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Study of Electromagnetic and Thermal Transients in a High-temperature
Superconducting Transformer during a Short Circuit
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Abstract. Today, high-temperature superconducting (HTS) current limiters and transformers allow to
limit the surge short circuit current during failure without negatively affecting on the power grid com-
plex at the normal operation mode. However, the transition of a superconductor to a resistive state at the
moment of current limitation can cause significant heat generation, which can destroy the transformer
windings. The research goal is to provide optimal technical characteristics of the HTS transformer to
achieve effective short circuit current limitation and prevent thermal breakdown of its windings. To
achieve this goal, a mathematical model of a HTS transformer was developed. The presented method
considers the material type and geometry of the superconducting tape, the critical parameters of the
superconductor (current and temperature), the parameters of the cryogenic liquid, dependence of the
resistance and heat capacity of the HTS tape layers on temperature. The simulation model was created
in the Matlab/Simulink software. The most important result is the possibility of obtaining optimal elec-
trical and thermal parameters of the HTS transformer windings during the short circuit current limitation,
as well as ensuring the thermal stability of the superconducting tape at the quench moment. The obtained
results are significant in the design and operation of HTS transformers. For efficient and safe operation
in the current-limiting mode, it is necessary to take into account heat generation on the transformer
windings. It is important for the superconductor returning to the superconducting state without causing
significant overheating of the windings.
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Cercetarea proceselor tranzitorii electromagnetice si termice intr-un transformator supraconductor la
temperaturi ridicate in timpul unui scurtcircuit
Manusov V.Z., Ivanov D.M.
Universitatea Tehnica de Stat din Novosibirsk, Federatia Rusa

Rezumat. Benzile supraconductoare la temperatura ridicata (SCTR) bazate pe ceramica de ytriu YBa2Cu3O7 sunt
capabile sa mentina supraconductivitatea la o temperatura de 77 K. Aceste masini sunt capabile sa limiteze curentul
de supratensiune al unui scurtcircuit (SC) in caz de accidente, fard a afecta negativ complexul retelei electrice In
functionare normald. Cu toate acestea, trecerea unui supraconductor la o stare rezistivd in momentul limitarii
curentului poate provoca fluxuri de cédldurd semnificative care pot perturba integritatea infasurarilor
transformatorului. Scopul lucririi este de a oferi caracteristici tehnice optime ale transformatorului SCTR pentru
a obtine o limitare eficientd a curentului de scurtcircuit i pentru a preveni defalcarea termica a infasurarilor sale.
Pentru a atinge acest obiectiv, a fost elaborat un model matematic al unui transformator SCTR, implementat in
software-ul si sistemul de calcul Matlab/Simulink. Modelul ia in considerare materialul si geometria benzii
supraconductoare, parametrii critici ai supraconductorului (curent si temperaturd), caracteristicile lichidului
criogenic si dependentele de temperatura ale rezistentelor specifice si capacitatilor termice ale straturilor de banda
SCTR. Cel mai important rezultat este posibilitatea de a obtine parametrii electrici si termici optimi ai infasurarilor
transformatorului SCTR in momentul limitérii curentului de scurtcircuit, precum si asigurarea stabilitatii termice
a benzii supraconductoare in cazul pierderii si revenirii supraconductivitatii. S-a realizat modelarea numerica a
pornirii unui transformator SCTR cu o infasurare secundara scurtcircuitatd pentru un interval de tensiune de la 40
V la 120 V. Ca rezultat al lucrarii, se obtin oscilograme ale curentilor si temperaturilor in infasurarile SCTR in
timpul unui scurtcircuit, care descriu procesul tranzitoriu cu suficientd acuratete. Rezultatele obtinute sunt
semnificative in proiectarea si functionarea transformatoarelor SCTR.

Cuvinte-cheie: transformator SCTR, supraconductivitate la temperaturd ridicatd, limitarea curentului de
scurtcircuit, tranzitoriu, modelare matematica, Matlab/Simulink, eficienta energetica, azot lichid.

© Mamnycos B.3., Banos JI.M., 2023



PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

HccienoBanue 3JIeKTPOMATHUTHBIX H TEMJIOBBIX NEPEX0IHBIX NPOLECCOB B BEICOKOTEMIIEPATYPHOM
CBEpPXIPoBO/siieM TpaHc(hopMaTope NP KOPOTKOM 3aMbIKAHHHU
Mamnycos B.3., UBanos .M.

HoBocubunpckwii TocyJapCTBEeHHBIM TEXHHUECKIH yHUBEpCHTET, T. HoBocnbupck, Poccuiickas ®enepanus
Annomayus. Bricokotemmeparypasie csepxrpoBopsmue (BTCII) 1eHTs, co3maHHbIe HA OCHOBE HTTPHUEBOH Ke-
pamuku YBa>CuzO7, ciocOOHBI COXpaHATH CBEPXIPOBOAUMOCTE pu Temmepatype 77 K. bmarogaps cBoicTBy
3TOT0 MaTepHalia Pe3KO MOBBIIIATh CBOE aKTHBHOE COIPOTHUBIICHUE IIPH IIOTEPE CBEPXITPOBOIUMOCTH, CO3IAI0TCS
BTCII ToxoorpaHr4yuTeNN U TpaHCHOPMATOPBI. ITH MALIMHBI CIIOCOOHBI OTPaHUYHMBATH YaPHBIA TOK KOPOTKOTO
3ambikanus (K3) npu aBapusix, He OKa3bIBasi HEraTHBHOTO BIIMSIHUS HA DJIEKTPOCETEBOM KOMIUIEKC B HOPMaJIbHOM
pexuMe padotel. OqHaKO, EPEX0] CBEPXIIPOBOAHUKA B PE3UCTHBHOE COCTOSIHUE B MOMEHT TOKOOTPAaHWYEHHUS
MOXET BBI3BAaTh CYLIECTBEHHBIE TEIJIOBBIE MOTOKU, CHOCOOHBIE HAPYIIUTH LIEJIOCTHOCTE 0OMOTOK TpaHchopMa-
Topa. Llenbio paboTh! ABJIsIETCS OOECHeYeHne ONTHMANIBHBIX TexHUueckux xapakrepuctuk BTCII Tpanchopma-
TOpa AJIst AOCTHKEHMS 3 (PEeKTUBHOTO orpaHiyeHus Toka K3 1 npeoTBpalleHus TerioBoro cpriBa ero 00MOTOK.
i mocTrKeHNs IOCTaBIICHHOH 1enu Obuta pazpaborana matemarndeckas mozaens BTCII tpancdopmaropa, pe-
aIlM30BaHHAas B MPOrPaMMHO-BBIUHCIUTENEHOM Kominrekce Matlab/Simulink. Mogens yuuteiBaeT mMaTepuan u
TEOMETPHUIO CBEPXIIPOBOAAIICH JEHTHI, KPUTHUECKUE MTapaMETPhl CBEPXIIPOBOJHHKA (TOK M TEMIIEPaTypy), 0CO-
OEHHOCTH KPHUOTECHHOM JKHIKOCTH, 3aBUCHMOCTH YACIBHBIX COINPOTHBICHHH M TeroeMkocTel cimoe BTCII
JEHTHI OT TeMmmepaTypbl. Hanbonee BaKHBIM PE3yabTaTOM SBISCTCS BO3MOXHOCTb MOJTYYEHHS ONTUMAIbHBIX
JNEKTPUUYECKUX W TEIUIOBBIX HapameTrpoB ooMoTok BTCII TpancdopmaTopa B MoMeHT orpanmdeHus Toka K3, a
TaKxke obecreueHne TeIIOBON yCTOWIMBOCTH CBEPXIIPOBOIAILECH JIGHTHI IIPU IIOTEpe U BO3BpPaTe CBEPXIPOBOIH-
moctH. [IpoBeneHo yncnenHoe moaenuposanue BkimodeHus BTCII tpanchopmaTopa ¢ 3akopodeHHOI BTOpHUHOI
00MOTKOI Ha Anana3zoH HanpspkeHuid ot 40 B 1o 120 B. B pesynbrate paboThl HOMTy4YeHbI OCHHILUIONPAMMbI TOKOB
u temneparyp B BTCII o6MoTkax npu KOPOTKOM 3aMBIKaHUH, C TOCTaTOYHON TOYHOCTHIO OMHUCHIBAIOIINE TEpe-
XoaHbIH nporiecc. [loyyeHHbIe pe3yabTaThl SIBISIOTCS 3HAUUMBIMU IPU IPOSKTHPOBaHUH U AKcIuTyaTaru BTCII
TpaHchopMaTopoB. g r3dpdexTHBHOM 1 Ge30macHOi pabOTH B PeXKIME TOKOOTPaHUICHUS HEOOXOIMMO YIUTHI-
BaTh TEIUIOBBIICJICHHS] HA OOMOTKaX TpaHC(HOPMAaTOpa, YTOOBI CBEPXIIPOBOIHHK YCIIEJI BEPHYTHCS B CBEPXIIPOBO-
JsIIee COCTOSIHNE, HE BBI3BIBASI 3HAUMTENBHBIH ITeperpeB 0OMOTOK.

Knrwouesvie cnosa: BTCII tpanchopmMaTop, BEICOKOTEMIEpATypHAs! CBEPXIPOBOANMOCTD, OIPAaHUUCHHE TOKOB
KOPOTKOTO 3aMBIKaHWs, TEPEeXONHBIA TMpoIecc, MareMaThmdeckoe MogenupoBanue, Matlab/Simulink,
9HEepro3¢eKTUBHOCTD, KUIKUH a30T.

BBEJEHUE CBEpXIIPOBOJAHUKOB B KaueCTBE Marepuana s
0OMOTOK TMO3BOJIIET C COBMECTHTH (DYHKIHIO
orpanuueHuss TokoB K3 wu TpaHcdopmaimio
HanpspkeHust B ogHoM  ycTpoiictee - BTCII
TpaHcgopmaTope. TokoorpannuuBaroas
byHKIUS CHIDKaeT TEMIIEPATypHOE u
JIEKTPOJMHAMUYECKOE Bo3JelicTBue Toka K3
HETIOCPEACTBEHHO Ha TpaHcopMaTop, dYTO

Pa3ButHe  37EKTPOCETEBOTO  KOMILIEKCA,
00yCIIOBJIIEHHOE MOCTOSHHO PACTYIINM CIIPOCOM
Ha BJIEKTPO3HEPTHIO, MPHUBOAUT K IOBBILICHHUIO
0’KHJaeMbIX YpoBHeN TokoB K3 B anekTpudeckux
ceTsx kiaccoB HampspkeHuit 35 — 220 xB. B
OymymieM ypoBHU pacdeTHbIX TOokoB K3 moryt

IPEBBICUTh  MPEICIbHYIO OTKITFOYAOIILYO

TOBOPHUT O TIOJb3e MPUMEHEHUs 3Toro d¢dexra
CIIOCOOHOCTH KOMMYTaIlMOHHOTO

HEMOCPEJICTBCHHO B JTHX  AJIEKTPUYECKHX
ANIEKTPOOOOPYIOBAHHS, YTO MOXET MPHUBECTH K

marmmHax [6-9].
pa3pyLIeHHIO 00OMOTOK reHepaTopoB, .

CremyeT OTMETHTh OTPOMHBIH  HHTEpeC

TpaHchopmMaTopos, CHHXPOHHBIX

Hay4HOro  coolmecTBa K  pa3paboTke |
uccnenoannto BTCII tpanchopmaTopos. beimu
pa3paboTaHbl KaK MMHTALOHHbIE
MaTeMaTHYeCKHe MOJENH, TaKk U (U3UUECKue
nporoturiel  BTCIT  tpanchopmatopoB B
nuana3zone MomHoctel ot 8 mo 5000 kBA [10-
14]. B paborax [15-17] nmpoBeneHo ucciiesoBaHme
npuposel oreps B BTCII tpancdopmaropax u
Ka0ensix Ha T[EPEeMEHHOM TOKE METOJIOM

KOMIIGHCATOPOB M JPYTUX  DIIEKTPUIECKUX
MamuH. 3a TOCleqHee AECATUICTHE YYEHBIMH
BEAYIIUX MHUPOBBIX HHCTUTYTOB CO3JAIOTCS
CBEPXIIPOBOJISIIIHE TOKOOTPaHUYUTEIH
CJIEZIYIONINX BUJIOB: PE3UCTUBHBIC, HHIYKTHBHBIC
(TpanchopMaTOpHOTO THUIA, BRITPAMUTEIBHBIN 1
T.1.) [1-5]. Onnako, npolecc orpaHUueHHUs TOKa
NPOUCXOJMT ONaro/iapsi yHUKAIBHOMY CBOHCTBY

BBICOKOTEMIIEPATYPHBIX CBEPXIPOBOJIHUKOB
KOHEYHBIX JJIeMeHTOB. PaspaboTaHbl MoJenH,
CKauKO0OOpa3HO YyBEIMYHMBATH CBOE AaKTHBHOE 9
MO3BOJISIIOIIME OLEHUTh MEPEXOAHBIA MpoIiece
COTIPOTHUBJICHUE pu oTepe

npu BirarodeHun BTCIT Ttpancdhopmaropa [18,

cBepxmnposoaumoctu [1, 2, 5-7]. Ilpumenenwue
PXTPOBOA [ I Tlp 19]. Ogmmako, Hay4HBIM COOOIIECTBOM Majio
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BHUMAaHUS yaensercs HCCIIEI0BAHUIO
AIIEKTPOTEIUIOBBIX TIEPEXOAHBIX TMPOIECCOB U
BPEMEHH BO3BpaTa CBEPXIPOBOIUMOCTH IOCIIE
orpanndeHus Toka K3.

B  HacTtosme#t  paboTe  mpencraBieHa
aeKTpoTepMuIecKas Moaens moreaeamnss BTCII
00MoTOK B MOMeHT K3, mo3Bouisironias agekBaTHO
MOJEIUPOBATh AIIEKTPOMArHUTHBIN M TETIOBOM
MePEXOAHBIN nporecc npu norepe
CBEPXITPOBOIUMOCTH. Mopnenp  TO3BOJSET
BBISIBUTH OCHOBHBIE KPUTEPUU U TPeOOBAaHUS K
oomorkam BTCII tpanchopmaTtopoB ¢ ydeTom
KPUTHYECKAX W TEOMETPUYECKHX MapaMeTpOB
CBEpXIIPOBOJIHMKA, TIAPaMETPOB  KPHUOTECHHON
KUIAKOCTH u YCIIOBUI BO3Bpara
CBEPXITPOBOJIAIIETO COCTOSHUSI OOMOTOK ITOCIIE
ycrpanenus K3.

MATEMATHYECKASA MOJEJIb
OJHOPA3ZHOI'O
BBICOKOTEMIIEPATYPHOI'O
CBEPXITPOBOJALIEIO
TPAHC®OPMTOPA

YroOsr YCIICLIHO BHEIPUTH BTCII
TpaHChOPMATOPBl B DJIEKTPUYECKYIO  CETh,
HEOOXOMM CIIO0CO0 yIOOHOTO IPOTHO3UPOBAHUS
TOKOOTPAaHUYMBAIOIIMX  XapakTepucTuk. Ha
MOBEJICHUE  CBEPXMPOBOISIINX  OOMOTOK B
MoMeHT K3 Biusier psin mapamMeTpoB, TakuX Kak
NIOJITHOE  COINPOTHBJICHUE CMEKHOH  JIMHUM
3JIEKTpOIIepeIayuu, CONPOTUBJIEHUE K3,
nponorkutensHocTh K3. KitoueBbiM MOMEHTOM,
apisiercs nosenenne BTCII o6mMoTku npu notepe
CBEPXITPOBOAUMOCTH (TIPY MPEBBIIIEHUN OJHOTO
M3  KPUTMYECKHMX  TapaMeTpoB) H  ee
OecIpernsITCTBEHHOM BO3BpaTe M0CJIe YCTPaHEHUs
aBapyu.

Jng  mocTpoeHuss  aJeKBaTHOW  MOJENH
nmoseneuuss BTCII  oOMOTOK  HEOOXOIUMO
YUUTHIBATh CIIOHCTYIO CTPYKTYpY
CBEPXIPOBOIHHUKA. B MOJENHU Oyzer
paccMaTpuBarthcsi TpanchopMaTop ¢ 0OMOTKaMHU
n3 YBaCusO7; (YBCO). Crpykrypa BTCII
JIEHTBl  BTOPOTO  IIOKOJIEHWsS]  IPOM3BOJACTBA
kommaanu «SuperOx» mpencraBiieHa Ha puc. 4

[20, 21].

Mo Hayana nepexoIHOro mpoiecca TOK TeUeT
o CBEPXIPOBOTHHUKY c HYJICBBIM
conpotuBnenneM (puc. 2a). Ilocne nagama K3
BeJanunHa Toka, Tekymero mo BTCII oomoTtkam,

NPEBBIIACT KPUTHYCCKYIO BEIMYMHY  TOKa

CB . i1TO BBI3BIBACT IIOTEPIO
L2 Appendix 1 p

CB u CKauK000pa3Hoe

IMMOBBIIICHUEC AKTUBHOTI'O CONPOTUBJICHUS. B stot

MOMEHT aBapUIHBIA TOK MPOTEKaeT cpaszy IIo
BceM ciiosim BTCII nmpoBopa (puc. 20).

YBCO

Buffer layer

Hastelloy C-276

Puc.l. Crpykrypa BTCII neHT BTOpOTO
NOKoJIeHus KoMIanun «SuperOx».’

Rurs

o

Rcu

a) b)

Puc.2. Cxema 3amemennss BTCII nposoga.?

OTtMmeTnMm, qTO0 st KOPPEKTHOTO
nccaenoBauna TerioBoro mnoseneHuss BTCII
O6MOTOK CTOUT quTBIBaTB 3aBUCUMOCTHU

AKTUBHBIX CONPOTUBIICHUH HECBEPXIPOBOISIINX
cioeB BTCII neHThI OT TeMnepaTyphl:

1
Rus (M =717 @
+ + +
Rcu (r) Rag (T) Rbuf (T) Rhast (r)
rne T — rtemnepatypa BTCII nents, R, —

AKTUBHOC COIIPOTUBJICHUEC MCIU, Rag — aKTHUBHOC

conpoTHBlIeHHE cepedpa, R aKTUBHOE

COMpOTHBJICHHE Oy(epHOro
aKTHUBHOE COMPOTUBIICHUE XaCTEIUION.
Axtunoe comnporusienue BTCII mposoga

MOXXHO OLICHUTDH 10 BOHLT-aMHepHOﬁ

cmos, Ry
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XapakTepucTHKe  cBepxmnpoBogHuka YBCO,

HCIIOJIb30BAaHHOTO B MOJIeH (pHc. 3).

204

15

10+

Voltage, pVv

pirienb it it o L
0 15 30 45 60 75 90

Current, A

Puc.3. BoabT-aMnepHasi XapakTepucTuka
cBepxnpoBoannka YBCO.2

ATNnIpoKCUMUPYS BOJIBT-aMIICPHYIO
XapaKTePUCTUKY, MOXHO C  JOCTaTOYHOMH
CTCIICHBKO TOYHOCTHU BBIPA3UTH HeJIMHEHHOoe
conpotusneHue BTCII neHTsl, B 3aBUCUMOCTH OT
TOKa, TMPOTEKAIOLIEro IO CBEPXIPOBOJHUKY U
TEMIICPATYPLI JICHTHI. B kauecTtBe J0MYyIICHUA
npumeM ogHopoAHOCTh cBoicTB BTCII nenTsl Ha
BCeil 00MOTKe.

! J| @)

E
Riyrs (1,T) :TOLI M
K

rae | — Tok nporekatomuii mo oomotke, Iy (T) —

KpI/ITI/I‘ICCKI/Iﬁ TOK
3aBUCUMOCTHU oT

CBEPXNPOBOJIHUKA B
Temmeparypel; E; —
HANPSKEHHOCTh JJIEKTPUYECKOro MO, N —
CTETIEeHb BOJIbTAMIIEPHOH ~ XapaKTEPHCTHUKH,
3aBucuT oT napamerpoB BTCII nentsr; | — yinna
BTCII nentsl B 0OMOTKE.

Kputnueckuii Tox cBepxmpoBonuHuka | (T)

HaWeM U3 BEIPKCHHUS, TOAPOOHO OTIICAHHOTO B
[22]:

_ lko l
he(M) = 0,1848|n[93j’ @)

rae |y, — KpUTHYECKUH TOK IIpU TeMiiepaType 77

K 3 Appendix 1 vapucut oT TtHma BTCII
g PUYECKUX NapaMeTPOB.

OKBHBAJICHTHOE AaKTUBHOE COMPOTUBJICHUE
BTCII o0oOMOTKHM i CBEPXIPOBOJIAIICTO U
PE3UCTUBHOTO COCTOSIHUS MIPEACTABUM
CJIEAYIOLIKUM BBIPAKEHUEM:

_ Rus (M) Rirs (1,T)
Re(lT)= Rus (T) + Ryrs (1,T) . @

Jnsa amamm3a Bpemenm Bo3Bpata BTCII
0o0MOTKH TpaHc(hOpMaTopa B CBEPXIIPOBOJIIICE
cocrosiHMe Tocne yctpaneHus K3 HeoOxoawmo
YUHUTBIBATH TEIVIOBOK MPOLIECC, TPOUCXOIAIIUHN B
BTCII mpoBoge. [IpuanMas gaTo TemmnepaTypa 1mo
Bceil anuHe OOMOTKM paBHOMEpHA, Haiaem
KOJMYECTBO  TEIUIOTHI, BBIIEJSIOIIEECS  Ha
00MOTKE BO BpeMsi IIEPEXOAHOTO Mpoliecca:

t
Q(I,T) =j|2RE(|,T)dt . (5)
0

CocTaBUM ypaBHEHHE TEIUIOBOTO OalaHca,
KOTOpPO€  IO3BOJISIET  OLUEHUTh  U3MCHEHHE
TeMIeparypel OOMOTKH TIpH  TEPEXOJHOM
npoiecce, B 3aBUCUMOCTH OT  TOKa
MPOTEKAIOUIETO 0 OOMOTKE TOKA U BPEMEHH:

dT _Q(I.T) - Aq(AT)

dt Cs(T) ’ (©)

rue Q(1,T) —  KOJIMYECTBO
BBIZICIIAIONICECS] Ha OOMOTKe, A — IUIOIIAdb

nosepxnocty BTCII nentsr, Cy(T) — obmas
BTCIT oomotkm, Q(AT) -
IUIOTHOCTB TEIIOBOTO ITOTOKA B 3aBUCHMOCTH OT
pasHocTH Temiieparyp (puc. 4).

CToOUT TOSICHUTh, 4YTO HCIOJb3yeMas B
ypaBHeHUU (6) BEIMYWHA TEIUIOBOTO MOTOKA (|

TEIUIOTEHI,

TCIIJIIOEMKOCTD

3aBUCUT OT Ppa3HULBl TEMIEpaTyp MEXAy
noBepxHocThio BTCII nenTs! 1 oxaxkaaromei ee
KHIKUM a30TOM (puc. 4).

[Ipu CYIIECTBEHHOM MOBBIILIEHUH
temriepatypsl 0omMoTkH (ipu AT>30 K) pexum
OXJXKJCHUsI TepeiieT B CTagui0 IJICHOYHOTO
KHIIEHUS JKUAKOTO a30Ta, KOTOpas BBI3OBET
HeaPPEKTUBHOE OXJIQXKJICHHE 00OMOTKH.
PaccMoTpeHHBIN peXMM BBI3OBET JAalbHEIIEE
noBeiierne Temmeparypsl BTCII nentsi, yro
MOJKET NMPHUBECTH K TEPMUYECKOMY pa3pyLICHUIO
00OMOTKH.

[TosTOoMy BO M30exaHue HapylleHHs pabOTHI
BTCII tpancdopmaTopa pu OrpaHUYEHIH TOKA
K3 cmemyer He  momyckarth — OOJBLIMX
TEIUIOBBIIETICHUH, CIOCOOHBIX NeperpeThb
0OMOTKH CBBIIIIE TEMIIEPATYPHI KPU3UCa KUITEHUS
xuaKoro azora ~ 107 K [23-25].
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15 . . . .
- Bubble boiling mode
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Puc. 4. 3aBUCHMOCTH IVIOTHOCTH TEMJIOBOTO MOTOKA 0T Pa3HOCTH Temmeparyp.”

Jns  aHanm3a  IEpPEeXOAHBIX  INIPOLIECCOB
COCTaBUM CXEMy 3aMEIICHHs MOJCIHPYEMOTO
BTCII TpanchopmaTopa ¢  3aKOpOYECHHOU
BTOPUYHOI 00OMOTKOI1 (purc 5.).

R1 R31

Puc. 5. Cxema 3amMenieHHs1 MOJEJHPYEMOT0
BTCII Tpancopmaropa.’

CornacHo
Tpancdopmaropa,
nmud dhepeHnranbHbIe

cxeme 3aMeIICHHS

COCTaBUM
YpaBHEHHUS,  KOTOpHIE
MIO3BOJIAT omnucarb 3JIEKTPOMArHUTHBIN
MEepexXoaHBId  Mpolecc.  3a  JOMyLIEHUs
MPUHUMAETCS] OTCYTCTBHE NMOTEPh U HACHIIIEHUS

B MarHUTONPOBO/IE TpaHchopmaropa.

U, sin(et + ) - Li%+i1(RE1(i,T)+
t . (7)

di
+R)+M =2
1) it

di

. ) di
0= de—t2+|2(REz(|,T)+R2)+M d—tl, 8)

rre L, L, — HMHIYKTMBHOCTH MEPBUYHOU U
BropuuyHoii oomotok BTCII Tpanchopmaropa;

Il, |2 — TOKM B TINICPBUYHOU U BTOPUYIHOU

45 Appendix 1

obMoTkax; M — B3aWMHas HMHIYKTUBHOCTD
oomorok BTCII tpancpopmaropa; R, R, —
AKTHUBHBIC COIIPOTHUBJICHUA TOKOBBOJ0OB u
OTXOJAAIIMX OT HUX BHEIIHMX wLemei; U, -

aMILTUTYTHOE 3HAYCHUE MUTAIOIIETO
HanpsHKEeHUsl; @ — LUKIMYecKas 4acToTa; Ry,
REZ — DKBHMBAJCHTHOE HEIWHEHMHOE aKTHUBHOE
CONIPOTHUBIICHUE 00MOTOK BTCII
Tpa"cdopmaropa.

YUCJIIEHHOE MOJAEJINPOBAHUE
SJEKTPOMATHUTHBIX U TEIIJIOBBIX
NEPEXOJHBIX MTPOLUECCOB B
OJHO®PA3ZHOM BTCII
TPAHC®OPMATOPE U OBCYKIEHUE

PE3YJIBTATOB
MO/JICJIUPOBAHHUS SIBIISIETCS
SKCIEPUMEHTAJIbHAA ~ MOZETb

BTCII TpaHchopmaropa
kKBA ¢ 3akopodeHHOUH

OOBEKTOM
paspaboTaHHas
omHO(a3HOTO

MOIIHOCTBIO 2,5

BTOPUYHON 00MOTKO# (pHc. 6).

Puc. 6. Onnodazusiii BTCII Tpancdopmarop n
ero ooMoTKn.°
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YucneHHoe pelieHre MPEeACTaBICHHON BhIIIe
mMarematuueckoir momenu (ypaBaenus (1-8))
OBLIO pean3oBaHo B MIPOrPaMMHO-
BBIUMCIIMTEIBPHOM KoMIuiekce Matlab/Simulink
(puc. 7). OcHOBHBIE TapaMeTPBl OOMOTOK
MOJICTUPYEMOTO TpaHchopmaTopa
npencrarieHsl B Tabmune 1. Ha puc. 8 u puc. 9
npejcTaBiIeHa 3aBHCHMOCTD YIEITBHOTO
AKTUBHOTO COMPOTHUBIICHHUS M TETUIOEMKOCTH OT
temnepatypsl Juig Kaxaoro ciost BTCII neHTsr.

T_Scope

RE.HT51

T

Jlnst aHanM3a AIIEKTPOTEIUIOBOTO TMOBEICHUS
BTCII o0OMoOTOK OBLI CMOACTHPOBAH PSA
JKCIIEpUMEHTOB ¢ BKimoueHmeM  BTCII
TpaHncopmaropa C 3aKOPOUYCHHOW OOMOTKOM
Hu3koro Hampsbkeauss HH  (tpamcdopmarop
moamkarormuii, 100/50 B) ©Ha mnwuraromee
HampsbKeHue ceTu B auanazone ot 20 mo 120 B
(puc. 10-13).

il
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E!fJ @ s ‘ L Ry
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+

~U

=]

V_measurement 1 geqpe 1

V_measurement_3

|_Scope
RE.HTSZ
r Tz]
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Puc. 7. Mogeas BTCII Tpancpopmaropa npu K3 B Matlab/Simulink.’
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Puc. 8. 3aBHCHMOCTE y/IEJILHOTO CONPOTHBJIEHUS] METAJLIOB OT TemImepaTypbi.8

678 Appendix 1



PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

700
»#Cu —kAg
600

Ln
=
=

Specific heat, J/kg*K
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Puc. 9. 3aBUCHMOCTH y/IeJIbHOIi TEILI0EMKOCTH METALIOB OT TeMneparyphl.’

Ta6muma 11°.

[TapameTpbl 00MOTOK OmnbITHOTO 00pa3ua oanodaznoro BTCII TpanchopmaTopa MOITHOCTEIO
2,5 kBA

ITapameTtp (Parameter)

[lepBuunas oOMOTKa Bropuunas o6mMoTka
(Primary winding) (Secondary winding)

Marepuan BTCII nentsr (HTS tape
material)

Y1Ba,Cusz0O7

Iupuna BTCII nentsr (HTS tape width),
mm

4

Kpurtnueckas temneparypa sientsl (Critical
temperature of tape), K

93

I[Mpenen npounoctw sieHts (Tensile strength
of tape), MPa

500

Kpurnueckuii ok nentsr (Critical current),
A

80

IloxazaTens cTeneHn BOJIBT-aMHepHOfI
xapakrepuctuku (Current-voltage
characteristic exponent)

15

Pabouas Temneparypa (Operating
temperature), K

77

Jmaa BTCIT nenter YBCO (HTS tape
length), m

16,5 8,1

Hamnpspxenne (Voltage), V

100 50

HowmunaneHslii Tok (Rated current), A

25 50

Yucno sutkos (Number of turns)

46 23

Wupykrusaocts (Inductance), uH

162,09 34,4

Beicora oomoTok (Winding height), mm

210 135

Juamerp oomorok (Winding diameter), mm

130 110

W3omsiums (Insulation)

Kanron (Kapton)

Iwanexrprueckas cpeaa (Dielectric
medium)

YKunkwuii azor (Liquid nitrogen)
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Puc. 12. Toku B BTCII 06MoTKaX Npu NuTaoIeM Hanpsikenun 120 B
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250 T T
--==HV winding temperature

L 200 —LV winding temperature
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Puc. 13. Temneparypa BTCII 06M0TOK npu nuTaromem Hanpsikennd 120 B.%°

dopmMa KpHBBIX TOKa TMpH Mojade Ha
tpanchopmarop 40 B (puc. 10) u 120 B (puc. 12)
CBHJICTEJILCTBYET 00 YCICIIHOM OrpaHHYCHUH
Toka B MoMeHT K3 u xopomio koppenupyercs ¢
pe3yinbTaTaMd JApPYrux aBTopoB [26, 27] wu
MMPOBCACHHBIMU HATYPHBIMU 3SKCIICPHUMCEHTAMU
aBTOpaMM HACTOSIIEH pabOThl. AHATH3UPYS
TEeMIIEPaTYPHYIO 3aBUCHMOCTb, OTMETHM 4YTO B
nepBoM ciydae (puc. 11) B obmorke BH

HaOJromaeTcss  HE3HAYMTENbHOE  M3MCHEHHE
TeMIepaTrypel, Torma kak B oOmorke HH
MPOUCXOIUT TEeIUIoBast CTaOMIIM3aHs
(oxnaxkeHue MpoBoOJa TIPOUCXOTUT

3}dexTHBHO, TaK Kak CHCTEMa OXJIAKICHUS
HAaXOAMUTCS B PEXKHUME ITy3bIPHKOBOTO KHIICHUS
JKUJIKOTO a30Ta), KOTopas sBiseTcsi 6e3omacHon
1t BTCIT o6MoTku. OHAKO BO BTOPOM CiTydae
(puc. 13) nHaOmromaeTcsi TEIUIOBOW CpPBIB, YTO
4acTo IMPHBOJAUT K HEOOpPaTUMOMY TeperpeBy
MPOBOJIA U €T0 JaJbHEHIIIEMY MTOBPEXKICHHIO.

300

s omeHKH BO3BpaTa CBEPXIPOBOAMMOCTH
0OMOTKH OBIIT CMOJIEIIMPOBAH IKCIEPUMEHT, TIPU
koTopoMm BTCII tpanchopmartop BKiIrOUaeTcs Ha
nutaromee Hampspkenue 120 B B pexume
xonoctoro xoaa u vepe3 0.05 ¢ npoucxogut K3

Ha  BropmuHoH oOmotrke HH, koTopoe
oTtkmouaetcst uepe3 0.1 c. IlomyueHHsle
OCIIJUIOTPAMMBl ~ TOKOB W TeMIlepaTtyp B

obmoTkax (puc. 14, 15) cBUAETEIBCTBYIOT, UTO B
MoMmeHT K3 mpoucxoautr pe3koe MOBBIIIEHHE
TEeMIIepaTypel, KOTOPOE  MOXET  BBI3BATh
TEIUIOBOM CPBIB M TEPMHUYECKOE IOBPEXKICHUE
0OMOTOK.

Kak mokazan 3SKCHEpUMEHT, NpH ObICTPOM
otkmoyeHnn K3, 00MOTKH CIOCOOHBI BEpHYThCS
B CBEPXIIPOBOJSIIEE COCTOSHUE JOCTAaTOYHO
ObIcTpo (MeHbIIe | ceK), He BBI3bIBAsI TEIIOBOM
CPbIB M  HPUHYAWUTEIBHOE  OTKIIIOYEHHUE
TpaHcdopmaropa.

100

RANARD

Current, A

2300 | | | | | |

HV winding current
—LV winding current

0.5 06

0.7
Time, s

0.8 09 l

Pucynox 14. Toku B BTCII o6moTkax npu ork/arodennd K3 npu nuraromem nanpsixenun 120 B.1
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Pucynok 15. Temneparypa BTCII o6mMoTok npu orkiodenun K3 npu nuraromem nanpsixenun 120 B.Y

Hns  crabwmmzammm ~ paborsr BTCII
tparcopmaropa B momeHT K3 mpemmaraercs
ucnionb3oBanne BTCII 7nent ¢ Goibinm
CEYEeHHEM M KPUTHIECKHM TOKOM B oOMoTke HH,
TaK Kak IO pe3yJbTaTaM SKCIEPUMEHTOB BHIHO,
YTO I'JIaBHYIO POJIb B OTPaHWYCHHUMN TOKAa HUIpacT
umenHo oomorka HH. Ceromus BTCII nentb
W3rOTaBIUBAIOT IUPUHON 12 MM, C KpUTUYECKUM
tokoM 500-600 A. Hcnonp3oBaHHE 3THUX JIEHT
IIO3BOJIUT CYIIECTBCHHO IIOBBICUTH
TOKOOTpaHW4YnBaIyr0 cnocobnocts BTCII
Tparc(opmaTopa 1 TEIUIOBOM 3armac ero 0OMOTOK.

3AKJTIOYEHHUE
Pazpaborana marematuuaeckas monens BTCII
Tparcdopmaropa, [TO3BOJISAIOIIAs OLIEHUTH

MEePEXOAHbIE AJIEKTPOMArHUTHBI M TEIJIOBOM
npoiiecchl B ero oomotkax npu K3. IIposeneno
4yuclIeHHOe MojenupoBanue BkitoueHus BTCII
TpaHchopMaTopa C 3aKOPOYEHHOHW BTOPHYHOMN
00MOTKOW Ha auama3oH HampspkeHwmit ot 40 mo
120 B. Ilomy4yeHHble OCHMIUIOIPAMMBI TOKA
nokaszpiBatoT, uro BTCII  Tpancdopmarop
crocoOeH 3¢ (eKTUBHO orpaHuurMBaTh TOK K3.
OpHaKko, TEIUIOBBIJIEIICHUS, BOZHHUKAIOIINE IPU
TOKOOTpaHUYEHUH, CIIOCOOHBI BEI3BaTh
3HAYUTEIIbHBIN IIEPErpeB 0OMOTOK, YTO MPUBEACT

K TCIUIOBOMY CpBIBY CBEPXIIPOBOAHHMKA U
ﬂaﬂbHeﬁLHeMy IIPCBLIILICHUTO TEMIICPATYPhbI
Kpusuca KHUIICHUA KHUJIKOTO asora.

PaccMOTpeHHBIM peXuM MOXKET IPUBECTH K
TEPMHUYECKOMY MOBPEXKACHHIO OOMOTOK M HX
HEBO3BpPAaTy B CBEPXIPOBOJSIIEE COCTOSHHE.
IloaTomMy cnegyeT MOBBIIIATE TEPMUYECKYIO
CTOHKOCTh OOMOTOK TpaHcopMmaTopa myTeMm
ucniosib3oBanuss  BTCII nentr ¢ Goipwinm
ceueHHeM U OOJIbIINM KPHTHYECKUM TOKOM BO
BTOpUYHONH  oOMoTKe. Takke  BO3MOXKHO

7 Appendix 1
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nokpeitue BTCII  neHT  [ONMOJHUTEIBHBIM
MaTepHaJIOM-CONPOTUBICHUEM.

PaspaboranHas  Mojelb  MOXET  OBITh
ucronb3oBaHa npu npoexktupoBaHuun BTCII
TpaHchopMaTopoB Uist OTIpeIeIICHUS
ONTUMAJILHBIX T€OMETPHUUECKUX MapaMeTPOB €ro
obmorok. Tarkke MOJeNnb TMO3BOJSET OICHUTH
BpemMa  Bo3Bpara BTCII  mpoBoma B
CBEPXIIPOBO/IAIIEE COCTOSHHE ITOCIIE YCTPaHEHUs
K3. Yucnennsle sKCrepUMEHTH MOKa3ald, YTO
CleyeT TPOEKTHPOBaTh OOMOTKM  TaKUM
o0Opa3om, 4TOOBI 3a Bpemsi OECTOKOBOHM May3bl
(Hampumep, BO BpeMsi JEHCTBUS
ABTOMAaTHYECKOIO  MOBTOPHOI'O  BKIIIOYECHHS)
BTCII mpoBoxm  ycmeBan  BEpHYTbCA B
CBEPXIMPOBOJSAIIECE COCTOSHUE, HE BBI3BIBAS
TEIIOBOH CPBIB OOMOTOK.

APPENDIX 1 (IPUJIOKEHHUE 1)
Fig. 1. Structure of the second-generation HTS tapes
by «SuperOx» company
2Fig. 2. Equivalent circuit of HTS wire
3Fig. 3. Current-voltage curve of YBCO superconduc-
tor
“4Fig. 4. Dependence of heat flux density on tempera-
ture
SFig. 5. Equivalent circuit of a simulated HTS trans-
former
®Fig. 6. Single-phase HTS transformer and its wind-
ings
"Fig. 7. Matlab/Simulink model of HTS transformer
during short circuit
8Fig. 8. The dependence of the specific resistance of
metals on temperature
%Fig. 9. The dependence of the specific heat capacity
of metals on temperature
10.11Table 1. Parameters of the windings of a single-
phase HTS transformer prototype with a rated power
of 2.5 kVA
12Fjg. 10. Currents in HTS windings at a supply volt-
age of 40 V
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18Fig. 11. Temperature of HTS windings at a supply
voltage of 40 V

4Fig. 12. Currents in HTS windings at a supply volt-
age of 120 V

5Fig. 13. Temperature of HTS windings at a supply
voltage of 40 V

16Fig. 14. Currents in HTS windings when a short cir-
cuit is switched off, supply voltage is 120 V

1"Fig. 15. Temperature of HTS windings when a short
circuit is switched off, supply voltage is 120 V

Jlutreparypa (References)

[1] Moyzykh M., Gorbunova D., Ustyuzhanin P.,
Sotnikov D., Baburin K. First Russian 220 kV
Superconducting Fault Current Limiter (SFCL)
For Application in City Grid. IEEE Transactions
on Applied Superconductivity, 2021, vol. 31, no.
5, pp. 1-7, Art no. 5601707

Chen X., Gou H., Chen Y., Jiang C., Zhang M.,
Pang Z., Shen B. Superconducting fault current
limiter (SFCL) for a power electronic circuit:
experiment and numerical modelling.
Superconductor Science and Technology, 2022,
vol. 35, no. 4, Art no. 045010.

Koziel J., Gnat D., Majka M., Turgynbekov Y.
The latest superconducting short current limiters -
review of selected solutions.  Przeglgd
Elektrotechniczny, 2022 vol. 98, no. 2, pp. 156-
159.

Fisher L.M., Alferov D.F., Akhmetgareev M.R.,
Budovskii A.l., Evsin D.V., Voloshin LF.,
Kalinov A.V. Superconducting fault current
limiter for railway transport. Physics of Atomic
Nuclei, 2015, vol. 78, no. 14, pp. 1654-1657.

Ruiz H.S., Zhang X., Coombs T.A. Resistive-type
superconducting fault current limiters: concepts,
materials, and numerical modeling. IEEE
transactions on applied superconductivity, 2015,
vol. 25, no. 3, pp. 1-5.

Berger A., Noe M., Kudymow A. Test results of
60 kVA current limiting transformer with full
recovery under load. IEEE transactions on
applied superconductivity, 2011, vol. 21, no. 3, pp.
1384-1387.

Kondratowicz-Kucewicz B., Wojtasiewicz G. The
Proposal of a Transformer Model With Winding
Made of Parallel 2G HTS Tapes With
Transpositioners and its Contact Cooling System.
IEEE Transactions Applied Superconductivity,
2018, vol. 28, no. 4., Art. no. 5500405.

Moradnouri A., Ardeshiri A., Vakilian M.,
Hekmati A., Fardmanesh M. Survey on High-
Temperature  Superconducting ~ Transformer
Windings Design. Journal of Superconductivity
and Novel Magnetism, 2020, vol. 33, no. 9, pp.
2581-2599.

Hellmann S., Abplanalp M., Elschner S., Noe M.
Current Limitation Experiments on a 1 MVA-
Class  Superconducting  Current  Limiting

(2]

(3]

[4]

(5]

[6]

[7]

(8]

(9]

11

Transformer. IEEE Transactions on Applied
Superconductivity, 2019, vol. 29, no. 5, pp. 1-7,
Art. no. 5501706.

[10]Dai S., Ma T., Qiu Q., Zhu Z., Teng Y., Hu L.
Development of a 1250-kVA Superconducting
Transformer and Its Demonstration at the
Superconducting Substation. IEEE Transactions
on Applied Superconductivity, 2017, vol. 26, no.
1, pp. 1-7, Art. no. 5500107.

[11]Hellmann S., Abplanalp M., Hofstetter L., Noe M.
Manufacturing of a 1-MVA-Class
superconducting fault current limiting transformer
with recovery-under-load capabilities. |EEE
Transactions on Applied Superconductivity, 2017,
vol. 27, no. 4, pp.1-6, Art. no. 5500305.

[12]Hu D., Li Z., Hong Z., Jin Z. Development of a
single-phase 330kVA HTS transformer using
GdBCO tapes. Physica C: Superconductivity and
its applications, 2017, vol. 539, pp. 8-12.

[13]Liu G., Zhang G., Liu G., Wang H., Jing L.
Experimental and numerical study of high
frequency superconducting air-core transformer.
Superconducting Science Technology,2021, vol.
34, no. 8, Art. no. 85011.

[14] Vysotsky V.S., Fetisov S.S., Zubko V.V., Zanegin
S., Nosov A.A., Ryabov S.M., Bykovsky N.V.
Development and test results of HTS windings for
superconducting transformer with 1 MVA rated
power. IEEE Transactions on Applied
Superconductivity, 2017, vol. 27, no. 4, pp. 1-5.,
Art. no. 5500105.

[15] Shen B., Grilli F., Coombs T. Review of the AC
loss computation for HTS using H formulation.
Superconductor Science and Technology, 2020
vol. 33, no. 3, Art. no. 033002.

[16] Song W., Jiang Z., Zhang X., Staines M., Fang J.,
Sogabe Y., Amemiya N. AC loss simulation in a
HTS 3-Phase 1 MVA transformer using H formu-
lation. Cryogenics, 2018, vol. 94, pp. 14-21.

[17]Grilli F., Ashworth S. Measuring transport AC
losses in YBCO-coated conductor coils. Super-
conductor Science and Technology, 2007, vol. 20,
pp. 794-799.

[18] Surdacki P., Wozniak L. Influence of the HTS
Winding Tape on Limiting the Transient Currents
in  Superconducting Transformers. Energies,
2022, vol. 15., no. 5., pp. 1-16., Art no. 1688.

[19] Nemdili S., Belkhiat S. Electrothermal Modeling
of Coated Conductor for a Resistive Supercon-
ducting Fault-Current Limiter. Journal of Super-
conductivity and Novel Magnetism, 2013, vol. 26,

no. 8., pp. 2713-2720.

[20] Samoilenkov S., Molodyk A., Lee S., Petrykin V.,
Kalitka V., Martynova |, Makarevich A.,
Markelov A., Moyzykh M., Blednov A. Custom-
ised 2G HTS wire for applications. Superconduc-
tor Science and Technology, 2016, vol. 29, pp. 1-
10.


https://ieeexplore.ieee.org/document/8301606/
https://ieeexplore.ieee.org/document/8301606/

PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

[21] Molodyk A., Samoilenkov S., Markelov A., Lee
S., Petrykin V., Gaifullin M., Kesler L., Vasiliev
A. Development and large volume production of
extremely high current density YBa,Cu3;O7 super-
conducting wires for fusion. Scientific Reports,
2021, vol. 11, pp. 1-11., Art. no. 2084.

[22] Lee S., Petrykin V., Molodyk A., Samoilenkov S.,
Kaul A., Vavilov A., Vysotsky V., Fetisov S. De-
velopment and production of second generation
high Tc superconducting tapes at SuperOx and
first tests of model cables. Superconductor Sci-
ence and Technology, 2014, vol. 27, no. 4, Art. no.
044022.

[23] Lei W., Jiaojiao W., Tian Y., Xiaoning H., Fushou
X., Yanzhong L. Film boiling heat transfer predic-
tion of liquid nitrogen from different geometry
heaters. International Journal of Multiphase
Flow, 2020, vol. 129, Art. no. 103294.

[24]1Hu M., Zhou Q.B., Wang X., Tang F.P., Sheng J.,
Bian X.Y., Jin Z.J. Study of Liquid Nitrogen Insu-

Ceenenusi 00 aBpTopax.

MamnycoB Baaum
3uHOBbEBHY

I.T.H., podeccop Kadeaps
«COCII» Hoocubupckuit
rOCyAapCTBEHHbIN
TEXHUYCCKUI YHUBEPCUTET.
Ob6mactpb HAYYIHBIX
HHTEPECOB:  IMPHUMCHCHHE
METOJIOB  MCKYCCTBEHHOTO
HMHTEJUIEKTa TUTS
TUTAHUPOBAHHUS u
ONTUMU3AIIH PeXUMOB
3JIEKTPOIHEPTETHUECKUX
cUcTeM

E-mail:
manusov36@mail.ru

12

lation Characteristics for Superconducting Trans-
formers. IEEE Transactions on Applied Supercon-
ductivity, 2022, vol. 32, no. 4, pp. 1-5, Art. no.
5500305.

[25] Zhou J., Chan W., Schwartz J. Quench Detection
Criteria for YBa,CuzO7.5 Coils Monitored via a
Distributed Temperature Sensor for 77 K Cases.
IEEE Transactions on Applied Superconductivity,
2018, vol. 28, no. 5, Art. no. 4703012.

[26] Elshiekh M., Zhang M., Ravindra H., Chen X.,
Venuturumilli S., Huang X., Schoder K., Steurer
M., Yuan W. Effectiveness of Superconducting
Fault Current Limiting Transformers in Power
Systems. IEEE Transactions on Applied Super-
conductivity, 2018, vol. 28, no. 3, Art. no.
5601607.

[27]Wojtasiewicz G. Fault current limitation by 2G
HTS superconducting transformer - experimental
investigation. Acta Physica Polonica A, 2016, vol.
130, no. 2, pp. 516-520.

HWBanos Amutpuii

MuxaiiioBu4
Acnupant kadeapsr «COCII»
Hosocubupckuit

Iy roCyAapCTBEHHBIN
TEXHUYECKUH YHUBEPCUTET.

- 83

HccnenoBanue u pazpaboTka
BBICOKOTEMIICPATYPHBIX
CBEPXIPOBOAANINX
TpaHc(hopMaTOpOB

E-mail:
mrdemasil23@gmail.com

L=,



mailto:mmanusov36@mail.ru
mailto:mrdemasi123@gmail.com

PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

The Dynamic Sliding Mode Controller with Observer of Coincident
Perturbations and States for Buck Converter of Fuel Cell Source

Darvish Falehi Ali

Department of Electrical Engineering, Shadegan Branch, Islamic Azad University,
Shadegan, Iran

Abstract. Buck converter has been widely used in the DC renewable energy system application. The
Fuel Cell (FC) based DC renewable energy is offered as a high-performance and low-emission power
supply, which replaces conventional DC sources. Its relevant control system has regulated the output
voltage under input voltage and load resistance variations to track the desired reference signal. To con-
trol the current sensorless-based buck converter with matched and mismatched uncertainties, the sys-
tem must be modeled in such a way that by measuring the output voltage, both the inductor current
and system perturbations can be estimated. The purpose of the work is suggestion of a novel dynamic
sliding mode controller (DSMC) based on observer of coincident perturbations and states (CSPO) to
enhance its controllability and tracking performance. The significance of the work lies in low cost and
reduced losses due to the inductor current measurement. Lacking an exact value for inductor current, it
is not possible to estimate and compensate the perturbations caused by parametric uncertainties in the
buck converter. These objectives were achieved by modeling in the canonical form. The canonical
model somehow converts both the matched and mismatched perturbations into the matched perturba-
tion, in which the system states and perturbations can be merely estimated using only an output volt-
age value and a CSPO. The most important results are the fastness and robustness of the DSMC to
control the buck converter and compensate the effect of mismatched uncertainties and nonlinear dis-
turbances and chattering phenomenon.

Keywords: fuel cell, buck converter, canonical model, dynamic sliding mode controller, observer of
coincident perturbations and states.

UDC: 621.039.533.6
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Controlerul modului de alunecare dinamic cu observator al perturbatiilor si stirilor coincidente pentru
convertizorului buck al sursei de celule de combustibil
Darvish Falehi Ali,

Departmentul de Electrotehnica, sectia Shadegan, Universitatea Islamica Azad, Shadegan, Iran.
Rezumat. Energia regenerabila de curent continuu bazata pe celule de combustie (FC) este oferitda ca sursa de
energie de Tnaltd performantd si cu emisii reduse de energie care inlocuieste surse de curent continuu
conventionale. Sistemul sdu de control relevant a reglat tensiunea de iesire sub variatiile tensiunii de intrare si
rezistentei la sarcind pentru a urmari semnalul de referinta dorit. Pentru a controla convertizorul buck fara
senzori de curent cu incertitudini corelate si nepotrivite, sistemul trebuie modelat in asa fel incat, prin masurarea
tensiunii de iesire, sd poatd fi estimate atat curentul inductorului, cat si perturbatiile sistemului. Scopul lucrarii
este propunerea unui nou controler cu mod de alunecare dinamic (DSMC) bazat pe observatorul de perturbare si
starii coincidente (CSPO) pentru a-si imbunatati controlabilitatea si performanta de urmarire. Semnificatia
lucririi consta in costuri reduse si pierderi reduse datorate masurarii curentului inductorului. In lipsa unei valori
exacte pentru curentul inductor, nu este posibil sd se estimeze si sd se compenseze perturbatiile cauzate de
incertitudinile parametrice in convertorul buck. Aceste obiective au fost atinse prin modelare in forma canonica.
Modelul canonic converteste intr-un fel atat perturbatiile potrivite, cat si cele nepotrivite in perturbatie potrivita,
in care stdrile si perturbatiile sistemului pot fi doar estimate folosind doar o valoare a tensiunii de iesire si un
CSPO. Cele mai importante rezultate sunt rezistenta si robustetea DSMC pentru a controla convertorul buck si
pentru a compensa efectul incertitudinilor nepotrivite si al perturbarilor neliniare si al fenomenului de vibratie.
Cuvinte-cheie: celule de combustie, convertorul buck, model canonic, controler al modului de alunecare
dinamic, observator al perturbatiilor si stérilor coincidente.

© Darvish Falehi Ali, 2023
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JuHaMU4YeCKHUil PeryJisiTop CKOJIB3SIIIEro pe;xuMa ¢ HadJroaaresieM COBNAJAI0IMX BO3MYILIEHUH 1
COCTOSIHMIA /1JIs1 MOHM>KAIOIIEro Mpeodpa3oBaTesisi TOIVIMBHOTO 3JIEMEHTA
HJapsum ®danexu Anu
Kadenpa snexrporexnnku, [llaneranckuii pumman, Mcnamckuii yausepcureT Azan, lllageran, Upan

Annomayus. Ioxmwkaronmii mpeoOpa3oBaTenb MHUPOKO UCHONB3YETCSl B CHCTEMaxX BO30OHOBISIEMBIX MCTOYHH-
KOB DHEPI'HHM MOCTOSHHOTO TOKa. B0300HOBIIsIEMast SHEPTHsI IOCTOSTHHOTO TOKA HA OCHOBE TOIUIMBHBIX 3JIEMEH-
toB (T3) mpemnaraercs B Ka4eCTBE BRICOKOIPOM3BOIUTEIHHOTO HCTOYHIKA MITAHAS C HI3KAM YPOBHEM BBIOPO-
COB, KOTOPBIH 3aMEHsIET TPaJUINOHHBIE ICTOYHUKH IOCTOSTHHOTO TOKa. Ero cooTBeTCTBYyIOIMAs CHCTEMA yIIpaB-
JICHUsI PErYJIUPYET BBIXOJHOE HaIpsHKEHUE B COOTBETCTBHUHU C BXOJHBIM HANPSDKEHHEM W M3MEHEHUSIMU COIIPO-
THUBJICHUS! Harpy3KH, YTOOBI OTCJIEKHMBATh JKEJIaeMblil ONOPHBIN curHan. J{is ynpasieHus: 0€31aTYMKOBBIM HO-
HIDKAIOLIMM IIpeo0pa3oBaTeieM TOKA C COIVIACOBAaHHBIMU M HECOTJIACOBAaHHBIMH HEOIPEEICHHOCTIMH CUCTEMA
JIOJDKHA OBITH CMOJICJIMPOBaHa TaKUM 00pa3oM, YTOOBI ITyTEM M3MEPEHHUS BBIXOIHOTO HANPSHKEHUS MOXKHO OBLIO
OLICHNTb, KaK TOK KaTYIIKH WHIYKTHBHOCTH, TaK ¥ CUCTEMHbIE BO3MYIIEHUs. L{enbio paboTh! sSBIIsieTCs] Mpeio-
JKEHHE HOBOTO KOHTpOJUIEpa JTUHAMHYECKOro ckousbssmero pexxuma (DSMC), ocHoBaHHOrO Ha HaOIopaTese
COBIIAIAONINX CcOCTOSTHUN-Bo3MyIneHui (CSPO), ams moBBIMIEHUS €ro YIpaBiIsaeMOoCTH U 3()()EeKTHBHOCTH OT-
CJIC)KMBAHUS. 3HAYUMOCTh pabOTHI 3aKIIOYACTCS B JICHICBU3HE M CHIDKCHHWH IMOTEPh 33 CUET M3MEPEHMS TOKa
MHIYKTOpa. B OTCyTCTBHE TOUYHOTO 3HAUEHHMS TOKA APOCCENs HEBO3MOXKHO OIIEHHTh W KOMIIEHCHPOBATH BO3MY-
IIEHNS, BBI3BAaHHBIC NMapaMETPUYECKHIMH HEOIPEAEICHHOCTAMH B IIOHMXKAIOIIEM IIpeoOpa3oBaTene. JTH IEIH
OBLTH TOCTUTHYTHI ITyTE€M MOZEIHPOBAHUS B KaHOHWYECKOH (popme. KaHoHMYecKast MOAETbh KaKMM-TO 00pa3oM
npeoOpa3yeT Kak COTJIACOBaHHBIC, TAK M HECOTJIACOBAHHBIC BO3MYILCHHS B COTIIACOBAHHBIC BO3MYIICHUS, B KO-
TOPBIX COCTOAHUA CUCTEMBI U BOSMYIICHUA MOKHO IMPOCTO OUCHUTH, UCTIOJIB3Ys TOJIBKO 3HAYCHHUEC BBIXOJAHOI'O
HarpsokeHust 1 CSPO. HanGonee BaXHBIMH pe3ynbTaTaMM SIBJISIOTCS ObIcTpoeiicTBie U HanexxHocTh DSMC
JJIA yTIpaBJICHUSA MMOHWKAIOIUM npeo6pa3OBaTeneM 1 KOMIICHCAIIMU BJIMAHUA HECOTJIACOBAHHBIX HEOIIPEAC/ICH-
HOCTEH, HENTMHEHHBIX BO3MYIIEHU U SIBICHUS pedesra.

Kniouegvie cnosa: TOINTMBHBIN 3JIEMEHT, NMOHIDKAIOLIMN MpeoOpa3oBaTesb, KAHOHUYECKas MOJIeib, AMHAMHYE-
CKHUH PEryJIsiTOp CKONB3AIIET0 PEKUMa, HAOIIOJaTeNNb COBIAJAIONINX IEPEMEHHBIX COCTOSIHUS M BO3MYIIICHUH.

conversion. The main purpose of buck converters
I. INTRODUCTION is to regulate the output voltage by adjusting the
DC power sources have been extensively used in  input voltage and load resistance, and track
various industrial applications, so an interface  different values of the reference voltage. Hence,
device is required to provide a variable output a number of strategies have been proposed to
DC voltage with respect to a constant input DC  regulate the output voltage of buck converters
voltage. The DC-DC converters like an AC  under input voltage and load resistance
transformers can provide the desired DC voltage  variations [7-9]. The stepping-based non-linear
by tuning the duty cycle. Their various control is proposed for buck converter with
applications are commonly based on voltage uncertainty in load resistance [10], the integral
regulator to convert unregulated DC voltage to  sliding surface is proposed in [11] to control the
optimum regulated DC voltage [1]. DC-DC  power supply integrated with buck converter. An
converters have satisfactorily seen positions in  adaptive-neural backstepping control strategy is
electric vehicles, carrying systems, lifting forks  proposed for the buck converter to track the
and some mechanisms like that. They are angular speed of the permanent magnet DC
characterized by precise acceleration control,  motor [12]. In [13], a cascade control structure
high efficiency and fast dynamic response. Other  based on hybrid Sliding mode Control (SMC)
applications of DC-DC converters are in  and PID is proposed to soft start the DC motor.
compensation of reactive power, dynamic  One of the effective control strategies to control
braking of DC motors and optimization of AC  such these systems is sliding mode controller due
power networks [2-4]. There are two advanced  to its robustness against the uncertainties and
DC-DC converter types called two-quadrant and  perturbations [14]. The conventional sliding
four-quadrant. The first type is used in automatic ~ mode controllers are only robust against the
control systems of renewable sources such as  matched uncertainties and perturbations, while
solar cells and wind turbines [5]. The second the uncertainties expressed in the buck converter
type is also used in systems with electric braking ~ are mismatched. Some works have been
of DC motors such as transport systems and  performed to deal with the mismatched
hybrid cars [6]. uncertainty in which the sign function is
Buck converter as an inductor-based switch  considered in the system’s input signal, which
mode converter is used for step-down voltage  causes the chattering phenomenon [15-17].
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Another major sliding mode control problem is
the chattering phenomenon, which has been
alleviated using four common methods:
boundary layer [18], adaptive boundary layer
[19], high-order sliding mode controller [20] and
dynamic sliding mode controller (DSMC) [21].
In the adaptive boundary layer method, the
system immutability is lost. In the high-order
method, the chattering phenomenon is eliminated
by transferring the switching to the high
derivative of the sliding surface in case of
existence of the system model derivative. But
then, high frequency fluctuations and chattering
phenomenon caused by the sign function have
been alleviated in the dynamic method via
considering an integrator before the system. In
paper [22], a chattering elimination method is
proposed for adaptive sliding mode controller in
the form of the multi-input-output systems with
matched and mismatched uncertainties with
assuming the bounded uncertainty derivatives.
Multilevel sliding control is also a robust
approach against the mismatched uncertainties,
whereas it depends on the input derivatives [23].
Other strategies such as the perturbation observer
and inertial delay control have also been
proposed to solve this problem [24]. Likewise, a
robust dynamic surface control is proposed with
an approximation of the sign function avoid the
implementation difficulty of multiple-surface
sliding control [25]

To design the sliding mode controller for buck
converter, all modes are required which can be
worked out by measuring the inductor current.
Shunt resistance is usually used to measure the
current with a current measuring amplifier. The
power losses would be increased in the
converters with high inductor current. Therefore,
this problem creates a great interest to develop
the sensorless control techniques for DC-DC
converters. An adaptive current sensorless
control is proposed for buck converter to
improve the transmit behaviour, controllability,
and fault tolerability [26]. The inductor current
can be estimated by the input current and the
output voltage along with a first-order filter [27].
The common drawback of such these methods is
measuring the all inputs and output voltage
which can be solved by observer of coincident
perturbations and states (CSPO) so that the
inductor current to be estimated to reduce the
costs and losses due to the inductor current
measurement.

Based on the proposed observer, the output
voltage of the buck converter is measured to
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estimate the inductor current. Likewise, the
designed DSMC based on CSPO is robust and
invariant against the mismatched uncertainties
that exist in the buck converter due to the input
voltage and load resistance. As for the dynamic
design of this controller, its chattering-free
feature is proven due to eliminating the sign
function of the sliding mode controller. Lacking
an exact value for inductor current, it is not
possible to estimate and compensate the
perturbations caused by parametric uncertainties
in the buck converter. To solve this problem, this
converter has been essentially modeled in the
canonical form. The canonical model somehow
converts both the matched and mismatched
perturbations into the matched perturbation, in
which the system states and perturbations can be
merely estimated using only an output voltage
value and a CSPO. The simulation results
demonstrate the fastness and robustness of the
DSMC to control the buck converter and
compensate  the effect of mismatched
uncertainties and nonlinear disturbances and
chattering phenomenon.

1. FUEL CELL FEATURES AND FUNCTIONS

FC source actually operates as a battery albeit
oxygen and hydrogen or methane are used as its
fuels, indeed, some important kinds are: Proton
Exchange Membrane Fuel Cell (PEMFC), Solid
Oxide Fuel Cell (SOFC) [28]. The fuels have
been electrolytically attained using a single
system which operates in either electrolyzer state
or fuel cell state [29]. Given the low operating
temperature, high energy density and quick
starting feature, the PEMFC has found
significant attraction among different FC types
[30]. Likewise, it has been being successfully
advanced as a reliable and portable power source
to meet the power demands of various domestic
applications. Analogous response of anode and
cathode in the Membrane Electrode Assembly
(MEA) for can be expressed by [31]:

The anode response: H, — 2H* + 2e

The cathode response: 1/20; + 2H* + 2 —
H.O

MEA can be seen in the single PEMFC
schematic presented in Fig. 1. MEA is
commonly put into two metal platters, which are
mutually correlated to provide a bipolar platter
when cells are stacked for higher voltages.

The FC performance has been practically
distinguished according to the polarization curve,
which depicts the FC output voltage in terms of
the load current. Based on the Tafel equation
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[32], the stack voltage can be presented as
follows:

@)

Vstack :Vopen _Vo_mic —Vactivation—Vconcentraton
Where

Vopen= No.(EO " El): NO[— f

MY gy
ALY Pl e e 2
2F

2F

Vo_mic:Rpc.(i+in): RFC'IdC (3)
RT |
Vactivation= No-zaFInLIdOC] @
|
Veoncenteraion = —cln[l_ IdC] ©)
lim

H,0

Back diffiisior
OH(H,0),

Electro-
. A
% osmotic drag

2
E:

Flow field
Flow field

Anode Cathode
Fig. 1. Schematic of a single conventional PEMFC.

Where, No indicates the number of cells, Vo
indicates the open cell voltage, R is the ideal gas
constant, T is the stack temperature, F is the
Faraday constant, P20, Ph2 and Po2 respectively
are the water, hydrogen and oxygen partial
pressures, Po indicates the reference pressure, a
indicates the charge transfer constant, lqc
represents the stack current, I.im represents the
limited stack current, lo represents the stack total
current density and c is the experimental constant
for concentrate voltage.

The steady-state voltage considering one cell
along with the power in terms of current density
according to Eq. 1 can be attained as presented in
Fig. 2.
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Stack voltage (volts)
Power (p.u.)

Current density (A/cm?)

Fig. 2. Stack voltage along with power in terms of
current density.

I1l. STATE SPACE MODELING OF BUCK
CONVERTER

The main operation and concept of the buck
converter related to the continuous conduction,
output voltage ripple and duty cycle have been
here explained. Then, the state space of the buck
converter is calculated and its controllability and
observability are investigated. The effect of
parametric uncertainties is considered as an
external perturbation for the test system which is
due to the mismatched perturbation.

A. Design and Operation of Buck
Converter

This converter operates like a step-down
transformer that reduces the input DC voltage to
the required output DC voltage. This converter
has been commonly used to regulate the output
voltage of DC power supplies regulator and
speed control of DC motors. The buck converter
structure is presented in in Fig. 3. In this circuit,
iL is the inductor current, Vo is the output voltage
and u is the control input. This converter can
operate in both modes of continuous and
discontinuous conduction modes which are
determined by the inductor current. In the case of
continuous inductor current, the values of the
embedded elements in the converter along with
the duty cycle are designed so that the inductor
current is not zero at discharge period. In the
case of discontinuous inductor current, the

inductor current becomes zero at each discharge
period.

e}

[l

Ll
el

Vo

Fig. 3. Buck converter structure.
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The buck converter’s has been triggered with the
period of Ts, ON-time of ton and OFF-time of tos.
The duty cycle of this converter can be defined

by:
D=ty /T (6)

The average value of the diode voltageVy , can

be calculated by averaging its waveform over a
switching period. The diode voltage in a
switching period with assumption of its ideality
is shown in Fig. 4. The average value of the
diode voltage is also attained by the following
equation.

— 1 (T,
Vy :T—jo Vy (t)dt = DE ©)
S

It is obvious that, the average value of the diode
voltage depends on the duty cycle.

Vb

A

«— DT, —>f« (1-D) T

Y

DT; T, t
Fig. 4. Diode voltage in a switching period.

Buck converter has two operating modes. The
first case is to conduct the switch and flow the
current from the input source as shown in Fig. 5.
Discarding the transient condition of the buck
converter, the inductor voltage is calculated as
follows [33].

V. =E-V, (8)
The inductor currents during ON and OFF times
can be respectively presented as follows:

diy dii E-V,
V=L gy A _ETV 9
LT ° 7 it L ©)
i 1

According to the continuous mode of the
inductor current which is presented in Fig. 5, it
reaches a maximum value with a fixed slope
when the switch is on, and then decreases with a
constant negative slope when the switch is off.
Note that, the initial and final values of the
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current are the same in each period. Thus, the net
change of the inductor current, and consequently
its voltage average in each period is zero. Hence,
the output voltage can be calculated as follows:

E-V,
L

Vo
L

(1-DJT, —>%= D (12)

DT,

Likewise, the maximum and minimum inductor
current as well as the output voltage ripple can
be formulated as follows:

i"ax :%(2“(1— D)RT;) (12)
imn = P& o1 _(1_pRr,) (13)
(14)

Voripple _ RTEVO (l— D)

The output voltage of the buck converter can be
considered as a sum of two terms. That is to say,
the average value of the output voltage V, and

its ripple v 1PPle.

V,o(t) =V, +ViPple (15)

Providing well design of the circuit elements and
correct operation of the circuit, the output
voltage ripple is small and negligible as
compared to its average value, i.e. the output
voltage is approximately equal to the average
value of the output voltage.

Vig

le—— DT, —>ie(1-D)T—>

Fig. 5. Current and voltage of inductor in
continuous mode.

B. State Space Modeling of Buck
Converter
As to the presence of an inductor and a capacitor
in the buck converter circuit, it is second order
differential equation. To calculate its relevant
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equations, the system is evaluated under two
states, i.e. ON and OFF switch conditions. At
first, the switch is considered to be ON. The state
equations related to the inductor current and the
capacitor voltage are presented as follows:

di

Lgr=E-V, (16)
VA 17)
i | R

And second, the switch becomes OFF.

The state equations related to the inductor
current and the capacitor voltage are presented as
follows:

diy

L—=-V, 18

=, (18)

cMo_; Vo 19)
dt R

Substituting the abovementioned equations, the
buck converter state space are obtained as
follows:

dy v, E
dy _ Vo B 20
. L L (20)
W i Vo @
dt C RC

Where, u € {0 1}.

Also, the buck converter equations can be
represented by the following linear state space
equations:

X = Ax+ Bu (22)
Where:
_t 1
el TS B:[E] 23)
L L

Where, the system is both controllable and
observable.

y=Vo (24)

C. Buck Converter Modelling with
Parametric Uncertainties

In fact, there are no exact values for the buck
converter’s components. This difference from

18

the exact values can be due to the piece
fabrication, physical and environmental
conditions. Therefore, these conditions must be
considered to design a robust and accurate
controller.

Assuming the nominal elements’ values are R,
Cn, Ln, and E,, the system model is obtained as

follows.

Vo i Voo (i i Vo V

No 0 Vo [l W) [ Vo Vo (25)
¢ C, R,C, \C C,) \R.C;y RC

di 26
diy _ Vo En (Yo Vo|,(E En) (%®
d L, L, L, L L L,
Where, iy /C, -V, /R,C,and E/Lu-V, /L,

are related to the nominal model of the system
with the determinate values. But,

(i,/C =iy /Cy)+(Vy / R,Cy —V, /RC) and ...
+(V, /Ly =V, /L)+ )+(E/L-E/L,)

due to the difference between the actual value
and the nominal value of the parameters are
indeterminate. Therefore, they are considered as
external disturbances to the system.

N, iV,

—2=—"-0 4
dt C, RC, ° (27)
dl: V—°+5u+d2 (28)
L, L,

Where,

il VARRAVA

di=| ——— 06 __"0

! (c Cn}{RnCn RCJ (29)

(30)

dy=| Yo Vo | [E_En},
L, L)L L,

If the actual values are exactly equal to the
nominal values, the perturbations d; and d.
become zero.

Due to the limited difference between the
nominal values and the actual values of the
parameters, the perturbation values are also
limited. In addition, according to the definitions
of matched and mismatched perturbations, d; and
d> are respectively mismatched and matched
perturbations.

The conventional sliding mode controllers are
only robust against the matched uncertainties and



PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

perturbations, while the uncertainties expressed
in the buck converter are mismatched. Since, one
of the paper aims is to remove the inductor
current sensor. This problem makes the
controller unable to remove the disturbance
effect. Hence, the buck converter’s state space
equations have been represented in the canonical
form to overcome this problem.

D. Buck Converter Modeling in
Canonical Form

The buck converter uncertainties can be
considered as matched and mismatched
disturbances in the system. Due to indeterminate
values of these perturbations, these perturbations
can be estimated using an accurate observer.
Providing existence of the output voltage and the
inductor current, the perturbations can be
estimated. But, the main challenge is related to
the inductor current which is not measured. To
control the current sensorless-based buck
converter with matched and mismatched
uncertainties, the system must be modeled in
such a way that by measuring the output voltage,
both the inductor current and system
perturbations can be estimated. In the canonical
model, state variables are considered in such a
way that the effect of matched and mismatched
perturbations to be appeared in the form of a
matched perturbation. Therefore, the proposed
canonical model of the buck converter can be
presented as follows:

dp =02 (31)

2

=B Eoig) O
LnCn RnCn ann

Hence, both the matched and mismatched

perturbations can be considered as a matched
perturbation. Considering g, as the output of this
model which is the output voltage of the buck
converter, both the g,and d can be estimated.

E. Canonical Coincident State-
Perturbation Observer Design
A CSPO is modeled to estimate the states and
perturbations of the buck converter model. The
equations for this observer are given in as
follows:

Gy =Gy +111(a; —dy) (33)

) ) c ) A
b % - (U+d)+|11(Q1—Q1) (34)
LnCn

+

2 TRC LG

19

A

d =lg3(q —dyp) (35)

In this regard, Gy, Goand d are respectively the
estimation of qq, qpand d . |11, l22 and I3 are the
observer gains. Let consider the estimation error
of each variable byq; =q; —d1, d1 =q; —-Gpand

d=d-d. Hence, the estimation error can be
obtained as follows:

dp =0z — 11201 (36)
= 51 aZ En 7 =~
=- - d-I
2= c TR TLc, tem @)
d =d-l330; (38)
It can be generally represented by:
d = Ad +Byd (39)
Where:
q-=li @ df (40)
~ly; 1 0 (41)
1 1 E
=|- +1 - n
AO (LHCH ZZJ RnCn ann
—la3 0 0
0
B, =|0
1

The characteristic equation of the matrix A, is
given as follows:

$*+ I11+L st + I22+i+ S
RnCn LnCﬂ RnCn
L E (42)
=
LG,

The wvalues of observer gains along with
Ly, 15, and I;;are  determined somehow  the
eigenvalues of the A, matrix to be located at the
left side of the imaginary axis.

IVV. DYNAMIC SLIDING MODE CONTROLLER
BASED ON COINCIDENT STATE-
PERTURBATION OBSERVER

Unlike conventional sliding mode controllers,
the dynamical sliding mode controller engages
an integrator in the control law to diminish the
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effect of the chattering phenomenon. This
control method can give different characteristics
to the control structure by selecting different
sliding surfaces. The uncertainties in the buck
converter can be considered as matched and
mismatched perturbations in the system. Since
these perturbations are not determinate, they
must be estimated using an accurate observer.
Given that both the output voltage and the
inductor current are measured in the existing
system, it is easy to estimate these perturbations
using observers. But, the main challenge is
related to the inductor current which is not
measured. To control the current sensorless-
based buck converter with matched and
mismatched uncertainties, the system must be
modeled in such a way that by measuring the
output voltage, both the inductor current and
system  perturbations can be estimated.
Therefore, the canonical model of the buck
converter is provided in in the previous section.
As mentioned before, dynamic sliding mode
controller is essentially presented to reduce the
chattering effect. Also, due to being current
sensorless, the sliding surface is selected so that
there is no need for the inductor current and
reference current, and only the output voltage
and reference input voltage along with its
derivatives are available. Having the estimated
values of the variables g1 and gz, the sliding
surface is considered as follows:

e=d; -0 (43)
S=é+ﬂe:(dl—<ﬁ)+ﬂ(d1—q’£)= (44)

(dz +l(0y — g )- QI)+ ﬂ(@l ~q
§= (Q2 + |11(Q1 - dl)_ d’{)+ /1(512 +lylop - y)- (ﬁ)= (45)

i G, B[ i)

[-ql-qz+Lg(u+d)+lzz(q1—q1)+|11(q1—q1)—q1]

n~n

+ 1((12 +lyglog - Gy)- Q1)
k@

- +
LiCn RiCn

E, (46)

LnCh

‘o (u+6j+|22(q2—6|1)+

|11(a2 - (Q2 + |11(Q2 - %)))— G1
+ /1((;12 + |11(Q2 - dl)_ qI)

According to the sliding surface derivative,
which is presented as follows:

$=—k-sign(s) 47)

The control law can be represented formulated as
follows:
U=, ~k-sign(s) =

LG, Ljén*%‘lzz(%‘d1)‘|11(d2‘(d2+|11(q2‘d1)))+

_(48)

Qi*‘ﬂv(sz”ll(%‘@)‘q;)‘ LﬂEgnd

.—ksign(s)

As can be seen from the control law, there is no
need to measure the values of output voltage and
inductor current, while the controller has tracked
the reference voltage without dependence on the
values of output voltage and current. The
existence of the integrator in this control law
eliminates the chattering phenomenon, and also
increasing the value of the parameter k cannot
exacerbate this phenomenon. One of the great
advantages of this method is the lack of need to
measure the inductor current and output voltage,
which can significantly reduce production costs
in practical applications.

V. SIMULATION RESULTS AND VALIDATION

This section has essentially focused on the
designed control scheme results, and then
analysis and validation. For better understanding
the difference between the proposed control
scheme and others, the results of each of the
controllers were taken into account for the buck
converter system. The buck converter circuit
consists of components whose nominal values
are given in Table 1. In this circuit, it is assumed
that the diode and the switch are ideal.

Table 1. Nominal values of buck converter parameters

Components Parameters Nominal Unit
values

Resistance R 15 Q

Capacitor C 125 uF

Inductor L 200 mH

Voltage source E 20 \Y

Switching frequency fs 10 kHz

A. Buck converter control under certain
parameters and nominal condition
To design and analyze the sliding mode
controller, the gain value is considered k=1. The
output voltage and inductor current in which the
actual values of the parameters are exactly equal
to the nominal values are presented in Fig. 6 and
Fig. 7. As to Fig. 8, the chattering phenomenon
is enormous in duty-cycle despite no
consideration of uncertainty in the system that
must be inevitably passed through a limiter. This
method can deteriorate the system controllability
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and stability. In some cases, instead of the sign B. Buck converter control under

function, the saturation and tangent functions are parametric uncertainty

used to reduce the chattering phenomenon, but  In this section, it is considered that the value of

the system controllability and stability fall into  the resistance changes from 15 to 10Q in 0.2s

the deleterious condition. which remains for 0.5s, whereas its value
instantly reaches to 20Q which stays for 1s.
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Fig. 8. Duty cycle with conventional sliding mode controller under certain parameters.

_ _ _ of the duty-cycle according to Fig. 11 has been
The output voltage and inductor current in which  significantly reduced as compared to discarding
the actual values of the parameters are exactly  the system uncertainty. This uncertainty affects

equal to the nominal values are presented in Fig.  the performance of the closed-loop system, and
9 and Fig. 10. Also, the chattering phenomenon
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the output voltage and inductor current have  mode controller as compared to the conventional
relatively deviated from the nominal value. sliding mode controller under this parametric
uncertainty. The ability to reduce chatting of this
The simulation results validate the robust  controller was also confirmed.
performance of the proposed dynamic sliding
14
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Fig. 9. Output voltage with conventional sliding mode controller under certain parameters.
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Fig. 11. Duty cycle with conventional sliding mode controller under certain parameters.

actual values of the parameters are accurately
C. Buck converter control results with equal to the nominal values. The duty-cycle
CSPO-based DSMC under curve presented in Fig. 14 has transparently
parametric uncertainty validatgd the significant diminishing the
The previous uncertainty is considered for this chattering phenomenon. The CSPO-based
section. Fig. 12 and Fig. 13 have respectively the
output voltage and inductor current in which the
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DSMC even with presence of parametric
uncertainty is capable and efficient to reduce the
effect of uncertainty and promptly retrieve the
voltage to its nominal value. In fact, the
proposed controller reduces the effect of

perturbations due to parametric uncertainty by
measuring the shortcomings of conventional
sliding mode controllers without measuring the
inductor current. The results validate the robust
performance of the proposed controller.
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Fig. 14. Duty cycle with conventional sliding mode controller under certain parameters.

V1. CONCLUSION
The system control of buck converter is
functionally designed to adjust the output voltage
of fuel cell during the input voltage and load
resistance variation, and also track different
reference voltages. One effectual strategy to
control such these systems is to implement the

sliding mode controller. Conventional sliding
controllers are only robust against matched
uncertainties and perturbations, while the
uncertainties expressed in the buck converter are
mismatched and the sliding mode controllers are
mismatched  against these  perturbations.
Therefore, this paper proposes a novel dynamic

23



PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

sliding mode controller based on coincident
state-perturbation observer to reduce the impacts
of mismatched perturbation and enhance
controllability and tracking performance of the
buck converter. Another salient problem related
to the sliding mode controllers is the chattering
phenomenon which is effectively solved by the
proposed controller.

Due to matched and mismatched nature of this
system, the inductor current must be essentially
measured to estimate them. To overcome this
problem, the buck converter has been modeled in
canonical form that both perturbation types are
appeared in matched perturbation to -easily
estimate the perturbations by observer, and also
there is no need to measure the inductor current.
To sum up, the results can be presented as
follows:

1- Elimination of chattering phenomenon using
proposed sliding mode controller

2- Elimination of inductor current sensor to
estimate the perturbation using canonical model
of buck converter

3- Reduction of the perturbation impacts caused
by parametric uncertainties to enhance
controllability and tracking performance of the
buck converter
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Abstract. The paper is aimed to strengthen the controllability of electricity consumption mode at all
structural layers of the country’s energy system (ES) to establish the optimal load curve in the PS.
Following this goal, the energy system was broken down into seven structural layers - from the
technological operation to the ES. For each layer, an expert assessment of the effectiveness of six
institutional and operational methods of electricity demand-side management (DSM) was done. The
integrated application of the suggested methods was tested in two industrial consumers, which proved
the effectiveness of this approach for leveling their aggregated load curve. To ensure an appropriate
economic impact on the electricity demand, given the influence of individual consumers on the load
curve fluctuation in the ES, a particular price function considering the cross-correlation coefficient of
the load curves was developed. It was proved that the complex DSM methods application significantly
improved the controllability of the electricity consumption mode. To incentivize consumers to adjust
their electricity consumption, a special price system functionally related to the cross-correlation
coefficient of the consumer and the ES load curves was developed. The marginal price values depending
on the cross-correlation coefficient were defined, while the intermediate price values were calculated by
the functional transformation of the ES load curve into the price scale. The significance of the research
results lies in the fact that ranking the DSM methods by the priority of application for various structural
layers of ES and their integrated application almost doubled the DSM effectiveness.

Keywords: structural layers of power system, electricity load curve, regulation of electricity
consumption mode, cross-correlation coefficient, price function.
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Controlul distribuirii complexe cererii de energie electrica in timp
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Rezumat. Scopul lucrarii este de a consolida controlul modului de consum a energiei la toate nivelurile structurale
ale sistemului unificat de energie electrica (UEES) al statului pentru a forma programul optim de incéarcare pentru
UEES. Pentru atingerea acestui scop s-a realizat structurarea sistemului de energie electrica pe 7 niveluri - de la
functionarea tehnologica pana la UEES. Pentru fiecare nivel structural s-a efectuat evaluarea eficacitatii aplicarii
principalelor 6 metode institutionale si instrumentale de gestionare a regimului consumului de energie. Aprobarea
utilizarii complexe a metodelor de management a fost implementatd pe exemplul a doi consumatori industriali,
ceea ce a dovedit eficacitatea acestei abordari la nivelarea programului de sarcina electrica totala (LEG). Pentru
impactul economic asupra formarii cererii de energie electrica, tinind cont de influenta consumatorului asupra
neuniformitatii LEG al UOEES, a fost elaborata o functie de pret din coeficientul de corelatie incrucisata al LEG.
Cele mai importante rezultate: metodele de control al consumului de energie se diferentiaza in principale si
auxiliare in functie de gradul de impact al acestora asupra LEG al fiecarui nivel structural al UEES. Este dovedit
cé utilizarea complexa a metodelor a imbunatatit semnificativ controlabilitatea modului de consum de energie.
Semnificatia rezultatelor cercetarii consta in faptul ca diferentierea metodelor de reglare a regimului de consum
de energie prin prioritatea de aplicare pentru nivelurile structurale ale sistemului de energie electrica si utilizarea
lor integrata a aproape dublat eficienta controlului modului.

Cuvinte-cheie: nivelurile structurale ale sistemului de energie electrica, programul de sarcina electrica, reglarea
modului de consum de energie, coeficientul de corelatie incrucisata, functie de pret.
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KommuiiekcHoe ynpasiieHHe pacnpeaejJeHHeM CIpoca Ha JIEKTPHYECKYI0 YHEPIHI0 BO BpeMeHH
Cepeopennnkos B. C., Ilerposa E. I'.2, Cepedpennnkos C. B?

MHCcTUTYT 5KOHOMHUKH ¥ IIPOrHO3KMpoBaHus HanyonansHoll akaneMuu Hayk Ykpaunsl, Kues, Ykpauna
’[leHTpanbHOYKPAaMHCKUI HALIMOHANBHBIN TeXHUYEeCKU yHuBepcuTeT, KponuBHuUlKuil, YKpanHa
Annomayusa. llenpio pabOTHl SABIAETCA YCWICHHE YNPABISIEMOCTH PEKMMa BIICKTPONOTPEOIEHUS Ha BCEX
CTPYKTYPHBIX YpPOBHSIX OOBEIMHEHHOH 3ieKTpodHeprernueckoil cucremsr (OD3C) rocymapctBa mis
(hopMupoBaHUs ONTHMANTBHOTO Tpaduka Harpy3ku OO3C. [ HOCTIKEHUS TOCTaBICHHOM IENTN MPOU3BEACHO
CTPYKTYPHUPOBAHHE JIEKTPOIHEPTETUIECKOM CHCTEMBI Ha 7 YPOBHEH — OT TeXHOJOTHmYeckoi onepanuu 10 O23C.
Jis KaXJoro CTPYKTYPHOTO YpPOBHS TPOBEAEHO SKCIEPTHOE DPEHTHHroBOoe OleHUBaHUE 3(deKTHBHOCTH
NPUMEHEHUS] OCHOBHBIX 0 WHCTHTYUHOHAJIBHBIX M WHCTPYMEHTAIBHBIX METOJOB YIIPABICHHUS PEXHMOM
aNeKTpornoTpedaeHus. AmnpoOanus KOMIUIEKCHOTO HCIIOJBb30BaHMS METOJIOB YIPaBJICHHS pealn3oBaHa Ha
npuMepe JABYX NPOMBINIICHHBIX NOTpeOuTeNneil, 4ro 1oka3ano 3(PQeKTHBHOCTh TaKOro IMOAXOAa IPH
BBIPABHUBAHUH MX CyMMapHOro rpaduka snextpuueckoi Harpy3ku (I'OH). [l 5KOHOMHUYECKOTO BO3JEHCTBUA
Ha (QOpMHpOBaHHE CHpOCAa Ha JJIEKTPUYECKYI0 JHEPTUI0, YYMTHIBAIOLIETO BJIMSHHE IOTPEOUTENS Ha
HepaBHOMepHOCTE [ OH O33C, pazpaborana neHoBas GyHKIUSA OT KOd(pPHUIIMEHTa B3anMHON Koppersimuu [ OH.
Hauboiee cymecTBeHHBIE pe3yabTaThl: METOABI YIPABICHUS 3JeKTporoTpedieHneM nuddepeHIpoBaHsl Ha
OCHOBHBIE U BCIIOMOTaTeJbHbIE M0 CTeNeHH MX Bo3nercTBus Ha ['OH kaxnoro ctpykrypHoro ypoHs O23C.
Jloka3zaHo, 4TO KOMIUICKCHOE HCIIOJIb30BAaHHE METOAOB CYMIECTBEHHO YIIYUIIMJIO YIPABIIEMOCTh PEXUMA
aneKTporoTpedneHus. s CTUMYIMPOBaHUS OTPEOUTENEH K YIPaBICHHIO 3JIEKTpONIoTpeOieHneM pa3paborana
cHCTeMa ILICH Ha 3JIEKTPOIHEPTHIO, (PYyHKIMOHAIBHO CBA3AHHBIX ¢ Koppemsuel cyrounsix ['OH nmotpedutens u
ODDC. YcTaHOBIECHBI JKCTpEMalbHble 3HAYEHHWS LICHOBOTO JMana3oHa B 3aBUCHMOCTH OT KOd(QHIHeHTa
KOPPEJSIIHHY, 3 MPOMEXKYTOUHbIE 3HAUEHHs [ICHBI BBIYHUCIICHBI (PYHKIMOHAIBHBIM NpeoOpazoBanueM [ OH OB3C
B IICHOBYIO HIKaJy. 3HAYUMOCTh PE3yJbTAaTOB HCCICAOBAHUM 3aKiIo4YaeTcss B TOM, 4To Au(depeHIUpoBaHIe
METOJIOB PErYIHPOBAaHU PeXUMa 3JIEKTPONOTPEeOICHUS MO MPUOPUTETHOCTH MPUMEHEHHS IS CTPYKTYPHBIX
ypOBHeﬁ BHCKTpOSHepFCTHHeCKOﬁ CUCTEMblI U KOMIUJIEKCHOC MX HCIIOJIB30BAHUC IMOBBLICUJIO PE3YJIBTATUBHOCTDH
YIPaBIICHUSI PEXUMOM TIPAKTUYECKH BABoe. PaspaboTaHHas IEHOBas CHCTEMa, OCHOBAHHAsI HA MCIOJIBb30BAHUH
ko3¢ ¢unnenra xoppemsinnu ['OH, ycununa MoTuBanmio noTpeOuTeNneii K BHIpaBHUBAHUIO CyMMapHOTO rpaduka

Harpy3ku O23C.
Knrouegvie cnoea: cTpyKTypHbIE YPOBHHU JIEKTPOIHEPTETUIECKON CHCTEMBI, TPA(UK IEKTPHUECKON HArpy3KH,
PETYIHNpPOBAaHUE PEXHUMa IEKTPONOTPeOICHNS, KO3()(HUINEHT B3aNMHON KOPPEISIINY, IEHOBAs (QYHKIIHS.

LIST OF ABBREVIATIONS
UES - unified energy system; ELS - electrical load schedule; IC - industrial consumer; TP -
technological process; CRM - correlation-resonance method; TTM - technical-technological method,;
OM - organizational method; DM - directive methods; EM - economic method; NM - normalization
methods; ACM - agitation and communicative methods; DSO - distribution system operator; NPM -
network planning and management; CRM - correlation-resonance method.

INTRODUCTION Unified energy systems of Moldova and

Ukraine starting since 16.03.22 has been

Trends in the development of distributed  synchronized with the European Union (EU)
generation, taking into account regional features  energy system for parallel operation [2].

of resource potential [1], the creation of small The transformation of Ukraine's electricity

energy systems, and the implementation of new  market into a competitive one, through the

flexible forms of participation in the energy  implementation of "bilateral contracts” and a

market, as well as the intergovernmental "balancing market”, highlights the need for
association of energy systems [2, 3], are the  mechanisms to maintain a permanent energy
modern balance. The proper quality of electric power and

European paradigm for transforming energy in  high reliability of power supply are the easiest to
order to decarbonize, enhance energy securityand  ensure with a uniform electric load schedule
resilience of energy systems [4-7]. In addition, to  (ELS). However, the characteristic feature of the
a key process of such transformation the demand-  daily schedules of electric loads of the Unified
side management of electricity [8-9] Energy System of most countries is the presence
should be added which, within national and  of two peaks - morning and evening - as well as a
macro-regional energy systems, allows for  significant decrease in the load during night
multiple positive effects: technical, economic, hours, with fluctuations between maximum and
ecological-climatic, and others. minimum values of consumed power reaching
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25...30% [10]. Such a configuration of the electric
load schedules is due to the fact that the total
demand for most goods and services, exhibited by
end consumers throughout the day, is
characterized by significant non-uniformity,
determined by the biological cycle of humans.
Thus, in the morning and evening there is a surge
in demand for electricity, gas, water, transport,
communication, while these goods and services
are hardly in demand at night. This can lead to a
deficit or deterioration in quality during peak
periods, and to the loss of such goods during the
"night gap".

Aligning the load curves of the United Energy
System will contribute not only to achieving the
balance of the electrical energy [11], but also to
saving fuel and energy resources, reducing losses
of electrical energy in the electric networks,
decreasing the wear and tear of network
infrastructure, improving the quality and
reliability of energy supply to consumers, as well
as the environmental friendliness of the power
industry.

Therefore, the UES and electricity producers
are striving to align the load of electrical
consumption over time, while consumers are
primarily interested in saving on electricity bills.
To achieve these goals, a range of institutional and
instrumental methods are used to manage the
regime of electricity consumption, among which
economic ones should prevail, although they are
not dominant in the energy sector of Ukraine. The
time-differentiated pricing system currently
functions only for the population and does not
take into account the individual technical and
economic characteristics of other segments of the
electric energy market. At the same time, as
experience shows, the use of only pricing levers is
insufficient to solve this problem, especially in the
short term.

In these conditions, the task of maintaining the
balance of consumption with supply (generation)
through alignment of the demand curve for
electric power over time remains extremely
relevant.

I. PROBLEM STATEMENT

Effective operation of the unified energy
system is possible only with harmonious
balancing of supply and demand in the electric
energy market in real time through targeted
management of the electricity consumption at all
levels of the integrated power system. At the same
time, the selectivity and degree of influence of
each management method for each structural unit
requires investigation.
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To intensify the process of aligning the
electricity load curve over time to an acceptable
level for the European Union, it is necessary to
provide an objective rating assessment of the
priority of management methods and improve the
methodology for calculating differentiated prices
that encourage the increase of uniformity in daily
electricity demand.

Il. ANALYSIS OF RECENT RESEARCH

Studies aimed at aligning daily and annual
electricity load curves are primarily focused on a
specific industry or an individual management
method, and as a result, do not provide tools for
comprehensive impact on all segments of the
electricity market consumers.

The authors [12] have improved the multi-
level approach to managing hourly electricity
consumption modes by industrial consumers
using the technological process resource.
However, the approaches proposed in [12] are
complex and can only be applied to a limited
range of technological processes.

In [13], administrative regulation of a
company's electricity load with multiple levels of
management is considered, which is necessary to
balance the load and eliminate technical and
economic consequences of imbalances. Demand
management is limited to forming economic
dispatch schedules for switching on and off the
electric power consumers.

In the article [14], a mixed nonlinear
programming model is developed taking into
account electricity consumption and tariffs for
managing the electricity load. However, to
simultaneously reduce deviations and lower
electricity costs, it is necessary to coordinate the
load curve in advance.

The contribution [15] to the literature on
energy consumption management consists of
implementing a three-stage management structure
to improve the energy stability of industrial
consumers, differentiating them into large,
medium and small ones. However, the optimality
of energy consumption based on the results of
reducing production costs and CO- emissions was
tested on the example of two completely different
industrial consumers - foundry and textile,
without considering the specifics of their
technological process.

Authors of [16] consider optimization tasks for
the  electricity =~ consumption, including
normalizing electricity consumption, demand
management, by load shifting, and correction
electricity consumption mode.
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In [17], electricity consumption mode
management is carried out using technical,
organizational, and economic methods to reduce
electricity consumption during peak energy
system hours, but management is only considered
at the level of individual enterprises.

In [18], the effectiveness of energy savings
through administrative correction of time
measurement is discussed. However, the specifics
of electricity consumption distribution across
regions of the country are not taken into account
in the study.

The optimization task of the power supply
mode is solved in [19] based on criteria of
minimum losses in networks, as well as taking
into account the constraints on the schedules of
electrical loads corresponding to the maximum
reduction of consumer costs and minimizing
changes in operations that make up the
technological process.

In [20], a methodology for calculating load
losses of electrical energy in consumer networks
is described; theoretical expressions for
calculating losses are given, taking into account
the shape of the consumer's electrical load
schedule and the volume of transferred energy.

One organizational method of energy
consumption management [21] is aimed at
improving the consumer demand profile during
peak hours through a compensatory photovoltaic
system programmed to operate in parallel with the
electrical grid. The methodology includes an
analysis of the shape of the electrical load
schedule, energy prices, and the profile of
photovoltaic generation.

The Smart Energy Grid provides for direct or
indirect energy consumption management [22].
Direct control programs include demand shaping,
load shifting, peak limiting, filling gaps, strategic
load growth, or its preservation. It is claimed that
the load shifting is the best among the direct
control methods.

Thus, the analysis of researches and
publications indicates the relevance of further
searching for effective methods for managing the
electric load curve and incentives for reducing the
unevenness of the daily electricity consumption.
The examined methods could have given a much
greater effect when used in combination.

Therefore, the aim of this work is to
investigate the possibilities of the integrated
application  of  economic, technological,
organizational, and other methods of influence to
form an optimal electricity consumption mode at
all structural levels of the unified energy system,
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as well as to improve market levers for increasing
the evenness of the electrical load schedules.

I1l. RESEARCH METHOD

The research was conducted using the
following methods: expert evaluation of the
priority of methods for managing the electricity
consumption regime; graph-analytical method
using graph theory to regulate the electricity load
curve of an industrial consumer using
technological resources; complete enumeration
method to search for the optimal version of
uniformity of the total electricity load curve;
methods of mathematical statistics and
probability theory to study the electricity load
curve and determine the consistency of expert
opinions; theory of functions and mathematical
modeling in calculating the differentiated price
system for electricity.

IV. RESULTS AND DISCUSSION
To maintain a permanent balance between
energy production and import with energy
consumption and export, let us consider the
application of a complex of control measures
directed simultaneously at all structural levels of
the unified electric energy system (UES) (Fig. 1).
The UES is divided into the following levels:

e The simplest technological operation that
sums up the power of the electrical equipment
involved during the investigated time interval can
be taken as the 1st basic level;

e The entire technological process should be
taken as the 2nd level, as it integrates the powers
consumed by the set of technological operations
used in the considered section of the electrical
load schedule;

e The 3rd level consists of consumers with
commercial accounting of electrical energy as an
autonomous market unit.

e The 4th level is occupied by electricity
supply companies, which have a license for
independent economic activity in supplying
electrical energy to the end consumers of the
electricity energy market (in Ukraine, these are

suppliers at free prices, universal service
providers, and the "last hope" supplier);
e The 5th level consists of regional

distribution system operators (DSO), allocated by
administrative-territorial features and engaged in
the transmission and distribution of electrical
energy. DSOs ensure the reliability and quality of
power supply;
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Fig. 1. Application of methods for managing the schedule of electrical load for the structural levels of the
UES (EM - economic methods, NM - normalization methods, DM - directive methods, TTM - technical
and technological methods, OM - organizational methods, AKM - agitative and communicative methods
IC - information campaigns).

e The highest 7th level is formed by the
unified energy system of the state - the totality of
power plants, power grids, and other elements of
the electric power industry under centralized
management of a unified technological process of
production, transfer and EE distribution.

For each level of the unified energy system, it
is necessary to choose the most effective levers of
influence and ensure their objective rating
assessment for their comprehensive use. Rational
management of power consumption mode is
achieved through instrumental methods of direct

impact (technical and technological,
organizational,  command-compulsory) and
indirect institutional methods that stimulate
demand regulation (economic, normative,

agitation-communicative) and others.
From Fig 1, it can be seen that according to
expert conclusions, technical and technological
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methods (TTM) that utilize technological
resources are most applicable at levels 1-3.

Normalization methods (NM) justify the
amount of specific energy costs and implement
control over their compliance. NM are effective at
levels 1-2; in this case, electricity consumption
regulation mainly serves the purposes of energy
conservation.

Organizational methods (OM), in particular,
load curve alignment as a result of mutual
displacement of its components, can be
implemented at any structural level of the unified
energy system — from 1 to 7, but its application is
most accessible at lower levels. At the same time,
organizing energy exchanges with other
countries, transitioning to distributed power
systems with an emphasis on using regional fuel
and energy resources, and other similar policies
are the prerogative of higher levels.
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Agitative and communicative methods (ACM)
are aimed at raising consumer awareness of the
need to regulate demand with consideration of
electricity payment based on the system of
differentiated prices, use of individual renewable
energy sources, energy labeling of products, etc.

Economic methods (EM) are based on
financial and economic instruments that affect the
volume and modes of energy consumption, with
the price of electricity playing the role of the main
regulator.

If market methods of demand regulation are
inefficient or act too slowly, it is advisable to use
directive methods (DM); for example, at levels 3-
6, mandatory disconnection of category Il and Ill
consumers, limitation of daily electricity
consumption, seasonal time counting correction,
and so on.

In order to establish the selective
responsiveness of levels of the unified energy
system to a specific management method and to
rank methods of influence, 12 experts, specialists
in electricity consumption management, were
surveyed. Experts assessed the priority of
applying a particular method at each level of the
unified energy system on a 6-point scale, where 1
corresponds to the least impact, and 6 corresponds
to the most significant impact.

Statistical processing of the results allowed to
calculate the coefficients of concordance W and
Pearson's correlation coefficient using the

7h=W-m-(k-1), where m=12 - the number of
experts, k=6 - the number of methods
considered, and the tabular (critical) value y2;=

11,07 for a 5% level of significance, the number
of degrees of freedom y=k-1=5, and also to

determine the degree of agreement among the
experts (Table 1). The results indicate that
differentiating methods into main (1, 2, 3) and
auxiliary (4, 5, 6) based on their significant impact
on the graph of the electric load at a certain level,
and applying them in combination, will facilitate
the formation of an optimal energy balance.

The effectiveness of complex management
will be tested on two industrial consumers,
starting with the implementation of technical and

technological methods to balance the graph of the
electric load in the most energy-intensive
technological processes and workshops, using the
identified time reserves in the technological
processes and applying the network planning and
management method (NPM) [23], and in the next
stage, implementing the algorithm of the
organizational  correlation-resonance  method
(CRM) [24], by shifting the aligned graphs of the
electric load of the industrial consumers relative
to each other in time.

Figure 2 shows the initial winter electric load
graphs of two machine-building industrial
consumers (graph 1 in Fig. 2a and graph 3 in Fig.
2b). To align these graphs, reserves of production
time R, were identified through the analysis of the

discrete technological process (TP) [23]. These
reserves represented the possible displacement of
parallel operations along the TPs and the
corresponding movement of electric loads
without violating the completion time and quality
of the TPs.

The synthesis of new graphs was carried out
by the purposeful redistribution of the starts and
finishes of TP operations within R, using the

exhaustive search method and guided by the
criterion of reducing the unevenness of the
graphs.

After redistributing the loads of most power-
intensive operations along the technological
process (up to 80% of the controllable power)
within the calculated R, the configurations of the

electrical load graphs of both industrial
consumers acquired the shape of curves 2 and 4
on Fig. 2, respectively.

It can be seen that the redistribution of
consumed power by operations led to a significant
reduction in the unevenness of the electrical load
graph, which is evidenced by the comparison of
the calculated indicators of graph alignment
(Table 2).

The following commonly used indicators were

analyzed. The unevenness indicator K, which

characterizes the range of the electrical load
graph, can be determined from the mathematical
relationship:

Table 1
Results of ranking management methods by levels of the unified energy system
No Naming of level of Unified W 2 Alternating management methods in
~ | Energy Systems of Ukraine AR order of their priority
i i i 1. TTM; 2. NM; 3.0M;
1 Operatlé)nu\i/wrt:e(re]![ectrlcal 0.6356 | 38,14
quip 4.EM;  5.DM; 6. ACM
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1. TTM; 2. 0M; 3.NM;
2 Technological process 0,4152 | 24,91
4. DM; 5. EM; 6. ACM
3 Consumer Wlth. commercial 0,8025 | 48,15 1. EM; 2. TTM; 3. DM;
metering
4. OM; 5.NM; 6. ACM
4 Electricity Suppliers 0,6982 | 41,89 1. EM; 2.ACM; 3. OM;
4. NM; 5.TTM 6. DM
1. DM; 2. OM; 3. TTM;
5 | Distribution System Operators | 0,8154 | 48,92
4. NM; 5. EM; 6. ACM
1. OM; 2.ACM; 3. DM;
6 Regional Power System 0,9170 | 55,02 4. NM: 5. TTM: 6. EM
ifi 1. EM; 2. OM; 3. ACM;
7 Unified EGirrgyi/nSeystems of 0,8264 | 48,59
4. DM; 5. TTM; 6. NM
Koo o P (1) range [0; 1]. When K =1, the electrical load
N P graph is perfectly uniform.

where P,y , P, are respectively the minimum
and maximum power values.
Since the values of P, P,y can

theoretically vary in the interval [0; +o0), the
unevenness indicator takes values within the

P, MW
20 -

Rz 1
16 -

RN
L

-

0 |
0O 3 6 9 12 15 18 21 24
t, hours

a

To investigate the relationship between the
maximum power value P,,,, and its mean value

Psg , the maximum indicator K,, is used:

‘ (V)

=

0O 3 6 9 12 15 18 21 24

t, hours

b

Fig. 2. Electric load graph: a - industrial consumer IC-1 (1 - initial, 2 - after alignment by network
planning and management method); b - industrial consumer 1C-2 (3 - initial, 4 - after alignment by
network planning and management method).

Theoretically, K,, cantake values K,, >1. An
increase in K,, corresponds to an increase in the

non-uniformity of the electric load graph.
The graph filling indicator K,q is inversely

proportional to K,, :

The limits of K, correspond to the interval

Keg=rT—=5"—

(0; 1].

From a statistical point of view, the shape
indicator K provides a more detailed

32




PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

assessment of the shape of the electric load graph
thanK g, K,,,and K¢, because K¢ is defined

as:

P.
K = CoeY @
SR

where Pggy, IS the root mean square value of the

power:
=

Py = 3 [PPO 9

where T is the duration of the selected period for
calculations.

The daily electric load curve is usually
presented as a histogram with hourly averaged
power (Fig. 2), in which case Py, is found using

the formula:

Parkv =Ji(ez~ti )

i=1

St 6

where P, is the power on the i-th section with a
duration of t;; n is the number of sections in the
electric load curve (for the daily electric load
curve n=24).

According to (4), Kg takes on the minimum
value of K- =1 when Pgg,, = Pz atP(t)=const,
which corresponds to the most preferable mode
for the unified energy system.

The variance Dj is a measure of the deviation
of the current power values P; from their average

value Pgg:

Dp = PSZRKV - PSZR = PSZR (Ké _1) (7)

The indicators of non-uniformity of the
electric load curves for two industrial consumers
shown in Fig. 2, calculated from expressions (1)-
(7), are presented in Table 2.

Table 2
Indicators of non-uniformity of ELS for two industrial consumers (IC) in Fig. 2.
. Indicators of non-uniformity of the ELS of IC
ELS options of two IC
Kz K Knr Kk Dp

ELS of IC-1 before regulation 0,5516 1,8127 0,3044 1,0723 17,027
ELS of IC-1 after regulation | 56,4 17114 | 03225 | 10574 | 13415
by network planning methods
ELS of IC-2 before regulation 0,7078 1,4128 0,4576 1,0335 2,6229
ELS of IC-1 after regulation | £, ¢ 13481 | 04877 | 10272 | 2,1208
by network planning methods

The analysis of the indicators of non-
uniformity presented in Table 2 shows that as a
result of transforming graph 1 into graph 2, the
indicator of the ELS filling K, increased by

5.93%, indicating an overall increase in
uniformity (for a perfectly uniform ELS
K, —1); the non-uniformity indicator Kyg

increased by 5.95%, i.e., the difference between
P,y and Pyax decreased; the form factor

indicator K decreased by 1.41% (indicating an
approach of Py t0 Pgg); the peak indicator K,
decreased by 5.92%, and the variance D,
decreased by 26.9%.

The non-uniformity indicators also improved
as a result of transforming graph 3 into graph 4:
K, increased by 4.8 %, Kyg increased by
6.58 %; K decreased by 2.3 %, K,, decreased
by 4.8 %, and D, decreased by 23.7 %.

The achieved alignment of the ELS of
industrial consumers contributes to electricity
savings due to a reduction in electrical energy
losses in power grids; the electricity savings oW,
will be calculated according to [20] as a result of
changing the Kg indicator before and after
aligning the ELS.

At an average level of losses in the industrial
consumer networks of 13.6% of the total
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consumed electrical energy, for industrial
consumer IC-1 éW, during the day:
K2
MWy =AW, [ _K_FZZJ:
F1
05 -
:13,6 % - 250,5 1_1,0574 0,47 MW -h
100 % 10723

where AW, - the losses of electrical energy in the

IC networks before leveling the electrical load
graph; Kg;, Kg,- indicators of the form before

and after leveling the ELS, respectively (Table 1).
For industrial consumer IC-2, the savings
MW, =0.12 MW-h are achieved.

Of course, the achieved leveling of the ELS
due to the energy-saving effect will lead to a
proportional reduction in the payment for
electrical energy.

Since the graph of the aggregated electrical
power system load is a superposition of its load
graphs, it is rational to apply the correlation-
resonance method [25] in the next stage of
leveling, which is based on leveling the resulting
graph by shifting two electrical load graphs with
a step of t relative to each other. The variant with
the minimum value of the cross-correlation
function is preferred.

tc-7
[Pr@®ps+o)dt +
1] o

k = = —
(Prs (7)) t tc ®)

+ [Pr®Ppst-tc +7)dt

tc—T

—PgPg  — min

where 7 =ty —is the time shift between graphs,
hours;

tc — cycle duration (period), for a daily electrical
load graph, tc =24 hours;

Pg (1), ps(t) - normalized to the maximum power
value of the first and second electrical load graphs
attime t, respectively, relative units;

Pr, Py — average power of both electrical load
graphs, relative unit.

The nature of the change in the cross-
correlation function with an hourly shift of the
electric load curve within T = 1...24 hours is
shown in Fig. 3: curve "k, " represents the original
ELS 1 relative to the ELS 3, curve "k, " represents
the adjusted load graphs ELS 2 and the ELS 4.
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From (8), it can be seen that the cross-
correlation function depends on the level of
electricity consumption and can take any absolute
values (on Fig. 3, k(pgs (z)) varies from -0.062 to

+0.07 relative units).

k(prs(t)), r.u.
0,08

0,04

-0,04

-0,08

1, hours

Fig. 3. Cross-correlation function as a
function of shift t: k, - for the electric load

graph before regulation, k, - after applying
network planning and management.

After applying network planning and
management, the cross-correlation function
decreased, and the minimum value of both
k(pgs (7)) corresponds to the optimal shift at

=13 hours. However, implementing a shift of
r =13hours in practice is extremely problematic.
Therefore, it is appropriate to analyze the result of
mutual shifting of electric load curves within

realistically achievable limits of 7p =[...2

hours, which can be realized, for example, by
shifting the start of work by ;.

The relationship of the cross-correlation
function at four real shift options - 1, 2, 22, and 23
hours - showed (see Fig. 3) that for the load graphs
ELS 1 and ELS 3,
k(p13(1) > k(p13(2)) > k(p13(23)) > > k(py5(22)) and
for the adjusted load graphs ELS 2 and 4,
K(P24 (1)) > K(P24(2)) > k(P24(23)) > k(P24 (22))
applies.

Therefore, the best result for aligning the
resulting graph from the four options is achieved
by shifting the load graph ELS 2 relative to the
load graph ELS 4 by zp, =22 hours (zp =-2
hours).

Figure 4a shows the cumulative ELS of two
industrial consumers: graph 5 is obtained by
adding the original load graphs of ELS 1 and ELS
3 from Fig. 2; graph 6 - ELS 2 and ELS 4 after
regulation by the method of network planning and
management. It can be seen that the regulated
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cumulative ELS 6 is smoother than the original by 7, =-2hours); graph 8 - with the use of

graph ELS 5. _ complex regulation: first with the method of
Figure 4b shows the cumulative ELS of the  network planning and management, and then with
two industrial consumers: graph 7 - with the use  the correlation-resonance method. The best result

of only the correlation-resonance method (by  of the 4 options was obtained using complex
shifting the original ELS 1 relative to the ELS 3 regulation (graph 8).

P, MW P, MW
30 - 30 -
7
25 } 25
yan L
T
20 4
1 | s 20 gl 8
[ - =
15 15 =
et }:IJ
10 10 l"=‘-‘
5 | 5 ‘
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
t, hours t, hours
a b

Fig. 4. Cumulative ELS of both industrial consumers under different management approaches: a - curve 5
is the initial cumulative ELS, curve 6 is after management with only NPM; b - curve 7 is after applying
only the correlation resonance method (shifted by z, = —2 hours), curve 8 is after combined management

using both methods - NPM and CRM.

Comparison of the indicators of unevenness management, the filling coefficient of the total
of the cumulative load graphs (Table 3) ELS K, increased by 5.47 %, and after the

g:on_flrms thatasa .reSL."t[ of com_plex control, the sequential use of NPM and CRM - already by
indicators have significantly improved: thus, 96 %

after the method of network planning and
Table 3

Indicators of non-uniformity of the cumulative ELS of two industrial consumers
Indicators of the total ELS

Kz K KR Ke Dp

Before regulation 0,6031 | 1,6581 | 0,3755 | 1,0495 | 28,827

After regulation by network 0,6347 | 1,5756 | 04161 | 1,0411 | 23,731
planning methods only

After regulation by correlation

resonance method only

With complex regulation by network planning

methods and correlation resonance method

Options for regulating

0,6305 | 1,586 | 0,4072 | 1,0418 | 24,264

0,6607 | 1,5134 | 0,4514 | 1,0335 | 19,353

It is noteworthy that there are some different configurations can have the same
peculiarities of the considered indicators: thus, values of the calculated indicators.
Knr: Ki s Kzg describe the ELS graph only Indicator K. does not always respond to
at certain points and depend only on its regulation, for example, K =const in the case
extremes, which does not allow for an of an additive shift of the ELS graph over time.
unambiguous assessment of the degree of load Moreover, it should be noted that the K. of

unevenness, since different ELS graphs of two ELS graphs that are different in shape but
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mirror-symmetric with respect to the vertical
axis can have the same values.
The variance D >0, but its upper limit is

not determined, which makes it difficult to
compare several different ELS graphs; in
particular, the D, indicator proves to be

unsuitable for comparing ELS graphs that differ
by orders of consumed power.

It should be noted that the tested methods of
managing ELS graphs are quite universal and
applicable to most levels of the unified energy
system. Further alignment of ELS graphs can be
achieved through additional use of other
methods of influence.

Based on the fact that the economic method
of control is one of the main ones for most
structural levels of the unified energy system
(Table 1), and the potential for saving on
payments for electricity consumption represents
a major incentive for electricity consumers, we
consider the possibility of improving the system
of differentiated prices with the aim of
increasing the flexibility of pricing.

Considering that the unevenness of
consumers' schedules is not as important as the
degree of personal influence of each consumer
on the configuration of the resulting energy
system schedule ELS UES, we believe that the
pricing function should primarily include the
coefficient of mutual correlation - the indicator

KSor, Which characterizes the degree of

coincidence of the forms of two ELS (consumer
and UES):

(P — Psge) (P2i — Psra)

n
i=1

c _
KCOR -

(n=1)-0p-0p2
where py;, p,i — the average hourly power of
the 1st and 2nd ELS, respectively;

o, Opp — the standard deviation of power;
n—the number of ELS steps (for daily
schedules n=24);

Pqrq, Psgy — the average values of the power of
the compared ELS.

For any ELS KSOR varies within the range of
[-1; 1], therefore, the coefficient of mutual
correlation is more convenient when comparing
numerically incomparable ELS, for example, in
the case of a joint analysis of the graph of the
machine-building industrial consumer and the
total graph of the UES.
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Most consumers operate in a "hard"
technological mode with K&or —1 relative to

the UES graph, collectively determining its
shape. In this case, it is possible to propose a
pricing system in which the limiting values of
pricess Cwyax and C,, are calculated

individually for each consumer based on the
functional accounting of its K¢y. Since the

price of electric energy is deterministic in the
range [Cyun; Cuax ), it is advisable to choose a

classifier for the pricing scale C < [Cyu ; Cuax )

when the maximum value of the price rate
during peak demand is calculated as:

Chnx :(1+ KCCOR)'CNHD or
CI\BIAX = (1+ KCCOR) )

and the minimum price C,,, for the night drop
in electricity consumption, symmetric to Cyax
with respect to C,,p , is calculated as:

Cuin = (1‘KCCOR)'CM|D or

Cl\rjuN = (1— Kgorz)a (10)

where Cy,p =const - the average price accepted

for all industrial consumers at the level of the
current single-stage value.
Intermediate price values within the range of

i ... Ciaare calculated by transforming

(normalizing) the price scale into an
algebraically defined functional dependence on

the relative price CR=C;/Cyp , based on the
deviation of  the relative power
ARR =(R —Pyp )/ Pup in the power system UES
in the i-th time zone, for example, linearly [25]:

cR=1+anR® | (11)

where « - is the price coefficient, unitless;
i - is the number of time intervals in a day;
P, - is the power consumed in the i-th interval,
Puip - IS the daily average value of the power
system's capacity.

Function (11) takes into account the sign of
the deviation APR from Pyp: on segments

with +AP® surcharges are applied, and with
negative increments —AR® (during nighttime
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Fig. 5. Price function as a function of
power deviation (in relative units).

From Fig. 5, it can be seen that when the
demand for electric power is equal to the
average daily value (P.=Pyp), then AP, =0

and payment for electric power is made
according to Cy,p. When P > Py, the price

increases according to (11), and vice versa,
when P, < Py,p - the price decreases.
Consumers with KSor =1 (curve 1 in Fig.

5), who form the graph ELS of the energy
system, will be most interested in shifting their
graph of the power system, seeking to minimize
payment for electric energy.

Since the coefficient of mutual correlation

can vary within: -1< K& <1, then we focus on

the expediency of considering only those graphs
of the power system that increase the non-
uniformity of the graph of UES, i.e., with a
coefficient of mutual correlation within the

range of 0<Kix <1 (on Fig. 5, the boundary
curve 1 corresponds to KgOR =1, curve 3 -
K&or =0). In addition, values of C,® outside the

limits of 0<C"<2 lose their economic
meaning, since electric energy cannot be sold at
aprice of C,; <0.

Then for the industrial consumer IC-1,
which has K&or =0,67, we obtain from (9)

Cuax =167 and from (10) Cfi =0.33. Curve
2 in Fig. 5 shows the differentiated price system
for the industrial consumer IC-1. For industrial
consumer IC-1, the price coefficient «, = 4,786,
and for industrial consumer IC-2, which has
K&or = 0,58, the corresponding o, = 4,143.
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The proposed price system has no
restrictions on the number of price levels N and
responds to any violation of the uniformity of
the regime. The flexibility of the price impact
on industrial consumers is increased by
increasing the daily price levels to N>24,
which provides a regularity of price distribution
adequate to the configuration of the ELS UES.
Thus, the price function (11) "tracks" the shape
of the ELS UES (Fig. 6a) to encourage
industrial consumers to shift their loads to the
discount zone.

The daily payment x, for electric power in
relative units with hourly shift of the schedule
within i=1...24 hours for the industrial

consumer was calculated from the expression:

N=1;24

Xp = Z CiR We; / Pgax
i=1

where Wg; - is the electric power consumed by
industrial consumer in the i-th hour.

From Fig. 6b, it can be seen that the
proposed 24-tariff system provides savings in
the payment AX, = X ,, — X;,in the case of
shifting the load curve of industrial consumer
IC-1 by At=5.1...14.6 hours and the load curve
of industrial consumer I1C-2 by at=3.1...14.2
hours, where X ,,<X,,. It should be noted
that the energy consumption mode with AX,
—max is the most attractive for the consumer
and the most desirable for the power grid.
industrial consumer IC-2 is shifted by At =8
hours (Fig. 6b).

The minimum X iS achieved when the
load curve of industrial consumer IC-1 is shifted
by at =9.5 hours and the load curve of In this
case, compared to the payment at the single
tariff rate, the achieved savings
AXp = 200%|XE.24 _XE.ll/(XE.24 +Xg1) for
industrial consumer IC-1 is 9.23% and for
industrial consumer 1C-2 is 8.7%.

With such a shift, industrial consumers IC-1
and IC-2 become consumer-regulators with a
cross-correlation function of K&, ,=-0.67 and
K Sor »=-0.58, respectively.

The criterion for the best option for load
curve alignment is the following dynamics of
the indicators discussed above:

{(DP: Ke, Ky KgORlXE)J’;
(Kzen KNR)T'
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Fig. 6. Distribution graphs over time: a - retail price of electricity (1 - current single-rate price C,\Fj“D;Z - 24-
rate price for industrial consumer 1C-1, 3 - for industrial consumer IC-2); b - daily payment for electricity
with hourly shift of the industrial consumer power schedule (4 — payment X, for industrial consumer

IC-1and5 X, - for industrial consumer IC-2 at a single rate; 6 - payment X ., ,, for industrial

consumer IC-1and 7 - X, ,, forindustrial consumer I1C-2 at a 24-rate price).

V. CONCLUSIONS
1. Differentiation of the main methods of

control by the degree of their influence on the
ELS of each structural level of the energy system
allowed identifying the main (primary) and aux-
iliary (secondary) methods, as well as an in-
crease in the effectiveness of forming the en-
ergy-efficient power consumption regimes. The
complex application of instrumental and institu-
tional methods has increased the controllability
of the power consumption regimes almost two-
fold.

2. For direct economic control of power con-
sumption regimes taking into account the per-
sonal influence of the consumer on the uneven-
ness of the ELS UES, it is expedient to include

the Ko indicator in the price function. Calcula-
tions of symmetric to C,,p maximum and mini-

mum prices depending on K¢y and intermediate

values of the price in the functional dependence
on the power deviation relative to Py, inthe en-

ergy system, allowed the development of a flex-
ible pricing system that enhances the motivation
of consumers to align the total load curve of the
power system.

3. Theresults of further scientific research in
the field of energy complex management with
consideration of more complex functional rela-
tionships of power consumption regimes with
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characteristics such as the ability of the con-
sumer to regulate the technological process re-
gime in time, the degree of interest in managing
the demand for electricity, the quality of con-
sumed electricity, the reliability of power sup-
ply, and others, are of practical interest.
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Generating a Set of Reference Images for Reliable Condition
Monitoring of Critical Infrastructure using Mobile Robots
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Abstract. The aim of this work is to reduce the amount of computational cost when monitoring the state
of critical infrastructure objects using flying mobile robots equipped with correlation-extreme navigation
system, based on minimizing the number of fragments of reference images. The goal is achieved by
establishing a minimum permissible degree of correlation between the individual images, which form a
set of reference images. The most essential result is substantiation of the approach to formation of a set
of selective images based on scene correlation analysis and sufficiency of conservation of correlation
connection of images in limits 0.6 ... 0.7. This reduces the amount of computation and extends the
operating time of mobile robots while maintaining accuracy. The significance of the obtained results
consists in the possibility of solving a complex task of forming a set of reference images, depending on
the information content and stochastic conditions of sighting of critical infrastructure objects. The
solution of this task will increase efficiency of critical infrastructure objects state control due to
optimization of reference images number used in the monitoring process, increase operability, and
provide high control reliability in stochastic sighting conditions. The novelty of the work lies in the fact
that the method of process formalized description of forming a reference images set to ensure reliable
monitoring of critical infrastructure facilities using flying mobile robots for various sectors of the
economy, the practical application of which will ensure reliable control and their condition assessment.
Keywords: mobile robot, critical infrastructure object, reference images, navigation system, correlation
coupling, optimization.
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Formarea unui set de imagini de referinta pentru monitorizarea fiabila a starii obiectelor de
infrastructura critica folosind roboti mobili
Sotnikov 0.}, Tymociko 0.2, Bondarciuk S.2, Djuma L.2, Rudenko V.3, Mandrik Ya.?,
Surkov K.2, Palionnii A.2, Olizarenko S.2
! Universitatea Nationald a Fortelor Aeriene din Kharkiv, numitd dupa Ivan Kozhedub, Kharkiv, Ucraina
2Academia de zbor a Universititii Nationale de Aviatie, Kropivnitkii, Ucraina
3Academia de Stat de Inginerie Donbass, Kramatorsk, Ucraina
Rezumat. Scopul acestei lucrari este de a reduce costurile de calcul la monitorizarea stérilor obiectelor de infrastructura
criticd folosind roboti mobili zburatori echipati cu un sistem de navigatie corelatie-extrema bazat pe minimizarea
numdrului de fragmente de imagini de referinta. Acest obiectiv este atins prin stabilirea gradului minim admis de corelare
intre imaginile individuale care formeaza un set de imagini de referintd. Rezultatul cel mai semnificativ este
fundamentarea abordarii formarii unui set de imagini selective pe baza analizei corelatiei scenelor si a suficientei
mentinerii corelatiei imaginilor in intervalul 0,6 ... 0,7. Acest lucru va permite sa reduceti semnificativ costurile de calcul
si sa cresteti durata de functionare a robotilor mobili, mentinand in acelasi timp precizia necesard. Semnificatia
rezultatelor obtinute consta in posibilitatea rezolvarii problemei complexe a formarii unui set de imagini de referinta in
functie de continutul informational si de conditiile stocastice de vizionare a obiectelor de infrastructurd critica.
Rezolvarea acestei probleme va imbunatati eficienta monitorizarii starilor obiectelor de infrastructurd criticd prin
optimizarea numarului de imagini de referintd utilizate In procesul de monitorizare, va creste eficienta si va asigura o
fiabilitate ridicata a monitorizarii in conditii de ochire stocastica. Noutatea lucrarii consta in faptul ca o descriere oficiala
a procesului de formare a unui set de imagini de referinta a fost elaborate in continuare pentru a asigura monitorizarea
fiabild a obiectelor de infrastructurd critica de la robotii mobili zburdtori.
Cuvinte-cheie: robot mobil, obiect de infrastructura criticd, imagini de referinta, sistem de navigatie, corelare,
optimizare.
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®opMHUpOBaHHE COBOKYIHOCTH 3TATOHHBIX H300paKeHHUI ISl 0CYLIeCTBJICHHS HAJesKHOTO KOHTPOJIsS
COCTOSIHUI 00bEKTOB KPUTHYECKOI HH(PPACTPYKTYPHI € IOMOIIbI0 MOOWIBLHBIX POOOTOB
Cornuxon A.M.!, Tumouxo A.N.2, Bonaapuyk C.B.%, Txxyma JL.H.2, Mangpuxk 5.C.2,
Pynenko B.%, Cypkos K.10.?, Ianennniii A.C.2, Oanzapenko C.A.2
1XapbKoBCcKuii HAalMOHABHBIN yHUBEpCUTET Bosaymneix Cun umenn Ueana Koxesxy6a, Xapbkos, YKpanHa
2Jlernas axajgemMus HallMoHaIbHOTO aBHAIIMOHHOTO YHUBEPCHTETA, KpOoNMBHUIKKH, YKpauHa
3Jlonbacckas rocyapcTBeHHasi MAaUIMHOCTPOUTENbHAS akaaeMusi, KpamaTopek, YkpanHa

Annomayus. lenbio aHHON paOOTHI ABJISETCS CHIDKEHNE 00beMa BBIYUCIUTENIBHBIX 3aTPaT NPH OCYLIECTBICHUN
KOHTPOJISI COCTOSIHMH 0OBEKTOB KPUTHYECKOH MH(PACTPYKTYpHI C MOMOLIBIO JIETAIOMIMX MOOMIBHBIX POOOTOB,
OCHAIICHHBIX KOPPEISIIMOHHO-3KCTPEMANbHOW CHCTEMOW HaBUTalMM, HA OCHOBE MHHHMU3AIUH YHCIIA
(parMeHTOB STAIOHHBIX HM300paXCHUH, WCIOJIB3yeMBIX NpH (OPMHUPOBAHUH pemaromel (yHKIHH, Kak
pe3ynbTaTta cpaBHEHUs H300pakeHmi. IlocTaBieHHas LENb AOCTUTAEeTCsl MyTEM YCTAHOBJICHHS MUHHMAalbHO
JOIMYCTUMOI CTETICHH KOPPENAIMOHHONW CBA3M MEXIY OTACIbHBIMH H300paKCHHSMH, KOTOpBIE 00OpasyroT
HEOOXOANMYIO IJII MOHHTOPHHIA COBOKYIMHOCTH 3TAJOHHBIX H300paKeHHII B 3aBUCHMOCTH OT OOBEKTOBOTO
COCTaBa, TEOMETPHUYECKUX YCIOBHH (OpPMHPOBAaHMS TEKYyIIMX W300paKEHUH, SPKOCTHBIX, KOHTPACTHBIX,
CTPYKTYPHBIX (T€OMETPUYECKUX) MH(POPMATHBHBIX MapaMeTPOB, PaclpelesieHne KOTOPHIX MPEACTaBISIETCS B
BUAC COOTBCTCTBYIOLINX I/IH(bOpMaTI/IBHI)IX nonei. Hawmbomee CYIIECTBECHHBIM PE3YyJIbTAaTOM  SABJIACTCA
000CHOBaHME TOAX0Aa K (POPMUPOBAHHIO COBOKYITHOCTH CEJICKTUBHBIX M300pakeHHH OOBEKTOB KPUTHYECKOU
HH(PACTPYKTYpHI C HCIOJIL30BAHUEM HHBAPUAHTOB, MOJIYYSHHBIX HA OCHOBE KOPPEJSIMOHHOTO aHaIn3a CLeH, U
JIOCTaTOYHOCTH COXpaHEHHsI KOPPEISIUOHHOW CBs3M m300pakeHuil B mpenenax 0.6... 0.7. DTo mo3BoiseT
CYIIECTBEHHO CHU3UTDH 00bEM BBIYUCIUTEIBHBIX 3aTpaTt U, COOTBETCTBCHHO, IIOBBICUTH 6bICTpOI[eI>iCTBPIe CHCTCMBbI
BTOPHYHON 00pabOTKH, a TAKXKE ITPOJOIDKUTEINEHOCTD (PYHKIIMOHUPOBAHHSI MOOMIIBHBIX POOOTOB ITPH COXPaHEHUH
TpeOyeMbIX TOYHOCTHBIX OKa3aTenel. 3HaYMMOCTh MOTYYSHHBIX PE3yIbTaTOB COCTOUT B BOSMOXKHOCTH PEIICHHS
CIIOKHOM 33129 (POPMHUPOBAHNUS COBOKYITHOCTH 3TAJIOHHBIX H300paXEHUH, HCIIOIB3YEMBIX Ha 00PTY MOOMIIBHBIX
poOOTOB, B 3aBUCHMOCTH OT 00BeMa IOCTyHaromell MHPOPMAIMH U CTOXACTHYECKUX YCIOBHHA BU3HPOBAHHA
00BEKTOB KpPUTHYECKOH WH(pacTpyKTypsl. PemieHme maHHOH 3amadd MO3BOJHUT TOBBICHTH 3()(HEKTHBHOCTH
KOHTpOJISL COCTOSTHMH OOBEKTOB KPUTHYECKOW HHQPACTPYKTYphl 3a CYET ONTHMHU3AIMU YHCNIA STaJOHHBIX
1/1306pa>1<eH1/1171, HCIIOJIb3YEMBIX B IPOLECCC MOHUTOPHUHIA, IMOBBICUTH OICPATUBHOCTL U O6eCHe'~II/ITI) BBICOKYIO
HaJACKHOCTHb KOHTPOJIA B CTOXACTUYCCKHUX YCIIOBUAX BU3UPOBAHUA. Hosuzna paGOTLI 3aKJII04acTCd B TOM, UTO
YCOBEPILICHCTBOBAH croco0 (hopMann30BaHHOTO OITUCAHHUS Ipoliecca (OPMUPOBAHUS COBOKYITHOCTH ATAJIOHHBIX
n300pakeHuH Ut 0OecieueHns HaIe)KHOTO MOHUTOPHUHIa 00BEKTOB KPUTHIECKOH HHPPACTPYKTYPHI C TOMOIIHIO
HCIOJIB3YEMBIX B Pa3HBIX OTpacC/IIX HApPOAHOTO XO03SMCTBa JICTAIOIIUX MOOMIIBHBIX pO6OTOB, MIPaKTUYECKOEC
IIPUMEHEHNE KOTOPHIX 00eCTIeUnT Ha/IS)KHBIH KOHTPOJIb U OLIEHKY UX COCTOSTHHS.

Kniouegvie cnosa: MOOWIBHBIM poOOT, 00BEKT KPUTHUECKOW HH(PACTPYKTYpbl, ITAJOHHBIE H300pa’keHus,
cUCcTeMa HaBHUTallli, KOPPESIIMOHHAs CBA3b, ONTHMHU3ANNS.

methods of critical infrastructure objects,
INTRODUCTION

The task of monitoring the condition of critical
infrastructure objects has always been an urgent
issue. In conditions of increasing terrorist threat
levels and military actions, the need to solve this
problem has significantly increased. Critical
infrastructure objects primarily include objects of
the fuel and energy sector, including the electric
power industry, oil and gas industries, nuclear
energy, as well as water supply, medicine,
transportation, defense, chemical industry, and
other areas, whose disruption can lead to national
security threats, severe ecological consequences,
the population loss of life, destruction of
buildings, structures, residential buildings, etc.
The complexity of monitoring critical objects is
caused by their territorial  distribution,
heterogeneity of the objects themselves according
to geometric, structural, and other information
parameters.

Currently, in addition to proactive monitoring
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autonomous active methods using flying mobile
robots (MR) based on the use of correlation-
extreme navigation systems (CENS) are widely
used. An essential feature of such MRs is their
ability to operate without operator intervention over
significant distances in remote and inaccessible
areas, regardless of the season, time of day, and
weather conditions. This is achieved by using
multispectral sensors to extract information (to)
obtain high-quality current images of controlled
objects and their elements, as well as a set of
reference images of critical infrastructure objects
used on board for subsequent identification and
assessment of their conditions.

It is evident that the diversity of monitoring
perspectives and the influence of natural stochastic
factors on the MR functioning will result in a
mismatch between the current images produced and
the reference images stored aboard. The desire to
reduce this mismatch necessitates the use of a
significant number of reference images aboard the
MR that consider all possible conditions under
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which current images can be obtained. However,
this approach is technically impractical as it
increases the volume of image comparison
operations required to find the best match. As a
result, such an approach leads to a decrease in the
MR functional capabilities when monitoring
critical infrastructure objects at the expense of a
deterioration in the high-speed performance of the
secondary processing system of CENS, increased
energy consumption, which in turn slows down
the process of making decisions about their
condition.

One possible direction for the MR effective
use in monitoring critical infrastructure objects is
to form the minimum permissible set of reference
images that ensure the required level of accuracy
and reliability of the control system. In this
context, the question arises as to which method
should be used to form the required set of
reference images that will provide the necessary
performance indicators.

Several directions for improving the efficiency
of using MR for monitoring tasks are known.
However, this article will be focused on the
formation of a set of reference images for reliable
monitoring of critical infrastructure objects. This
will be achieved by establishing the minimum
permissible degree of correlation between
individual images. Such images form the
necessary set of reference images for monitoring,
depending on the object composition, geometric
conditions for forming current images, brightness,
contrast, and structural (geometric) informative
parameters.

Let us consider the known approaches to
solving the problem of forming reference images
for MR equipped with a CENS.

PUBLISHED LITERATURE ANALYSIS

Tarshin V.A. et al. (2015) proposed a method
for forming a reference image based on
constructing a fractal analysis field, which allows
for operational assessment of the informativeness
of the image. The method was developed for
forming individual images without considering
their possible use in forming a set of reference
images.

J.C. Rodriguez-Quifionez et al. (2017)
proposed a method for improving the accuracy of
3D distance measurement in stereo vision
systems using optimization methods and the
optoelectronic channel for forming current
images. The use of the brightest stationary objects
ensures an increase in measurement accuracy in
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perspective and scale images. The interrelation
between individual images was not considered.

M. Ivanov et al. (2019) improved the method for
determining the coordinates of reference objects
and mobile robots and calculating the resulting
errors. They considered the directions and
magnitudes of external influences on unmanned
aerial vehicles that affect the deviation from the
calculated trajectory of movement.

Yu Ishihara and Masaki Takahashi (2022)
investigated the prediction of future images for
mobile robot navigation based on alignment with
the sighting surface with multiple bright objects.
They selected a predictive image model using the
alignment object selection on the high object
saturation image. However, the authors did not pay
sufficient attention to the study of the
interdependence of object brightness on the
behavior of the mobile robot.

Leonardo A.F. Fernandes and Manuel M.
Oliveira (2008) reviewed approaches to object
contour detection and localization on images using
the Hough transform.

Fursov V. A, et al. (2013) studied the effect of
scale distortions on the object localization process.
However, the study was only performed on a single
reference image.

S. Maji and J. Malik (2009) presented results of
optimizing the object detection procedure on
images.

Katulev A. N., et al. (2014) proposed an object
detection method using optoelectronic systems
without a priori information on the background-
target scene.

V. V. Gnilitskii et al. (2010) solved the problem
of localizing a given object on an aerial image of a
complex three-dimensional ground scene.

R. Bogush and S. Maltsev (2007) proposed
using a minimax similarity criterion between two
images to form a unimodal decision function.

A.A. Potapov (2013) presented results of using
fractal analysis theory for object localization on
images of different types.

Trefilov P.M. (2019) showed the feasibility of
using platform-less inertial navigation systems
(PINS) in unmanned aerial vehicles (UAVs) for
monitoring various territories. The physical and
algorithmic methods for improving PINS were
considered. It was shown that the physical method
allows reducing the rate of error accumulation but
is unable to eliminate it completely. The application
of algorithmic methods based on integration with
other measuring systems allows reducing PINS
errors. It is noted that satellite navigation systems
and technical vision systems can be used for
integration with PINS, which can significantly



PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

increase the accuracy of UAV navigation.

Scaramuzza D., et al. (2014) presented the
results of an analysis of technical issues
encountered during the development and testing
of an autonomous navigation  system.
Experimental  results  demonstrating  the
autonomous navigation of three micro air
vehicles (MAVS) in an unknown environment
without GPS, but with the use of 3-D mapping
and optimal coverage are presented. A limitation
of the study is the complete absence of
information on the potential use of the proposed
approach for the object state monitoring and
reference image formation tasks.

Kostyashkin L.N., et al. (2014) examine
approaches to solving key tasks in the
development of a combined vision system for
aviation. It combines the best properties and
functional characteristics of two systems: an
enhanced vision system that forms an improved
and combined image from several multispectral
sensors of a technical vision system, and a
synthesized vision system that forms an image of
a virtual model of the terrain based on a digital
map of the terrain, navigation, and piloting
parameters of the UAV. The advantage of the
work is the development of algorithmic methods
for reducing the complexity of the task of image
alignment based on geometric alignment, the
necessity of which is associated with map and
navigation errors, and the visualization of
geometrically aligned images considering the
stage of flight task execution and visibility
conditions. The disadvantage of the work is the
inability to use the developed methods without
the participation of a pilot.

Loginov A.A., et al. (2015) considered the
issue of reducing computational complexity of
combining heterogeneous images in an aircraft's
combined vision system. The strength of the work
is the proposed solutions that allow reducing the
computational complexity of correlation-
extremal registration to enable real-time
performance. To eliminate the course search, the
authors proposed to create large-sized terrain
reference images. To avoid pitch and roll search,
they suggested using the horizon line or non-
correlation registration for pitch. The main idea
of non-correlation registration for pitch and roll is
to find the real horizon line and combine it with
the synthesized one. The limitation of the work is
the practical application on unmanned aerial
vehicles at low altitudes due to the impracticality
of using large-sized reference images and the
inability to determine the horizon line during
steep trajectories.
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Elesina S. and Lomteva O. (2014) presented the
results of a study on a genetic algorithm aimed at
obtaining optimal settings for its use in combined
technical vision systems. The feasibility of using
extended angles of reference images in the search
for global extremes was shown. It was shown that
using this approach, the system's performance
increases by 5 times. However, the authors did not
consider the possible influence of perspectives of
reference and flowing images on real-time
implementation, which is a disadvantage.

Yeromina N., et al. (2018a) proposed a method
for generating a set of reference images for high-
precision navigation of mobile robots. A
disadvantage of the developed method in this work
is its limited applicability to solving the navigation
problem of mobile robots moving along trajectories
without significant changes in altitude and viewing
angles.

Yeromina, et al. (2021a) justified the need for a
new approach to selecting a reference image from
the set of images on board when performing
localization of aircraft equipped with CENS. The
results of developing a model for describing the
process of forming the decision function because of
comparing the current image formed by the
secondary information processing system based on
the available set of reference images are presented.
Using this model, the task was formulated to
develop a method and algorithm for rational
selection of reference images in the secondary
processing system of the CENS. For the selected
initial data, the results of developing an iterative
method and algorithm for selecting reference
images from the available set based on modeling
the brightness distribution of a typical image
fragment of the viewing surface under various
observation conditions and different resolution
capabilities of CENS sensors are presented. The
method involves using an iterative procedure for
selecting reference images  from  the
multidimensional matrix representation of the set of
reference images based on the height parameter
determined by the onboard radio electronic
equipment of the UAV, and then refining based on
angular parameters using the selected rule. An
algorithm for implementing the reference image
selection procedure based on the proposed method
has been developed. However, the authors did not
consider the issue of forming a minimal set of the
reference images.

Yeromina N. et al. (2021b) proposed methods
for synthesizing reference images for the UAV
navigation in normal and hyperspectral modes.

Yeromina N. et al. (2018b), Yeromina N. et al.
(2020a), Liashko O. et al. (2020), Yeromina N. et
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al. (2020b), Yeromina N. et al. (2020c), and
Vorobiov O. et al. (2020) presented research
results on the synthesis of reference images with
different levels of informational content and
compared them with the current image. Methods
for advance and real-time preparation of
reference images were proposed based on the use
of various invariants. When developing methods
for constructing selective images, only the object
composition of the viewing surface was
considered. This approach made it possible to
form reference images based on the most
informative objects. It was assumed that the
comparison of reference images with the current
onboard image would be carried out using the
"sliding window" method, and the formation of
the comparison result for navigation object
location correction would be based on one
reference image. This means that these methods
have limited applicability, which is a significant
disadvantage. The reason for this is that they were
not aimed at reducing the computational
complexity of image comparison, did not
consider the volume of image arrays and the need
to form a set of images taking into account
possible changes in the perspectives of current
image formation on board the UAV.

Literature analysis suggests the prospects of
using MR for monitoring ground objects and
developing methods for generating reference
images to reduce operational volume. At the same
time, the problem of reducing computational
costs for monitoring critical infrastructure objects
using flying mobile robots equipped with a
correlation-extreme navigation system remains
unresolved. This can be achieved through
minimizing the number of fragments of reference
images while ensuring the required precision and
reliability of monitoring critical infrastructure
objects.

METHODS,
DISCUSSION

RESULTS, AND

To continue the approaches proposed by
Tarshin V. A., et al., 2015, and Yeromina N., et
al., 2018a for describing current images S, of

critical infrastructure objects, we will use the
brightness values of the corresponding objects
and background surfaces in the resolution elements:

Sci =So :"S(i' J)"' 1)

where S, is the undistorted source image;

s iy S0, mu S,
G =1s,6,0), mpw scijyes,

S, (@, j)— is the brightness of the v-th image
element of the object S, ;

S, (i, j)— is the brightness of the w-th image
element of the background S, ;

V and W are the number of critical infrastructure
objects and backgrounds of different brightness and
shapes in the source image, respectively.

We will take into account the following
assumptions in the model of the current image:

1) The current and initial images have the same
size of N, x N, pixels;

2) Critical  infrastructure  objects  have
significantly higher brightness values compared to
the background and are homogeneous in brightness
within the resolution element;

3) Each i, j-th element of the current image

represents a normally distributed variable with a
variance of of and a mean brightness value of
S(i, j) , which, in the absence of interference, can
take one of two values: S, (i, j) or S,(, j);

4) The contrast of critical infrastructure objects
relative to the surrounding background is
determined as AS =S, (i, j)-S,,(,);

5) The noise variance in the receiving channels

of CENS is the same, i.e., of=0° Wwhere
ielL,N, jelLN,;
6) The number of background elements

belonging to the set S, and critical infrastructure
objects belonging to the set S, satisfies the relation
V <<W.

The probability density functions of the
brightness S for the background elements and the
critical infrastructure objects, considering the
assumptions made, are determined by the following
expressions:

wW(S)zJZ_Lexp[—(S—sW)Z/ZGZ}, )

o

1

2o

W, (S) = exp| ~(S-8,)" /207 |. 3)

Description of a set of reference images.

The wide range of changes in the height of MR
h e[y, N1, Viewing angles o €[a max | »
B €[Bmn Bux ], differences in  monitoring
direction determined by vector v, as well as

(24

min ?
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temporal changes t_, necessitates the use of a set
of reference images:

{Sm (2‘90,51hi1aj!ﬂk"’|v(”s'tm)}:

i=11,j=1J,

- (4)
k=1K, I =1L,
p=1P, s=1S

Each individual reference image corresponds
to its own matrix of brightness values of the
corresponding pixels:

Sa =[Sa (M), m=L,M, |

1L,

where M, L are the dimensions of the reference

images.
Due to the instability both of the absolute
brightness values of individual critical

infrastructure objects and the contrast between
control objects and the background, we will
consider that the images are given by the contrast
sign and the geometric shape of critical
infrastructure objects, i.e. in the form of binary
images formed for different heights and viewing
angles. The values 1 correspond to the elements
of critical infrastructure objects, and 0 to the
background elements.

For these models of the current and reference
images, we will represent the result of their
comparison as follows:

Se (11),

S0 " (Sm (2«90,51 hi 1 O Lo, ’(pS'tP)], (5)

where F,, is the image comparison operator.

Problem statement.

For the considered image models, based on
their comparison, it is necessary to solve the
problem of minimizing the number of reference
images that form the required set, the use of
which will ensure the required accuracy and
reliability of monitoring the states of critical
infrastructure objects.

Solution.

The set of reference images {¢} is a
multidimensional matrix, the filling of which
with individual images, without restrictions on
the amount of computation, can be as large as
desired, depending on the chosen discretization
step, both in height and angles.

Obviously, the smaller the discretization step,
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the better the correspondence between the selected
reference image for comparison and the current
image. In other words, the higher the correlation
coefficient of the compared images will be.

In addition, the degree of mutual correlation
between individual neighboring reference images
within the set itself will also be high. Based on this,
the solution to the problem can be reduced to
establishing the minimum permissible degree of
correlation between individual images that make up
the set of reference images. At the same time, the
accuracy of monitoring the condition of critical
infrastructure objects will actually be determined
by the steepness of the R(r,t) function in the region

of its maximum, according to the following
relationship:

1
O°R(r,1)
or?

(6)

The reliability of monitoring the condition of
critical infrastructure objects will be determined by
the unimodality of the R(r,t), function, or, in other

words, through the probability of occurrence of
anomalous errors, which can be easily determined
using the maximum likelihood method based on
expressions (2), (3).

The diversity of critical infrastructure objects,
differences in backgrounds, viewing conditions,
and the influence of many random factors on the
functioning of the MR require the presence of a
large amount of statistical data, their generalization,
classification, and a non-deterministic approach.
Therefore, at this stage of the research, it is
advisable to use the method of statistical modeling,
since the problem being solved is stochastic. At the
first stage of modeling, using various reference
images of critical infrastructure objects for possible
viewing conditions, it is necessary to construct
selective images. The peculiarity of this stage is the
obtaining of a set of selective images that will
significantly differ in the number of objects in the
images for different heights due to the spatial
smoothing of objects in the images. This happens
because some objects become small and
comparable to, or smaller than, the resolution
element of the antenna system channel for receiving
information as the height increases. Another feature
of this stage is the appearance of perspective
distortions depending on the orientation of the
antenna system (angle of inclination), which also
leads to a decrease in correlation by geometric
features. At the second stage, it is necessary to
compare the reference image with the obtained
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selective images.

The third stage involves determining the
minimum  permissible  correlation  between
adjacent reference images forming the required
minimum set for the chosen range of viewing
parameters, satisfying condition (6) and the
unimodality of the function R(r,t). In the final

stage, the minimum number of reference images
forming the desired set is determined based on the
minimum permissible degree of correlation
between individual images.

Modeling will be carried out using images of
objects on the viewing surface with different
object compositions and for different viewing
angles at a height of 500 m. The influence of
random factors on the formation of selective
images will be considered by selecting the degree
of correlation between the initial and selective
reference images at a level ranging from 0.5 to
0.7.

Reference images of critical infrastructure
monitoring areas, including energy infrastructure,
are shown in Figs. 1, 4, 7, 10, 13; binary reference
images obtained based on these reference images
(Figs. 1, 4, 7, 10, 13) are shown in Figs. 2, 5, 8,
11, 14, and the results of their comparison based
on the classical correlation algorithm are shown in
Figs. 3, 6, 9, 12, 15.
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Fig. 1. Initial image of the monitoring area.
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Fig. 2 Binary selective image at the cross-section

level over the field of correlation analysis 0.7 to the
original image.
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Fig. 3. The result of comparing the original image
with its binary selective image.

Let's consider the case when the initial image
was obtained at an angle of 30 degrees of viewing.

Fig. 4. The original image of the monitoring area
at a viewing angle of 30 degrees.

200 400 600 800 1000 1200
Fig.5. Binary selective image at the cross-section
level over the field of correlation analysis 0.6 to the
original image.
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Fig. 6. The result of comparing the original image
(Fig. 4) with its binary selective image.
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Fig. 11. Binary selective image at a cross-sectional
Fig. 7. Initial image of the monitoring area with level in the field of correlation analysis of 0.6 to the
homogeneous objects of large sizes. original image (Fig. 10).
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Fig. 8. Binary selective image at a cross-sectional

level over the field of correlation analysis of 0.5 to

the original image (Fig. 7). 800 D

Fig. 12. The result of comparing the original image
(Fig. 10) with its binary selective image.

1500
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800 B\ o E v
Fig. 9. The result of comparing the original image ] 0 1000 1200
(Fig. 7) with its binary selective image. Fig. 13. Original image of a typical landscape
with buildings.
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Fig. 14. Binary selective image at a cross-sectional

level in the field of correlation analysis of 0.6 to the
original image (Fig. 13).

Fig. 10. Original image of a typical landscape.
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1600

800 0
Fig. 15. The result of comparing the original image
(Fig. 13) with its binary selective image.

The results of the modeling considering the
influence of stochastic factors leading to a
decrease in the correlation between images,
presented in Figs. 1--15, show that when forming
a minimal set of reference images that can ensure
the required accuracy and reliability of monitoring
the state of infrastructure objects, it is sufficient to
maintain a correlation between adjacent images
within 0.6. This correlation is ensured with a
discretization step for angles within 30 degrees.
These modeling results were obtained for a
constant value of the height of MR.

The influence of changing in the height of the
MR flight on the formation of the image
comparison function is shown for the range of
heights from 500 to 600 m in Fig. 16.

1 T
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0 |
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Fig. 16. The results of comparison of the original
image with its binary selective image for the height
range from 500 to 600 m.

400 500 700 800

300

900

The analysis of the comparison results
between the initial image and its binary selective
image for the altitude range from 500 to 600
meters, presented in Fig. 16, shows the possibility
of using a height discretization step within the
range of 80 to 100 meters, which maintains the
unimodality of the image comparison function of
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R(r,t) . At the same time, it is necessary to consider a

significant deterioration in the accuracy of image
comparison and, consequently, the accuracy of
assessing the states of controlled objects.

For example, when the degree of correlation is at
the level of 0.5, the accuracy will be in the order of
tens of meters, which becomes unacceptable for
monitoring the condition of small critical
infrastructure objects. In this case, the reliability of
monitoring the states of these objects is significantly
reduced at a degree of correlation within the range
of 0.5, when side outliers appear, comparable in
magnitude to the main lobe of the image
comparison function.

CONCLUSIONS

As a result of the conducted research, an approach
to forming a set of selective images based on correlation
analysis of scenes and the sufficient preservation of
correlation between neighboring images within
0.6...0.7 has been justified. Such an approach
allows for a significant reduction in computational
costs by forming a set of reference images with a
minimum  permissible set of discretization
parameters, which are about 30 degrees for angles
and 80-100 meters for height. At the same time, high
accuracy, and reliability of monitoring the state of
critical infrastructure objects are ensured.
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Development of a Model and Experimental Study of Thermal Processes in a
Ferrofluid Sealer

Nesterov S.A. and Baklanov V.D.
Ivanovo State Power Engineering University,
Ivanovo, Russian Federation

Abstract. The aim of the work is to create an interconnected numerical model of the magnetic, hydro-
dynamic and temperature fields of a ferrofluid sealer and to analyze thermal processes occurring in high-
speed seals. This goal is achieved by selecting the necessary equations, boundary conditions, assump-
tions and physical properties of the magnetic fluid when building the numerical model of the sealer’s
working gap, verification of the developed model by the results of the physical experiment. The im-
portant results of the work are the obtained and analyzed data on the influence both of physical properties
and the geometry of the working gap of the ferrofluid sealer on the heating of the ferrofluid. With a shaft
radius of 140 mm and a linear velocity at the shaft surface of 25 m/s due to viscous heating the ferrofluid
temperature exceeding the ambient temperature can reach values up to 80 degrees and higher, it has
been shown. The use of the equation proposed by V.E. Fertman to determine the thermal conductivity
of ferrofluid and the mixing rule to determine its heat capacity allows us to describe with sufficient
accuracy for engineering calculations the thermophysical properties of concentrated ferrofluids, it was
shown. The significance of the results consists in the possibility of using the developed numerical model
in the study of interrelated physical processes in the working gap of the ferrofluid sealer of rotating
shafts. The physical and concentration parameters of the synthetic oil-based magnetic fluid given in the
paper and the results of its test operation as part of a ferrofluid seal can be used to verify the results of
newly developed models of ferrofluid devices.

Keywords: ferrofluid, ferrofluid sealer, viscous heating, numerical simulation.
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Elaborarea unui model si studiu experimental al proceselor termice intr-un etansant magnetofluidic
Nesterov S.A., Baklanov V.D.

Universitatea de Stat de Inginerie Energetica din Ivanovo, numita dupa V.I. Lenin, or. Ivanovo, Federatia Rusa
Rezumat. Scopul lucrarii este de a crea un model numeric interconectat magnetic, hidrodinamic si de temperatura
ale cimpurilor etansantului fluidomagnetic si de a analiza procesele termice care au loc in etansarile de mare viteza.
Scopul este atins prin alegerea ecuatiilor necesare, conditiilor la limita, ipotezelor si proprietitilor fizice ale
fluidului magnetic in construirea unui model numeric al golului de lucru al etansarii, verificind modelul elaborat
pe baza rezultatelor unui experiment fizic. Rezultate importante ale lucrarii sunt datele obtinute si analizate privind
efectul asupra vascoasei, a incdlzirii fluidului magnetic atat proprietatile sale fizice, cét si al geometriei spatiului
de lucru al sigilantului cu fluid magnetic. Se arata ca cu o raza a arborelui de 140 mm si o viteza liniara pe suprafata
arborelui de 25 m/s, datorita incélzirii vascoase, excesul de temperaturd a fluidului magnetic fatd de temperatura
ambiantd poate atinge valori de pana la 80 de grade si mai mult. Se aratd ca utilizarea ecuatiei propuse de V.E.
Fertman si pentru a determina capacitatea sa de caldura, regula de amestecare face posibild descrierea proprietatilor
termofizice ale MF-urilor concentrate cu suficientd precizie pentru calculele de inginerie. Semnificatia rezultatelor
consta in posibilitatea utilizdrii modelului numeric elaborat in studiul proceselor fizice interconectate in spatiul de
lucru al unei etansari fluide magnetice a arborilor rotativi. Parametrii fizici si de concentratie ai unui fluid magnetic
pe baza de ulei sintetic, indicati In lucrare, rezultatele testarii acestuia in timpul functiondrii ca parte a unui sigiliu
de fluid magnetic pot fi utilizati pentru a verifica rezultatele modelelor nou elaborate a dispozitivelor cu fluid
magnetic.

Civinte-cheie: fluid magnetic, etansant fluidomagnetic, incalzire viscoasa, simulare numerica.
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Pa3pa6oTka Mogenu H IKCHEePHMEHTAJILHOE HCCJIeI0BAHNE TEIIOBBIX IPOLECCOB B MATHUTOKHIKOCTHOM
repMerusarope
Hectepos C.A., bakaanos B.JI.
®I'bOY BO VBaHOBCKHIT rOCyAapCTBEHHBIN dHepreTHdeckuil yHuBepcutetr umenu B.U. Jlenuna,
r. lIBanoBo, Poccuiickas ®@enepanus

Annomayus. llenpio paboOTHI SBISETCS CO3IaHUE B3aMMOCBSI3aHHON YHCICHHOW MOJETM MarHUTHOTO, THIPOJIH-
HaMHMYECKOTO M TEMIIEPATYPHOTO MOJEH MATHUTOXKUAKOCTHOTO TEPMETH3aTOpa M aHAIHM3 TEIIOBBIX IPOLECCOB,
MPOTEKAIONINX B BHICOKOCKOPOCTHBIX YIUIOTHEHUsX. [locTaBieHHas 1Ieib JOCTHraeTcst 3a c4€T BBIOOpa HEOOXO-
JTUMBIX YpaBHEHHH, TPAaHIYHBIX YCIIOBHHA, NOMYIICHAN U (PU3NIECKUX CBOHCTB MATHUTHON KUAKOCTH IIPH IIOCTPO-
€HMU YUCIICHHON MOJENu pabodero 3a3opa repMeTn3aTopa, BepupuKanuy pa3pab0oTaHHOW MOJEIH MO Pe3yibTa-
TaMm (U3MIECKOT0 SKCIIEPUMEHTA. BaskHBIMM pe3yibTaTaMy paOOThI SIBIISIOTCS ITOJyYEeHHbBIE ¥ IPOAHATIH3UPOBAH-
HbIE JaHHBIE O BIMSHUH Ha B3KOCTHBII Pa3orpeB MarHUTHOM )KHUAKOCTH Kak e€ (PU3NIecKux CBOWCTB, TaK U reo-
METpHH paboyvero 3a3opa MarHUTOXXUAKOCTHOTO repmerusaropa. [lokaszano, uto npu pamuyce Baia B 140 MM u
JIMHEHHOW CKOPOCTH Ha MOBEPXHOCTH Baja 25 M/C BCIIEACTBHE BS3KOCTHOTO pa3orpeBa NPEBBILICHUE TeMIepa-
TypBI MArHUTHOM XUJIKOCTH HaJ TEMIIEpaTypoil OKpysKaromei cpesl MOKeT JOCTUraTh 3HaueHuH 1o 80 rpamgycos
Y BBILIC. HOKaSaHO, YTO MCIOJIB30BaHUC IJIA ONPEACTICHUSA TCIIOIIPOBOAHOCTHU MarHUTHOM KUAKOCTHU YpaBHCHUA,
npeanoxxeHHoro B.E. @eptmanoM, a At onpeneneHus e€ TeII0EMKOCTH IPaBUIIa CMEIIEHUS TO3BOJISET C JOCTA-
TOYHOM JUT MH)KEHEPHBIX PACYETOB TOYHOCTBIO ONUCATH TEINIOPU3NIECKHE CBOHCTBA KOHIICHTPUPOBAHHBIX JKHUI-
KOCTeH. 3HaUMMOCTh PE3yJIbTaTOB COCTOUT B BO3MOXKHOCTH HCIIOJIB30BAaHMS Pa3pabOTaHHON YHCIICHHOW MOJETH
P MCCJIEOBAHUY B3aNMOCBSI3aHHBIX (PU3NYECKUX MPOIEcCcOB B pabodeM 3a30pe MarHUTOXKUIKOCTHOTO TepMe-
TH3aTOpa Bpamnaromuxcs Baynos. [IpuBenéHnbie B paboTe Gprsndeckre 1 KOHIEHTPaNNOHHbBIE TApAMETPBl MarHUT-
HOM JKUJIKOCTHU Ha OCHOBC CMHTECTUYCCKOI'O Macjia, pe3yJjbTaThbl e€ UCIBbITaHUsA npu pa60Te B COCTAaBC MAarHuToO-
JKMJIKOCTHOTO YIUIOTHEHHUS] MOT'YT OBITh HCIIOJIb30BaHBI I BepU(BHUKALUK Pe3yIbTaTOB BHOBb Pa3pa0daThiBAEMbIX
MOJEJIEH MAarHUTOKUAKOCTHBIX YCTPOMCTB.

Knrouesvie cnoga. MarHuTHas XHUIKOCTb, MATHUTOXKUAKOCTHBIM TepMETHU3aTOP, BI3KOCTHBIH pa3orpes, YUCICH-
HOE MOJICTUPOBaHME.

the cylindrical magnetic pole surrounding it due
to the additional volumetric magnetic force.
Ferrofluids (FFs) are colloidal solutions of sin- 1 2 1
gle-domain magnetic particles with typical sizes N N /
i : TR S
of about 10 nm, dispersed in a carrier liquid and %
stabilized by a surfactant that prevents irreversi-
ble agglomeration of particles under the influence
of magnetic forces [1]. Since the 1960s of the 3
twentieth century, when these materials were first
synthesized, the areas of their technological appli-
cation have continued to expand, thanks to the \
unique combination of fluidity and interaction
with an external magnetic field. A -
The technology of ferrofluid sealing of rotat- 1 — pole, 2 — magnet, 3 — ferrofluid, 4 — shaft.
ing shafts of electric motors is a developing and
promising area of application for FFs. Due to the i o o
relatively simple construction and the possibility The main factor restraining the application of
of making it in small sizes, the installation of fer-  the FF seals on powerful machines with large di-

rofluid seals (FF seals) instead of bearing covers ~ ameter rotating shafts is the linear velocity in-
in electric motors ensures guaranteed separation ~ Créase on the surface of the shaft and the centrif-

of the internal volume of the electric motor from  udal forces and destructive effects associated with
aggressive or explosive external environment the viscous heating that occurs in the FF layer [7, 8].

INTRODUCTION

Fig. 1. FF seal of a typical design.

with minimal friction and absence of mechanical ~ With the development of numerical calcula-
wear of the surface of the shaft, which is typical ~ tion systems for physical fields, the interest of re-
for seals of traditional designs [2, 3, 4, 5, 6]. searchers studying theoretical and practical as-

A typical structure of a rotary FF seal is shown ~ Pects of ferrohydrodynamics is shifting towards
in Fig. 1. A small volume of ferrofluid is retained ~ creating models for a comprehensive assessment
in the annular area between the rotating shaftand O the interrelated physical processes.
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Among the series of works dedicated to the re-
lationship between magnetic and hydrodynamic
fields, it is worth noting the work of Kazakov
Y.B. [9], which determines the shape of the fer-
rofluid in the gap of the FF seal using an optimi-
zation procedure, whereby the surface elements
of the FF are ensured a magnetic induction value
determined by pressure and temperature gradi-
ents. Rodionov A.V. with co-authors in [10, 11]
define the boundaries of the ferrofluid plug in the
gap of the FF seal based on the lines of equal in-
duction obtained from numerical calculation of
the magnetic field, and by using the method of fi-
nite volumes, they study the hydrodynamic pro-
cesses in this volume of FF during the rotation of
the shaft, assuming these boundaries are invari-
ant. Yibiao Chen with co-authors in [12] find the
initial boundaries of the FF plug in a similar way,
and consider the deformation of the FF surface
under the action of the applied pressure gradient
and centrifugal forces when numerically calculat-
ing the hydrodynamic processes.

There are practically no works dedicated to the
analysis of the thermal state and the creation of
models for calculating the temperature field of the
FF seals to date. The heterogeneity of the phase
composition of the FF and the difference in the
thermophysical properties of the magnetic phase
and the liquid base (reaching two or more orders
of magnitude) determine a significant dependence
of the thermophysical properties of FF, such as
heat capacity and thermal conductivity, on the
concentration of the solid phase, and for concen-
trated liquids, on the intensity of the magnetic field
if its vector is parallel to the heat flow [13, 14, 15,
16, 17].

Therefore, the creation of verified models for
analyzing the thermal state of FF seals is an ur-
gent scientific task.

METHODS FOR RESEARCH

The hydrodynamic calculation of the FF seal
is based on the Navier-Stokes equation.

The effect of the magnetic field on the hydro-
dynamic processes is considered through an addi-
tional volume force acting on the FF in the gap
and preset by the following equation:

F= ,uOMVH ,
where M — is the magnetization of the FF; H —is

the magnetic field intensity, and x4, — is the mag-
netic permeability of vacuum.
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The magnetic field calculation is carried out
according to the equations:

VxH=J,B=VxA B=uH,

where A — is the vector magnetic potential, B — is
the magnetic induction vector, x — is the magnetic
permeability of the material.

The magnetic properties of steel and FF are
specified by the corresponding magnetization
curves. FF based on synthetic oil is chosen for the
study, whose physical properties are summarized
in Table 1.

Table 1
Physical properties of the FF and its components
Density at 293 K 1,301 g/cm?
Volume fraction of mag- 8,89 %
netic phase
Volume fraction of 2%
surfactant
Mass fraction of magnetic | 35,19 %
phase
Mass fraction of surfactant | 1,38 %

Specific heat capacity of
magnetic phase

6035 Ji(kg K)

Specific heat capacity of
surfactant

1848 Ji(kg -K)

Thermal conductivity of
magnetic phase

10 W/(m-K)

Thermal conductivity of
surfactant

0,231 WI(mK)

Plastic viscosity of FF Magnetization curve

of the FF

T,K n, Pa-s H, A/m | M, A/m
253 36,7 0 0
263 13,7 13136 21014
273 5,78 49363 29625
283 2,59 78423 31896
293 1,3 110668 32962
303 0,724 143312 33673
313 0,457 236066 34226
323 0,302 355294 34365

Thermal conductivity of | Specific heat capac-

the base ity of the base
T, K Ao, W/(m- K) T, K Co,
Ji(kg- K)

293 0,13 293 1930
313 0,128 313 1980
339 0,126 339 2030
373 0,123 373 2128
413 0,12

433 0,118

The problem of conjugate heat transfer is
solved both in the area of the FF and in the sur-
rounding elements of the FF seal. Heat transfer in
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the FF occurs by convection and thermal conduc-
tivity, while in the solid bodies, heat transfer oc-
curs only due to thermal conductivity. The tem-
perature field is continuous when transitioning
from the FF to the elements of the casing. Heat is
generated due to the viscous heating of the FF
during its shear flow following the rotating shaft.
The temperature field is calculated based on the
heat balance equation:

oT
pC, E+V'(—kVT)+pCpu VT =

~ [T+ (VW) =2 (V-0)D]: Vu

where p — is the density, C — is the specific heat,
T — is the temperature, k — is the thermal conduc-
tivity, # — is the viscosity, and u — is the velocity.
The right-hand side of the equation represents the
heat source due to the viscous dissipation of en-
ergy.

Given that the bases of the FF are usually op-
erational at temperatures significantly different
from the phase transition temperatures of its com-
ponents, it is recommended to use the rule of mix-
tures when determining the heat capacity, accord-
ing to which [18]:

1)

Ciux =6, -C)+c, -C+c, -C,

where ¢°,c,cn — are the mass fractions of the
base, stabilizer, and magnetic phase, respectively;
C,.C;.C;' — are the corresponding heat capaci-
ties.

To determine the thermal conductivity of con-
centrated FFs, formula [19] is recommended:

lg(2)=(1-¢,)-lg(r,)+c, -lg(r,),  (2)
where ¢, — is the volume fraction of the magnetic
phase, Ao — is the thermal conductivity of the base,
Am — is the thermal conductivity of the magnetic
phase.

To verify the results obtained by numerical
modeling, an experimental bench was developed,
shown in Fig. 2. An asynchronous motor is ro-
tated by the electromagnet shaft. The motor rota-
tion frequency is regulated by a frequency con-
verter within the range of 0 to 3500 rpm.

The power consumed by the asynchronous
motor is displayed on a power meter. Based on
the power meter readings, taking into account the
losses in the electric motor and electromagnet, an
estimation of the power liberated in the FF plug
due to viscous friction is made.

Connector
Input/Output board

Ferrofluid seal

Pressure sensor

Inlet valve
Needle faucet

Exhaust valve
Motor power meter
Frequency inverter control panel

DC power supply

Electromagnet

Electric motor

Fig. 2. Experimental bench.
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The FF seal is installed on the top of the elec-
tromagnet (Fig. 3) via a 2-mm thick non-magnetic
gasket, with a possibility of substitution the sta-
tionary pole attachment and the shaft for those re-
quired by the test program. The stationary pole at-
tachment and the seal shaft form an FF seal work-
ing gap filled with FF.

. ?‘F o | @
[ 17 -1
3 i i N 1
S e TR,
N /7/// \ A
7 N f//; /;// ) N 3
Z \ ?// TN AN
W 1
by | N
yaZ
8 7 6 )

1 —pressure ring, 2 — sealing ring, 3 — polycarbonate
cover, 4 — FF seal housing, 5 — fixed pole attachment,
6 — solenoid housing, 7 —FF seal shaft, 8 — solenoid
shaft.

Fig. 3. Design of the ferrofluid sealer.

To directly monitor the FF temperature and
experimental bench components, an infrared ther-
mal imager UNI-T UTi260A was used. Since
temperature measurement on shiny metallic sur-
faces is difficult, a black heat-resistant paint was
applied onto them (Fig. 4).

1 — surface of the pole attachment, 2 — surface of the
tooth on the FF seal shaft.

Fig.4. Heat-resistant paint application locations
for thermal monitoring of the FF seal tempera-
ture.

RESULTS

The temperature distribution in the FF seal
working gap after 10 seconds of rotation with a
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linear velocity of 5 m/s obtained from the numer-
ical simulation is shown in Fig. 5. It can be seen
that apart from small areas being in contact with
cold metallic surfaces, the temperature distribu-
tion in the FF plug is sufficiently uniform, and
thermal imaging temperature measurement on the
surface of the FF allows a reliable estimation of
the temperature inside it.

T,

K

308
306
304
302
300

298

Fig. 5. Temperature distribution in the FF seal
gap.

Comparison of the calculation results and the
physical experiment presented in Fig. 6 shows
their agreement with satisfactory accuracy for en-
gineering calculations. The discrepancy of the
curves at the initial stage is also related to the fact
that in the physical experiment, unlike the mathe-
matical one, the rotation frequency of the FF seal
shaft increases not instantaneously, but gradually
reaches the steady-state value over 5 seconds, and
the heat release power in the FF is less than in the
model.

The discrepancy in the dependencies shown in
Fig. 6 after the 120th second is related to the com-
plexity of accounting for the thermal state of tech-
nological gaps separating individual parts of the

Ferrofluideal device from each other, which have a notice-

ble effect on its thermal conductivity.

Since such gaps are absent in the model, the
thermal conductivity of the steel sections of the
FF seal is higher than in the experimental device,
and over time, this leads to a slowing down of the
rate of temperature increase in the FF due to a
more intensive heat dissipation to the metallic el-
ements.

Figures 7 and 8 show the temperature distribu-
tion change in the FF seal when the shaft is rotated
at speeds of 5 and 25 m/s, respectively, with a
magnetic field induction of 1.2 T and a gap be-
tween the shaft and the pole piece of 0.5 mm.
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1-- simulation results,
2 — results of the physical experiment.

Fig. 6. Dynamics of ferrofluid heating. The linear
velocity is 5 m/s.

Prior to the drive motor being turned on, the
FF and FF seal had a room temperature of 296 K.
The FF, as the main source of heat, has a maxi-
mum temperature equal to the upper limit of the
thermal scale in these images. The temperature in
the upper left corner of the image is equal to the
temperature of the toothed shaft of the FF seal in
close proximity to the FF plug. An analysis of the
temperature distribution shows that in the first 10
seconds after the start of shaft rotation, the FF
temperature in the gap sharply increases. For a
speed of 5 m/s, the temperature increases by 10.2
K, and for 25 m/s - by 36.7 K. At the same time,
the FF viscosity sharply decreases, fluid friction
decreases, and the dynamics of heating signifi-
cantly reduces.

o 2023/04/26 0 2023/04/26 o 2023/04/26 o 2023/04/26
+ Z26NEEY U W]+ 28.5°C %0 @+ 33:2°C8 5,5, |+ 40:0508 <55 .l
43.2

a — 10 seconds, b — 2 minutes, ¢ — 10 minutes, d — 60 minutes.

Fig. 7. Thermal state of the FF seal. The linear velocity is 5 m/s.

a — 10 seconds, b — 2 minutes, ¢ — 10 minutes, d — 60 minutes.

Fig. 8. Thermal state of the FF seal. The linear velocity is 25 m/s.

also increases the overall losses in the electric mo-
tor. Figure 9 shows the change in dissipated
power and temperature of the FF at a linear speed

The viscous dissipation of energy in the FF
plug of high-speed seals leads not only to a sig-
nificant heating of the FF during operation, but
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on the surface of the single-toothed FF seal shaft
of 25 m/s. The increase in the temperature of the
FF in the first few seconds after the start of the
rotation of the shaft leads to a sharp decrease in
viscosity and, as a result, a decrease in the re-
sistance torque of the FF seal and the dissipated
power. The rate of change in temperature and
power is determined by the temperature depend-
ence of the viscosity of the FF.

P, T, .
W K
220 7 333
200 323
180 313
160 5 303
140 : 293
120 283
100 273
0 10 20 30 40 50 t, min

Fig. 9. Dependence of friction losses and tempera-
ture of FF in the seal.

The choice of the FF necessary volume for fill-
ing the FF seal can significantly affect the perfor-
mance of high-speed seals. Fig. 10 shows the ex-
perimentally obtained change in the critical pres-
sure of the FF seal and the steady-state tempera-
ture of the FF depending on the cross-sectional
area of the ferrofluid plug, directly related to the
volume of the filled fluid. It can be seen that the
temperature increases almost linearly with an in-
crease in the FF volume, while the pressure drop
maintained by the FF seal significantly increases
with an increase in the cross-sectional area of the
FF plug from 2 to 4 mm. However, the FF further
addition leads to a less significant increase in the
pressure drop.

T, Ap
K 1 |, |kea
373
r’)— b + 16
QEpe=cunf
L 12
333 L 2 10
L 3
313 »
293 4
)
273 0
0 2 4 6 8 10 Ser, mm?

1 — critical pressure, 2 — temperature.

Fig. 10. Change of FF pressure and temperature
depending on the seal filling volume.
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Figure 11 shows the change in the FF temper-
ature over time when using synthetic oil, poly-
ethylsiloxane and polymethylsiloxane liquids, as
the carrier fluid.

T!
K 1
343

2
123 5

i 10 an
LU > U

0 10 20 t, min

1 — FF based on polyethylsiloxane liquid, 2 — FF

based on synthetic oil, 3 — FF based on polyme-
thylsiloxane liquid.

Fig. 11. Change of the FF temperature on different
carrier fluids.

Figure 12 demonstrates the temperature de-
pendences of viscosity for each of these FFs. All
fluids have a saturation magnetization of 40
kA/m. The surface velocity of the shaft is 25 m/s.

n, %
Pa's

1 \
os 1 [ \] |2
0.6 \\
0.4 3 \"'\ﬂ AN
0.2

0

273 283 293 303 313 323 333 343 353 T, K
1 - FF based on polyethylsiloxane liquid, 2 — FF
based on synthetic oil, 3 — FF based on polyme-
thylsiloxane liquid.

Fig. 12. Change of FF viscosity on different carrier
fluids.

Analyzing the dependencies shown in Fig. 11
and Fig. 12, it can be concluded that the viscosity
of the FF at high temperatures has a determining
effect on the heating of the FF during operation in
high-speed FF seal. For example, the FF based on
synthetic oil has a viscosity by 3.1 times higher
than that of the FF based on polyethylsiloxane at
room temperature, but due to a much more pro-
nounced temperature dependence, after just 10
minutes of operation of the FF seal, the tempera-
ture of the polyethylsiloxane-based liquid starts to
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exceed the temperature of the FF based on syn-
thetic oil, and after 60 minutes of operation, this
difference reaches 5.6 K. The use of a much less
viscous FF based on polymethylsiloxane allows
for a significant reduction in the heating of the FF
seal, especially when operating in a repeat-short-
term mode.

CONCLUSIONS

The developed numerical mathematical model
for the integrated calculation of magnetic, hydro-
dynamic and thermal processes allows us to esti-
mate the magnitude and rate of the viscosity heat-
ing of the FF by a rotating shaft in high-speed FF
seals.

Comparison of the numerical calculation re-
sults with the physical experiment data shows that
the use of equation (1) to determine the thermal
conductivity of FF and expression (2) to deter-
mine the specific heat of FF allows describing the
thermal properties of concentrated FFs with suffi-
cient accuracy for the engineering calculations.

Experimental data show that the degree of vis-
cosity decrease with increasing temperature has a
significant influence on the magnitude of the vis-
cosity heating of the FF plug during prolonged
operation of the FF seal. The FF proper selection
can significantly reduce overheating and increase
the lifespan of the FF seal.

At a linear velocity of 25 m/s on the shaft sur-
face, the temperature increase of the FF due to
viscosity heating alone can reach values exceed-
ing 80 degrees, which, in combination with the
temperature increase from the operating equip-
ment, can lead to the overheating and boiling of
the FF.

Often, the FF seals are installed on industrial
equipment, particularly electric motors, solely to
ensure separation of the external explosive or fire
hazardous environment from the internal volume.
In this case, the seal only holds a small pressure
differential, which is related to the heating of the
air inside the operating device. In this case, reduc-
ing the volume fraction and, consequently, the
viscosity and saturation magnetization of the FF
appears to be an effective way to reduce the vis-
cosity heating of the FF.

Developing a methodology for calculating the
optimal volume of FF that satisfies conflicting re-
quirements for maximum pressure differential
and minimization of viscosity heating of the FF
seal is a relevant scientific problem.
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Recurrent Neural Network-Based Autoencoder for Problems of Automatic
Time Series Analysis at Power Facilities
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Abstract. Digitalization of the energy sector leads to an increase in the volume and rate of data collec-
tion. A primary barrier to the proper management of the technological data is the lack of data labeling
corresponding to emergency modes, power equipment technical state, etc. Thus, despite the large
amount of data, there is a shortage of labeled data suitable for training, validating and testing the machine
learning models. Labeling by an expert takes too much time, so there is an actual task to automatically
identify data fragments that are potentially of interest. The aim of the work is to develop an algorithm
for prioritizing the fragments of the time series using the compact recurrent autoencoder. To achieve the
goal, a neural network architecture was developed based on recurrent encoding and decoding cells, ca-
pable of unsupervised learning. The model was tested on two data sets: a synthetic sinusoidal signal
with missing values and electric current measurements with thermal limit deviations. The substantial
results of the work are the compact architecture of the autocoding model and the high interpretability of
the output. The most significant achievements of the study are both the autocoding neural network
model, which does not require initial assumption about the type of deviations, and the proposed algo-
rithm for prioritizing the data fragments. The significance of the results is prooved by the reduction of
the time for analyzing and labeling large data arrays with technological parameters of the electrical
networks, which allows using these data for training, validating and testing.

Keywords: autoencoder, time series processing, recurrent neural networks, operating parameters of
electrical networks.
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Autocodarea retelei neuronale recurente pentru probleme de procesare automata a seriilor de timp la
instalatiile energetice
Matrenin P.V.%, Haliasmaa A.l.%, Potacit Ia.V.?2
Universitatea Federald Ural, Ekaterinburg, Federatia Rusa
2Universitatea Nationald Tehnici din Belarus, Minsk, Republica Belarus

Rezumat. Digitalizarea complexului de combustibil si energie duce la cresterea volumului de date colectate de la
instalatiile de energie electrica si a vitezei de acumulare a acestora, dar un obstacol in calea utilizarii datelor mari
care contin masuratori de putere, curent si tensiune este lipsa marcajului in datele care contin informatii despre
modurile de functionare de urgent, starea tehnica a echipamentului, anomalii. Scopul lucrarii este de a elabora o
metoda pentru imbunatatirea eficientei marcajului seriilor de timp in problemele industriei energetice prin
prioritizarea fragmentelor de serii temporale folosind modelul propus de autoencoder compact recurent. Pentru a
atinge scopul, a fost elaborata o arhitectura de retea neuronala bazata pe celule de codificare si decodare recurente,
capabile s invete fard profesor (fara date marcate) si testatd pe doua seturi de date: un semnal sinusoidal sintetic
cu valori lipsa si masuratori curente 1n o sectiune a unei retele electrice, care contine valori de exces de curent pe
termen scurt. Deosebirea lucrarii este arhitectura simplificatd a modelului de autocodare recurentd si
interpretabilitatea ridicatd a valorilor de iesire rezultate. Cele mai semnificative rezultate sunt modelul unei retele
neuronale cu autocodare pentru detectarea automatd a abaterilor n serii de timp fara a se forma o ipoteza initiala
despre tipul abaterilor, algoritmul propus pentru utilizarea modelului pentru prioritizarea analizei si etichetarii
fragmentelor de serie de timp 1n probleme. a industriei energiei electrice. Semnificatia rezultatelor consta in faptul
ca metoda propusa face posibila reducerea semnificativa a timpului de analiza si marcarea retelelor mari de serii
temporale care contin date digitale ale parametrilor de functionare ai retelelor electrice.

Cuvinte-cheie: autoencoder, procesare serii de timp, retele neuronale recurente, parametrii de regim ai retelelor
electrice.
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ABTOKOIHPYIOIIasi PeKYPPEHTHAsI HEHPOHHASA CeTh 151 32/1a4 aBTOMAaTH3alMH AHAJN32 BPeMEHHbBIX
PAI0B HAa 00BEKTAX IHEPTeTHKH
Marpenun IL.B.}, Xaabsacmaa A.A., Torauun 51.B.2
Ypansckuii penepanbubiii yausepcuter, Exatepun6ypr, Poccuiickas ®enepauus
2Benopyckuil HAMOHAILHBIN TeXHUYECKUH yHUBEepcuTeT, MuHck, Pecriybmika Benapych

Annomayus. LndpoBu3aryst TOIUTMBHO-YHEPTeTHIECKOTO KOMITIEKCAa IPUBOIUT K YBEIHUCHHUIO 00beMa coOupa-
€MBIX C 00BEKTOB 3JIEKTPOIHEPTETUKH LIU(PPOBBIX JAaHHBIX U CKOPOCTH MX HAKOIJICHUS, HO MPEMSATCTBUEM I
UCTIONIb30BaHMs OOJBIINX AAHHBIX, COAEP)KAINX M3MEPEHHS MOIIHOCTH, TOKA W HANPSDKEHHS, SBISETCS OTCYT-
CTBHE B JIAaHHBIX Pa3METKH, COJCPIKAIIUX CBEACHHS 00 aBapUHHBIX PEKMMaxX pabOThl, TEXHUYECKOM COCTOSIHUH
00opynoBanus, aHoManusx. TakiuM 00pa3om, HECMOTPsl Ha OOJIBIIONH 00BbEM JTaHHBIX, COXpaHAeTCs NeUIUT pas-
MEUCHHBIX JITAaHHBIX, IPUTOTHBIX JJIs1 O0OYUeHHMsI, BAIMIAIIMN U TECTHPOBAHUS MOJENel Ha 0a3e MaIlMHHOTO 00Y-
yeHus. Pa3mMeTka Takux 00beMOB JaHHBIX SKCIEPTOM 3aHUMAET CIMIIKOM MHOTO BPEMEHH, II03TOMY aKTyaJbHOU
3ajadyeil sSBIsETCS aBTOMaTHYEeCcKash NACHTH(HUKALNS B JAaHHBIX ()parMEeHTOB, KOTOPHIE MOTEHINAIBHO TIPEICTaB-
Jstr0T HaubospLHi nHTEpec. Llenbio paboTh sBisieTcst pa3paboTka MeTo/1a IpUopHUTe3anuy (parMeHTOB BpEMEH-
HBIX PSIIOB C IOMOIIBIO MPEATIOKEHHON MOAEIN KOMITAKTHOTO PEKYPPEHTHOTO aBTOKOJUPOBIINKA JUIsl aBTOMATHU-
3alUM UX aHAIN3a U Pa3METKH JAHHBIX Ha 00BEKTaX 3NIEKTPOIHEPTETHKHU. [yIst ocTIKeHMs enu Oblna pa3pabo-
TaHa apXUTEKTypa HEHPOHHOH ceTH Ha 0a3e peKyppPEHTHBIX A4eeK KOAMPOBAHUS U JIEKOIMPOBAHUS, CIIOCOOHAS
o0ydaTtbes 6e3 yauTess, U anpoOupoBaHa Ha ABYX HAOOpaxX MaHHBIX: CHHTETHYECKOM CHHYCOWAAIbHOM CHTHAJE
C TIPOITYIIEHHBIMH 3HAYEHUSAMH ¥ U3MEPEHHIX TOKA Ha YJacTKE IEKTPUUECKOH CETH, COJep KaIlnX KPaTKOBpe-
MCHHBIC IIPEBBIMICHHS 3HAYCHUH ToKa. OTinaneM paboThl SBISCTCS KOMIIAKTHAS apXUTEKTypa PeKyppeHTHOH aB-
TOKOJHMPYIOLIEH MOZETHN U BBICOKAst HHTEPIPETUPYEMOCTh MOJTy4yaeMbIX BBIXOJHBIX 3HaueHui. Hanbonee cyme-
CTBCHHBIMHU PEC3yJIbTaTaMU SABJIAIOTCSA MOACIIb aBTOKOZalyIOHIeﬁ HeﬁpOHHOﬁ CCTHU U1 aBTOMATUYCCKOI'O BBISBIIC-
HUS OTKJIOHEHHUI BO BPEMEHHBIX psiax 0e3 GpopMHpOBaHMs N3HAYAIBLHOTO MPEAIIONO0KEHHS O BHJIE OTKJIO HEHUH
U MIPEIOKEHHBIN alrOPUTM HCIOIB30BaHUS pa3pabOTaHHON MOJENH IS MPUOPUTE3aLNU aHAIN3a U pa3MEeTKI
(parMeHTOB BPEMEHHBIX PSJIOB B 3a/la4aX 3JEKTPOIHEPreTHUKH. 3HAYMMOCTh PE3YJIbTaTOB 3aKJIIOYACTCS B TOM,
YTO NPEUIOKECHHBINH METO/I TO3BOJISICT CYIIECTBEHHO COKPATHTh BPEMsI Ha aHAJIN3 U Pa3METKY OOJIBIINX MAaCCHBOB
BPEMEHHBIX PSJIOB, COJEPKAIINX JAHHBIC PEXUMHBIX IAPAMETPOB HIIEKTPUIECKUX CETEH, YTO MO3BOIUT UCTIOJb-
30BaTh 3TH JaHHbBIE I 00yUCHNUS, BAIUAAIMH 1 TECTUPOBAHHS MOJEIEH.

Kniouegvie cnoea: aBTOKOIMPOBIINK, 00pab0TKa BPEMEHHBIX PSAIOB, PEKYPPEHTHBIE HEHPOHHBIE CETH, PE)KUMHBIE
TapaMeTphl JEKTPUIECKUX CETEH.

JJI1 UCITOJIB30BaHUSA OOJIBIIHX JIaHHBIX B 3JICKTPO-

BBEJIEHUE SHEpreTUKe SBISETCS OTCYTCTBHE B HHX pas-

A. Hcnonvsosanue nepasmedenivix usmepenul metku [3, 10]. HakamnmBaercst 60mbImoit 00beM
MOWHOCIU, MOKA U HANPANCEHUS 8 HEpa3MEUEHHBIX JAHHBIX, KOTOpHIE HE MOTYT
DNIEKMPOIHEP2EMULECKUX CUCTIEMAX OBITH HCIIOJIB30BAHBI /11 0€3 PELIEHHUS TPOOIEMBI

aHaJ M3a HEepa3MEYEHHBIX IaHHBIX, MOCKOJIBKY
JUI 337124 OOHapY)KEHUs] HEWCIIPaBHOCTEH WK
OLICHKH TEXHHYECKOTO COCTOSHHS BHICOKOBOJIBT-
HOro o0opynoBaHust HanOomnee 3PpPEeKTUBHBI al-
TOPUTMBl MAIIMHHOTO OOYYEHHsI C YYHTENEM,

[udpoBuzanust TOIUIMBHO-IHEPIeTUIECKOTO
KOMIIJIEKCa MIPUBOJIUT K YBEITMUEHHUIO 00beMa co-
OupaeMbIX C OOBEKTOB JHEPreTHKH JIaHHBIX.
BHenpenne nugpoBeIX CUETYHKOB DIEKTPOIHED-
THH, YCTPOMCTB CHHXPOHHM3WPOBAHHBIX BEKTOP-
HbIX u3Mepenmii, Phasor Measurement Unit Tpebyiolye pasMeueHHbIX fanHbiX [11].

(PMU) [1-3] # mmdpossix moxctammmii [4, 5] MosxHO BBI/ICIHTD CIIEJyOLIHE TOJXOIb K Pe-
HPUBOZIAT K (OPMUPOBAHMIO GOMBIINX Maccupop  [CHHIO JIAHHOM MpoOJIEeMbL: METOJIBI OOYUEHHUS C

1M (POBBIX TAHHBIX, KAK M Pa3BUTHE BO30OHOBIIS- qaCTHq_HI’(IjMI Hp_HBﬂ_equHeM yHaurens (semi-
eMOH SHEPreTHKH M DACTIpEIeNCHHON remepa-  SUPErVise earning); KiacTepHbIi aHalu3, aBTO-
wuw [6, 7). KOJMPOBIMKA M JAPYyIHE METOILI 00yueHus Oe3

yauresns (Unsupervised learning); resepariust cus-
TETHYECKHX JIAHHBIX.

OOyueHne ¢ YaCTUYHBIM NPHUBJICUYCHUEM yUH-
TeJIS TI03BOJISIET PAdOTATh C IAHHBIMH, B KOTOPBIX
pasMeuena UL HeOombias yacTh. [Ipu Hamu-
YUK pa3MEUEHHON YacTH BBIOOPKH MOXKHO 00Y-
YUTH MOJIENb Ha 3TUX JAHHBIX, 3aTE€M HCIIOJb30-
BaTh MOJEb JUIS IOJyYeHHUs] aBTOpa3METKu. B
pabote [12] Takoii METOI UCTIONB3YETCS IS aHa-
nu3a rpaduKoB 3JEKTporoTpedseHus, B padore

JlanHbIe, copepKale 3Ha4eHUs MoTpedisie-
MOH U T€HEpUPYEMOI MOIIHOCTH, TOKA U Hanpsi-
JKEHHUsI, MOTYT OBITh MCIIOJIB30BAHBI s PELICHUS
PasIMUHBIX 3a7ady. YHpaBJICHUE HHEProCUCTE-
MaMH, JAWarHOCTHKA COCTOSHHUS 3JIEKTPOoOOopYy-
JIOBaHUsl, OOHApYXEHUE aBapHU.

Bonbmioii 00beM JaHHBIX TO3BOJIMI TIPHMeE-
HUTh METOJIbl MAITUHHOTO OOYYEHHUS JUIS BBICO-
k03(ppeKkTHBHOTO perieHus 3a/1a4 BO MHOTUX 00-
nactsx [8, 9], HO CylIEeCTBEHHBIM MPENSTCTBHEM
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[13] wacTiuHOE 0OyUYEeHNE TPUMEHEHO IS AETECK-
THPOBAHMS HETEXHOJIOTUIECKHX TIOTEPh IEKTPO-
sHepruu. IIpuMeHeHHe YacTHYHOrO OOyJYeHUS
JUIs. OOHApY)KCHUS] HEUCIIPABHOCTEH OIMKMCAHO B
cratbe [14]. HemocratkoM siBisieTcss HEOOXOIM-
MOCTb IMETh OYEeHb TOYHYIO Pa3METKY [UIS YaCTH
JaHHBIX. B 3amauax MOHHTOpHHra 3JIEKTP000O-
PYZIOBaHUS M DICKTPUYCCKUX CETEeH BCeria MpH-
CYTCTBYET CHIIBHBIA JHCOATaHC KJIAacCOB, IPHMe-
POB JaHHBIX, OTHOCSIIMXCS K aBapwsAM, OYEHb
Majio, MOCKOJBKY 3TO peakue coObiTus. CraTu-
CTUYECKH OHH MOTYT PaccMaTpHBaThCs KaK OT-
KJIOHEHUS OT HOPMAJIBHOTO COCTOSIHUS WM BBI-
opocsl. [Toatomy GopmMupoBaHHE aBTOPa3METKU
JUISL PEIKUX KIIACCOB MOXKET UMETh BBICOKYIO MO-
TPEIIHOCTh, YTO HE MO3BOJHT IPHUMEHSTH ITOJTY-
YEHHbIC MOJICIM C JOCTATOYHOW CTEICHBIO yBe-
PEHHOCTH B UX HAJICKHOCTH.

KrnacTepHsiii aHamM3 OTHOCHTCSA K OOYYEHHUIO
0e3 yuutens u He TpeOyeT pazMeTku. B paborax
[15, 16] knactepusalys mpUMEHsIeTCs AJsi OOHa-
pY)KEHHsI TPOBAJOB HampspkeHus. Mcnomb3osa-
HHE KJIaCTepU3alUH NU3MEPEHHI TOKa 1 HanpshKe-
HUS JIJIs aHAJIM3a COCTOSIHUS U YIIPABJICHUSI PEry-
JIATOPaMH  pacrpeieleHHONH KuOephusndeckon
CHCTEMBI onucano B crathe [17]. OcobGeHHOCTRIO
NPUMEHCHHUS KJIACTEPHOTO aHaliM3a SIBISICTCSI
HEOOXOMMOCTh TOCICIYIOIICH HHTEePIpeTaluu
HOJTyYEHHBIX PE3YJIbTAaTOB, TAK KaK HET FApaHTHH,
YTO CHUTYalllH, CBS3aHHBIE C HEHCIPABHOCTSIMH,
HONAIyT B OJIHU KJIACTEPhI, @ TPOYNE CUTYAIIUH B
apyrue. B pesynbrare skoHOMUS TpyHo3aTpart 3a
CUET OTKa3a OT Pa3MEeTKH JIAHHBIX YaCTHYHO KOM-
MICHCUPYETCs Ha JTare aHallu3a pe3yIbTaToB MO-
JIeIIH.

['eHepalyst HOBBIX Pa3MEUYECHHBIX TAHHBIX Ha
OCHOBE MMEIOIINXCS SBISETCS MOJIXO0JIOM, YCIeX
KOTOPOTO B psijie 00acTell 00ecieueH MpuMeHe-
HHEM T'€HEepaTHBHO-COCTS3aTEILHBIX HEHPOHHBIX
cereit ('CHC) [18, 19]. IToaxox 3akimovaeTcs B
00y4eHUH JBYX KOHKYPHUPYIOIIUX MOJIENIeH, O/THa
U3 KOTOPBIX CTPEMHUTCS T€HEPHPOBATh CHHTCTH-
YEeCKUE JaHHbIE, CTATUCTHYECKA COOTBETCTBYIO-
IIMe 3aJaHHON BBIOOPKE JaHHBIX, @ BTOpasi — OT-
JMYaTh CHHTETHYECKUE IaHHBIC OT pPeabHbIX
[20]. TTpumenenue raydokux 'CHC mnst 3amosn-
HEHUS TMPONYILECHHBIX TaHHBIX BEKTOPHBIX M3Me-
peHwmit A1t 0OHAPYKEHUS MTPEIBAPUIHBIX CUTYya-

U B 3JICKTPUYECKON CETH OTMCAHO B cTaThe [21].

B cratbe [22] reHepaTHBHO-COCTSI3ATEIbHAS MO-
JIeJTh WCIIONIb30BaHA ISl TEHEpPalud OOJBIIOTO
maccuBa maHHblx PMU g mccnemoBaTensCcKkux
wm oOpa3oBarteibHbIX Henel. [Ipu aTom ciienyer
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0coboe BHIMaHKE YAETATh COXPaHEHHIO B CHHTE-
TUYECKUX JaHHBIX (DHU3MYECKOTO CMBICIIA, TIPUCY-
IIETO MPOIECCAM B DJIEKTPHUECKHX CeTsx [23, 24].

XOTs TNpPUMEHEHUEM TeHEepaTHUBHO-COCTS3a-
TEJIbHBIX HEUPOHHBIX CEeTeW Mpe/ICTaBISAETCA
HamboJee IepCIeKTUBHBIM HAIIPABJICHUEM pellle-
HUS YKa3aHHOHM MpoOJeMbl, A KaKIOro 4act-
HOTo 00BeKTa TpeOyeTcs pazMeTKa J0CTaTOYHOTO
o0pema JaHHBIX JUIA 3aIycKa Ipoliecca TeHepa-
THBHO-COCTSI3aTEIIFHOTO TIpollecca W OOydeHHe
ryOOKHX HEHpOHHBIX ceTeil. HecMoTps Ha pas-
BHATHE UHCTPYMEHTOB /7151 pabOTHI C HEHPOHHBIMHU
CEeTSIMH, CO3/IaHUE TAaKOI MOJIEIH SBISIETCS CIIOXK-
HOM HccrnenoBarenbckoi 3amaueii. Kpome Toro,
HEPELIECHHBIM OCTaeTCs BOMNPOC HAIEKHOCTH U
0e30MacHOCTH TIPUMEHEHUs1 Mojened, oOydeH-
HbIX HC Ha PCAJIbHBIX TaHHBIX.

B. Asmokooupyrowue netiponnvie cemu

Oco0bIM HampaBieHueMm oOy4eHus: 0e3 yuu-
TeNs SIBISICTCS MCIOJIB30BAaHHE aBTOKOIMPOIIH-
koB (autoencoder) 0c000i  apXUTEKTYpPbI
HEHpPOHHBIX CceTeH, KOTOphle OO0YyYaloTcs Tak,
4TOOBI PE3yJbTaThl Ha BBIXOJE CETH OBUIA Kak
MOYKHO OIIIKe K BXOAHBIM JaHHBIM [25]. 3a cuer
TOTO, YTO 00BHEM JAHHBIX, KOTOPBIA MOXKET OBITH
nepeAaH MeXIY CKPBITBIMH CIIOSIMHA, HAaMHOTO
MEHBIIIe 00beMa JaHHBIX BO BXOIHBIX IK3EMILIS-
pax, aBTOKOJUPOBIIUK CTPEMHUTCS 3aKOAHPOBATH
BXOJIHbIE JaHHBIE, C)KUMas WX, YTOOBI 3aTeM Jie-
KOAMpOoBaTh (BoccTaHOBUTH). KoaupoBimuk cTpe-
MUTCS TIpeoOpa3oBaTh MPOCTPAHCTBO BXOJHBIX
JIAaHHBIX B MPOCTPAHCTBO MEHBINEH Pa3MEPHOCTH
C MHUHHMMAaJbHOW moTepeidl mHbopMmaruu. Eciou
BXOJTHOW 3K3EMILIAP SIBISETCS BRIOPOCOM, TO aB-
TOKOJIMPOBIIUK C BBICOKOH BEPOSTHOCTHIO BOC-
CTaHOBHT €T0 C BBICOKOM MOrpeIHoCThI0 [26-32].

[MpuMeHeHnI0 aBTOKOJUPOBIIMKA JIJIsI BBISB-
JIeHUs] BHIOPOCOB BO BPEMEHHBIX PsIax MOCBS-
nmieHo Oomblioe uucio pabor. B HacTosimee
BpeMs1 HanOoJIbIlIee BHUMAaHUE UCCIIeIoBaTeNel B
JTAHHOW OO0JIACTH MIPHUBIIEYEHO K 00pabOTKe MHO-
TOMEPHBIX BPEMEHHBIX PSAOB, IO3TOMY paccMar-
pHBarOTCs TITyOOKHE HEHPOHHBIE CETH, B KOTOPBIX
9acTh, OTBEYAIOIIAS 32 aBTOKOJMPOBAHUE, HE SIB-
JIsieTCsl HanboJsiee BaXKHOW U CIIOKHOM.

Tak, B cTathsix [26-30] ucronb3yroTest Moiesin
Ha Oa3ze cBepTouHBIX HeHpoHHBIX cereii CNN
(Convolutional Neural Networks), ConvLSTM
(Convolutional Long Short-Term Memory) mis
00Hapy>KeHHS BEIOPOCOB B TAHHBIX 0 paboTe Ku-
Oepdu3rUecKrX CHCTEM U cUCTeM Ha 0a3ze MHTep-
HeTa Beried [26, 27, 31], onTuYeckuX TaHHBIX
[28], mauHbBIX 0 paboTe MPOMBIIIIIEHHBIX POOOTOB
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[29] 1 moka3anmii BUOPO- M AKYCTUUECKHX JaTUH-
KOB C Bpalaroumxcs Marmud [32].

[IpumMeHeHne aBTOKOIUPOBIIMKA IJIs TUArHO-
CTHKH HEHUCIPAaBHOCTEH 3JEKTpO0OOPYIOBaAHUS
[0 TAKUM CHTHajJaM Kak BUOpalus, TOK U yIJIBI
IOBOPOTa TpuBeaeHo B padorax [30-35]. B mux
JaHHbIE TOKA U HANPSHKCHUS MCIOJB3YIOTCS Kak
JIOTIOJTHUTENbHBIC WM HEe HCIIOJIB3YIOTCH, a bosee
MH(QOPMATUBHBIMH OKa3bIBAIOTCS AAHHBIE, KOTO-
pbl€ CHIIbHEE KOPPETUPYIOT C XapaKTePUCTUKAMHU
¢usnueckux mporeccoB. CylecTBEHHO MEHbIIE
YHCJIO UCCIICAOBAaHNUMN, HANIPAaBICHHbBIX HA aHAJIN3
BPEMEHHBIX PSA0B TOKA, HAIPSDKEHUS U MOIIHO-
CTH KaK OCHOBHOTO MCTOYHHKA JaHHbIX [36-40].

B pabote [36] aBTOKOAMPOBIIHUK MPUMEHEH
I KJIACTEPU3aLUH MOTPEOICHUS NEKTPOIHEDP-
ruu (0e3 BbIICICHHST BBIOPOCOB). ABTOKOIHPO-
UMK 7151 OYMILEHUS JAHHBIX OT ITyMa U TIOCIey-
oneld kiaaccupuKauuyd AaHHBIX, B TOM 4YHCIE
aHoMannii B rpadukax 3JIEKTPONOTPeOIeHNUS,
npencTasieH B [37].

BekropHble M3MepeHHsT TOKAa M HANPSKEHUS
UCTIONB3YIOTCs B pabote [38] mis oOHapyx eHust
KuOeparak, CBSI3aHHBIX C TOJMEHOM TaHHBIX. [IpH
9TOM HCTIONB3yeTcs TyOoKast HeWpOHHAs €CTh U
Nepexos OT UCXOTHBIX CUTHAJIOB TOKA M Hamps-
KEHHS B CHEHUAIM3UPOBAHHOE MPOCTPAHCTBO
CTaTUCTUYECKUX Tpu3HaKoB. [ yOokuii aBTOKO-
JTUPOBIIHMK Ha 6a3e HEHPOHHON ceTH BpeMEHHOU
CBEPTKU ISl KiIacCU(HUKALUM BO3MYILEHHH B
curnanax PMU npemioxen B pabore [39]. TTpen-
CTaBJICHHbIEC B IaHHBIX paboTax MOJENH CIelHa-
JIM3UPOBAHBI 1101 KOHKPETHbIE 00J1aCTH MPUMEHe-
HUSI ¥ UIMEIOT BBICOKYIO CIIOKHOCTb.

B crarbe [40] npoBoauTCst cpaBHEHHE aBTOKO-
JUPOBIIMKA C MOJIEIIbIO Ha 6a3e METo/1a TIIaBHBIX
KOMIIOHEHT U METOJa OIIOPHBIX BEKTOPOB B 3a-
Jade oOHapyKEeHUsI OMIACHBIX COOBITHI B pacIipe-
JIETTUTENbHON BJIEKTPUUYECKOM CceTH. XOTs Huc-
MOJIb30BAaHUE B KayeCTBE AaBTOKOJMPOBIIHKA
T OJHOTO HEHpOHA CBHJIETEIBCTBYET O TOM,
YTO METOJI HE B MOJTHON Mepe YUUTHIBACT OCOOCH-
HOCTH, IPUCYIINE BPEMEHHBIM PsAaM.

AHaIu3 CyIIecTBYIONUX UCCIIET0OBAaHUHN MTOKa-
3BIBAIOT aKTYaJIbHOCTh Pa0OT, HAMPABIICHHBIX Ha
NPUMEHEHHE aBTOKOIMPOBIIUKOB JIsl aHaIU3a
Hepa3MeueHHbIX AaHHbIX PMU. Bo-nepBeix, nc-
II0JIb30BAHUE PEKYPPEHTHBIX HEHPOHHBIX CETEH B
Ka4yecTBE aBTOKOJIUPOBIIUKOB HE B MOJIHOH Mepe
U3y4YeHO U1 00paOdOTKU M3MEPEHUH MOLIHOCTH,
TOKa ¥ HaIpshKeHUsl. Bo-BTOPHIX, HE paccMaTpu-
BaeTCs M3HAYAIbHAS ITpodIeMa — KaKuM 00pa3oM
MOKHO TIOBBICUTH O€30MacHOCTh HPUMEHEHHS
MoJieNiell MAIIMHHOTO O0YYeHUs, TOCTPOCHHBIX
Ha HEpa3MEYEHHbBIX JaHHBIX.
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Haubonee BakHBIM BONPOCOM, Ha KOTOPBIH
00palleHo0 HeIOCTaTOYHOE BHUMAHHE, SIBJISETCS
BOIIPOC JIOBEPHSI K pe3yJIbTaTaM, IIOIy4Ye€HHbIM Ha
HEpa3MEUEHHBIX JIaHHBIX. ABTOKOJIMPOBLINKU
JEMOHCTPUPYIOT OTHOCUTEIBHO BBICOKYIO 3(-
(EKTUBHOCTb, HO OHM OOYYarOTCsl AJISI KaXIOro
YaCcTHOTO CITy4asi, @ pe3ynbTaThl YCHEIIHBIX IPH-
MEHEHHUH MyOJIMKYIOT Ha MOPSIOK Yalie, 4eM He-
yIa4HbIX. B pe3ynprare TOUHOCTh aBTOKOIUPOB-
IIMKa HEBO3MOXXHO IPOTECTHpOBaTh Oe3 pas-
MeTKH. [|)ist JeiCTBUTENIEHO O€30MMacHOTO ITPUMe-
HEHMS MAIIMHHOTO OOYYeHUs B 3ajadax Hepre-
TUKU aHAJIN3 JaHHBIX CIICLIMAINCTaMU U Pa3METKa
JAHHBIX SIBJSIFOTCS HEOOXOMUMBIMHE 3Tanamu. [1o-
3TOMy B paboTe NpeAsioKEeH HOBBIA METOX IS
NPUMEHEHUs] aBTOKOAMPOBIIKAa Ha 0a3e pekyp-
PEHTHOH HEWPOHHOM ceTH A pa3MeTKu OOJIb-
J1185D.¢ O6’b€MOB HEPa3sSMCUYCHHBIX JaHHBIX.

Lenpro paboThI sBIsETCS pa3pabOTKa METOAA
IpUOpHUTE3alUK (ParMEHTOB BPEMEHHBIX PSIIOB
C TOMOIIBIO MPEITIOKEHHON MOJENN KOMITIAKT-
HOT'O PEKYPPEHTHOr0 aBTOKOJUPOBIIHMKA AJIS aB-
TOMAaTH3alMU UX aHAJIN3a U Pa3METKH JaHHBIX Ha
00BeKTax dIeKTpodHepreTuku. OTauuueMm pa-
OOTBI SIBJIACTCS YIPOIICHHAS apXUTEKTYPa PEKYp-
PEHTHOM aBTOKOAMPYIOUIEH CETH, YHHBEPCAIb-
HOCTb 3a CUCT NPUMMCHCHHA K HCPa3MCUCHHLIM
JaHHBIM 0e3 HeoOXoauMocTH 6e3 GopMUpOBaHUS
M3HAYAIBHOTO MPEIONI0KEHHS O BUAE OTKIIOHE-
HUM M HMHTEPIPETHPYEMOCTb PE3yJIbTaTOB MO-
JIeJIA, TIOCKOJIbKY OHA PAcCTaBIIsieT MPHOPUTETHI
(¢parMeHTaM BpPEMEHHOIO psiAa Ul aHaliu3a M
MO3BOJISIET 3aTE€M BHU3YaJbHO M YHCJIEHHO CpaB-
HUTHb OTOOpaHHbIE (PArMEHTHI C pe3ydbTaTaMH
X KOAUPOBAHUA-ACKOJUPOBAHUA.

1. METO/IbI UCCJIEJTOBAHMS

A. Ilpeonoocennviii memoo

ABTOKOZMPOBIIMK UMEET CIESAYIOIIYI0 (YyHK-
LU0 TIOTEPh, KOTOPAsi UCIOJIb3YeTCs MpH 00yde-
HUH:

Lip.0) = 24X,

i=1

(1)

14 ‘
M= (LEX)-X) (g

rae L — pynknus noreps, ¢ — o0y4aemble mapa-
METpbI KOAMPYIOLIeH YacTu MoJiend, 6 — oOydae-
MbIe TTapaMeTphbl JeKoaupyromiei dactu, fo — me-
KOJIUPOBIINK, J, — KOAUPOBIIHK, X — BXOAHOM K-
semiuisip (¢pparment), | — ero anuHa.
MunuMu3anus GyHKIMU TTOTEPh B Hpolecce
00y4eHHs PUBOIUT K TOMY, 4To mapa fs, g, 00-
pasytot amnpokcumaruio fo(g,(Xi)), koropas ans
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KOKA0ro Xi JaeT ero MpHOJMKCHHOS 3HAYCHUE
X’i. 3-3a TOTO, 4TO pa3MepHOCTh J,(Xi) MEHbIIIC
pasMepHOCTH X, OTKIIOHEHHE AX SBIsSETCS CITy-
YaifHO! BenmuuHOW. TakuM 00pa3om, MPUBEACH-
Has B BbIpaxeHnH (1) QyHKIUS OTeph SABISETCS
CpPEIHHUM 3HAYECHUEM JAHHOM BEJIMYMHBI 11 BCEU
oOyuJatomeii BEIOOpKH AaHHBIX. Cxema paboTh
aBTOKOJUPOBIIMKA MpuBeAcHa Ha Pucynke 1.

X
Hopmanusayus

Normalization

X,

i

[ Autoencoder

Aemoxoouposuux

J

X >

n i

0

4X

Puc.1. llpuHuunuajbHas cxema
ABTOKOMPOBIIHMKA

X, —BXOZHbIE JaHHBIE, X, — HOPMAIU30BAHHBIC

i
BXOJOHBIC TAHHBIC, Xn i — HOpMaJIN30BaHHBIC

BBIXOJIHBIC JaHHbIC, AX — OTKIIOHCHHUE.
Fig.1. An autoencoder schematic diagram:
X; —inputdata, X ;—normalized input data,

X,; —normalized output data,
AX — difference.

Hcnonb3oBanne aBTOKOJAWPOBIIMKA JUISI BBI-
SIBJICHMSI BEIOPOCOB B JAHHBIX OCHOBAHO Ha TOM,
Y10 MUHUMHU3AIMs QyHKIUK ToTeph L(¢p, 6) BbI-
MOJIHAETCS] Ha OCHOBE 00pabOTKH BCeX (PparMeH-
TOB 00y4Yaroleil BBIOOPKH C TIOCTPOCHUEM arl-
npoxkcumaruu fy(g,(X)), moaromy BeIOpOCH (pe-
KHe COOBITHA BO BPEMEHHOM psily) OKa3bIBAIOT
MaJioe BIIMSHUE Ha MOJyYeHHbIe TapaMeTpsl ¢, 6.
B 10 xe BpeMsi BBIOpOCHI XapaKTepU3yIOTCS OT-
JIMYHBIM OT OCTaJbHBIX ()ParMEeHTOB 3aKOHOMEP-
HOCTSIMH MEXK]Ty 2JIEMEHTaMH BEKTOPa IPU3HAKOB
X. B pesynbrate oTkinoHeHHE AX 111 BEIOPOCOB
nprHUMaeT OoJiblliee 3HAYCHUE, YeM IS OCTallb-
HBIX (DparMeHTOB.

B. Pexyppenmubiii agmoxoouposuux

B oTinuunm ot MIPUBCACHHBIC BBIIIC pa60T, uc-
MTOJTB3YOIIMX MOJIENIA Ha 0ase riay0oKoro odyde-
HUSI ¥ CBEPTOYHBIX PEKYPPEHTHBIX HEHPOHHBIX
ceteit [26-30], B JTaHHOM HCCIIEIOBAHUU paccMar-
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pPHBAIOTCS HAMHOTO 0oJiee TMPOCThIE PEKyppeHT-
HbIC MOJICJIH, B KOTOPBIX KOJMPOBaHHE Jo U ICKO-
nupoBaHue f, BBIMONHSETCS OJHOCIOWHBIMHU pe-
KyppeHTHBIMH OJIOKaMU. APXUTEKTYpa MOJIEIU
npuBejeHa Ha Pucynke 2.

['unepniapaMeTpsl MOJETH: BHJ PEKYpPPEHT-
HBIX SYCEK, YUCIO CJIOCB KOIUPOBIIMKA, YHUCIIO
CJIOEB JICKOJMPOBIINKA, YUCIIO NPU3HAKOB CKPBI-
toro cocrostaus (hidden state size). Tocnemmmii
TUIeprapaMerp paBeH Pa3MEpPHOCTH 3aKOIUPO-
BaHHO# nocenoBaTeabHOCTH Z = (,(X) (ckpbITOC
COCTOSIHHE PEKYPPEHTHOW MOJEIH, KOTOpoe Te-
penaeTcst OT KOIMPOBIIHMKA M JEKOIUPOBIIHKY),
TO €CTh YHCITY JIEMEHTOB B BekTope Z. B pe3yb-
TaTe BBIYUCIUTENBHBIX AKCIICPUMEHTOB YHUCIIO
MPU3HAKOB CKPBITOTO COCTOSTHUS OBLIO BHIOpaHO
paBHbIM 16.

B Hacrosiiee BpeMsi Hanbosee 4acTo mpume-
HSIOTCS OOBIYHBIC PEKYPPEHTHBIC SUYCHKH C OJI-
HUM OJIOKOM MaMSTH, PEKyPPEHTHBIC SUYCHKH
JOJITOBPEMEHHOW KpaTKOCpouHOM maMsatu LSTM
[41] u ynpaBnsieMble pPEeKyppEHTHBIC SYCHKH
GRU [42]. Pesynbrarthl UX CpaBHCHHS TPHUBE-
JICHBI HIDKE.

Jnst 00yueHus: Moy ObUT UCTIONB30BaH al-
roput™M oOyuenuss Adam ¢ miarom o0ydeHus
5*10%, pasMepoM MMHH-IIAKETA, PABHBIM YEThI-
pewm, u 3Bpuctukoii “Teacher forcing” [43, 44]. B
KauecTBe (DYHKIMH TOTeph NMpH OOYYCHUH HC-
nonb3yercst L(p, 0) u3 soipakenns (1).

[TporpammMHasi peasu3aius BbIMOJHEHA HA OC-
HOBE (h)peiiMBOPKa C OTKPBITHIM HCXOAHBIM KOJIOM
Pytorch. Kox mist popmupoBaHust MOJeu U pea-
JM3aIMK TIpoliecca 00yUYeHUs CO3/laH Ha OCHOBE
perniosutopus [44].

I11. PE3YJIBTATBI

A. Memoo npuopumesayuu ananuza u
pasmemku (hpacmenmos 6PeMeHHbIX P08

Hcnone3yercs cnemyromas MocCiIea0BaTeNb-
HOCTb JIEUCTBUM.

1. Boi0bop ANUTENBHOCTH BPEMEHHOI'O OKHA
(¢parmenTa BpeMEHHOTO psifia), KPaTHOH MEpHO-
JUYHOCTH BXOJHOTO curHana. dparmMeHT Moxer
JUTHTBCS M TIEPUOJIOB.

2. ®opmuposanue Matpulpl D, comepxkameit
(parMeHTHl BpeMEHHOTO psiia. BpemeHHoU psiz
U3 S OTCUETOB C IEPUOJANIHOCTHIO C OTCUETOB, OY-
net mpeobpazoBaH B K mepecekaromuxcsi ¢par-
MEHTOB (TIepecevyeHre PaBHO UINTEIBHOCTH Iie-
puona):

s

—— m,

c
X,=D[i-c:(i+m)-c],i=01..k

k= (3)

(4)
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3. HopMmanusanusi TaHHBIX C ITOMOIIBIO JIH-
Heitno# Min-Max nopmanuzanuu:

X" = (X —min(D))/ (max(D) — min(D)), ©)
n=1,2,..,s

4. Pa3nenenue X Ha JBE paBHBIC YacTH CIy-
YaifHbIM 00pa3oM. OOydeHne aBTOKOAUPOBIIUKA
Ha MepBOM YacTH U NMPUMEHEHUE Ha BTOPOH € CO-
XpaHEHUEM pe3yJbTaTOB I Kaxmoro dpar-
MEHTa BTOPOI YacTH.

5. 3amena wacreii MecTamMu U BBITIOJTHEHHE
TOH K€ TPOIIeyphl, UTO OIrcaHa B mare 4. JT1o
HE00XO0JMMO, YTOOBI TIOTYYaTh OICHKU OTKIIOHE-
HUH HE Ha TOM YacTH BBIOOPKHU, HAa KOTOPOH 00y-
YUIIaCh MO/IEIb.

6. PamxupoBanue GpparMeHTOB 10 YOBIBAHUIO
oTKJIOHEeHUS AX.

7. Busyanuzanusi, aHalu3 U pa3MeTKa IepBhIX
W ¢parMeHTOB B paHXHPOBAHHOW ITOCIIEOBA-
TEIBHOCTH.

OnucanHas BhIIE 3a7ada OOYYEHUST aBTOKO-
nMpoIinuka ¢ MuHUME3aimed ¢yakuun L(p, 6)
HampaBlieHa Ha pEIICHUE 3aJaud CIeIyIoIero
BUJIA:

Yy (0.0): AX, (@,0) > AX, (9,0),
V,, :a—ewibpoc,b—ne eviopoc,  (6)
@ .6 =argmax(P(Y,, |V,,),

rie Yap, Vab — coOnITHsE; P(Yap|Vab) — BeposiTHOCTH
TOTO, 4TO e€Cii (ParMeHT & SIBJIAETCS BEIOPOCOM,
a pparment b Her, To oTKIOHEHUE AX, OKAXKETCS

OeKoaupoBaHue
decoding

T

0oJIbIle, YeM OTKIOHEHUE AXp; go*, 0" — uckombie
oOydJaeMbIe TTapaMeTpbl MOJIEITH.

Bemmanny AX MOXHO MCHONB30BATh KaK KO-
JMYECTBEHHYIO OILICHKY TNPHOPUTETA, KOTOPBIH
HYXHO OTZaTh (pparMeHTy Hpu aHalIHu3e U pas-
MeTKe. B pe3ynbprare noTeHIaasHOo aHOMaIbHbIE
CUTyanuu OyAyT IPOBEPEHBI B MEPBYIO OUYEpEb.
Ecnu onn npeacraBisitoT cob6oi ommOKK Uik Hc-
KaKeHUs TIpy cOOpe MaHHBIX, TO OHU OymyT mc-
KIIIO4EHBI U3 BeIOOpKH. Ecnu jxe 310 penkue cu-
Tyalu#, TO OHU OyIyT pa3MeyeHsbl, a Cpeau Mpo-
YMX JAHHBIX pa3MeyaTb MOXXHO OyZIeT JIMIIb He-
KOTOpyto 4acTb. Ilocie 3Toro mpuMeHsTh Omu-
CaHHBIE BBIIIE MOJXO/IBI: O0YYEHUE C YACTHYHBIM
npusnedenneM yuurens wiu I'CHC.

B. Ilpumep obnapysicenuss nponyckos

[lepBbIil paccMOTpPEHHBIN NpUMEp MPEACTaB-
nsieT co00it 0OHApyKEeHHE MPOIYCKOB B CHHTETH-
YeCKOM CHTHaJjle, CTCHEPUPOBAHHOM C TIOMOIIBIO
¢byHKUINY:

X (t) =sin(2t) + g(t), @)

I7ie € — IIIyM, paclpeieseHHbI 10 HOpMaTIbHOMY
3aKOHY PacHpeAeiIeHUs] C MATEMaTHUECKUM OXKHU-
nanueM 0 U cpeqHeKBaJpaTHUECKUM OTKIIOHE-
aueMm 0,2.

CurHan creHepupoBaH Uil 5 ThICSY OTCYETOB
¢ mraroM 0,0167. B mrectu ciny4aitHO BRIOpaHHBIX
WHTepBajax IIUTEIbHOCThI0 40 OTCYETOB BHE-
ceHa uMmHTalus noteps curnana, X(t) = 0. dpar-
MEHT MOJYYEHHOI0 CHUrHaja TmokazaH Ha Pu-
cyHke 3.

KOAUpPOBaHUe
encoding

Xn +1 Xn +2 X,

nt+mc

Puc.2. ApxuTeKTypa peKyppeHTHOro aBTOKOHPOBINHKA
t — mHIEKC Havana ¢pparMeHTa BpeMEHHOTO psifa, Z — 3aKOAUPOBAHHOE TPEICTABICHNE TaHHBIX,
RNN — pexyppentHblit cnoit HeliponHoii cet (RNN, LSTM unu GRU).
Fig.2. The architecture of the recurrent autoencoder:
t — start index of the time series fragment, Z — encoded data representation,
RNN - recurrent neural network layer (RNN, LSTM or GRU).
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[llupuna okHa I aHATU3a BHIOpaHA PAaBHOM
JIBYM TIEPHOJaM CHHYCOHIBI.

He3zaBucumMo oT BBIOOpA BUZIA PEKYPPEHTHBIX
STYEEK, BCE MOTEPU CUTHAJA OBUIHA OIPEJICIICHBI —
OHU TONYYHIM HAaWOOJBIINE MPHOPUTETHI JUIS
aHali3a, HAMHOTO TIPEBBIIIAIONINE TPHOPUTETHI
(hparMEeHTOB CUTHaja, HE COJACPIKAIINX TOTEPH.
[Tpumeps! BBISBICHHBIX ()PArMEHTOB C MOTEPSIMU
CUTHaJIa IpUBEACHHI Ha Pucynkax 4 u 5, mpumep
(parmenTa curHana 0e3 moreps — Ha Pucynke 6.

C. Illpumep obnapyicenuss nukog moxa Ha
yuacmke 21eKmpuieckou cemu

Bo BTOpoM mpuMmepe wucmossdyercs Habop
nmaHHbIx PMU, cobpaHHBIX ¢ peaabHOM MOICTaH-
ruu 110/35/10 kB. Oco6eHHOCTh YCTaHOBICHHOM
CHCTEMBI U3MEPEHUS 3aKITI0YAETCS B TOM, YTO OHA
3ammchiBaeT B 0a3y MaHHBIX CHUTHANBI TOKa W
HaIpsDKEHUST ¢ BBICOKOM YacTOTOM AHMCKpETH3a-
i 1o Bpemenu (128 3nauenwii 3a 0,02 cexyHbl),
HO B T€UYEHHUE TOJIKO OJJHOTO IEPHOa MPOMBIIII-
neHHo# yactotsl 50 ' kaxkaeie 3 MunyThl. [lo-
9TOMY CHTHAJl OKAa3bIBACTCS TPEPHIBUCTBHIM, Ha
CTBIKaX CHUHYCOHUJ BO3HHKAIOT HUCKAKCHHS CHT-
HaJIa, IPETISITCTBYIONINE €To aHamu3y. B paccmar-
puBaeMOl BBIOOPKE B CHTHAJE MPHCYTCTBYIOT
KpPaTKOBPEMEHHbBIE MPEBBIIICHHUS TOKa, KOTOPHIS
U ABIISIFOTCS IEJIEBBIMU JUTA IeTeKTUpoBaHwus. O0-
mas ATUTENFHOCTh HAONMIOACHHWN COCTaBISET
OJIHU CYTKH.

Cpennee Bpemst ooyuenus aiss RNN, LSTM,
GRU stueex cocraBuino 203, 344 u 293 cekyHap!,
COOTBETCTBEHHO. B oTiIMuMe OT mepBoro mpu-
Mmepa stueiikam RNN He ymanock oOyuuTbest BbI-
SBIICHUIO TMAaTTEPHA C JIOCTATOYHON TOYHOCTHIO
JUTSL BBISIBIIGHUSI TPeOyIOIMX aHaIM3a (parMeH-
ToB nma”HHbIX. LSTM u GRU sueiiku moxaszanu
OJIMHAKOBYI) TOYHOCTh, MOCTABUB HAWBBICIINH
MPHOPUTET (pparMEeHTaM C MOBBIIIEHHBIM 3HAYE-
HUEM TOKA.

0,5

B Tabnuue 1 npuBeneHb! MOTyYeHHBIE 3HAYC-
HUA AX 1151 GparMeHTOB C MPEBBIMNICHUSIMHA TOKA
u 0e3 Hux. [ Tpex npuBeneHHbIX B Tadmume 1
NPUMEPOB (PparMeHTHI CUTHAJIa ¥ pe3yIbTaThl KO-
JUPOBAHUA-IEKOJUPOBAHUS TIPEICTABICHbl HA
Pucynkax 7, 8 u 9. Ha Pucynkax 7 u 8 moka3aHbl
(parMeHTsl ¢ HauOOJIBIINMHU OTKIOHCHUSIMH, Ha
Pucynke 9 mpuBeneH (parMeHT curHajia ¢ HU3-
KUM 3Ha4€HHUEM NPHOPUTETA, YTO O3HAYAET YTO
MOJEJb [TOCYUTANIA €r0 TUNHWYHbIM. BuaHo, 4To
Ha PucyHnke 9 Brixox Mozenu OIM30K K HUCXOI-
HOMY CUTHAJy.

Tabnuna 1
3navyenus AX 1 GparMeHTOB BpEMEHHOTO psija
C HpeBHH_IGHI/IeM TOKa U 663 HpeBLIHICHI/ISI.

Table 1
AX values for fragments of the time series with
and without overcurrent.

Ne pparmenTa [IpeBpiIcHUE
TOKA AX
Fragment’s ID Overcurrent
143 f1a 282224
yes
45 f1a 2443,83
yes
215 f1a 1851,26
yes
83 f1a 1796,35
yes
HET
69 i 276,12
13 HeT 240,35
no
247 HeT 206,94
no
209 HeT 167,62
no
80 100 120 140

t

Puc.3. ®parMeHT cCUTHAJA C TOTEPSIMHU.
Fig.3. A signal fragment with losses.
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03

0 50 100

=
Ul

-1

-1,5
t

Puc.4. Ilpumep BbIABJIEHHOT0 ¢pparMeHTa CUTHAJIA
C NOTEPSIMH.
Fig.4. An example of signal fragment with losses.

1,5
1
0,5
0
0,5 0
1
1,5

50 100

t

Puc.5. ®parmMenT curHaja ¢ moTepsiMu.
Fig.5. Signal fragment with losses.

15
1
0,5
o
0,5 O
1
15

50 100

t

Puc.6. ®parmenT curHana 6e3 morepb.
Fig.6. Signal fragment without losses.
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-100
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t

Puc.7. ®parmenT curHaja toka Ne 143.
Fig.7. Signal fragment of current ID 143.
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Puc.8. ®parmenT curnana toka Ne 45,
Fig.8. Signal fragment of current ID 45.

200
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-100

-150
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0 100 200

Puc.9. ®parmenT curHama Toxa Ne 247.
Fig.9. Signal fragment of current ID 247.

V. OBCYXJIEHUE PE3YJIbTATOB

[IpoBeneHHbIE BBIYMCIUTENBHBIE OKCIEPH-
MCHTBI KaK Ha PCAJIbHBIX AJAHHBIX TOKa ydaCTKa
AIIEKTPUYECKON CeTH, TaK M Ha CHHTETHYECKHX
JAHHBIX C IOTEPSMH TOKa3aJH, YTO TPEIUIOKEeH-
HBIIl METOJ TI03BOJIIET IPHOPUTE3UPOBATH (par-
MEHTBI BPEMEHHOTO psifia ¢ TOUYKU 3pEHHUs] He0O-
XOJIMMOCTH UX aHaJI3a dKCIEPTOM ISl BBISBIIE-
HHS OTKJIOHEHHH, CBHAETEIbCTBYIOIINX 00 aBa-
PHUIHBIX peXHMaX, OMHMOKaX B JAHHBIX, APYTHX
OTKIIOHCHUAX, MNPEACTABIIAIONIUX HWHTCPEC IIPpU
aHaJIM3e JTAaHHBIX.

Merto/ MOKET OBITh MCTIOIB30BAHBI JUIS BBISIB-
JIEHUs1 BEIOPOCOB Pa3iIMUYHBIX BHJIOB: TPOIYIICH-
HbIE 3HAYEHUs, OIMOKH B JaHHBIX, BBIOPOCHI,
penkue cuTyalmu. Takoe cBOMCTBO JOCTHraeTcs
3a cYeT HEOOJIBIION Pa3MEpPHOCTH MOJEIH, YTO
oTIMYaeT ee OT aHanoroB [26-31], u cHmkaeT
puck nepeoOyuenus. Kpome Toro, He TpeOyercs
HaCTpauBaTh TUIIEPIIAPAMETPBI MOJEIH, YTO I10-
BBIIIIAET CKOPOCTh TIONYUEHUS PE3yJIbTATOB C €€
WCTIOJIb30BaHHUEM.

HccnenoBanne nokasaHo, YTO Ui peraeMoil
3ajauu OoJiee TOYHBIE PE3YIBTATHI JAIOT PEKyp-
pentasble stueviku LSTM u GRU. IIpouecc o0yye-
HUs aBTOKOAMPOBIIKKA, Hcnoib3ytonero LSTM
wm GRU, 3aaumaer B 1,7 pa3 OoJbilie BpeMeHH,
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yeM aBTOKOJUpoBIIuKa Ha stueiikax RNN. Opx-
HaKO 3a CYeT MPOCTON apXUTEKTYphl MOJEIEH
oOydJeHue MPOXOIUT 38 MUHYTHI O€3 HCII0Ib30Ba-
HUSI rpadMUIecKUX MPOLECCOPOB.

Heobxomumo moguepkHyTh, YTO MOJAETH 00Y-
Yajauch HAa HEPa3MEUCHHBIX NAHHBIX, TO €CTh B
nporecce 0OyueHHs UM He CTaBHJIach 3ajada Jie-
TEKTHUPOBATh ONpeAeieHHble BBIOpocH. bomee
TOTO, B NIPEIUIOKEHHOM METOJIE MOJEIb HE CTpe-
MSATCS PELINTh 3ajJady KIacCU(pHUKALUU U OTHe-
JUTH OIIpeJeNICHHbIE BBIOPOCHI OT BCETO OCTANb-
HOI'O CHTHala, KaK B aHAJIOTHYHBIX PaboTax Io
aHaJIM3y CUIHAJIOB TOKa U HanpsbkeHust. Paspabo-
TaHHasT MOJENb PacCTaBISACT MPHOPUTETHI BCEM
(parMeHTaMy BpEMEHHOTO Psifia, IO KOTOPBIM 3a-
TE€M HEOOXOIUMO BBINOJIHUTH aHaiau3. Ilpu sTom
CUTyalluu C UCKKEHHSMHU IMONy4aloT Hambolee
BBICOKUI IIPUOPUTET.

Jns amanm3a curHana pa3pa0oTaHHOW Moje-
JIbIO JOCTATOYHO MCIIOJIb30BATh BPEMEHHOE OKHO,
OXBaTHIBAOIICE J[BA TMEPUOJa TJIABHON YacTOTHI
CHUTHaJIA.

3AKJIOYEHUE

[IpoBeneno wuccnemoBaHuEe TNPUMEHHUMOCTH
KOMITIAKTHBIX JIBYXCJIOMHBIX aBTOKOUPYIOIIMX
PEKYPPEHTHBIX HEUPOCETEBBIX MOJEICH IS 3a-
Jla4d aHaITN3a U Pa3METKH BPEMEHHBIX PSIIOB, CO-
JIEpKAIIUX 3HAYEHUS PEXKUMHBIX IapaMeTpoB
JNeKTpHYecKux cereil. PaszpaboraHa Monens,
criocoOHas 00y4aThcs 0e3 pa3MeveHHBIX JaHHBIX,
ee paboTa MpoaHAIM3UPOBAaHA Ha JIBYX HabOpax
JIAHHBIX: CUHTETUYECKOM CHHYCOMJIAJIbHOM CHT-
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CETH, COJIepXKAIUX KPAaTKOBPEMEHHBIC ITPEBbIIIIC-
HUS 3HAYSHUM TOKA.

Merton He TpeOyeT popMHUpPOBaHUS N3HAYAIB-
HOTO TIPEIIIONIOKEHMSI O BUIE OTKIIOHEHUH | CIIO-
cO0EH CYIIIECTBEHHO COKPATUTh BPEMs Ha aHAJIH3
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Centrifugal Compressors Gas-Dynamic Characteristics Influence on the
Refrigerating Machines Efficiency

Danilishin A.M., Kozhukhov Y. V.
ITMO University
Saint-Petersburg, Russian Federation

Abstract. The article is devoted to the study R134a refrigerating machine efficiency and consisting of
a centrifugal compressor, a condenser, a temperature-regulating valve and an evaporator. The main
purpose of the work is to analyze the centrifugal compressor gas dynamic characteristics effect on the
refrigeration machine vapor-compression cycle efficiency. This goal is achieved through the study by
actual working process numerical experiment in the refrigeration machine centrifugal compressor with
an idealized process for other elements. The object of the study are the refrigeration machine charac-
teristics, expressed by the theoretical refrigeration coefficient COPg:. Single-stage centrifugal com-
pressors with the design conditional flow coefficient in the range from 0.035 to 0.12 are considered.
The design of centrifugal compressors was carried out according to a new calculation method to the
flow part efficiency increase. The method comprehensively combines the inviscid and viscous flow
calculations with the use of the single-criteria and multiparametric optimization. Previously, the meth-
od was tested and compared with experimental data. The most important result is the results of the
refrigeration cycle efficiency evaluating through the centrifugal compressors highly efficient flow
parts design methodology application. An increase in COPg; Was obtained taking into account the cen-
trifugal compressor actual process in the range from 2.6% to 7.2%. The significance of the results ob-
tained lies in the possibility of using high-efficiency centrifugal compressors gas dynamic characteris-
tics for the chillers refrigeration cycles analysis and calculation. The level of the compressors isentrop-
ic efficiency ranges from 0.80 to 0.85, depending on the design conditional flow coefficient.
Keywords: chiller, refrigeration centrifugal compressor, vapor-compression cycle, CFD, flow part,
R134a.
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Rezumat. Articolul este dedicat studiului eficientei unei masini frigorifice care functioneaza pe freon R134a si
constd dintr-un compresor centrifugal, condensator, supapa de expansiune si evaporator. Scopul principal al
lucririi este de a analiza efectul caracteristicilor gaz-dinamice ale unui compresor centrifugal asupra eficientei
ciclului unei masini frigorifice cu compresie de vapori. Acest scop este atins prin studierea, printr-un experiment
numeric, a procesului efectiv de lucru in compresorul centrifugal al unei masini frigorifice cu un proces idealizat
pentru alte elemente. Obiectul studiului il constituie caracteristicile ciclului frigorific al unei masini frigorifice,
exprimate prin coeficientul teoretic de performanta COPgrt. Compresorul centrifugal al masinii de refrigerare
include o treapta de tip final si consta dintr-un dispozitiv de admisie, un rotor axial, un difuzor fara palete si un
dispozitiv de evacuare. Intervalul debitului conditionat calculat pentru gama principala de compresoare
centrifuge este de la 0,035 la 0,12. Proiectarea compresoarelor centrifugale a fost realizatd dupa o noud metoda
de calcul pentru cresterea eficientei caii de curgere. Tehnica combind in mod cuprinzator calculul fluxului
inviscid si vascos cu utilizarea optimizarii multi-parametrice cu un singur criteriu. Anterior, tehnica a fost testata
si comparata cu date experimentale. Experimentul numeric pentru partea de flux a fost efectuat folosind pachetul
software Ansys CFX v18.0. S-a obtinut o crestere a COPgt, ludnd in considerare procesul efectiv intr-un
compresor centrifugal, 1n intervalul de la 2,6% la 7,2%, in functie de debitul conditionat calculat. Semnificatia
rezultatelor obtinute constd in posibilitatea analizei, calculdrii ciclurilor de refrigerare a chillerelor folosind
caracteristicile gazodinamice ale compresoarelor centrifuge de nalta eficienta.

Cuvinte-cheie: chiller, compresor centrifugal frigorific, ciclu de compresie a vaporilor, CFD, parte de curgere,
R134a.
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Bausinue razoqMHAMHYECKHUX XapPaKTePUCTUK HEHTPOOEKHBIX KOMIIPeccOopoB HA 3 GeKTUBHOCTH
XO0JIOAMJIBHBIX MALIHH
HJaunaummn A.M., Ko:xkyxos FO.B.
Yuausepcurer U'TMO, Carkr-IlerepOypr, Poccuiickas @eneparus

Annomayun. CtaThsi TOCBSINEHa HCCIeNOBaHUIO 3(P(PEKTHBHOCTH XOJOMIIFHONW MAIIMHBEI, paboTaromeil Ha
tdpeone R134a, u cocrosmeii U3 EHTPOOEIKHOTO KOMIIpeccopa, KOHACHCATOPA, TEPMOPETYIUPYIOIIETO BEHTHIIS
n wucnaputens. OCHOBHOW Ienbi0 pabOTHl SBISAETCS aHANW3 BIMSHAA Ha A(PQPEKTHBHOCTH IUKIA
NApOKOMIIPECCHOHHON  XOJIOJMJIBHOM ~ MAIIMHBI ~ Ta30JMHAMHYECKHX  XapaKTepPUCTUK  LEHTPOOEKHOTO
komipeccopa. IlocTaBieHHas 1enb JOCTHraeTcsi 3a CYeT MCCIEAOBaHUS IOCPEICTBOM  YHCIEHHOTO
JKCIEpPUMEHTa JEHCTBUTEIBHOrO pabouero mporecca B HEHTPOOEKHOM KOMIIPECCOPE XOJIOAMIBHOW MAaIlWHEI
Npy  WICAIM3UPOBAHHOM TIpollecce s JPYyrux dieMeHTOB. (OOBEeKTOM HCCIENOBaHHS  SIBISIOTCS
XapaKTEePUCTUKU XOJOAMIBHOTO IMKJIA XOJIOJUIBHOW MAIMHBI, BBIPAKAaEeMbIE TEOPETHYECKUM XOJOAMIBHBIM
ko3¢ ¢punnenrom COPR;. LleHTpoOekHBIH KOMIIPECCOp XOJOAMIBHONW MalIMHBI BKIIOYAET CTYIEHb KOHIIEBOTO
TUIIA ¥ COCTOUT M3 BXOJHOTO YCTPOMCTBa, ocepaauaibHOro pabouero koieca, OesnomatouHoro auddysopa u
BBIXOJJHOT'O YCTpOMCTBA. /lMama3oH pacyeTHOro YCIOBHOrO Kod(duImeHTa pacxona AIsi OCHOBHOT'O THUIIOBOTO
psima meHTpoOexHbIX KomipeccopoB cocrtaBmsier oT 0.035 mo 0.12. IlpoekTHpoBaHHWE ICHTPOOEKHBIX
KOMIIPECCOPOB OCYLIECTBJICHO MO HOBOW PacyeTHOH METOIVKE MOBBIIICHUS 3()()EKTUBHOCTH NIPOTOYHON YACTH.
MeroanKka KOMIUIEKCHO codeTaeT B cebe MPOBEICHNUE PacueTOB HEBA3KOTO U BS3KOTO MOTOKA C MPUMEHEHHEM
OJJHOKPHTECPHAILHOW MHOTOIIapaMeTpHYecKOl onTuMu3auuu. PaHee MeTonuka Oblla ampoOUpoBaHa |
COIIOCTAaBJI€HA C OKCIEPUMCHTAIBHBIMH JaHHBIMH. UHWCICHHBIH OKCIICPUMEHT Uil HPOTOYHOH YacTH
OCYILIECTBIICH ¢ momoInkio makera mporpamm Ansys CFX v18.0. Pemienune mnpoBepeHO Ha CETOYHYIO
HE3aBUCUMOCTH nu CXOOUMOCTb. Hawnbonee Ba’XHbIM pe3yiibTaToOM SABJIIFOTCSL PE3YJIbTATHI OLICHKH
3 PEKTUBHOCTH XOJIOJUIHLHOTO IUKJIA 33 CYET IPUMEHEHUSI METOIUKH MPOEKTUPOBaHHS BBICOKOI()(EKTHBHBIX
MPOTOYHBIX YacTel HEeHTPOOEKHBIX KommpeccopoB. [TomydeHo noseimenne COPR; ¢ y4eToM JeHCTBUTEIEHOTO
mpoliecca B IEHTPOOSKHOM KoMmIpeccope B auama3zoHe oT 2.6% mo 7.2% B 3aBHCHUMOCTH OT PacueTHOIo
YCIIOBHOTO KO3 duIHeHTa pacxona. 3HAYUMOCTb IIOJyYEHHBIX Pe3yJIbTaTOB COCTOUT B BO3MOXKHOCTH aHAIIH3a,
pacuera XOJONWIBHBIX LUKIOB YWUICPOB TPH HCIOJB30BAaHUM Ta30JMHAMUYECKAX XapaKTEPUCTHK
BBICOKOA()(DEKTUBHBIX LEHTPOOEIKHBIX KOMIIPECCOPOB. Y POBEHb H303HTPOMHYECKOT0 KO3 (PHIIHEHTA MOJIE3HOTO
neiictBus koMmnpeccopos coctanisiet ot 0.80 10 0.85 B 3aBHCHMMOCTH OT pac4eTHOTO YCIOBHOTO K03 dHIeHTa
pacxona.

Kntouesvle cnoea: quinep, XONOAWIBHBIA IEHTPOOSKHBIA KOMIIpeccop, mapokoMnpeccronHblii muki, CFD,
nporoyHas yacts, R134a.

BBEJIEHUE KOMIIpeccopa MOXKET ObITh OJHOCTYHNEHYATOH
WM JBYXCTYIEHYATOM.
XOoNnoauITbHBIE YCTAHOBKH C TICHTPOOEKHBIM p
KOMIIPECCOPOM  TPUMEHSIOTCS  JUISI  CHCTEM / )
o0miero KOHIMLIMOHUPOBAHUS OombIINX ) P — 3 \2' 25 2pal
00beMoB. TunnyHas cxema ywIepa COCTOUT M3
CJIeTYFOIINX OCHOBHBIX 3JIEMEHTOB:
HEHTPOOEKHBIN  KOMIIpeccop,  KOHEHCATop,
TEPMOPETYIUPYIOIIHIA BEHTHUJIb (TPB),
ucmapurens [1]. B OombIIMHCTBE YCTaHOBOK B P l--f--- : e~
KadecTBE XJIaJlareHTa UCIONb3yeTcss  (peoH A1
R134a [2]. Ha pucynke 1 moka3an
paccMaTpUBaeMbIi IMKJI HapOKOMIIPECCHOHHON i
XONOMMIBHOW MallMHel — 4YuiIepa B P—i Puc.l. p—i amarpaMma napoKoMIIpecCHOHHOT0
IuarpaMme.  31ech  Mpoliecc 1—2s — nukaa. !
M303HTPOIINYECKOE CXKAaTHE B KoMmmpeccope, 1— q
. . N acTO  HUCHOJB3YIOTCA JBE  IMAPAJIIEIBHO
of —  JEHCTBUTENBHBIH  (NOJUTPOITHBIN
2p
paboTaromye OTHOCTyIeHYaThle KOHCTPYKITHH C
MpOIECC CXKATHsI B KOMIIPECCOpPE C Y4YETOM
JIBYMSI MIPUBOIAMH. Cy1ecTByroT
notrepb. [Ipomecc 2—3 — oxJjaxkaeHHe U
JIBYXCTYyIIEHYAThIE KOHCTPYKIIUU c

KOHJICHCAIT!S XJIaJlareHTa B KoHaeHcaTope, 3—4
— m303HTaNbNUitHOE pacimmpenue B TPB, 4—1
— KWIEHHE M TeperpeB XJajareHra B
ucrnapurene. KoOHCTpykuusi  LEHTPOOEKHOrO

[IOCJIEIOBATENbHBIM  PACIOJIOKEHUEM  JIBYX
cTymeHeill (mepBas MPOMEXYTOYHOTO THIA C
00paTHO-HAIPABJISIIOIIMM aIapaToM, U BTOpas
KOHIIEBOI'O THUTIA) W ONIO3UTHBIM
PaCIIOJIOKEHUEM JIBYX KOHILIEBBIX CTYIICHEH.

1 .
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PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

IIpuBOOM  CIYXKHT  DJICKTPOJBHIATENb  C
IEPEMEHHBIM  WJIA  TMOCTOSHHBIM  YHCIIOM
060poTOB [3], [4]. ACHHXPOHHBIIH

(MHIYKIIMOHHBII) 3JICKTPOABUTaTENb C YaCTOTON
Bpameauss 3000 o6/mun mwiu 3600 o6/MuH (6e3
yueTa CKOJIbXKCHHUS) B 3aBHCUMOCTH OT YacTOTHI
3JIEKTPUYECKOTO TOKa B ceTH. JlJis yBeIW4eHUs
000pOTOB pOTOpa KOMIIpEccopa HCIOJb3YeTCs

MYJIbTUILUIAKATOP. MOFYT IPUMEHATCA
BBICOKOCKOPOCTHBIC QJICKTPOABUTATEIIN, C
HCIIOJIb30BAHUEM YaCTOTHOTI'O IIPCO 6pa3OBaTCJ'I$1.
I[J'ISI HUCKIIHOYCHUA HCII0JIb30BAHUA Macia

MIPUMEHSIOTCS] CHHXPOHHBIE AJICKTPOIBUTATEIN C
IMOCTOSHHBIMA  MAarHUTaMH W MarHUTHBIM
IIOJIBECOM.

OTHollIeHHE [aBJIE€HUH B OJHOCTYNEHYATOM
HEHTPOOEKHOM KOMIIPECCOPE BapbUpPyeTCS OT
2.0 mo 3.5. Ilpu TakOM OTHOIICHHH JABJICHUH

3HaYeHUWE yCJOBHOro uyWcna Maxa My
COCTaBJIAET oT 0.9 bi (o) 1.4,
X0JI010ITPOU3BOIUTEIBHOCTD YUILJICPOB c
HEHTPOOCKHBIM KOMIIPECCOPOM B

MPOMBIIIUIEHHOCTH OOBIYHO Bapbupyercs ot 700
1o 7000 kBT u BeIIE.

B psime paboT paccMOTpEeHO HCIOJIb30BaHHE
METOJOB  BBIYHCIHUTENBHOW  Ta30AMHAMUKHI
(CFD) [5]10] JUIL  TIPOCKTUPOBAHWUSI,
COBEpPILICHCTBOBAHUS, HCCIEAOBAHHS MPOTOYHOM
YaCTH IIEHTPOOEKHOTO KOMIIPECCOopa.

HccnenoBanne BXOIHOH HEPaBHOMEPHOCTH
MOTOKA c NpUMEHEHUEM BXOJIHOTO
HaINpaBJIAIONIEro anmapara B OZHOCTYIEHYAaTOM
[EHTPOOSKHOM KOMIIPECCOpe C OTHOIICHHEM
naenenuit [1=1.97 u ycnoBHpM uymciom Maxa
My=1.011 uymnnepa paccmorperno B [11]. B
pabore [12] paccmaTpuBaeTcs  IMKI  C
UCIIOJIb30BAaHUEM OJKOHOMai3epa C 3aMeHOM
JIBYXCTYTIEHYATOT'O KoMIIpeccopa Ha
OJJHOCTYTICHYAaTBId C OTHOIICHHEM JIaBJICHUIT
[1=3.0 u ycnoBHBIM KO3(h(HUIIMEHTOM pacxoja
®=0.083. TloBblieHue 3HEProd3hHeKTUBHOCTH
JIOCTUTaeTCsl BIPHICKOM Iapa U3 3KOHOMaii3epa B
cryneHp kommpeccopa. B [13]-[15] ¢ momomrsro
CFD BbINIONHEHO MOJEIHPOBAHKUE IMPOTOYHOM
YacTH  JBYXCTYIIEHYATOrO  LEHTPOOEIKHOTO
KOMIIpeccopa IJisl OLIEHKH OCEBOTO YCHIIHS NPH
UCIIOJIb30BAaHUU TA30BBIX MNOALIMITHUKOB. [lo
pe3yibTaTaM CFD MOJICTTUPOBAHUS
xapakrepuctuk B [16]-[18] paccmorpeHns
pa3MYHbIe  XJIAJIareHTHI B KOHIIEBOM
HEHTPOOEKHON KOMIIPECCOPHOMN CTYTICHH.

[IpoBeneHHBIH 0030p IUTEPATYPHI IOKA3BIBACT
aKTyalbHOCTh 3a/a4 II0 COBEPLICHCTBOBAHHIO
MPOTOYHOU 4acTu HEHTPOOEKHBIX
KOMIIPECCOPOB, NPUMEHSIOIIIXCS B
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XOJOJMWIBHBIX YCTaHOBKax — uymniepax. K
COXAJICHUI0, BO  MHOTHX  HCCJICOBAHHSAX
3HAYCHUC 3 PeKTHBHOCTH SIBIISICTCS

NPUBEACHHBIM M HE MOXET OBITh OIIEHEHO B
a0COJIIOTHBIX 3HAYEHUSAX M OBITh IPUMEHEHO B
NPOEKTHBIX pacyeTax, 4YTo TaKXKe 3aTpyJHSET
ompelieieHNe  TEKYLIEro YPOBHS  Pa3BUTHA
TeXHUKH. OCHOBHBIM METOAOM HCCIICIOBaHHUS
ABIACTCS ~ MOJEIMPOBAaHWME TPH  OMOIIN
BBIYHUCIIUTEIBHON — THAPOTA30JMHAMHKU.  OJTO
BIIOJIHE 00OCHOBAHO, TIOCKOJBKY AJISI HATYPHOTO
uccienoBaHus  TpeOyeTcss — TOpOrocTosiiee
CTEH/I0BOE  O0OpyIOBaHWE C  3aMKHYTBIM
KOHTYpPOM JISl HUPKYJISIINY XJIaJareHra.
VYuuTheiBasi  BBINIECKA3aHHOE, B
UCCIIEZIOBAHMH IIOCTAaBJICHA 3ajada aHalu3a
3¢ PEKTUBHOCTH IUKIa ymepa npu
WCTIOJIb30BaHAN pa3paboTaHHBIX
BBICOKOO((EKTUBHBIX ~ TPOTOYHBIX  YacTei
[IEHTPOOEKHBIX KOMIIPECCOPOB Ha OCHOBE HX
JeHCTBUTENBHOM (P HEKTHBHOCTH.

JaHHOM

METO/bL, PE3YJIBTATBI N
OBCYXJIEHUE

Hns  ananmmza  BiOusiHUS 3P QPEKTHBHOCTH
LEHTPOOEKHOI0  KOMIpeccopa Ha  paboTy
YWIJIEpa  BBINIOJMHSETCA pacdeT HAeaTbHOTrO
MapOKOMIIPECCUOHHOTO  XOJIOAMIBHOIO  IIMKJIA
JUTSL YUJUICPHON YCTaHOBKHM C ILIEHTPOOEKHBIM
KoMIpeccopoM. B maHHOM pacdere IUisi OLIEHKH
BIUSHUSL KOMIIpeccopa MpPHHATO, YTO BCE
2JIEMEHTHI, KpOMe KOoMIIpeccopa paboraioT 0e3
ydera MIOTEPb. Pacuer XOJIOTUITBHOTO
ko3¢ unreHTa BbIOJIHEH 1O MeToauke [19].
[IpoexkTpoBaHHE KOMIIPECCOPOB BEJIOCH IPHU
OMOIIH KOMILIEKCHOM METOIUKU
MPOEKTUPOBAHUS BBICOKOA()(heKTUBHBIX
HEHTPOOCKHBIX  KOMIIpeccopoB. [loBbllieHne
3¢ (HEeKTUBHOCTH MPOTOYHOMH 4acTu
IEHTPOOEKHOTO KOMITpeccopa AOCTHUTaeTCs 3a
CYeT COYeTaHUs MOIXOJOB pacueTa HEBSI3KOTO
KBa3UTPEXMEPHOTO IIOTOKA u CFD
MOJICTPOBAHHUS c OJTHOKPHUTEPHATLHON
MHOTOIapaMeTpuuecKoi ontumusanueil. Pacuer
HEBSI3KOTO IMOTOKA UCIIOJIB3YETCs I KOPPEKIIMU
KO3 (GUIIMEHTa TEOPETHUUSCKOr0 Haropa Ipu
MPOBEJICHUH Ta30JUHAMHYECKOTO pacueTa, a
Takke mnpoduiupoBanus pabouero kojeca ¢

YUeTOM OIPEACTICHUA panroHaJIBHOTO
pacnpeacjacHuss OTHOCUTCIbHBIX CKOpOCTeﬁ Ha
JIOIIaTKE. OOBIYHO HUCINOJIB3YCTCA

MHOTOKPHUTEPHAJIBHASI 1 MHOTOIIApaMETPUUYECKAs]
ontuMm3anusi (HOpMBl MPOTOYHOW YACTH, HO
Takol  moaxon ~ TpedyeT  3HAYMTENbHBIX
BPEMEHHBIX M  BBIYHCIUTENIBHBIX PECYPCOB.
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bnaromapss HEBS3KOMY pacueTy CyYIIECTBEHHO
COKpaIIaeTcs YUCIIO BapHAHTHBIX PACUETOB MPHU
MIPOBEICHIH MHOTOITapaMeTPHUIECKOi u
OJTHOKPUTEPHUATBHOM ONITUMH3ALIUH.
OnTuMu3anus MPOBOANIIACH C HCIIONB30BaHUEM
meroma ASO (adaptive single objective) mns
napaMeTpU3UpOBaHHOH  MOJENHM  MPOTOYHOH
yacTH paboyero Kojeca M 0OE3I0MATOYHOTO
muddyzopa. ns KaKIoro razogMHAMHYECKOTO
mpoekta BbeioaHeHo mopsaka 100 CFD
pacyeToB IS BBIMOIHEHUS LETH ONTUMHU3ALNN
— MakcuMH3anud Y3PPEeKTHBHOCTH CTYTICHH.

VYpasaenne 1 npencrapusieT coO0H yCIOBHBII
ko3 puLment pacxona LHEHTPOOEKHOTO
KOMIIpeCCopa. B JTaHHOM pabote
paccMaTpUBaIOTCS JIECATh Ta30JMHAMHYECKUX
MPOCKTOB  IIEHTPOOESIKHBIX KOMIIPECCOPOB  C
JIMaria30HOM YCJIOBHOTO KO3((HUITUEHTA pacxoa
Ha pacueTHOM pexume D, ot 0.035 mo 0.12.
Huamerp paboumx Kolec OJWHAKOBBIA U
cocraBisier D>=0.28 M. HomunanpHOE 4HMCIIO
o0opoTOB  poTopa  miS  BCeX  JECATH
KOMIIPECCOPOB HAXOAWTCS B JHAIa30HE OT
11850 06/MuH mo 12100 06/MuH.

4m
= D
D2
P U,
rjae M — MaccoBbIM Pacxoi; po. — IUIOTHOCTh
Ha  BXOJE, pAacCUMTaHHAas 1O  MOJHBIM
napamerpam; D, — amamerp pabouero koseca,
U2 — OKpY’KHast CKOPOCTh Ha tuamerpe Do.
YpaBHeHne 2  mpencTaBisier  coOoi

TEOPETUYECKUH  XOJNIOMWIBLHBIA KO3 dHIeHT
i COPRt.

i —i
1~y
S'r (COPRI) =7 -0 (2)
i, —i;
rae | — SHTanbnus (MHISKCH CM. puc. 1).
JlencTBUTENbHBIN XOJIOJUIBHBIN

KOA(PGUIUEHT peaTbHON XOJOIUIBHON MaIHBI
ONPENETSIOTCA C YUETOM BCEX 3aTpaT Ha MPUBOL
KOMIIPECCOopa M BBIpAXKaeTCsl ypaBHEHHEM 3.

cop, =&

input

)

rae Qo — xomomonpou3BoAUTENEHOCTD, Winput —
CyMMapHas MoTpeOJiseMas MOIIHOCTh BCEX
KOMIIOHEHTOB YCTaHOBKH, BKJIIOUast
BCIIOMOTaTeJIbHOE  MHUTAHUE HCKJII0Yast
BCTPOEHHbBIE HACOCHI.

u
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Takum o0pazom, 9TOOBI Y4EeCTh
IEWCTBUTETHHBIA XOJIOMUIBHBIA KO3 HUIINEHT,
TpeOyercs 3HaHUE A((HEKTUBHOCTH CIIETYFOIINX
AJICMEHTOB: KOMIIPECCOPa, MEXaHUYECKOU YaCTH,

nepefarole  KpyTAIUMi MOMEHT, OIop H
mpuBoja. B 3aBucMMocTH 0T  BHIOOpa
KOMIIOHOBKM W THUIA TPHUBOJA, H3MECHECHHE

neiicrBurenbHoro COPRr moxker OBITH BechbMa

cymecTBeHHO. CpaBHeHHME  [IOIDKHO  OBITH
NPOM3BECHO  JUI1  OJWHAKOBBIX  YPOBHEH
TEeMIepaTypsl W JaBJICHUS B XOJOIMIHLHOM
IUKJIEe, TaKk KaK WX pa3Iddue BBI3BIBACT

nsmenenne Qo. IlosTomy B nmaHHO# pabote
oneHka 3()(EKTUBHOCTH XOJOJUILHOTO IIMKJIa

NPOU3BOJUTCS  MOCPEACTBOM  UCCIICAOBAHUS
JeHCTBUTENIbHOrO  pabodero  mpoiecca B
[CHTPOOCIKHOM ~ KOMIIPECCOPE  XOJOAUIBHOI
MaIlHHBI c MIOMOIIIBIO YHCIICHHOTO
IKCIICPUMEHTA.

[ nmpoekTUpoBaHHMS IPOTOYHOM YaCTH
MOTYT HCHOJB30BaThCSI PAa3MUYHBIC METOIUKU
npoektupoBanust [20], [21]. B xauectBe
HCXOJTHBIX JaHHBIX MIPUHUMAIOTCS
pexkomenaaru ctanaapra [22] Air-Conditioning
Heating and Refrigeration Institute (AHRI) s
OOJIBIIMHCTBA  IIEHTPOOCIKHBIX YMUJLIEPOB  C
BOJSHBIM oOXxJaxkaeHueM. CoriacHo CTaHIapry,
TeMmreparypa BOAbI Ha BBIXOAE W3 4YHIUIEpa
cocraBisier 6.67 °C, a mocrynaromed B
koHzeHcatop 29.44 °C. PasHuua TemiepaTyp
BOJBl Ha BXOJI€ W BBHIXOJAE B HCHApUTEIE U
kouzaeHcatope cocrasuger 10 °C. Ileperper B
ucnapurtene  npuHMMaeM — paBHeIM  2°C.
[lepeoxnaxaeHne B KOHAEHCATOPE OTCYTCTBYET.
OObluHO It pacyeTa UUKIA MPUHUMACTCS
pacueTHbIi HM303HTpoNHYecKud Koddduiment
MOJIe3HOTO JiekicTBus, paBHbIi 1)s=0.80.

JlaBneHvie  XjajareHTa Ha  BXOJe B
koMmmpeccop cocrtaBisier px=0.356 MIla, Ha
Beixoge  px=0.919-0.935 MlIla (koHeuHoe
JABJICHHEe TPUHUMAIOCh MO  Pe3ysibTaraM
YHCIICHHOTO MO/JICITUPOBAHUS KaXJIOTO
KOMITpeccopa). [poekTHOE OTHOIIICHHE

JIaBJICHUI B KOoMIIpeccope coctapisieT [1=2.56.
OxoHYaTEIbHOE MOJICIUPOBaHHE paboyero
mpolecca  OCYIIECTBISIOCH € TIOMOIIBIO
BBIUKCIMTEIBHOrO Komiuiekca Ansys CFX V18.0.
PacuetHas ~ o0jacTh  OPOTOYHOW  YacTH
LEHTPOOKHOTO KOMIIpeccopa HM300pakeHa Ha
puCyHKE 2 W COCTOUT W3  CIEAYIOUIHX
3JIEMEHTOB: BXOJHOW oceBoit marpyook (1),
ocepainanbHOe padodee KOIeco HOIyOTKPBHITOTO
tuna  (2), Oesnomarounsiii  guddyzop (3),
BBIXO/IHAsE ~CcOOpHAas Kamepa  IOCTOSIHHOTO
ceuenust (4). Mexay KOpPIycoM H JIOMATKaMHU
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pabouero koseca ycraHaBmuBayics 3a30p 0,4 M.
B kayecTBe TIpaHMYHBIX YCIOBUM Ha BXOAE
BBIOpaHO NaBJCHHWE W TeMIIepaTypa IO TOIHBIM
napamerpam. Ha BpIxome u3 KoMIIpeccopa
YCTaHABJIMBAJICS MAacCOBBIM pacxoa OT T'PaHULbI
MoMITaYka 1O Hadana 3amupaHus (pexnma
MaKCUMaJIbHOW MPOU3BOAUTEIBLHOCTH). Mexay
BpAIAIONICICSI W HEMOJBUXKHBIMU O0JIACTAMU
ycraHaBiuBaics — uHTepdeiic  frozen  rotor.
Mogens TypOynentHoctn SST (Shear stress
transport). Pasmep pacueTHOM CETKH COCTABIISLI
mopsimka 5.6 MITH. D3JEMEHTOB JUIS  KaXKIOM
pacyeTHO MOJENH.

Puc.2. PacuerHast 06/1aCTh MPOTOYHOH YaCTH
HEeHTPOGERKHOr0 KoMIpeccopa. 2

Tak kak wucnonb3yercs ¢peon R134a, To
HEOOXOJUMO YYHUTHIBATh PEANbHOCTh raza IMpH
CKaTHH B IEHTPOOekHOM Kommpeccope [23].
HUcnonb3oBanue TEPMOTa30JUHAMHUYECKUX
cBOiicTB pabouedi cpeapt B Ansys CFX
BBIMOJTHSJIOCH  C  MOMOIIBIO  MTPEABAPUTEIBHO
paccuntanubix tabmuig RGP (Real Gas
Property). Jlost pacyera
TEPMOTa30JUHAMUYECKUX CBOWCTB pealbHOTO
raza — ¢peona R134a ucnonp3oBaHa MeToIMKa

FES [24]. [Hammeni moaxonq o0ecreunBaeT
HauOOJNIBINYI0  TOYHOCTH B OTJIIMYHE  OT
HCIIOJB30BaHUs CTaHIapTHBIX ypaBHEHHI

cocrosiHus B CFX.
CXOIMMOCTh  peIIeHUs] KOHTPOJIMPOBAIOCH

MajeHUeM  YPOBHS  HEBSI30K, CXOXJICHUEM
HeOalaHCOB W TOYEK MOHHMTOpWHra. Bcee
pacyeTHble TOYKA JOCTHIJIH  CXOAMMOCTH
pelieHus.

Ha pUCYHKE 3 MIPEICTABIICHEI
ra3oJIMHaMUYeCKHe  XapaKTCPUCTHKH  JCCITH
HEHTPOOCKHBIX ~ KOMIIPECCOpOB Ha  (hpeoHe
2 Appendix 1
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R134a, nonmy4yeHHblE C MOMOIIBIO YHCIEHHOTO
MOJICTTHPOBAHMS. l'azommaamuaeckre
XapaKTePUCTHKHU BKITIOYAIOT cedst:
W309HTPONUYECKUH KOI(QOUIMEHT MOJIE3HOTO
JIEUCTBUA, OTHOIIEHUE NABJICHUN KOMIIpeccopa,
a Takke Kod(pUINEHT TCOPETUICCKOTO HAIOpa,
paccuuThIBaeMBIi 1o hopmye 4.
Cu2

T E

3 Q

rme  Cuw OKpY)XHasl ~ COCTaBIISIOIIAs

a0COIIIOTHOM CKOPOCTH MOTOKA Ha auametpe Do.
Koaddpumment BHYTPEHHETO Hamopa,

paccunThiBaeMbli 10 popmyie 5.

i* i*

_ oo 7o

Vi = 2 s
uZ

()
TAC iy o —ly o — TEpernaj IMOJIHBIX SHTAIbIUN
MEX/Ty BBIXOJIOM U BXOJIOM B KOMIIPECCOP.

[IpencraBneHHbIE XapaKTEPUCTHKH HWMEIOT
JIOCTAaTOYHBIA 3amac Mo mommnaxy, okono 30%.
Koaddumment TEOPETHUECKOTO Hamopa
COCTaBJISICT nopsaka w1 =0.77.

MakcumManbHas MPOU3BOUTEIBHOCTh
orpaHuueHa PEXUMOM 3arUpaHus
MEXKJIONATOYHOTO KaHaja pabodero KoJjeca,
BCJICJICTBHE YETO OTPAHWYMBACTCSI 30HA PaOOTHI
KOoMIIpeccopa. [poananm3upyem
3¢ (heKTUBHOCTH CTyTICHEH.

Ha pucynke 4 mpeacraBieHo pacnpeaerieHne
MOJIUTPOITHOTO KITX o CEUECHUSIM
KOMIIPECCOPOB B 3aBUCHUMOCTH OT PACUETHOrO
yCIIOBHOTO Koa(duienta pacxona. CeueHue
2’>—2’ — ceyeHne 3a pabouMM KOJECOM Ha
muamerpe 1.05D,;, 4—4 ceueHue 3a
muddysopom, 0°—0° — ceueHue Ha BBIXOJE U3
KOMIIpeccopa.

PacueTsl TPOM3BOAMINCH OT CEUYCHUS Ha
Bxoze 0—O0 10 yka3aHHOro BBINIC CEUCHHS 3a
3JIEMEHTOM CTYTICHH.

B awamazone pacuetHoro ko3ddunuenta
pacxoma ot 0.035 mo 0.065 nabmromaeTcs

MOHOTOHHOE  yBelW4YeHHE  APPEKTHUBHOCTH
KOMIIpeccopa.
Haunnas c 0.065 3¢ (HEeKTUBHOCTD

KOMIIpeccopa HaxXOAWTCS TPUMEPHO Ha OIHOM
ypoBHe okoso 0.85.

MaxkcuManbHbIN YPOBEHb
noimutponnHoro  KIIJ  xoHueBoi
nocturHyT Ha ypoBHe 0.90 mans ©,=0.12.

PaccmoTpum moapobHEe CTpyKTypy MOTOKa
B paboueM KoJiece ISl 3TOT0 KOMITpeccopa.

pacyeTHoro
CTyIIE€HU
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Puc. 3. XapaKTepuCTHKH X0J0JWILHBIX IIEHTPOOEKHBIX KOMIIPECCOPOB. °

3 Appendix 1
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Puc.4. Pacnpenenenue noaurponnoro KII/ mo
CeYeHHsIM KOMIIPeccOpOB B 3aBHCHMOCTH OT
pacueTnoro ko3dduuuenra pacxoaa. 4

Ha pucynke 5 npencrasieHo pacipezneiacHue
yucna Maxa Ha cpegHeil mo BBICOTE JIOMATKHU

MOBEPXHOCTHU Ha Tpex pexrumMax oT
MUHHUMAaJIbHON 0 MaKCHUMaJIbHOM
MPOW3BOAUTEIBHOCTH Ui IIEHTPOOESIKHOTO
kommpeccopa NelO.

Cl'@min, 6' @p, B- d)max

Puc. 5. Pacnipeaesenne ynciaa Maxa Ha cpegHei
10 BBICOTE JIONATKH MOBEPXHOCTH B padodem
KoJIece eHTPOBeKHOro Kommpeccopa Nel0. ®

Ha pexxume Maiioll mpoM3BOIUTENEHOCTH ()
Ha 3aJHEd TOBEPXHOCTH JIOMATKA Yy 3ajHei
KPOMKH HaXOJMTCS KPYITHAS PEIUPKYIISIIMOHHAS
30Ha — OTpBIB MMOoTOKa. Ha pacueTHOM pexume
(6) Habmomaetrcst OE30TPBIBHBIA PEXHUM PaOOTHI.
Ha pexume MaKCHUMAaJIbHOM

456 Appendix 1
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MPOU3BOAUTEIHLHOCTH (B) HAOIOMACTCS CKAuOK
VIUIOTHEHHUS B MEXKJIOTIATOYHOM KaHaJe.

PaccMoTpuM  ypoBEHb  MOTECHIUATBLHOTO
BIUSHAA  JACHCTBUTENBHOW  3(P(HEKTHBHOCTH
HEHTPOOEKHBIX KOMIIPECCOPOB Ha
3 (PEeKTHBHOCT  XOJIOAMIBLHOTO  ITMKIA  Ha
npruMepe pa3paboTaHHBIX KOMIIPECCOPOB.

Ha pucynke 6 mokaszaHo  3HaYceHHE
OTHOCUTENIFHOTO TOBBIMICHHUS TEOPETUYECKOTO
XOJIOJJUIIEHOTO KO3 pUICHT COPr
MapOKOMITPECCHOHHOTO ITUKJIA TIPU MTPUMEHEHUHT
BBICOKOO(()EKTUBHBIX ~ TPOTOYHBIX  4YacTel
HEHTPOOEKHBIX KOMIPECCOPOB OTHOCHUTEIHHO
0a30BOro0 KOMIpeccopa € W30IHTPOITUYCCKUM
KI1[ 1s=0.80 B 3aBHCHMOCTH oT
XOJIOJOIPOU3BOIUTEILHOCTH.

Ilo pesynpTaTam pacdera TEOPETHUECKHUIM
XONOMWIBHBIH  KOd(hGUIMEHT ¢ yd4eToM
JIEHCTBUTENIHHOTO TIpollecca B KOMIIpeccope
€(COPRry) moBbimaercs ot 2.6% mo 7.2%, npu
MOBBILICHUH HA303HTPOIMUYECKOTO KITX
kommpeccopa oT 2% 1o 5.5%, 3a UCKIIOYEHHEM
kommpeccopa Nel, raoe uzosuTpormueckuii KIT
coBMajaaer c 0a30BbIM. Juanazon
XOJIOZONPOU3BOAUTEIILHOCTH ~ YHJIICPOB c
HEHTPOOCKHBIM KOMITPECCOPOM COCTABISIET OT
Qo=990 kBT mo Q¢=3317 xBT.

DA
. 67g \ 210
6% TRy
3
4% =
2.
204
0% 1y
0 1000 2000 3000 4000
= COPy, Q,, KBT (kW)

Puc.6. I'padpuk 0THOCHTETHHOTO MOBBINIEHUSI
COPRr: nMKJ12a TPU NPUMEHEHU N
BbICOKO0I(h(peKTHBHBIX NPOTOYHBIX YACTEH
HEHTPOoGeRHBIX KOMIpeccopos.

3AK/IIOYEHUE
Paspaboran paa u3 JICCATH
ra3o/IMHAaMUYEeCKHX  IMPOEKTOB  IPOTOYHBIX
YacTe BBICOKOA((EKTUBHBIX IEHTPOOCHKHBIX
KOMIIpeccOpoB  Juis  uwuiepa. [lonydeHHbIe
XapaKTePUCTUKH IEHTPOOESKHBIX KOMIIPECCOPOB
MOTYT OBITh MPUMEHEHBI IS aHATHM3a BIIMSHUS

Ha 3(G(EKTUBHOCTh  XOJOAWIBHOIO  IIHKJIA
XOJOAMIIBHBIX MalluH — YHJLIEPOB,
paboTaromumx Ha ¢dpeone R134a B
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HCCIEeI0BATEIBCKON
JIESATEIILHOCTH.

3HaueHNe TEOPEeTUIECKOTO XOJOAMIHFHOTO
kodurnenta &, (COPg) ummmepa cocraBmiro
or 6.1 nmo 6.52 B [uamazoHe pPaCcYETHOTO
YCIIOBHOTO ko3 purmeHTa pacxona
kommpeccopa D, or 0.035 mo 0.12
COOTBETCTBCHHO. MakcUMallbHOE 3HAYCHHE TPU
W7eaTbHOM ITUKJIEe cocTaBisieT 7.61.

MakcuManbHOE 3HAYEHHUE TOJUTPOITHOTO
KIIJI 1meHTpoOeKHOTO KOMIIpeccopa M3 BCETO
psna pasHo 0.86 mns KoMIpeccopa ¢ YCIOBHBIM
KOO(PGUIMEHTOM  pacxoja Ha  pacyeTHOM
pexxume ©,=0.12.

B npanpHelineM UCCIEIOBaHUU IUIAHUPYETCS

u MIPOEKTHOU

yBenmnuuth 3HaueHue KIIJI meHTpoOexHOoro
KOMIIpeccopa 3a cyer BHECEHUSA
KOHCTPYKTHUBHBIX HW3MEHEHUIL: YCTaHOBKHU

noratogHoro nud¢dy3opa U 3aMEHBI BRIXOAHOTO
YCTPOMCTBA YIUTKON MEPEMEHHOTO CEYECHUSI.

APPENDIX 1 (IPUJIOKEHHE 1)
Fig. 1. p—i diagram of the vapor compression cycle.
Fig. 2. The design area of the flow part of the centrif-
ugal compressor.
Fig. 3. Characteristics of refrigeration centrifugal
compressors
Fig. 4. Distribution of polytropic efficiency across
compressor sections depending on the calculated flow
coefficient.
Fig. 5. Distribution of the Mach number on the aver-
age height of the blade surface in the impeller of the
centrifugal compressor No. 10.
Fig. 6. COPr relative increase graph when using high-
ly efficient centrifugal compressors flow parts.
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Abstract. The purpose of research is determining the conditions of stimulating effect of the combined
influence of constant and variable electromagnetic fields on the substrate and microorganisms in the
bioreactor. This goal is achieved by solving the following tasks: development of mathematical model,
conducting numerical simulation to determine the distribution of magnetic field in active zones of the
stator-bioreactor system; conducting experimental researches during the fermentation of pig’s manure
with litter from wheat straw in the mesophilic mode of fermentation. One category of bioreactors
(control samples) was not exposed to influence of magnetic field, for the other, periodically were
made treatment simultaneously with a low-frequency electromagnetic field and constant magnetic
field synchronously with the process of mixing the substrate. The most significant results are: an ex-
perimental proof of effectiveness of the proposed method of intensification of the biogas output and
increasing its quality, high accuracy of mathematical model of distribution the magnetic field in ac-
tive zones of the stator-bioreactor system; assessment of the levels of consumption of nutrients by mi-
croorganisms from the substrate under the influence of the combined magnetic field and without in-
fluence of the magnetic field. The significance of obtained results lies in the fact that the proposed ap-
proach to intensification of the biogas output provides increase of the level production, the quality of
biogas, and cumulative rate of methane output per unit of organic mass in the reactor.

Keywords: biogas, combined electromagnetic field, microorganisms, mesophilic regime, methane,
substrate, methanogenesis.
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Studiul influentei cAimpului electromagnetic combinat asupra randamentului de biogaz
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Universitatea Nationald de Bioresurse si Managementul Naturii din Ucraina, Kiev, Ucraina,
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Managementul Naturii din Ucraina, Berezhany, Ucraina,
$Subdiviziune structurala detasata ,,Colegiul Profesional Berezhany al Universitatii Nationale de Bioresurse si
Managementul Naturii din Ucraina”, Berezhany, Ucraina.
Abstract. Scopul studiului este de a determina conditiile pentru actiunea stimulatoare al impactului combinat al
campurilor electromagnetice constante si variabile asupra substratului si microorganismelor din bioreactor.
Scopul se realizeaza prin rezolvarea urmatoarelor probleme: elaborarea unui model matematic, efectuarea
simuldrii numerice pentru determinarea distributiei campului magnetic in zonele active ale sistemului stator -
bioreactor; efectuarea studiilor experimentale in timpul fermentatiei gunoiului de porc cu asternut de paie de
grau in modul mezofil de fermentatie. O categorie de bioreactoare (probe de control) nu a fost expusa unui cadmp
magnetic, in timp ce cealaltd categorie a fost tratatd periodic simultan cu un camp electromagnetic de joasa
frecventa si un cAmp magnetic constant sincron cu procesul de amestecare a substratului. Cele mai semnificative
rezultate sunt: eficienta metodei propuse de intensificare a randamentului de biogaz si imbunatatirea calitatii
acestuia, precizia ridicatd a modelului matematic de distributie a cAdmpului magnetic in zonele active ale
sistemului stator-bioreactor; evaluarea nivelurilor de consum a nutrientilor de catre microorganisme din substrat
sub influenta unui camp magnetic combinat si fard influenta unui camp magnetic. Semnificatia rezultatelor
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obtinute consta in faptul ca abordarea propusa pentru intensificarea randamentului biogazului asigura o crestere a
nivelului de productie, a calitatii biogazului si a ratei cumulate a randamentului de metan pe unitatea de masa
organica din reactor.

Cuvinte-cheie: biogaz, camp electromagnetic combinat, microorganisme, regim mezofil, metan, substrat,
metanogeneza.

Hccienosanue BINSAHUS KOMOMHHPOBAHHOIO 3JIeKTPOMATHHTHOIO 101 HA BBIX0/ OMorasa
3abmoxekuii H.l. Knenmnii I1. 2, Tymap 0.3, Pagbko W.!

'HauuoHanbHeli yHHBEpCUTET GMOPECYPCOB M MPHUPOJIONONL30BaHus Y KpauHbl, Kues, Ykpauna
20rnenennoe noapasnenenne «bepeskaHCKUi arpoTeXHUUECKUIT HHCTUTYT» HallMoHaIbHOTO YHUBEpCHTETA
OmopecypcoB U MPHPOIOTIONB30BaHMsS Y KpanHbl, bepexansl, YkpanHa,
3Ornenennoe cTpyKTypHOE nojpasaeienue «bepeskaHckuii npodeccHoHaIbHbIN Komex HaluoHansHoro
YHHUBEpCHUTETa OHOPECYPCOB U TIPUPOIOTIONIE30BAHNS Y KpanHbD», bepekansl, YKpanHa.
Annomayus. 1lenbio uccne0BaHUS SBISCTCS OMPEEICHNE YCIOBUH CTUMYINPYIOMIETO AeHCTBUSI KOMOWHU-
POBAaHHOTO BO3/IEHCTBUSI MOCTOSHHOTO M MEPEMEHHOTO 3JIEKTPOMArHUTHBIX IOJIeH Ha cyOCTpaT W MHKpOOpra-
HU3MBI B OnopeakTope. [locTaBneHHas 1elb JOCTUTACTCS ITyTEM PELICHHs CICTYIONIMX 337ad: pa3padoTKH Ma-
TEMaTUYECKOMN MoA€IH, MPOBEACHUA YUCICHHOTI0O MOJCIIUPOBAHUSA 110 OMIPEACIICHUIO PACPCACICHUA MarHUTHO-
ro MmoJjii B aKTUBHBIX 30HAaX CHUCTEMbI CTATOp — 6HopeaKTop; MPOBEACHU SKCIIEPUMCHTAJIbBHBIX I/ICCJ'IC,HOBaHI/Iﬁ
npu GepMeHTaly HaBO3a CBUHEH C TOJICTHIIKON W3 MIIEHUYHOM COJOMBI B Me30(DMIIBHOM pexHuMe cOpakuBa-
Hus. OniHa KaTeropusi 6MOPeakToOpoB (KOHTPOJIBHBIE 00pasIibl) He MOABeprajgack BO3ACHCTBHIO MArHUTHOTO T1O-
JIA, AJIA I[pyFOﬁ - ICPUOANYCCKU BBITIOJIHAIIN 06pa60TKy OOAHOBPEMEHHO HHU3KOYAaCTOTHBIM J3JICKTPOMArHUTHBIM
MOJIEM M TIOCTOSTHHBIM MAarHUTHBIM TOJIEM CHHXPOHHO C MPOIECCOM TepeMentnBanus cydcrpara. Haubonee cy-
IIECTBEHHBIMHU PE3yJIbTaTaMH SBJISIFOTCS: SKCIIEPUMEHTAILHOE JOKA3aTENbCTBO 3(P()EeKTHBHOCTH MPEATI0KEHHOTO
croco0a MHTEHCU(MKAMN BBIXOAa OMOTra3a M MOBBIIICHHS €T0 KauecTBa, BBICOKOW TOYHOCTH MaTeMaTHIECKON
MOJICTIH PacIpeAeIeHIsI MArHUTHOTO I0JIsI B aKTHBHBIX 30HAX CHCTEMBI CTAaTOp — OMOPEAaKTOp; OLIEHKA yPOBHEH
MOTPEOICHUSI MUKPOOPTaHU3MaMH MHUTATEIbHBIX BEIIECTB M3 CyOCTpaTa MpH BO3JICHCTBUM KOMOWHHPOBAHHOTO
MarHUTHOTO TTOJIst ¥ 0€3 BIMSAHUS MAarHUTHOTO TI0JIS. 3HAYMMOCTbD MOJYYEHHBIX PE3yIbTaTOB COCTOUT B TOM, UTO
TPE/ITOKEHHBIN TTOIX0/1 K MHTCHCHU(HUKAIIMH BBIX0/1a OHOoraza 00ecredrBacT MOBBIIICHUE YPOBHS IIPOU3BOICTBA,

KauecTBa Ouorasa u KyMyJISITUBHOM CKOPOCTH BbIXO/Ia METaHa Ha €JIMHUILY OPTaHUYECKON MacChl B peakTope.
Knrouesvie-cnosa: 6uoras, KOMOMHHPOBAHHOE AJICKTPOMArHUTHOE IMOJIC, MUKPOOPTaHU3MbI, ME30(HIbHBIN pe-
KUM, ME€TaH, CyOCTpaT, METaHOTEHE3.

INTRODUCTION biogas installations, the addition of special
enzymes, maintenance of the appropriate thermal
regime and mixing are used, but the last require
significant energy consumption, which increases
the cost of such production. Since the widely
used methods  of  intensification  of
biomethanogenesis have practically exhausted
themselves, the question of developing and
improving new ones arises [1].

In connection with completeness of the
Earth's minerals and pollution of the
environment, humanity has been faced with the
question of how to ensure energy production
and improve ecology. The solution of this issue
is in the use of non-traditional energy sources, in
particular, obtaining energy from biomass. The
production of biogas solves a multi-vector
problem in the national and economic complex,
namely: it improves the ecological situation,
which allows the processing of waste from the
food industry, agriculture, household and drain
water treatment; possible production of heat,
electricity and cold, as well as highly
mineralized organic fertilizer that will allow to
improve fertility of soils. The process of biogas
production is based on the fermentation of
biomass, that is, its decomposition by various
groups of bacteria. On the vital activity of
bacteria which take part in production of biogas,
like most living organisms, significantly affects
their environment. To increase the efficiency of

ANALYSIS OF LATEST
RESEARCHES AND PUBLICATIONS

Numerous biological researches show that
microorganisms are sensitive to constant
magnetic fields, electromagnetic and acoustic
fields of various frequency ranges[2,3]. These
fields, as shown by the results of experiments,
can have an inhibitory, stimulating or destructive
effect on biological objects. The work [1] shows
the application of the magnetic field with the
frequency of 50 Hz and an induction of 0.28-12
mT, which is created inductively connected by
Helmbholtz’s coils. Observations of S.Cerevisiae
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for 9 hours showed that their greatest growth by
17% occurs with magnetic induction of 0.5 mT.
Researches [4] of impact of the combined
electromagnetic field created by  pair of
Helmholtz’s coils on samples of brew show that
the level of stimulation can reach 30%.
Conducted researches [5] of impact of the
constant magnetic field on substrate at
thermophilic and mesophilic temperature modes
of operation showed that at the intensity of the
last 15 mT it is possible to increase the amount
of biogas mixture release by 12-14%, in
comparing with experiment without using of
such field. Conducted experiments of impact of
the low-frequency electromagnetic field with an
intensity of 3.5 mT on substrate made of pig’s
manure [6] show that the biogas output increases
and its maximum value reaches on the 9-11th
day of fermentation, and the pH value stabilizes
at the neutral level. Also in [7-9] were studied
the aspects of influence on microorganisms by
the system with combination of constant and
variable fields. It was established that the
reaction of cells in this case depends from the
spatial orientation of the last, and their
perpendicularity provokes the greatest effect [9].
In addition, it was proved in [10] that there is a
fundamental difference between the final effect
from stimulation by impulse and constant
magnetic field, and in some cases the direction
of the total vector can have decisive importance
for the flow of life processes, and therefore will
be determine the intensity of biogas output and
the efficiency of process in general.
Magnetic-field effects in the range of 2-10
mT, that are registered for all bacteria regardless
of the magnesium-isotope enrichment of the
environment, indicate about sensitivity of
intracellular processes to weak magnetic fields.
Several physico-chemical mechanisms have
been proposed to explain the effects of
magnetism in biological systems [11-14]. One of
the most likely is enzymatic spin-dependent ion-
radical reactions [12—14]. They were for the first
time described for enzymatic phosphorylation
with the participation of the magnetic isotope
Mg [12,13]. The detected magnetic- isotope
effect (MIE) during the enzymatic synthesis of
ATP is explained by the magnetic interaction of
the Mg nucleus with the unpaired electron spin
and induction of the singlet-triplet conversion of
the ion-radical pair in the active site of the
phosphorylating enzyme. When the probability
of direct reaction of ATP synthesis increases,
the output of product increases accordingly.
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Similar MIE were detected in the synthesis of
ATP for the magnetic isotopes of zinc ®’Zn and
calcium #3Ca, as well as in the synthesis of DNA
in vitro’s experiments [12,13, 15,16].

The joint effect of the constant magnetic
field and magnetic isotopes of magnesium and
zinc allowed to change the growth and
biochemical parameters of E. coli bacteria [17,
18]. Such effects open new opportunities for
controlling enzymatic processes and, as a result,
the main physiological properties of bacteria.
One of such properties of particular interest is
the formation of biofilms. Communities of
microorganisms united in biofilms are a complex
structure that consisting of the microbes
themselves and the polymer matrix synthesized
by them (proteins, polysaccharides, and nucleic
acids). Biofilms protect bacteria from the
influence of external physical and chemical
factors:  antibiotics, ultraviolet radiation,
mechanical impact, etc. [19].

The theory of biological magnetosensitivity
justifies the sensitivity of intracellular processes
to the external magnetic field and to magnetic
moments of atomic nuclei of isotopes [14]. The
sequence of intracellular biochemical reactions,
in which the process involving magnetic isotopes
takes place, will lead to the physiological
response of the organism available for
experimental registration. Thus, the addition of
the magnetic isotope of magnesium to the
nutrient medium for the growth of E. coli
bacteria contributed to increase in growth rate
and colony-forming ability [14].

In 1975 R. Blackmore discovered strong
natural  intracellular  nano-sized  magnets
(biogenic magnetic nanoparticles) in bacteria and
their synthesis is carried out by the genetically
programmed microorganisms  themselves.
Bacteria that synthesize chains of biogenic
magnetic nanoparticles (BMN) were called
magnetotaxis bacteria, of point of view on given
possible functional appointment of such natural
magnets — taxis, that is, orientation of bacterial
movement in the direction of force lines of the
geomagnetic field [20].

To date, BMN has been found in archaea
[21], which include methanogenic bacteria.

At the same time, it is known that genes of
the magnetosomal island of magnetotaxis
bacteria are related with the metabolic ways of
anaerobic respiration [22].

Own heterogeneity magnetic fields of BMN
will significantly affect on the speed of
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biochemical reactions, the slowest stage of
which is the transport of reactants or reaction of
products (diffusion or mixed Kinetics) [23, 24,
25].

For magnetotaxis bacteria, depending on the
magnitude and duration of application of an
external magnetic field, the effects of change in
the shape of chain and location of BMN due to
the purely mechanical movement of magnetic
nanoparticles under the influence of the external
magnetic field [26], as well as a significant

increase in the number of BMN, change in their
shape, size, and location were found as a result
of increased expression genes of magnetosomal
island  during long-term  cultivation  of

magnetotaxis bacteria in the external magnetic
field [27]. The duration of application of external
magnetic fields is an important parameter during
studying their effect on living organisms due to
impact on the process of biomineralization of
BMN.

1, 2 — measuring tube of biogas output from bioreactors, 3 — teslameter, 4 — laid stators with a
substrate, 5 — the substrate is laid, 6 — a moving platform for mixing the substrate of test samples, 7 —

container with lime water.

Fig. 1. Experimental installation.

Therefore, the external magnetic field can
improve microbial activity and promote
biodegradation of organic matter. However, little
researches has been conducted due to use of the
combined magnetic field to stimulate biogas
production in anaerobic fermentation systems.

The purpose of research is experimental
determine the stimulating action of the combined
impact of constant and variable low-frequency
electromagnetic fields on substrate and
microorganisms to increase the output of biogas
and methane.
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RESEARCH METHODS

Determination of the intensity of biogas and
biomethane output during liquid anaerobic
fermentation (L-AD) of pig’s manure mixed with
wheat straw under influence of the variable and
constant electromagnetic field was carried out on
specially designed installation (Fig. 1). For
conducting the experiment, containers (mini
bioreactors) were taken, which were filled with
200 ml of seeding from the operating bioreactor

()
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and 25 g of pig’s manure was added together
with the litter made of lignocellulosic raw
material, namely wheat straw. Pigs from the
private sector were fed with dry food. Three
samples of bioreactors were exposed to impact
of the low-frequency variable electromagnetic
field with the magnetic induction of 3.5 mT and
the constant one - 4.5 mT, and the other three
similar samples of bioreactors were controls. To
create magnetic fields, stators of single-phase
electric engines were used, one of which was
connected to the variable current source of
industrial frequency of reduced voltage of 29 V,
and the second one was powered by constant
current with voltage of 12 V (Fig. 2). A 43205/1
teslameter was used to measure electromagnetic
fields. The operating mode of bioreactors is
mesophilic (t=38-40°C). Before laying, the pH of
substrate was measured with a pH 301 device,
the initial value pH = 7.6. The fermentation

process took place for 21 days, while stirring and
treating of three samples with the combined
electromagnetic  field were carried out
periodically (three times a day). The output of
biogas was measured by amount of displaced
water from the measuring tubes (Fig. 1). For
measuring the amount of produced methane , the
output from the bioreactors is connected to
containers which are filled with lime water (450
ml) for removing carbon dioxide from the

formed biogas. At the same time, a
corresponding chemical reaction occurs:
CO, +Ca(OH), - CaCO, { +H,0 1)

Containers with lime water are connected with
measuring tubes, filled with water, and by
amount of displaced water was determined the
output of biomethane.

1 — bioreactor, 2- the stator of an electric engine that is powered by a constant current source, 3 — the
stator of the electric engine, which is powered by variable current of industrial frequency.

Fig. 2. Bioreactor with devices of electromagnetic influence.

The installation was turned on for creating
the combined electromagnetic field (Fig. 2) three
times a day for 20 minutes. and at the same time
mixing of substrate was carried out.

To determine the consumption of nutrients
by microorganisms from the substrate under the
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influence of the combined magnetic field and
without influence, the following experiment was
conducted. Digestate was taken from two mini
bioreactors, which were used in experiments
with and without influence of the combined
magnetic field, dried, and then the same weights
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were burned to determine the inorganic residue
according to the standard method.

RELATIONSHIP OF MAGNETIC AND
ELECTRICAL PARAMETERS OF
DEVICES THAT CREATE
ELECTROMAGNETIC FIELDS

The equation that relating the magnetic induction

B and the vector magnetic potential A for
constant current is described by the expression:

The equation that connecting the magnetic

field strength H and the current density vector
J is described by the expression:

i j k
vH-| 2 9 9|
ox oy oz
H, H, H,
[ 0 0
—i| —H,-—H, |- : 3
[ay -2 j 3)
_J(QHZ_EHX)JF
OX oz
(2n,-2n,
ox ' oy

Combining expressions (2) and (3), we obtain
the Poisson’s equation for the vector potential A
due to the current density J :

ol ol

2
a A+WA+?A=J,(4)
Z

ox*

For wvariable current, after solving the

Helmholtz’s equation according to expression

(2), we obtain the following formula:
(jwp—a)zggo)A+VH =j,

Q)

where, @ -is the angular frequency;
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p — specific electrical conductivity of the

conductor; & — dielectric permeability of the
substance;

&, — dielectric permeability in vacuum.

Let's transform expression (5) into a compact
form of notation that connecting the current
density J and the vector magnetic potential A:

(ja)p—a)zggo)A+,uAA:j , (6)
where p -is the magnetic permeability.

When working with expression (6), you can
use the following form of the equation:

A7)

271’
where, V -is the voltage, that applied to the coil.
Magnetic energy is calculated according to
the expression:
W =276 Ardr (8)

For creating an electromagnetic field, stators of
the single-phase asynchronous engine were
introduced, in the middle of which the container
with substrate was placed (Fig. 2). The
electromagnetic field at each point of the
considered region is determined by the vectors of

magnetic  induction B, magnetic field
strengthH , electric displacement D and

electric field strength E. The mathematical
model of a nonlinear magnetic system with
distribution of current densities is the system of
Maxwell's equations for electromagnetic field
vectors in all areas of the engine, which contains:
full current law

( jop-a’ee, ) A+V (1 'VA) =

rotH = j , 9)
the law of electromagnetic induction
—~ dB
rotE =——, 10
it (10)

the equation of the continuity of the magnetic
field

divB =0, (11)

A quasi-stationary  field is  considered.
Displacement currents are neglected.

The system of equations (1) — (11) is
supplemented by the equation of the connection
between the vectors of induction and magnetic

field intensity
B=uH ,
Where =+,

(12)
is the absolute magnetic
permeability of the substrate; - magnetic
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permeability of vacuum; s - relative magnetic

permeability of the substrate.

Using the proposed mathematical model,
numerical simulation was carried out in the
computer program COMSOL Multiphysics using
the finite element method.

RESEARCH RESULTS AND THEIR
DISCUSSION

In Fig. 3 and Fig. 4 are shown graphical
dependences of the volumes of produced biogas
and methane for each day during 21 days of
anaerobic fermentation in the mesophilic mode,
respectively. The research results show that the
output of biogas and methane under the
influence of the combined electromagnetic field
increases in comparing to the control samples.
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Fig. 3. Biogas output.
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Fig. 4. Output of methane.
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The highest value of the achieved current rate of
CH, production (average for repetitions) was: for
bioreactors with influence of the combined
magnetic field — 1.67 ml/kg/day; for reactors
without exposure — 0.93 ml/kg/day. Therefore,
the impact of the combined magnetic field
increases the current production rate of CH. by
almost in 1.8 times.

The cumulative specific rate of release of
CH; from a unit mass of the experimental
mixture in the reactor over the entire period of
observation for bioreactors under the influence
of the combined magnetic field was
2.11 ml/kg/day; for bioreactors without exposure

—0.92 ml/kg/day. The added mass of dry organic
matter of the experimental mixture, including the
inoculant, was used for calculations.

The average concentration of CH, in biogas
based on research results is presented in Table 1.
Under the influence of the combined magnetic
field, is observed the significant (by 10%)
increases in the concentration of CH, in biogas

Table 1

Average concentration of CH, in biogas

Conditions of anaerobic fermentation

Average concentration of CH, in biogas , %

5 day 7 day 10 day 21 day
Without influence of the magnetic field 66.1 64 64.4 65
Under the influence of the combined 76,1 74 74 75
magnetic field

The Kinetics of biogas and methane
production, which is shown in Fig. 3 and Fig. 4,
was modeled using linear[28] and exponential
equations[29]. The Kinetic researches was
divided into two rate periods, namely the
increasing period and the decreasing period of

the methanogenesis rate. In Fig. 5 and Fig. 6 are
shown the results of the approximation of
methane production rate graphs, respectively, for
periods of growth and decline in the rate of

methanogenesis.

140,00
/ y=21,375x- 16,714
2 —
120,00 R2 =0,9811
100,00
—— 1
= 80,00 / - 2
o
60,00
y = 2,4436x1.78%%
40,00 RZ = 0,9783
20,00
0,00 .
Day
0 2 4 6 8

1- when the substrate is exposed by the combined magnetic field, 2— without exposure.

Fig. 5. Approximation equations of periods of growth in the rate of methane production.
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Fig. 6. Approximate equations of the periods of decline in the rate of methane production.
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1- when the substrate is exposed by the combined magnetic field, 2— without exposure.
Fig. 7. Approximation equations of periods of growth in rate of biogas production.
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Fig. 8. Approximation equations of periods of decline in rate of biogas production.

With sufficiently high regression coefficient
R?= 0.9783, the generation of biogas and
methane during the absence of influence of the
combined magnetic field on substrate occurs
according to an exponential dependence both
during the period of growth and during the
period of decrease in the rate of methane
production. At the same time, a short lag- phase
is observed at the initial stage. This agrees with
results obtained in work [30] during recearch of
methane production during liquid anaerobic
digestion (L-AD) of the mixture of
lignocellulosic biomass (wheat straw) with an
inoculant. Methane production in this case can
be explained by a simple first-order Kkinetic
model.

It is necessary to pay attention to the
difference in the nature of the approximation
equations of periods of growth in the rate of
biogas (methane) production under the influence
of the combined magnetic field on substrate and
without influence of the magnetic field.

The influence of different magnetic fields
on the activity of anaerobic sludge was studied in
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laboratory  reactors that containing two
predominant strains - Bacillus sp. and
Brevibacillus sp.[31]. A linear dependence of
variation of the accumulated volume of methane
with the reaction time during the growth period
was observed for reactors with action of the
magnetic heterogeneous field and, on the
contrary, an exponential dependence for reactors
without the impact of the magnetic field. The
results showed that magnatic heterogeneous field
of 0-4 mT most effectively improved the activity
of this sludge, and the peak methane generation
rate increased by 20.6%. But in our research,
significantly higher results were obtained both as
for the achieved current and cumulative specific
rates of CH. production, so and of the level of
methane concentration in biogas.

The average concentration of CHs in
biogas based on research results is presented in
Table 1. Under the influence of the combined
magnetic field, there is the significant (by 10%)
increase in the concentration of CH4 in biogas.
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Table 2

Average concentration of CHy in biogas.

Average concentration CH, in biogas, %

Conditions of anaerobic fermentation 5 day 7 day 10 day 21 day
Without influence of the magnetic field 66.1 64 64.4 65
Under influence of the combined 76,1 74 74 75
magnetic field

The effect of increasing the concentration of CH,
in biogas under the influence of the combined
electromagnetic field was also observed in
researches [32], in which a solenoid created the
magnetic and an electric field at the same time.
The average level of magnetic induction (4.1-
6.2) mT, which has a positive effect on the
process of anaerobic digestion, is also confirmed.
According to research [32], the electromagnetic
system, such as solenoid, generates both the
electric field and the magnetic field, which form
significant Lorentz forces in substrate.
Therefore, increasing the intensity of the
magnetic field above the level of 6.2 mT leads to
decrease in productivity of the bioreactor. The
effect of the electromagnetic field strengthens
the clustering of colloidal particles of substrate
and bacterial activity, but duration of this impact
also has certain limits, if it is exceeded,
depression of the bacterial community can be
observed. In our researches, the impact of the
combined magnetic field was carried out
periodically synchronously with mixing, which
ensured mass exchange of the volumes of
substrate exposed to the magnetic field and the
total exposure time of 60 min/day.

Obviously, there is an optimal exposure
time for different substrates. For example, during
anaerobic fermentation of municipal drain
sludge, the extended time (432 min/day)
significantly reduced the output of CHa, as well
as the population of methanogenic bacteria. At
the same time, the highest content of methane in
biogas (66.1% + 1.9%) was found in the variant
with the influence of the magnetic field of 144
min/day [33].

Since the two bioreactors have the same
composition of  substrate, as well as the
fermenters are in the same temperature regime
and mixing regime, the explanation of different
rate of the fermentation process and biogas
output should be sought in the mechanisms of
influence of the magnetic field. According to
research [6], the schemes of interaction between
molecular and ionic structures of substrate
during methane generation during two different
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processes of processing substrate fractions with
methanogenic bacteria can be represented by the
following equations:

4H,+CO, - CH, +2H,0
AG° =-135kJ / mol.methane, (13)

CH,COOH — CH, +CO,
AG° =-31kJ / mol.methane, (14)

Specified processes are carried out by two
different types of methanogenic bacteria.
Mandatory components of community are
primary anaerobes of hydrolytic microflora
(hydrolyze biopolymers), fermentative
microflora  (ferment monomer molecules),
acetogenic  microflora  (transform  various
fermentation products into methanogenesis
substrates) and secondary anaerobes - methane-
forming archaea. The mechanism of interaction
of charged particles (ions), polar molecules and
the possibility of the influence of the magnetic
field on the kinetics of chemical reactions in
substrate is proposed in [6]. . The speed of
chemical reactions in substrates and the
interaction of charged particles (ions), polar
molecules under the influence of the magnetic
field increases and is determined by the square of
the magnetic induction and the speed of
movement of ions [6].

The growth of bacterial mass in the
process of methane fermentation is relatively low
and, according to [34 ], less than 5% of the
carbon mass is converted into bacterial mass.
When evaluating the degree of decomposition of
the organic matter of substrate, according to the
German standard [35], the total increase in the
cell mass of the bacterial consortium at the level
of 7% of the mass DOM of t substrate is taken
into account. It is obviously that the existing
norms should be specified during applying
additional stimulating conditions regarding the
bacterial consortium.

During conducting the experiment to
determine the consumption of nutrients by
microorganisms from substrate, the dry digestate
was weighed on an electronic scale WPS
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110/C/1 (RAGWAG) with 3.692 g of each
sample. After incineration, the inorganic residue
of each sample was weighed according to the
standard method. The sample that was exposed

to influence of the combined electromagnetic
field weighed 1.221 g, and the sample that was
not treated by the magnetic field weighed 0.856

g (Fig. 9).

1-with the influence of the magnetic field, 2— without the influence of the magnetic field

Fig. 9. The process of weighing digestate samples from bioreactors.

During biomass destruction, occurs the
decrease of particle’s size, which in turn leads to
increase in the reaction of surface area.
According to simple model of collisions, a
chemical reaction between two starting
substances can occur only in result of collision of
the molecules of these substances. But not every
collision leads to the chemical reaction. It is
necessary to overcome the certain energy barrier
so that the molecules start to react with each
other. That is, molecules must have certain
minimum activation energy to overcome this
barrier

It can be concluded that microorganisms
under the influence of the combined
electromagnetic field processed more organic
material and, accordingly, produced more
biogas.

The obtained data regarding output of biogas
and methane (Fig. 3 and Fig. 4) show that the
maximum output of biogas and methane is
observed on the 6-8th day of fermentation. But
from the bioreactor, which contained substrate
treated with electromagnetic fields, more biogas
is released (curve 1) than from the control
sample of the bioreactor (curve 2). This can be
explained by the fact that under the influence of
electromagnetic fields, the metabolism of
microorganisms improves, the availability of
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microorganisms to food and, accordingly, the
increase of their colonies. In substrate that is
fermented, there is wheat straw, in which, in
recalculation on dry matter, the concentration of
Fe (with the content DM of 10%) will be 2360
mg/kg [36].The magnetized state of Fe, a food
component, as well as the magnetization of
biogenic magnetic nanoparticles [20] created
conditions for the dynamic direction of
microorganisms to nutrients. At the same time,
the output of biogas increased by 35%.

The output of methane in the treated substrate
increased by 56% in comparing to the untreated
sample, that is, it can be assumed that the
methane-forming bacteria are magnetotaxis
archaea and the electromagnetic field has a
stimulating effect. The decrease in the output of
biogas and methane after the maximum on the
oth day of fermentation (Fig. 3, Fig. 4) can be
explained by the gradual decrease of the food,
and the fluctuations on the 10th - 12th days of
fermentation - by the decrease of the food and
periods of "rest-immobilization".

The results of modeling to determine the
distribution of the magnetic field in the active
zones of the stator - bioreactor system are

presented in Fig. 10 and Fig. 11.
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Fig. 11. The magnetic field in the pole zone of the stator fed by direct current.

Since the bioreactor was located in the inner
cavity of the stators, the intensity of the magnetic
fields throughout the volume of the bioreactor
was different, i.e., a heterogeneous magnetic
field was created not only in space, but also in
time. The level of magnetic induction of the
constant magnetic field in substrate near the

0.5 mT. The difference between the average
values of the magnetic induction in substrate,
which were measured experimentally and
obtained by simulation results, does not exceed
11.5%, which confirms the adequacy of the
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walls of the bioreactor, directly tangential to the
field source, is 5.5 mT, and in the middle, near
the center, it is 0.4 mT. The level of magnetic
induction of the low-frequency variable
electromagnetic field in substrate near the walls
of the bioreactor is 3.6 mT, and in the medium,

near the center, it
mathematical model of the stator-bioreactor
system.

In comparison with [6], the level of magnetic
induction was reduced through the combined
impact of constant and variable low-frequency
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electromagnetic fields during maintaining the
achieved effect of increasing productivity and
increasing the concentration of methane in
biogas. The stimulatory action of impact of
combined electromagnetic field, which reached
30% in researches of brew samples, was
confirmed [4]. But in this research, this method
was used to stimulate biogas production in
anaerobic fermentation systems.

CONCLUSIONS

According to the research results, it was
established that the combined impact of constant
and variable magnetic fields on methanogenesis
not only increases the output of biogas, but also
improves its quality, and also allows to reduce
the duration of methanogenesis and increase the
productivity of the biogas installation.

The highest value of the achieved current rate
of CH4 production (average for repetitions) was:
for bioreactors with the influence of the
combined magnetic field — 1.67 nl/kg/day; for
reactors without influence — 0.93 nl/kg/day.
Therefore, the impact of the combined magnetic
field increases the current production rate of CH4
by almost in 1.8 times.

The cumulative specific rate of release of CH,4
from a unit mass of the experimental mixture in
the reactor over the entire period of observation
for bioreactors under the influence of the
combined magnetic field was 2.11 nl/kg/day; for
bioreactors without influence — 0.92 nl/kg/day.

The difference in the character of the
approximation equations of periods of growth of
the rate of biogas (methane) production under
the influence of the combined magnetic field on
substrate and without the influence of the
magnetic field has been established.

According to the results of the experiment
with  digestate samples, the levels of
consumption of nutrients by microorganisms
from  substrate under the influence of the
combined magnetic field and without influence
were determined. Microorganisms under the
influence of the combined electromagnetic field
processed more organic material and,
accordingly, produced more biogas.

In this work, for the first time, the real
distribution of the combined magnetic field in
the working zones of anaerobic fermentation was
determined. Using the proposed mathematical
model by the finite elements method in the
computer program COMSOL Multiphysics,
numerical simulation was carried out to
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determine the level of induction of the magnetic
field and its distribution in the system of the
source of the magnetic field - the bioreactor . By
volume of the bioreactor a non-uniform magnetic
field is created not only in space but also in time
with an intensity of no more than 5.5 mT.
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Bivalent Carbon Dioxide Heat Pump for Heating Multi-Storey Buildings

Sit ML.L., Juravleov A.A., Tirsu M.S., Timchenko D.V., Lupu M.L., Daud V.P.

Technical University of Moldova, Institute of Power Engineering,
Kishinau, Republic of Moldova

Abstract. The aim of the work is to analyze the operation of a hybrid heat pump that simultaneously
uses the heat of the return network water and outdoor air for heating multi-storey buildings. To
achieve this goal, the following tasks are solved: the influence of influences on the temperature of the
return network water, air temperature and their compensation on the operation of the product is con-
sidered, intermediate circuits at the evaporator and gas cooler are considered for transferring a variable
heat load to the heat pump and from the heat pump. The most significant results are the hydraulic-
aerodynamic scheme of the heat pump, the schemes of the intermediate circuits before the evaporator
and the gas cooler. The significance of the results obtained lies in the establishment of such technical
solutions for the CHP - heat pumps system, which allow saving gas consumption at the CHP, the cost
of heat consumers to pay bills. The use of a working fluid cooler before the gas cooler of the heat
pump to control the temperature of the direct network water of the heating system of the building al-
lows you to select such a compressor pressure at which the amount of heat given off by the heat pump
to the building will correspond to the temperature curve. In this case, it is desirable to install an air-to-
refrigerant heat exchanger after the compressor before the gas cooler. It has been established that a PI
controller can be used to control the temperature at the outlet of the gas cooler through the inlet air
channel.of various parameters, including solar radiation, ambient temperature, compressor speed and
initial water temperature, have been simulated and analyzed on the thermal performance of the system.
Keywords: heat exchanger, variable heat transfer surface, control system, mathematic model, heat

pump.
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Pompa de cildura bivalenta cu dioxid de carbon pentru incalzirea cladirilor cu mai multe etaje
Sit ML.L., Juravliov A.A., Tirsu M.S., Lupu M.L., Timcenko D.V., Daud V.P.
Institutul de Energetica al UTM, Republica Moldova

Rezumat. Scopul lucrdrii este de a analiza functionarea pompei de caldura hibride care utilizeaza simultan
caldura apei retelei de retur si aerul exterior pentru incalzirea cladirilor cu mai multe etaje. Pentru atingerea
acestui scop, se rezolva urmatoarele probleme: se ia in considerare impactul influentei temparaturii apei retelei
de retur, temperaturii acrului $i compensarea acestor influente asupra functionarii produsului, se ia in considerare
circuitul intermediar al evaporatorului si racitorul de gaz pentru transfer, sarcind termica variabild a pompei de
caldura si de la pompa de caldura. Cele mai semnificative rezultate sunt schema hidraulico-aerodinamica a
pompei de cildurd, schemele circuitelor intermediare inainte de evaporator si racitorul de gaz. Semnificatia
rezultatelor obtinute constd in stabilirea unor astfel de solutii tehnice pentru sistemul CHP-Pompe de céldura,
care sa permita economisirea consumului de gaz la CET si a costului caldurii inclus in facturile de a plata petnru
consumatori. Utilizarea unui racitor de fluid de lucru in fata racitorului de gaz al pompei de cédldura pentru a
controla temperatura apei din reteaua directa a sistemului de incélzire a cladirii va permite selectarea unei astfel
de presiuni a compresorului la care cantitatea de caldurd produsd de pompa caldurd transmisa cladirii va
corespunde curbei de temperaturd. In acest caz, este de dorit sa fie instalat un schimbator de cildurd aer-
refrigerant dupa compresor in fata racitorului de gaz. Aerul incélzit in acest schimbator de céldura trebuie utilizat
pentru a incalzi aerul inainte de evaporatizatorul al pompei de caldura. S-a stabilit cd un regulator PI poate fi
utilizat pentru a controla temperatura la iesirea racitorului de gaz prin canalul de admisie a aerului.
Cuvinte-cheie: pompa de caldura, schimbator de caldura, suprafatd variabila a schimbului de céldura, sistem de
control, model matematic.

© HIur M.JL., XKypasnes A.A., Teipmy M.C.,
JIymy M., Tumuenko J1.B., Hayn B.2023
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buBaneHTHBIH TeNJI0BOMH HACOC HA JUOKCH/IE YTJIEePOAA JAJsl OTONJIEHHS MHOT0ITAKHbBIX 31aHUI
ut M.JL, XKypasiaes A.A., Teipmy M.C., lyny M.JI., Tumuenxo J.B., layn B.II.
Texanueckuit YHUBepcuTeT MonmnoBbl, UHCTUTYT dHepreTHkH, Kummues, Pecrrybmika Momnmgosa

Annomayusn. llenpio paboOTHI SBISETCS aHANU3 PabOTHI THOPHUIHOTO TETUIOBOTO HACOCa, HCIOJIB3YIOMIETO
OTHOBPEMEHHO TEIUIOTY OOpaTHOHM CeTeBOM BOJBI M HAPYXHOTO BO3IyXa ISl OTOIUICHHS MHOTOJTaKHBIX
3maHuid. J{7s JOCTMDKEHHS TOCTAaBICHHOW IENM PEIIAaloTCs CIEeRyIONIHe 3aladd: paccMaTPHBAETCS BIIUSHUE
BO3ICUCTBHH 1O TeMIlepaType OOpaTHOI ceTeBOW BOJBI, TEMIEpaType BO3IAyXa W WX KOMIICHCAIUs Ha paboTy
W3NS, PAacCMaTPUBAIOTCS TPOMEKYTOUHBIE KOHTYPHI Y HCIAPHUTENS W Ta300XJIaguTeNs  [UIA Iepenadd
TIEPEMEHHOMN TEIIOBOW HArpy3kH K TEIJIOBOMY HAacoCy M OT TEIJIOBOro Hacoca. Hambosee cyliecTBeHHBIMU
pe3yibTaTaMyd  SBIISIIOTCS — TUAPABIMYECKO-adpOAMHAMHUYECKAss  CXeMma  TeIJIOBOTO  Hacoca,  CXEMBI
MPOMEXYTOUHBIX KOHTYPOB MeEpe] UCHapUTeNeM U ra300XJaJuTeeM. 3HAYUMOCTh MOJYyYEHHBIX pPe3ylIbTaToB
COCTOUT B YCTAHOBJICHUU TaKUX TEXHUYCCKUX pemeﬂuﬁ JUIsT CUCTEMBI <<T3H-Tenn013b1e HacCoOChbl», KOTOPLIC
MO3BOJSIFOT JKOHOMHTH pacxonx raza Ha TOII, 3atpaTel y moTpeOuTeNiell TEIUIOTHI HA OIUIATY CYETOB.
Hcnonp3oBanue oxiagurens pabouyero Teja Iepe] ra300XJaJuTeleM TEeIIOBOI0 Hacoca Ui PeryJnpoBaHUs
TEMIIepaTypbl TPSMOH CETEBOW BOABI CHCTEMBI OTOIUICHWS 3[aHWS MO3BOJET BHIOpPAaTh Takoe HaBIICHHE
KOMIIpECCOpa, MPH KOTOPOM KOJWYECTBO TEIUIOTHI, OTAaBaeMO€ TEIUIOBBIM HAacOCOM 3JaHHI0 Oyder
COOTBETCTBOBATh TeMIepaTypHoMYy rpaduky. IIpm 3TOM >KemaTempHa ycTaHOBKAa TEIDIOOOMEHHHKA «BO3MYX-
XJIAJaTeHT» TOCJIe KOMIIpeccopa Iiepell Ta300XiafnuTeneM. Bo3ayX HOIOTpeTHIi B 3TOM TEINIOOOMEHHHKE
JIOJDKEH OBITh MICTIONB30BaH /IS IIOJ0TpeBa BO3AyXa Iepe]] NCIIapUTeIeM TEIUIOBOTO Hacoca. Y CTaHOBIICHO, UTO
JUIL YOpaBJICHUS TEMIEpaTypodl Ha BBEIXOJIE Ta300XJIAJUTENss MO KaHaldy BXOJHOTO BO3IyXa MOXET OBITh
ucnons3oBaH [I1-perymsarop. Pe3ynpraTel MomenupoBanus nmokasanu, uto CAY orpabaTsiBaeT ckaukooOpa3HbIe
BO3MYIICHHS II0 BXOAHOMY CHTHQJy C aNepHOJUMYECKHM TIIPOLIECCOM, a BO3MYLICHHMS IO TeMIeparype
XJIaZIaTeHTa Ha BXOJE ra300XJaJuTelNs ¢ OJHOKpPAaTHBIM IepeperynupoBaHueM. Pa3paboTaH aaroputMm pacuera
HEOOXOMMOI0 pacxojia BO3AyXa IPH €ro 3aJaHHOH Temreparype Uis oOecledeHus TOCTaBKU 3aJaHHON
TEIUIOBOM MOITHOCTH K HCIIAPUTENIO TEMJIOBOTO HAacoca UL TOJyYeHHs 3aJaHHOW TEIUIOBOW MOIIHOCTH Ha
ra300XJaguTesie.

Knroueevie cnosa: TEIIIOOOMECHHUK, TEPEMEHHAs IUIONIAh ITOBEPXHOCTH TEIUIOOOMEHA, MaTeMaTH4YeCKas
MOJIEJTb, TETUIOBOW HAcOC.

BBEJEHME. Pa6Gorta otHOCHTCS K 00JacTH TEILIOCHA0KEHUS. [Ipennonaraercs, qT0
MIPUMEHEHUS OMBaJICHTHBIX (ruOpuAHBIX)  TEIUIOBOM HACOC MOIYYaeT DJICKTPOIHEPTHIO OT
TETIOBBIX HACOCOB B CHCTEMaX TEIUIOCHAOXKEHHST  BO30OHOBIISIEMBIX HUCTOYHHKOB SHEPTHUHU.
c TOL. HctouHukoM TemwnoTel Ans  norpedureneit
Cocmosinue  cucmem  meniochabocenuss ¢  sBisores win TOL, nim KoTenpHbIE. ABTOpamMu
Pecnybnuxe Monoosa. [22] 6buT0 TIPEMITOKEHO HCIIONIB30BATh TEIUIOBEIE

CucreMa TeIIOCHAOKEHHUS B KPYIHBIX TOpoAax HaCoOChbl JIsA BI:Ipa6OTKI/I TCIIJIOTEI H T3L[ JJIsL
IMOCTpOCHAa Ha baze TBH h HUCIOJB3YCT, B BI:Ipa60TKI/I QJICKTPOSHCPIuu i1 TCIUIOBBIX

OCHOBHOM, KaU€CTBEHHBII 3aKOH PETyJIMPOBAHUS  HACOCOB. Hensro paboTsI SIBIITIOCH
TEIJIOBOTO PEXXUMAa OTAIUIMBAEMBIX MOMEIIEHUHA.  MUHUMU3ALMS YKCIIA MYCKOB TEIIOBBIX HACOCOB.
Ha aBTOMaTH3MpOBAaHHBIX TEIUIOBBIX ITyHKTaX  EBpomeiickue JIUPEKTUBBI o
OTEIBHBIX 3TaHHMA UCTIONIB3YIOTCA  3HEProd(p(GEKTHBHOCTH  3AaHUM  MPOJBHIAIOT
KOJTMIE€CTBEHHO-KaueCTBEHHBIE 3aKOHBI  BBICOKO3((EKTHBHEIC aNnbTepHATHBHBIC
PETYINPOBaHUS TEILIOBOTO PEXUMA. CHUCTEMBI, TaKHe Kak: a) JCICHTPATU30BaHHbBIC
B HebGompmmx ropomax PecnyOnukum MonjoBa — CHCTEMBI  DHEProCHaOXEHHWS, HCIOJB3YIOIINE
OTOILJICHUE TIPOU3BOIUTCS OT KOTEIHHBIX. SHEPTHUI0 W3 BO30OHOBISIEMBIX HMCTOYHHKOB

[lo moumckoBomy 3ampocy B google.com moj  3HEpruu, 0) KOMOMHMPOBAHHOE IPOU3BOJCTBO
Ha3BaHWeM «modern heat pumps for district  Temna W 3IEKTPOIHEPTHMH — KOTEHEpalus, c)
heating» npuenaero 41 100 000 cchUIoK, YTO  IICHTPAIM30BAHHOE OTOILICHHE WIn
CBUJICTENILCTBYET 00 OTPOMHOM MHTEpEce K 9TOH  OXJIaXJIEHHE, OCOOCHHO €CIH OHO ITOJIHOCTBIO
tematuke. B EBponeiickom Coroze npeniaraercsi  WIM ~ YaCTHYHO  HCIOJB3YET DSHEPTUI0 U3
PSAA TEXHUYECKUX PEIICHUH 1O WCIOJIb30BaHMS  BO30OHOBISIEMBIX HCTOYHHUKOB OJHEPTHH, T)
TH nns cuctem TeruiocHadkenus. Tak, Ommen  HCIOJNB30BaHUE SHEPTHHM OKPYIKAIOIICH CPEIbI C
[24] mpemioxuil cucteMy TEIUIOCHAOKEHHMS, TI€  IOMOIIBIO TEIUIOBBIX HACOCOB, HACKOJBKO 3TO
TEIUIOBOMl HAcOC «BO3AYX-BOIA» HoJozpesdaem  TEXHUYECKH, (PYHKIHOHAIBHO M 3KOHOMHYECKU
obpamuylo cemegyio 600y B TpybOompoBome  1enecoodpasno [3, 4, 5]. B [20] npuencH
oOpatHoit ceTeBoM BOJbI CHUCTeMBI  OOWMpPHBIA 0030p mo mnpumeHeHwro TH s
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cucteM  TemocHaOxkeHus. Tak, B  HeM
oTMedaercs, 4yTo B I. CapaeBo IUIAHUPYETCS
YCTAaHOBKA B KBapTajJbHBIX TEIUIOBBIX CETIX
TEIUIOBBIX HAacOCOB, HCHOJB3YIOMIUX TEIUIOTY
CTOYHBIX BOJA. B M3BECTHBIX aBTOpaM cucTeMax
termocHaOxenuss ¢ TH m TOL, orcyrcTByroT
CHCTEMBI, KOTOpPBIE HCTIONB3YIOT OOHOBPEMEHHO
terioTy OCB u TemnoTy Bo3ayxa B TEMJIOBOM
Hacoce. B manHoii pabote paccMOTpEHBI:

e cxema THY, «xotopoe pabortaer ¢
Ka4EeCTBEHHO-KOJINYECTBEHHBIM 3aKOHOM
yIIpaBIICHUS;

e paboTa wuCHapuTeNsi TPH  MpeiaraeMbIX
CXEeMax, BBOJ| BTOPOTO Ta300XJIAAHUTENs THIIA
«BO3IIyX-XJIaIareHT»;

e cxeMa nojauM Bo3ayxa uepe3 THY;

® KOMIICHCAlHA pacxoznom BO3IyXa
OTKJIOHEHHS TeMIlepaTypbl 0OpaTHOH ceTeBOi
BOJIBI OT 33JJaHHOTO 3HAUEHMUS;

e craTMyeckas M JUHamMudeckas mojaeias TH B
IpeaIaracMon CUCTEME.

Llenpio uccrnenoBaHusl SIBIAETCS pa3paboTKa U
o0ocHOBaHue CTpyKTypel rubpunHoro TH B
KOTOPOM HCIIOJIb3YeTCsl BO3AYX M oOparHas
ceTteBas BOJa, B KauecTBE MCTOYHUKOB
HHU3KOMOTEHIINAIBLHON TEIUIOTHI AJISl HCHIApUTEIIs
TH, NPEIHA3HAYEHHOTO ISl  OTOIUIEHUS
MHOro3TakHoro 3nanusi, 1 CAY sroro TH. [{ns
peanu3anyy MOCTaBJICHHON LeNn ObUTH peIIeHbI
CIIEIYIOIINE 3aJa4yd: YCTAHOBJICHUE METOIUKHU
BbIOOpa ONTHMAJIBHOTO JTaBJICHUS
ra3o0XJaguTeisi B 3aBUCHMOCTH OT JaBJICHHUS
ucnaputens [12], ycTaHOBIEHHE CBS3H MEXIY
JlaBJeHUEM B HCIapUTeNe M TeMIepaTypon
aHTH(pH3a B UCTIApHUTEIIE MTPU 3aJJaHHOM YPOBHE

TEIUIOBOTO areHTa B HWCHApHUTele W TpH
3aJaHHOM (mnu MEHSIOIIEMCS pacxoje
TEIIOBOT'O areHra yepes HCTIApUTEND).

Hcnonp3oBanme oxmamuTens pabodero Tena
nepe] ra300XJIaguTe]eM TEeIIOBOrO Hacoca s
PETYJIMPOBAaHUS TEMIIEPATYpPhl MPSIMOM CETEBOU
BOJBI CHCTEMBI OTOIUICHHS 3JaHUS TT03BOJISET
BEIOpaTh TaKoe JMJaBlieHHE KOMIIpeccopa, Npu
KOTOPOM KOJIMYECTBO TEIUIOTHI, OTJaBacMoe
TETUIOBBIM HacoCcoM 3IAHHIO Oyner
COOTBETCTBOBAaTh TEMIIEPaTypHOMY Tpaduky.
[pu 3TOM JKeJaTebHa YCTaHOBKa
TEIUIOOOMEHHHUKA «BO3AYX-XJIQJareHT» IOCIIe
KOMIIpeccopa Tepes razooxjaanrteneM. Bosmyx
MOJIOTPETHIIl B 3TOM TETUNIOOOMEHHUKE IOJKEH
OBITh WCIIONB30BaH JIIS TOJOTPEBAa BO3ayXa
mepesl WCIapuTeleM TeIloBoro Hacoca. Ha
puc.l TpUBEAEHO TEXHUYECKOE pEUICHHE II0
nepegavye TEIIOThl wcmaputenro TH  npum
Pa3IMYHBIX TEMIIEpPaTypax HapyKHOTO BO3AyXa C
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WCIIONb30BaHUEM JIBYX TEIIOOOMEHHHKOB
TEII000MEHHHIKA orOopa  TEIJIOTHI
tpyOompoBoaa OCB u ucnapurens TH.

Ha pwuc. 2 mpuBegeHa cxema BCTpaWBaHU
TEIUIOBOI'O HAacoca B CHUCTEMY TEIUIOCHAOXKEHHUS
3naHusa. Ha puc.3 mnpuBeneHoO TEXHHUYECKOE
pelieHne Mo  OTAade  TEeIUIOTHl  3/IaHHUI0
razooxiamureneM TH ¢ ucnosbp3oBaHuem
TEIIOBOTO YETHIPEXMOIIOCHUKA
MPOMEKYTOUYHOTO KOHTYpa, BKIIOYAIOUIETO B
ce0s Tra300XJIaJNTENIb W CHCTEMY OTOIUICHUS
3/TaHUS.

oT

METOAbIL, PE3YJbTATBI U
OBCYKJIEHHUE

Hannast pabora GasupyeTcss Ha Hamed pabote,
omyonukoBaHHOU B 2022 B 3TOM XKe XypHale U
KOHKPETH3UPYET PsA BOMPOCOB, CBSI3aHHBIX C
BBITIOJTHEHHEM  KOHCTPYKLUH UCTIApHUTEINS
TEIUIOBOTO HACOCA, T'a300XJIaAUTENsI TEIUIOBOTO
Hacoca U TEeII00OMEHHUKA OTJaud TETUIOTHI OT
o0OpaTHOr0 TpyOOMPOBO/IA.

s ynpaBneHMs ~ MOIIHOCTBEO — HCIIAPHUTEIsS
UCIIOJIb3YETCSl PEryIMpOBaHUE Pacxoa BO3AYXa,
NPOXOJIAIIEr0 4Yepe3 TeIUIOOOMEHHUK CbheMa
TemnoThl ¢ Tpybomnposona OCB, perynupoBanne
TEeMIIepaTypsl  BO3lyXa, II0AaBaeMOro  Ha
UCTapHUTeNb, a TaKKe IUIOMAAb TMOBEPXHOCTH
TEmI000MeHa TEMI000MEHHUKOB, BXOISIIMX B
MIPOMEKYTOUHBII KOHTYP TEIJIOBOU
4eThIpexXnomtocHUK. OtMeruMm, d9to  0TOOp
terwiotel oT OCB k wcmapurenro HeoOX0auMo
IPOU3BOAUTE TOJBKO B CIy4ae, €C/IU MPH 3TOM
MOYKHO o0ecreynTh PaBEHCTBO win
rapaHTUPOBAaHHOE  MPEBBIICHHE  TEIIOBON
MOIIHOCTH BO3[yXa HaJ 3aJaHHOH MOIIHOCTHIO

ucraputens. YpasHenue (1), CBs3BIBaroIce
pacxon Bo3dyxa dYepe3 TEIUIOOOMEHHUK U
MOIITHOCTh CHUMaeMOi TEILIOTHI c
TpyOompoBoAga OOpaTHOW CETeBOM BOIBI |
MOIITHOCTBIO MCTIAPUTENS UMEET BH/I:
G ipr = My~ Cry '(t1 _tOUT)/"'
(1
(CAER (tAEkiOUT _tAERJN ))
my -Gy '(hgzl;r - hlﬁ/V) =
)

G c tRW —tRW
“**~AER™ AER \ "AER _OUT AER _IN

)-

B ypaBuenunu (1) G, —pacxon Bo3ayxa depe3

TEeTIIO00OMEHHUK chema TETLIOTHI c
TpyOOIIpOBOIa OCB (TOCB),
C gz — TEIUIOEMKOCTh BO3/1yXa,
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tur our —TEMIEpaTypa Bosayxa mocie TOCB,

t,r v — TEMIIEPATYPA  HAPY)XKHOTO  BO3MyXa,
m,,, —MaccoBblll pacxong OCB uyepes TOCB,
Cpyy — TEIIIOEMKOCTh
ty»toyr — TETUNIOEMKOCTh BOJBI TIEpel U TI0CHIe

TOCB, coorBercTBeHHO. Pacxon Boabsl B
NPOMEXYTOYHOM KOHTYpe, G, , BBIUYUCIIIEM W3

BOJIEI,

yYpaBHEHHUS TEIUIOBOTO OajaHca IJii BTOPHYHOMN
nenu TEILUIOOOMEHHNKA SC TE110BOrO
YEeTRIPEXTOIIOCHHKA (puc.1):

GAER “CaEr '(UERJ)UT _tAER7SC70UT) =

3)

-G ey '(tWilNisC _twfourfsc)
Gy oy - Aty

t t

w v scobw our sc — TEMIIEPATYpa BOJIBI HA BXOZIE

U BBIXOJIC BTOPHUYHOM IIETIH TEINIOOOMEHHUKA
SC, COOTBETCTBEHHO, (. —MAacCOBBII pacxon
BO/JIBI B

At,, — niepenaj

MIPOMEKYTOYHOM
TEMIIEPATyp

KOHTYpE,
BOJbI Ha

UCTIapHUTee.

U3 ypaBHenwii (2) u (3) MOXHO OmNpeAeIHTH
pacxon Bo3ayxa Ha 00IyB MCIApPUTENS C IEIBI0
nepefayn 4epe3 TEIUIOBOM YETHIPEXIIOIIOCHUK
3aJIaHHOW TEIUIOBOM MOITHOCTH UCHAPUTEIIO
TEIUIOBOTO HACOCA.

Jns Toro, YToOBI OO0ECHEYUTh HOPMAILHYIO
paboTy wucnapuTens  HEOOXOAMMO, YTOOBI
TeMIieparypa TeIUIOHOCHUTEINS B TPOMEKYTOUHOM
KOHType Oputa Ha 5-10 rpamycoB BbIIIe, YeM
TeMIepatypa  XJjaJareHra B  HCIapHTede.
MoHoCTh TertoooOMeHHuka SC HoJkHA OBITH

paBHa WM OOJNBINE TEIUIOBOM MOIIHOCTH
UCTIAPUTENA, YTO O0OECreunBaeTcs BBHIOOPOM
HEOOXOINMOM IUIOLIAAN MTOBEPXHOCTH

TeruiooOMeHHNKa SC U pacxojia TEIUIOHOCUTENS
BO MPOMEKYTOYHOM KOHTYpE.

PaccmoTpumM, kak obecrieunBaercs Tpebyemoe
3HAa4YeHUE TEMIepaTypbl TEIUIOBOIO areHra B
IPOMEXYTOYHOM KOHTYpE.

Cxema CBSI3M TEIUIOBOTO Hacoca C JHMHHEH
0o0paTHOW CETeBOW BOIBI BBIXOMSIIEH U3
TPYNIIOBOTO TEIJIOBOTO ITyHKTa WM JIPYTHX
HU3KOMOTEHIMAIBHBIX ~HWCTOYHUKOB  TEIUIOTHI
umeeT BHJI (puc.2).

TemoBoH YETHIPEXIIONIOCHUK, H300pa’KeHHBIH
Ha pucC.2, BKIIOYaeT B ce0s TermnooOMeHHuK SC,
ycTaHoBieHHbIM B smHuuM TOCB, ucnaputens
temioBoro Hacoca EV, nsa macoca, P1 u P2,
MIPOMEKYTOUYHBIN pe3epByap VS1.
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PaccmoTpuM KadecTBEHHYIO CTOpPOHY Ipoliecca

W3MEHEHUS TEMIIEPATYPHI Ha BBIXOJIE
HarpeBaeMol B  TEIJIOOOMEHHUKE  CPEeIbl,
HampuMep, TpPH CKa4YKoOOpa3HOM CHWKCHUU

YPOBHS JKUJIKOCTH B KOXKYX03MEEBUKOBOM (WK
KOXYXOTPYOHOM) TEIIOOOMEHHHMKE.

P4
o)

P4- nanopuwiii genmunamop, Pl, P2, P3 — nacocui,
VS-npomesrcymounwiii cocyo.

Puc. 1. TenioBoii 4eThIPEXMOJIIOCHUK IS
PeryJIMpoBaHUsI MOITHOCTH HCIAPUTEJIS.
P4- pressure fan, P1, P2, P3 — pumps, VS-

intermediate vessel.
Fig. 1. Thermal quadripole for evaporator power

control.
Pons OCHOBHOI'O pesepByapa HArpaer
TeII000MeHHUK SC, YpPOBEHB B  KOTOPOM

peryiupyeTrcsi B 3aBHCHMOCTH OT TpeOyemoi
repeiaBaeMoil UM TEIJIOBOM MOIITHOCTH.

Pacxon BO/JIbI yepes
TEIII000MEHHUK SC I3MEHSACTCS PETYIHPYIOIIIM
BeHTHWIIeM CV . VInmu CHHXPOHHO paboTaroIuMu
Hacocamu P1 u P2.

Cxema KoHTypa, puc.l paboTaer cClexyrmum
obpazom:

e P4 — gBnsercs BEHTWIATOPOM, IOAAIOIIAM
BO31yX Ha TermtoooMenHuk SC. Takum oOpazom
BO3JyX HarpeBaercs TEIUIOTOM  oOpaTHOMH
CETEBOM BOJBI.

e Hacoc P2 sBusercs 06a3oBeIM (T.C.
MIPOU3BOAUTEIHLHOCTS HE N3MEHSETCS).

e 1pu HEOOXOJUMOCTH W3MEHHUTH YPOBEHB
TeruIoHocuTeNs B TeroooMenHnke SC Hacoc Pl

€ro



PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

Win yMCHBIIACT UMW  YBCIWYUBACT CBOIO MMPpOU3BOAUTCIIBHOCTD. HpI/I 9TOM YPOBCHL B SC
IMPOU3BOJUTCIIBHOCTG, a HacocC P3 Taxke HC HU3MCHACTCsIA, TaK KaK HE H3MCHIIOTCA

YMEHbIIIaeT WA YBEJININBACT CBOIO  TNpOM3BOAMTENbHOCTH HacocoB Pl wu P2,
NPOU3BOJAUTENBHOCTh, C TEM, 4TOOBl ypoBeHb  KpacHbIM 1mBeToM Ha pHCyHKEe 1 0003HauCHBI
terutoHocuTens B EV He namenmcs. 3JIEMEHTBI, OTHOCSIIIMECS K BO3AYIIHOMY TPAKTYy.

€CIIM He0OXOAMMO M3MEHUTH YPOBEHb B EV, To
6a3oBeIM sBisieTca Hacoc P1, a Hacoc P3 wmmu

yBeJ-H/ILH/IBaeT Uin yMeHBH_IaeT CBOIKO
AIR X
— >
Irc!

IC2 HS2

t v

RC-pexynepamop, GC- eazooxnadumens, HP-mennosot nacoc, EV-ucnapumens, HEX-menniooomennuk 0715

cvema menyiomsl om mpyoonposoda obpamnoii cemesoul 600vi, CHP- TOL], OC- nepeoxnadoumens pabouezo

mena, IC1 — npomesicymounviii konmyp ucnapumens, 1C2- npomescymounsiii konmyp eazooxaaoumens, HSI-

cucmema meniocHaboicenus 6azoeas, HS2- cucmema meniocnabicenus 30anus, OManiugaemozo menioebiM

nacocom, C- komnpeccop, GCI- mennoobmeHHUK MOHKOU pe2yIuposKu memnepamypsl nepeozo
2a300X1A0UM eI
Puc. 2. Cxema cucrembl TenjocHao:kenus ¢ TOLl u TennoBpiMu Hacocamu (TH).

RC-recuperator, GC- gas cooler, HP-heat pump, EV-evaporator, HEX- heat exchanger for removing heat from
the return network water pipeline, CHP- TOL], OC- second gas cooler, IC1 — intermediate circuit of evaporator,

1C2- intermediate circuit of the gas cooler, HS1- base heat supply system , HS2- heating system of a building
heated by a heat pump, C- compressor, GC1- heat exchanger for fine adjustment of the temperature of the first

gas cooler.
Fig. 2. Scheme of the heat supply system with CHP and heat pumps (HP).
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CrpykrypHas cxema CAY pe:xumom padoThl
nepeoxJiaauresieM pabouyero tena TH

VYpaBHEHUE CTAaTUKH 3aJAIOLIEro BO3JACUCTBUS —
3aBUCUMOCTH pacxoja BO3QyXa Ha BBIXOJE

BTOpOTo Tra300xJIagnuTeIst oT nmapamMeTpoB,
BXOJISIINX B (4) UMEET BUI:
GAER =my '(hIN _h()UT)/"'
(4)
(CAER (tAERiOUT _tAERJN ))

B stoM ypaBHeHHMM Haubojee CyIIECTBEHHBIM
BO3MYILEHHEM SIBIIECTCSA TeMIlepaTypa BO3IyXa
nepes TermI000MEHHUKOM (BIIAXKHOCTBIO BO3yXa
npeHeOperaecMm). Pacxom wu  TemrmepaTrypy
XJIaJJar€HTa CYUTAEM MTOCTOSIHHBIMH.

Bonpocam noctpoeHus nepeaaToyHol QyHKINN
TEIUIOOOMEHHUKA 10  KaHally  «CKOpPOCTh
TEIUIOBOTO areHTa B TIEPBUYHOM KOHTYpeE
TEII0O0OMEHHHUKa» - «TemIeparypa padbodero
Tela BTOPOTO  Ta300XJagUTeNs  TEIIOBOIO
Hacoca» TMocBsmieHsl pabotel [11]. Tak, B
JUCCepTaIKbl, OMyOIuKoBaHHOW B 1962 T., B
[10] mpuBenena nepenarouHas QyHKIMS B BHIE:

TOUT(p) — (T{p_;,_l)e’lﬂ (5)
G(p) TLp +Lp’ +T,p+l
B pabore [18], 1988 r., mpuBeneHa

nepenaToyHas GyHKIHS B TakoM ke Buje. llpu
BBIBOJIC TIEPEATOYHBIX (DYHKIMH HCIOIB3YIOT
pa3iuyHbIe MOAXO/BI, CBS3aHHBIE C
nuHeapuzauueit [11]. Mspl, B nmaHHOM 3anmaue,
npeHeOperacM BIAKHOCTHIO BO3TyXa.
YpaBHeHHe TeIIoBoro OajmaHca JJIs XJIajareHTa
BO BTOPOM T'a300XJIaJIUTENE.

dT,
MRCRT:: Grey (TRO _TR)_aoFo (TR _TM) (6)

Yp ABHCHUC JJIs TCIIJIOBOI'O Oananca
IMOBEPXHOCTHU TEeII000MeHa ra3o00XJIaguTCIIA.

MMCM_:aOE)(TR_TM)_aIE(TM_TA)' (7)

TemnoBoit Oamanc mis Bo3myxa (BIIAXKHOCTB
BO3/yXa HE YUYUTHIBAEM )

-T

dT
MACAT;:GACA(TAO A)_alFI (TA_TM)'(8)

Jluneapuzyem ypaBaeHus (6)...(8).

102

B pesynberaTe nomydaem:

T, d;; R AT, =kAT, +kAT,  (9)
AT,
1, 90 A7 kAT, <k AT (10)
dAT

T, 7A+ATA =kAT,, +kAG, +k,AT,,;  (11)

Mpl ucmonbp3yeM IS anmnpoKCUManuu 0a30BBIX
YpaBHEHUH, ONMCBHIBAIOLIIMX TENJI000MEHHUK,
OJIMH M3 W3BECTHBIX YHCICHHBIX METOJOB
METO/A MNpAMOro cdera. B kauecTBe 6a30BOro
ObUI MPHUHAT KOXYXOTPYOHBIH TEII000MEHHHK
«BOJIa-BOJ]a» C TEIUIOBOM MOIIHOCTBIO OKOJIO 8
KBT.

T

A0
k5
T, % I
‘ 7 T,p+1
\
1
i k4 T,p+1
‘ ké
kl
TRO k 1 S
2 T.p+1

Puc.3. CTpykTypHasi cxemMa BTOPOro
ra3ooxJaauTeNns, Kak 00beKTa peryJaupoBaHus
TeMIepaTyphbl Ha ero BbIX0/e.

Fig.3. Structural diagram of the second gas cooler
as an object of temperature control at its outlet.

N3 Buga CTPYKTYpHOW CXEMBI CJEIYeT, 4YTO
TEIIOOOMEHHHK, KaK OOBEKT YIpaBICHUS B
CHUCTEME peryJupOBaHMs TEMIEpaTypsl Ha
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BBIXOJIC BTOPHUYHOW IEMH MPEICTABISICT COOOH
00BEKT TPETHETO MOPSIKA.

Takoid BHA CTPYKTypHOH cxeMbl (puc.3)
MO3BOJISIET  OICHHUTH  BJMSIHHE  KaXJOTO
KOHCTPYKTHBHOTO JJIEMEHTa TeII000MEHHHUKA
Ha ero auHamuKy. Ha pwc.3 mokazaHel Te
BO3JICUCTBUS WJIM  BO3MYIICHHUS, KOTOpPHIE
paccMaTpuBaIOTCS, KakK CYIIECTBEHHBIC IPH
paboTe TEIIOBOTO Hacoca.

M3 Buma mepemaToyHod (PYHKIIUH BTOPOTO
TEIUIOOOMEHHUKA OYEBHIHO, 4YTO BEIIMYHHA
pacxoja Bo3ayxa, KOMIIEHCUPYIOIIast H3MEHEHHE
€ro TeMIIepaTyphbl pacCUNTHIBACTCS 110 (hopMyJIe:

T

AG, = AT, ks [k, . (12)

KomrneHcanuss ~ BAMSHHS — TEMITEPATypPbI
paboyero Tema Ha  BXOAE BO  BTOpOU
ra300XJIaJJUTeNb OCYMECTBISICTCS MOCPEICTBOM
peryinupoBaHusl ~ TeperpeBa  Traza  TOCIe

UCTIAPUTENIE W PETyJIMPOBaHWEM JaBJICHUS Ha
BBIX0JI€ KOMIIpEccopa.

CrpykrypHas cxema CAY crabmimzarm
TEMIICPATYPHI XJIaJar€HTa Ha BBIXOJE BTOPOI'o
ra300XJIaAuTeNsI nMeeT Bu (puc.4).

Ik our

AQ _
, .
K
G, Weo Tx our
_ 4 .
TRO

W, ,K —koumponnep, Wqp-0bvexm ynpasanenus, T, R_our - memnepamypa na 8bIX00€ 2A300X1A0UME.

Puc. 4. CtpykrypHas cxema CAY Temmnepatypoii Ha BbIX0/J€e BTOPOI0 ra300X.J1aguTesis.

W,,K —controller, W, -controlled object, Ty oy - temperature on gas cooler outelr.

Fig. 4. Structural diagram of ACS with temperature at the outlet of the second gas cooler.

Kontpomnep B gmamHoit CAY MoxeT OBITh
BeimonHeH B Bune [ (ITU]]) -perymsaropa.
PesynmpTathl MOJENMpOBaHUS TIOKA3aldH, 4YTO
CAY oTpabaThIBacT CKauKo0Opa3HbIe
BO3MYIIEHUS TIO BXOAHOMY CHTHaJIy C
anepUOIMYECKUM TIPOIECCOM, & BO3MYIIICHUS 10
TeMIIepaType XJIaIareHTa Ha BXOJIE
ra300XJIaJITENS C IePepPeryIUPOBAHIEM.
TemnepaTypa  BO3AyXa Ha  BBEIXOJHE
TEII000MEHHHUKA TpyOOIIpoBOIa
BBIYHCIIACTCS 110 (hOpMYyIIe

u3
OCB

G,,.C
tAERiOUT = tAERJN +M(tWIN _tWOUT) (12)

GAERCAER

MoIHOCTh MOTOKA TEIUIOTHI, MOCTYIAIONIEr0 Ha
ucnapurens, Q,, , BbIUHCIIEM 10 hopMyIe

(13)

QEVJN = dtyy Gy rCour »
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dt,, —pa3HOCTb ~ TeMIepaTyp Ha  KOHIAX

HepBH‘lHOﬁ oenm wucaapuTes. dZEV—pa3HOCTB

TeMIepaTyp Ha KOHIAX TIEePBUYHON IEMu

ucrnaputens. MOIIHOCTh  MMOTOKA  TEIUIOTHI,

MOCTYTAIOIIETO Ha HCTIAPUTENb,
Oy y BBIUUCIISIEM TIO pOpMyIIE

QEVﬁIN = thVGWATCWAT > (14)

dt,, —pa3HOCTb  TEMIepaTyp Ha  KOHIAxX
HEPBUYHOM IIETTH UCTIAPUTEIIS.

3amaHHbBI  pacXod BO3AyXa TPH  €ro

3aJaHHOl  Temmepatype Ui o0ecreueHuUs

JIOCTAaBKH 3aJaHHOM TEIUIOBOM MOIMHOCTH (,, K
ucnapumento menio6o20 Hacoca sl NOINy9eHUs
3alaHHOU TEIII0BOT MOIIHOCTH Ha
ra300XJaUTENIE BBIYMCIAETCA 10 CIEAYIOIEMY
AITOPUTMY:

e (Chauasa 3aJal0TCd pPacXoJOM XJaJarcHTa
yepe3 raszooxuagurens G, U TEILUIOBOHR
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MOIDHOCTBIO XJIagarc¢Hra QGC , KOTOpad AOJIKHA

ObiTh oTmana razooxmamurenem (I'O) B
COOTBETCTBHH C TEMIIEPATYPHBIM rpadukoM st
3aJIaHHBIX METEOYCIIOBUH.

Gy =Gy (texr ); O = GGC(tEXT)'<h(I}Aé _hgc[‘”)a (13)

DIR DW

2 =12+ A

(14)

P4

B- cucmema omonnenus 30anus, VSI —
pacuupumensHas emMKoCmb.

Puc.S. I'mapaBandeckas cxeMa TelJI0BOro
YeTHIPEXMOJTHCHIKA JIJISl PeryJIMPOBAHHSA
pe’kuMa nepBoro (0CHOBHOI0)
ra300XJIauTelIs.

B — building’s heating system, VSI - expansion
tank. Fig.5. Hydraulic diagram of a thermal
quadrupole for regulating the mode of the
first (main) gas cooler.

e 3anmaroTcsl 3HAYCHHEM BEIWYMHBI SHTAIBITUU

EV
w > A3

XJIaJlareHTa Ha BXOJE B HCIHAPHUTENb, h
YCIIOBUSL BBHITIOJHEHHUS TpeOoBaHUs K pabote
BTOPOTO  TEIIO0OOMEHHUKA, 00ecCIIeYnTh

3a/IaHHYI0 TeMmreparypy xiamarenta (XA), f ,

Ha BXOJIC B UCIIAPUTEIIb.
Brruncagrior sHrampmuio XA
EV
M), hoyy s
BHYTPEHHETO TEIJI000MEHHHKA,
neperpesoM rasa nocue W dt, .

° Ha BBIXOJE

UCIIapUTCIIA u, nus3 pacucTta

3aJar0TCA

e [lapaiensHO C BBIOJHEHUEM I1.3, 3a1al0TCs
JaBlicHHEM Ta3a P,, B ucmapurene, (C y4eToM
XapaKTEPUCTHK KOMIIPECCOpa) MpU TeMIIEparype
XA B ucnapurene ¢, .

e [lo mpeaBapuTEIbHO HACHTU(PUIIMPOBAHHBEIM
BenuunHaMm KIIJ[ kommpeccopa 1 mo 3agaHHOM
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BEIIMYMHE [ABJICHUS TOCIE KOMIpeccopa IIo
dopmyinam Illmama wu Barmepa (R.Span,
W.Wagner) ompexenseM TeMmIeparypy rasa
MOCJIe KOMIIPECCOPa U €0 DHTAIBIIUIO.

3AK/IIOYEHUE

1. Jlns mnpuMeHEHHS THOPHIHBIX TEIUIOBBIX
HacocoB ¢ BeicOKMM COP, HeoOxomaumo, 4TOOBI
TEIUIOBasi ~ MOINHOCTh,  JIOCTaBiseMas K
WCTIIAPUTENI0 HApY>KHOTO BO3[yXa, MOJIOTPETOTO
B kanmopudepe, YCTaHOBJICHHOM Ha
TpybonpoBoie 00paTHO# ceTeBOoil BOABI, ObuLIA
JIOCTaTo4yHa JUId TOJyYEeHUs Ha  BBIXOJE
ra300XJIQAUTENS TpeOyemoit TEIJIOBOM
MOIITHOCTH.

2. B TemoBoM Hacoce HEOOXOJUMO YCTAHOBUTH
JUTSE  TIOCJEOBATeNbHO  BKIIOUEHHBIX  TI0
XJIaJareHTy  Tra300XJaguTens:  OAWH  JUIA
MOJI0rpeBa pAMON CeTeBOM BOJIBI
OTaIUIMBAEMOr0  3[aHUs, a BTOPOM  AJid
MOJIOTPEBAa HAPYKHOTO BO3/AyXa, MOCTYIAIOIIETO
K UCITAPHUTEIIO TEIIOBOTO HAcoca.

3. Jlns monnepxaHus TPeOyeMOro 3HAUYCHUS
TEMIEpaTypsl  XJaJareHra JJs  T0J0rpeBa
Hapy)KHOTO  BO3/yXa Tepel] HCIapHuTeeM,
paunoHanpHO wucnons3oBanue CAY ¢ IIHU/-
PETYIATOPOM W CTATUYECKOH KOMITEHCAIHeH
TEeMIEPaTyphl HAPY)KHOTO BO3IyXa.
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Experimental Study of Gas Entrainment by Free Jets of Water-Slurry
Suspensions into Tubes of Shell-and-Tube Jet-Injection Apparatus

Malakhov Y.L., Kuznetsov A.Yu. Novoselov A.G., Chebotar A.V.,
Baranov 1.V., Rumyantseva O.N., Mironova D.Yu.
ITMO University
Saint-Petersburg, Russian Federation

Abstract. In industries, the task of intensifying the process of dissolving gases in liquid media is relevant,
since the time of the technological cycle depends on its course. Absorption processes affect the quality
of the finished product and energy costs. In the food industry shell-and-tube jet injectors (SJT) are
widespread, in which the mechanical injection of a free-falling jet of liquid surrounding its gas is applied.
The aim of this work is to investigate the process of gas entrainment by free jets of water-malt slurry
(WSS) in the pipes of the SJT. The set goal was achieved by solving the tasks: creating an experimental
stand to study the process of atmospheric air injection by water-salt suspensions in the tubes of the SJT;
developing a methodology for experimental studies; conducting research on the processes of gas
injection by free liquid jets depending on the flow rate and liquid concentration. The most important
result of the work is the establishment of graphical and mathematical dependences for the investigated
WSS hydromodules, which allow calculating the flow rate carried away by the jet depending on the
nozzle diameter. It is found that the gas phase entrainment by free suspension jets is influenced by the
viscosity of the suspension, which depends on a number of technological parameters. The practical
significance of the obtained results consists in the proposed methodology for calculating the design
characteristics of SISA, providing the highest efficiency of its operation taking into account the
properties of working environments and parameters of technological processes.

Keywords: shell-and-tube jet injector, injection, shell-and-tube heat exchanger, heat and mass exchange,
gas-liquid jet, water-malt slurry, hydromodulus.
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Cercetarea experimentala al antrenarii gazelor prin jeturi libere de suspensii apa-malt in tuburile unui
aparat de injectie cu jet cu carcasa si tub
Malahov Y.L., Kuznetov A.Iu. Novoselov A.G., Cebotar A.V.,
Baranov 1.V., Rumeantseva O.N., Mironova D.Iu.
Universitatea ITMO, Sanct-Petersburg, Federatia Rusa

Rezumat. in diverse industrii, sarcinile de intensificare a procesului de dizolvare a gazelor in medii lichide sunt
relevante, deoarece timpul ciclului tehnologic depinde in mod semnificativ de cursul acestuia. Procesele de
absorbtie afecteaza atat calitatea produsului finit, cat si costurile energetice in productia acestuia. In industria
alimentara s-au raspandit aparatele de injectie cu jet cu carcasa si tub (AIJCT), in care este utilizat fenomenul de
injectie mecanica printr-un jet de lichid in cidere libera a gazului din jur. In ciuda numarului mare de studii in
acest domeniu, problema unei abordari teoretice a estimarii cantitatii de antrenare a gazului prin jeturi libere de
lichid nu a fost complet rezolvata pana acum. Scopul lucrarii este de a studia procesul de antrenare a gazelor prin
jeturi libere de suspensii apd-malt (SAM) in conductele AIJCT. Scopul stabilit a fost atins prin rezolvarea
urmatoarelor sarcini: realizarea unui stand experimental pentru studierea procesului de injectare a aerului
atmosferic prin suspensii apa-malt in conductele AIJCT; elaborarea metodologiei de cercetare experimentala;
efectuarea cercetarilor asupra proceselor de injectare a gazelor prin jeturi libere de lichid in functie de debitul de
iesire si concentratia lichidului. Standul experimental elaborate a fost folosit pentru a studia antrenarea gazului de
catre un jet de suspensie libera care curge dintr-o duza cilindrica. Cel mai important rezultat al lucrarii este
stabilirea unor dependente grafice si matematice pentru modulele hidraulice studiate ale SAM care permit
calcularea debitului de aer transportat de jet, in functie de diametrul duzei. Semnificatia practica a rezultatelor
obtinute consta in metoda propusd de calcul a caracteristicilor structurale ale AIJCT, care asigurd cea mai mare
eficientd a functionarii acestuia, tindnd cont de proprietatile mediilor de lucru si parametrii procesului.
Cuvinte-cheie: aparat de injectie cu jet cu carcasa si tub, injectie, schimbator de caldura cu carcasi si tub, transfer
de céldura si masa, jet gaz-lichid, suspensie apa-malt, hidromodul.
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JKcNepUMeHTAIBLHOE HCCIIeIOBAHNE YHOCA Ta3a CBOOOTHBIMH CTPYSIMH BOJAHO-COJIOAOBBIX CyCIeH3HI B
TPYOBbI KOKYXOTPYOHOI0 CTPYHHO-MHKEKIIHOHHOTO anmnapara
Maagaxos 10.J1., Ky3nenos A.1O. HoBocesioB A.T'., YeboTaps A.B.,
Bapanos U.B., Pymsanuesa O.H., Muponosa /I.1O.
Yuusepcurer U'TMO, Carkt-IlerepOypr, Poccus

Annomayusa. B pasnuYHEIX OTpacisxX IPOMBIIUICHHOCTH aKTyaJbHBl 3a/add HWHTEHCH(MKAIHMU Ipolecca
pacTBOPEHH I'a30B B KHIKUX CPEAaX, HOCKONBKY OT €r0 MPOTEKAHUS CYIIECTBEHHO 3aBUCHUT BPEMS MPOBEICHUS
TEXHOJIOTUYECKOTO IMKIa. AOCOPOIIMOHHBIE IPOLIECCHI BIHSIOT KaK Ha Ka4e€CTBO TOTOBOM NMPOAYKINH, TaK U Ha
9HEpreTHYecKue 3aTpathl NMpu e€ NMPOU3BOJCTBE. B muIeBOW MPOMBINUIEHHOCTH MOJYYHIM PaclpoCTpaHEHUE
KOKYXOTpYOHBIE CTpylHHO-NHXeKIrnoHHbIe anapatsl (KCHA), B KOTOPBIX NPUMEHSIETCS SIBICHHE MEXaHHYECKOH
WH)KEKIIMK CBOOOJIHO TMajaromiedl CTpyeil >KUAKOCTH OKpysKaromiero e€ rasa. HecMmorpst Ha Oombloe 4HCIIO
UCCIeJIOBaHUI B AaHHOI oOmacTH, mpobjieMa TeopeTHYeCKOro MOAXOAa K OIEHKE KOJMYecTBa yHOca rasa
CBOOOIHBIMH CTPYSIMH KHAKOCTH J0 HACTOSILET0 BPEMEHH IOJHOCTBIO HE perieHa. Llenbro paboThl sBisieTcs
UCccieJ0BaHKe Ipoliecca yHOca ra3a CBOOOAHBIME CTPYSIMH BOJHO-c051010BbIX cycniensuii (BCC) B tpyost KCHA.
ITocTaBneHHast eb JOCTHTHYTA 3a CUET PELICHHS CIEAYIONINX 3aJad: CO3AaHHE SKCIIEPUMEHTAIbHOTO CTEH/A
JUISL MCCIIEOBAaHUI TMpolecca MHKEKIMK aTMOC(EPHOT0 BO3IyXa BOAHO-COJOAOBBIMH CYCIECH3MAMH B TpyOax
KCHA,; pa3paboTka METOAWKH 3SKCIEPUMCHTANIBHBIX HCCIICIOBAHUN; IPOBEACHHE HCCICAOBAaHMI MPOLECCOB
WHKEKIIMU Ta3a CBOOOJHBIMH CTPYSAMH JKHIKOCTH B 3aBHCHMOCTH OT CKOPOCTH HCTEUEHHS M KOHLEHTPALMH
*uakocTH. Ha pa3paboTaHHOM SKCIIEpMMEHTAIBHOM CTEHJAE IPOBOIMIOCH M3YYEHHE yHOCA Ta3za CBOOOIHOM
CYCIIEH3HOHHOH cTpyeH, BBITEKAIOIIEH W3 IMMIMHAPUYIECKOro coruia. Hambornee BaXXKHBIM pe3ynbTaToM paboOTHI
SBJISIETCS YCTAHOBJICHHE IS HccieayeMbIx runpomoayieit BCC rpaduueckux 1 MaTeMaTHYeCKUX 3aBUCUMOCTEH,
MO3BOJISIIOIMX PACCUUTHIBATH PAcXoj BO3[AyXa, YHOCHMOIO CTpyei, B 3aBHCHMOCTH OT JUaMeTpa CoIuIa.
YcTaHOBIIEHO, YTO Ha YHOC ra30Boi (ha3bl CBOOOAHBIMU CYCIIEH3UOHHBIMHU CTPYSIMH OKa3bIBAaET BIIMSHUE BSI3KOCTh
CYCIICH3UH, KOTOpasd 3aBUCHUT OT psdgda TCXHOJOIMYECKHUX IapaMCcTpOB (CTCHCHL HU3MEJIBYCHUA 3€pHaA, €TI0
XHUMUYECKUN COCTaB U T.H.). HpaKTI/ILIeCKaH 3HAaYMMOCTD, MOJIYUCHHBIX pE3yJIbTaTOB, COCTOUT B npennon{eHHoﬁ
METOJIMKE pacdyeTa KOHCTPYKTHBHBIX xapaktepucTuk KCHA, obOecrieunBaromelt HanOonpuIyro 3¢ ¢GeKTHBHOCTD
€ro paboTHI ¢ YIETOM CBOWCTB padOYMX Cpen U MapaMeTPOB TEXHOJIOTHYECKHX MPOLIECCOB.

Kniwouegvie cnosa. KoXyxoTpyOHBIN CTpYyWHO-MH)KEKIMOHHBIM —ammapaT, WHXEKIUSA, KOXyXOTpyOHBIH
TEIIIO0OOMEHHHK, TEIUIOMAacCOOOMEH, T'a305KHIKOCTHAS CTPYSI, BOJHO-COJIOA0BAs CYCIIEH3HS, THAPOMOIYIb.

BBEJEHHUE

Ha CGFO,Z[HSIH.IHI/Iﬁ JACHBb BOITPOCHI MOBLIIICHHUA

00pabOTKK 3€PHOBOIO CHIPhS, OCaXapHBaHUS U
3(()EKTUBHOCTH TEIUIO- W  MacCOOOMEHHBIX

cOpaxxuBaHus), ool (ma CTausAX
MPOIIECCOB B IHIIEBBIX TEXHOJOTHSIX SBIISIOTCS
. OKCHIUPOBAHUS PaCTHTEIHLHOTO Macra)
KpaiiHe aKTyaJbHBIMH.
[1,2,3,4,5].

Joa MIPUMEHEHUS B MUIIEBON
MPOMBIIIIIEHHOCTH OJHUMH M3 TEPCHEKTHBHBIX
TEIUIO-MacCOOOMEHHBIX ~ alNapaToB  SBISIIOTCS
KOXKyXOTpyOHBIE CTPYHHO-MHXEKLIIOHHbIE
anmapatsl (KCHA).

JlaHHBIA THO YCTPONCTB TpEACTaBISET COOOH
YHHUBEPCAIbHBIA  ammapaT [uii HpOBEICHHUS
TEII0-MAacCCOOOMEHHBIX MPOIECCOB B IHILEBBIX
TEXHOJIOTHSIX, TTOCKOJIBKY ITO3BOJIIET MMPOBOANTD
OJIHOBPEMEHHO TEII0-MaccOOOMEHHbIE
MPOLECCHl  MEXAY Ta30M M KHUAKOCTBIO.
Pasnunbie mopudukanmu koucrpykimu KCUA
OBLTH anpoOupOBaHbI Ha TUIIEBBIX
NPOM3BOACTBAX, B TOM YHCIE JUIS TEXHOJIOTHH
MOJTyYEHHs Ta3MPOBAHHBIX HAITUTKOB Ha OCHOBE
BOJIBI, MOJIOYHOW CBIBOPOTKH, (PPYKTOBBIX WU
OBOLIHBIX  COKOB  (carypalus  HAaIlUTKOB),
xJIeOONeKapHbIX JpOoioKel (KyJIbTHBUPOBaHHE
O6momaccsl), muBa (Ha CTaANAX KyJIbTHBHPOBAHUS
Onomaccel M cOpaXMBaHUS Cycna), 3TaHona (Ha
CTaJusIX IPOBEJCHUS BOJHO-TEIIIOBOM

Bo Bcex olmenpuBeneHHbx ciydasx KCUA
MoKa3ai CBOIO paboTOCIIOCOOHOCTH u
s¢dexktnBHOCTE.  OAHAKO,  MPOMBINIIEHHOE
npousBoactBo  KCHA  tpeOyer  Hay4HO-
000CHOBaHHOW  METOAMKM  HMX  PacyeToB,
OCHOBAaHHOW Ha CHCTEMHOM aHallu3e€ BCEX
MIPOUCXO/SIMUX SBJICHUNA B paboueM o00BEME
armapara.

B pab6orax [6,7,8,9,10] mnokazaHo, dTO,
HECMOTpS Ha JIOCTAaTOYHO OOJIBIIIOE YHUCIO
OMyOJNIMKOBAaHHBIX ~ HMCCIIEIOBAaHUM, mpobiieMa
TEOPETHUECKOT0 TIOIX0/Ia K OIIEHKE KOJUIeCTBA
yHOCa Ta3a CBOOOIHBIMHU CTPYSMHU JKUIKOCTH IO
HACTOSIIETO BPEMEHH HE UMEET PELICHMS.

B ocHOBe MexaHu3Ma 1Mozayu ra3oBoi ¢asbl B
KCHUA  nexutr  siBIeHHME  MEXaHUYECKOU
WHXXEKIUK  CBOOOJHO  majamimed  crpyei
KUJKOCTH OKpY’KaroIero €€ raza. MIMeHHO 3ToT
3¢ deKkT, B COBOKYIHOCTH C KOHCTPYKIHEH
BEPTHKAIBHOTO KOXYXOTPYOHOTO

108
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terooomenHunka (KTO), mo3BosisieT mpoBOAUTH
OJTHOBPEMEHHO TEII0-MacCOOOMEHHbIE
MPOIIECCH MEXKTY Ta30M U )KHUIKOCThIO. [IpocToTa
KOHCTPYKLUHU KCHUA u BO3MOYKHOCTh
pEeryIMpOBKM  MMOJA4d  ra3oBod  (a3sl B
PEeaKIMOHHBIN 00BeMm, 0e3 YCTaHOBKH
ra3oHarHeTaTeNIbHOTO O000pyNOBaHUS —clenana
9TOT amnmapar OJHUM HX MEPCHEKTHBHBIX IS
MOJY4YEeHUs] TMUBHOTO Cyclla W3 COJOJOBBIX
CyCHEH3Ul IpU MNPOBEACHUU BOJHO-TEIJIOBOU
00paboTku OHOM W3  Ba)KHEHIUX
TEXHOJIOTHUYECKHX CTa/INH B MUBOBAPCHUH.

BompmmaCcTBO MccnenoBannit KCMA Hocut
9KCIEPUMEHTABHBIA XapakTep, a MOTy4eHHbIE
YpaBHEHUS SIBIISIOTCS SMIIMPUYECKUMH, C TOH
WA UHOHM CTENECHBI0 TOYHOCTH, ONTUCHIBAIOIIUMHU
00BEMHBIH YHOC KOJHYECTBa Ta30BOH (ha3bl B
npefenax pabodnx PEKHUMOB TMPOBEACHHBIX
JKCIepUMEHTOB. Kpome TOro, mojaasisromast
4acTh HKCIEPUMEHTOB ObLIa MPOBEICHA HA BOJIC,
YTO HE MO3BOJISIET CYTUTh O BIUSHUH (PU3HIECKUX
CBOWCTB JIPyrux pabo4ux Cpeia Ha 3TOT MPOIIece
[3,6,11,12,13,14]. HecMOTpst Ha TO, YTO Tra30Bas
¢aza He HeceT B cebe ompeliesieHHbIX (QYHKIUH,
BIMAIONIMX HA KauecTBO MHUBHOTO Cycjia, OHA
OTpENeNICT JHEPreTHYCCKY0 COCTABISIONIYIO
OPOBOAMMOrO  Tpolecca.  YUHThIBasg,  4TO
COJIOZIOBBIC CYCIICH3WHU 001aJaf0T 3HAUYNTEIHHOM
BA3KOCTBIO, TO MPHCYTCTBHE Ta30BOW (as3bl B
BUJIC MEJIKUX My3bIPEel CHIXKACT TUIPABINUCCKUEC
notepu OSHepruu Ha TpeHue. Kpome Toro,
NPENOJIAaraeTCs, YTO HAJTMYHE MEIKUX My3bIpeit
NPUBOJUT K TypOYJU3aIMK KHUJIKOCTHON (asbl,
CTHUMYJHpYys OoJjiee MHTCHCUBHOE DPacTBOPEHUE
KpaxMaJlbHBIX 3€peH COJIOJIA.

METO/bI UCCJIEJOBAHUSA
OKCTepUMEHTaIbHOE H3Yy4YEeHHE YyHOcCa Tasa

CBOOOTHOM CYCIICH3HOHHOM CTpyeH,
BBITEKAIOLICH W3 IWIMHAPHYECKOTO  COILIA,
BBITIOJTHSIIOCH Ha 9KCHEPUMEHTAIBHOM

yCTaHOBKE, TIpe/ICTaBIeHHOH Ha puc. 1.

OKcriepuMeHTaNbHasl YCTaHOBKa COCTOsIA M3
TPEXTPYOHOI MOAENH CTPYHHO-WHKEKLMOHHOTO
armaparta (CHUA) |, emxoctu-nakonurens (E-H)
I, mupkymsimronHoro Hacoca |1,

Mopenr CHA | mpencraBmsiia  coOoi
BeptukaibHelii  KTO  0e3  TemmooOMeHHON
pyOamku u ObUIa BBHINMOJNHEHA W3 TPO3PAYHBIX
MaTepHajoB s BO3MOXKHOCTH BH3YaJIBHBIX

HaOIro1eHUH 3a THIPOAMHAMHYECKON
00CTaHOBKOM. Ammmapat COCTOSIT u3
BEPTHKAIBHBIX TpyO (omyckHas Tpyba 1,

nogbeMHasi Tpyba 2, cinuBHas TpyOa 3). OTH
TpYyOBI 3aKpeIuIeHbl B TPYOHBIX perreTkax 4 u 6.
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K HmxHel TpyOHOH perieTke 6 MPUKpPEIUISIIOCH
IHUIIE alapaTa ¢ MepPeXOmHBIM KaHaioM 11 u
CIIMBHBIM OTBEPCTHEM, PAaBHBIM BHYTPECHHEMY
muametpy Tpyo 36 mm. Hax BepxHeil TpyOHOU
pemeTkoi 4 Oblia pasMelleHa BepXHsSs Tra30Bas
KaMmepa, 00pa3oBaHHAs MPO3PAYHbIMU CTEHKAMH,
BepXHEH TpyOHOH pemieTkoii 4 W BepxHel
KpblIKOH 5. Bepxuss razoBas kamepa Oblna
pazzeinieHa TEperopojkol 7 Ha JBE 4YacTH:
MIPUEMHYTO KaMmepy 9 u BEPXHIOIO
mUpKyIsnuoHHyto kamepy 10. TpyOsr 1, 2 u 3 ¢
BHYTpPEHHHUM JuametpoM 36 MM u jumuHoM 0,8 M
ObuIn H3TOTOBJICHBI n3 CTEKIIa, a
COCIIMHUTENbHBIE (IAaHIbl M CTEHKH BEpXHEH
ra3oBOM KaMephbl almapara U3 Oprerekia.

B ammapar mnopaBancs NPUTrOTOBICHHBIN
00beM CYCHEH3WHM 3aJaHHOTO THIPOMOYJIS.
3atem Britouancs Hacoc 11l u mpu He MOTHOCTEIO
OTKPBITOM KpaHe 14 npou3BOaMIOCk 3aII0IHEHUE
HCCIEAYEMON CYCHEH3UEH LUPKYISIUUOHHOTO
JKUAKocTHOro TpybompoBona wmozaenn KCHUA.
3aTeM TMOJHOCTBIO OTKpBIBaJICS KpaH 14 u
¢ukcuposaics pacxon CYCIIEH3HU
JIEKTPOMArHUTHBIM pacxogoMepoMm 13 mapku
«Proline Promag 55». CycnieH3us moj Harnopom,
co3maBaeMbIM HacocoM III, BeITekama n3 cormia 8
B BHJE CBOOOTHOW JKUAKOCTHOW cTpyu. OHa
MHXEKTHPOBAJIA OKpYXarolui €€ BO31yX, H
Jlajee MoJIy4eHHasi CMECh ITOCTYTalIa B OITyCKHYIO

TpyOdy 1. 3arem, oOpa3oBaBiiascsi raso-
CYCNIEH3MOHHAsT CMeCh JBHWTallaCh B BHJIC
HHUCXOJSIIEr0 TOTOKAa K HIDKHEMY KOHILY
ONMyCKHOM  TpyOBl 1, meperekama dyepes

nepexoiHoH kaHai 11 ¥ mocTymnana B HOJbEMHYIO
Tpydy 2. B mombemHoOl Tpybe 2, raszo-
CYCIICH3MOHHAsl CMECh JBUIalach BOCXOSIIINM
MOTOKOM M HOCTyHaja B  BEPXHIOIO
HUPKYJSIUOHHYI0 Kamepy 10, u3 KoTopoit
CIMBaNach IO CIMBHOH Tpybe 3 B €MKOCTh-
Hakormtens |l Ilorok Bo3myxa moctymanm B
MPUEMHYI0 Kamepy 9 uepe3 ra3oBblil cueTynk 12
10 Ta30BOM KOMMYyHHKAIUK 20 3a CYET Pa3HOCTH
MeXOy — atMochepHBIM M aOCOJIOTHBIM
JaBJICHUAMH B TipueMHON Kamepe 9. llepeman
JABJICHUH BO3HHWKAeT B pe3yiabTaTe YHOCa
CBOOOJHOM CYCIIEH3MOHHOW CTpyeil ra3oBoit
¢a3el, U3 MprueMHON Kamepsl 9 B TpyOy 1.

DKCIIEpUMEHTHI TI0 HM3YYCHHWIO YHOCa Tasa
CBOOOJHBIMM  CYCHEH3HMOHHBIMH CTPYSMH B
BepTukanbHeie TpyOs KCHUA BBITONHSIUCH 110
METOIKe, pa3paboTaHHOI aBTOpaMHu.

CyTh JaHHOW METOIAMKU 3aKJTI0YaceTCs B
caexnyromeM. [IpenBapuTenbHO yCTaHABIUBAIOCH
COILJIO 33JJaHHOTO JIUAMETpA.
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10 — sepxusisn yupkyasyuonnas kamepa, 11 — nepexoonoi kanan, 12 — 2azoewiii cuemuux;

13 — anexmpomacnumublii dcudKocmruou pacxooomep, 14 — pezynupyrowuii genmunns, 15 — ciugHol KpaH,
16, 17 — ougpgpepenyuanvusie scuokocmuvle marnomempul; 18 — mepmomemp; 19 — nunus nodauu cycneusuu,
20 — 8030ywnas macucmpans, 21 — MuituMempo8as TuHeluKd.

Puc. 1. CxemaTnyeckoe u3o0paxkeHne IKCIEPUMEHTAIBHON YCTAHOBKH MO HCCJIET0BAHUIO
rHAPOIMHAMHKH. !

[loaroTroBieHHbIE K  HWCCIEIOBAHUIO  MAacChl
M3MEJBUYEHHOTO COJIOAa W BOABI TIIATEIHHO
B3BEIINBAJINCH, CMELIINBAIMCH B IPEBAPUTEIHHO
oTrrapupoBaHHoi eMkocTH. Ilomyuennas BCC
3alaHHOTO  THJPOMOIYJS  IEepeHOCHIach B
eMkocTb-Hakonurenb I Ilocne  BHeceHus
3aJaHHOT0 00bEeMa CyCIICH3UH, BKIIOYAJICS HACOC
I, cycneHsuss 3amonHsANa YCTaHOBKY U
MUPKYJMpOBalla B TE4YeHHWE 3 MHUHYT. 3aTeM
M3MEpsUTHCh: 1) pacxof CyCIEH3WH C TOMOIIBIO
AIIEKTPOMAarHUTHOTO pacxogomepa 13; 2) pacxon
BO3/yXa, YHOCUMOT'O CBOOOTHOM CYCIIEH3NOHHOM
CTpyei, mpu nmoMomm 6apabaHHOTO Ta30BOTO
cuetynka «['Cb-400»; 3) naBnenue B kamepax 9
u 10 ¢ momompto auddepeHraIbHbIX

! Appendix 1
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KHUIKOCTHBIX ~MaHOMeTpoB 16 wu 17; 4)
TEMIIEpaTyppl ~ CYCIEH3UH  C  IIOMOIIBIO
CIIMPTOBOTO TEPMOMETPA; 5) YpPOBEHb CYCHECH3UH
B oOmyckHoi Tpybe | mpum  momoum

MWUTUMETpOBOKM JnuHelkn 21. B mpomecce
OTBITOB (PMKCUPOBAINCH CTPYKTYPBHI IMOTOKOB B
Tpybax.

HccnenoBanue HauyMHAIM C MaKCUMAaJbHOT'O
pacxona cycrneH3ud. 1o OKOHYaHWN W3MEpeHHH
MEHSJIM HCCIEOBAaHHOE COIUIO Ha Jpyroe, ¢
MCHBIIMM JUAMETPOM IIPOXOAHOI'0 CCUYCHMHH.
3areM W3MEHAJICS THAPOMOIYIb CYCIIEH3WH, U
LUK HM3MEpEHU MIPOBOJMIICS o
BBIILIEU3JI0KEHHOM [10C/IEJ0BATEIbHOCTH.
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U3 JaHHBIX H3MepeHI/Iﬁ PpacCUUThIBAJIN paCXoq
BO3ayXa 4Ycpes3 amnrapar 1no ypaBHCHHIO:

D)

rae Vg - 00BEM BO37yXa, MPOMICAIINN uepes3

CYETYHMK Ta3a, 3a Bpems 1.
3Hast Qg , ONpEACISIN NPHBEACHHYIO CKOPOCTH

rasa B Tpy0ax 1o ypaBHEHHIO:

Qy 4Q
wg= =3 )
Soi  z.d2.
Pi 7-9pj
I[lo pesynpTaTam  H3MEpEeHH  pacxoaa
cycneHs3uu Qg , paccunTHIBAIH CKOpPOCTb
MCTEUCHHUS CYCIICH3UHU U3 COIIA V.
-t ®)
0 7r-d0

U TIPUBEJICHHYIO CKOPOCTh CYCIIEH3UH B TpyDax:

4-Qq

—. (4)
”'dZPi

Q
o5 = o5
Pi

Ilo BenuuuMHE YpOBHS TIa30-CyCIEH3HMOHHOHN
CMecH B ONYCKHOH TpyOe HS ¢ Yy4€ToM
1

(hMKCHUPOBAHHOTO PACIOJIOKECHHUS coIla 8 w
TonmmuuHbl (aHma 4, ompenensIach JAJIMHA
CBOOOIHON CYCTICH3NOHHOW CTPYH:

Ls = Hg, ~Hs, . )

rae H g, - PacCTOAHHE OT BEpXHEW MOBEPXHOCTH

¢nanma 4 no cpesa comia 8, pasuoe 0,915 m.

Temmepatypa CyCIEH3UM ONpPENesiach C
MOMOIIHIO CIIUPTOBOTO TEPMOMETDA,
YCT@HOBJICHHOTO ~ Ha  BBIXOJIE  COJIOJOBOMU
CYCIICH3HMH U3 CITUBHOM TPYOBI.

Jns 00paboTkun OIIBITHBIX JTAHHBIX
HEOO0XOUMO OBUIO CBSI3aTh OTPACIIEBOE MOHATHE
«THIPOMOJYN» €  (U3UYCCKUM  IOHATHEM
«KOHIICHTpAIHSI» TBepIoi (ha3bl (M3MeITbUCHHBIH
conof) B Boze. [lyis aToro ObLI caenaH nepecyuér,
KOTOPBI TIpeCTaBiicH B Taduuie 1.

Ta6mumna 1.2
ConocTapJieHHE BEMYMH THAPOMOJIYJISl M KOHLIEHTPAIMK TBEPIOH (a3bl B BOJE’
l'unpomonyns, Konnenrparms
KT 3epHa/KT BOJBI KT COJIOZIA/KT cMecH
(Hydromodulus, seeds kg/water kg) (Concentration, malt kg/ blend kg)
1:6 0,142
1:4 0,2
1:3,5 0,222
1:3 0,25
1:2,5 0,286
PE3YJIBTATBI U OBCYXJIEHUE IJIOTHOCTb,  BS3KOCTb M IIOBEPXHOCTHOE
PaccmoTpenne mMexaHu3ma yHoca rasza B TpyObl — HaTsbkenue [17].
KCHUA Heo0XoauMO TPOBOAWTH C Y4YETOM Ha puc. 2 mokazaHo pa3BuTHE (QOPMEI
BIMSHUS ~ KOHCTPYKTHUBHBIX  OCOOCHHOCTEH  CBOOOXHOW CTpyH, HauWMHasg OT KamelbHOro

anmapara Ha COCTOSIHHE CTPYKTYpbl CTpyH B
TOYKE €€ BX0/1a B )KUAKOCTHYIO (hazy.

CrpyKkTypa CTpyd B IHEpBYyl0 odepenb Oyner
ONPEAEATECS TEOMETPUUECKUMHU pa3MepaMu U
(opMoii IPOXOIHOTO CEYEHHs COIUIA, HO TaKXKe
OUYEBHIHO, YTO Ha pPa3BUTHE ITOH CTPYKTYpHI
OyayT oka3piBaTh BIWSHHE U (UIUUECKHUE
CBOICTBa IPOTEKAIOIIEH Yepe3 HETO KUJKOCTH, a
HUMEHHO,

23Appendix 1
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HCTEYEHUs TNPH OYEHb MaJbIX pacxojax
YKUJKOCTH, J10 MOJIHOTO pa3pyLIEHUs CTPyH NpH
OuYeHb OOJBLINX pacxofax.

Kak BumHO W3  pucyHKa 2, TIpH
(UKCHPOBAaHHOM PAcCTOSHHUU OT Cpe3a COIlIa 110
CBOOOJHOM MOBEPXHOCTH KHIKOCTH, CTPYKTypa
CTPYU CHUIIBHO 3aBHCHUT OT CKOPOCTH UCTCUCHHS.
[Ipu 3TOM MOKHO BBLIETHUTH 9 COCTOSHUIA.
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Vi v

Vo

Vp
Puc. 2. U3MeHeHne COCTOSTHUSI CBOOOTHO MOBEPXHOCTH CTPYH NPH €€ MOCTOSTHHOM JIJTHHE
(YCJI0BHO) B 3aBHCHMOCTH OT CKOPOCTH HCTe4eHus Vo.*

»
) mn

CocrosiHue | xapakTepHO Uil OYEHb MalbIX
pacxogoB  xuakoctu. OHO  ompenenser
KalleJIbHOE HMCTEUYEHHE XHIKOCTU B JAUAIa30He
cKopocTed oT v =010 Vi -

B mpenmemax »sToro mamasoHa TPOUCXOAUT
oOpa3oBaHHe Karejb, HO 10 JOCTIKEHUN HEKOH
CKOPOCTH vy, HAYMHACTCH  HENPEPHIBHOC

UCTEYCHHE IKHAKOCTH 13 comma. CaToro
MOMEHTa TOSIBIAETCSI CBOOOIHAs HENpepbIBHAS
CTpyS KUAKOCTH, cocTostHue |1.

OueBUHO, YTO HA COCTOSHHE TOBEPXHOCTH
CBOOOIHOM CTpyH OYJeT OKa3bIBaTh BIIUSHUE, TAK
Ha3bIBaeMasl IPEeAbICTOPHS MOTOKA KUIAKOCTH Ha
BXOJI€ B COILIO.

B yactHOCTH, €€ HauanbHas TypOyJIE€HTHOCTB,
3aBHCAIIAs, B CBOIO OU€PEIb, OT THIPABIMUECKUX
COIIPOTHBIICHUH TOJABOISILEr0 TpyOOmpoBoa.
Hamuuue Tompko storo ¢aktopa, NPUBOIUT K
TOMY, YTO 3HAYCHHE CKOPOCTH V; B Pa3THUHBIX

CIIy4asix TOJBEACHUS KHUJIKOCTH K COILly OynmeT
Pa3JIMYHbBIM. Tem HE MeEHee, eciu
TUIPABIMYECKHE COMPOTUBIICHUS TPYOOIPOBO/Ia
MOCTOSIHHBI W 3aBUCSAT TOJIBKO OT CpeaHei
CKOPOCTH TOTOKa B HEM, TO 3HAYCHUA V) JUIA

JKMIKOCTH TIOCTOSIHHBIX (DH3MYECKUX CBOWCTB
OyIeT OJIM3KO K IMMOCTOSHHOMY 3HAUEHUIO.

C moMmeHTa 00pa3oBaHHs CBOOOJHOW CTpyH
JKHJKOCTH NPU CKOPOCTH V) OHA HMECT IIaIKyio

MMOBEPXHOCThL TI0 BCEH UIMHE, HO TIPU ITOM
3HAYCHUH CKOPOCTH AWAMETP CTPYH Ha BBIXOJE
M3 COIUIAa HECKOJIBKO OOJIbIlIE, YeEM Ha BXOAE B
CBOOOTHEII 00bEM KUAKOCTH, HA PACCTOSIHHUH L.
DT0 00YCIIOBICHO TEM, YTO IOJ JACHCTBUEM CHJI

36MHOTO TPUTSDKEHHUS  YACTHIBI  KHIKOCTH
YCKOPSIFOTCS, a TMojayYa JKUAKOCTH K COIUTY
4 Appendix 1
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OrpaHUYEHa CUJIAMHU TPEHHS KHUIKOCTU O CTEHKH
coIuia.

HelicTByromue CHUJIBI MTOBEPXHOCTHOTO
HATSDKCHMS CTPEMSITCSI CHKaTh CTPYIO, U MIO3TOMY
Ha KakoM-TO pacCTOSHUM OT cpe3a coIula
quaMerp crpyd d j HAUMHAET YMEHbBIIATHCA.

C yBelqMYeHHEM CKOPOCTH HWCTEYEeHHs, T. €.
C YBETTMYECHUEM PACX0/Ia )KUIKOCTH, 3TOT dIPPEKT
BBIDOXKIACTCS W JUAMETP CTPYH OCTaeTcs
MOCTOSIHHBIM TI0 BCEH UTMHE TIPU 3TOM CBOOOTHAS
MOBEPXHOCTh CTPYyHM oOcTaercs riankoi. [lpu
9TOM, CJIEAYET OTMETHUTh, YTO YHOC ra3a TaKHMHU
CBOOOJTHBIMHM CTPYSAIMH HE TPOUCXOAUT. ITOT
3¢ (deKT UCTONB30BAJICS PAIAOM HCCIea0BaTENICH
Ui pa3pabOTKM ~ METOAa  ONpelelIeHUs
KO3 OUITUEHTOB MOJIEKYISpHON nuddy3un (Tak
Ha3pIBaéMBI  METOJ] JIAMUHApHOM  CTpyH)
[17,18,19]. OxHako nake MPH HE3HAYUTEIHHOM
YBEIMYEHHH CKOPOCTH MCTEYCHHUS CBOOOIHOM
CTpyH V; NI0 3HAUEHHS V,,;, HAYMHAETCS YHOC
OKpY>KaroIero cTpyro rasa (coctosaue I11).

B mepByro ouepens yHOC rasza CBOOOIHOMN
CTpyeH KHIKOCTH OOYyCIIOBJIEH pa3HOCTHIO
CKOpPOCTEW CcaMOll CTpyM M CKOpPOCTHIO HacTHIL
JKUJIKOCTH HaxOAsIIecs B 00bEME )KUIKOCTH, B
KOTOpbIi OHa mocTynaer. B pesynbrate
MPOMCXOJUT TOPMOXKEHUE CTPYH B TOYKE BXOJa
e€ B O00BEM JKHUAKOCTH M Ha IOBEPXHOCTH
BO3HHUKAIOT BO3MYILIEHUS B BUJIE
0CeCUMMETPUYHbBIX Kostebanwuii [20,21].

OcecuMMeTpHYHbIE KOJIEOAHHS TTOBEPXHOCTH
BO3HHMKAIOT, B IEPBYI0  oyepenb, U3-3a
HEOONBIINX  KOJNIEOAHUH  THIPOCTATHYECKOTO
JIaBJIeHUsI BHYTpH cTpyH. [losiBIieHre KoneOaHuit
THIPOCTATHYECKOTO  JaBJCHUSl  CBSI3aHO  C
YaCTUYHBIM NEPEXOAOM KUHETHYECKON SHEPruu
CTpyH B TOTEHIMAJIbHYIO JHEPIHIO JaBJICHUSI.
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OTOT mepexoA BBI3BIBAET MOSBICHHE BHYTPHU
ceyeHus: cTpyu cuibel Fy, nedcTByromeid B
pasnaIbHOM HalpaBJICHUN.

IIpotuBonelictByromass uM  cuna  Fo
MOBEPXHOCTHOT'O HATSKEHUS CTPEMUTCS BEPHYTh
MOBEPXHOCTh B IEPBOHAYAIBHOE IOJIOXKEHHE. B
pe3ynbTare UX B3aUMOJIECHUCTBUS U BO3HUKAIOT
0CECUMMETPUYHBIEC KOJICOaHHS.

Ilo mepe yBenu4eHMs CKOPOCTH HCTEYEHUS

CTpyn OT 3HA4YCHUIA Vmin TOYKa 3apOXKIACHHUA

KOJIeOaHUH IOBEPXHOCTH CTPYU CMEIIAeTCs
BBEpX MO JUIMHE CTPYH U Bce Oouplas JIMHA
CTPYH CTAaHOBUTCSI IOJBEPKEHHON BO3MYILIEHUSIM
(coctostaus IV, V).

Bennunna koneOaHWE TOBEPXHOCTH CTPYH
omnpejenseTcss 3HAaYeHHEeM CKOpPOCTH CTPYH,
MOCTYyTAarIeH B 00BEM HEMOIABMKHON KUAKOCTH
U €€ BA3KOCTBIO.

IIpy  DOCTHXKEHHH CKOPOCTH  ABWXKCHMS
CBOOOJHOM CTPYH V¢r B pE3yJbTaTe MOSBICHUS

pamuanpbHOW cunel Fy Oompmedt cuibl  Fo,
Ha4YMHACTCA OTPBIB Kall€jib OT IMOBCPXHOCTHU
CTpyd, T.e. HaOmromaercs ee paspylleHue
(cocrosams VI wmw VII). Hawamo artoro

pa3pyllIE€HHs] MPOUCXOJUT B HEMOCPEACTBEHHOU
OJIM30CTH OT TOYKHU BXOJ4A.

ITo mepe yBenWYeHUS CKOPOCTU HCTEUEHHS
CeueHHE Hayaua pa3pyLICHUs CTPYU CIBUIAETCS
BBEPX B CTOPOHY Cpe3a COILIa.

C 3TOro MOMeHTa CTpYsl Ka4YeCTBEHHO MEHSIET
CBOIO CTPYKTYPY M CTAHOBHUTCSI [a30KHIKOCTHOH.
i1 yenoBeueckoro rijasa OHA IIPECTABIISIET

coboM  emuHOE 1eNoe B BuAe  ciabo
pacUIMpSIOIIErocss MoToka Xuakoctd. Ho 310
MIPOTHBOPEIUT 3aKOHY HEPA3PBEIBHOCTH

’KUIKOCTHOTO ITOTOKA.

Pacmmpenne cTpyn BO3MOXHO TOJNBKO C
YMEHBIICHHEM IUIOTHOCTH JKHIIKOCTH, a TaKOTO
SIBJICHUS TIPH HAIIOPHOM HMCTEYEHHUH JKUIKOCTH B
aTMocdepy NpH HOPMaJbHOH Temmeparype He
MPOUCXOMNT.

3TO BO3MOXKHO YBHIETH TOJIBKO ITPH YCIOBHU
CpbIBa YaCTHIl JKHJIKOCTH C BO3MYILICHHOM
MOBEPXHOCTH CTPYH.

B otom ciyyae peds [ODKHA HMATH O
ra30)kKUIKOCTHOHM CTpye ¢ BHIMMBIM JTHAMETPOM
dy.

OTO IpeAroIoKeHHe HALIIO MOATBEPHKICHUE
B pabotax Hyxero A.b. u Tumuna B.B. [5; 15],
KOTOpBIC HCCIEI0BAIH CTPYKTYpPY
ra30KUAKOCTHOM CBOOOTHOM CTpyH
AIIEKTPOKOHTAKTHBIM METO/IOM.

) Vﬂr dﬂ ’ Eﬂ

| - 3oHa enadkol cmpyu
(Smooth jet zone)

\},\M\/\hf\

Il - 3ona "wepoxoBamod” cmpyu
("Rough” jet zone)

Il - 3ona pacnada cmpyu
(Jet breakup zone)

IV - 3oHa kanesnsHo20 nomoka

(Drip flow zone)

Puc. 3. Crpykrypa u ¢opma cBoOOTHON MOBEPXHOCTH CTPYH HA O€CKOHEYHO-
0oub ol aumue, vV = const [1]°.

5> Appendix 1
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Ha ocHOBaHMM TpOBENEHHBIX
IKCIEPHUMEHTOB 10 HU3YYCHUIO CTPYKTYPHI
CBOOOMHBIX Ta30XKUAKOCTHBIX CTpPyH OBLIO
YCTaHOBJIEHO, YTO B cocTosiHUM VI cTpykTypa
CTPYH IIPEACTABIISIET COOOH CIIEAYIOILYIO MOAETb:
[0 OCH Ta30XKHUIKOCTHOW CTPYH [BHDKETCS
OCHOBHOM MOTOK HUJAKOCTH, IMpPEICTaBISIOMNN
co0Ol yCeueHHBIH TNepeBepHYTHIl KoHyc. Ha
KakOM-TO PacCTOSHUU OT cpe3a coma
HAYMHAETCSl OTPHIB Kalleib OT Hee, KOTOpbIE
JBIKYTCS ~ TOJ ~ HEKOTOPBIM  YyIJIOM K
BEPTUKAJIBHOH ocu. BOKpyr KUAKOCTHOIO
noToka  oOpasyercs,  OKpY)KaloLUMHA  ero
ra30XKUAKOCTHOU CJIOH, IIJIABHO
pacIInpSIIOIIUNACS TI0 XOAY IBHKEHHUSL.

Takum  0o0pazoMm, IKHUAKOCTHas  0OJACTh
Fa30)KI/I[IKOCTHOI71 CTPYH IIJIAaBHO YMCHBIIACTCA B
JuameTpe, 1o Mepe ylaleHns: paccMaTpUBaeMOro
CeueHHs OT Cpe3a CoIa, a Ta30KHIKOCTHAs
oOmacTh pacmupsercss 3a CYET YBEITUUCHHS
KOJIMYECTBA OTOPBABHIMXCA Kall€jb W HaJIW4UA
paguanbHOM COCTABISIOIIECH CKOPOCTH, & TAKXKE
YMEHBIIECHUSI  AuameTrpa  o0JacTd  4HUCTOH
*KuaKocTd. MIMeHHO 3Ta 00JacTh, B OCHOBHOM,
omnpejieNsieT KOJMYECTBO Ta3a, YHOCHMOIO
CTpyeH.

HanpHenmee yYBEIUYEHUE CKOpOCTH
CBOOOJHOM Ta30’KUIKOCTHOW CTPYH HMPUBOIUT K
CMEIICHNUIO Haydajla OTPbIBAa Kallelib OT CTPYH B
cTopoHy cpes3a comia (cocrosHust VII m VIII)
3aKaHUYMBAIOIIeeCd  TOJHBIM  pa3pylIeHUEM
OCHOBHOTO HJIKOCTHOI'O IIOTOKa Ha KaIUlH.
Crnenyer OTMETHTh, YTO KMHETHYECKAs SHEPIHs
Kar€JIbHOTr0 II0OTOKA, ITYCTb W KOMIIAKTHOIO,
CYIIIECTBEHHO MEHBIIIE YHEPTUH Ta30/KUIKOCTHOMN
CTPYH, YTO C TOUKH 3pPEHHsI CTPYHHOTO yHOCA ra3a
CTaHOBHTCS HE IPAKTHYHBIM.

OBOJIOIUIO CBOOOAHON MOBEPXHOCTH CTPYH

aBTOpaMu

OECKOHEYHO OOJIBIIION JUIAHBI, MOYHO
MPOCIIEIUTh HA TPUMEPE UCTCUCHUS YKUKOCTH U3
comjia  KpyIjoro  IMOMEPEYHOr0  CEYCHHS,

MIPEJICTaBIEHHOTO Ha puC. 3.

Ilo cocrosiHMIO TOBEPXHOCTH CTPYS MOXKET
OBITH pa3OuTa Ha 4 XapakTepHbIE 30HBI 10 MEpe
yAaJeHus MOTOKa OT cpe3a COoruia:

* 30Ha IJIAAKOM  CTpyH
JTaMUHAPHOU CTPYH;

*  30Ha LIEpPOXOBATOH CTPYyH;
30Ha pa3pylaroniecs cTpyu;
30Ha KaIeJbHOro MOTOKA.

IIpoTsKeHHOCTh Ka)KJI0M M3 30H BO MHOTOM
3aBUCHT OT CKOPOCTH HCTEUEHHUS KUAKOCTH W3
coria. Yem Ooubllie CKOPOCTh MCTEUYCHUS, TEM
BBIIIIE PACTIONAraroTCs Hadana KakJJoW U3 30H I10
OTHOIIIEHWIO K cpe3y comia. bomee Toro, sTu

N 30Ha
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30HBl TIOCJTENOBATENBbHO MCUYE3AIOT 10 MeEpe
YBEJIUYEHHsI CKOPOCTH HUCTEUEHHsI, CHa4yajla 30Ha
[JIAJIKOM CTPYH, 3aTE€M 30HA LIEPOXOBATOM CTPYH
W pacmaj CTpyd Ha Kalsld HayuHaeTcs cpasy,
[OCJ€ BBIXOZA MXHMIOKOCTM M3 coIa. Takum
00pa3oM, ClleAyeT 0XKHUAaTh, YTO B 3aBUCHMOCTH
OT CKOPOCTH HCTEUEHMs KHJIKOCTH U3 COIUIa,
CKOpPOCTb YHOCA Traza WIM pacxoj rasa,
umkekTupyemoro B Tpyosr KCHUA, Oyzer
CIIEIYIOIIMM: CHa4aja, Py yBEJIMUCHUH pacxoa
JKUIKOCTH 4epe3 comio oT v=0mo0 v=v

min’

yHOCa rasa HE MIPOUCXO/IUT §(0)
BBIIICYIIOMSHYTBIM IIPUYXHAM.

I[anee, Ipu YBCJ'II/I‘ICHI/II/I V>V HAYNHACTCS

min
HEpaBHOMEPHBI YHOC MalbIX KOJIMYECTB Tasa,
nepexoasuii K PaBHOMEPHOMY YHOCY rasa,
IOCTOSIHHO BO3pAcTalollleMy C YBEJIUYEHUEM
pacxona skuakoctH Q ;. 3areM yHOC rasa

JIOCTUTaeT CBOET0 MAaKCHMAJIBHOIO 3HAYCHMS
ngax U IIPU JAJbHEUIIEM YBEIUYEHUU QLi

HaYMHACTCS] YMEHBIICHHE pacxoza Qg .

[lpennonaraercs, 4ro yHOC Taza Oyzer
NPOUCXOJUTh B  OINpPEACICHHOM JHaIla3oHe
pacxoaoB KXKUIAKOCTH, a MMCHHO, B JMAIla3OHC

acxomoBoT Q,: =Q,: 10 Q,: =0, : _
P Qi =Qui A0 i =iy

Qg Oyamyr
3aBUCETh OT JMaMeTpa IPOXOAHOIO CEYEHMS
coma d , ONPEEIAIOIIEro CKOPOCTh HCTCUCHUS

KonnyecTBeHHBIE  3HAYCHMS

JKUJIKOCTH U3 COILIA.
Takum 00pa3oM, MOKHO MPEINOI0KUTH, KaK
OyZleT TPOMCXOAWUTH YHOC Ta3a >KHIKOCTHBIMU
CTpysIMH B BepxHeil razosoi kamepe KCUA.
OueBUAHO, YTO YHOC Tra3a OyAeT HauMHAThCs HeE
cpasy mocine oOpa3oBaHUs CBOOOIHOHN CTpyH, a
TPH JIOCTHIKEHHH €10 CKOPOCTH V 2V, i«
B ornuume ot yHOca raza B HENOABIIKHBIN
00BEM JKMAKOCTH, B PacCMaTpUBAEMOM Cllydae
cBOOOAHAs CTpys OyJaeT BXOAUTh B 00BEM
KHUIKOCTH, 3AIOHAIONNH OMYCKHYIO TPYyOy.
Takum 00pa3oM, MOYKHO NMPENNOIOKHUTE, YTO
BO3MYIIEHHUs] TOBEPXHOCTH CBOOOAHON CTpyH
OyAyT MEHBIIIE, YeM B ClTydae MOCTYIUICHUS e€ B
HENOABM)KHBIH  00BEM, a, CJEJ0BaTeNbHO,
3HAYEHHE  CKOPOCTH  CTPYH Vi Oyzer

HECKONIILKO  MeHblie. C  Jpyroii  CTOpOHBI,
YHECEHHBI CBOOOAHOW cTpyeid ra3 Oyzaer
pa3apobieH Ha OTAENbHBIE My3BIPHKH, KOTOPHIE
OynyT BCIUIBIBaTb. BO3HHUKHET LUPKYJISALHS
ra3oBoii (pa3bl B BEpXHEil YacTH OIyCKHOM TPYOBI.
VHeceHHbIH ra3 BXOAUT B 00BEM KHUIKOCTH, HO
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3aTeM BCIUIBIBACT B BUJIC Ta30BBIX MY3BIPHKOB U
BO3BpAIIIAETCsI B TA30BYIO KaMepy. ITOT MPOIEcC
ToKa3aH Ha puc. 4.

S 1 y-
Qg_”_L
4
P,
G
Cy
RN TP | S
YA G0,
LAY,
°...:'_°:'.E;:- 8w
S ] 5

Puc. 4. CxemaTnueckoe u3o0pakeHmne
BepXHeil ra3oBoii kamepsbl: 1- comio, 2-
BepxHsisi (OCHOBHAsI) ra3oBasi Kamepa,
3- cBo0oIHAA cTPYH, 4 - meperopoaka, 5 —
omyckHasi Tpy6a, G - razosas ¢a3za®

OTcrozia ciieiyeT OXHJIaTh, YTO TMOKA3aHHSI
npubOpoB, (DUKCHPYIOIIMX  PacXoi  IMOJadyH
ra3oBoii (a3l B BEpXHIOI Ta30BYI Kamepy,
OynyT HysieBbiMH. Dukcamus pacxoja rasa
HAYHETCS TOJBKO TOT/a, KOTJa Iy3bIPhKH Tra3a
OyAyT YHOCHUTBCS  HHCXOISIIAM  TIOTOKOM
JKUAKOCTH B MOABEMHYI  TpyOy. YHOC
My3bIPHKOB ra3a Oy/JeT BO3MOKEH TOJILKO B TOM
cily4ae, KOTa CKOPOCTh BCIUTBIBAHHS ITy3bIPHKOB
@, OymeT MeEHbIE TPHBEICHHOW CKOPOCTH

JKUJKOCTH B OITyCKHOHM TpyOe ®| > KOTOpas B

CBOIO Ouepellb, 3aBUCHT OT PACXO/a JKHIKOCTH
gepe3 comio. CBsA3p MEXIy CKOPOCTBIO

MCTCYCHHS vV M TPUBEICHHOH CKOPOCTBIO
KHIKOCTH @ ; B OMYyCKHOM TpyOe Oyzaer

OMnpeaAcIATECA COOTHOUICHHUEM, IMOJTYUCHHBIM U3

YpaBHEHUSA  pacxoja Uil HEC)KHUMAeMOM
KUJIKOCTH:
QLi =Vo"Sp =9 - Spj = const (6)
¢ Appendix 1
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Otkyna:

2
0o_Yd

VO-S 0
2
dp;

(7)
Spj

@i =

CkopocTh noagbeMa OAMHOYHOTO My3bIPs BO
MHOTOM 3aBHCHT OT €T0 Pa3MepoB, (PU3NIECKHUX
CBOMCTB  OKpYXarolled €ero JKUOKOCTH U
TUAPOIUHAMHYECKON 00CTaHOBKH B
paccMaTpuBaeMoOM 00bEME KHIKOCTH.

[IpuMmeHuTEIHLHO K paccMaTpuBaeMoi 3aiaue,
onpezeseHNe pa3sMePOB OAMHOYHBIX Iy3bIpel B
YCIIOBUSIX HEMHTEHCUBHOW paboTHI amnmapara, He
HMMEET MPaKTUYECKOr0 CMbICTIA.

CoBOKYTIHOE BIMSHUE Pa3MEPOB My3bIpei, UX
CKOPOCTH BCIUJIBIBAHHUA H (1)H3I/I‘ICCKI/IX CBOICTB
JKUOKOCTM HA YHOC Ta3a B YCIOBHUSAX
uHaTeHcuBHON pabotei KCUA otpasurcs Ha
YPOBHE Ta30CYCIIEH3MOHHON CMECH B OIyCKHOM

Tpyobe  KCHUA,  koTopbelii  ompenensiercs
IKCIIEPUMEHTATBHBIM myTeM [9,22,23,24,25].
B CBOIO ouepenb YPOBEHb

ra3oCyCIIiCH3HOHHON cMecH OyJeT OnpeaeaTh
JUTHHY CBOOOIHOW CTPYH >KHIKOCTH, KOTOpas
Buser Ha yHoc rasa [9,26,27]. O6pabotka
PE3YNILTaTOB 3KCIEPUMEHTOB IO OIPEICIICHUIO
pacxoza Bo3fyxa Qg, YHOCHMOTrO CTpyeH, B
(dy)
BBITIOJIHAJIACH C IIOMOIIBIO CHeHI/IaJ'II/ISI/IpOBaHHBIX
KOMITBIOTEPHBIX porpaMm. Pe3ynbrartsl,
HpOBeHeHHBIX 3KCHepI/IMeHTOB, B BUC
rpadMuecKX 3aBUCHMOCTEH MpeCTaBICHBl Ha
puc. 5-8.

Ha pucynke 9 npencrasieHa 3aBUCHMOCTb YHOCA
ra3a oT KOHLEHTpalUU U3MEIbUCHHOI'O COJI0AA.

3aBUCHUMOCTH oT AnaMeTpa COIICII

Maremarudeckas o0paboTka JAHHBIX
OpeicTaBieHa  Ha  OpuMepe  00paboTKH
pe3ynbTaToOB, TONYYEHHBIX TMPH HCTEYCHHUU

CBOOOJHOW CYCIIEH3MOHHOM CTpYyH U3 BCEX
UCCJICZIOBAHHBIX COTIEN B OIIYCKHYIO TPYyOY.

B mpomecce 9KcriepuMEHTa  HEM30€XHO
HPOUCXOJIMIIO HAarpeBaHHE CYCIIEH3MH, 32 CYET
JMCCHIIAIIMY MEXaHWYECKOM SHEPIHHU M TIepexoia
ee B TemioBylo osHepruio [28,29]. Bo Bcex
IKCTIEPUMEHTAX C Pa3INYHBIMUA THAPOMOTYIISIMA

3TOT HarpeB (UKCUPOBAICS TepMOMETpoM 18 u
cocTasisut He Ooiree 5 °C.
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Puc. 6. 3aBucumocts u3meHeHusi Q,; ot Q. AJ1s1 pa3TUYIHBIX TUAMETPOB COMENT
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= Q.liq 25*10/-5 + Q.liq 35*10"-5 * Q.liq 45*10/-5 C, kg/kg

Puc. 9. 3aBucumocThb yHoca ra3a cBo0OIHOI CyClIeH3MOHHOIi cTpYyeili 0T KOHUEHTPALUH
M3MEJILYEHHOro co1oaa. !

PEONOTHYECKUX HWCCeNoBaHnid. B Tabmmme 2

IpeICTaBiIeHa 3aBUCHUMOCTh YHOCa Tas3a OT

JuameTpa CoImell.

3HaueHnsT KOX(PPUIMEHTOB TUHAMHYECKON
BSI3KOCTH CYCIICH3MOHHOH CMECH 3aJaHHOTO
TUAPOMOIYJSL B 3aBUCUMOCTH OT TEMIIEPATypPhI
OBUTH TIOJTy4eHBI B PE3YJIbTATE JTOTIOJHUTEIBHBIX

Tabnuma 2%

PesynpTarhl 00pabOTKH SKCIIEPUMEHTAIBHBIX JAHHBIX [0 YHOCY Tra30Boi (pa3bl cBOOOIHBIMU CTPYSIMU
COJIOZIOBBIX cycneHsuii mpu t= 25 °C .1

T'uapomoyis (Hydromodulus)
do. MO 1:2,5 1:3 1:4 1:6
0,056-Q
0,05 0,07- _ o 0Ns 0,037-
75 | Qq=089%-e s Qg =0,195-¢ Qs | Qg =0.8%:e Qg =320-¢ Qs
0,042-Q
0,05 0,07- 0,05 _ o RS
8 | Qq=08l4-e RS Qg =0,175-¢ RS Qq =0,924-¢ O | Qg=2300-¢
0,045Q
0,05 0,07- _ oINS 0,039-
9 Qg =0.790-e s Qg =0142-¢ Qs | Qg =093Le Qg =1916-¢ s
0,045Q
0,05 0,07- _ e TS 0,037-
10 Qg =0.741-¢ RS Qg =0132-¢ Qs | Qg =0747-¢ Qg =1,760-¢ s

BbIBO/bI

B nanHoii paboTe mpeacTaBiIeHO OMMCaHUE
9KCIEPUMEHTAIBHOTO CTEHZA, MO3BOJIAIOLIETO
MIPOBOJIUTH UCCIIEIOBAHMUS ITPOLIECCa MHKEKITUN
raza CTPYySIMH BOJHO-COJIOJIOBBIX CYCIIEH3UH
pa3IMYHON KOHIIEHTpAallMH B 3aBHCUMOCTH OT
CKOPOCTH UX HUCTEUYEHUSI.

111213 Appendix 1
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Pa3zpaborana meTomKa U3MEpEHHS pacxoaa
Bo3ayxa, nocrynaromero B KCUA 3a cuer ero
WHXCEKTUPOBAHMSI CBOOOTHOW CTpyei BOJIHO-
COJIOZIOBOM CYCIIEH3UU.

IIpennoxeHHbIH 3KCIIEPUMEHTAJIbHBIN
CTEHJ M ONHCaHHas METOJMKA IO3BOJSIOT
MIPOBOANTH UCCIIEOBAHNS ITPOLIECCa MHKEKIIUN
ra3oB g pasnuuHeix cpen. [IpoBeneHsl
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UCCIIEIOBAHUS 10 OMNpEAENICHUI0 pacxoja
BO3/[yXa, YHOCUMOTO CBOOOIHOW CTpyeu, A
HECKOJIbKHUX THIPOMOJYIIEH BOJTHO-COJIOTOBBIX
cycrieH3uid. B pesynprare uccienoBaHHM
YCTaHOBJICHBI aHATUTUYECKIE BBIPAXKCHHUS IS
pacuéToB pacxoja BO3AyXa, MOCTYIAOIIETO B
KCHA, B 3aBHCHMMOCTH OT JuaMeTpa cCoIula,
ONpEESAIONIEr0 CKOPOCTh HCTEYEHHs, U
koHneHTpanuu (Bs3kocta) BCC. PesympraTs!
WCCIIETOBAHUN MOTYT OBITh NCTIOJIB30BaHBI IPH
npoektupoBanun  KCUA s pa3nuuHbIX
oTpaciei MPOMBIIIIEHHOCTH.

Takxe cieyer OTMETHTh, YTO YKAa3aHHBIN
3KCIIEPUMEHTAIBHBIH CTEH]{ MO3BOJISIET
MPOBECTHU UCCIIEIOBAHUS IPOLIeCCOB TUPPY3Un
Pa3IMYHBIX Ta30B B JKHUIKOCTH C Pa3IHIHON
KOHIIEHTpalUEH.

APPENDIX 1 (ITPUJIOKEHHE 1)
!Fig.1. Schematic representation of the experimental
setup for the study of hydrodynamics (I — model of
the jet-injection apparatus; Il storage vessel; 11l —
circulation pump; 1 downpipe, 2 — upper pipe; 3 —
drain pipe; 4 — upper tube grid; 5 — top cover; 6 —
lower tube grid; 7 — partition; 8 — quick connection
nozzle; 9 — receiving chamber; 10 — upper
circulation chamber; 11 — transitional channel; 12
gas meter; 13 —electromagnetic liquid flowmeter; 14
—control valve, 15 —drain valve; 16, 17 — differential
liguid manometers; 18 — thermometer; 19
suspension supply line; 20 — air line, 21 — mm ruler.)
23Table 1. Comparison of the values of the
hydromodulus and the concentration of the solid
phase in water
4Fig. 2. Change in the state of the free surface of the
jet at its constant length as a function of the flow
velocity v,

SFig. 3. Structure and shape of the free surface of the
jet at infinitely long length, v = const

®Fig. 4. Schematic representation of the upper gas
chamber: 1 - nozzle, 2 - upper (main) gas chamber,
3 - free jet, 4 - baffle, 5 - downpipe, G - gas phase
"Fig. 5. Dependence of change in Qron Qc for

different nozzle diameters (hydromodulus 1:2.5)
8Fig. 6. Dependence of change in Qron Qc for

different nozzle diameters (hydromodulus 1:3)
°Fig. 7. Dependence of change in Qron Qc for

different nozzle diameters (hydromodulusl:4)
OFig. 8. Dependence of change in Qron Qc for

different nozzle diameters (hydromodulus 1:6)
11Fig. 9. Dependence of gas entrainment by the free
suspension jet on the concentration of crushed malt
1213Table 2. Results of processing experimental data
on gas phase entrainment by free jets of malt
suspensions at t = 25 °C.
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Electrodynamic Technologies in the Eco-industry of Food and
Pharmaceutical Production

Burdo O.G.%, Levitsky A.P.}, Trishyn F.A.L, Terziev S. G.2, Sirotyuk 1.V.1, Burdo A.K.%,
Lapinska A.P.%, Molchanov M.Yu.!

10desa National University of Technology, Odesa, Ukraine
2PRJSC “ENNI FOODS”, Odesa, Ukraine

Abstract. The growing interest in the world for research on microwave processing technologies of raw
materials is shown. It has been established that information in available sources is only about
laboratory-scale equipment, and theoretical information (models, mechanisms, calculation methods) is
practically absent. The aim of the work is to conduct systematic studies in the “extractor — dehydrator
— plant material” scheme. To achieve the goal, these electrodynamical systems are presented with
parametric, mathematical, and experimental models. The most significant result of the work is that the
concept of a “hybrid” process is introduced to explain the mechanism of interaction between the
electromagnetic field and the raw material. Using the first law of thermodynamics, it is shown that the
“hybrid” process performs work to move the solution from the volume of the material to its surface.
As a result, sluggish diffusion processes are accompanied by powerful flows, the driving force of
which is the pressure difference in the capillary of the material and the environment. The importance
of the work is that new effects are established: mechanodiffusional and vapordynamical.
Mechanodiffusional allows obtaining polyextracts in one extractor, and vapordynamical allows the
dehydration of the solid phase in the form of two parallel streams — vapor and juice. Experiments
were conducted with rosehip fruits, soybeans, tomato squeezes, and sunflower meal. It is shown that
electrodynamical dehydrators are characterized by stable performance indicators of vapor generation
up to concentrations of 85°brix, at low levels of energy consumption. The results of chemical studies
of the obtained samples in electrodynamical devices are presented.

Keywords: electrodymanic apparatuses, energy technologies, extraction, evaporation, drying,
mathematical and experimental modeling, food and medicinal plant raw material.
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Tehnologii electrodinamice in eco-industria alimentari si farmaceutica
Burdo O.G.%, Levitkii A.P.%, Trisin F.A.%, Terziev S. G.2, Sirotiuk 1.V.1, Burdo A.K.}, Lapinskaia A.P.%,
Molceanov M.lu.
! Universitatrea Nationald Tehnologicd din Odesa, Odesa, Ucraina
2SA «ENNI FOODS», Odesa, Ucraina
Rezumat. Este fundamentatd relevanta problemei eficientei resurselor energetice in tehnologiile alimentare si
farmaceutice. Se aratd cresterea interesului in lume pentru cercetarea tehnologiilor cu microunde pentru
prelucrarea materiilor prime. Sunt date exemple de utilizare cu succes a extractoarelor si evaporatoarelor cu
microunde in prelucrarea materialelor vegetale medicinale si alimentare. S-a stabilit ca sursele disponibile contin
informatii doar despre dispozitivele la scard de laborator, in timp ce informatiile teoretice (modele, mecanisme,
metode de calcul) sunt practic absente. Scopul lucrarii este de a efectua cercetari sistematice in schema
»extractor — deshidrator — materii prime vegetale”. Pentru atingerea acestui scop, aceste sisteme electrodinamice
sunt reprezentate prin modele parametrice, matematice si experimentale. Se propune o clasificare a sistemelor
electrodinamice. Cel mai semnificativ rezultat al lucrarii este cd conceptul de proces ,hibrid” este introdus
pentru a explica mecanismul de interactiune dintre cAmpul electromagnetic si materiile prime. Acest proces este
initiat de un cdmp electromagnetic, bazat pe specificul materialelor vegetale. Folosind prima lege a
termodinamicii, se aratd cd procesul ,hibrid” functioneaza pentru a muta solutia din cea mai mare parte a
materiei prime la suprafata sa. Ca urmare, procesele de difuzie lente sunt insotite de fluxuri puternice, a caror
fortd motrice este diferenta de presiune in capilarul materiei prime si a mediului. Semnificatia lucréarii este ca au
fost stabilite efecte noi: mecanodifuziune si parodinamica. Metoda mecanodifuziei face posibila obtinerea de
poliextracte intr-un singur extractor, iar metoda dinamica cu abur permite deshidratarea fazei solide sub forma a

©Burdo O.G., Levitsky A.P., Trishyn F.A.,
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doua fluxuri paralele - abur si suc. Si acestea sunt toate premisele pentru o reducere semnificativa a resurselor
energetice in prelucrarea industriala a materialelor vegetale.
Cuvinte-cheie: aparate electrodinamice, tehnologii energetice, extractie, evaporare, uscare, modelare matematica

si experimentald, materie prima alimentara si plante medicinale.

DJIeKTPOANHAMHYECKHE TEXHOJOTHH B IKOUH/IYCTPUH MUIIEBbIX U (papMaleBTUYECKHUX MPOU3BOACTB
Bypuo O.I'.}, Jlepunxnii A.IL!, Tpumun ®.A.!, Tepszues C.I'.%2, Cuporiok M.B.}, Bypao A.K.},
Jlanunckas A.IL.1, Mosiuanos M.IO.!

L Opecckuii HAITMOHATBHBIN TEXHOIOTHICCKHUI yaHBepcuteT, Onecca, YkpanHa
JAO «ENNI FOODS», r. Oznecca, Ykpauna
Annomayusn. OOOCHOBaHAa aKTyaJbHOCTH MPOOJEMBI PECypCO-3HEPrOIPPEKTUBHOCTH B TMHIICBBIX U
(hapMaIeBTHYCCKIX TEXHOJNOTUAX. [loka3aH poOCT HMHTepeca B MHPE K HCCICIOBAHHSIM MHKPOBOJHOBBIX
TEXHOJIOTH mepepabOTKH  ChIpbs. [IpuUBeleHBI MPHUMEPHl YCHCHIHOTO MPUMEHEHUS MHUKPOBOJIHOBBIX
9KCTPAKTOPOB U BBIMAPHBIX aNMapaToB MpPU MEepepadOTKe JICKAPCTBEHHOTO M MUIIEBOTO PACTHTEILHOTO CHIPHSL.
YcTaHOBIIEHO, YTO B IOCTYIHBIX HMCTOYHHMKAX €CTh HWH(OpMAIms TOIBKO OO0 ammaparax JiabopaTOpHOTO
MacmTaba, CBEICHHS TEOPETUYECKOTO XapakTepa (MOJENTH, MEXaHH3MBI, METOABI pacyeTa) MPaKTHICCKH
OTCYTCTBYIOT. B paboTe mocTaBieHa IeNb: MPOBECTH CHCTEMHBIC HCCIICOBAHUS B CXEME «IKCTPAKTOp —
JIETUAPATOP — PACTUTEIBHOE CBIPhE». I HOCTIDKEHHS IOCTABICHHOM IENH 3TH DIICKTPOIWHAMHYCCKIC
CHUCTEMBI IIPEICTABJICHBI TAPaMETPHUICCKOM, MAaTEMaTHYECKON M SKCIIEpUMEHTATBHBIME Moensami. [IpemmoxkeHa
KIaccu(UKaIus IEKTPOAMHAMUYECKUX crcTeM. Hambolree CymecTBeHHBIM pe3ylIbTaTOM paboThHI SBISETCS TO,
yTO IJIsd 06’I)$ICHGHI/ISI MEXaHHU3Ma B3aHM0Ilef/IICTBH}I QJICKTPOMAarduTHOrO0 IO0JA M CbIpbd BBCIACHO ITOHATUC
«rHOPUAHBINY Tpoliecc. DTOT MPOLECC HHUIMHUPYETCS 3JEKTPOMAarHUTHBIM TOJeM, Oa3upyercsi Ha crenuduke
pacTUTENBLHOTO Chipbsi. C MPHBICYCHUEM MEPBOTO 3aKOHA TEPMOJMHAMUKH IOKA3aHO, YTO «TUOPHUIHBIN»
MPOIIECC COBepIIaeT padoTy Mo MePEMEIICHHUIO PaCTBOPa U3 00beMa ChIPhS Ha €ro MOBEPXHOCTh. B pesynbraTe
Bsible UGG Y3UOHHBIE MPOIECCHl COMPOBOXKIAKOTCS MOIIMHBIMU TMOTOKAMH, JABHXKYIICH CHJIOH KOTOPBIX
SABJAIOTCA PAa3HOCTH )laBJ'IeHI/Iﬁ B KallUJIIAPE CbIpbd U CPEABIL. 3Ha’~II/IMOCTI) pa6OTLI B TOM, YTO YCTAHOBJICHbLI
HOBBIE dQQEeKTH: MexaHoIU(Py3HOHHBIH U MapoanHAMHYECKUH. MexaHoau(py3HOHHBII TO3BOJISIET IMOIYyYaTh
B OJTHOM DKCTPAKTOPE IMOJIUIKCTPAKTHI, a MAPOAUNHAMHYCCKIH — OCYIIECTBIIATH ACTHAPATAINIO TBEpAOH (a3sl B
BUZIC TApaJUICNFHBIX IBYX IIOTOKOB — Iapa W COKa. A 3TO BCE MPEAIOCBUIKH CYIIECTBEHHOTO COKpAIICHUS
SHEPreTUIECKUX PECYpPCOB MIPH MPOMBIIUICHHOH TIepepaboTKe PacTUTEIHHOTO CHIPhs. BRIABHHYTHIC TTOI0KEHUSL
MOATBEP KIICHBI IKCTIEPIMEHTOM. OTBITH MIPOBOMIINCH C IIOJAMHA [IMITOBHHUKA, COCH, TOMAaTHBIMHA BEDKUMKAMH
W WIPOTOM TNOJACONHEeUHHKa. [loka3aHO, YTO BIEKTPOJAMHAMHUYECKHE JIETUAPATOPHl XapaKTePHU3YHOTCA
CTaOMJIBHBIMHU TI0KA3aTeNIIMH T1apOIPOU3BOJMTENLHOCTH BIUIOTh 10 KOHIEHTpanmid 85°brix, mpu HU3KHX
YPOBHAX OHEPIrCTUYCCKUX 3aTpar. HpI/IBeI[eHI)I pe3yibTaTbl XUMHYCCKUX I/ICCJ'IGI[OBaHI/IIjI, TMOJYYCHHBIX B

3JIEKTPOAMHAMHYECKHUX armaparax 00pasios.
Knrouesvie cnosa: >nexTpoarnHAMUYCCKHE AlapaThl, SHEPrOTEXHOJIOTHH, YKCTPArupoBaHue, BhIapKa, CYIIKa,
MaTEeMaTHYECKOE U IKCIIEPUMEHTAIBHOES MOJICITUPOBAHNUE, MTUIIEBOE U JIEKAPCTBEHHOE PACTUTEIILHOE CHIPHE.

INTRODUCTION searching for new approaches to creating modern
equipment.

Currently, one of the innovative ways to
improve heat and mass exchange equipment in
the world is considered to be the use of
electromagnetically dynamic systems, which are
characterized by high specific power effects on
biomass placed in the reactor chamber. Thus, the
power of microwaves decisively affects the
drying rate, effective moisture diffusion, and
drying time. As the power of microwaves
increases, the drying rate and effective moisture
diffusion capacity increase, and the drying time
is reduced. Positive results of using microwave
have been obtained in the drying of oil camellia
seeds [7], as well as in the drying of corn and
apple slices [8]. Energy costs for microwave
drying are much lower than for electric thermal

During the processing of plant material, the
key processes in food and pharmaceutical
production are extraction, evaporation, and
drying. Traditional equipment for these
processes has a humber of common drawbacks,
such as long processing times, insufficient
process intensity, use of expensive agents,
damage to the final product, high energy costs,
and high labor intensity. Moreover, some
traditional equipment does not allow for the
preservation of ecological safety of the
production [1—2]. Dirty heat carriers, gasoline,
and other environmentally unfriendly solvents
are used as extractants. There are often cases of
significant losses of the product itself, raw
materials, and wasteful use of energy resources
[3—6]. All of these determine the relevance of

123



PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

drying with the same load. The issues of
modeling drying lines in a periodic microwave
regime have been studied in [9], and a good
agreement with the experiment has been
obtained.

During the drying of kivano seeds (African
cucumber), the influence of microwave drying
and sublimation drying methods on the chemical
composition,  organoleptic,  textural, and
antioxidant properties of kivano seeds, as well as
the potential of microwave drying as an
alternative to sublimation drying, was studied.
For this purpose, kivano seeds were dried using a
lyophilizer and a microwave dryer. The protein,
ash, fat, fiber, vitamin C, beta-carotene, total
phenolic content, antioxidant, textural, and
organoleptic properties of the dried seeds were
compared. Microwave drying increased the total
phenolic content in kivano seeds and reduced the
drying time. This study showed that the
microwave drying could become a promising
innovative alternative for the rapid production of
freeze-dried fruit materials while maintaining
product quality [10]. Optimization of drying
conditions for the production of high-quality
dried pineapples was carried out using
microwave pre-treatment before the conventional
hot-air drying. It was demonstrated that the
microwave pre-treatment should be considered
as a stage of the industrial pineapple and other
products processing to reduce drying time and
obtain higher quality products [11].

For the first time, the kinetics of drying and
dehydration of sliced bitter melon was
investigated using low-temperature microwave
drying. The power density of the microwaves
played a crucial role in the dehydration
characteristics of the dried bitter melon during
microwave drying [12]. In the study of
microwave drying of green turnip, the adjustable
microwave falling power was preferred for
improving product quality and reducing energy
consumption. A power control strategy for
microwave drying of green turnip cylindrical
roots was proposed by comparing continuous
and intermittent microwave drying with
gradually decreasing microwave power based on
experimentally determined dielectric properties
and changes in the electric field intensity with
respect to the temporary moisture content. The
experiments showed that such power regulation
leads to a higher dehydration coefficient of the
dried green turnip and a significant reduction in
energy consumption compared to continuous and
intermittent microwave drying. Additionally, this
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power control strategy can maintain the material
temperature within specified values with small
fluctuations [13]. The effect of microwave
power, vacuum degree, and loading weight on
the moisture content of seedless white grapes
during microwave vacuum drying was studied. It
was found that during microwave vacuum
drying, the effective moisture diffusion
coefficient of seedless white grapes varied from
1.0232 x 10° to 4.6354 x 10° m?/s [14].

During the study of the evaporation process,
cherry nectar and apple juice were concentrated
using traditional thermal methods and
intermittent microwave concentration under
vacuum conditions (at 250 mbar). The total
phenol content in the apple juice and cherry
nectar samples varied within the range of
209.87—216.67 mg/L and 571—588.57 mgl/L,
respectively  [15]. Barberry juice was
concentrated using two different methods
(indirect heating and microwave evaporation at
pressures of 100 and 30 kPa) until reaching 60
Brix degrees. The results showed that the
microwave evaporation rate was 49% higher
than that of indirect heating. In addition, the use
of this method can better preserve the
anthocyanin content, antioxidant activity, and
total phenol content in barberry juice compared
to the traditional method [16]. During the
concentration of orange juice using microwave
vacuum evaporation (MVE) and rotary
evaporation (RE), the Kinetics of vitamin C
degradation, total phenolic content (TPC), total
carotenoid content (TCC), and color values were
investigated. MVE significantly increased the
evaporation rate. Results showed that the
degradation rate constants of vitamin C, TPC,
and TCC in orange juices concentrated using RE
were significantly higher than those using MVE
[17]. The use of microwaves as an alternative to
traditional evaporation methods was investigated
for concentrating sugar solutions. Moreover,
dielectric spectroscopy can be an effective tool to
help use MVE for obtaining high-quality sugars
[18]. It was found that microwave heating can be
used for pineapple juice concentration with
minimal impact on quality characteristics [19].
Positive results were obtained from the use of
microwaves in drying and extraction during
processing of alfalfa. The method was optimized
with regard both to drying and extraction, and
modes of minimal energy consumption were
recommended [20].

Thus, the key processes in the processing of
plant raw materials are extraction and
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dehydration. Mass transfer processes are  resolution.
multifactorial (Fig. 1) and require priority
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Fig. 1. Factors determining mass transfer process.

The literature review conducted allows us to
draw two conclusions. The first one is that there
are scientific and technical contradictions for
traditional technologies of plant raw material
processing [21]. As the temperature increases,
the intensity of the mass transfer process
increases, however, the rate of degradation of
thermolabile elements also increases. Therefore,
the level of thermal exposure should be chosen
based on both physical and chemical research.

The second conclusion is that the use of
microwave technologies allows for a significant
increase in the efficiency of the process even at
room temperatures, to increase the mass transfer
characteristics of equipment, to sharply reduce
energy costs, and to make some processes more
environmentally friendly. However, all known
studies are limited to laboratory scale.

The task of the work is to solve the
formulated problems by using developed
electrodynamical systems in ONUT (Odesa
National University of Technology) [21]. The
solution is based on two hypotheses.

1. “The use of substances with polar molecules
as extractants and the transition to
electromagnetic principles of energy supply
will allow for the extraction of target
components from raw materials in the form of
two streams: traditional diffusion and
additional hydrodynamic, with the power of
the latter being able to exceed the former by
orders of magnitude.”

“The inclusion of hydrodynamic driving force
in the transport process will ensure the
extraction of a wider range of target
components from the raw material, as it will
be possible to extract not only components
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soluble in this extractant, which will solve the
problem of polyextracts.”

CLASSIFICATION AND DEVELOPMENT
OF SCIENTIFIC FOUNDATIONS OF
ELECTRODYNAMIC TECHNOLOGIES

Let's consider the classification of
electrodynamic  technologies developed at
ONUT (Fig. 2).

Regarding the object of research — food and
medicinal plant raw materials — let us develop
the  scientific  basis of electrodynamic
technologies at the level of static and Kinetic
models.

In this work, when developing static models
of electrodynamic systems, two consecutive
processes are considered: extraction and
dehydration of the extract, for example, by
evaporation (Fig. 3). By mixing the plant raw
material G, and the solvent G, , the necessary
hydrodynamic modulus is achieved. The
extractor outputs a stream of extract, the amount
of which is G, and the concentration of target

components is X, . It is possible to obtain a more
concentrated product in the amount of G, and at

the concentration of X, by evaporating the

solvent from the extract. The solvent vapor, in
the amount of G., , is directed to the mixer or

condensed.

In the process of extraction, as a rule, the
characteristics of the raw material (Gg,Cy) are
known. The objectives of the calculations may
be: the concentration of the target components
X and the amount of the resulting sludge Gq
(Fig. 3), or the content of extractive substances
in the solution. Equations of material balance

ext
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Interaction of an electromagnetic field with the raw material polar molecules

v
Heating mode
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Local vaporization mode

Dehydration

Microorganism cultivation
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Vapordynamic effect

Mechanical effect
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Fig. 2. Classification of specific effects in the electrodynamic systems.
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Fig. 3. Material flows scheme. !
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The analytical studies of the kinetics of the
extraction process include a thermophysical
model of the extraction stages, a model of a
heterogeneous cell consisting of a solid phase, an
extractant, and a boundary layer at the phase
contact  boundaries.  The  mathematical
description is based on the idea of A.V. Lykov's
drying model, P.A. Rehbinder's concepts of
moisture bonding forms, and mass transfer
mechanisms developed by the authors of [21].

Then, the differential equation of heat and
mass transfer will have the form

! Appendix 1
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In (4): i
coefficients; P — is the pressure; t — is
temperature; C — are the concentrations of
target components; subscripts: , — is at the

surface; ,, — is in the intercellular space;  —

is in the cellular structure of the raw material.

The mathematical model (4) is complex in
practical implementation due to an uncertainty in
calculating the phenomenological coefficients.

Let's simplify the task of modeling the mass
transfer process. The physical scheme of the
process (Fig. 4) is represented by a channel
located in the solid phase of the raw material and
filled with an extractant.

The following assumptions were made in
formulating the modeling problem:

— all target components of the raw material
are expressed as a common complex;

— following the moisture binding model of
Rehbinder, the complex is considered on the
surface and in the volume (in capillaries and
cells);

— for each time interval (zone), the transfer
coefficients are assumed to be constant;

K; — are the phenomenological



PROBLEMELE ENERGETICII REGIONALE 2 (58) 2023

— the solid body has a poly-capillary structure
whose transfer of target components occurs
by diffusion;

or
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— the structure of the solid body remains
unchanged during the mass transfer process.

(4)

r1 — internal radius of channel;
r, — external radius of solid phase;
H; — channel length

Fig. 4. Physical scheme of mass transfer process.

The mathematical model presented in the
article reflects the coupled processes of
hydrodynamics, heat transfer, and mass transfer,
i.e. it contains the Navier—Stokes equations,

continuity and energy equations  with
corresponding uniqueness conditions.
Electromagnetic energy is  volumetrically

supplied, with power N and boundary conditions
of the second kind (N =const). The analytical

model of the axisymmetric scheme is written in
cylindrical coordinates [21]. The mathematical
model for the heating stage and the stage of
vapor phase formation includes energy
equations, a one-dimensional Fick's equation
establishing a non-stationary concentration field
in the system. It is shown [21] that in addition to
the traditional diffusive mass transfer, Fick's
equation also allows for the possibility of
convective transport of the target elements. The
authors attempted to use this possibility to
intensify the mass transfer processes.

This is precisely the basis for the second
hypothesis formulated above. In the depth of the
solid phase capillary, a vapor bubble is formed
using the microwaves. As a result, the pressure
in the capillary sharply increases, and a
hydrodynamic driving force arises, which
"ejects” the contents of the capillary at a speed
corresponding to the main hydrodynamic
equation [21].
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The task set in the work is to organize the
output of the solution from the capillary channel
at a speed of w. To do this, an auxiliary process
is carried out, which the authors referred to as
"hybrid". The concept of forming the hybrid
process is based on the difference in temperature
and moisture content gradients in the raw
material in traditional and electromagnetically
assisted technologies (Fig. 5).

Let's write the first law of thermodynamics
for the schemes (Fig. 5).

For the traditional scheme, the supplied
energy (Q)is spent only for an increase in the

internal energy (AU;),and no work is done
A, =0,

Q=AU+ A, )

From the heat balance equation, the change in
the internal energy is proportional to the product
volume (V), its density (p) and the difference

in enthalpies at the end (i) and beginning of
the process (i ).

AUr =V x px(ix =iy ) (6)
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Fig. 5. Temperature (t) and moisture contents (w) gradients during traditional drying (a) and hybrid
processes (b).

In the case of the innovative, hybrid process
(index i)

Q=AU +A (7)
there are differences both in the nature of the
energy source, the power of the magnetron
(Ng), and its efficiency (7): Q=nxNg, as well

as in the distribution of energy flow. Part of it
goes to increase the internal energy

AU =V x px(ig —iy) (8)
and part of it goes to perform the work
A =FxL :A?Px L 9)

The value of work is proportional to the force
acting on the liquid (F) and the length of its
transportation (L ). The force (F) is determined
by the increase in the capillary pressure (AP),

which is determined by the main hydrodynamic
equation [21]. Thus, a portion of the liquid in the
capillary, whose volume (V') is displaced to the

open end of the capillary due to the work of the
pressure forces (AP). The work of the hybrid

process  determines the  formation  of
barodiffusion, mechanodiffusion, or
vapordynamic flow. Moreover, the power of
microwaves can easily be used to regulate the
development of the hybrid process. It becomes
possible to form polyextracts in a microwave
extractor [21].

Thus, the use of technology for targeted
delivery of energy to individual phases of the
raw material can radically change the
hydrodynamic  situation and significantly
intensify the mass transfer process. In processes
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of combined effects on the cell, various known
and unexpected effects are possible.

The hybrid process is approximately
represented by a model of the functioning of a
point source. The model is universal, however,
like all models of this class, it is extremely
difficult to be implemented in practice.

Analytical solution of the model presented is
impossible, despite the serious assumptions
made in setting the problem.

The complexity of the solution is associated
with problems in implementing the Navier—
Stokes equation and calculating the radial and
axial components of velocity.

Using similarity theory methods, it is possible
to significantly simplify the model and pass to
the relationships that describe quasi-stationary
transport processes within a limited range.

For this purpose, a parametric model of the
extractor with the organization of the hybrid
process and microwave dryer will be developed
(Fig. 6).

In general, the effective mass transfer
coefficient g, is influenced by the height of the

raw material layer H, the density p and
viscosity x of the extractant, the velocity of its

movement w, and the diffusion coefficient D.
This group of parameters characterizes the
inertial properties of the flow. The hydrodynamic
situation during the formation of the boundary
layer in the channel is expressed by the ratio of
layer height H to the length (diameter) of layer
L.

The contribution of natural convection is
established by the concentration difference in the
flow AX and the gravitational field. The action
of barodiffusion due to the microwave field is
determined by the pressure difference in the
channel zones.
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Fig. 6. Parametrical model of “Extractor — Dehydrator” system. 2
The magnitude of this difference is  coefficient will be
proportional to the radiation energy and the  g,=f(H L r,m w, D7, N,k 4X g). Using

energy required for vaporization. That is, to the
specific heat of vaporization r and the power of
the field N.

Then the initial functional dependence of the
general form for the effective mass transfer

St

m

For the conditions of the analyzed problem,
we can neglect the parameter complex 77, which
is a measure of the turbulence of the
hydrodynamic boundary layer in the inlet zone
and is characteristic for short channels, as well as
the Grashof number (Gr, ), since the contribution

of natural convection is small in the inertial flow
regime. Finally, the structure of the criterial
equation will be:

St, = Ax(Re)" x(Sc)" x(Bu)® x(L/H)? (11)

Similarly, for vacuum microwave extractors
with a reverse refrigerator, the following is
obtained:

Nup, =Bx(Sc)"x(Bu)’x(L/H)?  (12)

The task of experimental modeling is to
determine the constants A, m, n, p, and g in the
equation (11).

Extraction experiments were conducted using
“oy oo &= = the pressure range of 0.01—0.1

Appendix1 o5 yp to 50°C, and hydraulic
ratios of 1:1—1:4.

Four different extraction methods were

investigated on four stands. Stand #1 contained a
thermostat with traditional extraction methods

Ax(Re)"x(Gr,)? x(Sc)" x(Bu)® x(L/H)"x(17)
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similarity theory methods, the following criterial
dependence is obtained:

“ (10)

being investigated on it. Stand #2 was assembled
based on a microwave chamber. The raw
material layer was located in the extractant
volume. Stand #3 (ONUT design) consisted of a
microwave extractor, a refrigeration unit, and a
circulation pump for pumping the extractant
through the raw material layer. Stand #4 was
developed based on a wvacuum microwave
extractor and a reverse refrigerator.

During the experiments, the following
parameters  were  periodically  measured:
temperatures (using a FLIR TG165 thermal
imager and thermocouples) — t ; extractant flow
rate (by weight method) — Vg, ; microwave

field duration Tyw s Magnetron power
(Nyw ); optical density of the solution (using

Spekol) — /7 ; extract concentration X (using
the digital refractometer HI 96801); registration
time of the parameters — . The initial
parameters of the experiments are calculated:
extract concentration (X¢) (based on calibration

dependence); hydro module (I"); microwave
energy flow rate (E,, ).

The obtained data allowed us to calculate the
mass of substances transferred into the solution
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(13) and the concentrations of target components
in the fruits (14).

m= Xg xVg x pg (13)
Ci=Cin—Xg/I (14)

where C;, is the initial content of target
components in the fruits.

L4 ¢

The following relationship was used to
calculate the mass transfer coefficient:
ﬁzVE/(Cin_Ci)XF (15)

The independent effects of the type of energy,
processing time, and temperature on the intensity
of mass transfer were sequentially studied. The

type of energy input had the greatest impact
(Fig. 7).

m Stand Nel (Thermostat)

+ Stand Ne2 (MW extractor)

Concentration X, %

100 150

Time 1, min

Fig. 7. Extraction kinetics in a fixed bed.

It can be seen (Fig. 7) that when processed in
a microwave field, the vyield of extractive
substances was 5 times higher than that in

¢ Whole grains

1.6 | & 1/2 of grain

L1 L ® 1/4 of grain
e M Crushed grains
s 1,2
g1
g 0,8
§ a2
g 0.6
© 04

0,2 : :
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Time 1, min

Fig. 8. Effect of grinding degree.

In terms of technological factors, preference
should be given to berry halves. Therefore,
further research was carried out specifically with
berry halves. The second stage of the study is
dedicated to working on stand #3. The main task
was to establish the effect of extractant flow rate
(Fig. 8). It was found that with a fivefold
increase in flow rate, the intensity of extraction

Mass transfer coefficient f,

thermal extraction. The influence of the degree
of grinding of the fruits was determined (Fig. 8).

0.5 r

04 r
2
x 0.3
=
£
= 02 r

0,1 r

0 |

0 50 100 150
Reynolds number Re
Fig. 9. Effect of extractant flow.

increases by 10 times. Processing the

experimental results established the dependence
of the mass transfer coefficient on the Reynolds
number (Fig. 9).

The third stage of experimental research was
carried out on stand #4. In the microwave
chamber 1 (Fig. 10), a reactor 2 made of radio-
transparent material was placed. The reactor was
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filled with raw materials and extractant 3. The
vapor outlet from 2 was directed to the reverse
refrigerator 4. The stability of pressure and
temperature was achieved by matching the
microwave power with the vacuum system 6 and
the flow rate of cold water from the refrigeration

machine 5. A special attention was paid to the
reliability of sealing the "reactor—reverse

refrigerator” nodes. Therefore, the vacuum pump
was usually turned on only when the stand was
started.

To atmosphere

CM  —cooling machine

Fig. 5. Stand (Ne4) with microwave vacuum plant.

At the first stage, a comparison was made of
the efficiency of extraction in a flow without a
microwave field, with a microwave field, and

with  a vacuum  microwave  extractor.
14 ¢
R —
< 12 //X
w10 |
g 8t
= ——1-P=15kIla
g 0 —2 - P=25kITa
é 4 ——3 - P=30kIIa
O 5 =Xm=4 - P=45KI]a
0 x 1 1 1 ]
0 50 100 150 200
Time T, min

Fig. 11. Extraction kinetics for plants Ne3 and Ne4.

As seen in Fig. 11, the effect of vacuum is
apparent. The influence of pressure in the
chamber on the intensity of extraction was
determined (Fig. 12). With an increase in
pressure from 15 kPa to 45 kPa, the extract
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Concentration X, %

Experiments were carried out with halves of
rosehip fruits under the same temperature
conditions. The results are shown in Fig. 11.

6 + MW vacuum extractor
[ w MW extractor in flow
5 A Without MW, in flow
4
3
2
! ,"./LHT//.
0 - L —k —i—v———‘-_-‘_____‘ |

100
Time 1, min

Fig. 12. Pressure effect on extraction kinetics.

concentration increased by 25%. However, at the
same time, the extraction temperature also
increased, which could have a negative impact
on the content of ascorbic acid.
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Thus, the contradiction between the intensity
of extraction and the preservation of vitamin C
should be resolved based on chemical analysis of

100

m faw material O, %

Dy matter concentration

1000 2000
Extraction duration t, sec

3000

the extract samples. The determining factor that
affects the kinetics of extraction is the power of
the microwave field (Fig. 13).

8

m extract, X, “brix

Dy matter concentration

1000 2000
Extraction duration 1. sec

3000

(1—1024W,2—682W,3—512W,4—273W,5—136 W)

Fig. 13. Radiation power effect on extraction kinetics.

With increasing power, the intensity of mass
transfer increased, but so did the temperature of

processed, and a dependence of the mass transfer
coefficient on the main parameter — the

the process. The experimental data was  radiation power — was obtained (Fig. 14).
9
g
£° 2
o 7 |
= y \ l
< 6 |
= 4( 3 5
25 & |
=, I 4 |
N S N : I
é 3 \\ — R X |
, N = —
g T T
0 : X X ¥
0 500 1000 1500 2000 2500 3000

Extraction durationt, sec

Fig. 14. Coefficient p values.

The values of g were used to calculate the

corresponding Nusselt numbers. Constants in the
dimensionless model (12) were determined by
the methods of similarity theory. The power—
law exponents for the Schmidt numbers (Sc) and

the dimensionless parameter (L/H)

accepted as traditional.

The information in Fig. 14 was processed as a
dependence of the mass transfer rate on the
current extract concentration:

were

NU, =0,17x(S¢)** x(Bu)* x(L/H)™® (16)
In equation (16), the energy action number is
calculated as Bu :(rdep)_l. This relationship is

a key to the algorithm for calculating the vacuum
microwave extractor.

Samples of extracts and their concentrates
obtained by the proposed technology underwent
sensory and chemical studies. The concentrates
were obtained both in a microwave vacuum
evaporator and in a block-type cryo-concentrator
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developed at ONTU. The results of chemical

analysis are presented in Table 1.

Table 1.
Extracts and concentrates characteristics.
Sample Dry matter Vitamin C content, | Vitamin C content relative
concentration % mg/100 sm?® to dry matter %
Extract 4,2 430...550 10,2...13
Concentrate Nel 24 3640...4050 9,2...10,2
Cryoconcentrate Ne2 14 2120...2310 11,2...12,5

The obtained samples had a saturated,
characteristic aroma of rosehip, a bright reddish-
orange color, a taste without any hints of
cooking, with a pronounced sour aftertaste, and a
homogeneous consistency. The cryo-concentrate
(No. 2) had a better aroma, color, and taste.

MICROWAVE EVAPORATION

Experiments were carried out at the
installation described in [21]. New results on the
dehydration of extracts over a wide range were
obtained (Table 2).

Table 2.
The studies range during extracts evaporation.
. . Pressures, Tempera- | Concentra- Vapor flow,

Ne Solid phase Extractant MPa tures °C tions, % Power, W g/min

1 Rosehip Water 0,01—0,12 30—50 10—54 136 1,08

2 Rosehip Water 0,01—0,12 30—50 17—80 512 4,64

3 Rosehip Water 0,01—0,12 30—50 4,550 682 54

g | SUnOWeroll | Egnanol | 002003 | 2550 | 344 512 16,7— 14

5 | Tomato pomace Water 0,02—0,03 60—70 10—68 1024 11,7

6 Soybeans Water 0,02—0,06 60—85 0,8—59 512 4,2

The information was processed as a dependence of the moisture removal rate on the current extract

concentration (Fig. 15).

18 <Rosehip extract (N = 136 W)
ORosehip extract (N =512 W)
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Fig. 15. Dependence of vapor productivity on the current concentration of extract.
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The main conclusion based on the
experimental results is that the amount of
removed vapor depends on the solvent type and
is closely correlated with the applied microwave
power.

ENERGY OF HYBRID PROCESSES

12

10

A feature of hybrid processes initiated by
electromechanical systems is that their energy is
weakly dependent on the solution concentration
(Fig. 16).

< Rosehip extract (N =136 W)
ORosehip extract (N =512 W)
0O0il extract (N=512 W)
+Tomato extract (N = 1024 W)
X Soy extract (N =512 W)

Specific energy consumption G, Ml/kg

10 20 30

40

50 60 70 80

Concentration X, %

Fig. 16. Dependence of energy consumption on the concentration during various extracts evaporation.

The solvent and its phase transition heat play
a decisive role in determining the specific energy
consumption in microwave evaporation devices.
Therefore, aqueous extracts require three times
more energy than alcohol extracts (Fig. 16). It is
noteworthy that stable energy consumption is
maintained even at high concentrations, where

intensity

traditional evaporation devices are not effective,
in the area of energy-intensive drying
technologies.

Gas chromatographic analysis was used to
determine the fatty acid composition of tomato
pomace oil obtained using a microwave
evaporation apparatus (Fig. 17).
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Table 3.
The content of fatty acids in tomato pomace oil.
Ne Name of acid Content, %
1 Myristic 0,14
2 Palmitic 13,70
3 Palmitolinic 0,20
4 Heptadecanoic 0,09
5 Heptadecenoic 0,18
6 Stearic 7,49
7 Oleic 24,04
8 Vacecenoic 0,53
9 Linoleic 50,74
10 Linolenic 2,06
11 Arachidic 0,53
12 Eicosadiene 0,05
13 Behenic 0,06
14 Lignoceric 0,19

As can be seen from the obtained data (Table
3), the oil from tomato extracts obtained using a
microwave vacuum evaporation apparatus
belongs to the linoleic type (with a linoleic acid
content of 50.74%), similar to most traditional
vegetable oils (sunflower, soybean). However, it
should be noted that the oil from tomato extracts
has a significantly higher biological value due to
its much higher content of alpha-linolenic acid
(2.06%) compared to sunflower oil, in which this
indicator is up to 0.4%. Alpha-linolenic acid
belongs to ®-3 fatty acids, which play an
important role in maintaining healthy human
body function, and the search for sources of
supply in the diet is a relevant problem. The oil
from tomato extracts also contains a higher
percent of palmitic acid (13.7%), which
promotes better absorption. The high biological
value of oil from tomato extracts is also due to
the presence of lycopene, which is a powerful
antioxidant and a unique natural agent for the
prevention of cardiovascular and oncological
diseases.

CONCLUSIONS

The hypothesis that the use of substances
with polar molecules as extractants and the
transition to electromagnetic principles of energy
supply would allow the output of target
components from plant materials in the form of
two streams, the traditional diffusion and
additional hydrodynamic, with the power of the
latter being orders of magnitude higher than
diffusion, has been formulated and proven in this
work.

Experimental setups and corresponding
methodologies have been developed to compare
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traditional and proposed extraction principles in
an electromagnetic field. Traditional modes were
simulated in a thermostat. Microwave-assisted
extraction was performed on stationary layer
setups, in the mode of extractant circulation, and
under vacuum conditions with a reverse
refrigerator.

Comprehensive experimental studies of the
kinetics of extraction in an electromagnetic field
have established that the use of a microwave
generator intensifies the mass transfer process
several times over. Using the methods of
similarity theory, the obtained database of
experimental data was generalized as a
dimensional model, which was used as a key
element in the developed engineering
methodology for the calculation of microwave
extractors.

The extractor is distinguished by the ability
to transfer target components from the raw
material at temperatures of up to 40°C with high
intensity. The operating time of the apparatus is
by 5—8 times less than the traditional methods,
while the values of the final concentration of the
product are correspondingly higher. The vapor
productivity and specific energy costs of the
evaporator remain practically unchanged over
the entire range of working concentrations (from
0.5 to 85°Brix).

APPENDIX 1
'Fig. 3. Material flows scheme. (G; — raw

material mass, C; — concentration of target
components in raw material, G — sludge mass,
Xg — concentration of target components in
sludge, Gg — extract mass, Xg — extract
concentration, Gg, — extractant mass, Xgy —
extractant concentration, G, — product mass,
Xp — product concentration).

'Fig. 6. Parametrical model of “Extractor —
Dehydrator” system. (az — thermal diffusivity
coefficient of raw material, c; — heat capacity

of raw material, p, — density of raw material,

Az — thermal conductivity of raw material,
vy — kinematic viscosity of raw material,
rn — phase transition heat of moisture,
H — raw material layer height, t; — initial
temperature of raw material, C,z; — initial
concentration of target components in raw
material, agy — thermal diffusivity coefficient
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of extractant, c., — heat capacity of extractant,

pex — density of extractant, A, — thermal
conductivity of extractant, vg, — kinematic
viscosity of extractant, r., — phase transition
heat of moisture, tg, — initial temperature of
raw material, X, — initial concentration of
target  components  in raw  material,
d, b, L — height, width and length of apparatus,
Vy — useful volume of apparatus,
Nyw — magnetron power, n,, — magnetron
efficiency, E — extractor, jz — extractor

specific energy consumption, D — dehydrator,
ip — dehydrator specific energy consumption).
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Improvement of the Burden Column Structure by Controlling the
Multicomponent Burden Loading Mode into the Blast Furnace

Myrav'yova 1.G., Ivancha N.G., Shcherbachov V.R., Vishnyakov V.I., Ermolina E.P.
Iron and Steel Institute of Z.1. Nekrasov National Academy of Sciences of Ukraine, Dnipro,
Ukraine

Abstract. The purpose of this work was to study the possibility of correcting the shape and position of
the plastic zone, as the main element of the structure of the burden column in a blast furnace, by
controlling its loading mode. To achieve this goal, a new method has been developed for determining
the coordinates of the lines of softening and melting of the burden based on information about the gas
temperature above the surface of the charge and the characteristics of the distribution of burden
materials, a criterion for the technological assessment of the cohesive zone has been proposed, and the
relationship between its thickness and the distribution of the burden has been studied. Important results
are the established connections between the coordinates of the softening and melting lines with the gas
temperature above the surface of the charge and the characteristics of the distribution of burden
materials, as well as the development of a criterion for the technological assessment of the formed
cohesive zone and the justification for the possibility of adjusting its parameters by changing the
distribution of charge components with the calculation determination of the composition and prediction
of high-temperature properties of their mixtures in different zones of the furnace. The significance of
the obtained results lies in the justification of the possibility and solution of the problem of improving
the parameters of the cohesive zone by adjusting the charge loading regime to ensure the energy
efficiency of the blast furnace process.

Keywords: blast furnace, multicomponent burden, mixtures, high temperature characteristics, cohesive
zone, melting and softening lines, criterion, control.

DOI: https://doi.org/10.52254/1857-0070.2023.2-58-12
UDC: 669.162.21.27.012.3

fmbunititirea structurii coloanei de inciircare prin controlul modului de incircare a incirciturii cu mai
multe componente in furnal
Muraviova L., Ivancia N., Scerbachov V., Visniakov V., Ermolina E.

Institutul de Fier si Otel al Z.I. Academia Nationala de Stiinte Nekrasov a Ucrainei, Dnipro, Ucraina
elementul principal al structurii de incarcare a furnalului, prin controlul regimului de incarcare. Pentru a atinge
acest obiectiv, a fost elaboratd o noua metoda de determinare a parametrilor zonei de coeziune bazatad pe informatii
despre temperatura gazului deasupra suprafetei de Incarcare si compozitia incarcaturii in diferite zone ale
furnalului, un criteriu de rationalitate pentru zona de coeziune, a fost propusa si a fost studiatd relatia dintre
grosimea zonei de coeziune si distributia sarcinii. Rezultatele importante includ stabilirea conexiunii dintre
coordonatele liniilor de inmuiere si topire cu temperatura gazului deasupra suprafetei de incarcare si caracteristicile
distributiei componentelor de incarcare. Dezvoltarea criteriului de rationalitate pentru zona de coeziune si
cu calculul preliminar al compozitiei amestecului componentelor de sarcina in diferite zone ale cuptorului si
prezicerea temperaturii lor ridicate proprietatile sunt, de asemenea, rezultate semnificative. Semnificatia
rezultatelor obtinute consta in justificarea posibilitatii si solutionarii problemei imbunatatirii parametrilor zonei de
coeziune prin ajustarea regimului de incércare a sarcinii pentru a asigura eficienta energetica a procesului de furnal.
Se arata ca corectarea parametrilor zonei plastice, alegerea directiei si marimii actiunii de control in fiecare caz
specific ar trebui sa se bazeze pe rezultatele modelarii matematice a distributiei materialelor de sarcind de-a lungul
razei varfului, determinidnd compozitia amestecurilor de componente de sarcina in diferite zone ale cuptorului si
prezicerea proprietatilor lor la temperaturd ridicata, precum si tendintele de modificare a acestor proprietati la
modificarea compozitiei componentelor amestecului.

Cuvinte-cheie: furnal, sarcind multicomponenta, amestecuri, caracteristici de temperaturd ridicatd, zona de
coeziune, linii de topire si dedurizare, criteriu, control.

© Myrav'yova I.G., Ivancha N.G., Shcherba-chov
V.R., Vishnyakov V.I., Ermolina E.P. 2023
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YcoBepiieHCTBOBaHHE CTPYKTYPBI €T0J10a IMXThI yTeM YIPaBJIeHHs Pe;KMMOM 3arpy3Ku
MHOTOKOMIIOHEHTHOIi IMXTHI B JOMEHHYIO NeYb
MypasbeBa U.I'., UBanua H.I'., lllep6ayes B.P., Bumusikos B.U., Epmonuna E.I1.
WuctutyT yepHoit Metaimrypruu uM. 3.M1. Hekpacosa HarmmonanbsHO# akamemuin Hayk YKpauHsl, T. JJHemnp,
VYkpauna

Annomayus. llenpio HacTosmEeH pabOTHI SBJISIIOCH HCCIENIOBAHHE BO3MOXKHOCTH KOPPEKTHPOBKH (DOPMBI U
MOJIOKCHUS TJIACTUYHOM 30HbI, KaK OCHOBHOT'O 3JICMCHTA CTPYKTYPbI CTOJ10a IIUXTHI B [lOMeHHOﬁ ne4uu, myTemM
yIOpaBIEHUS PEXKUMOM €€ 3arpy3ku. J[iIs JOCTIKEHUs TIOCTAaBICHHOW Iein pa3paboTaH HOBBIA METOX
OIMPCACIICHUSA KOOPANHAT JIMHUAM pasMATYCHUA U TJIABJICHUS HIUXThI HA OCHOBAHUU I/IH(I)OpMaLIl/II/I 0 TeMIICpaType
ra3a Haj MOBEPXHOCTBIO 3aCHIMU (TeMIIepaType MOBEPXHOCTH 3aChIIM) U XapaKTEPUCTHUKAX pacHpeieseHUs
MIUXTOBBIX MAaTCPUAJIOB B COUCTAHNUU C UCIIOJIB30BAHUEM pAla MAaTEMATUYCCKUX MOZ[CJ'ICI\/‘I, MPCAJIOKEH KpI/ITepI/Iﬁ
JUIS TEXHOJIOTUYECKOH OLIEHKH C(OPMHUPOBABIIEHCS IIACTUYHON 30HBI, MCCIIEIOBaHA CBSI3b €€ TOJIIMHBI C
cojiep’KaHneM KOMITOHEHTOB MIMXTHI B Pa3JIMYHBIX 30HaX JTOMEHHOH IeyH. BaskHBIM pe3ysIbTaTOM BBITIOIIHEHHBIX
pacdyeTHO — aHATUTUYECKUX HCCIICIOBAHUN SBIISIOTCS KOPPEISIIMOHHBIC CBA3M KOOPAWHAT JIMHUH TUIABICHUS C
TEeMIIepaTypoll Tra3a HaJl TMOBEPXHOCTHIO 3aChIi B COOTBETCTBYIOIIMX 30HAaX KOJIOIIHHWKA, TEMIEpaTyp
pa3MATYCHHUS - IUIABJICHUS M TOJIIMHBI IJIACTUYHOHN 30HBI B pabodyeM MpPOCTPAHCTBE IEUYH C PaCHpe/eIeHHEM
OCHOBHBIX JKEJIe30COJIepKAIINX IIUXTOBBIX MaTEpPHalIOB IO PAAMyCy KOJOMIHMKA. K BaKHBIM pe3yJsibTaTam
CJIElyeT OTHECTH TakXke pa3paboTKy KpUTEpHs ISl TEXHOJIOTMYECKOHW OIIEHKH IUIACTUYHON 30HBI U OLCHKA
BO3MOJXHOCTH KOPPEKTHPOBKHM €€ I1apaMEeTpOB IIyTEM H3MEHEHHS pPaCIpeNesICHUsT PYIHBIX HArpy3okK H
KOMIIOHEHTOB IIUXTHL. [loKa3aHO, 4TO KOPPEKTUPOBKA MapaMETPOB IUIACTUYHOM 30HBI, BEIOOp HANpPAaBICHUS U
BCJIMYMHBI YIIPABJIAIOMICTO BOB)ICI\/’ICTBI/ISI B KaXXIOM KOHKPETHOM CJiyda€ OJOJKHBI OCHOBBIBATHCSA Ha PE3yJIbTaTax
MAaTEMATHYCCKOTO MOJIACIUPOBAHUA PpaCHpECACICHUA IHMUXTOBBIX MATEPUAIOB IO PpaanuyCy KOJIONIHHKA,
OIPCACIICHNU COCTaBa cMeceld KOMITOHEHTOB IIHMXTHI B pas3IMYHbIX 30HaX II€YU U TMPOTHO3UPOBAHHUU UX
BBICOKOTEMIIEPATYPHBIX CBOICTB, a TAK)Ke TEHACHIUH U3MEHEHUS 3TUX CBOMCTB IIPU U3MEHEHUH KOMIIOHEHTHOTO
COCTaBa CMECH. 3HAYMMOCTb ITOJY4E€HHBIX PE3YJIbTATOB 3aKIIFOUAEeTCsl B 0OOCHOBAHUH BO3MOXHOCTH M PELICHUH
3a/1a4 yJIy4IIeHUs TapaMeTPOB MIACTUYHOU 30HBI TyTEM KOPPEKTUPOBKU PEXKHUMA 3arpy3KHU IIUXTHI B JOMEHHYIO
neys Juis obecneyeHus: SHeprod(h(HeKTUBHOCTH JOMEHHOM TUIaBKH.

Knruegvie cnoea: noMeHHas TIIedb, MHOTOKOMIIOHEHTHAs ILIMXTA, CMECH, BBICOKOTEMIIEPATypHBIE
XapaKTepUCTHUKH, INIACTUYHAS 30Ha, TUHUY Pa3MATUCHUS U MIABIEHUs, KPUTEPUHA, yIpaBICHHUE.

INTRODUCTION AND FORMULATION It should be noted that earlier, when
OF THE PROBLEM considering the relationship between the loading

The efficiency of blast furnace smelting and mode and the configuration (shape) of the
the quality of cast iron are largely determined by  cohesive zone, the main attention was paid to the
the characteristics of the burden column formed  influence of the distribution of ore loads on the
in the furnace. The current level of knowledge of  furnace top [1]. Such an approach could be
blast furnace smelting processes, summarizingthe  considered correct for the conditions of loading a
results of the work of leading researchers in this ~ mono-charge into a blast furnace, which would
field, suggests the development of methods for  cause the invariance of the high temperature
controlling the parameters of the cohesive zone in ~ properties of burden materials and their melts in
the furnace as one of the main tasks. It is known  various sections of the furnace. At the same time,
that the cohesive zone, being the most important  the blast furnace charge in modern conditions is
structural element of the burden column, whichis ~ multicomponent. Until recently, it was not
mainly formed as a result of the implementation  possible to predict the high temperature properties
of a given mode of loading a blast furnace, of mixtures of iron-containing burden materials in
determines the distribution of the gas flow and the  various zones of the furnace, since there are no
main melting indicators. As a rule, the choice of  tools for determining the distribution of individual
parameters of the blast furnace loading mode is  charge components. However, with the advent of
carried out on the basis of an assessment of the  appropriate mathematical models, refinements
distribution of burden materials using calculation ~ can be made to the solution of the problem of
methods (mathematical models, calculation  determining the configuration of the cohesive
methods, etc.) and subsequent analysis of the  zone, taking into account the distribution of high
results and their compliance with the specified temperature characteristics of the charge layer in
parameters and indicators of blast furnace  the working space of a blast furnace. In this work,
smelting. we used a complex model for the distribution of
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burden materials, developed at the Iron and Steel
Institute of Z.1. Nekrasov of National Academy of
Sciences (NAS) of Ukraine (ISI), which has been
repeatedly used with positive results in blast
furnaces to determine the distribution of charge
components and predict the properties of the
resulting melts in industrial conditions in order to
correct the applied technological regimes and
increase the efficiency of melting. The
availability of data on the composition of
mixtures of burden materials in various zones of
the blast furnace makes it possible to determine
the temperatures of the onset of softening and
melting in these zones as points of the
corresponding lines.

The main characteristics of the cohesive zone
are considered to be its shape, position in the
furnace and thickness, which significantly affect
the productivity and other performance indicators
of the blast furnace. To date, generally accepted
analytical, sufficiently substantiated methods for
determining the shape of the cohesive zone have
not been developed. The ISI has developed a
method for determining the parameters of the
cohesive zone, based on information about the
distribution of the temperature of the gas flow or
the surface of the charge along the radius of the
top [Method of determining the position and
shape of the cohezive zone in a blast furnace using
gas flow temperature distribution indicators] /
Muravyova L.H., Ivancha M.H., Shcherbachov
V.R. and etc. / Fundamental and applied
problems of ferrous metallurgy. 2022. Collection
36. P. 95 108. [In Ukrainian]. DOI:
10.52150/2522 — 9117 — 2022 — 36 - 95 - 108.].
The method is based on a systematic set of
mathematical models, including those developed
by the authors, and also includes a new method
for determining softening and melting lines in a
blast furnace. The method is implemented using a
complex mathematical model for calculating the
distribution characteristics of the charge
components in the annular zones of the top.

An analysis of the published results of earlier
studies showed that the bulk of the work on
studying the features of the formation of a
cohesive zone in a blast furnace was carried out in
the 70s of the last century [2]. Their focus was
determined by the unique studies of Japanese
scientists carried out on frozen blast furnaces, as
a result of which it was found that the burden
column in a blast furnace is a combination of
structural elements, the main of which is the
cohesive zone. In subsequent years, studies of the
formation of a cohesive zone in a blast furnace
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using mathematical models were
continued in Germany, China and Japan.

Publications of recent years indicate the
further development of research on the
development of mathematical models for
determining the parameters of the cohesive zone,
including models that take into account non-
stationary processes in the furnace. Nippon Steel
Corp. continues research in this direction; its
employees have developed a method for
determining and visualizing the position of the
cohesive zone root under the assumption that the
root abuts against the centers of gravity of the
figures determined by the results of evaluating the
change in a number of controlled parameters over
time [3]. In [4], a method was proposed for
determining the position of the root of the
cohesive zone based on an analysis of the nature
of changes in the temperatures of the refractory
lining of the mine and cooling water, as well as
the degree of CO utilization along the height of
the furnace, and a number of other parameters. In
[5], a method for determining the characteristics
of the cohesive zone in a blast furnace is
described, which is based on the mass
conservation equations and the heat conservation
equations, which, according to the authors,
govern the chemical reactions occurring in the
furnace. Based on this assumption, dividing the
blast furnace into a number of concentric circles,
the authors determine the temperature fields of the
furnace, and then, depending on the fusibility of
iron-containing burden materials, the shape and
position of the cohesive zone are predicted.

In [6], the results of the development of a
mathematical model describing the flow of liquid,
heat and mass transfer, as well as chemical
reactions in a blast furnace are presented. Unlike
the previous models, the proposed one considers
three variants of the structure of the layers of the
cohesive zone - layered, isotropic non-layered and
anisotropic. The authors have studied the
influence of these three options on the processes
of distribution of the gas flow in the furnace. It is
shown that the calculated estimate of the
parameters of the cohesive zone, which is
alternating layers of iron-containing materials and
coke, which corresponds to the layer-by-layer
loading of the charge, makes it possible to predict
(simulate) the passage of the gas flow through the
"coke windows".

To determine the shape of the cohesive zone in
[7], mass and heat transfer in three separate
furnace zones is considered. As the initial
information, the readings of the probe that

actively
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measures the composition and temperature of the
gas and is located below the level of the charge.
Calculated as isotherms, the lines of the beginning
of softening and melting determine the location of
the cohesive zone in the furnace.

Also known is the approach to determining the
shape and position of the cohesive zone in a blast
furnace, proposed by the researchers of Tata Steel
Ltd. (India) [8, 9], who use a combined approach
to determine the shape and position of the
cohesive zone, which involves the use of a
mathematical model in the form of differential
equations, in combination with furnace operation
indicators, and information from various probing
devices.

To estimate the shape and position of the
cohesive zone in a blast furnace, researchers
actively use computational fluid dynamics (CFD)
models. In [10], the results of improving the blast
furnace smelting model, which was previously
developed by Nippon Steel Corp., are presented.
In addition to the existing private models (mass
transfer, reactions and heat transfer in the dry and
cohesive zones of the furnace), models have been
developed to assess the distribution of ore loads
on the top, a model of the tuyere hearth, as well as
a model to estimate the porosity of the zone of
low-mobility materials. All these models
describing the flow processes in the blast furnace
are integrated into the model used to calculate the
parameters of the cohesive zone. A similar
mathematical apparatus is used in the works of a
number of other researchers [11 - 14]. In [11], the
model describes in detail the layered structure of
the cohesive zone. It was shown in [12] that the
upper boundary of the cohesive zone is set as a
constant temperature, and the lower boundary, the
melting line, is defined as the liquidus
temperature. Moreover, the liquidus temperature
is established as a function of the chemical
composition of the slag. To obtain such a
function, the authors performed a regression
analysis based on the data given in published
sources, and obtained a third-order polynomial
dependence for calculating the liquidus
temperature.

In [13], a model developed by the authors is
presented, which includes a description of the
dynamics of the gas flow, the movement of the
burden, chemical reactions, heat and mass transfer
between the gas phase and the burden. The burden
in the blast furnace is presented in the form of
alternating layers of iron ore and coke. The
multilayer CFD model, according to the authors,
quite accurately estimates the shape and location
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of the cohesive zone, which are determined by the
iterative method based on the distribution of the
melting temperature of the ore part of the charge.
Of the works that also use CFD modeling methods
to determine the shape and position of the
cohesive zone in a blast furnace, it should be
noted [15], where the influence of the charge
loading program on the position of the cohesive
zone - its root and top. In this case, the position of
the root of the cohesive zone is determined by
changes in the temperature of the cooling water in
the lower part of the furnace shaft.

There is also a work on predicting the position
and configuration of a cohesive zone, in which the
computational fluid dynamics model (CFD) and
the support vector method (SVM) are combined
to solve this problem [16]. The authors have
created an axisymmetric two-dimensional
stationary CFD model for describing the
processes of fluid flow, heat and mass transfer in
a blast furnace shaft. Prediction of the position of
the cohesive zone is carried out using SVM.

In the development of models for determining
the position of the cohesive zone in a blast
furnace, the discrete element method (DEM) is
also used [17]. A feature of the application of this
method for the conditions of blast furnace
smelting is the discretization of the charge in the
volume of the furnace into its individual elements,
which involves the use of many assumptions
about their interaction.

In recent years, when developing
mathematical models of blast furnace melting, in
particular, a model for determining the cohesive
zone, researchers combine continual and discrete
models. The model combined in this way received
the terminology «DEM - CFD model» [18 - 20].
The CFD-DEM model is suitable for modeling
fluid-solid or fluid-particle systems. In a typical
CFD - DEM model, the phase motion of discrete
solids or particles is described using the discrete
element method (DEM), which involves the
application of Newton's laws to the motion of
each particle, and the flow of a continuous fluid is
described by the local averaged Navier - Stokes
equation, which is solved using the methods
traditional computational fluid dynamics DEM -
CFD. In the studies reported in [19], the melting
characteristics of iron ore and the structure of the
layers during the operation of the furnace with
low coke consumption were entered into the DEM
- CFD model, and then the gas and moving bed
behavior in the blast furnace was modeled. As a
result of the calculation, the influence of the
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thickness of "coke windows" in the cohesive zone
on the gas flow rate is demonstrated.

An analysis of the above results shows that
only one of the considered works studied the
effect of the charge loading program on the
position of the cohesive zone - its root and top
[15], but the studies were limited to taking into
account the effect of the ore and fuel components
of the charge as a whole. Features of the
distribution of the components of the iron ore part
of the charge, as well as the relationship of its
characteristics with the parameters of the cohesive
zone, were not considered in the known models,
which reduces the reliability of the calculation
results and limits the ability to control the process
of formation of the cohesive zone.

The results of previous work also allow us to
conclude that researchers agree on the approach
to controlling the parameters of the cohesive
zone: the main influence on the formation of the
cohesive zone is exerted by the mode of loading
burden materials, which determines the size of the
melting surface area of iron-containing materials
(the lower surface of the cohesive zone) and the
thickness of the "coke windows”, providing gas
permeability of the burden column in the furnace.
At the same time, according to V.M. Parshakov,
whose works are closest to solving the problem of
improving the technology of blast furnace
smelting by adjusting the parameters of the
cohesive zone, the results of studies of a
quantitative assessment of the relationship
between the parameters of the cohesive zone and
melting indicators are practically absent at the
moment.

This work differs from previous studies by
providing a justification and solution for
improving the parameters of the cohesive zone in
the blast furnace by adjusting the charging
regime, taking into account the distribution of
components within the charge along the radius of
the furnace, as well as the composition and high-
temperature properties of their mixtures formed in
different zones of the blast furnace.

The aim of this study was to develop a method
for the prompt determination of cohesive zone
parameters (its configuration, position in the
furnace, and thickness) based on information
about gas temperature (surface temperature of the
charge) and the content of components in the
charge in different zones of the furnace,
identifying their interconnections, as well as
developing a criterion for the technological
assessment of the cohesive zone and justifying the
possibility of adjusting its parameters by changing
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the distribution of ore loads and charge
components along the radius of the furnace,
combined with a computational and analytical
prediction of the high-temperature properties of
burden mixtures in different zones of the blast
furnace.
II. SOLUTION METHODS AND
RESULTS

To establish the relationship between the
parameters of the cohesive zone and the
characteristics of the distribution of burden
materials along the radius of the top, using the
proposed method for several options for industrial
operating conditions of a blast furnace, the
coordinates of the points of softening and melting
surfaces were determined. The indicated
coordinates are determined using the calculation
of the melting surface area according to the
Goodenau method [21], the composition of
mixtures of iron-containing charge components in
various zones of the top, determined using a
complex mathematical model of burden
distribution [Ivancha N.G., Murav’yova LG.,
Shumel’chik E.I, Vishnyakov V.I., Semenov
Yu.S. / Complex Mathematical Model of the
Distribution of Multicomponent Charge in a Blast
Furnace. Metallurgist, Ne5, 2018, v. 62, is. 1 — 2,
pp. 95 — 100], as well as a predictive calculation
estimate of the high temperature characteristics of
these mixtures and the melts formed from them
[22]. An example of the resulting cohesive zone
configuration is shown in fig. 1, where the
difference in the wvertical coordinates of the
corresponding points of the surfaces in the
annular zones characterizes the thickness of the
cohesive zone, and the points of intersection of
the softening and melting lines with the top wall
characterize the position of the root. The validity
of the approach to constructing the cohesive zone
configuration using information on the
temperature of the gas flow above the surface of
the charge is confirmed by experimental data on
the presence of a fairly close relationship between
the vertical coordinates of the points of the
melting line and the gas temperature above the
surface of the charge (Fig. 2). Based on the results
of mathematical modeling of the distribution of
burden materials, a relationship was also
established between the vertical coordinates of the
melting line and ore loads in the annular furnace
zones of equal area (Fig. 3). In fig. 2 and fig. 3
shown the results indicate the possibility of using
data on the distribution of gas temperatures above
the grist charge (or charge surface temperature) to
develop methods for controlling the position and
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shape of the cohesive zone, and also confirm the
possibility of adjusting the parameters of this zone
by changing the distribution of ore burden along
the radius of the blast furnace top. The connection
of the vertical coordinates of the points of the

Technological "zerro"

Top

melting line Z in the annular zones with the
corresponding ore burden is characterized by a
rather high value of the coefficient of reliability of
approximation by a power function of more than
0.80.

Shaft

Top of the cohesive zone. Mark 11697 mm

Bosh

Softening surface. Mark 15257 mm

Melting surface. Mark 17558 mm

Shoulders

Tuyeres axle

Fig. 1. The configuration of the cohesive zone obtained by the proposed method.
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Fig. 2. Linkage of vertical coordinates of the
points of the melting line (Z) in the
annular zones of the blast furnace with
the gas temperature above the surface of
the charge in these zones.
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Fig. 3. Connection of vertical coordinates of the
point of the melting line (Z) near the
annular zones of the blast furnace with
the ore burden in these zones.
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The possibility of calculating the content of the
charge components and the mixtures formed from
them in the annular zones of the furnace using a
complex mathematical model developed earlier in
the ISI made it possible to formulate a new
approach to the selection of control parameters for
correcting the characteristics of the cohesive
zone.

Under the conditions of loading a blast furnace
with a multicomponent burden, the lines of
softening and melting (the boundaries of the
cohesive zone) are determined by the composition
of mixtures of burden materials formed in
different zones of the working space of the
furnace, and their individual high temperature
properties. As shown by numerous laboratory
studies performed in the ISI, the softening and
melting temperatures of mixtures of iron ore
materials and additives are not a simple additive
consequence of the high temperature properties of
the components that make up the mixture. The
interaction of components during high
temperature  processing and during the
development of reduction processes leads to the
fact that a mixture of charge components with
known high temperature properties manifests
itself as a new type of burden material with
properties that differ significantly from the
properties of the mixture components.

An indirect indicator of the thickness of the
cohesive zone, a parameter characterizing its gas
permeability, is the difference in melting and
softening temperatures. It is believed that to
ensure the gas permeability of the cohesive zone,
this value should not exceed 300 °C. The
established relationship between the ratio of
pellets and agglomerate in a mixture with the
difference in melting and softening temperatures
of this mixture allows us to conclude that this ratio
can be used as a control parameter when adjusting
the thickness of the cohesive zone. The basis for
this conclusion is the high coefficient of reliability
of the approximation of the relationship between
the difference in softening and melting
temperatures with the indicated ratio, which is
0.99 (Fig. 4).

Geometrically, the thickness of the cohesive
zone can also be defined as the difference in the
coordinates of the points of intersection of the
softening and melting lines with the average lines
of this zone at the corresponding level.

On fig. 5 shows the results of studying the
relationship between the ratio of the content of
pellets and the content of sinter with the
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difference in the vertical coordinates (thickness)
of the cohesive zone (Z) in the annular zones of
the furnace. The coefficient of reliability of the
approximation of the revealed connection is 0.62,
which indicates the possibility of using a change
in the ratio of the main iron-containing
components in the annular zone to correct the
geometric parameters of the cohesive zone.
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Fig. 4. Relationship between the difference in
melting and softening temperatures of mixtures of
iron-containing burden materials in the annular
zone of the top with the ratio of the number of
pellets and sinter in this zone.
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vertical coordinates of the points of
the melting and softening lines
(thickness of the cohesive zone
(AH.;)) in the annular zones of the
blast furnace and the ratio of the
amount of pellets and sinter in these
zones.
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The necessary correction of the parameters of
the cohesive zone within certain limits can also be
implemented by changing the distribution of
additives in combination with a change in the
distribution of the main components of the charge,
or exclusively by redistributing additives.

From the above statement about the significant
difference in the high temperature properties of
mixtures of iron-containing burden materials and
similar properties of the initial components of the
mixture, it follows that the control of the
parameters of the cohesive zone by changing the
distribution of burden materials, the choice of the
direction and magnitude of the corrective
influence in each specific case should be based on
the results of mathematical modeling of the
distribution of components burden along the
radius of the top, determining the composition of
mixtures of burden components in various zones
of the furnace, predicting their high temperature
properties and tendencies of changes in these
properties with a change in the component
composition of the mixture. The ISI has
developed a technology for Iloading a
multicomponent charge into a blast furnace, from
the main provisions of which it follows that in
order to control the distribution of a specific
component of the mixed iron ore portion along the
radius of the top, a change in the location of the
dose of this component in the volume of the
portion (feed) can be used as a control parameter
(see our article in the same journal for 2022). In
everyday practice, technologists, in the presence
of appropriate control systems and mathematical
models on a blast furnace, in assessing the
rationality of the shape of the cohesive zone, are
guided by the results of visual observations,
which are interpreted on the basis of their own
body of knowledge and technological experience.
It is generally accepted that it is rational to
consider the L-shaped form of the cohesive zone,
however, as technological practice shows, this
provision cannot be extended to many options for
the technological conditions of blast furnace
operation. This is confirmed by the results of
previous and own studies: cases of highly
efficient operation of blast furnaces with a
cohesive zone shape that differs significantly
from the L-shaped one have been repeatedly
noted. From this we can make a platoon that the
shape of the cohesive zone itself, without taking
into account other indicators, cannot be used to
assess the level of rationality and compliance with
the melting regime.
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For a comprehensive assessment of the level
of rationality of the cohesive zone and the
correspondence of its parameters to the
technological conditions of melting, a criterion
has been developed for assessing the shape and
position of the cohesive zone in a blast furnace.
As arguments of the criterion (K.), the main
parameters characterizing the cohesive zone, i.e.,
its configuration, thickness, and position in the
furnace, are taken. These parameters can be
determined using a new method proposed by the
authors, based on information about the
temperatures of the gas flow (surface of the
charge) at various points in the furnace section,
obtained using the following tools:

- thermal measuring probes installed above
the surface of the level of charge;

- systems based on the determination of gas
flow temperatures based on the results of
measuring the speed of sound in a gaseous
medium and its change depending on the gas
temperature;

- systems for measuring temperatures of the
grist charge.

Based on the well-known ideas about the
parameters that determine the shape and position
of the cohesive zone, as well as the results of the
correlation analysis of the relationships between
these parameters and the technological indicators
of melting, complexes are compiled that are
arguments for the criterion for evaluating the
cohesive zone.

The first argument of criterion X; includes the
sum of the ratios of the thickness of the cohesive
zone in adjacent annular zones (AH..; and AH i+ 1,
m, where 7 is the number of the annular zone),
estimated from the difference in melting and
softening temperatures of iron-containing
materials in these zones, and the ratio of the
maximum value thickness of the cohesive zone to
the minimum. Thus, the argument reflects the
configuration of softening and melting lines in the
controlled sections and along their entire length as
a whole.

The argument can be represented by the
expression:

i, mes(a)
AH,,  min(AH,,)

czi

X, =Z (1)

b

where AH..; — cohesive zone thickness in the i-
th annular zone of the blast furnace, m;

n — the number of annular zones.

The second argument of the criterion
characterizes the relative position of the root of
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the cohesive zone, the location of which is
assumed to be in the zone of the maximum level
of readings of thermocouples of the refractory
lining of the furnace shatft:

X, =T

sh max

2

where T max — maximum temperature of the
refractory lining of the mine, °C.

The third argument of the criterion is the
effective melting surface area [21]:

X,=4,. 3)

After the normalization procedures, the study
to the normal distribution law logit - the
transformation of each argument of the criterion
of the plastic situation takes the form:

1

K (F(X1)~F(X2)~F(X3))5.

cz

)

The possibility of using the K. criterion for

a qualitative assessment of the conformity of
the shape and position of the cohesive zone in the
blast furnace to the prevailing technological
conditions is confirmed by the presence of its
connection with the main technological indicators
of melting — the level of iron production and the
consumption of standard fuel (the coefficient of
reliability of the approximation is 0,55 — 0,60).

The need to adjust the cohesive zone
parameters (shape, thickness and/or position) by
changing the charge loading mode to achieve the
specified target functions (maximum iron
production, minimum coke consumption) can be
determined by comparing the current value of the
criterion with the range of its rational values for
the technological operating conditions of a
particular object.

Based on the established relationships between
the characteristics of the burden distribution along
the radius of the top (ore loads, the content of the
burden components in different zones of the top)
with the parameters of the cohesive zone, the
main provisions for adjusting the parameters of
the charge loading mode, which improves the
parameters of the cohesive zone, are substantiated
and developed.

The main provisions and the sequence of
solving problems for their implementation are
given below.

1. Determination of the characteristics of the
distribution of the components of the burden in
the annular zones along the radius of the top.
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2. Calculation - analytical forecast of softening
and melting temperatures of mixtures of iron-
containing components in the annular zones.

3. Calculation - analytical and graphical
modeling of the cohesive zone using the means of
controlling the temperature of the gas flow and the
surface of the charge based on the proposed
method.

4. Determination of rational values of the
criterion for evaluating the shape and position of
the cohesive zone in a blast furnace under the
current technological conditions of blast furnace
smelting and the allowable ranges of its change.
Evaluation of the level of rationality of the formed
cohesive zone and its compliance with the current
parameters (indicators) of the melting process
using the developed criterion.

5. Expert assessment of the necessary changes
in the shape, location and thickness of the
cohesive zone, based on the results of calculations
using the proposed method, and taking into
account the objective technological parameters of
the melting process, as well as the readings of the
means of controlling the distribution of the burden
and gas flow.

6. Choice of a possible direction for correcting
the loading mode, depending on the required
change in the parameters of the cohesive zone.

The choice of corrective action is carried out
depending on the need to solve a specific
problem, the main of which are given below.

6.1. Changing the position of the “root” and/or
top of the cohesive zone in the axis of the furnace.

6.1.1. Changing the position of the “root”
and/or top of the cohesive zone in the furnace axis
with a change in the shape of the cohesive zone.

6.1.2. Changing the position of the “root”
and/or top of the cohesive zone in the axis of the
furnace without changing the shape of the
cohesive zone.

6.2. Change in the volumetric location of the
cohesive zone.

6.3. Change in the temperature interval
("thickness") of the cohesive zone.

The tasks according to clause 6.1 are solved by
changing the ore loads and/or by changing the
distribution of components along the radius of the
top. Clause 6.2 is implemented mainly by
changing the total ore load in the charge. The task
according to clause 6.3 is solved solely by
changing the distribution of components.

The choice of control parameters for adjusting
the loading mode in each particular case is
determined by the degree of technological
significance of possible influences, among which
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the distribution of ore loads is predominant in
relation to the content of the charge components
in the annular zones along the radius of the top.
However, the optimization of the distribution of
components in conjunction with the rational
distribution of ore loads is also one of the
significant reserves for increasing the efficiency
of smelting. In this regard, the development of a
rational regime for loading a blast furnace should
be carried out in two, and if necessary, in three
stages.

The first stage is the development of a loading
program, which is carried out on the basis of an
analysis and selection of a rational distribution of
ore loads along the radius of the top. At the second
stage, the choice of a rational distribution of the
components of portions of burden materials
should be made with minimization of deviations
in the distribution of ore loads from that adopted
at the first stage. If, according to the results of the
computational and analytical prediction of the
high temperature properties of the mixture of
components in the furnace zones, it is not possible
to achieve the specified softening and melting
temperatures, it is necessary to change the
composition of the burden materials, taking into
account technological limitations regarding the
distribution of components, their mixtures and
melts formed from them (third stage).

II1. THE DISCUSSION OF THE
RESULTS

The applicability of the proposed method for
determining the shape and position of the
cohesive zone in a blast furnace using information
on the distribution of gas temperature over the
surface of the charge or the temperature of this
surface is confirmed by the analysis of the
features of the formation of the cohesive zone
under various technological melting conditions.
The study of the influence of various melting
conditions, characterized by the corresponding
technological parameters, on the position of the
cohesive zone in the furnace is a multifactorial
task. Multivariate comparative analysis was used
to identify the most informative and significant
indicators. The results of assessing the influence
of technological parameters on the position of the
cohesive zone in the furnace, determined by the
coordinates of the softening and melting lines,
allow wus to conclude that the existing
relationships of the studied values, characterized
by the obtained factor loads, confirm the validity
and reliability of determining the position of the
cohesive zone in the blast furnace using the
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proposed method, which can be used online
during the operation of the blast furnace.

The proposed method of justified adjustment
of the parameters of the cohesive zone expands
the technological possibilities of smelting control
by using the distribution of charge components
along the radius of the top as a control parameter
in addition to the traditionally used distribution of
ore loads. Accounting for the characteristics of the
distribution of charge components makes it
possible to determine the composition of mixtures
of iron-containing materials, as well as the
calculated prediction of their high temperature
characteristics and properties of melts in various
zones of the blast furnace, thereby contributing to
an increase in the accuracy of determining the
coordinates of softening and melting lines that
limit the cohesive zone.

IV. CONCLUSIONS

A new method is proposed for determining the
parameters of the cohesive zone (shape, position
and thickness) in a blast furnace equipped with
means to control the temperature of the gas flow
or the level of charge. The method is based on a
systematized set of mathematical models,
including those developed by the authors, as well
as on a new method for determining the
coordinates of softening and melting lines in a
blast furnace using information obtained by
means of monitoring the distribution of gas
temperature over the charge surface (or charge
surface temperature) , as well as on the calculated
determination of the characteristics of the
distribution of charge components in various
annular zones along the radius of the top using a
complex mathematical model. Relationships
between the coordinates of the melting line points
and the gas temperature above the charge surface,
the softening and melting temperatures and the
thickness of the cohesive zone in various zones of
the blast furnace with the ratio of the amount of
sinter and pellets in these zones are established.
The relationship between the coordinates of the
points of the melting line and the ore load in the
annular zones of the blast furnace has been
confirmed. A criterion for evaluating the
rationality of the formed cohesive zone has been
developed and the possibilities of adjusting its
parameters by changing the distribution of ore
loads and charge components have been shown. It
is shown that the correction of the parameters of
the cohesive zone, the choice of the direction and
magnitude of the control action in each specific
case should be based on the results of
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mathematical modeling of the distribution of
burden materials along the radius of the top,
determining the composition of mixtures of
charge components in various zones of the
furnace and predicting their high temperature
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Cryogenic Thermomechanical Compressor

Simonenko Iu.M.%, Chygrin A.A?, and Kostenko Ye.V.!

!National University of Technology, Odessa, Ukraine; 2Cryoin Engineering Ltd.,
Odessa, Ukraine

Abstract. The purpose of this work is to create a compact supercharger to provide circulation of
protective gas medium in a closed circuit. It was proposed to use a thermomechanical compressor to
achieve this purpose. The operating principle of such devices is to change cyclically the temperature of
the working medium in contact with warm and cold sources. Heating and cooling are carried out
sequentially, pushing a part of gas through the regenerator by means of a displacer. The energy
consumption for piston displacement is lower by an order of magnitude than that in conventional
compressors. This makes it possible to use a seamless displacer movement mechanism. There can be
two designs, both with one of the heat carriers close to ambient temperature. In a high-temperature
thermomechanical compressor, the temperature is usually does not exceed 800 K. In the second type
compressor, by reducing the absolute temperature of the cold "source" it is possible to achieve a high
degree of compression at a relatively small temperature difference. The most significant result of the
work is the design of the small-sized thermos-compressor that ensures a moderate degree of gas
compression. The significance of the achieved results is shown in the compactness and tightness of the
prototype for the use as an alternative to traditional machines in the field of inert gases production. The
proposed technical solutions were tested during bench tests of the thermomechanical compressor. The
experimental dependences were obtained of the flow rate characteristics on temperature mode, discharge
pressure and cycle period.

Keywords: thermomechanical compressor, regenerator, inert gases, heat transfer, refrigerant.
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Compresor termomecanic criogenic
1Simonenko lu.M., 2Cigrin A.A., *Kostenko Ye.V.
Universitatea Nationala tehnologica din Odesa, 2Cryoin Engineering Ltd.
Odesa, Ucraina

Rezumat. Scopul lucrarii este de a crea o schema a unui compresor compact care sa asigure circulatia unui mediu
gazos protector intr-un circuit inchis. Echipamentul criogenic se caracterizeaza prin conditii specifice de
functionare: presiune mare de functionare de 10 ... 15 MPa, raport de compresiec moderat de 1,2 ... 1,4 si
productivitate relativ scazuta (mai putin de 1 m3/h in conditii de aspiratie). Prin urmare, utilizarea masinilor
voluminoase cu piston si diafragma de tip traditional pentru circulatie nu este intotdeauna rationald. Pentru
atingerea acestui scop au fost rezolvate urmatoarele sarcini: 1) a fost dezvoltat si testat un termocompresor; 2) se
propune utilizarea unui drive magnetic; 3) a fost selectat un agent frigorific intermediar; 4) aplicarera procesului
intern de recuperare a caldurii. intr-un termocompresor cu temperaturd inaltd, temperatura este limitata de
proprietatile de rezistenta ale materialelor de constructie si, de obicei, nu depaseste 800 K. Cel mai semnificativ
rezultat al lucrarii este dezvoltarea unui termocompresor de dimensiuni mici, care asigura un grad moderat de
compresie a gazului ca alternativa la masinile traditionale din domeniul productiei de gaze inerte. Semnificatia
rezultatelor obtinute se manifesta prin faptul ca au facut posibila realizarea unui prototip compact si etans al unui
termocompresor cu recuperare internd a caldurii, in care ansamblul pressepul a fost inlocuit cu un antrenament pe
baza de magneti permanenti; utilizarea unui agent frigorific intermediar sigur - cripton - va permite sa excludeti
tranzitia de faza (condensare sau inghetare) a componentelor amestecului pompat. Solutiile tehnice propuse au fost
testate in procesul de teste pe banc.

Cuvinte-cheie: compressor termomecanic, regenerator, gaze inerte, transfer termic, agent frigorific.

© Simonenko Iu.M., Chygrin A.A., Kostenko Ye.V., 2023
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Kpuorennslii TepMoMexaHu4YecKHii KoMIpeccop
Cumonenko I0.M., “Uurpun A.A., 'Kocrenxo E.B.
'Onecckuil HalMOHABHBIN TexHONOrMYeckuii yauBepeuteT; 2000 «Kproud MHKUHUPUHI»
Opnecca, YkpanHa

Annomayusa. llens paboThl — cO3AaHME CXEMBI KOMIIAKTHOTO HArHETaTelsl AUl oOecTedeHWs IHPKYJSAILNH
3aIUTHOW Ta30BOW CpeAbl B 3aMKHYTOM KOHType. i1 KpHOTEHHON TEXHUKH XapaKTEpHBI CIEeNU(pUIEeCKUe
YCIIOBHA SKCIUTyaTaIlMu: BBICOKOe pabouee mapienue 10...15 MIlla, ymepennas cremens cxkarus 1,2...1,4 u
OTHOCMTENBLHO HeOOJbIIAs MNPOU3BOAMTENLHOCTE (MeHee 1M%/u mpu ycnosusx BcacwhiBanus). IlosTomy
WCIIOJIb30BaHKE ISl IUPKYJSIUKA TPOMO3JIKUX MOPIIHEBBIX U JuadparMEeHHbIX MAIIWH TPAJUIHOHHOTO THUIIA HE
BCer/la paloHaNbHO. J{JIs TOCTHKEHUSI TIOCTAaBICHHOW LieNy ObLIM pelIeHb! clieayonue 3a1a4dn: 1) paspaboran
U HCIBITaH TEPMOKOMIIpECccOp; 2) MPeIUIoKEHO HMCIHOJIb30BaTh MAarHUTHBIM IPUBOJ; 3) OCYLIECTBIICH BHIOOD
MPOMEXYTOYHOTO XJaJareHTa; 4) mpuMeHEHHUe Ipoliecca BHYTPeHHeH pereHepanuu tera. [IpuHuun pabots
TaKUX YCTPOWCTB 3aKJIFOYAETCs B IMKINYHOM W3MEHEHHU TEMIepaTypbl pabouero Tesia Ipu KOHTAKTE C TEIIbIM
M XOJOAHBIM HWCTOYHHMKAaMH. JIJI1 TOBBIMIEHHS SKOHOMHYHOCTH HAarpeB M OXJaXKJICHHE OCYLIECTBISIOT
MIOCJIEI0BATENBHO, TIEPETATKUBAS TIOPIIHIO Ta3a YePe3 pereHepaTop MPH HOMOIIH BBITECHUTENA. 3aTPaThl SHEPTHH
Ha TEePEMEIICHUE MOPIIHS Ha MOPSIOK MEHBIIE, YeM B KOMIIPECCOPAX TPAJUIMOHHOTO THMA. BO3MOXXHBI aBe
KOHCTPYKIIMH, B KOXJIOW N3 KOTOPHIX OAMH M3 TEIUIOHOCHTENEH OJIM30K K TEMIIepaType OKpyxaromel cpeasl. B
BBICOKOTEMIIEPATYPHOM TEPMOKOMIIPECCOpE TEMIlepaTypa OTpPAHHMYMBACTCS NPOYHOCTHBIMH CBOHCTBAMH
MaTepuanoB KOHCTPYKIUH 1 00brdHO He npesbimaet 800 K. B kommpeccope BTOporo Tura 3a c4eT yMEHbIICHUS
aOCOMIOTHON TeMIepaTypsl XOJOIHOTO «HCTOYHHKA» MOXKHO PEalTN30BaTh BBICOKYIO CTENEHb CXXATHS IIPH
OTHOCHTEJIFHO HEOOJIBIIOW pa3HOCTU TemrepaTyp. Haubosee cyliecTBEHHBIM pe3ysbTaTOM PadOThI SIBISETCS
pa3paboTka ManoradapuTHOIO TEPMOKOMIIpeccopa, 0OecHeUHBAIOLIEr0 YMEPEHHYIO CTENeHb CXKaTHd rasa, B
Ka4€CTBEC AJIbTCPHATHUBLI MalllMHaAM TPaAUIHUOHHOTO THUIIA B obnactu MpONU3BOACTBA UHCPTHBIX I'a30B. 3HaYNMOCTh
JOCTUTHYTBIX PE3YJIbTATOB MNPOABIACTCA TOM, 4YTO OHH IIO3BOJIMIIN CO31aTh KOMMAKTHBIM H FepMeTH‘IHbIﬁ
MPOTOTHUII TEPMOKOMIIPECCOPA C BHYTPEHHEH pereHepanueii Teria, B KOTOpoM y3eJl cajlbHUKa 3aMEHEH IIPHBOIOM
Ha OCHOBE ITOCTOSTHHBIX MarHWUTOB; HCIIOJb30BaHNE O€30IIaCHOTO MPOMEXYTOYHOTO XJIaJareHTa — KPUITOHA —
MO3BOJISIET NCKIIIOUNTD (Pa3oBBIi mepexo 1 (KOHASHCAIHS NIIH 3aMep3aHne ) KOMIIOHEHTOB IIEPEKaunBacMOM CMECH.
[IpennoxeHHbIE TEXHUIECKUE PEIICHHS allpOONPOBAHBI B IIPOLIECCE CTEHIOBBIX UCIIBITAHUH.

Kniouegvie cnoga: TepMOMEXaHMUECKHUI KOMIIPECCOD, PEreHEepaTop, HHEPTHHIE T'a3bl, TEIUIOOOMEH, XJIaJIareHT.

INTRODUCTION

It is known that gas pressure can be increased  The peculiarity of real devices is the consumption
either by reducing its volume or by increasing its  of thermal energy for gas compression and
temperature. The latter option is implemented in  mechanical energy  for  driving  the
so-called thermos-compressors. The simplest  thermomechanical compressor [2-4]. Moreover,
thermal pumps appeared several centuriesagoand  this work requires significantly less energy for gas
were practically displaced as piston engines  compression.
improved. Such devices are mainly used in gasifiers and
More efficient compressors with thermal drives  autoclaves.
have appeared over the past few decades. This is
achieved by removing heat input and output Their main drawbacks were their inertia and
locations and introducing internal regeneration.  significant heat losses. In addition to changing the
These gas displacement processes were first — parameters of the gas itself, the heat-intensive
implemented by V. Bush in 1939 [1]. walls of the working chamber were also forced to

heat up and cool down.

A natural step in the improvement of thermos-  highly inertial and low-productivity devices [5-
compressors was the separation of the hot and  20].
cold parts of the working volume, which
alternately came into contact with a portion of gas As previously noted, the acceleration of heat
due to a movable displacer. The counter-pressure  exchange processes and the increase in cycle
acting on the displacer was determined only by  dynamics were achieved through internal heat
the hydraulic resistance of the system. As for the  regeneration. Simplified diagrams of the main
displacer, only a small amount of power was layout options for the compressor are shown in
required to drive it. However, even after such  Fig. 1.
modernization, thermos-compressors remained
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Figure 1. Schemes of thermocompressors: (a) — with the built-in regenerator in the displacer; (b) — with
the external regenerator; 1 — the displacer; 2 — the regenerator; 3, 4 — the suction and discharge valves; 5 —

the displacer rod; 6 — the gasket; 7 — the heater; 8 — the cooler; V, and V, — the operating cylinder warm

and cold cavities’ volumes; Vg, and V. — dead volumes of the heater and the cooler.

l. PRINCIPLE OF OPERATION
AND ENERGY SUPPLY
OPTIONS

The sequence of individual phases of the cycle
is shown in Fig. 2, which illustrates the processes
in the cold and hot chambers on the "volume-
pressure” diagrams. As the displacer moves, the
volumes of the cold V, and hot V, chambers

cyclically change from the maximum value V,, to
0. At the same time, the sum of the volumes V,
and V, remains constant throughout the cycle.
The values V. and V., indicate the volumes of
the heat exchange devices associated with the
working chamber. The sum of the volumes of the
cooler, heater, and regenerator forms the dead
volume, as shown in formula
Ve =V, +Vg, +V; = const. (2).
When designing heat exchangers, it is important
to work for minimizing the dead volumes, as
increasing the gas volumes of the heat exchangers
in relation to the cylinder's working volume V,,

reduces the compressor's productivity.
Depending on the position of the displacer, one
cycle of the thermos-compressor can be divided
into four separate processes [2, 3].
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I-11 - Pressure increase process. Displacer 1 isin
the extreme lower position, and the volume of the
hot chamber is zero. As the plunger moves, gas
begins to be pushed from volume V, to volume

V, through the regenerator, and its temperature

increases. As a result, the pressure in the working
cylinder begins to rise. One of the intermediate
states is denoted by point x. Thermal
compression continues until at point Il the
pressure reaches the value of the compression
pressure P, (Fig. 3).

-1 Discharge process. The displacer
continues to move up. Part of the gas, as before,
flows into the hot chamber. The second part,
through the open valve 4, enters the compressor
line at pressure P, .

I1I-1V — Pressure reduction process. At the
beginning of the reverse (downward) stroke of the
displacer, at point Ill, the compressor valve 4
closes. The compressed gas remaining in the hot
space is pushed back through the regenerator to
the cold space V. . As a result of this cooling, the
pressure in the cylinder drops to P (Fig. 3).

IV-1 — Suction process. When the pressure
is Py, the suction valve 3 opens. As a result of the

pressure drop and cooling of the gas, the cylinder
begins to fill with a fresh portion of gas. Suction
ends when the displacer reaches the lowest point
(fragment 1). The cycle then repeats. In the
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second option (Fig. 4a), temperature of the hot
chamber T, is ensured by a flow of air or flowing
water, while the temperature level T, is lowered
to cryogenic temperatures. The 0 value depends
more on T,. For example, if the 6 value in a low-
temperature compressor needs to be increased
from 1.5 to 2.5, temperature T, needs to be
changed from 200 to 125 K, then for the same 6
increase in a high-temperature compressor, an
increase in T, from 450 to 750 K is required.

3 A
T[Tl
Vce=Vy
n Ven
@ Te Vec 4
3 / /
S L/
Ve=0 Lo
V=V, | %% Ve
/R

Ven

Naturally, the energy consumption for
cryostatization of a low-temperature compressor
exceeds the energy consumption for driving a
high-temperature one. However, in some
advanced technologies, there are waste streams of
cryogenic liquid vapors, which can be used to
activate low-temperature compressors designed
for circulating high-pressure gas media. In this
case, with the availability of cold streams, energy
supply issues for cryogenic compressors become
secondary.
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Fig. 2. The operation principle of the thermocompressor with an external location of the regenerator:
1...4 correspond to Fig. 1; V|, —the working volume of the cylinder, equal to the multiplication of the

displacer motion 1 and its cross-sectional area; Vy, V¢, and Vg, —the hydraulic volumes of the

regenerator, cooler and heater; V, and V, - the current volumes of the working cavity; T, and T, —the
average gas temperatures in cold and warm cavities.
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Fig. 4. The dependence between the ratio of operating temperatures 0 for the low-temperature (a) and
high-temperature (b) compressor at the temperature of one of the sources, close to ambient conditions
(T =300 K).

The presence of remaining gas in the heat
exchange apparatus volumesVe,, Vg, and Vg
adversely affects the compressor's performance.

a= VEC +VEh +VER . (2)
VW

However, excessive reduction of this parameter
leads to a reduction in the heat exchange surface
areas. Therefore, in real models, the relative dead
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When designing the heat exchangers, one should
strive to minimize the total dead volume relative
to the cylinder's working volume, as shown in
formula (2).

volume usually fluctuates in the range of a =
0.5...1.0. The most important operating
parameter of a thermo-mechanical compressor is
the ratio of absolute temperatures of the working
fluid in the hot and cold chambers.
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3)

Two temperature level options are possible, both
assuming the use of one of the heat carriers close
to the level of the ambient environment. In a high-
temperature  thermo-compressor, an electric
heater is usually used as the second heat source.
In this case, temperature T, is limited by the

strength properties of the structural materials and
usually does not exceed 800...1000K (Fig. 4b).

Il. FEATURES OF OPERATION OF A
CRYOGENIC THERMOCOMPRESSOR IN
THE PRESENCE OF HIGH-BOILING
COMPONENTS IN THE PRODUCT

When pumping substances with a
relatively high phase transition temperature, it is
necessary to limit the temperature of the cold
chamber T,. Condensation or freezing of a

component in a low-temperature thermos-
compressor will block the regeneration process
and lead to a change in the composition of the
pumped mixture. The probability of this

phenomenon increases at high pressures. Let's
consider an example of pumping a mixture based
on helium containing y = 2%tetrafluoromethane

(CF4; R14). The temperature of condensation of
the high-boiling component is determined by its
partial pressure in the mixture. In accordance with
Dalton's law:

Prie =B Y = Bo Ve (4)

where P; - is the maximum pressure of the

mixture in the cylinder determined by the
pumping conditions P,. The dependence of the

condensation temperature of R14 on the specified
concentration is presented in Table 1.

The calculated temperature in the cold
cavity (last row in table 1) is chosen several
degrees higher than the possible level of R14
condensation in the mixture. Such a step is
justified in ensuring the prevention of phase
transition in case of deviations from operational
parameters, for example, an increase in the
concentration Yg,, > 2% or a decrease in the load

on heat exchangers due to the  reduced
performance.
Table 1.

Condensation temperature of tetrafluoromethane at different pressures of He-R14 mixture.

Maximum mixture pressure (discharge pressure) R =~ P, , MPa 5 10 15 20
Partial pressure of tetrafluoromethane in a 2% mixture P, , MPa (4) 0,1 0,2 0,3 0,4
The temperature of tetrafluoromethane condensation at T;,,, K. 449 | 556 | 62,6 | 168,1
Allowable temperature in the cold box (with margin) T, , K 50 61 68 173

When using nitrogen vapor as an external
refrigerant, stabilizing the temperature T,

becomes relevant. Due to the significant
temperature difference between N, and the
mixture in the working chamber, local cooling of
the heat exchanger sections is possible. Technical
solutions based on regulating the refrigerant flow
consumption depending on temperature T, are

fairly inertial. They do not prevent the occurrence
of R14 refrigerant condensation and even its
freezing at T < 90 K.

We have implemented a heat removal scheme
using an intermediate substance (Fig. 5a). In the
example under consideration, krypton and
methane are suitable as intermediate refrigerants
(Fig. 5b). As can be seen from the graphs, at
allowable temperatures in the cold chamber T, =
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145...168 K, krypton is preferred because it is
safe and at the same temperatures its boiling
pressure is by 30...40% lower than in the case of
CH..

I1l. IMPLEMENTATION OF THE
ENGINEERING SOLUTION

A prototype of a low-temperature thermo-
mechanical compressor was manufactured and
tested. A mechanism without a seal was used to
drive the displacer (Fig. 6).

The transmission of motion through the
hermetic wall was achieved using a balanced pair
of neodymium Nd magnets. The total static force
of the linear transmission was more than 100 N.

This value guaranteed the displacement of the

displacer at a frequency of v<2c™, taking into
account its mass, inertial forces, and piston ring
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friction. The movable support 3, which contains External magnets are in contact with the
12 magnets, surrounds the external wall of the  magnets 5 of the internal block. Assembly 2-3-4
stationary hermetic channel 1. In the photo (Fig.  performs reciprocating motion due to a pneumatic
6¢), the cover of the support is removed, and only  cylinder attached to links 8 of the support and
six magnets are visible. controlled by a solenoid valve SV (Fig. 7). The
The same number of magnets is symmetrically ~ characteristics of the model and the results of
located on the other side of the cylindrical channel ~ experimental studies are presented in table 2.

( Fig. 6b).

P, MPa
/

|
1 L
>, s g[8
] 5_6]/ S S| @
05 2 L
— | el ria & —t —

135 140 145 150 155 160 165 170 T,K

b)

Figure 5. Scheme of low-temperature thermocompressor with heat exhaustion by means of the interme-

diate refrigerant (krypton). Designations 1...6 - correspond to Fig. 1; 7 — water "heater"’; 8 — cooler filled
with two-phase krypton; 9 — external refrigerant (N2); Pxr — pressure in the intermediate refrigerant

cavity; F, —external refrigerant flow regulator; recommended pressure (b) in the cavity of the
intermediate refrigerant, depending on the discharge pressure, at which the phase transition of R14 is
excluded at its concentration in the mixture Yg,, = 2% (table 1).

Fig. 6. Magnetic-mechanical drive device: a) — longitudinal section; b) — cross section; ¢) — view with the
caliper cover removed; 1 — stationary sealed wall connected to the volume of the working chamber; 2 —
magnets of the external unit; 3 — movable support for the external unit magnets; 4 — caliper cover; 5 —

magnets of the internal unit; 6 — cooling water collectors; 7 — working cylinder; 8 — mechanical drive rods.
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Magnet-
Po Mechanical
Drive

Pneumatic
Cylinder

C1 C2 C3

Drainage

Atmosphere

Figure 7. Simplified scheme of the test bench: C1 — cylinder with pumped mixture; C2 and C3 — buffers
on the suction and discharge lines; C4 — cylinder with the intermediate refrigerant (Kr); PR1 — pressure
regulators "AFTER itself""; PR2 — pressure regulator "BEFORE itself"; B1, B2 — valves; SV - solenoid
pneumatic valve; Con — controller; CDA — pneumatic network; VS and VD — suction and discharge
valves; FV — circulating flow meter; FH20 - ""heating'* water flow meter; FN2 — external refrigerant flow
regulator (N2); PS and PD - suction and discharge manometers; PKr — pressure in the intermediate

refrigerant cavity; t and T — temperature sensors.

Table 2.

Geometric parameters of the thermo-mechanical compressor and the results of the tests carried out

using pure helium.

Ne Name, unit Symbol Value

1. | Cylinder diameter, mm D. 106

2. | Displacement stroke, mm L. 96

3. | Dead volume, dm? Ve 0,78

4. | Relative dead volume, % Ve IV, 92

5. | One cycle period, s T, 1,5...4,0

6. | Helium inlet pressure, MPa P 7,45

7. | Heating water temperature at the inlet, K (°C) tgzo 302,6; (29,4)

8. | Average heater temperature, K (°C) T, 294,2; (21,1)

9. | Average cooler temperature, K (°C) T, 156,8; (-116,4)

10 | Relative temperature 0 1,88

11 | Compression ratio c=PR, /P 1,2...1,3
Volumetric flow rate
per 1 cycle at suction conditions, dm? fg 0,078...0,183

12| her 1 cycle at Po = 0,1013 MPa, To = 293 K, std. dm? £, 10,0...23,5
per 1 cycle at Po = 0,1013 MPa, Tp = 293 K, std. m%h F 9,0...56,4
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CONCLUSIONS

The use of Internal heat regeneration processes
in thermal compression systems allows the
creation of sufficiently effective installations for
the production of compressed gas
thermomechanical compressors.

The feature of the work performed is that two
gualitatively different types of energy are
consumed in installations for the production of
compressed gas: thermal energy, directly used for
gas compression, and mechanical energy,
necessary to compensate for losses due to friction
in seals, as well as to overcome hydraulic
resistance of heat exchangers and gas pipelines.
The principle of operation of such devices is
based on cyclic changes in the temperature of the
working fluid when in contact with warm and cold
sources.

The most important result of the work is the
development of a small-sized thermos-
compressor with heat exchange processes
provided by the introduction of the internal heat
regeneration process between the heater and
cooler through the built-in regenerator in the
displacer.

In addition, the created low-temperature
thermos-compressor differs from machines of the
traditional type in several design and operational
advantages. The drive based on permanent
magnets eliminates the seal node and ensures the
tightness of the working volume, preventing the
penetration of oil and other by-products into the
technological process, which is very significant
for the inert gases production.

If there are high-boiling components in the
pumped mixture, the minimum coolant
temperature should be limited to avoid phase
transitions  (condensation or freezing). A
promising option for this is a heat removal scheme
using an intermediate coolant - krypton. Krypton
is more preferable because it is safe and, at the
same temperatures, its boiling pressure is
30...40% lower than, for example, that of
methane.

This thermo-compressor can operate at
pressures of P > 10 MPa and at a moderate
compression ratio of 1.2...1.4, and also use the
exergy of cryogenic product vapors, such as N,
for driving.

At moderate coolant temperatures of 7, >
150 K, the maximum compression ratio iS omax <
14.

In the case of compressing pure gases, such as

helium, the coolant temperature can be reduced to
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T. = 90 K. At the same time, the maximum
compression ratio increases t0 omax < 1.8, and the
performance under otherwise equal conditions
increases by at least two times.
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