20 cnenansl H. B. Typy6aHOBBIM npH NPOBECHUH DKC-
TIEPUMEHTAIBHBIX UCCIIEIOBAaHUI B IIPONU3BOACTBEHHOM IoMeIrieHun B 2024 1.

Source: the photo for the figures 18—20 were taken by N. V. Turubanov while conducting experimen-
tal studies in the production facility in the winter of 2024.

DKcTiepruMeHTaTBHBIE UCCIIEIOBAHUS TIPOBOJIHIIN C TPEMSI TUTIAMH POTOPOB: MOJIOTKOBO-
noractHbIM (puc. 20a), monactHeiM (puc. 20b) u MonoTkoBEIM (puc. 20c¢). namerps
BCEX MCIOJIb3yEMbIX POTOPOB IO KOHIIAM MOJIOTKOB U JonacTel oquHakoBsl [20].

a) b) c)
Pwuc. 20. OGmuii BUg poTOpPOB:
a) MOJIOTKOBO-JIOIIACTHOH pOTOP; b) JIONACTHOM POTOP; C) MOJIOTKOBEIH POTOP

Fig. 20. General view of rotors:
a) hammer-blade rotor; b) blade rotor; ¢) hammer rotor
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Ha pucynke 21 npuBeneHa 3aBUCHMOCTb Y/CIBHBIX HEPro3arpar oT crocoba 3a-
IPY3KH APOOHIIKH, KOHCTPYKIIMU POTOpa U JaBiieHus B Oapokamepe. [laBienue B 6apo-
kamepe u3MeHsuu ot —88,26 110 198,07 kl1a oTHOCHTENBEHO HOPMATIBHOTO ATMOC(EPHOTO
JIaBJICHUs], IIPUHSATOTO 3a HYJIEBYIO TOUKY.

8,57 «Br-u/(-1)/
KWhi(t-1)
8,01

>

7)5_. - % = "»

-100 -80 -60 -40 -20 0 20 40 60 80 100
klla / kPa
—— JlonacrHoii potop, oceBas nojaua / Bladed rotor, axial feed
----- Jlomactroi potop, paguansHas mogada / Bladed rotor, radial feed
Mos0TKOBO-I101IACTHOI POTOP, OceBas nogaua / Hammer-blade rotor, axial feed
MooTKOBO-JI0NACTHOI POTOP, paanaibHas nogaua / Hammer-bladed rotor, radial feed
— MoroTKoBbIil poTop, oceBas noaada / Hammer rotor, axial feed
----- MonoTkoBbIi poTop, paauanshas nogada / Hammer rotor, radial feed

Pwuc. 21. VYnenpHbIe SHEpro3arparsl Ha U3MeNBICHAE KBT 4/(T-A) IIpu BapHaIiy mapamMeTpoB
JIABJICHHSA/Pa3peneHUst B IPOOMIBHOM Kamepe

Fig. 21. Specific energy consumption for crushing kWh/(t-A) with variations in pressure/discharge
parameters in the crushing chamber

VYBenuueHne JaBleHus B IPOOMIBHON KaMepe MPH U3MENFICHUH 3epHa IPUBOIHT
K TIOBBINIEHUIO yACIBHBIX YHEPro3arpar Mpu 0CEeBOM Mofade 3epHOBOTO MaTepHaa
B HHTEpBaJIaX BapbUPOBaHHA OT 5,69—6,07 1o 6,24—7,23 kBT 4/(T-A), a 1pu pagnanbHON
nonaye ot 5,91-6,59 no 7,74-8,31 kBT-u/(T:A) MpH UCTIOIB30BaHUY PA3ITUYHBIX KOH-
CTPYKIIUI pOTOPOB (TIIe A — eqUHHIIA CTEIICHH n3MelpieHus1). Hanbomnee crabuibHbIe
XapaKTEPUCTHUKH TI0 YIIEIBHBIM DHEpro3arparaM pu U3MEHEHHUH IMapaMeTpoB pabodei
armMocdeps! HaOIFOAJIM BO BPEMs OCEBOM 10/1auu 3¢€PHOBOTO MarepHalia B JIPOOHIIKY.

PesynbpTarThl 3KCIIEPUMEHTAIBHBIX MCCIICIOBAHHI MTOKA3bIBAIOT, YTO CHUIKCHUE
3HAYCHUS JIaBJICHUS BO3/yXa B JPOOMIBHON KaMepe OT aTMOC(EpPHOro J0 BEIUYH-
Hbl —88,26 kI1a mo3BomsieT moBbICUTH AP HEKTUBHOCTH M3MeNBIeHUs Ha 25 % 0e3 yuera
3arpar Ha CO3/IaHHE PA3PEIKCHHSI.

[Ipoananu3upoBaB 3HAUYEHUS yAEITbHBIX YHEPro3arpar, MOTydYeHHBIX 110 Pe3yIlb-
TaTaMm MCCIIeIOBaHUH, /ISl JAaBJIEHUS BO3AyXa B Kamepe uaMenbueHus —88,26 klla
0 CPAaBHEHHIO C aTMOC(EPHBIM JTaBICHUEM, IPHHATHIM 32 HYJIEBOE 3HAUSHHE, TPHUIILIA
K CJIEIYFOIINM BBIBOJIAM:

— JUTs IOTIACTHOTO POTOPA IIPH OCEBOM MOa4e YIeIbHbIC YHEPT03aTPaThl CHU3MIUCH
Ha 5,06 %, npu paguansHoil — Ha 7,40 %);

— JUTs MOJIOTKOBO-JIOTIACTHOTO POTOPA MPU OCEBOH MO/1aue y/IeIbHbIC YHEPTro3aTpaThl
cHusmiuch Ha 2,71 %, npu paguansHoit — Ha 15,54 %;
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— JUI MOJIOTKOBOT'O pOTOpa MPHU OCEBOH MOAaue yACIbHbIE YHEPT03aTPaThl CHUZUINCH
Ha 7,91 %, npu paguansHOii — Ha 12,38 %.

CpaBHUB yAeNbHBIC YHEPro3aTpaThl Ul TABICHUS BO3AyXa B KaMepe u3Mebde-
Hust 98,07 klla mo oTHOIIEHUIO K aTMOC(EpHOMY, IPUHITOMY 3a HYJICBOE 3HAYCHHE,
TIOJTYYHJIN CIICTYIOIINE PE3yIbTaThI:

— II7IS1 TIOTIACTHOTO POTOPa TIPU OCEBOM TTo/1aue yeIbHBIC DHEPro3aTPaThl YBEITHMIN-
muck Ha 3,99 %, pu paguanpHOl — Ha 17,61 %);

— JUTS MOJIOTKOBO-JIOTIACTHOTO POTOPA MTPY OCEBOH T0/1aue y/IeIbHBIE YHEPT03aTpaThl
yBenunumincs Ha 1,03 %, npu paguansHoil — Ha 14,24 %);

— I MOJIOTKOBOTO POTOpa MPH OCEBOM TOfave yAelIbHbIe YHEPro3aTpaThl yBeIH-
yuiauch Ha 15,65 %, npu panuansHoil — Ha 10,55 %.

2171 %

19

100 -80 60 40 -20 0 20 40 60 80 100

—— Jlomacthoii potop, ocesas nozgaya / Bladed rotor, axial feed

----- JlonactHoii potop, pajunanbhas nojada / Bladed rotor, radial feed
MornoTtkoBo-10macTHO# poTop, ocesas mogada / Hammer-blade rotor, axial feed
Mo10TKOBO-110MACTHO# pOTOp, paanainbHas noaada / Hammer-bladed rotor, radial feed

— MooTKOBBII poTOp, oceBast mogada / Hammer rotor, axial feed

----- MonoTkoBbIii poTop, paanainbHas nojgada / Hammer rotor, radial feed

Pwuc. 22. TlpouentHoe comepxanue (1o Macce) octarka Ha cute 0 MM TPH U3MEHEHHH TTApaMeTPOB
TTaBIICHUS/pa3pekeHns B bapokamepe

Fig. 22. Percentage (by weight) of remains on the sieve is 0 mm when changing
the pressure/discharge parameters in the pressure chamber

AHanu3 NPOLEHTHOTO COoAepKaHus MbIIICBUIHON (hpakuuu (puc. 22) nokasa, 4To
M3MEHEHHE MTapaMeTPOB JIaBJICHUs/pa3pexeHus B qpoOmibHON Kamepe oT —88,26 klla
1o +98,07 klla OTHOCUTENHHO HOPMATIBLHOTO aTMOC(HEPHOTO JAABJICHHS IPUBOJIUT
K M3MEHEHHMIO KOJMUYECTBa ocTarka Aeptu Ha cute 0 Mmm. Hanpumep, ¢ yBenndeHnem
JIaBIICHHS B OapoKamepe 0CTaTOK JIepTH Ha cute 0 MM JIJIsl IOMIACTHOTO U MOJIOTKOBOTO
POTOPOB YMEHBIIIAETCS B MHTEpBajIax BapbupoBanus ot 15,56-20,17 mo 11,98-14,77 %
u ot 14,75— 16,89 o 13,80-15,75 % cOOTBETCTBEHHO, a JIJIT MOJIOTKOBO-JIOIACTHOTO
poTOpa yBEJIMUHUBAETCS B MHTEpBaslax BapbupoBanus ot 11,95-13,32 no 13,03-14,66 %.

W3meHnenue napieHus B 6apokamepe NpakTHUECKU HE OKa3bIBACT BIMSHUS Ha CTe-
NEHb M3MEJIBUCHHS BHE 3aBUCUMOCTH OT KOHCTPYKLMH POTOPOB U CIIOCOOOB MOAAYH.
[ToMon nepTH MO’KHO OXapaKTepU30BaTh KaK MEJIKUN ITPU MCIIOIb30BAHUH Pa3IMIHbIX
KOHCTPYKLUH POTOPOB | crioco0a mojadu 3epHOBOrO MaTepuaia.
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TeopeTrnueckue ucciaeI0BaHMsI IPUBEIH K CICAYIOLIMM pe3yibTaraM: 1) mageHue
JaBJICHHs B KaMepe u3MenpueHus B 10 pa3 mo3BoJsSieT CHU3UTH MOTPEOIIsieMYIO IBUTA-
TEJIEM JIOTIACTHOTO POTOPa MOIITHOCTH MPH M3MeIbueHnn Ha 112 BT; 2) Habmrogaercs
OJIMHAKOBBIM XapakTep pocTa IJIOTHOCTH BO3JyXa W JIaBICHUS K Meprudeprn potopa
B BEPTHKaJIbHOM CCYCHUHU KaMephbl U3MEIBUCHUS JIsl BCEX 3HAUCHHU JIABIICHUS CHAPY-
KU IPOOMIIEHON KaMephl; 3) pacrpeieleHre Mol OTHOCHTEIBHBIX CKOPOCTEH BO3/IyXa
BHYTPH JIONIACTHOTO POTOpPa M aOCONIOTHBIX CKOPOCTEH B 000MX PACUETHBIX JOMEHAX
OIIPEEIISIETCs BPALICHUEM II0TOKA BMECTE C POTOPOM U IIOYTH HE 3aBUCHUT OT CKOPOCTH
Ha BXOJI€ B KaMEpy U3MEIIBUCHHUS; B OTHOCUTEJILHOM JIBMKCHUH HAOMIOAeTCsl BpallleHUE
MOTOKA MEXLy JIONACTSIMU B IIPOTHBOIIOJIOKHYIO BPALIEHUIO POTOPA CTOPOHY; 4) TIOBBI-
HIEHUE CKOPOCTH BO3YXa, IPOTEKAIOLIETO Yepe3 KaMepy MU3MEIbUCHUS, YBEITUINBACT
MOMEHT Ha pOTOpe, IPUUYEM 3TO yBeIMUeHUE 00JIee BEIPasKeHO NPH OOJIbIIEM JaBICHUH
CHapy»u ApoOHIbHOH KaMepsl (Ha 29 % npu u3mMeneHnn ckopoctu ¢ 1 mo 10 m/c).

DKcrepuMeHTabHbIC HCCIIEJOBAaHMUS TOKA3aIld, YTO YBEJIMUCHNE AABICHHS BO3LyXa
B IpOOMIIBHOM Kamepe Mpy u3MenbueHnH 3epHa oT —88,26 klla no +98,07 kIla npuBo-
JIUT K YBEJIMYEHUIO Y/IeNbHBIX dHEPro3aTpaT Py 0CEBOM 1o/1aue 3epHOBOTO MaTepuaia
B MHTEpBajiaX BapbUpoBaHus oT 5,69—6,07 10 6,24—7,23 kB1-u/(1°\), a ipu pagnaib-
HOM mozgave ot 5,91-6,59 no 7,74-8,31 kB14/(T"A) MpH UCTIONB30BAHNN PA3THMUHBIX
KOHCTPYKIIUIA POTOPOB.

YBenuueHHE TaBIICHUS BO3AyXa B IPOOMIBHON Kamepe oT —88,26 mo +98,07 klla
IpY U3MEIBYEHUN 3€PHA PUBOANT K U3MEHEHUIO KOJIMUECTBA OCTATKa IEPTH Ha CUTE
10 0 MM B cIIeyIOIIMX MHTEPBAIax: AJs JIOMNACTHOIO M MOJIOTKOBOTO POTOPOB OCTa-
TOK YMEHBIIAETCsl B MHTEpBalax BapbupoBaHus oT 15,56-20,17 no 11,98-14,77 %
u ot 14,75-16,89 mo 13,80-15,75 % COOTBETCTBEHHO, a JJISI MOJIOTKOBO-JIOIIACTHOTO
pOTOpa yBeTUUMBAETCS B UHTEpBasiaX BapbupoBanus oT 11,95-13,32 no 13,03—14,66 %.

Oo6cy:xkaeHue u 3aka0ueHue. [IpoBeeHHbIC TEOPETUUECKUE UCCICIOBAHUS TTO-
3BOJIAIOT OIICHHUTH BJIMSIHME BEJTMUMHBI JABICHUSI OKPYKAIOLIETO TPOOHIIKY BO3IyXa
Ha XapakTep ABMKECHUS BO3AYIIHOTO MOTOKA BHYTPU KaMepbl U3MENBUCHUS U DHEP-
reTHYeCKHe 3aTparbl Ha TEXHOJIOTHYECKUN Tporecc. Pe3ynbTarsl TEOpETHIECKUX
WCCIICZIOBAHUH MOJTBEPIKTAIOTCS IKCIIEPUMEHTAIILHBIMU H CBUJICTEIBCTBYIOT O TOM,
YTO CHIDKEHHE JaBJICHMS BO3JyXa CHAPYXKH IPOOMIBHON KaMephl TO3BOJISET MUHU-
MHU3UPOBaTh YHEPIETUUECKHUE 3aTPAThl HA TEXHOJOTHYECKUH IPOLECC U3MENIBUCHHUS
3epHOBOTO MaTepuaja M MepeMelleHne BO3AYIIHOIO IOTOKa BHYTPH APOOMIbHON
KaMephbl, a TAKXKE YMEHBILIAET OCTATOK Ha cuTe 10 0 MM, TO €CTh IIO3BOJIAET U30€XKaTh
nepeusMenbueHus Marepuana. llomydyeHHbie pe3ynbTaTbl HCCIIEA0BaHUKA MOKHO IPH-
MEHSTH MPHU NPOCKTUPOBAHUH KaMep M3MENBUCHHSI MOJIOTKOBBIX ApoOmiIok. Takxke
MPHUBEJCHHBIE PE3YJIbTAThl MO3BOJIIOT OLICHUTh BIUSHUE BEJIMYMHBI aTMOC(HEPHOTO
JIaBJICHUS Ha KAY€CTBEHHBIC U SHEPTrEeTHUECKHUE MOKA3aTeIH MOJIOTKOBBIX U3MEIBUH-
TeJel MpH WX IKCIUTyaTaluy.

CIIMCOK JIMTEPATYPbI / REFERENCES

1. Capumbix II.A., TypybanoB H.B. Bimsnne u3MeHEHHS TEXHOJIIOTHYECKHX IIapaMeTPOB CMe-
cuTensi KOMOMKOPMOB Ha IIOKa3aTelH ero paboTsl. Aepapmas nayxa Eepo-Cesepo-Bocmoka.
2022;23(5):732-739. https://doi.org/10.30766/2072-9081.2022.23.5.732-739

Technologiery, machinery and equipment 79


https://doi.org/10.30766/2072-9081.2022.23.5.732-739

%;7:{" WHXXEHEPHBIE TEXHOJIOTMW U CUCTEMBbI Tom 35, Ne 1. 2025

10.

80

Savinykh P.A., Turubanov N.V. The Influence of Changes in the Technological Parameters of the
Feed Mixer on its Performance. Agricultural Science Euro-North-East. 2022;23(5):732-739.
(In Russ., abstract in Eng.) https://doi.org/10.30766/2072-9081.2022.23.5.732-739

Casunbix I1.A., Typy6anos H.B. HccnenoBanue BIUSHNS KOHCTPYKTUBHO-TEXHOJIOTHYECKUX Hapa-
METPOB TOPU30HTAIBHOTO CMECUTEJIS Ha MOKa3aTeNl ero pabouero npouecca. TexHuxa u mexHono-
euu 6 sicusomuosoocmee. 2022;(3):42—47. https://doi.org/10.51794/27132064-2022-3-42

Savinykh P.A., Turubanov N.V. Research of Horizontal Mixer’s Design-and-Technological
Parameters Influence on its Workflow Indicators. Machinery and Technologies in Livestock.
2022;(3):42-47. (In Russ., abstract in Eng.) https://doi.org/10.51794/27132064-2022-3-42
Marczuk A., Sysuev V., Aleshkin A., Savinykh P., Turubanov N., Tomporowski A. Theoretical
Studies of the Interaction Between Screw Surface and Material in the Mixer. Materials. 2021;14(4).
https://doi.org/10.3390/ma14040962

Marczuk A., Misztal W., Savinykh P., Turubanov N., [supov A., Zyryanov D. Improving Efficiency of
Horizontal Ribbon Mixer by Optimizing its Constructional and Operational Parameters. Eksploatacja
i Niezawodnosc. 2019;21(2):220-225. https://doi.org/10.17531/¢in.2019.2.5

Sapa V.Yu. The Results of the Analysis of Studies of Structural and Operational Parameters of Impact
Crushers for the Production of Farm Animal Feed. 3i: Intellect, Idea. 2023;(1):185-190. https://
doi.org/10.52269/22266070 2023 1 185

Casunbix [1.A., Typybanos H.B., Momonkun A.M. OnpezeneHie ONTHMAIBHBIX KOHCTPYKTHBHO-
TEXHOJIOTMYCCKUX MapaMeTpOB MOHOTKOBOﬁ jlp06I/IJ'IKI/I C peui€TaMru B TOPLEBBIX IMOBEPXHOCTAX.
Aepouncenepus. 2023;25(5):17-22. https://doi.org/10.26897/2687-1149-2023-5-17-22

Savinyh P.A., Turubanov N.V., Moshonkin A.M. Determination of Optimal Design and Technological
Parameters of a Hammer Crusher with Sieves in end Surfaces. Agricultural Engineering.
2023;25(5):17-22. (In Russ., abstract in Eng.) https://doi.org/10.26897/2687-1149-2023-5-17-22
Iupodoxkos B.1., ®énopo O.C., UmaroB A.I. AHanu3 kayecTBa U3MENBFIEHHOTO 3epHA TIPH UC-
MOJIL30BAHNUH JIPOOUIIOK OTKPBITOTO M 3aKPBITOTO TUIOB. Becmuux Hoicesckotl 20cyoapcmeenHotl
cenvcroxossicmeennou akademuu. 2019;2(58):69-74. EDN: QHDVLE

Shirobokov V.I., Fedorov O.S., Ipatov A.G. Analysis of Crushed Grain Quality when Using Crushers
of Open and Closed Types. The Bulletin of Izhevsk State Agricultural Academy. 2019;2(58):69-74.
(In Russ., abstract in Eng.) EDN: QHDVLE

Becrionnenos P.B., ®enopenko M.S., 3emnsnyxuna T.H., [TonkoBHukoBa M.B., Mmxos A.B.
HccnenoBanne M MOJENMPOBAHUE B3aMMOAEHCTBHS MOJIOTKOB BEPTHUKAJIBHON IpOOMIIKH C BO3-
JYIITHO-3€PHOBBIM CIIOeM. Becmuux Anmatickoco 20cy0apcmeennozo azpaprozo yHueepcumemd.
2023;4(222):92-98. https://doi.org/10.53083/1996-4277-2023-222-4-92-98

Bespoldenov R.V., Fedorenko I.Ya., Zemlyanukhina T.N., Polkovnikova M.V., Ishkov A.V.
Investigation and Modeling of Interaction of Hammers of a Vertical Crusher with Air-Grain Layer.
Bulletin of Altai State Agricultural University. 2023;4(222):92-98. (In Russ., abstract in Eng.) https://
doi.org/10.53083/1996-4277-2023-222-4-92-98

3uranmmH b.I%, bynaros C.1O., Muponos K.E., PykaBumnukosa B.H., Hlkunes H.I1. Onpexnene-
HHe paboveil UIoIaan TOPLUEBBIX peleT IPOOHIKH 3epHa C YBEIMYEHHON Cenapupyromiei moBepx-
HOCTBIO. Becmuuk Kaszanckoeo eocyoapcmeennozo azpaprnozo yHueepcumema. 2020;15(2):87-91.
https://doi.org/10.12737/2073-0462-2020-87-91

Ziganshin B.G., Bulatov S.Yu., Mironov K.E., Rukavishnikova V.N., Shkilev N.P. Determination of
the Working Area of the Edge Sieve of Grain Crusher with Increased Separating Surface. Bulletin
of the Kazan State Agrarian University. 2020;15(2):87-91. (In Russ., abstract in Eng.) https://
doi.org/10.12737/2073-0462-2020-87-91

Canos B.B., Copoxun C.A. BiusiHue mIOTHOCTH TTIOTOKA 36pHOBOTO Marepuaia Ha 3G ()eKTUBHOCT
U3MEIBYCHHSI B MOJIOTKOBOH JIPOOHIIKE. BecmHuk Anmaiickozo 20cy0apcmeenHo2o aspapHo2o yHu-
sepcumema. 2022;(3):81-86. https://doi.org/10.53083/1996-4277-2022-209-3-81-86

Sadov V.V., Sorokin S.A. Influence of Grain Material Flow Density on Grinding Efficiency
in a Hammer Crusher. Bulletin of Altai State Agricultural University. 2022;(3):81-86. (In Russ.,
abstract in Eng.) https://doi.org/10.53083/1996-4277-2022-209-3-81-86

Texnonoauu, mawiumvl u 060py()0@al-me


https://doi.org/10.30766/2072-9081.2022.23.5.732-739
https://doi.org/10.51794/27132064-2022-3-42
https://doi.org/10.51794/27132064-2022-3-42
https://doi.org/10.3390/ma14040962
https://doi.org/10.17531/ein.2019.2.5
http://V.Yu
https://doi.org/10.52269/22266070_2023_1_185
https://doi.org/10.52269/22266070_2023_1_185
https://doi.org/10.26897/2687-1149-2023-5-17-22
https://doi.org/10.26897/2687-1149-2023-5-17-22
https://www.elibrary.ru/QHDVLE
https://www.elibrary.ru/QHDVLE
https://doi.org/10.53083/1996-4277-2023-222-4-92-98
http://I.Ya
https://doi.org/10.53083/1996-4277-2023-222-4-92-98
https://doi.org/10.53083/1996-4277-2023-222-4-92-98
https://doi.org/10.12737/2073-0462-2020-87-91
http://S.Yu
https://doi.org/10.12737/2073-0462-2020-87-91
https://doi.org/10.12737/2073-0462-2020-87-91
https://doi.org/10.53083/1996-4277-2022-209-3-81-86
https://doi.org/10.53083/1996-4277-2022-209-3-81-86

Vol. 35, no. 1. 2025 ENGINEERING TECHNOLOGIES AND SYSTEMS %;73‘

I1.

12.

13.

14.

15.

16.

17.

18.

19.

CoboneB A.A., Menbuukos I1.A., BacunseB A.B. Pacuer TpaekTopuy JIBYIKSHHS YaCTHIBI B TOPH-
30HTAJILHOM BO3JIYIIHOM ITOTOKE MPH ITHEBMATHYECKOH cenapanui. [ py3osoe u naccaxrcupckoe as-
moxosaticmeo. 2013;(7):30-36. EDN: REZUIF

Sobolev A.A., Melnikov P.A., Vasiliev A.V. The Calculation of the Particle Trajectory in the Horizontal
Air Flow in the Air Separation. Gruzovoe i Passazhirskoe Avtokhozyajstvo. 2013;(7):30-36. (In Russ.,
abstract in Eng.) EDN: REZUIF

Cob6oneB A.A., MenbaukoB [1.A., Trotronank A.O. J[BHkeHHE YacTHUIl B BO3IYIIIHOM MOTOKE. Bek-
mop nayku Tonvammumnckoeo eocyoapcmeennoco ynueepcumema. 2011;3(17):82—86. EDN: PFIYPR
Sobolev A.A., Melnikov P.A., Tyutyunnik A.O. The Movement of Particles in the Air Stream.
Vektor Nauki Tol yattinskogo Gosudarstvennogo Universiteta. 2011;3(17):82—86. (In Russ., abstract
in Eng.) EDN: PFIYPR

lemeroBa O.M., @amun F0.M., Ulenaperura U.B. JIBrmkeHne 4acTHIl B BO3AYIIHOM ITOTOKE IIH-
KiIoHa. Monooexcnuiii secmuux Hoeopoccuiickoeo ¢unuana beneopodckoeo 2ocyoapcmeenno2o
mexuonoauyeckoeo ynusepcumema um. B. I [Ilyxosa. 2023;3(3):40-44. URL: https://rio-nb-bstu.
science/ojs/index.php/vestnik-molod/article/view/250 (mara obpamenns: 25.10.2024).

Shemetova O.M., Fadin Yu.M., Shchendrygina [.V. Movement of Particles in the Cyclone Air Stream.
Molodezhnyj Vestnik Novorossijskogo Filiala Belgorodskogo Gosudarstvennogo Tekhnologicheskogo
Universiteta im. V. G. Shukhova. 2023;3(3):40—44. (In Russ., abstract in Eng.). Available at: https://
rio-nb-bstu.science/ojs/index.php/vestnik-molod/article/view/250 (accessed 25.10.2024).

BypxoB A.W., I'mymkoB A.JIL., Jla3eikun B.A., MokueB B.}O. O6ocHOBaHHE OCHOBHBIX KOHCTPYK-
TUBHBIX IIAPAaMETPOB PaA3/ICIIUTEILHON KaMephl THEBMOCENapaTopa ¢ UCIIOIb30BAHIEM PA3IHIHBIX
METO/IOB pacueTa TPAeKTOPUH YacTHIl B MTHEBMOCENApUpyloleM KaHane. Aepaphas nayka Eepo-
Cesepo-Bocmoxka. 2022;23(3):402—410. https://doi.org/10.30766/2072-9081.2022.23.3.402-410
Burkov A.IL, Glushkov A.L., Lazykin V.A., Mokiev V.Yu. Substantiation of the Main Design
Parameters of the Separation Chamber of the Pneumatic Separator using Various Methods for
Calculating Particle Trajectories in the Pneumoseparating Channel. Agricultural Science Euro-
North-East. 2022;23(3):402-410. (In Russ., abstract in Eng.) https://doi.org/10.30766/2072-
9081.2022.23.3.402-410

Bapanos H.®., 3pikun A.A., BynaroB C.}O. HccrnenoBanue BIMSAHUS BHXPEBBIX KaMep Ha CKO-
POCTh BO3IYIIHOTO TIOTOKA B JPOOWIIEHOW KaMepe MOIOTKOBOW npoOwnku. Becmuux HIUOHU.
2012;4(11):185-196. EDN: PCDRHF

Baranov N.F., Zykin A.A., Bulatov S.Y. Study of the Influence Swirl Cameras on Velocity of the
Airstream in Grind To. Bulletin of the NGIEIL. 2012;4(11):185-196. (In Russ., abstract in Eng.)
EDN: PCDRHF

Benepuuxos S1.J1., 3pikun A.A. HMccienoBanne a’spoIrMHAMHYECKHX PEKHUMOB PaOOTHI IpOOMIIKK
C TOPLEBBIMU BUXPEBBIMH KaMepaMu. Advanced Science. 2017;1(5):21. EDN: ZCQMEF
Vedernikov Ya.D., Zykin A.A. [Investigation of Aerodynamic Modes of Operation of a Crusher with
end Vortex Chambers]. Advanced Science. 2017;1(5):21. (In Russ.) EDN: ZCQMEF

MarseeB A.l., BurokypoB B.P. DxcniepuMeHTaIbHBIC HCCIIEI0BAHMS 10 HHTEHCH(HKAIIMN ITPOLeC-
COB M3MEJIBUCHUS B CTYIIEHYATO! LIEHTPOOSIKHOM MenbHHLE. [Ipupoonsie pecypcol Apkmuru u Cyo-
apxmuxu. 2019;24(2):56-63. https://doi.org/10.31242/2618-9712-2019-24-2-5

Matveev A.lL, Vinokurov V.R. Experimental Studies on the Intensification of Grinding Processes
in a Step Centrifugal Mill. Arctic and Subarctic Natural Resources. 2019;24(2):56-63. (In Russ.,
abstract in Eng.) https://doi.org/10.31242/2618-9712-2019-24-2-5

Ushakov Y., Shakhov V., Asmankin E., Naumov D. Theoretical Study Results of Product Flow
Management Process in Hammer-Type Shredder Working Chamber. Engineering for Rural
Development. 2019:185-191. https://doi.org/10.22616/ERDev2019.18.N231

Kumnpusinos @.A., IMamuueia A.B., Cyxmse B.A., benozepor C.A. OG0cHOBaHHE KOHCTPYKIHU
MOJIOTKOBOH IPOOUIIKM C BO3MOXKHOCTBIO PEryIUPOBaHMS ITapaMeTPOB HCKYCCTBEHHO CO3aBaeMOM
paboueii armocdepsl. Becmuuk AIIK Bepxnesonocva. 2021;4(56):76-82. https://doi.org/10.35694/
YARCX.2021.56.4.013

Technologiery, machinery and equipment 81


https://www.elibrary.ru/REZUIF
https://www.elibrary.ru/REZUIF
https://www.elibrary.ru/PFIYPR
https://www.elibrary.ru/PFIYPR
https://rio-nb-bstu.science/ojs/index.php/vestnik-molod/article/view/250
https://rio-nb-bstu.science/ojs/index.php/vestnik-molod/article/view/250
https://rio-nb-bstu.science/ojs/index.php/vestnik-molod/article/view/250
https://rio-nb-bstu.science/ojs/index.php/vestnik-molod/article/view/250
https://doi.org/10.30766/2072-9081.2022.23.3.402-410
http://V.Yu
https://doi.org/10.30766/2072-9081.2022.23.3.402-410
https://doi.org/10.30766/2072-9081.2022.23.3.402-410
https://www.elibrary.ru/PCDRHF
https://www.elibrary.ru/PCDRHF
https://www.elibrary.ru/ZCQMEF
https://www.elibrary.ru/ZCQMEF
https://doi.org/10.31242/2618-9712-2019-24-2-5
https://doi.org/10.31242/2618-9712-2019-24-2-5
https://doi.org/10.22616/ERDev2019.18.N231
https://doi.org/10.35694/YARCX.2021.56.4.013
https://doi.org/10.35694/YARCX.2021.56.4.013

%;7:{" WHXXEHEPHBIE TEXHOJIOTMW U CUCTEMBbI Tom 35, Ne 1. 2025

Kupriyanov F.A., Palitsyn A.V., Salyaecv V.A., Belozerov S.A. [Substantiation of the Design of
a Hammer Crusher with the Possibility of Regulating the Parameters of an Artificially Created Working
Atmosphere]. Bulletin of the Agroindustrial Complex of the Upper Volga region. 2021;4(56):76-82.
(In Russ.) https://doi.org/10.35694/YARCX.2021.56.4.013

20. MBanoB M.U., CyxuseB B.A., CyxomapoB A.W. MccrnenoBanne MOIOTKOBOM APOOMIIKH HpPHU OCe-
BOM M paguanbHON momade 3epHa. MedcOyHapoOHblll HAYYHO-UCCAE008AMENbCKULL  HCYPHAI.
2021;6(108):114-118. https://doi.org/10.23670/IRJ.2021.108.6.080
Ivanov LI., Sukhlyaev V.A., Sukhoparov A.I. Hammer Mill Research for Axial and Radial Grain
Feed. International Research Journal. 2021;6(108):114-118. (In Russ., abstract in Eng.) https://
doi.org/10.23670/IRJ.2021.108.6.080

06 asmopax:

CaBunbix IleTp AulekceeBHY, JOKTOpP TEXHHYECKHX HaykK, mpodeccop, INaBHBIA HAaydHBIH CO-
TPYAHHK, 3aBEIYIOIIHIA Jaboparopuell MEXaHH3al1K KUBOTHOBOJCTBA DeiepaabHOrO arpapHoro Hay4-
Horo neHTpa CeBepo-Bocroka umenu H. B. Pymnnunxoro (610007, Poccuiickas denepanus, . Kupos,
ya. Jleanna, a. 166a), ORCID: https://orcid.org/0000-0003-0524-9721, Researcher 1D: V-6933-2017,
Scopus ID: 56728791200, SPIN-kox: 5868-9317, peter.savinyh@mail.ru

Typy6anoB HukoJiaii BaneHTHHOBHY, KaHIUAAT TEXHUYCCKUX HAyK, IOLCHT, CTAPIIMN HAYYHBIH
corpynnuk ®enepanbHoro arpapHoro HayuHoro nenrpa Cesepo-Bocroka nmenu H. B. Pyanunkoro
(610007, Poccuiickas denepanus, . Kupos, yi. Jlenuna, 1. 166a), ORCID: https://orcid.org/0000-0002-
1446-6851, Scopus ID: 57192554417, SPIN-kox: 2628-1001, nikolaytu@mail.ru

AnemiknH AJiekceil BiagmMHpOBHY, JOKTOp TEXHHYECKHX HayK, mpodeccop Kadenpsl Me-
XaHUKHM ¥ WHKeHepHOH rpaduku Bsrckoro rocymapcrBenHoro ynusepcutera (610000, Poccuiickast
Oenepanust, . Kupos, yn. Mockosekas, a. 36), ORCID: https://orcid.org/0000-0002-6949-1480,
Researcher ID: ABA-6228-2020, Scopus ID: 57190028500, SPIN-kozx: 5084-5478, usr00008 @vyatsu.ru

Cyxasiee Braaumup AJjiekcaHApOBHY, CTapIINi IpenojgaBaTens Ka(eapbl TeXHHIECKUX CH-
cteM B arpoOmsHece Bomoroackoif rocymapcTBEHHOW MOJOYHOXO3SHCTBEHHON aKaIeMHUH WMEHH
H. B. Bepemaruna (160555, Poccuiickas ®enepanus, . Bomorna, ¢. Monounoe, yin. llmunra, 1. 2),
ORCID: https://orcid.org/0009-0005-0218-2105, Researcher ID: KIH-9009-2024, SPIN-kox: 2773-8480,
227804@mail.ru

3asenennvlii K10 a8Mopos:

I1. A. CaBUHBIX — KOHTPOJIb, JINAEPCTBO U HACTABHUYECTBO B IpOLECCe MIIAHUPOBAHUS U NPOBEJie-
HMS HCCleJoBaHMs; HOPMYITMPOBAHNE HICH UCCIIE0BAHNS, Lieel U 3a/1a4.

H. B. Typy6aHoB — ocyIecTBICHHE HAyYHO-UCCIIEI0BATEIBCKOTO MPOIecca, BKIIIOYAsl BHIOTHEHHE
HKCHEPHMEHTOB, COOpP JaHHBIX U JOKA3aTeNbCTB; CO3AAHNE U TOATOTOBKA PYKOIMCH: BH3yalIH3alus pe-
3yJIBTAaTOB UCCIIEIOBAHNUS U MTOTyUCHHBIX TaHHBIX.

A. B. AnemkuH — KOHTPOIIb, JIUAEPCTBO U HACTAaBHUYECTBO B MPOIEcCe IUIAHUPOBAHMS M MPOBE-
JICHUsI UCCIIEIOBAHMS; OCYLIECTBICHHE HAy4HO-HCCIIEN0BATEILCKOIO MIPOLECcca, BKIIOYAsl BBIIOIHEHUE
IKCHEPUMEHTOB, COOP JaHHBIX U JIOKA3aTeIbCTB.

B. A. CyxunsieB — npUMEHEHNE CTAaTHCTHYECKNX, MATEMAaTHUYECKHIX, BEIYMCIUTENBHBIX (POPMATBHBIX
METOZIOB ISl aHaJU3a JAaHHbBIX UCCIICOBAHMS; OCYLIECTBICHHE HAay4YHO-UCCIEA0BaTEILCKOrO Mpolecca,
BKJIKOYasi BBINTOJIHEHUE DKCIIEPUMEHTOB, C60p JAaHHBIX U TOKA3aTCIIbCTB.

Bce asmopur npouumanu u 0006punu 0OKOHUAMENbHbII BAPUAHN PYKONUCU.

Hocmynuna ¢ pedaxyuro 19.09.2024; nocmynuna nocie peyensuposanust 04.10.2024;
npunsma x nyonuxayuu 11.10.2024

82 Texnonoauu, mawiumvl u 060py()06aﬁue


https://doi.org/10.35694/YARCX.2021.56.4.013
https://doi.org/10.23670/IRJ.2021.108.6.080
https://doi.org/10.23670/IRJ.2021.108.6.080
https://doi.org/10.23670/IRJ.2021.108.6.080
https://orcid.org/0000-0003-0524-9721
https://www.webofscience.com/wos/author/rid/V-6933-2017
https://www.scopus.com/authid/detail.uri?authorId=56728791200
http://elibrary.ru/author_profile.asp?spin=5868-9317
mailto:peter.savinyh@mail.ru
https://orcid.org/0000-0002-1446-6851
https://orcid.org/0000-0002-1446-6851
https://www.scopus.com/authid/detail.uri?authorId=57192554417
http://elibrary.ru/author_profile.asp?spin=2628-1001
https://orcid.org/0000-0002-6949-1480
https://www.webofscience.com/wos/author/rid/ABA-6228-2020
https://www.scopus.com/authid/detail.uri?authorId=57190028500
http://elibrary.ru/author_profile.asp?spin=5084-5478
mailto:usr00008@vyatsu.ru
https://orcid.org/0009-0005-0218-2105
https://www.webofscience.com/wos/author/rid/KIH-9009-2024
http://elibrary.ru/author_profile.asp?spin=2773-8480

Vol. 35, no. 1. 2025 ENGINEERING TECHNOLOGIES AND SYSTEMS %;73‘

About the authors:

Petr A. Savinykh, Dr.Sci. (Eng.), Professor, Chief Researcher, Head of the Laboratory of
Mechanization of Livestock Production, Federal Agrarian Scientific Center of the North-East named after
N. V. Rudnitsky (166a Lenin St., Kirov 610007, Russian Federation), ORCID: https://orcid.org/0000-
0003-0524-9721, Researcher ID: V-6933-2017, Scopus ID: 56728791200, SPIN-code: 5868-9317,
peter.savinyh@mail.ru

Nikolay V. Turubanov, Cand.Sci. (Eng.), Associate Professor, Senior Researcher, Federal Agrarian
Scientific Center of the North-East named after N. V. Rudnitsky (166a Lenin St., Kirov 610007,
Russian Federation), ORCID: https://orcid.org/0000-0002-1446-6851, Scopus ID: 57192554417,
SPIN-code: 2628-1001, nikolaytu@mail.ru

Aleksey V. Aleshkin, Dr.Sci. (Eng.), Professor of the Department of Mechanics and Engineering
Graphics, Vyatka State University (36 Moskovskaya St., Kirov 610000, Russian Federation), ORCID:
https://orcid.org/0000-0002-6949-1480, Researcher ID: ABA-6228-2020, Scopus ID: 57190028500,
SPIN-code: 5084-5478, usr00008@vyatsu.ru

Vladimir A. Suhlyaev, Senior Lecturer in the Department of Technical Systems in Agribusiness,
Vologda State Dairy Academynamedafter N. V. Vereshchagin (2 Schmidt St., Molochnoye, Vologda 160555,
Russian Federation), ORCID: https://orcid.org/0009-0005-0218-2105, Researcher ID: KIH-9009-2024,
SPIN-code: 2773-8480, 227804(@mail.ru

Authors contribution:

P. A. Savinykh — supervising and mentoring in planning and conducting the study; formulating the
ideas, aims and objectives of the study.

N. V. Turubanov — conducting the study including performing the experiments, collecting data and
evidence; preparing and presenting the manuscript, visualizing the study data and findings.

A. V. Aleshkin — supervising and mentoring in planning and conducting the study; formulating the
ideas, aims and objectives of the study; conducting the study including performing the experiments,
collecting data and evidence.

V. A. Suhlyaev — using statistical, mathematical, computational formal techniques to analyze the
study data; conducting the study including performing the experiments, collecting data and evidence.

All authors have read and approved the final manuscript.

Submitted 19.09.2024; revised 04.10.2024,; accepted 11.10.2024

Technologiery, machinery and equipment 83


https://orcid.org/0000-0003-0524-9721
https://orcid.org/0000-0003-0524-9721
https://www.webofscience.com/wos/author/rid/V-6933-2017
https://www.scopus.com/authid/detail.uri?authorId=56728791200
http://elibrary.ru/author_profile.asp?spin=5868-9317
mailto:peter.savinyh@mail.ru
https://orcid.org/0000-0002-1446-6851
https://www.scopus.com/authid/detail.uri?authorId=57192554417
http://elibrary.ru/author_profile.asp?spin=2628-1001
https://orcid.org/0000-0002-6949-1480
https://www.webofscience.com/wos/author/rid/ABA-6228-2020
https://www.scopus.com/authid/detail.uri?authorId=57190028500
http://elibrary.ru/author_profile.asp?spin=5084-5478
mailto:usr00008@vyatsu.ru
https://orcid.org/0009-0005-0218-2105
https://www.webofscience.com/wos/author/rid/KIH-9009-2024
http://elibrary.ru/author_profile.asp?spin=2773-8480

%;73‘ WHXXEHEPHBIE TEXHOJIOTMW U CUCTEMBbI Tom 35, Ne 1. 2025

L))

Check for
updates

84

TEXHOJIOI'nU, MAIIUHBI 1 OBOPYJOBAHMUE /
TECHNOLOGIES, MACHINERY AND EQUIPMENT

https://doi.org/10.15507/2658-4123.035.202501.084-100 ISSN Print 2658-4123
EDN: https://elibrary.ru/ornvyx ISSN Online 2658-6525
YK 631.361.6 https://vestnik.mrsu.ru

Opueunanvhas cmamos / Original article

JKCNEePUMEHTAJIbHOE UCCIIe0OBAHME

U ONITUMM3ALMS CKOPOCTH Pe3aHUA 1JIsl MOBbIIEHUSA
3¢ eKTUBHOCTH MAJTOradapUTHOIO JUCKOBOIO
U3MEJIBYUTEIS PACTUTEIbHBIX OCTATKOB
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Annomauus

Beeoenue. YTunuzanusi pacTUTEIBHBIX OCTAaTKOB B CAIOBOJACTBE SBISETCS BAKHOU 3a-
Jadeid, a ManorabapuTHBIC U3MEIBIUTENN — d(QPEKTUBHBIM e¢ pemieHreM. CyriecTBy-
Iol[e MajorabapuTHBIC U3MENBIUTEIN BETOK U JIO3bI YacTO JIEMOHCTPHUPYIOT HHU3KYIO
TIPOU3BOANUTENHHOCTh U BBICOKOE DHEProOmoTpeOicHHEe, YTO OIPAaHUYMBACT UX IIHPOKOE
NPUMEHEHHUE B MaJIbIX X034icTBaxX. BimsiHue ckopocTy pe3anusi Ha MPOU3BOAUTENBHOCTh
¥ DHEPronoTpeOlieHHe TAaKUX M3MEJBUUTENIed OCTaeTCs HEJOCTATOYHO H3YUCHHBIM,
a IMEIOIINECs CBEACHUS MPOTUBOPEYHBEI. [laHHOE MCCIeI0BaHNE HANIPABICHO Ha BBISB-
JICHUE ONTHMAJBHBIX PEKUMOB Pa0OTHI JUCKOBOTO M3MEITBUUTENS, MUHUMH3HPYIOIIAX
9HEPro3arparsl MpH JOCTIKEHHH HEOOXOAMMOM POM3BOUTEIILHOCTH.

Lenv uccnedosanus. O60CHOBATH KOHCTPYKTUBHBIE M PEXKUMHBIE ITApaMeTphl Matorada-
PUTHOTO U3MENIBYUTENS IIyTEM OIpe/IeJIEHUs] 3aBUCUMOCTEN BIMSIHUSL CKOPOCTU Pe3aHUs
pabouero oprana Ha MPOU3BOAUTEIBHOCTD M YHEPro3aTpaThl.

Mamepuanvr u memoowi. ViccnenoBanus MpOBOIWINCH HA CIICHHUAIBHO pa3paboTaHHOH
11abopaToOpHOIi yCTAaHOBKE, IIPEICTABISIONICH COO0M MaiorabapuTHBINA TUCKOBBII H3MEIThb-
gyuTeNb. [lepen HauyamoM KaXkIoro SKCIIepHMEeHTa MOAT0TaBIMBAIOCE 15 00pa3ioB BETOK
ssomonu quameTpoM oT 10 1o 50 mM. Betku Obiu pa3aeneHsl Ha Tpy Tpynmsl: 10 20 M,
20-30 mm 1 30-50 Mmm. MaccoBast nons Biaru B oopasmax cocrasisiia 45-50 %, a Tem-
neparypa IpeBecHHbl He omyckanachk Hinke 20 °C. IIpu kax oM orbiTe GUKCHPOBATHCH
CIICAYIOIINE MTOKA3aTeIH: BpeMs H3MEIbUCHHUS KaKI0Tro 00pasia, BpeMs XOIOCTOrO X0/a
YCTaHOBKH, Macca M3MEIFYCHHON APEBECHHBI, SHEPTOMOTPEOICHNE B TIPOLIECCE N3MEITh-
YeHHs. DKCHEPUMEHTBI MPOBOAMIKMCH ISl KOKIOW U3 TpeX IPYIIl BETOK IPU TpeX pas-
JIMYHBIX CKOPOCTAX BpalleHHs pabodyero opraHa M TpeX BapHaHTax ero Macchl. Bcero
ObLTO TIpoBeneHo 135 skcepumMenToB. [lomyueHHbIe TaHHBIC aHATU3UPOBAIIHCH C TIOMO-
nipto porpamm Excel, STATISTICA 10 u Matcad. [Ist OIICHKH CTaTHCTHYESCKOM 3HAYH-
MOCTH PE3y/BTaTOB HCIOIb30BaICs t-kpuTeprii CThIONEHTA, IS ONpeaeNieHUs HOpMalb-
HOCTH pacmpenencaus — kputepuid Llammpo-Yuika. KoppersunoHHy 3aBUCHMOCTB
MEX/ly MOKa3aTeJsIMH YCTAaHOBHJIM C IIOMOIIBI0 KoadduuuenTa koppemsinun [Tupcona
JUTS. HOPMaJIBHO paclpeeNICHHBIX JaHHBIX.
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Pesynomamur uccnedosanus. lonydeHa perpeccMOHHass MOJIENb, OIMMCHIBAIOIIAs B3au-
MOCBSI3b MEXK/1y POU3BOJUTEIFHOCTBIO U DHEPro3aTpaTaMiu ¢ y4E€TOM CKOPOCTH PE3aHus.
YcTaHOBIIGHBI 3aBUCHUMOCTH ISl PA3IIMYHBIX THAMETPOB BETOK, YTO MO3BOJIMIIO ONTUMH-
3UPOBATH MAPAMETPBI PAOOTHI U3MEITBUHTEIIS.

Obcyoicoenue u 3akmodenue. DKCICPUMEHTAIbHBIE JIAHHBIC MOATBEPIMIM BaKHOCTH
OINTUMHU3ALMN MajorabapuTHBIX M3MEJBYUTENCH UL MOBBILICHUS UX 3(GHEKTUBHOCTH
U CHIDKEHMs dHepro3arpar. Pesynsrarel paboThl MOTYT OBITH MCIIONB30BAHbI IS pa3pa-
0O0TKH Oosiee SKOHOMHYHBIX B 3(PHEKTHBHBIX MOJENCH U3METBUUTEICH, YTO OKaXKeT T0-
JIOKUTEJIBHOE BIIMSIHUE Ha JKOJIOTO-I)KOHOMHYECKYIO CUTYaIHIO B CEIILCKOM XO3SIHCTBE.

Kniouesvle cnoga: NUCKOBBIN M3MEIBUNTEIb, MaJIOrabapUTHBI H3MEIBYUTENb, CKOPOCTh
pe3aHus, ONTHMH3ALHUS TapAMETPOB, PErPECCUOHHBIH aHaIN3

Kongpnuxkm unmepecog: aBTopbI 3asBISIOT 00 OTCYTCTBUH KOH(MIUKTA HHTEPECOB.

Jna yumupoeanua: Kpacosckuii B.B., Tepoep 10.b. DxcnepumenTansHOE HCCIEn0-
BaHHE W ONTHUMM3ALMS CKOPOCTH PE3aHUsl JUIsl MOBBINICHHs 3()(PEKTHBHOCTH Masoraba-
PHUTHOTO JIMCKOBOTO M3MEJBUUTEISI PACTUTEIIBHBIX OCTATKOB. HHOICEHEepHble MeXHON02UU
u cucmemul. 2025;35(1):84-100. https://doi.org/10.15507/2658-4123.035.202501.084-100
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Abstract

Introduction. Utilization of plant residues in gardening is an important problem, and us-
ing small-sized shredders is an effective solution for it. Existing small-sized shredders of
branches and vines often demonstrate poor performance and high energy consumption
that restricts the application of them in small farms. The effect of shredding speed on
the performance and energy consumption of the shredders is insufficiently studied and
the available data are contradictory. The study focuses on finding the optimal operating
modes for a disc shredder operation to minimize energy consumption while achieving the
required performance.

The Aim of the Study. The study is aimed at substantiating the design and operating pa-
rameters of a small-sized shredder by determining the dependencies of the effect of the
shredding speed of the shredder working element on the disk shredder performance and
energy consumption.

Materials and Methods. The studies were conducted on a specially desi