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JOCJIIKEHHS EGEKTUBHOCTI 3ACTOCYBAHHS EHEPI'Ti

PEKYIEPAIIL B CUCTEMI TSTOBOI'O EJEKTPOIIOCTAYAHHS

IMBUJIKICHOI'O TPAMBAIO M. KPUBHU PIT

Kyxra 0.0., crynent, KpuBopizbkuii HanioHaJbHUi yHiBepcUTET

INVESTIGATING EFFICIENCY OF RECUPERATION ENERGY USAGE
FOR EXPRESS TRAM PULL-DRIVEN POWER SUPPLE IN KRYVYI RIH

CITY
Kukhta O.0., Kryvyi Rih National University

AHoTtanisg. Y crarti 3aidCHEHO aHai3 e(eKTUBHOCTI BUKOPHUCTAHHS PEKYNEpaTHBHOIO TaJlbMyBaHHS Ha
CJIEKTPOIIPUBOJIAX TPaMBaiB MICHKOTO I'POMaJICBKOr0 TPAHCIOPTY Ta HOro BIUIMB Ha TATOBY eleKTpuuHy Mepex KIT
«IIBunkicHuit TpamBai». 111 11b0T0 y poOOTi, HABEICHO NaHi PO MapK MiAIPUEMCTBA, OyII0 JOCHTIHKEHO IIBUAKICHUH
Jiama3oH TaJbMyBaHHSI, BU3HAYEHO MOJIY IIBUAKICHOTO Jlialla30Hy, PO3PaxoBaHO KUTBKICTh PEKyIIEpaTUBHOI €HEpTii Bif
OJJHOTO TaIbMYBaHHS 1 MPOTATOM poOo4oi 3miHu. [IpoBeneHo NOpiBHSHHS T'eHepYyBaHHs €HEpril peKynepalii TpamMBaiB
y CKJaJHI OJHOIO i JIBOX BaroHiB, 3 ypaxyBaHHAM HacaxupiB. OmMcaHO, SK MOKPALIUTH SKICTh 3reHEpOBaHOT
eIIEKTpoeHepril. Y pe3yipTaTi NPOBEACHOTO OCIIKCHHS BCTAaHOBJIEHO, L0 3a JOINOMOIOI pPEKyNepaTHBHOIO
raJbMyBaHHsS MOXHA MOBEpHYTH 19 % cIIOXKUTOI eNeKTPOSHEPTil y EHeprocucTemy.
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Abstract. The article analyzes the efficiency of use of recuperative braking on electric motors of trams of urban
public transport and its influence on traction electric networks of Municipal Enterprise "Express tram”. To do this in the
work, data on the fleet of enterprises was given, the speed range of braking was investigated, the speed of range was
determined, the amount of recuperative energy from one braking and during the working shift was calculated. A
comparison of the generation of tram recovery energy in the complex of one and two cars has been made. Describes
how to improve the quality of the generated electricity. As a result of the study, it was found that by means of
recuperative inhibition, 19% of the electricity consumed by the power system can be returned.

KuiiouoBi ciioBa: pexyrnepaTUBHE TaIbMyBaHHS, MICBKHI €JIEKTPOTPAHCIIOPT, EHEProCUCTeMa, eHeproe(eKTHBHI
TEXHOJIOTI1.
Key word: regenerative braking, city electric transport, power system, energy efficient technologies.

IMocranoBka mnpo6aemu. TeHICHIIS 10 CTPIMKOIO 3POCTaHHS YaCTHHU EJIEKTPOTPAHCIIOPTY B CTPYKTYpi
TPAaHCIIOPTHUX 3aco0iB VIS TEPEeBE3CHHs JIIOJCH, II0 CKJIanacsi OCTaHHIM 4YacoM, HPHU3BOAMTH 10 HEOOXiIHOCTI
MiABUIyBaTH €(EKTUBHICTh HOro 3acrocyBaHHA. OJHMM 31 HIISAXIB JOCSATHEHHS Li€l METH € 3aCTOCYBAaHHS METOIY
pekyrnepalii, KoTpa nepedadae MOBEPHEHHS YaCTHHU €HEprii, 10 CHOXXMBAE MPUBOJ TPAHCHOPTHOTO 3aco0y Hazaa y
Mepexy kuBjieHHs. CydacHi eleKTpOoKapH, eeKTPHYHI BEJIOCUIIE/IB 1 CKyTepH OCHAIIEHHI 00IaIHaHHSM, 1110 JJO3BOJISE
peanizyBaTn Ha HHMX pEKylepaTHBHE TrajbMyBaHHA. [IpoTe Ha MICBKOMY €JIEKTPUYHOMY TPAHCIIOPTI 3a3BHYA
BUKOPHCTOBYIOTh 3aCTapijie yCTaTKyBaHHs, KOTpe He 3a0e3Medye TeXHIYHOT MOKIMBOCTI BUKOPHCTOBYBATH 3a3HAauUCHHUN
MeTon. BpaxoByrouu, [0 TPOMAJIChKHH ENEKTPOTPAHCIIOPT € HaWOUIbIl EHEeProEMHUM CHOXKHBAuYeM MiChKUX
CIEeKTPUYHUX MEpeX, TO JOCTIHKEHHS eQEeKTHBHOCTI 3aCTOCYBaHHS pEKYNEpaTUBHOIO TajJbMyBaHHSI Ha HOro
CJIEKTPONPUBO/IAX, a TAKOXK OOIPYHTYBaHHs Ta BUOIp 3acO0iB [T peaizallil pexyrmepaiii, € J0CTaTHbO aKTyaJbHUM 1
CBO€YACHUM 3aBJIaHHSIM.

AHaJIi3 0CHOBHUX JOCJi/IZKeHb i myOrikaniii.

Y pobori [1] mocmimkyeTbess eQEKTHBHICT 3aCTOCYBaHHSA pEKyIepamii eHeprii y CHCTeMax TATOBOTO
CJIEKTPOIIOCTAYaHHS. ABTOpPAaMH ONMCYIOTbCS 3arajbHi NPUHOUIM MOOYZOBH PO3PaxyHKOBOI MOJENi TSATOBOTO
€JIEKTPOIIOCTAYAHHS 3aJII3HUYHHUX JIOPIT TOCTIHHOTO CTPYMY, @ TaKOXK BHUKOHYETBhCS aHANi3 aJeKBATHOCTI OTPUMAaHOI
Mojen pearbHOMY 00’€kTy. OmiHKa eHeproeeKTHBHOCTI PEKYIEpaTHBHOTO TalbMyBaHHS 3MIHCHIOETHCS IIIJISIXOM
iMiTallifHOTO MOJENMOBaHH:A y mporpamMHoMy 3abe3nedeHHi «kKOPTOCy. Po3pobiena po3paxyHKOBa MOJEIh CHCTEMH
TATOBOTO CICKTPONOCTAYAHHS 3aTI3HUYHUX JOPIT MOCTIHHOTO CTPYMY.

Jocnipkennst [2] npucBsiueHe po3poOili METOANKH TEXHIKO-€KOHOMIYHOTO OOIPYHTYBaHHS AOLIJIBHOCTI 3aMiHN Ha
TSATOBHX IiJICTAHIIISIX HEKEPOBAaHMX BUIIPSIMIITYIB HA IEPETBOPIOBAJIBHUI KOMIUIEKC, IO CKIIAJAE€ThCs 3 KEPOBAHUX
BUIPSIMJISIYIB Ta IHBEPTOPIB, Ta BCTAHOBJICHHS Ha ICHYIOYHMX EJIEKTPOBO3aX CHUCTEM PEKyNEPaTHBHOIO rajbMyBaHHS.
3arnpornoHoBaHa METOIMKa TEXHIKO-€KOHOMIYHOTO OOIPYHTYBaHHSI.

Y poboti [3] aBTOpamMH 3anpONOHOBAHO METOJ MiABHMIIEHHS e(EeKTUBHOCTI pekymepauii eHeprii y cucremi
TATOBOTO €JIEKTPONIOCTAYaHHS 32 PAXYHOK BHKOPHUCTAHHSA €HEPrOEMHUX KOHAEHCATOPIB y SKOCTI IOJAaTKOBHUX DKEpeEll
eHeprii Mpu HepiBHOMIPHOMY pyCi JJOKOMOTHBA. BCTaHOBIIEHO, 1110 BUKOPUCTAHHS €HEPTOEMHUX KOHICHCATOPIB OiITBII
JIOPEYHE HIXK BUKOPHCTaHHS aKyMyJisiTopiB. OnTHMaabHa EMHICTH KOHICHCATOPA MMOBHHHA OyTH B miana3zonil0-20 .

Hespaxkaroun Ha BEJIMKY KUIBKICTb POOIT IPHCBSAYECHUX 3aCTOCYBAHHIO PEKYIIEPATHBHOIO TAJIbMyBaHHS Y CHCTEMax
TATOBOTO €IEKTPOIIOCTAYaHHs, Ha TEIIEPINIHIM Yac HeJIOCTATHBO YBArH MPHUAICHO JTOCHIHKSHHIO peKyTiepaii eHeprii y
CJIEKTPUYHHUX MEpPekaX MiCbKOTO TPAHCHIOPTY.

Mera crarri. Jocmigutn e(eKkTHBHICTh 3aCTOCYBaHHS €HEprii pekymnepauii B CHCTEMI MICBKOTO TSTOBOTO
€JIEKTPOIIOCTAYaHHSL.

Bukiaa 0CHOBHOT0 MaTepiany H0CTilzKeHHS.

VY sKxocTi 00’€KTY HOCTIDKEHHS po3riiaanacs enexkTpuuHa mepeka KII «llIBunkicHuid TpamBaii» micta Kpusoro
Pory. ExcrutyaraniiHuii mapk IianprueMcTBa ckianaetbes 3 40 TpamBaiB, Ha SKMX BHKOPHCTOBYIOTHCS BarOHM THUITY
Tatra T3M Tatra T3SU, Tatra T3M, 71-611, a takox Tatra K3R-N. Ha mianpueMcTBi BUKOPHCTOBYIOThH IOJBOEHI
BaroHu

Jl1st mpoBeneHHsT PO3paxyHKiB 3aMpONOHOBaHO po3risaaTu TpamBail Tatra T3M 3 eneKkTponpuBOIOM MOCTIHHOTO
cTpymy. EnekrponpuBos nepegoadae 3aCTOCYBaHHS PE3UCTOPHOIO TAIbMYBaHHS IJIsl 3yITUHKK TPAHCIIOPTHOTO 3aCO0Y.
3nificHUMO OLIIHKY e(heKTHBHOCTI 3aCTOCYBaHHs pekynepaTuBHOro ranbmyBanHs (PI') 3 Bigmauoro enekrpoeHeprii y
TSTOBY CHCTEMY €JIEKTPOIIOCTaYaHHSI.

MinimManbHa MBHUIKICTH KIacuaHOro PI” Moke OyTH BH3HAYeHA HACTYITHUM YHHOM [5]:

Up > Upy + i, " Lo, " Ips

YE=Uy+ I Rg, 1)
ne E —e.p.c. obepranns TE]L, B;
U, — Hampyra KOHTaKTHOT Mepexi, B;
I,-—peKynepanifinuii cTpym, A;
Ry— pekynepariiiiauii omip, Om
_ 3,6mDy

3 BpaxyBaHHsM Toro, mio E = C, D, N, , NeEPETBOPIOEMO BUpa3 (1) 1o HacTynHoro suriany [S]:
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(U + Ip[‘ " RK) * 3,67TDk
C, D '
” e n
ne V,— nouatkoBa mBUAKicTEPT, kM/To;
C,— mocTiiiHa TATOBOTO JBUI'YHA;
@, — MarHITHHUHA TOTIK TATOBOTO JABUTYHA, BO;
D, — niameTp KoJieca, M;
N, —4acToTa 00epTaHHs TATOBOIO ABUIYHA, 00/XB.;
U — TepeaTHe YUCIIO PeAYyKTOpa.
BpaxoBytoun, 1o MiHiMasIbHa IBUIKICTH KitacuuHoro PI" mae micue npu @= @,,,, , maemo [5]:
_ (U +1Ipr - Rg) - 3,6mDy ‘n 3)
r = ar
uCe®y
Bymno BuKOHaHO aHai3 MIBHIKICHOTO Iiama3oHy TajdbMyBaHHS TpamBaio Tatra T3 mpotarom pobodoi 3miHH.
Pesynpraty po3moainy MIBHAKOCTEH raJbMyBaHHS 3a 4aCTOTOIO BUHUKHEHHS HaBeAeHI Ha puc. 1. Jlani oTpuMmani 3a
noromoroto BcranoBieHoro GPRS-monyss, sikuit 3ammucye mBUAKICTh pyXy 00’ €KTa.

15 20 25 35 40 45 50 55 60

MoyaTKoBa WBWUAKICTb raibMyBaHHA U, KM/rog,

KinbKicTb ranbmyBaHb, n
= = N N W W
o Uun o u1n o un

o O

Pucynok 1. I'padik po3mnoaiay MBUIKOCTEH HA MOYATKy raJbMyBaHHs TpaMBas Tatra T3M Ha AinsHII TATOBOT
migcranmii Ne 54
3arayibHa KUIBKICTh TaJlbMyBaHb 3a po00dy 3MiHY IPH MPOBEICHHI SKCIICPUMEHTY ckiana 117 ranbMyBaHb UL
omHoro TpamBas. IlpoaHamizyBaBmm Tpadik MOXKHa 3pPOOWTH BHCHOBOK, IO Yy [iama3oHi IIBHIKOCTEH
0 < vr < 45 xv/rox BinOyBaeTscst Onmm3pko 81% rameMyBaHb TpamBaio. [Ipm mocmimkeHi Oyiio BCTAHOBJICHO IO
HaOLIbIIA KITBKICTh TAIBMYBaHb- 29 1T OyIia IpH MIBUAKOCTI 35 KM/TOZ.
Jlnist BU3HAUCHHS PiBHSI TeHepallii eleKTpoeHeprii 3a 0/THE TajlbMyBaHHs BUKOPUCTOBYEMO:
Apgx = Mpek " Ak 4)
mVF2 . . .
ne Ag = —, ~ KiHeTHYHa CHEeprist eneKkTponoizay, JIx;
Npgk — K.K. 1. KIIACHYHOI'0 PEKyIIEPATHBHOIO TaIbMyBaHHS.
PesynbraTi po3paxyHKIB I8 TpaMBaro Macolo m=21 T 3 ypaxyBaHHSIM MacH JIIOAEH MPH MBUAKOCTI I'aJIbMyBaHHS
35 KM/TOJ1 IEMOHCTPYIOTb, II0 TIPH BUKOPUCTaHHI TPaMBaIo 3 OJJHUM BaroHOM BinOyBaeThes reHepanis 6,05 kBt rox 3a
OJTHE TJIbMYBaHHs, a IPH BUKOPHCTaHHI 1BOX BaroHiB —12,09kBt-rox.
PesynbraTi po3paxyHKIB OOCSTIB €JIEKTPOCHEPrii, IO I'CHEPYeThCs IPH PEKyNEepaTUBHOMY TralbMyBaHHI IIPH
PI3HMX TMOYATKOBHX IIBUAKOCTSX PYyXY, 3 YpaxyBaHHSM 3arajibHOI KiJIbKOCTI TaJbMyBaHb NPEACTaBIEHI Ha rpadiky

(puc. 2).
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Po3paxyHOK 3aneXHoCTi ApeKk TpamBas

400
350
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PucyHok 2. 3anexHsicTs Ay (V,) Tpamsas Tatra T3

Jlns BU3HAUCHHS 3arajibHOI 3 T'€HEpOBAaHOI GHEprii BaroHOM, SKIIO BCTAHOBUTH cucteMu PI', BUKOpHCTOBYIOUH
BECh Jiara30H MIBUKOCTEH IMOYaTKy IajJbMyBaHHS:

2
Apgrc = X e * mzr .

ne K — kinbkicth niana3oHis raasmyBanss (0 — 5 km/ron, 5 — 10 km/romx i T.1.);

N — KUTBKICTh TaIbMyBaHb B TAHOMY Jiara3oHi IIBHIKOCTEH;

Npgk — K.K.JI. pEKYIIEPaTUBHOTO TaIbMyBaHHSI.

Po3paxyHOK 1MoKa3aB 10 MPH HASBHOCTI PEKyINEpaIiifHOro ralbMyBaHHs, 3TeHepoBaHa eHepris ckiane 18,37% Big
3arajibHOI CTIOKHUTOI EHeprii.

JocnimxenHsiM [4] BCTaHOBIIEHO, IIO €IEKTPOTPAHCIIOPT B PEXMMI PEKyIMepalii reHepye B KOHTaKTHY MEpPEexXy
@JIEKTPOCHEPTII0 HU3BKOI SKOCTI (3a3BUUaii IMITYJIbCHOTO XapaKTepy), 1110 BHOCUTH Y (JOpMy KpHBOI CTPyMy J0IATKOBI
cnotBopeHHs. JIJis miIBUIIICHHS SKOCTI PEKyIepalliiiHOi eHeprii HeoOXiTHO 3aCTOCOBYBATH JI0JIATKOBI TEXHIYHI 3aCO0H,
HAaIpHKJIIa, IMITyJIb,CHUH PETYISATOp HANPYTH.

®)

BucnoBok: JlocnijvkeHO e(eKTHBHICTh 3aCTOCYBaHHS €Heprii pekymnepamii B CHCTEMI MICBKOTO TSTOBOTO
enekrpornoctauands Ha mpukiani KIT «llleBuakicHuit TpamBaii» M. Kpusoro Pory. EkcriepuMmeHTanbHO MPOTATOM
po6o10i 3MiHM BCTAaHOBJIEHO Jialla30H IMBHIKOCTEH TajdbMyBaHHS BaroHiB 1 po3MOJia i1 3a 4acTOTOIO BUHHUKHEHHS.
Pexynepariiina enekrpoenepris ckianae 19,84%, npu orpumanoMy niarma3oHi mBukocTeld. [Ipu 30inbIneHi giana3ony
MOJKJIMBE 30UTBIICHHS PiBHA reHepaiii eneprii. HacTymHi mocimipkeHHss OyayTh MPHUCBSYCHI aHATI3y CPEKTHBHOCTI
PEKyIepaTUBHOTO TaJIbMYBaHHS y CUCTEMi, KOJIM OJHMH TpaMBail OyJie BiJIIaBUTH SHEPTiI0 Y MEepexy, a iHmui Oyne ii
CIIOXXKHUBATH.
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MATEMATUYHE MOJAEJIOBAHHA INUHAMIKHA
TEILJIOMACOIEPEHOCY B ITPOLIECI )KAPIHHS OJIIMHOI
CUPOBHUHH

1 27y
CopoxoBa H.M., A.T.H., ¢c.H.c., “[inyp B.B., K.T.H., 101eHT.
1IHcTnTyT TexHiuHOI Temogizukn HanionaabHoi akagemii Hayk Ykpainu, Knis
’YMaHchKHil HANIOHAILHMII yHIBEPCHTET caliBHUITBA

MATHEMATICAL MODELING OF DYNAMICS OF HEAT AND MASS

TRANSFER IN THE PROCESS OF FRYING OILSEEDS
'Sorokova N.N. ScD, ?Didur V.V. Ph.D.
!Institute of Engineering Thermophysics of the National Academy of Sciences of Ukraine, Kiev
2Uman National University of Horticulture

AHoTaniss. Po3po0sieH0 MaTeMaTHYHy MOJENb 1 YHCEIbHUN METO] PO3PaXyHKY TUHAMIKH TEIIOMACOIICPCHOCY Ta
(ha30BUX MEPETBOPEHB B MPOIIECI BOJIOTO-TEIUIOBOT 00POOKH NMOAPiOHEHOT OMHOT CHPOBHUHM (M’ ATKH) B OaraTo4aHHiN
JKapOBHI MIJTIHAPWYIHOT KOH(]Irypamii mpu KOHAYKTHBHOMY Ti/IBEJCHHI TEIUIOTH. Bomoro-TemioBa oOpodka M’ SITKH €
CKJIaJIOBHM TIPOIIECOM B TEXHOJIIOTii BUTOTOBIICHHS POCIMHHOI 0Iii. BOHa CympOBOMKY€EThCS IEBHUME O10XIMIYHIMH 1
CTPYKTYPHUMH 3MiHAMHU Matepiaiy, CIpsSIMOBaHUMHE Ha IIiIBUIICHHS BHUXOIY Ta SKICHUX MOKAa3HUKIB 0Jii. OCHOBHOIO
YMOBOX OOCSATHCHHS HeO6Xi,I[HI/IX SIKICHAX 3MIH € JOTPUMAaHHsS 3aaHOTO TeMHepaTypHO-BOJIOFiCTHOFO CTany M’ SITKH
npu 00podui. Maremarndra Mojens OyayBaiach Ha 0a3i Hu(epeHIiasHOTO PIBHAHHS MEepeHoCy cyOcTaHIii (eHeprii,
MacH, IMIyJabCy) B cHCTEMaX, 10 AcGopMyroThCsi. BoHa BKIIIOYA€ pIBHSHHS MEPEHOCY €HEpril Ta piBHSHHS
MacoIepeHoCy pinkoi, mapoBoi 1 mMOBITPsAHOI (a3 B JAUCHEPCHIM KOJOIAHIA KaMUIAPHO-TIOPUCTIH CHUCTEMI.
CcopmysboBaHo KpaiioBi yMoBH. P03po0ieHO YHMcensHMH METoi po3paxyHKy. [IpoBeneHO po3paxyHOK JMHAMIKH i
KIHETUKU JKapiHHS PELUHOBOT Me3rd Ta BepH(IKaI[il0 OTPUMAHUX pPE3yJbTaTiB, 110 CBIAYUTH IIPO aJIeKBATHICTh
MaTeMaTU4HOi MOjeNi, e(pEeKTUBHICTh YHCEIHFHOIO METOAY Ta JOLIJBHICTh X BHKOPUCTAHHS NpPU po3poOIi Ta
ONTHMIi3alil PeXKUMIB JKapiHHS y BIANOBITHUX YMOBAX Pi3HUX BH/IIB HACIHHS OJIiHHUX KYJBTYD.

Abstract. A mathematical model and a numerical method for calculating the dynamics of heat and mass transfer
and phase transformations in the process of wet-heat treatment of crushed, oilseed raw materials in multipanel roasters
of cylindrical configuration with conductive heat transfer are developed. Wet and heat treatment of crushed oilseeds is
an integral part of the process of manufacturing vegetable oil. It is accompanied by certain biochemical and structural
changes in the material, aimed at increasing the yield and quality of oil. The main condition for the achievement of the
necessary qualitative changes in the pulp is the observance of the given temperature-humidity regime during processing.
The mathematical model was based on the differential equation of substance (energy, mass, impulse) transfer in
deformable systems. The model includes the energy transfer equation and the mass transfer equation of the liquid, vapor
and air phases in a dispersed colloidal capillary-porous system describing the heat and mass transfer in each vessel of
the apparatus. It is closed by the formulas for the intensity of the phase transformation of the liquid and the vapor, the
diffusion coefficients, taking into account the activation nature of these processes. The boundary conditions for the
system "hot wall - moist layer - wet air" are formulated. A numerical calculation method is developed based on an
explicit three-layer recalculated difference scheme M.I. Nikitenko, who possesses properties of explicit and implicit
difference schemes.

The calculation of the dynamics and kinetics of roasting of the reciprocal pulp and the verification of the results are
carried out. They indicate the adequacy of the mathematical model, the efficiency of the numerical method and the
expediency of their use in developing and optimizing the roasting regimes in the corresponding conditions of different
types of oilseed crops.

KurouoBi ciioBa: maTeMaruune MOJCIOBAHHA, TCIIJIOMACOIICPEHOC, (1)a3OBi NIEPETBOPCHHA, )KapiHHSI, OaraToyaHHa
YKapOBHJ, M sITKa, Me3ra, AUCIIEPCHUH IIap, TypOiHHA MilTaka.

Keywords: mathematical modeling, heat-mass transfer, phase transformations, roasting, multipanel roasters, mint,
mesh, disperse layer, turbine mixer.

@opMyTIOBaHHS TPOOJeMH i aHANI3 OCTaHHIX JOCATHeHb. BosororemioBa o0poOka MoApiOHEHOT OJIIHHOT
CUpOBUHM (KapiHHS) € CKJIaJOBUM MPOIECOM B TEXHOJIOTII BUTOTOBJEHHS POCIMHHOI OJIii, IO CYIPOBOKYETHCS
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