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— pa3Mep CeTKM BbIOpaH C YYETOM IIEPOXOBATOCTU MOBEPXHOCTU KOHTAKTUPYIOUINX TEJ;

— pa3Mep CeTKM yMEHbIIIEH B JIBa pa3a M0 CPAaBHEHUIO C MEePBbIM BapUAHTOM.

Ol1ieHKa AUCKPETHOCTU CETKM OCYIIECTBIISIIACh B MporpaMMHoM KomIiekce LS-DYNA.

PaszpaboranHHass MeToaMKa MOAXOIUT JJISl BCEX BUIOB IJIOCKUX U TBEPAOTEIbHBIX KOHEUHBIX 3JIEMEHTOB.

Knaroueswie cro6a: MeXpOTOPHBIN MOMMIMITHUK, IIEPOXOBATOCTb MOBEPXHOCTH, 00JIaCTh KOHTAKTa, KOHTAKTHbIE Ha-

TIPSAKEHUA.

Beenenne

M3BecTHO, U4TO HAAEXXHOCTh pabOTHl MAIllUH U
MEXaHM3MOB B 3HAUUTEILHOM CTETIEHN 3aBUCUT OT pa-
0OTOCIMOCOOHOCTU MX MOAIIMIHUKOBBIX Y3J10B. M 3TO
0COOEHHO BaXKHO JJISl U3JIeJINi aBUALIMOHHOM TeXHU-
KW, TOe TMOAIWITHUKOBBIC Y3JIBI aBUAIIMOHHBIX TBU-
raTeyeit, peaAyKTopoB, arperaToB 1 U3ACITUI BO3MYII-
HbIX cynoB (BC) sgBASIOTCS OMHUMU U3 CaMbIX OTBET-
CTBEHHBIX Y3JIOB M, KaK MPaBWJIO, TUMUTUPYIOIINX UX
pecypcenl. K uncity Hanbonee mpo0ieMHBIX Y3/10B JBU -
raTesst OTHOCUTCS MEeXPOTOPHBIN MOAMMUITHUK. [Tpu
BBISIBJICHUM TTPU3HAKOB IeheKTa MEXKPOTOPHOTO TTOI-
IIATTHUKA ABUATATe]Ib OTCTPAHSIETCS OT IKCILTyaTalllH,
TaK KaK 3TO MOXET MPUBECTU K 3aKIMHUBAHUIO PO-
TOPOB M BBIXOIY M3 CTPOS Bcero auratenst. OCHOB-
HO¥ MPUYWHON OTKa3a MOAIMUITHUKOB KauyeHUs TTPHU
HOPMAaJTBHBIX YCIOBUSIX SKCIUTyaTallUM SIBIISICTCS BO3-
HUKHOBEHNE KOHTAKTHBIX HATIPSIKEHWI M KaK CJIe-
CTBUE M3HOC TTOBEPXHOCTE! KaueHM.

BoibIIMHCTBO N3BECTHBIX AaHATUTUYECKIX METO-
JIOB pacueTa KOHTAKTHBIX HAIIPSKEHUU CMSTUS B
MOAIIMITHUKAX OCHOBAHO Ha Teopuu I'epia o ctatu-
YeCKOM KOHTaKTe IByX Tesl. Ho mis atoit Teopum cy-
IIECTBYET Psif YIPOILIECHUIA:

— TpeHHEe OTCYTCTBYET;

— 00acTh KOHTAaKTa Maja M0 CpaBHEHUIO C pa-
IMycaM¥ KPUBU3HBI;

— MaTepuajbl CONPUKACAIONINXCS TEJI OMHOPO/ -
HBI, U30TPOITHLI 1 a0COJIIOTHO YIIPYTH.

YucieHHBIN pacyeT MO3BOJISET pellaTh KOHTaK-
THBIE 3afaum 0e3 yIpolueHus teopun ['epua:

— MOJEIUPOBAHUE TPECHUSI,

— YYET HEJIMHENWHBIX CBOMCTB MaTepuania;

— YYeT IIEPOXOBATOCTH KOHTAKTUPYIOIINX ITOBEP-
XHOCTEH ¢ OMOIIBIO Toa00pa pa3Mepa KOHEUHO-3JIe-
MEHTHOM CETKM.

PazpaboranHast MeToaMKa MO3BOJISIET OLICHUBATH
HamnpspkKeHUs U aedopMaliiy BpallalomIuXcs AeTajiei
B MTOJIIMITHUKAX KadeHUs JII000il (POPMEL.
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Ilens paboTH 3aKiI04aeTCsl B OIPEACICHUN OI-
TUMaJIBHOTO pa3Mepa KOHEUHBIX DJIEMEHTOB JIUTS U -
HaAMHMYECKOTO pacuera, TAe KOHTAKTHPYIOIIne JaeTa-
JIU BpallaoTCs.

OOBeKT uccienoBaHUs — paauaibHbIi POJUKO-
BBl MOMIIMITHUK SAB1002926P4, n3roToBIeHHBIN 110
TVY3900-A, cBepxJIETKOI CepuU C TaDapUTHBIMU pa3-
Mmepamu 130x 180x 24 MM 1 LIEHTPOBKOI cemapaTo-
pa Mo BHyTpeHHeMy KoJiblly (puc. 1).

|
Puc. 1. PaguanbHblii poaukonommunauk SAB1002926P4

TMoammnmHuK mpeamnosaraeTcsl yCTaHOBUTh B MEXK-
potopHoil onope. [Ipu 23TOM BHYTpEeHHEE KOJIbLIO
MOAIIMITHMKA OYJeT MpUHaIJIeXaTb POTOPY HU3KOIO
NaBJICHUSI, a HAPY>KHOE — POTOPY BBICOKOTO JAaBJjie-
Hus. BpallleHre poTopoB B IMPOTUBOIIOJOXHbBIE CTO-
DOHBI.

Metonuka onpenenenuss quckpetHoctu KD-cetku
C YYeTOM HIepPOXOBATOCTH MOBEPXHOCTH

LllepoxoBaToCTh TTOBEPXHOCTH — BTO COBOKYII-
HOCTb HEPOBHOCTEH MTOBEPXHOCTU C OTHOCHUTEITHHO
MaJIBIMM TIIaTaMHM, BBIAEJICHHAS C TIOMOIIBIO 6a30BOM
JIUTUHBL (puc. 2).

ITapameTpsl 111epOXOBATOCTH (OAMH WUJIU HECKOJIb-
KO) BBIOMPAIOT M3 MIPUBEACHHON HOMEHKIIATYPHI:

R, — cpenHee apupMeTHIECKOE OTKIOHEHUE
npodus;

R_ — BBICOTAa HEPOBHOCTEH MPOMUIIS MO AECATH
TOYKaM;

R« — HauboubIas BbICOTa IPOMUIA;

§,, — CPEIHUI 1I1ar HEPOBHOCTEN;

S — cpemHUit 1ar MECTHBIX BBICTYIIOB ITPOWIIS,

1, — OTHOCHTEJIbHAsl ONOpPHAsH JUTMHA IpoGwIIA,
r7e p — 3HaueHue ypOBHs CceYeHUl Mpous.

[Tapametp R, ABAAETCA MPEANOYTUTETBHBIM.

CxeMa 111epoXOBaTOCTU MOBEPXHOCTU U €€ 2Jie-
MEHTBI TI0Ka3aHbl Ha puc. 2, rae /| — 0a3oBast -
Ha, m — CPeIHsd [UIMHA Mpoduisd; S, — CpeaHuit
1ar HepoBHoOCTel nmpodus; S — cpeaHuii mar npo-
G, H; | — OTKIOHEHMS NATH HAMOOJIBITNX MaK-
CcUMyMOB npodund; H, . — OTKIOHEHMs MATH Hau-
MEHBUIMX MUHUMYMOB NpoGwis; h; . — paccros-
HUE OT BBICIINX TOYEK MSITH HAMOOIBITNX MAKCUMY -
MOB JI0 JIMHUU NapajlJIeJbHOW CPEIHEN U HE TIEpece-
Kaouei npoduib; A, .. — PaCCTOSIHUE OT HUBILUX
TOYEK TSATH HAaMOOIBIINX MaKCUMYMOB JO DTOU XKe
JIMHWUM, p — YPOBEHb CeueHus npodunsd; R = — Hau-
Oosblasi BbicoTa MpouIst; y — OTKJIOHEHWEe Mpodu-
Jis1 OT JIMHUM m; I, — OTHOCUTEJIbHAS OTIOPHAst JUIN-
Ha npodus; b, — IJIMHA OTPE3KOB, OTCEKAEMBIX Ha
3aJJaHHOM YpOBHE p.

CoryiacHO yepTexy MOJIIMITHUKA MapaMeTp Iie-
POXOBATOCTU 25 MKM.

7151 OLIeHKY BIMSHUS KOHEYHO-2JIEMEHTHOI CeT-
KU Ha pe3yJibTaThl pacueTa ObLIO MPOBEAEHO /IBa pac-
yeTta. Tak KaKk Moje/b MOAIIMITHUKA 3aHUMAaeT 00J1b-
IIOM pacyeTHbIN pecypc, pacyeTbl NPOBOAUIUCH B
2D-nocTaHOBKe.

| ~-Szacman gnnHa

TTHIMR BLAC TYNOE

R W —

n

i
=]
g

V“U :

Hymilr

harnax

JHHAA BNBSHH

hymiir

lh" —
i

Puc. 2. Cxema 1mepoxoBaTOCTA MOBEPXHOCTH U €€ IJIEMEHTBI
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Ilepesviii pacuem — Kkpynuas cemka.
Pasmep KBD-ceTku BeIOUpascs cienyio-
mumM obpaszom. Eciiu pa3zdouth okpyx-
HOCTh Ha KBaJIpaTHBIE 3JIEMEHTHI, TO
OHa OyJeT cOoCTOSITh U3 Xopa. Beanuu-
Ha XOPJbl KOHTAKTUPYIOIINX ITOBEPXHO-
CTeli BBIOMpaJiach Mo mapamMeTpy IIepo-
XOBAaTOCTU COTJIACHO pHUC. 3.

Koneuno-snementHas 2D-monenb
MOAIIMIIHUKA cocTonT m3 51691 ae-
MmeHTOB TUNa QUAD. Pasmep aiemeH-
TOB posiukoB — 0,34 MM, pa3Mep dJie-
MEHTOB HapyXHoro Koybua — 1,03 mm,
pa3Mep 2JIEeMEHTOB BHYTPEHHETO KOJIb-

OuameTp, onuceiBatowmin xopabl KS mogenu

i}

R3=25 mkm

fa=tiua

'

Puc. 3. BI)I60p BCJIMYMHBI XOPpAbl KOHTAKTHBIX HOBCpXHOCTCﬁ TIOAIIMITHUKA
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LEHTPE Macc

Puc. 4. KoHeuHO-371eMeHTHas MOIEIb MOAIIMITHUKA
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Time = 30
Contours of Minimum Principal Stress
max IP. value

min=-1.923586, at elem# 35771
max=0.0638272, at elem# 49036

Fringe Levels
6.383e-02
-8.514e-02 ]
-2.541e-01 |
4.131e-01 _
-5.720e-01 _
-7.310e-01 _
-£.900e-01 _
-1.049e+00 _
-1.208e+00
-1.367e+00 ]
-1.526e+00 _|

ma — 1,00 MM, pasMep 2JIEMEHTOB XXECTKMX TEJI —
2,00 MmM. 3akperuieHre OCYIIECTBIISIJIOCh B LIEHTPE
Macc HapyXKHOTO XeCTKOTo Teja. Harpyska mpukia-
IBIBAJIach B IIEHTP Macc BHYTPEHHETO JKECTKOTO Tejia
ot 0 mo 1000 xrc.

Bmopoii pacuem — meaxas cemka. Ytobbl mpocie-
IUTHh BIUsSHUE paszmepa KD-ceTkn Ha pe3yiabTaThl
pacyera, OBIT TIOBTOPEH MPEABIAYIINI pacueT C
YMEHBIIIEHEeM CETKHM B JBa pasa.

Koneuno-anemeHTHas 2D-Moae1b TOAITUITHIKA
coctout u3 189546 snemenron Tuna QUAD. Pazmep

a)

Puc. 5 (nauano)

3JIeMEeHTOB poJukoB — 0,17 MM, pa3mep 2J1eMEHTOB
HapyHoro koibua — 0,51 MM, pa3zMep 2JI€MEHTOB
BHYTpeHHeTo Koabua — 0,49 MM, pa3aMep 271€MEHTOB
xectkux tea1 — 2,00 mm. C yuyeToM TOro, 4to mep-
BOHAYAJbHON 3amadeii SIBISIOCH BHITTOJTHEHNE CPaB-
HUTETbHOTO aHajn3a MOJeNeil, pa3anJaiolInXcs
TOJIBKO TTapaMeTpaMy JUCKPETU3AINH, K IBYM Bapu-
aHTaM MojeJiell TPUKJIaabIBAINCh OMMHAKOBBIE Tpa-
HUYHBbIE YCIOBUS M HArpy3ku (puc. 4).
MonenupoBaHue KD-moaenu noammnHmuka ocy-
ecTBIIsIIOCh B mporpaMmmHoii cpeae MSC.PATRAN.
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Tenaoseie, s1neKkmpopakemubie dsueament U I3HePeOYCMAHOBKU Thermal engines, electric propulsion and power
NemamenbHbiX annapamos plants for flying vehicles

Time = 30 Fringe Levels
Contours of Minimum Principal Stress 3.303e-02
max IP. value
min=-1,51308, at elem# 220507 -1.216e-01
max=0.0330295, at elem# 36126 2.762e-01 _
-4.308e-01 _
5.854e-01 _
-7.400e-01 _
-8.946e-01 _
-1.049e+00 _
-1.204e+00
-1.358e+00 ]
-1.513e+00 |

i
anaias.
i

0)
Puc. 5. MakcuManibHble HaTpsikKeHUs cxaTust (3 TJIaBHbIC): @ — KpYIHas ceTKa; 6 — MejKas ceTka

I'pannyHbIe ycoBUS, BpeMsl pacueTa, MaTepua- st ymoOCcTBa MOAEIMPOBAHUS 1 00pabOTKM pe-
JIBI, TUIT ¥ CBOMCTBA 3JIECMEHTOB 3aaBaJINCh B «.Key»  3yJabTaToB B mporpamme LS-Dyna npuHsTa cieayoo-
aiine. 1ast cucteMa eIuHUIIL

VYopyromnacTuyecKuii pacyeT BBIITOJIHSJICS C UC- e Macca — [KT1]
monb3oBaHneM koma LS-DYNA/explicit. e JInuHa — [MM]

"
| BecTHUK MOCKOBCKOTrO aBMallMOHHOrO MHcTUTyTa. T.27. Nel




Tel’l/lOGble, SNeKmpopaKkemHbsle deucamenu u SHepeoycmaHo8KU
JnemamendbHoulx annhapamoe

Thermal engines, electric propulsion and power
plants for flying vehicles

e Bpemsa — [mc]
e Cuia — [kH]
e Hanpsxenne — [kH/mm? = I'Tla]

e DHeprust — [(xr'Mm2)/mc? = 1]
e ITnotHOCTE — [KT/MM?]

e Yckopenue — [mm/mc?~ 102g]

e Cxopocth  — [MM/MC = M/c]

PesynbTathl pacyera npeacTaBiieHbl Ha puc. S 1 6.

BriBoabl

BrITIONTHEHHOE COTJTACHO METOAMKE YMEHBIIICHIE
BbIOpaHHOM BeJMUYMHBI KD-ceTK KOHTaKTUPYIOIINUX
TTOBEPXHOCTEH TT0 TTapaMeTpy IIEPOXOBATOCTH He BIIM-
sIeT Ha Pe3yJbTaThl pacueTa U MO3BOJISIET UCITOJIB30-
BaTb MEHBIINWN pacyeTHBIN pecypc.

Pa3zpaboranHasgs meToamkKa JaeT BO3MOXHOCTh
OILICHMBATh HATIPSKeHUS M nedopMaliny Bpalao-
IIMXCS JeTaleil MOAIIUITHUKOB KaueHus 110001 hop-
MBI.

Fringe Levels
6.958¢-03
4.117e03
1.276e-03

-1,5660-03 _
4.407¢03
-7.2482-03
-1.009¢-02
-1,203e02
A1.577e02
-1.861e.02
-2.145e-02

a)

Puc. 6 (nauano)
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Time= 30 Fuings Lavets
Contours of Lower Ipt Y-strain 9.393e-03
min=-0.0226902, at elem# 225214
max=0,00939332, at elem# 55981 6.185¢-03
2.077e-03
2.317e-04 _
=3.440e-03
-6.648e-03
-9.857e-03 _
-1.307¢-02
-1.627e-02
-1.948e-02
+2.269e-02 |
0)
Puc. 6. MakcuManbHas nedopManusi: ¢ — KpyIHas CeTKa; 6 — MeJKas ceTKa
Pa3zpaboranHas mMeToamKa MOOXOMUT AJS BCEX komiuiekce LS-DYNA // BectHrk MOCKOBCKOIo aBua-
BUJIOB IIJIOCKUX ¥ TBEPAOTEIbHBIX KOHEYHBIX DJIEMEH- uroHHoro uHerutyra. 2018. T. 25. Ne 3. C. 134-142.
TOB. 2. LS-DYNA keyword users manual (Version 971). —

Livermore Software Technology Corporation (LSTC),

bubamorpaduuecknii Cimcok 2012. Vol. 1. — 1953 p.
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FINITE ELEMENT GRID DISCRETENESS SELECTING
FOR ROTATING PARTS OF INTER-ROTOR BEARING
OF A GAS TURBINE ENGINE CONSIDERING SURFACE ROUGHNESS
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A. Lyulka Design Bureau - a branch of the United Engine Corporation (Ufa) Engine Industrial Association,
13, Kasatkina str., Moscow, 129301, Russia
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Abstract

The presented work is devoted to the development
of a technique for selecting the finite element grid size
of the bearing rotating parts, contacting among
themselves, with account for the surface roughness for
strength calculation. It is customary in static
calculation to thicken finite elements in the area of
contact to ensure its accuracy. For the dynamic
calculation, where parts are rotating, this technique
does not work.

It is well known that reliability of machines and
mechanisms operation depends substantially on their

bearing blocks operability. This is especially important
for aircraft engineering products as bearing blocks for
aircraft engines, reducers and other products are one
of the most critical components and, as a rule, limiting
their resources. The inter-rotor bearing is one of the
most problematic parts of the aircraft engine. While
revealing signs of defect of the inter-rotor bearing the
engine is removed from operation since this can lead
to rotors jamming and the engine failure. The main
cause of the rolling bearings failure under normal
conditions is occurrence of contact stresses and,
consequently, the rolling surfaces wear-out.
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Thermal engines, electric propulsion and power
plants for flying vehicles

Most of the known analytical calculating methods
of the contact compacting stress in bearings are based
on the Hertz theory of static contact of two bodies.
However, there is a number of simplifications for this
theory:

- no friction;

- the contact area is smaller compared to the
curvature radius;

- the contacting bodies materials
homogeneous, isotropic and perfectly elastic.

Numerical calculation allows solving contact
problems without the Hertz theory simplification:

- friction simulation;

- accounting for nonlinear properties of the
material;

- accounting for the contacting surfaces roughness
by selecting finite element grid size.

The developed technique allows estimating stresses
and deformations of the rotating parts of rolling
bearings of any shape.

The purpose of the presented work consists in
determining the optimum size of finite elements for
dynamic calculation where the contacting parts are
rotatting.

Comparative evaluation of stresses and strains in
contact of rollers with raceways of the 5AV1002926R4
bearing in 2D statement of the two options was
performed:

- the size of a grid was selected with account for
the surface roughness of the contacting bodies;

- the grid size was reduce by half compared to the
first option.

The grid discreteness evaluation was performed
with the LS-DYNA software package.

The developed technique is suitable for all types
of planar and solid-state finite elements.

arc

Keywords: inter-rotor bearing, surface roughness,
contact area, contact stresses.
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