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CHOICE OF OPMIMUM MATERIAL FOR STRENGTHENING
THE ENTRANCE EDGES OF STEAM TURBINE ROTOR BLADES

D. Gluschcova, Prof., D. Sc. (Eng.), E. Grinchenko, Eng.,
Ph. D. (Eng.), Ye. Voronova, Assoc. Prof.,
Kharkov National Automobile and Highway University

Abstract. The influence of electrode material on the state of surfacing layer of steam turbine rotor
blades is researched. The strengthened layer was produced by electro-spark alloying, using alloy
T15K6 and steel 15X11IM®IIL The microstructure, microhardness and thickness of surfacing layers
were investigated. The advantages of steel 15X11M®III for strengthening the entrance edges of steam
turbine rotor blades which makes it possible to simultaneously harden both the entrance edges of ro-
tor blades as well as increase their erosive resistance are grounded.

Key words: electro-spark alloying, electrode, surfacing layer, microstructure, microhardness,
strengthening.
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AnHomayus. Hccneoosano enusHue Mamepuana 31eKmpood Ha cOCMOsiHUe HaANIaeleHHo20 Clost pa-
0ouUX IONAMOK NAPOBLIX MYPOUH. YNpouHeHHbIll CIOL POPMUPOBATICS NIEKMPOUCKPOBLIM Ne2UPO8A-
Huem cnaasom T15K6 u cmaneio 15X11M®III. Hcenedosanucy Mukpocmpykmypd, MuKpomeepoocms
u moawuHa HanaaeneHHozo cios. Obocnosanvl npeumyuecmea cmanu 15X11M®II ons ynpounenus
BXOOHBIX KPOMOK pabO4Ux TONAMOK NAPOGLIX MYPOUH.
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AHnomauisn. [JocniodxceHo ennue mamepiany eiekmpooa Ha CMAaH HAWIAeIeH020 uapy poooyux Jiona-
mox napoeux mypoin. 3miynenuit wiap gopmysascs enexmpoickposum nezyeansim cniasom TISKG6 i
cmannio 15X11M®II. Jlocrioscysanuce Mikpocmpykmypa, Mikpomeepoicms i moeuuHa HaniaeieHo-
20 wapy. Obipynmosano nepeeazcu cmani 15X11IM®III ons 3miynenHs 6XiOHUX Kpaliox podoouux
JIONamoK naposux mypoin.

Kiwuogi cnosa: enexmpoickpose ne2y8aHHs, eleKmpoo, HANJIA6AeHUll uap, MiKpOCmpyKmypa, Mik-
pomeepoicmo, 3MiYHEHHSL.

Introduction ditions require high hardness of leading edges.
Further, erosion damage reduces their resistance.
Rotor blades of steam turbines determine the To increase the service life of the blades the

serviceability of the turbine. Their working con- leading edges areexposed to such processing
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methods like hardening by high frequency cur-
rents and applicationof the widely used alloy
T15K6 based on carbides 7i and W asareinforc-
ing electrode. The binder for this alloy is Co.

Analysis of publications

However, the mode of operation of the blades is
such that requires increased resistance to
shockerosion, lack of adverse influence of coat-
ing formation parameters on mechanical proper-
ties, high corrosion properties.

Application of the above methods has limita-
tions. Thus, using the high-frequency current
makes it difficult to technically temper the radi-
us blend from the blade airfoil portion to the
bookshelf bandage and use of the widely applied
alloy T15K6as a reinforcing electrode is limited
due to the presence of cobalt - an element that as
a result of activation forms long-lived isotopes,
which reduce the erosion resistance of blades.

In connection with the above, the objective of
the present work was to develop a method that
would enable to simultaneously reinforce the
leading edges of the blades and reduce their ero-
sion resistance.

Purpose and problem statement

In the given paper there were tested two materi-
als to be used as an electrode: alloy T5K16 and
steel 15SH11MFSH.

The electric spark method is based on the phe-
nomenon of electric erosion of materials under
spark discharge in a gaseous medium, the polar
erosion product transport on the layer of modi-
fied structure and alloy. As a result of electrical
breakdown of the interelectrode gap there occurs
a spark, in which the flow of electrons leads to
local heating of the electrode (anode) [1]. On the
surface of the cathode under the influence of
high thermal loads there is carried out mixing of
both the cathode and the anode material that
promotes the formation of proper adhesion be-
tween the substrate and the formed layer. Figure
1 shows the general scheme of the electro-
sparkalloying [ESA].

The composition of the doped layer may differ
significantly from the composition of the raw
materials. It is caused by the specifics of the
ESA impact, which consists in the ultra-high
heating and cooling rates, the contact of surfaces
to each other and with the surrounding elements

of the environment under pulse exposure to high
temperatures and pressures.

Anode structure

‘White layer
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Fig. 1. General scheme of the electrospark alloy-
ing

The study was conducted, using samplesof steel
ISH11MFSH that was thermally treated to ob-
tain the hardness of 285NV with removing the
decarburized layer to the depth of 1mm along
the hardening plane. Workson strengthening the
samples were carried out, using electrospark
equipment EIL8A.

Results of investigation and their
discussion

The microstructure of the base metal of speci-
mens presents sorbitol with retaining orientation
along martensitic planes. The structure of the
samplesis of different uniformity, the structure
contains grains of different etchability, and the
size of the needles corresponds to 7-8 points

(Fig. 2).

Fig. 2. Microstructure of the main sample metal

Control of the hardened surface is carried out by
visual inspection with a magnifying glass with x
3, x 10 power.



ABTOMOOMNBLHLIA TPAHCNOPT, Bbin. 39, 2016

On the surface of the samples after hardening by
both alloy T15K6and steel 15H11MFSH defects
such as cracks were not revealed. Fig. 3 shows
the appearance of the surface hardened by alloy
T15K6. The layer is homogeneous, fine-grained
and in some places there can be found small
sizecraters.

|
[ .

Fig. 3. The appearance of the sample surface
strengthened by alloyT15K6

Fig. 4 shows the appearance of the surface hard-
ened by steel 15SH11MFSH. The layeris homo-
geneous, fine-grained, has small craters in small
quantities.

ﬁ

Fig. 4. The appearance of the sample surface,
hardened by steel 15H11MFSH

To assess the quality of adhesion of doped lay-
ers with the substrate, the samples after harden-
ing were tested according to the following
scheme:

— samples NeNel,2 were tested for bending at an
angle of 90 °, using a mandrel R =20 mm;

— samples NeNe 3,4 were tested for bending at an
angle of 70 °, using a mandrel R = 40 mm.

The test results are shown in Table 1.

When viewingthebends the peel of the hardened
layer from the base metal was not detected.
Measurement of the thickness of the hardened
layer was carried out in sections, manufactured
according to the cross-sectional plane of the
sample.

Table 1 Bending Test Results

Sample Test

brand Material results Notes
No in the place of
1 T15K6 ruination bending
detected tears
No in the place of
2 15X11MOII ruination bending
u detected tears
No in the place of
3 15X11MOII ruination bending no
u detected tears
No in the place of
4 15X11M®DIII Lo bending no
ruination

detected tears

The surface hardened layer is characterized by
heterogeneity of the layer thickness, but the av-
erage value of the thickness in case of hardening
by alloy T15K6 and steel 15H11MFSH is virtu-
ally identical (Fig. 5).

t 2

1 2

Fig. 5. Histograms of the mean values of the
hardened layer thickness: 1 — by alloy
T15K6; 2 — by steel steel 15SH11MFSH

Study of the microstructure of the deposited lay-
er showed that the structure is homogeneous,
almost no etchability. In some places there were
detected individual pores. When surfacing by
steel 15SH11MFSH, the layer structure is of
mainly dendritic structure. In the surface layer
of the base metal under high temperatures there
was observed the formation of the light etchabil-
ityzone formed by diffusion of the electrode ma-
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terial into the sample depth, and the dark-
etchability zone of under alloying. In some plac-
es there were detected pores.

Fig. 6 shows histograms of microhardness
measurement in the zone «hardened layer - base
metal» of the samples under study.
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Fig. 6. Histograms of microhardness measu-
rement in samples hardened by alloy
T15K6 (1) and steel 15SHI1MFSH (2): a —
deposited layer; b — transition (diffusion)
zone; ¢ — HAZ (~ 0,05 mm from the bor-
der); d — HAZ (~ 0,1 mm from the border)

As it follows from the above histograms, in all
areas the micro-hardness at hardening by alloy
T15K6and steel 15HI1MFSH is practically
identical.

Conclusions

When there was performed visual inspection and
carried out metallographic analysis of samples
reinforced by the electrospark method, using the
equipment EIL 8A by electrodes made of steel
15SH11MFSH and hard alloyT15K6 cracks were
not revealed.

When conducting the bending test, none of the
samples, hardened by both the solid alloy
T15K6 and steel 15H11MFSH, failed.

On examination of the bends, the peel of the
hardened layer from the base metal was not de-
tected.

The average thickness of the surface layer hard-
ened by both alloy TI5K6 and steel
15H11MFSH was virtually identical.

The microhardness of the deposited layer, the
transition zone, HAZ at different distances from
the border when using both the hardened alloy
T15K6 and steel 15H11MFSH do not practically
differ.

6. Based on these studies it is recommended to
replace the applied reinforcing electrode made
of alloy T15K6 and steel 1SHI1MFSH to in-
crease the hardness of the leading edges of
steam engine rotor blades.
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CTPYKTYPHA MOJAEJIb CUCTEMM YIIPABJIIHHSA
POBOYUM ITPOLHECOM EKCKABATOPA

O.I'. T'ypko, nou., K.T.H.,
XapkiBcbKkuii HaniOHAJIBbHHUI ABTOMOOLILHO-10POKHIi yHIBepcUTET

AHomauia. Ha ocHosi ananizy 3a60aHs, 5KI NOBUHHI GUDIULYBAMUCS CUCMEMOIO ABMOMAMUYHO2O
VIPAGNIHHS POOOYUM NPOYECOM 2IOPABNITUHO20 eKCKABAMOPA, 3aNPONOHOBAHO I€EPAPXIUHY CIMPYKIYPY
cucmemu ynpaeninus. BukoHano OekomMno3uyiio npoyecy YHpAGNiHHA, WO 00360JUI0 pO3pooumu
CmMpYKmypHy MooOellb, sKa 8i000padicae ocodrueocmi bazamopisHesoi mepumopianbHo-po3nooineHol
cucmemu ynpaeniHHs pooouuUM NPOYecom eKcKkasamopa.

Knwuogi cnosa: exckasamop, 3emisHi podomu, agmomamusayis, Cmpykmypa, niaHy8aHHs 3a60aHb.

CTPYKTYPHASA MOJEJIb CUCTEMBI YIIPABJIEHUSA
PABOYYM ITPOLHECCOM 3KCKABATOPA

A.I'. I'ypko, aou., K.T.H.,
XapbKOBCKHI HAIIHOHAJIBHBIH ABTOMOOH/IbLHO-10POKHBII YHHBEPCHTET

Annomauus. Ha ocnose ananusa 3a0ay, Komopule 00JIHCHbl PeulamvbCs CUCTNeMOU a8MOMAINUYeCKO-
20 ynpasiieHus padoyumM Npoyeccom 2uopaeIuyecKko2o KCKAeamopa, NpediiodceHd UepapXuyecKas
cmpykmypa cucmemvl ynpasieHus. Boinonnena dekomno3suyus npoyecca ynpaeneHus, 4mo no360aulo
paspabomams  CMPYKMYPHYIO  MOOEJIb, ompadxicalowyio - 0CobeHHOCmuU — MHO20YPOBHEBO
MeppumopuaibHO-PACNPEOeNEHHOT CUCTEeMbL YRPABGIEHUS. PAOOYUM NPOYECCOM IKCKABAMOPA.

Knrueegvle cnosa: sxckasamop, 3emisnbvie pabomol, asmomMamu3ayus, CmMpykmypa, NIaHUposaHue
3a0ay.

A STRUCTURAL MODEL OF AN EXCAVATOR WORKFLOW
CONTROL SYSTEM

A. Gurko, Assoc. Prof., Ph. D. (Eng.),
Kharkov National Automobile and Highway University

Abstract. Earthwork improving is connected with excavators automation. In this paper, on the basis of
the analysis of problems that a hydraulic excavator control system have to solve, the hierarchical
structure of a control system have been proposed. The decomposition of the control process had been
executed that allowed to develop the structural model which reflects the characteristics of a multilevel
space-distributed control system of an excavator workflow.

Key words: earthwork, automated excavator, intelligent excavation system, structure, task planning.

Beryn

Ha croromni rigpariiuni exckaBatopu (I'E) €
HaAOLTBIT MOMUPEHUMHI MaIlMHAMU TS 3EMJIS-
HUX poOiT. I'E BHKOpPHCTOBYIOTHCS SIK HA BEH-
KAX OyJiBeNpHUX MaliJaHunKax (HampuKial,
npu OyAiBHHUITBI JOpir, mam0 Ta iH.), TaKk i B
00MEXEHUX MICHKMX YMOBaX (MpH CHOPYIKEHHI
TpaHiieif, KoTiIoBaHiB Touio). [Tpu nboMy BUMO-

TH JIO SIKOCTI, IMBUJKOCTI Ta €KOHOMIUYHOCTI BH-
KOHAHHS [IMMHU MallliHAM¥ PoOIT MOCTIHHO M-
BUIYIOTECA. J[0 HETAaBHROTO Yacy BHPIIICHHS
MpoOJIeMH  MIIBUIICHHS ©(EKTUBHOCTI BUKO-
HaHHS 3eMJISTHUX POOIT 37iCHIOBAIOCS B OCHO-
BHOMY TPaJUIliiHUMU METOJaMH — 3a PaxyHOK
yJIOCKOHAJICHHS KOHCTPYKIIiif BY3JiB Ta MeXaHi-
3miB ['E, y ToMy umci it 3a paXyHOK I1iJ[BUIIIECH-
HSl 1X YHIBEpCaJbHOCTI HUISIXOM PO3UIMPEHHS
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HOMEHKJIATYpH Ta CKIAJHOCTI pododoro obxias-
HaHHs1, 30UIbIIEHHS YKciia HOro CTyreHiB Bilib-
HocTi. lle yckiaaHioe poOOTy MalliHiCcTa, BIMa-
rae BiJl HbOTO Jy’Ke BHCOKOI KBauidikarii. Kpim
Toro, yckinaaienss I'E Beje 10 Toro, nio JiroiuHa
BXKE HE B 3MO03i peallizyBaTH BCi MOMKIIMBOCTI Ma-
UIMHKM, @ HelpaBWJIbHI JIil MallMHicTa MOXYTb
NPU3BECTH JI0 HEUITATHUX PEKUMIB pobdoTH i
HEI[ACHUX BHIAJIKIB. ¥Y 3B 53Ky 3 IIUM BUHHKIIO
NPOTUPIYUsi MDK CTPIMKMM PO3BUTKOM Teopii Ta
NPaKTUKU eKcKaBaTopoOyayBaHHs 1 diziosioriu-
HUMH  MOXJIMBOCTSIMH  JIFOJJMHHU-MAIIUHICTA.
[lojionanHst Or0 NPOTUPIYUST MOXKJIMBE JIMIIE
3a PaxyHOK BIPOBa/DKEHHS CHUCTEMH aBTOMa-
TUYHOTO  YTpaBIiHHSA poOOYMM  MPOIECOM
rinparmiuHoro ekckaratopa (CAYPIII'E), mo
JormoMaraTuMe  MallldHICTY TpH  MPOBEAEHHI
3eMIISIHUX poOiT abo IOBHICTIO BizbMe Ha cebe
¢yukuii ynpasniaasg I'E.

AHaJi3 myOaikanin

ITuranHio aBTomaru3aiii poOOUYMX IpOIlECiB
MalIKUH JUIst 3eMJISIHUX POOiT i, 30Kpema, eKcKa-
BaTOpPiB MPUCBAYECHO YuMalto myOJikamiid. 3Hau-
Ha iX KUIbKIiCTh CIIPSIMOBaHA HAa aBTOMATU3ALIII0
Kap’epHUX ekckaBartopiB [1-2]. Hampukinmi
70-x — Ha moyatky 80-x pokiB XX cT. 3’sBIS-
10Thesi pobotu 3 aBromarusaitii ['E. Tak, B 1983 p.
3aXUIIEHO JUcepTaito [3], B sKkiii JOBEACHO, IO
CUCTEMH YHPABIIIHHS €KCKaBaTOpaMH 3 EJIEKT-
pOMEXaHIYHMUMH TPUBOJIAMH HE MOXYTh OyTH
3actocoBaHi juist ynpasiinas ['E, Ta pozpobiieHo
CUCTEMY YIPABJIiHHS ONEPALi€l0 KOMaHHS JiIst
ekckaBatopa EO-4121A. Sk enementHy 06a3zy
CHCTEeMM YNPaBIiHHS BUKOPHCTAHO IiJipaBiiuHi
JOriuHi ejeMeHTd. BHpoBapKEHHS cucreMu
JIO3BOJIAJIO 30UTBIIMTH MPOAYKTUBHICTh €KCKa-
Batopa Ha 14 %, 3MEHIINTH THUTOMY BHUTpaTy
nanuBa Ha 15 %, a TakoX 3HU3WTH HaBaHTaKEH-
HSl HA MAIIFHICTa 332 paXyHOK 3MEHIICHHS YhCia
nepeMUKaHb MEXaHI3MIB I1ijl 4ac KOTIaHHSL.

VY ubomy x poui B CIIIA komnanietro «Southern
California Gas Company» 0yJj10 po3104aro mpo-
rpamy «The Robot Excavator (REX)
Development Program», wMeroto sikoi Oyiio
CTBOPEHHSI poOOTH30BAHOI E€KCKABATOPHOI CHC-
TeMH Al poOiT Mo 3aMiHi Ta30TpaHCIOPTHHUX
KOMyHiKailiii [4]. 3 Toro yacy ocCHOBHa TEHJIEH-
ist po3sutky CAYPIII'E moB’sa3ana 3 ix pobo-
TU3AII€I0 i, BIAMOBIAHO, 3aCTOCYBaHHSIM BiJIIO-
BiTHUX METOJiB pOOOTOTEXHIKH 3 ypaXyBaHHSIM
ocobnuBocteit podouoro nponecy I'E [5-12].

HayxkoBi gocitimkeHHs] B 00JacTi aBTOMaTH3AIlil
poboUMX TNpOLIECiB €KCKaBaTOPiB HPUBEIU JI0
cepiitnoro BupooHuntea CAYPIIT'E. 1lpu npo-
MY JIOCHTH IIMPOKO 3aCTOCOBYIOTHCSI CHCTEMH,
3acHoBaHi Ha BukopucranHi GPS/TJIOHACC i
Ja3epHUX TEXHOJOTiH. Sk mpaBwmio, 1i cucremMn
BUKOPUCTOBYIOTH OopToBi EOM 3 ItojuHO-
MalllMHHUM iHTepdelicoM, SKUli B peallbHOMY
yaci BijjoOpaxkae iH(popmallito npo craH Mallu-
HU 1 KOHirypaiiito poboyoro obuajHaHHs. Ha
OCHOBi oTpumaHoi iHdopmanuil MamMHiCT Mae
MOXIUBICTh KOPUTYBATH CBOI Jlii 3 METOIO Mij-
BULICHHS sKOCTi KonauHs [13—15]. Bka3zani cu-
CTEMHU MPOJNAIOTHCI OKPEMO Ta MOXYTh OyTH
BCTaHOBJICHI Ha BXKE€ iCHYIOUY MaIlIMHY, X0ua
MPOBIJHI BHUPOOHWKM EKCKaBaTOPiB, Taki sK
Caterpillar, Volvo, Komatsu, Bxke BHUKOpUCTO-
BYIOTh iX sK WTarHe objajHanHs. HaiiGinbin
BiJOMUMH MapKaMd CY4acCHUX CHCTEM TaKoro
tuny € TOPCON, Leica, Trimble, TF -
Technologies A/S Ta iH., 110 BUIIYCKAIOTh IIPO-
JYKIIO 31 CXOXUMHM MOXJIMBOCTsIMU., OjiHAK
nepeBaXcHa OUIBLIICTh HABEICHUX CUCTEM € iH-
JIMKaTOPHUMK 200 HaliBaBTOMAaTUYHUMH, OCHO-
BHOIO JIAHKOIO B SIKMX 3JIUIIAETHCS MAITHHICT.

Pe3ynpTat BKazaHWX BHWINE Ta IHIIMX POOIT
3poOUIIN CYTTEBHI BHECOK Yy BHPIIICHHS MpO-
Oisemu aBromatusaiii podouoro npoimecy ['E.
[Ipore aHami3 MUX JOCHIPKEHb MOKA3ye, 10 aK-
THBHINM aBTOMaTH3alil HiUISralOTh, B OCHOBHO-
My, TPaHCHOPTHI orepaiii Ta TEeXHOJIOr YHUH
KOHTYp CTEKEHHS 3a 3aJaHOI0 TPAEKTOPIEI0 KO-
nanHsi; npu upomy pospodbka CAYPIIIE npo-
BOJIUThCs 0€3 BUKOPHUCTaHHS CHUCTEMHOIO Iijl-
XOJ/1y, @ MUTAHHSIM KOMILIGKCHOT aBroMaru3ariil
BChOI'0 €KCKaBaTopa NPWILISIETHCS HEJ0CTATHBO
yBary.

Merta i mocTaHOBKa 3aBAaHHSA

Meroo 1BOro JOCHIKEHHS € MiJBUIIEHHS
edextuBHOCTI podoyoro mpouecy I'E 3a paxy-
HOK po3pobku crpykrypHoi mojeni CAYPIITE.

Jlitst 1OCArHEHHST BKA3aHOI METH HEOOXiJHO BHU-
Jisutn ocHoBHI okpemi 3aBuanHss CAVYPIITE;
3pobutu BUOIp Ta OOTPYHTYBaHHSI CTPYKTYpPHOT
mojeni CAYPIITE.

CrpykrypHuii ananiz CAYPIITE

Posmmpeno ynpasninas podounm mporecom ['E
BHUMAarae BHUPIIICHHS TPhOX 3aBAaHb: TIaHyBaH-
Hsl 3eMIISIHUX POOIT, YIIPaBIIiHHSI [1EPEMIlllEHHIM
I'E i fioro maHinyJjsitopa Ta BUMIpIOBaHHs 3Ha-



ABTOMOOMNBLHBLIM TPAHCNOPT, Bbin. 39, 2016

YeHb MapaMeTpiB, HEOOXIMHUX JUIS JTOCSTHEHHS
uisieit ynpasitinas. Bignosigno CAYPIITE mo-
BHWHHA 3iiCHIOBATH 3a3HauyeHi QyHKIlIT. 3Bigcu
HallOUTRI OMITBHOIO € i€papXidHa CTPYKTypa
CAVYPIITE (puc. 1), ne, 3a aHaJOri€ro 3i CTpyK-
typoto ACY TII, HmxkHIM piBHEM € piBeHb JAaT-
YMKIB, 10 BUMIPIOIOTH HEOOXiJHI mHapamerpu
poLecy, i BUKOHABYMX MEXaHI3MiB, 110 BILIK-
BalOTh Ha 11i napamerpu. Ha 1ibomMy piBHi Takox
3JIHCHIOETHCS Y3rOJDKCHHSI CUTHAJIIB JIATYUKIB
31 BXOJIaMHU YIIPABJISIIOUMX MPUCTPOIB, a ylpas-
JSIIOYUX CHTHANB — 3 BUKOHABUMMH MeEXaHi3-
Mamu, 3a0e3nedyeTbesi 3B’SI30K MK IMijicucTe-
MaMH¥ Ta HaJaHHs iH(popMallii MalMHiICTOBI.
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= . Ta 3aco0H iHTerpalii ¢

Puc. 1. [epapxiuna CTpyKTypa CHCTEMH YTIpaB-
JHHS eKCKaBalitHUMH poOOTaMu

CepenHiit piBeHb — piBeHb 00UNCTIOBATBHIX Ta
YIPaBISIOYNX MPUCTPOIB, MO 3AiHCHIOIOTE 30ip
Ta 00pOOKY JaHUX, siKi MOCTYIAIOTh 3 JJATYUKIB,
Ta (GOPMYIOThH YIIPABIISAIOUi BIUITABH HA BUKOHAB-
4i MExaHi3Mu,

BepxHiii piBeHb — 11€ piBeHb NMPOEKTHOT0 odicy.
Ha upomy piBHi 3/1iliCHIOETHCS TJIAHYBaHHSI 3€-
MIISIHUX POOIT Ta KOHTPOJIb iX BUKOHAHHSI.

CkuaiHicTb npobiieMu apromaru3aiiii poooyoro
npornecy I'E npuBoanTs 10 HEOOXiTHOCTI BUKO-
HaHHSA 11 JTEKOMIIO3UIIil, TOOTO MOJAaHHS KOXKHOT
i3 3a3HaYeHUX 3a/a4 Y BHJII MHOXXHHH B3aEMO-
noB’si3aHuX min3agad. llpm mpomy mnotpiOHO
BUKOHATH CTpyKTypHuil cunre3 CAVYPIIIE,
TOOTO BU3HAYHUTH ONTHMAIbHY a00 HaiOLIbII
pauioHallbHY il CTPYKTYpY.

AHaJI3 CHCTEMHHUX OCOOJIMBOCTEH TMporecy
yIpaBJIiHHS 3eMJIHUMH POOOTaMH  JI03BOJISIE
JUATH BUCHOBKY TPO TEpUTOPiabHO-pPO3MOIi-
nennii xapaktep CAYPIII'E. Posrisinemo poGo-
Ty cUCTeMHU OuThIn JeransHO (puc. 2). Ha mep-
[IOMY PiBHI — piBHI TUIaHYBaHHS 3eMJISTHUX PO-
0iT — 3MilCHIOETBCS PO30UTTS OyAiBEIHLHOTO

MaiilaHJ9rKa Ha 30HH 1 GOpMyBaHHS TJIaHIB Ta /
abo HapsIiB Ha BUKOHAHHS POOIT JJISI KOXKHOI
30HU. Jlns ikoro Oyayetbes 3D Momens OyiBe-
JHHOTO MalJlaHYMKa, a Y TOMAIBIIOMY TaKOX
BUKOHYETHCSl BUMIPIOBaHHSI MOTOYHOI poOouoi
3oau |'E, Bigznauwatroum ii 3miny. Ili pobotu
HPOBOATHCS JIA3€PHUMHU Ta CYILyTHUKOBUMHU
komriekcamu. [lorim, Ha mijgcraBi orpumaHol
MO/I€JIi MIiCLIEBOCTI, & TAKOXK JaHKX IIPO I1apame-
TpU MOTPIOHOrO 3EMJISIHOTO  CIIOPY/DKEHHS,
3ificHIOEThCs TuianyBaHHs pooit I'E (abo rpynu
I'E). Ilman pobiT BKiIIOYae BU3HAYCHHS Haii-
OUIbII paliOHAJILHUX TPAEKTOPifl KPOMKH KOB-
ma I'E npu po3po6rti 3a6oro. Li TpaekTopii ypa-
XOBYIOTH OCOOJIMBOCTI KOXKHOI MAamuHU 1 MO-
KYyTh OYyTH pO3paxoBaHi, HANPHUKIAT, 3 METOIO
MiHiMi3amii BUTpar eHeprii Ha kxomaHHs [16].
ITnanyBaHHsi poOiT TakoX Iependayae 3Haxo-
JOKEHHSI ONTUMAJIBHUX MicIlb po3TamryBanus ['E
11 Yac BUKOHaHHsI poOiT. JleTaibHe IiaHyBaHHsI
pyxiB 6e3nocepenubo I'E € meroro He 1boro, a
HACTYIIHOI'0 piBHS iepapxii (puc. 2).

o
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Puc. 2. CTpykTypHa MOJeNs CHCTEMH YIIpaB-
JIHHS €KCKaBaTOPOM



ABTOMOGMNBHBLIN TPAHCNIOPT, Bbin. 39, 2016

[Hmni BaknMBiI 3aBAaHHS, 110 BUKOHYIOTHCS Ha
PiBHI 1UIaHYBaHHS 3eMJISIHUX POOIT, BKIIOYAIOTh
TJTaHYBaHHS TIEpEMillleHh eKcKaBaTopa MiX -
JSTHKaMH, TIepeBIpKYy SKOCTI BUKOHAHHS €KCKa-
BallilfHUX POOIT, a TAKOK CTBOPEHHS 0a3M JJAHUX
po XiJ poOiT, M0 BUKOHYIOTHCS, CHIIaMH iH)O-
pMaliifiHol CcHCTEeMHU YIPaBJIiHHS [POCKTaMU
[17, 18].

TakyM YMHOM, OCHOBHOIO METOIO IUIaHYBaHHS
3aBJlaHh € BU3HAYCHHS OMTHMAJBHOI MOCTIIOB-
nocti nifi I'E s [ocsrHEHHS TI00ajlbHAX ITi-
JIeil, TakuX K MiHIMi3allis yacy BUKOHAHHS po-
0iT 3 MakcMMajibHO €(PEKTUBHUM BHKOPHCTaH-
HSIM TIapKy MaIliH.

Cdopmoranmuii miaH poOiT MepeaaeThCs MalIuHi
110 6e3/[POTOBUX JIHISX 3B’ SI3KY.

Jlpyrum piBHeM € «YTIpaBIliHHS €KCKaBaTOPOM),
Ha SIKOMY 3a0€31eUy€eThCsl YIIPABJIiHHS OKPEMUM
I'E. Anaparypa nporo piBHsi oJlepXy€ ILJIaH po-
0iT, 110 PO3pobJICHUI Ha TMONEPEAHBOMY PiBHI
iepapxii, Ha mijicraBi sIKOrO poO3paxoBy€e 3aKOHU
3MiHH y3arajJbHEHUX KOOPIMHAT MaHiMyJIsaTopa
I'E, mo 3a0e3neuyroTh NMPOXOKEHHS KPOMKHU
KiBIIa 3a 3aJlaHUMHU TPAEKTOPISIMH, BHPOOJISIE
yIpaBisiiodyi BIUIMBH HAa BHUKOHABYi MPUCTPOL
Mmaninysisitopa I'E Ha nigcrasi ingopmaiii npo
MOTOYHMI CTaH po0OOYoro 00JaJHAHHS Ta OTO-
4yl04Or0 CEpe/IOBUINA, & TAKOXK 3 YpaxyBaHHIM
IPOTHO3Y CUJI B3a€MOJIIT KiBIIIa 3 TPYHTOM.

Edexrusna podora CAYPIIIE He moxe Oyru
peaitizoBana 6e3 cucremu Hagirauii ['E, meroro
SIKOT € BU3HaueHHs1 Mapupyty pyxy I'E Bix oj-
Hi€T TodYku poboyoro MaiilaHunKa J0 iHIIOoTO SIK
y Tporieci po3poOKu OAHOTo 3a0010, TaK 1 JUIS
MepeMillleHHs 10 HOBOTO Micllsl  KOMaHHS
[19, 20].

Tperiit piBeHp iepapxii «JlaTunky, BUKOHABYI
MEXaHi3Mu Ta 3aco0u iHTerpaLii» BiAmnosijgae 3a
po0OTY BUKOHABYMX EJIEMEHTIB Ta IHIIOrO ara-
partHoro 3abOe3neucHus. Po3pobka enekrporij-
paBJIiYHMX KJIAIaHiB JUIsl €IEKTPOHHOIO YIpaB-
JiHHS Jankamu MaHiny;stopa I'E ekckaBaTopa
€ OJTHMM 3 OCHOBHUX HAmNpsIMiB PO3BUTKY JaHO-
ro piBHs. KpiM Toro, Ha 1ipoMy piBHI 37ilicHIO-
€TBCS IHTErpallisi i yIpaBlliHHS KOXHHUM i3 BKa-
3aHUX PIBHIB CHCTEMH.

BucHoBKkH

Takum unHOM, npobiiema aBroMarusailii pobo-
yoro npouecy I'E € Bkpail ckiajHO0 i Takoro,

mo Baxko ¢opmarnizyethcs. Bona moTpelye
0JIHOYACHOT PO3PO0OKHU Ta BUKOPUCTAHHSI 3aKOHIB
yTpaBIiHHS TiIponpuBogoM MaHimynastopa I'E,
OUTBIT JTOCKOHAJIMX TPHUBOIB JJIS 37ifICHEHHS
PYXY JIaHOK MaHIIyJsITopa, TeXHIYHUX 3aco0iB
JUIs BU3HAYEHHS KOOPJIMHAT CTaHy poOodoro
00J1a/JTHaHHS Ta HABaHTAXXEHb HA HHOMY, CHHTE-
3y 60OpTOBOI MEPEXKi MAUIMHU, CUCTEMH MOOLIb-
HOro o¢icy ToIIo.

VY poGori ojiepkaHO PO3B’SI30K 3aj1a4i CTPYKTY-
puoro cunTesy CAVYPIII'E, mo € HeoOXigHIM
JUIsl pO3p00KK €EKTUBHOI 1MOBHICTIO aBTOHOM-
HOI CHCTEMH YTpaBJIiHHS BHKOHAHHSAM 3€MJIS-
HUX po0iT. ParionanbHOO € iepapXidHa CTpYyK-
typa CAYPIII'E, Ha HIKHBOMY piBHI SIKOT pO3-
MillleHi JaTYUKU, BUKOHABYI MEXaHi3MHU 1 3aC0-
Ou iHTerparii, cepejiHiii piBeHb — piBEHb IMpH-
CTpPOiB YNpaBIiHHA EKCKaBaToOpoM, a BEpXHiit
piBeHb — 11€ piBEHb ILIAHYBaHHS 3EMIISTHUX POOIT
I KOHTPOJIO 33 TX BUKOHAHHSIM.

BukoHaHO JICKOMITIO3MIIIO 3aB/aHb, 110 BUPI-
HIyFOThCsi Ha KOXHiM 3 migcucrem CAYPIITE,
IO JI03BOJISIE BU3HAYMTH HalilMEHIN po3pobieHi
CTPYKTYpHi ejiemeHTH cucremu. Jliist piBHs
YTpaBIiHHS €KCKaBaTOPOM HUMH € TiJICHCTEMH
MUTaHYBaHHS PyXiB MaHIMyJsITopa eKcKaBaTopa
Ta peaizalil HUX pyXiB B yMOBax HEBU3Haue-
HOCTi, a TakoXx mepemimeHHs camoro ['E Bin
o/IHieT Touku MicueBocti Jio iHIIOI. Po3pobka
BKa3aHUX MiJICACTEM € METOI0 MOJIAJIBIINX JIOC-
JJOKEHb.
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VERIFICATION OF FLUID FLOW CALCULATIONS IN VORTEX CHAMBER
SUPERCHARGERS

A. Rogovyi, Assoc. Prof., Ph. D. (Eng.),
Kharkov National Automobile and Higway University

Abstract. On the basis of numerical modeling (URANS) by means of specialized program complexes
verification of fluid flow calculation in vortex chamber superchargers was carried out. It is deter-
mined that it is better to apply a model of incompressible liquid for calculations with the turbulence
model, considering the streamline curvature and system rotation (SST curvature correction).

Key words: vortex chamber supercharger, numerical calculation, suction discharge, streamline curva-
ture, correction, turbulence model.

BEPU®UKAILMSI PACYETOB TEUEHHUI
B BUXPEKAMEPHBIX HAT'HETATEJISIX

A.C. Porosoii, gou., K.T.H.,
XapbKOBCKI/Iﬁ HaIII/IOHaJIbHLIﬁ aBTOM06l/IJ'll)H0—Il0p0)KHl)Iﬁ YHHUBEPCUTET

Aunomauyua. [lymem cpasHeHus: ¢ IKCNEPUMEHMATLHBIMU OAHHLIMU NPOGEOeHA eepupurayus mame-
MaAmuyecko20 MOOeIUpOBAHUsL MeYeHUsl 8 UXPEKAMEDHbIX HACHeMAamesix Ha 0CHO8e UCHOTIb308AHUS
CReYUANUBUPOBAHHBIX NPOCPAMMHUBIX NPOOYKmos. [lonyueno, umo 015 pacyemog Jiyduie npuMeHsinb
MOO€b HECHCUMAEMOU HCUOKOCMU ¢ MOOEbI0 MYPOYACHMHOCMU, YYUmbvleéaweli KPUGU3Hy JTUHuULL
MOKa U 8palyeHue NOMoxKa.

Knrwuesvie cnosa: suxpexamephulil HacHemameiv, YUCIEHHbIE PACUEmbl, PACX00 GCACLIGAHUA, KPU-
6U3HA NTUHUL MOKA, NONPABKA, MOOeNb MYPOYIeHMHOCIU.

BEPU®IKAIIIS PO3PAXYHKIB TEUIi Y BAXOPOKAMEPHUX HATHITAYAX

A.C. Porosuii, gou., K.T.H.,
XapkiBcbKHii HANIOHAJBbHUIT ABTOMOOJILHO-10POKHIii yHIBepcHTET

Anomauis. [llnsxom nopieHsHHS 3 eKCREPUMEHMANbHUMU OAHUMU NPOBEOeHO 8epuikayilo mamema-
MUYHO20 MOOENIO8AHHS meyil y 8UXOPOKAMEPHUX HASHIMAYax HA OCHO8I 6UKOPUCMAHHS cheyianizoea-
HUX NpocpamMHux npooykmie. Ompumano, ujo 0Ji po3paxyHKie Kpawe 3acmoco8yeamu Mooens Hecmu-
CUBOIT PIOUHU 3 MOOCILNIO MYPOYIeHMHOCHI, WO 8PAX08YE KPUGUIHY NiHIl cCIpyMy 1l 00epmaHHs no-
MOKY.

Knrwuogi cnoga: suxopoxamepruii HGZHIMay, YUCI06I POPAXYHKU, GUMPAINA GCMOKIMYBAHHS, KPUGU3-
Ha NIHIL cmpymy, RONPAGKA, MOOeb MYpOVIeHMHOCHII.

Introduction

Today, the methods of numerical calculations of
various fluid and gas flows have become wide-
spread. However, despite significant growth of
computer power, turbulent flows calculation,
remains one of the challenges of fluid dynamics
computation [1]. Though, recently its applica-

tion has increased in the methods of direct nu-
merical simulation (DNS) and large eddy simu-
lation (LES), their wide practical application is
observed in hydroaerodynamics problems solu-
tion, for today is practically not possible, owing
to extreme computing work content [2, 3].
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Therefore, at calculations of difficult flows, it is
necessary to use the semiempirical methods bas-
ing on Reynolds averaged Navier-Stockes equa-
tions. Semiempirical models and their updates
exists much enough and, unfortunately, for to-
day, there is no universal model of this kind,
besides there is a pessimistic appraisal of that
the look-alike universal model will be hardly
constructed [3]. Therefore, at study of such and
such pneumatic and hydraulic units and applica-
tion packages of CFD, first of all, it is necessary
to effect verification of used models for selec-
tion approaching turbulence model with the
minimum errors from experimental data.

Analysis of publications

In many industries, working conditions are diffi-
cult and use of pumps and compressors vane and
displacement types leads to the raised expenses
for equipments replacement and a manufacture
stop owing to the raised deterioration of mobile
working bodies and sealing [4]. Besides, influ-
ence of vibration, temperatures, presence of
abrasive particles and liquids chemical aggres-
sion reduce efficiency and worsen performance
data of the superchargers used in such service
conditions [5].

It is possible to reduce the working costs by
using of more reliable and durable superchargers
which the superchargers concerning the fluidics
are: jet pumps [6], vortex injectors [7] and vor-
tex chamber superchargers [8]. Jet devices pos-
sess high indicators of reliability and durability
owing to absence of mobile working parts, are
widely used in difficult service conditions, but
have low enough indicators of efficiency which
do not exceeding 30 % [9].

It is possible to improve power efficiency indi-
cators , using more perfect ways of energy trans-
fer in designing of jet devices which are devel-
oped vortex chamber superchargers [10]. Owing
to a combination in their work not only energy
transfer by means of a turbulent exchange, but
also action of centrifugal force it is possible to
raise efficiency, especially at pumping dry sub-
stances [11]. These superchargers concerning
the fluidics, possess high indicators of reliability
and durability, thanks to absence of mobile parts
[12].

The first mentions about vortex chamber super-
chargers have appeared in publications [13, 14],
i.e. they yet have no wide spreading in the in-

dustry and large-scale researches including by
means of computing methods, practically it was
not spent. Thus, actual there is a problem of
model turbulence selection for simulation of
fluid flows in vortex chamber superchargers
(VCS) for maintenance of the minimum calcula-
tion errors and parameters prediction of a fluid
flow.

Features of working process in VCS, first of all,
are connected with hydrodynamic features of the
swirled flows, such as vacuum presence on an
axis of a rotating flow and excess pressure upon
peripheries [15]. Hence, turbulence model selec-
tion for fluid flow calculation in VCS demands
from model of the adequate description and ef-
fects prediction of the swirled flows [16]. For
today, many researches concerning a choice of
turbulence models for various devices at which
there are confined vortex: cyclones [17], vortex
valves [18], vortex pipes and vortex injectors. In
the majority of the works devoted to the descrip-
tion of fluid flows in vortex devices authors
come to a conclusion that the most suitable from
the computing duration and by criterion of a cal-
culations error minimality the simulation model
on a basis Reynolds averaged Navier-Stockes
equations with use SST turbulence model with
rotation-curvature correction [19]. Comparison
of fluid flows simulation results in vortex cham-
ber superchargers with use of various turbulence
models and their updatings for today was not
spent.

Analysis and problem statement

The aim of the work is verification of fluid
flows mathematical modelling in vortex cham-
ber supercharger on the basis of the numerical
decision of the Reynolds averaged Navier-
Stockes equations by means use specialised pro-
gram complexes.

Materials and methods

Verification of numerical researches was made
by comparison of experiment results with CFD
simulations in program complex OpenFoam
[20]. Comparison was made on integrated pa-
rameters such as the fluid flow rate on an input
channel of the device (the supply fluid flow
rate), the fluid flow rate on an exit from the de-
vice and the fluid flow rate which is pumped
over VCS. Comparison on integrated parameters
is dictated by that essential nonstationarity fluid
flow and vortex core precession in the chamber
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leads to that fluid flow kinematic characteristics
in the device change the values, therefore to
measure them and to make comparison difficult
enough. Except a quantitative estimation of in-
tegrated parameters calculation errors, qualita-
tive comparison of fluid flow patterns for what
experimental sample VCS has been executed
with transparent face covers was made. The es-
timation of calculation errors is executed for two
designs VCS: with and without radial diffuser,
installed in the exit axial channel (fig. 1).

Experimental setup for physical research includ-
ed vortex chamber supercharger, blower, receiv-
er and measuring equipment. Pressure in chan-
nels was measured by manometers, ambient
temperature — mercury thermometers, the fluid
flow rates in channels — flowmeters. Air was the
working and pumped over medium in experi-
mental researches.

d

(p, Q)out
b

Fig. 1. 3D VCS model: a — VCS without radial
diffuser; VCS with radial diffuser, installed
in the exit axial channel

On the basis of the article analysis [2, 3, 16—-19],
devoted CFD modeling of the swirled flows in
various devices one can draw a conclusion that
to the best on calculation time and accuracy of a
kinematic parameters prediction is SST turbu-
lence model with rotation-curvature correction
[19]. Application of more perfect models DNS,
LES, and also hybrid demands considerable time

expenses and high-efficiency computer systems
[2] that complicates carrying out of a great
number of calculations by optimization of a su-
perchargers flowing part. Therefore in the given
work it was used SST turbulence model and its
correction for definition of the most suitable to
flow simulation in VCS. Following calculation
models were compared: coarse NCF — calcula-
tion of an incompressible liquid on a coarse
mesh, coarse NCF-CC — an incompressible lig-
uid on a coarse mesh taking into account the
rotation-curvature correction, coarse CF — a
compressed liquid on a coarse mesh, coarse CF-
CC —a compressed liquid on a coarse mesh with
curvature cirrection, NCF — an incompressible
liquid, NCF-CC — an incompressible liquid with
curvature correction, CF — a compressed liquid,
CF-CC — a compressed liquid with curvature
correction.

b

Fig. 2. Design mesh of VCS: a — without radial
diffuser; b — with radial diffuser

The mesh (fig. 2) consisted of 7 million ele-
ments for simulation VCS with radial diffuser
and 4,5 million elements for VCS without radial
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diffuser, and has been constructed so that to
provide parameter Y+<2. The greater number of
elements for the device with diffuser is caused
by reduction of the elements size in diffuser ow-
ing to small width of the channel (fig. 2, b). The
choice of elements number has been dictated by
comparison of calculation results on more
coarse meshes and meshes with a great number
of elements (a 15 million order). As a result of
calculations it has been received that use of
meshes with number of elements more than 7
million not rationally, owing to absence of the
big differences in errors, but considerable com-
puting expenses.
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Fig. 3. Errors of fluid flow calculation results in
VCS with the radial diffuser: a — fluid flow
rate in the exit channel; b — fluid flow rate
in the supply channel; ¢ — fluid flow rate
sucked in the device

At the task of boundary conditions of axial exits
and vortex chamber entries that in the swirled
flows pressure is distributed on stream radius
was considered. Therefore the rated operating
conditions has been increased and exit boundary
conditions on new boundary face where pressure
is almost equal to zero are set and does not
change on radius [12].

The main results of the research

On fig. 3 results of fluid flow calculations com-
parison in vortex chamber superchargers with
the radial diffuser and the integrated parameters
gained experimentally are resulted.

As it is possible to see from fig. 3, models tak-
ing into account curvature of streamlines and
rotation have the least errors. At application of
these models of compressible liquid calculation
of the fluid flow rate on an exit and the supply
channels makes an order of 10 %. Incompressi-
ble liquid models give for these two fluid flow
rates an error on 2-3 % the big. Differently with
the sucking fluid flow rate in the device. Here,
models of incompressible liquid calculation tak-
ing into account the rotation-curvature correc-
tion have the minimum error, and this error con-
siderable — exceeds 15 %. The calculations spent
for compressible fluid led to increase in a calcula-
tion error of the sucking fluid flow rate in the de-
vice which made more than 30 %. From what it is
possible to draw a leading-out that it is better to
apply model of incompressible liquid to calcula-
tions VCS with model of the turbulence consider-
ing curvature of streamlines and rotation.

The difference in calculation errors of sucking
fluid flow rate originates owing to different
magnitude of vacuum on an apparatus axis
(fig. 4). On fig. 4 pressure patterns in VCS with
and without the radial diffuser are resulted. Ow-
ing to nonstationarity fluid flow in VCS, and
also a vortex core precession [21] calculations
were spent in transient statement. At comparison
of the patterns resulted on fig. 4 it is possible to
notice that the greatest vacuum on an axis is
gained at calculation of model NCF-CC shown
on fig. 4, b that explains the least sucking fluid
flow rate error. Thus, than more precisely the
model predicts vacuum on an axis, especially
exact there are calculations as a whole.

Besides, correct prediction of vacuum on an axis
is necessary for the further calculations of gas
bubble behaviour getting in the vortex chamber
[22].
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Rotation-curvature correction use allows to
compute the sucking fluid flow rate on 5-15 %
more precisely, in connection with more exact
calculation of vacuum magnitude on an axis.

On fig. 5 results of fluid flow pattern calcula-
tions in vortex chamber superchargers without
the radial diffuser and the integrated parameters
gained experimentally are resulted.
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Fig. 4. Design distributions of pressure: VCS
with diffuser, model CF-CC; VCS with dif-
fuser, model NCF-CC; VCS without dif-
fuser, model NCF-CC

As it is possible to see from fig. 5, models tak-
ing into account streamline curvature have the
least error. Unlike calculations VCS with radial
diffuser, here not all models could predict pres-
ence sucking fluid flow rate in the device. So,
for example, calculation on model coarse CF,
has led to the negative sucking fluid flow rate,
i.e. to ejection of a working flow from the vortex
chamber outside.
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Fig. 5. Errors of fluid flow calculation results in
VCS without the radial diffuser: a — fluid
flow rate in the exit channel; b — fluid flow
rate in the supply channel; ¢ — fluid flow
rate sucked in the device
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At calculations VCS without the radial diffuser,
simulation inaccuracy of the sucked fluid flow
rate more than inaccuracy for VCS with the dif-
fuser. For such construction of a supercharger
crucial there is use of model with rotation-
curvature correction since the sucking fluid flow
rate, for many calculation models, on order sur-
passes the sucking fluid flow rate calculated
without curvature correction.

.

Fig. 6. Profiles of velocity in VCS: a — with the
radial diffuser; b — without a radial diffuser

Originating negative the sucking fluid flow rate
is well visible on fig. 6 where the field of veloci-
ty vectors in VCS is demonstrated. The sucking
fluid flow rate discharge rate in supercharger
formed on a axial of the vortex chamber, thrown
out flow of the device — on periphery of the axi-
al channel of an input that it is possible to see on
fig. 6, b.

Conclusions

On the basis of the numerical decision of the
Reynolds averaged Navier-Stockes equations by
means use specialised program complexes veri-
fication of mathematical modeling of a fluid
flow in vortex chamber supercharger is effected.

It is better to apply model of incompressible flu-
id to calculations VCS with turbulence model to
the effects of streamline curvature and system
rotation.

Use of rotation-curvature correction allows to
simulate the fluid flow rate of suction on
5-15 % more precisely, owing to more exact
calculation of vacuum magnitude on axis.

At calculations VCS without a radial diffuser,
simulation inaccuracy of the sucking fluid flow
rate more than inaccuracy for VCS with a dif-
fuser. For such construction of a supercharger
crucial there is use of model with rotation-
curvature correction since the sucking fluid flow
rate, for many calculation models, on order sur-
passes the sucking fluid flow rate calculated
without curvature correction.
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ANALYSIS OF MOTOR-GRADER LOADING ON THE BASIS OF FRACTAL
DIMENSION

A. Polyarus, Prof., D. Sc. (Eng.), R. Paschenko, Prof., D. Sc. (Eng), E. Poliakov, Ph. D.
(Eng.), A. Lebedinskyi, student, Kharkov National Automobile and Highway University

Abstract. The possibility of fractal dimension application for analysis of grader loading modes is con-
sidered in the article. The fractal dimensions of experimental dependences of load on the coupling pin
of the grader at its different working conditions are calculated. It is determined that the magnitude of
the fractal dimension allows to estimate the highest and lowest load of the grader.

Key words: fractal dimension, grader blade, load mode.

AHAJII3 HABAHTAKEHHSI ABTOTPEMJIEPA HA OCHOBI
®PAKTAJIBHOI PO3MIPHOCTI

O.B. lloasipyc, npo¢., 1.1.H., P.E. [lamenko, npo., 1.1.H., €.0. [lonsixos, K.T.H.,
A.B. JlebeanHCbKHI, CTYIEHT,
XapkiBcbKHii HAiOHAJIBLHHIT ABTOMOOILHO-10POXKHIii yHIBepcHTET

AHomauis. Po3ensHymo Mo#CIUGiCMb GUKOPUCAHHS (DPAKMANbHOT pOZMIDHOCI 01 AHANIZY pedCu-
Mi@ HasaHmadiceHHsi asmoepetioepa. Pospaxoseano paxmanvri posamipHocmi excnepumeHmanbHux
3aeAHCHOCEll HABAHMANCEHHs HA WBOPHI asmoepelidepa 3a pi3Hux pobouux ymos asmoezpelioepa.

THoxkazano, wo eeruvuna GpakmanvHol po3MIPHOCMI 00360JI5E OYIHUMUY HAUOIIbWE Ma HAUMeHuli Ha-
saHmadicenHs agmoepetioepd.

Knrwuoei cnosa: gppaxmanvna pozmipricme, 6i06an agmozpeiioepa, pexcum HA8AHMANCEHHSL.

AHAJIN3 HATPY3KH ABTOT'PEIIEPA HA OCHOBE ®PAKTAJILHOM
PASMEPHOCTH

A.B. Iloasipyc, npod., aA.T.H., P.D. [lamenko, npod., 1.T.H.,
E.A. IloasikoB, K.T.H., A.B. JlebeauHcKui, CTyAeHT,
XapbKoBCKHI HAIHOHAJIBHBIH ABTOMOOH/IbHO-10POKHBI YHHBEPCHTET

AHnHOomayus. Paccmompena 603M02cHOCIb UCNONB308AH UL PPAKMATLHOL PAZMEPHOCU Ol AHATU-
3a pescumo8 Hazpy3ku agmoepetioepa. Paccuumanw ppakmanvhvle pazmepHocmu sKcnepumMenmaib-
HbIX 3a8UCUMOCTIEL HASPY3KU HA WKBOPHE NPU PA3IUYHbIX YCI08UsAX pabomul asmoepeiioepa. Tlokaza-
HO, 4mo 6elUYUHA PAKmaibHOll PA3MepPHOCU NO360JAem OYeHUmsb Haubonbuite U HAUMeHbULlUe
Hazpy3Kku asmozpetioepad.

Knrouesvle cnosa: ppaxmanvHas pasmepHoce, 0mean agmozpetioepa, Pelcum Hazpy3Kil.

Introduction the machine failures due to the appearance of

cracks in metal structures. In addition to the soil

The main working body of any motor-grader
(grader) is a fully steerable blade with knives
mounted at an angle to its longitudinal axis. De-
pending on the soil structure the grader blade is
under the influence of alternating dynamic
loads. In its turn the impact of loads can lead to

structure, the load blade grader is also influ-
enced by the parameters of its work, such as
grader blade deflection, turning the angle of the
blade, rotation frequency of the motor shaft, etc.
The influence of these parameters can be inves-
tigated by wusing the vibration diagnostic
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methods. Various parameters of the machine
lead to different modes of dynamic loads. The
level and nature of the vibrations acting on the
machine construction due to alternating loads
can be estimated by analyzing the time-stress
dependences on the grader coupling pin.

Analysis of publications

Investigation of earth-moving machines parame-
ters is carried out to predict the possible mal-
functions of their work. In this case various vi-
bration diagnostics methods are used and some
of them are presented in [1]. The research results
presented in [2] show that it is possible to esti-
mate the dynamic forces that act on the metal
structure by using the results of dynamics of
earth-moving machines analysis with a sharp
increase in the resistance of movement. To carry
out such an analysis it is necessary to obtain the
original data about loads on the elements of ma-
chines received in different modes of their oper-
ation. In [3] the possibility of the phase portraits
application for classification of grader load
modes is considered. On the basis of experi-
mental data describing the loads on the grader
coupling pin the phase portraits for different
modes of its work were constructed.

Purpose and problem statement

It is expediently the determination of grader load
modes to carry out on the basis of experimental-
ly obtained signal implementations which de-
scribe the load on the grader coupling pin. In
this case, different load modes lead to various
forms of recorded signals. The value of the frac-
tal dimension (FD) [4] can be the characteristic
of signal shape and the contrast of these shapes
due to the loading on the grader coupling pin, in
turn, leads to different values of FD. Therefore,
the analysis of the possibility of FD using for
estimation of load on grader coupling pin is of
practical importance.

The aim of the article is estimation of fractal
dimension usability for determination of grader
load mode changes.

Obtaining the experimental data

An essential element of grader is a ball coupling
pin through which the tractive forces from the
drive wheels to the grader blade during perform-
ing of work operations are transmited. There-
fore, it is advisable to estimate the loads acting
on this element of grader. For this purpose, the

field measuring experiments were carried out on
the test area of our university. As a research fa-
cility the grader DZK-251 produced at Kriu-
kov’s Railway Car Building Plant was used. The
procedure of experimental research conducting
and measuring system that was used at the same
time are described in [5]. Measurements of
stress on the grader pin were performed with
using of strain gauge transducers (sensors).

Changing parameters of grader during the exper-
iments are shown in Fig. 1.

Coupling pin ]

80° 60°

Fig. 1. Changing parameters of motor-grader

In Fig. 1 the letter a means grader blade rotation
angle and R — grader blade deflection. The fig-
ure also shows the point of load measurement on
the pin.

During the experiments the influence of various
positions of the grader blade at the stress arising
on the grader pin was evaluated. The grader pa-
rameters were changed as follows: grader blade
deflection (R) was equal to 0 m, 0,7 m and
1,4 m; blade angle of rotation (o) — 40°, 60° and
80°; number of the motor shaft revolutions (f) —
900 rev/min, 1100 rev/min and 1300 rev/min.
Indications of the sensors in the form of digital
data from the measurement system were record-
ed in the permanent memory of the computer. In
[3], all the time dependences of the stress
(o, MPa) on the grader pin from variable param-
eters outlined above were presented and detailed
analysis of these temporary implementations
was carried out. In this paper, for example, we’ll
adduce only temporary dependences of stresses
(Fig. 2): on the grader pin (in voltage) when
grader blade deflection (R) is respectively equal
to 0 m (a), 0,7 m (b) and 1,4 m (c¢) for fixed
values of the blade angle (o = 80°) and
the number of the motor shaft revolutions
(f = 1300 rev/min). The nature of time realiza-
tions for the other variable parameters is similar
to those which are shown in Fig. 2.

In the figures on the ordinate Y the stress on the
grader pin (o, MPa) is represented and on the
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horizontal axis / — execution time of work op-
erations. In this case the value of 7 =1 x 104
corresponds to the time # = 10 s. The time
t=10 s corresponds to the value of 7= 1x10°.

15 n

0 sx100 1x10' 1sx10t 2x10?

0 5%10 x100 1510t 2xi0?

0 5x10° 1x10* 1.5x10*

c

Fig. 2. The time realizations of stress signals on
grader pin at R=0 m (a), R=0,7 m (b),
R=1,4m(c)

Fig. 2 shows that at the first 2-3 seconds grader
was working without interaction with the ground
and the load on the pin was minimal. The stress
on the pin was increasing abruptly during the
interaction of the blade and the ground. Later the
load signal on the pin was changed irregularly
and had an indented character. It should be not-
ed that the indented nature of the stress changing
is practically independent of the grader blade
deflection.

Thus, from the analysis of the stresses on the pin
it can be concluded if there was a load on the
motor grader or it was working without load.
However, over the time realizations of stresses it
is practically impossible to determine under
what parameters of grader the load is maximal
since the maximum value of the signal ampli-
tude is almost the same and the nature of its
changes is indented at any parameters of grader.

As well as in the study of stresses at the grader
blade deflection during fulfillment of working
operations at different turning angle of the blade
the stress amplitude on the pin is increased and
has an indented character when the blade inter-
acts with a soil.

The character of time realizations of the stress
on the grader pin at different frequency of the
motor shaft which is given in [3] doesn’t differ
from the character of time realizations that has
been shown in the Fig. 2. Initially, the work op-
erations are done with no load and then the
stresses on the pin are increasing abruptly and
have an irregular character.

Thus it can be easily defined the time of motor-
grader loading occurrence with the help of time
realizations of loadings (by an abrupt increase in
the stress amplitude), however, it is hardly to
determine the relationship between motor-grader
loading conditions and its parameters as a part
of the stress time realizations of working opera-
tions. For analysis of signal forms that describe
the load on the grader pin we’ll use the value of
the fractal dimension.

Calculation of fractal dimension

In practice, the dimension of Hausdorf- Be-
sicovitch D [6] is often used for estimation of
fractal characteristics of various structures

. logN (e
D:hmg—()’
e—>0 1
log| —
€

where N(g) — number of covering elements; € —
the side length of covering element.

All existing FD calculation methods include the
calculation of volume, area or length of the frac-
tal shape and its changes during scaling.

The method of the fractal dimension determin-
ing with using of signals covering by squares
comprises the following steps [7].

1. Some value of ¢ is defined, the time domain
of the source data existence is divided into
squares with a side & and the number of squares
that covered all the known points (Fig. 3) are
calculated. As a result, one value N(g) is ob-
tained.
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€] ! &)

Fig. 3. Example of arrangement of the original
sample covering

2. Assume that the calculations of N(g) were
performed for different lengths of the side & (at
Fig. 3 these values are €;, & = /2, &5 = €/4). As
it follows from the definition of FD [4], for
small values of & the number of the covering
elements N(e) should be equal to ~¢™ and in
this case log N(¢) = — D-log €. Now, with using
of the obtained data the dependence logN(g)

versus log(lj (Fig. 4) is plotted.
€

logN(e) T T T =
straight line of L
780 linear range /
5.85 /\
=40 - LSM straight
By i
1.95 /4
n 108 =an kAR 7 A0 O 7R log 1/

Fig. 4. The determination of Hausdorf-Besico-
vitch dimension with the use of covering
method

3. The FD estimating is reduced to the search of
«the most linear» area of the relationship be-
tween log N(g) and log 1/g; construction of the
linear approximation of the form log N (g) =
=— b - log ¢ + C in this area, for example, by
using of least squares method (LSM) [8]; FD
estimation by evaluation of LSM line slope.

It should be noted that the choice of the most
linear area in this algorithm is a difficult thing to
formalize. Approximation of a linear part of the
plot with using of LSM does not always produce
reliable results. The straight line plotted on the
basis of linear approximation for 10 points
(LSM straight line) is shown in Fig. 4. In addi-
tion, another straight line is depicted at the same
figure according to the selected 7 points when
choosing the linear range of the plot (straight
line area). It can be seen that the slopes of the

lines do not differ significantly, however, FD is
calculated more precisely when choosing linear
range. Thus it needs to calculate the slope of
approximating line using linear range of plot of
log N(¢) as a function of log 1/¢.

Analysis of grade loads using the fractal
dimension

Let’s consider the possibility of FD using for the
analysis of grader load. For this purpose, we
calculate the values of the FD for the time reali-
zations of stresses on the pin at different grader
parameters (grader blade deflection, grader
blade rotation angle, frequency of the motor
shaft). The fractal dimension was calculated by
using of the method described above.

The FD (D) dependences on the grader blade
rotation angle with blade deflection R = 0 m and
frequency of the motor shaft: /=900 rev/min
(solid line), f= 1100 rev/min (dotted line) and
f=1300 rev/min (dash-and-dot line) are shown
in Fig. 5.

"D
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Fig. 5. FD dependences on the grader blade de-
flectionat R=0m

As it can be seen from the curves in Fig. 5, the
maximum value of FD and consequently the
greatest unevenness of time stress realizations
occurs when the grader blade rotation angle val-
ue is equal to o = 60°. Moreover, the greatest
FD value is fixed when the frequency of the mo-
tor shaft reaches the value of /= 1300 rev/min.
The minimum values of FD for three curves are
observed at o = 40°. However, in contrast to the
greatest FD values among the maximum values,
the greatest FD values among the minimum val-
ues were fixed at /=900 rev/min. Also, as it
follows from Fig. 5, increasing of the grader
blade deflection more than 60° leads to the FD
decrease.

Fig. 6 shows that similar behavior is observed
when the grader blade deflection value is
R=1,4m. However, the highest values are ob-
tained at two angles of blade deflection o = 40°
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and o = 60°, but not at a single one as it was previ-
ously.

D

. .
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Fig. 6. FD dependences on grader blade deflec-
tionat R=14m

However, the FD behavior differs from the cases
examined above when grader blade deflection
valueis R = 0,7 m (Fig. 7).
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Fig. 7. FD dependences on grader blade deflec-
tionat R=0,7 m

Fig. 7 shows that FD is less dependent on the
grader blade deflection and at frequency of the
motor shaft f= 1300 rev/min it practically
doesn’t change. The maximum values of FD
were obtained when /=900 rev/min, but the
minimum values correspond to o = 60°. Also the
minimum values of FD were calculated at
f=1100 rev/min.

Thus the analysis of FD values for various grad-
er blade deflections showed that when grader
work operations are in progress the maximum
loads (unevenness of initial signal) are observed
at a = 60°, = 1300 rev/min and R = 1,4 m, and
minimum — at /= 1100 rev/min and R = 0,7 m.
Let’s consider the FD of time stress realizations
on the pin for other grader parameters.

The FD dependences on grader blade deflection
at blade rotation angle a. = 40° and frequency of
the motor shaft /=900 rev/min (solid line),
f=1100 rev/min (dotted line) and
f=1300 rev/min (dash-and-dot line) are pre-
sented in Fig. 8. Fig. 8 shows that with the in-

creasing of grader blade deflection the FD value
also increases due to greater unevenness of
measured signals. The maximum FD values and
consequently the big loads were fixed at
=900 rev/min,

D

18

1.75 // b

17 | =T
———

1‘850 0.4 0.8 12 R

Fig. 8. FD dependences on grader blade deflec-
tion at o = 40°

Meanwhile, when the grader blade rotation an-
gle is o = 60°, the FD minimum value occurs at
grader blade deflection value R = 0,7 m for any
frequency of the motor shaft value (Fig. 9) and
FD minimum value — at f= 1100 rev/min. Thus,
the minimum loads of grader will be received
when its blade deflection R=0,7m and
f=1100 rev/min.

'D
18 SN .
g |/
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N T~ .
17 ~
S — /
1.65
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Fig. 9. FD dependences on grader blade deflec-
tion at a = 60°

It should be noted that similar FD behavior is
held at f= 1100 rev/min and f= 1300 rev/min
(Fig. 10) when a = 80° but at =900 rev/min the
maximum value of FD was received at

R=0,7m.
D
1.8
1.75 f -\'\
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P— — —-‘H— — M#
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1.65
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Fig. 10. FD dependences on grader blade deflec-
tion at a. = 80°

Thus analysis of dependences of FD values on
grader blade deflection has revealed that the
maximum FD values were achieved at
/=900 rev/min for the all grader blade rotation
angles and the minimum value at o= 60°
f=1100 rev/min and R = 0,7 m.

The dependences of FD values on the frequency
of the motor shaft at grader blade rotation angle
at a.=40° and grader blade deflection at R =0 m
(solid line), R = 0,7 m (dotted line) u R = 1,4 m
(dash-and-dot line) are illustrated in Fig. 11.

As it follows from Fig. 11, the greatest values of
FD are observed at /= 900 rev/min and the min-
imum values — at f= 1100 rev/min for any grad-
er blade deflection value. The minimum FD val-
ue was fixed at /= 1100 rev/min and R = 0 m.

1.85
7.8

\ L H

~ [ —,

1.75 ~ SR S

\ \
17 P — =~ — e —— =
1.65

aBo 1000 1100 1200 1300

/

Fig. 11. FD dependences on frequency of the
motor shaft at o = 40°

Fig. 12 shows that at grader blade rotation angle
o = 60° the minimum FD values also occur at
f=1100 rev/min, however the maximum FD
values were not fixed at /= 900 rev/min but they
were detected at /= 1300 rev/min, R = 0 m and
R=14m,
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Fig. 12. FD dependences on frequency of the
motor shaft at a = 60°

The significant differences in FD values behav-
ior occur at grader blade rotation angle value

o = 80° (Fig. 13). In this case the spread of FD
values is insignificant, i. e. it depends less on
frequency of the motor shaft. In addition, it’s
difficult to estimate the maximum and minimum
FD values at various frequency of the motor
shaft and grader blade deflection values, because
practically they don’t differ.
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Fig. 13. FD dependences on frequency of the
motor shaft at o = 80°

Thus analysis of dependence of FD values on
frequency of the motor shaft showed that the
minimum FD values can be seen at
f=1100 rev/min, a=60°, R=0,7m, and the
maximum values — at /=900 rev/min, o = 40°
and R=1,4m and also at f= 1300 rev/min,
o=60°and R = 1,4 m.

Conclusions

The calculations of FD can be used for numeri-
cal estimation of irregularities of signals re-
ceived from the sensors mounted on motor-
grader pin.

Analysis of FD of experimental stress signals
measured on motor-grader pin showed that its
value depends on grader parameters when work
operations are in progress.

Analysis of dependences of FD values on blade
rotation angle, grader blade deflection and fre-
quency of the motor shaft showed that when
work operations are in progress the minimum
loadings occur at o=60°, R=0,7m wu
f= 1100 rev/min and the maximum loadings — at
o =40° a=60° R=1,4mu =900 rev/min.

During further research it is advisable to consid-
er the possibility of the fractal dimension using
for the analysis of phase portraits of stress sig-
nals on motor-grader pin.

In the further work it is necessary to assess the
possibility of using of the work results to im-
prove the methods for determining grader oper-
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ating modes used in current normative docu-
ments.
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RESONANT OSCILLATIONS OF A ROTOR ON AXIALLY PRELOADED BALL
BEARINGS UNDER THE JOINT ACTION OF UNBALANCE AND VIBRATION
OF SUPPORTS

S. Filipkovskyi, Assoc. Prof., Ph. D (Eng.), R. Makovyey, Asst. Prof.,
Kharkov National Automobile and Highway University

Abstract. The model of nonlinear vibrations of the rotor supported by axial preload angular ball-
bearings was developed. The frequency response of the system is obtained by the continuation method
at joint action of unbalance and vibration of supports. Analysis showed that vibrations occurred not
only at fundamental resonant frequencies but also at frequencies less than the resonant ones in inte-
ger times. The character of periodical decisions is investigated.
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PE3OHAHCHBIE KOJIEBAHUS POTOPA
HA ITAPUKOIMMOAIIMNITHUKAX C OCEBBIM HATAT' OM
MPH COBMECTHOM JEACTBUU IUCBAJIAHCA U BUBPAIIUU OITOP

C.B. ®unrunkoBckwuii, 1o, K.1T.H., P.I'. Makogeii, cT. npern.,
XapbKOBCKHI HAMOHAJIbHBIH ABTOMOOH/IbHO-A10POKHbIN YHUBEPCHTET

Annomauus. Ilonyuena mooenv HeNuHelHbIX KOAeOaHull pomopa Ha paouaibHO-YNOPHBIX UAPUKO-
NOOUWUNHUKAX C NPe08apumenbHuIM 0Ce8bIM HAMAZOM. Memooom npoooidiceHus no napamempy no-
JIYYeHa aMIIUmyOHO-4acmOmMHAsl XapakmepucmuKa Cucmemovl npu COBMeCcHHOM Oelicmeuu Oucoanam-
ca u seubpayuu onop. AHanuz noxazai, 4mo KoNeOAHUs GO3HUKAIOM He MONbKO HA OCHOBHBIX De30-
HAHCHBIX 4acmomax, Ho U Ha Yacmomax MeHbvule Pe30HAHCHBIX 8 yenoe YUCIo pas.

Knrouesvle cnoea: pomop, paouanbHO-YNOPHbIlL UWAPUKONOOWUNHUK, HeTUHelHble KOoIeOaHus,
pe3oHarxc.

PE3OHAHCHI KOJIMBAHHSA POTOPA HA INAPUKOIIAIIUITHUKAX
3 OCbOBHUM HATSITOM ITPH CILJIBHIN I JMCBAJIAHCY I BIBPAIIII OTTOP

C.B. ®ijginkoBchKHid, A01., K.T.H., P.I'. MakoBeii, cT. BUKIL.,
XapkiBcbKkuii HANiOHAJIBbHHUI ABTOMOOILHO-10POXKHIii yHIBepcHTET

Anomauia. OmpumaHno mooeib HeJiHIUHUX KOTUBAHb pomopa Ha padianbHO-YNOPHUX WAPUKONIOULU-
HNHUKAX 3 NONEPeOHiM 0Cb08UM Hams2oM. MemoOoom npoooexiceHHs no napamempy ompuMaHo amn-
JIMYOHO-YACTNOMHY XAPAKMEPUCTIUKY CUCMeMU NpU CRITbHIT Oii oucbanancy i eiopayii onop. Ananiz
NOKa3a8, o KOJIUBAHHS BUHUKAIOMb He MilbKU HA OCHOBHUX PE30HAHCHUX Yacmomax, aie i Ha dac-
momax MeHuie pe30HAHCHUX 8 Yyile YUCo pasie.

Kiwuosi cnosa: pomop, padianvHo-ynopHuil ulapukoniOuunHuK, HeaiHiliHi KOJUBAHHS, Pe30HAHC.

Introduction which propagates through the machine structure,

even in the presence of vibration isolation. The

Many devices of special vehicles, for example rotors of these units must be protected from im-
gyroscopic instruments, fans, centrifugal com- pacts that may occur as a result of opening and

pressors operate under conditions of vibration, closing the clearances between the rolling balls
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and races of bearings under transverse rotor vi-
bration. These rotors are mounted on angular
contact ball bearings with axial preload.

Analysis of publications

The equations for determining the non-linear
stiffness of preloaded bearings are derived in
[1], however, for the carried out in this article
research they are linearized. In the article [2],
numerically and experimentally there were in-
vestigated the transverse vibrations of the pre-
loaded angular-contact ball bearing rotor caused
by an unbalance of the disc as well as show their
dependence on the nonlinear contact forces. In
article [3] there was studied the parametric in-
stability of the shaft with ball bearings under the
influence of a variable axial force.

In article [4] there were explored the free oscil-
lations of the preloaded angular-contact ball
bearing rotor as well as derived the backbone
curves and nonlinear normal modes of oscilla-
tions at different angles between the line of ac-
tion of the contact force and the bearing axis. In
work [5], there was analyzed the nonlinear mod-
el of ball bearings, obtained on the basis of the
formulas given in article [1] and defined the lim-
its of applicability of this model.

Purpose and problem statement

Effect of supports vibration on forced oscilla-
tions of the rotor is not investigated so far. The
solution to this problem is urgent, since in the
nonlinear rotor systems there often occur super-
and sub-resonance oscillations. The aim of this
study is to investigate the resonant oscillations
occurring in the preloaded angular-contact ball
bearing rotor caused by the simultaneous action
of the unbalance and vibration of supports.

Design model

The rotor is a shaft with a disk fixed eccentrical-
ly relative to supports (Fig. 1). Designation and
conditions of machines operation, in which they
use axial preloaded ball bearings, are such that
the co-relation of the length and diameter of the
shaft determine the stiffness of the shaft in the
order of magnitude more than the rigidity of bear-
ings. Therefore, the shaft is considered to be a
non-deformable body, the rotor center of mass is
considered to be concentrated in the center of the
disc, and the degrees of freedom are the spindles
movement relative to the outer bearing rings.

<o

{

Fig. 1. Rotor design

The components of elastic bearing reactions
along the coordinate axes were derived in work
[1]. One can consider them to be the compo-

nents of the vector function K(X), where X is
the vector of generalized coordinates.

Equations of rotor oscillations

The length of the shaft will be denoted /; move-
ment of the shaft center line in the directions of
the coordinate axesu,, u, are as follows:

0, (1) = ()= + 3,0

b
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where { is the coordinate of the shaft cross-
section along the axis z, x(t), x,(t), »(),
y,(r) are generalized coordinates describing the
radial movement of spindles; ¢ is a time. The
inner rings of ball bearings produce both radial
and axial oscillations relative to the outer rings.
Let’s note that the movement is insufficient
compared with the length of the shaft. Then, the
longitudinal oscillations of the rotor along the
coordinate axis z can be described by a general-
ized coordinate u, = z(t).

To generate the equations of motion, one can
use the Lagrange equations. Under our assump-
tions, the expression of the kinetic energy of the
shaft T, as a function of generalized coordi-

nates will be as follows
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where p is density of the shaft material, / and S
are the second moment of area and the area of
the shaft, respectively; Q is an angular speed of
the rotor. The kinetic energy of the disk T, asa

function of generalized coordinates will be

N
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where /; and /, are the diametrical and polar

)

moments of inertia of a disk, respectively, m,, is
the mass of the disk, £, is the disk coordinate
along the axis z.

From the assumption that the shaft is non-
deformable, it follows that the potential energy
of system deformation is represented only by the
energy  of  deformation  of  bearings
1 =T1,(x.,y,,X,,,,2). Derivatives of the
potential energy on generalized coordinates are
components of the vector function K(X).

Damping is due to bearings lubrication, usually
it is determined on the basis of experiments and
described by the model of viscous friction [6, 7].
In this case, the Rayleigh dissipation function ®©
has the form

®:%()&f+)}f+x§+)}§+z’2), 4)
where C is the damping factor.

Using expressions (1), (2), (3) and (4), one can
obtain the equation of oscillations in the matrix
form

M-X+G-X+C-X+K(X)=Q(t), (5

where M is the mass matrix, G is the gyro-
scopic matrix, C is the damping matrix, Q(t) is
the right-hand part vector.

Oscillations are excited by the combined effect
of the disk unbalance forces and the vibration of
supports, therefore

Q(1)=Q,(@Q.1)+Qy(0.1), (6)

where Q,(Q,7) is the vector of forces due to
unbalance of the disk, Qn(co,t)
kinematic excitation of oscillations, ® is the an-
gular frequency of vibration of supports. The
first vector is obtained by differentiating (3). Its
components have the following form

— the vector of

0,(Q.1), = moan(l—CTDJcoth ,
0,(Q.1), = myaQd® (1— 5o jsm Q1
0,(Q.1), = moancTDcoth,
0,Q.1), = moanqTDsith ,

QD(Q’t)S =0.

The second vector in (6) should be written as
follows [8]

Qp (w,t): M-An(oo,t),

,t) is the
vector of vibration acceleration of supports,

where M is the mass matrix,AH(co

Ap ((Dt) =
= [Anxl Any Any Anyy A ]T sino?,

where 4 Ay, are the vibration acceleration

Tl 5+ees
amplitude.

Numerical analysis of forced vibrations

To study the periodic solutions of the equation
(5), we’ll build a frequency response of peak-to-
peak displacements caused by frequency . Fre-
quency Q is considered to be fixed. Let’s define

the dimensionless parameters as follows:
X=x/z, A=0/7 Xg=X,/2y,
Ve =Y2/20, 2, =2[2, ®=0/0,, Q=0Qlo,,

1=1-®,, Where z, is an axial displacements of

the inner ring of the bearing with respect to the
outer ring due to the action of the preload force,
o, is the fundamental resonant frequency of the

linearized system. In this work, analysis of the
solutions of equation (5) is formed, using the
continuation method that was proposed in work
[9] and improved in work [10] in the study of
nonlinear rotor vibrations caused by unbalance.
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Oscillations of the non-deformable rotor with
one disk / = 0,5 m, {p = 0,125 m, the shaft diam-
eter d=0,025m, my=10kg, 7,=0,1kgm’,
I)=0,2kgm’ that rotates on angular contact
bearings of average series as per GOST Stand-
ard 831-75 are considered. The bearing parame-
ters are as follows: the radius of the outer race
R, =27,5167 mm; o = 15°; the radius of the in-
ner race R, = 16,000 mm; the radius of the cross
section of races Rx= 5,930 mm; the ball diame-
ter dz = 11,510 mm; the number of balls Nz =7;
the modulus of elasticity E£=2,1-10" Pa;
Poisson ratio u = 0,3.

At joint action of the unbalance and vibration of
supports the basic resonant oscillations occur in
form when the shaft spindles are located at one
side of the bearing axis and move in a circle in
the shaft rotation direction. The frequency of
these oscillations corresponds to the third fre-
quency of free oscillations and is further defined
by ®,. Besides this resonance there appear reso-
nances of other forms of rotor oscillations as
well as super-resonance oscillations. Fig. 2
shows the frequency response of the coordinate
yp due to parameter © .

0,6
0,54
044
0,37
0,29
0,19

0

Fig. 2. Frequency response yp due to

The resonance peaks ®©;, ©;/2 and ©;/3 corre-

spond to the modes when the shaft spindles are
located on opposite sides of the axis of symmetry
of bearings and during oscillations move towards
the rotor rotation. Super-resonance frequencies
®;/2 and ®, /3 refer to resonance frequency o

as integers — 1/2 and 1/3.

Resonance ®, corresponds to the form when

the shaft spindles are located on opposite sides
of the axis of symmetry of bearings and during
oscillations move oppositely the shaft rotation.
The frequencies ®,and ©; represent the fourth
and fifth frequency of free oscillations. In Fig. 2
resonances with lower frequencies correspond-
ing to these modes are noticeable. Their peak-to-

peak displacements are small and the frequen-
cies are also treated as integers.

The resonant peak ©, has the highest magni-

tude. In the region of low frequencies in Fig. 2
there can be seen super-resonances ®,/2 and

®, /3 as well as not marked in the figure ©,/4
and @, /5, which correspond to the modes when

the shaft spindles are located at one side of the
axis of symmetry of bearings and during oscilla-
tions move towards the shaft rotation. Their fre-
quencies refer to the frequency of the fundamen-
tal resonance as 1/2, 1/3, 1/4, 1/5.

Analysis of resonant oscillation modes

The orbit s of the centers of shaft spindles on the
main resonances of all modes are close to a cir-
cles as shown in Fig. 3 for the mode correspond-
ingto ®; (®=0,9858).

¥B
041

0,24

-0.24

04

04 02 0 02 04
Fig. 3. The orbit of the spindle B, ® = 0,9858

For super-resonance frequency during each cy-
cle of oscillation the shaft spindle describes as
many loops close to the circumference as many
times the frequency is lower than the fundamen-
tal frequency for this mode, as it is shown in
Fig. 4 for ®,/2 and in Fig. 5 for ®; /3.

Ve
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g
010 005 0 005 0.0

Fig. 4. The orbit of the spindle B, ® = 0,5619
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Between the peaks with big peak-to-peak dis-
placements in Fig. 2 there can be clearly seen
the peaks with relatively small displacements
and frequencies relating to the resonance fre-
quency ©, and ®; as integers. As a result of
the superposition of oscillations according to
several modes, here the orbits of the centers of
spindles are more complex, as it is shown in
Fig. 6 for the frequency ® = 0,5098 .

¥g

010 005 0 005 040

Fig. 5. The orbit of the spindle B, @ = 0,3746

0 002 0.04

0,04 -0,02

Fig. 6. The orbit of the spindle 4, © = 0,5098

In this mode, there occurs the superposition of
oscillations according to the modes of resonanc-
es o, and o;.

Conclusions

Analysis of the nonlinear preloaded angular-
contact ball bearings rotor dynamics has shown
that at joint action of unbalance and vibration of
supports there are excited several forms of rotor
oscillations. All frequency responses are soft. In
this case, besides the main resonance oscilla-
tions there occur super-resonance oscillations at

frequencies lower than the resonant ones in an
integer number of times.

Resonances corresponding to the modes, when
the shaft spindles are located on one side of the
symmetry axis of bearings have the largest am-
plitude, and the resonances corresponding to the
modes, when the shaft spindles are located on
opposite sides of the axis of symmetry of bear-
ings and during oscillating move oppositely to
the shaft rotation — the lowest amplitude.

This system behavior is explained by the com-
plexity of disturbances due to the fact that the
rotor rotation frequency is within the range of
vibration frequencies of supports. The superpo-
sition of these disturbing vibrations leads to the
fact that in the disturbing load there can be ob-
served beats that cause super-resonant oscilla-
tions.
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MYKOLA HOVORUSHCHENKO (1924-2011): BIOGRAPHY OF A SCIENTIST

A. Domanovskyi, Assist. Prof., Ukrainian Studies Department,
Kharkov National Automobile and Highway University

Abstract. The article is devoted to the biography of Mykola Yakovych Hovoruschenko (1924—
2011). M. Hovorushchenko is known for his role in the development of the first modern sta-
tions of automated diagnostics. Under the direction of M. Hovorushchenko there were trained
approximately 8500 engineers, more than 80 patents for inventions were obtained.

Key words: Mykola Yakovych Hovoruschenko (1924-2011), biography, scientist, contribution to
science.

MHUKOJIA T'OBOPYHIEHKO (1924-2011): BIOTPA®IsI HAYKOBL S

A.M. JloMaHOBCHKHIi, 101I.,
XapkiBcbKHii HAIOHAJIBLHUIT ABTOMOOILHO-TI0POXKHIii yHIBepcHTET

Anomauis. Cmammio npucesiueno o2nsa0y dioepaghii ma nHayxoeozo oopodxy Muxonu Hxosuua I'oeo-
pywenxa (1924-2011) — npoghecopa, 00kmopa mexHiuHuxX HAYK, 3ACTYHCEHO20 OiUA HAYKU.,

Knrouosi cnosa: Muxona Arxosuu [oeopywenxo (1924-2011), 6ioepagis, Haykoeeyvb, HAYKOGuUll
6HECOK.

HHUKOJIAW TOBOPYIIEHKO (1924-2011): BHOTPA®HSI YYEHOT'O

A.H. JlomaHoBCKHIi, 1011.,
XapbKOBCKHI HAIIHOHAJIBLHBIH ABTOMOOH/IbHO-10POKHBII YHHBEPCHTET

Anunomayun. Cmamos nocesiwena 0630py o6uozpaguu u Hayunoeo exnada Huxonas Axoenesuua I o-
sopywenxo (1924-2011) — npogheccopa, 00kmopa mexHu4ecKux HaykK, 3ACIyHCeHHO20 Oesimenst HAyKU.

Knroueesvie cnosa: Huxonaii Hrxoenesuu I'osopywenxo (1924-2011), 6uoepaghus, yuenvlll, HayuHolil

6KJ100.

The Honored Worker of Science, Doctor of
Technical ~ Sciences,  Professor = Mykola
Yakovych Hovoruschenko [1-8] was born on
May 24, 1924 in the village of Klynove, Borisov
District, Belgorod Region. He graduated from
high school in the city of Belgorod in 1940 and
entered Kharkiv Automobile and Highway
Institute (KhADI). His studies did not last long
before they were interrupted the war.
Hovorushchenko began his military service in
the 381" Reserve Regiment in Pugachev, in the
rank of sergeant. After working for several
months as a teacher in the preparatory section of
the regiment, the young man volunteered for the
front, where he served his way from an ordinary

infantryman to a regimental staff officer. From
February 1943 to November 1945 he fought on
the 3rd and 4th Ukrainian fronts, took part in the
liberation of Kharkiv, served as a topographer,
military interpreter, head of secret record
keeping, and Komsomol organizer at the
regimental headquarters.

In September 1945, Hovorushchenko was
demobilized as a student who had finished his
Ist year of university studies. He returned home
in November of that year [1]. From 1946 to
1950 Hovorushchenko was a student at KhADI.
As an honors student, he was offered an
opportunity to pursue a postgraduate degree. In
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1954, at the Moscow Automobile and Road
Institute (MADI), he successfully defended his
candidate thesis on evaluating the fuel efficiency
of automobiles on uneven roads. In the same
year Hovorushchenko became chair of the
Department of Motor Vehicle Operation and
Maintenance at KhADI.

At that time he already began exploring issues
related to the diagnostics of motor vehicles for
improving their maintenance and repair. He led
the development of modern automated
diagnostic stations for cars and trucks, as well
as the construction and deployment of several
dozen sets of diagnostic equipment in different
cities of Ukraine and the former USSR. The
1950s were a particularly fruitful period in the
scientific and educational work of the
department. In cooperation with the Department
of Road Construction and Maintenance, research
was begun on the interaction between the motor
vehicle and the road. An automated lab for
handling complex research problems in various
road and traffic conditions, unique for that time,
was created [5, p. 4; 9, p. 9].

From 1957 to 1959, Hovorushchenko served as
Dean of the Faculty of Distance Education, and
from 1962 to 1964 — Dean of the Faculty of
Motor Vehicles, KhADI's leading faculty. In
1965 he defended his doctoral thesis on «The
Theoretical Basis for Operational Calculations
of Vehicle Movement on Roads with Varying
Degree of Evennessy» [9, p. 6]. Gradually, a
strong scientific school emerged under the
leadership of Mykola Yakovych, numerous
theses were defended under his direction.

In 1965, on the orders of the Minister of
Automotive Transportation of the Ukrainian
SSR, a sector research lab for the basic problems
of motor vehicle operation and maintenance was
set up at KhADI, where critical issues of
diagnostic theory and the theoretical foundations
for methods and regimes of preventive
maintenance and repair of motor vehicles were
explored. Hovorushchenko became the head of
the lab. In 1973, by then a renowned and
accomplished scientist, he was sent to Mongolia
as a UNESCO expert to organize an institute of
technology there.

Hovorushchenko is known for his important role
in the development of the first modern stations
of automated diagnostics, begun in 1965. In
1970, the work prepared by the Department of

Motor Vehicle Operation and Maintenance,
entitled «The Development and Application of
Methods and Means for Diagnosing the
Maintenance Condition of the Motor Vehicle
Stock» was a contender for the Ukrainian SSR
State Award for Science and Technology [4].

Under the direction of Mykola Hovorushchenko,
the department held the first Union-wide science
and technology conference on the diagnosis and
prognosis of the condition of motor vehicle
stock in September 1967, which formulated the
theoretical foundations of diagnosis and the
basic principles of a new approach to the
preventive maintenance and repair of motor
vehicles on the basis of reliable diagnostic
information [4, p. 21].

In 1970-1971, at the Department of Motor
Vehicle Operation and Maintenance, in the
sector lab of Ukraine’s Ministry of Automotive
Transportation, the first experimental model of a
mobile station for diagnosing the maintenance
condition of cars (PDS-I) was designed and
produced under Hovorushchenko’s direction.
The KhADI model PDS-I was designed for
determining the technical condition of privately
owned vehicles by traffic control authorities and
for annual mandatory maintenance inspections.
The station consisted of a special diagnostic
trailer and a truck. The equipment in the trailer
allowed to diagnose all the basic systems and
aggregates of a vehicle based on 60 parameters.
Two operators were able to process up to 50 cars
per shift. The data of the express-diagnosis were
recorded on a tape that was later deciphered by
the operators. The driver received a completed
diagnosis card with a statement on the
maintenance condition of the vehicle based on
72 parameters and recommendations for fixing
the defects [10]. Another advantage of the
station was its complete autonomy and
independence from external power supply. It
could be set up in 30 minutes.

From May 23 to June 6, 1973 PDS-IV was
demonstrated at the international exhibition
Autoservice-73 in  Moscow, attended by
representatives from 25 countries. The KhADI
model was recognized as the first in the Soviet
Union and widely considered one of the most
interesting items at the exhibition. The diagnosis
station received praise from  foreign
representatives (USA, Japan, the Federal
Republic of Germany, et al.). Versatility,
portability, high degree of automation, small
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size and cost were named as the main
advantages of the model [11, p. 61; 12-28].

On May 24, 1974 the State Committee on
Science and Technology of the USSR and the
Council of Ministers of Ukraine resolved to
create in KhADI the only research lab for the
problems of the diagnosis of motor vehicle
maintenance condition in the Soviet Union.
Since 1974, more than 30 models of diagnostic
equipment were developed at the lab, more than
60 patents for research in the field of diagnostics
were received. Much of this work was done
under the direction of Hovorushchenko.

Hovorushchenko authored more than 300 works,
including over 40 monographs, textbooks, and
manuals. He received more than 50 patents. One
of his first works was the collective monograph
Operational ~ Characteristics of Highways
(Moscow, Autotransizdat 1961) [29], summari-
zing research on the performance of motor
vehicles in various road and traffic conditions.
Continued research in this direction was
presented in Professor Hovorushchenko's
textbook Basic Theory of Automobile Operation
and Maintenance (1971) [30; 9, p. 9; 11, p. 53].

Mykola Yakovych published numerous works
on the diagnosis of motor vehicles. His first
monograph on this subject came out right before
the opening of the first Union-wide conference
on «The Foundations of Motor Vehicle
Maintenance  Diagnosis» (M. Y. Hovoru-
shchenko, A. V. Gogayzel, B. I. Klimetz, 1967).
The results of further research on this subject in
our country and abroad are summarized in

Professor ~ Hovorushchenko's =~ monographs
Diagnosis of the Technical Condition of
Automobiles  (Moscow, 1970)[31] and

Automobile Diagnosis: Today and Tomorrow
(1976) [32]. In 1984, he published a textbook on
the Operation and Maintenance of Motor
Vehicles [33; 5, p. 6-7].

Beginning in 1982, Mykola Yakovych was
involved in the development of the
Comprehensive Program of Scientific and
Technological Progress in the Area of
Transportation in Ukraine to 2005. For 13 years
(1977-1990) he was a member of the Expert
Council on Transportation at the Higher
Attestation Commission of the USSR [2]. In the
mid-1980°s the Department of Motor Vehicle
Operation and Maintenance under his direction
continued to develop highly useful scientific

projects, the results of which were actively
implemented by the industry.

Financial hardship that prevailed in the 1990 s
caused serious difficulties in conducting applied
research in motor vehicle diagnosis at the
department. The department’s faculty under
Hovorusjcjenko's direction had to focus their
work on theoretical issues related to the design
and operation of transportation systems and
machines.

In 1993, Professor Hovorushchenko became
Academician of the Transportation Academy of
Ukraine and Academician of the Academy of
Transportation of Russian Federation. In the late
1990s the department performed the first series
of studies on the theory of motor vehicle
operation and transportation systems enginee-
ring and published (in collaboration with the
Department of Motor Vehicles) the monograph
Transportation Systems Engineering, as well as
works on the Economic Cybernetics of
Transportation and Technological Cybernetics
of Transportation [34; 35; 36].

In October 1997, the department under the
direction of Professor Hovorushchenko hosted a
conference on the protection of air quality from
harmful vehicle emissions. In 1998 the
department organized a nation-wide conference
on systems engineering in road transportation,
which coincided with the 65th anniversary of the
department. The department also received
accreditation certificates for their fuel and
operation materials research and analysis lab, as
well as for the mobile diagnosis
station [4, p. 22].

In the year 2000, the Department of Motor
Vehicle Operation and Maintenance was
renamed Department of Systems Engineering
and Diagnosis of Transportation Machinery. In
recent years, the faculty have been actively
working on the theoretical principles of systems
engineering and on the technological and
economic cybernetics of transportation.

The Department of Systems Engineering and
Diagnosis of Transportation Machinery under
the direction of Mykola Hovorushchenko
become one of the leading departments of the
present-day KhNADU. It includes 13 teaching
and research laboratories, including the Problem
Lab for the Diagnosis and Prognosis of the
Technical Condition of Motor Vehicles and two
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laboratories accredited by the State Standard
Commission of Ukraine. The Problem Lab for
the Diagnosis and Prognosis of the Technical
Condition of Motor Vehicles developed and
helped to implement approximately 30 models
of diagnostic equipment, constructed diagnostic
stations, and formulated the foundations of a
new approach to maintaining motor vehicles in
good technical condition, based on a monitoring
system of diagnostics.

The department, and Professor Hovorushchenko
in particular, have trained approximately 8500
engineers, 61 candidates of science and 9 PhDs.
More than 80 patents for inventions have been
received, more than 40 monographs, textbooks,
and manuals have been published. The
department's faculty developed a comprehensive
program of scientific and technological progress
in the sphere of transportation and its socio-
economic results for the period from 1985 to
2005.

To his last days, Mykola Hovorushchenko
continued working in the field he loved, the field
that shaped his life [37-41]. He made an
important contribution to the science of motor
vehicles in Ukraine and Eastern Europe [8].
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