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BOTPOCHI TEGP

BbiOOp ocen koopanHaTt
Nnpu oLeHKe KosiebaHum
BaroHa c HeCUMMETPUYHO
pPacnoJIoXXEeHHbIM rPy30M

nérp AHUCUMOB

Peter S. ANISIMOV

Selection of Coordinate Axes for
Evaluating Vibrations of the Car with
Staggered Cargo

(TekcT cTatbu Ha aHi1. 3. — English text of
the article — p. 21)

lMpeanaraercs metoa Bbi6Opa oceli
KoopAuHAaT C UCIOJIb30BaHUEM
mertoauku akagemuka I. K. CycnoBa
npuvu nccsiegoBaHUU rnNPOCTPaHCTBEeHHbIX
Kos1e6aHui rpy30BOro BaroHa

C TSDKEeJIOBEeCHbIM U/ HerabapuTHbIM
rpysom. PaccmoTpeHa cucrema
ypaBHeHWUW 4Jis onpegesieHust
rnaBHbIX LEHTPasIbHbIX MOMEHTOB
nHepLuun rpy30B pa3IndHOW Macchl

B 3aBUCUMOCTHU OT NpPogoJibHbIX

U rioriepeyYHbIX CMeLLeHUi oT oceli
CUMMeTPUU BaroHa.

Knio4eBsbie crioBa: xene3Hasi 4opora,
rpy30BOVi BaroH, TSXKE€J10BECHbIVI TBEPAbIV
rpy3, ocvi KOopAnHarT, 0Cv HEPLUU,
LeHTpasibHble MOMEHTbI MHEPLNU, METOL
ornpeneneHnss ocevi KoopanHar, cuctema
ypaBHEHU.

® MWP TPAHCIOPTA, Tom N24,C. 16-23 (2015)

Anucumos Ilemp Cmenanosuu — doxmop
mexHu4eckux Hayk, npogheccop Mockosckozo
20cydapcmeenHHo20 yHueepcumema nymeii coooujeHus
(MHUHT), Mockea, Poccus.

PY HECUMMETPUIHOM PACTIONIOXKEHUY
B TPY30BOM BaroHe MepeBO3UMOro
TSKEJIOBECHOTO WJIM HErabapuTHOTO

rpy3a, TO €CTb MPU HECOBIAAEHUU IIEHTPA

Macchl Tpy3a ¢ IIEHTPOM MaccChl BaroHa, ocu

KOOpAWHAT HEOOXOIMMO BHIOMPATH HE COBIIA-

JAIOIIMMHU C OCSIMU CUMMETPUU TPY3a, a COB-

MaJalolMMK C TJIaBHBIMU LIEHTPATbLHBIMU

OCSIMU MHEPUWU TPy3a U BaroHa C LEJIbIO

MOBBILIEHUSI TOYHOCTU pacuy€ToB U OoJiee

MPaBWJIBHOM OIIEHKW Ka4YeCTBEHHBIX U KOJTH -

YECTBEHHBIX XapaKTEPUCTUK TUHAMUIECKUX

MPOILIECCOB I'PY30BOTO BaroHa Mpu JABMXXKEHUN

€ro0 10 XeJIE3HOIOPOXKHOMY MYTHU CO Cydai-

HBIMY WJIN JIETEPMUHUPOBAHHBIMU HEPOBHO-

CTSIMU B BEPTUKAJIBHOU TTPOJIOJILHOI U TIOTIE-

PEUYHOI Topu3oHTaNbHOM T1ocKOoCTsX. [Tpo-

nonbHas A &, monepeuHasi An, BEpTUKaIbHast

AS— mIaBHBIEC IIEHTPATbHbIE OCU WHEPIIUUN

rpy3a (puc. 1) TOBEpHYTHI OTHOCUTEIEHO OCeit

CUMMETPUU Tpy3a Ha YIJIbI COOTBETCTBEHHO

Y, %, o.. CienoBaTebHO, TTOJIOXKEeHUE TITaBHBIX

LIEHTPAJTbHBIX OCEl MHEPIIMU OTpeesIeTCsT

HaIpaBJISIOIMMI KOCUHYCAMU 3TUX YTJIOB,

KOTOpbIE MOTYT OBITH OTIpeNeIeHbI, HATIPU-

Mep, o Metonuke akagemuka I.K. CycioBa

[1].

OO01ast 3amauya HaXOXKASHUSI TJIAaBHBIX 1IEH-

TPabHBIX OCE MHEPIIMU TBEPIIOTO TPy3a B IaH-
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Puc. 1. KoopamHaTHbie ocu npy HECUMMETPUYHOM pa3MeLLeHNMN TXXE/I0BECHOrO rpy3a: &, 1 — rnaBHble
LeHTpasibHble OCYU MHepuun rpy3sa; X, — NPoA0JIbHOE CMeLYeHNe LeHTpa Macchl rpy3a oT nonepe4Hoi ocu
cummeTpum BaroHa Oy, B, — monepe4yHoe CMeLLeHne UeHTPa MacChl rpy3a OT NpOA0JIbHOM OCY CUMMETPUN

BaroHa Ox.

HOI ero TOUKe 1 OIpeaeIcHS IJIaBHBIX IICHT-
PpaTbHBIX MOMEHTOB MHEPIINN PACCMaTPHUBAIACH
B obmieM Buae B padore [2]. HampaBneHusm
TJIaBHBIX IIEHTPAIBHBIX OCEI MTHEPIIMI COOTBET-
CTBYIOT OCH CUMMETPUH 3JITUTICONIA MHEPIINH,
IUTSI KOTOPOTO:

aty =1, (1
TIIE O, ¥, %, — KOCUHYCHI YTJIOB MEXTY TTIaBHbI -
MM LIEHTPAJTbHBIMU OCSIMU MHEPIINU 1 UCXOI-
HBIMHM OCSIMH KOOPAMHAT (OCH CUMMETPUH
Tpy3a).

Kocunych! yrios o, y, Y COOOIIAIOT 9KC-
TpeMaJIbHOE 3HaUCHME OMHOPOIHOM KBaIpa-
TUIHOU (popMe:

[=L e+ 1+ Ly =21 oy —2L, xy— 21, ya,
roel, Iy, I, — oceBble MOMEHTBI MHEPIINH, Ixy,
Iyz, I — 1eHTpoOeXHbBIC MOMEHTBI MHEPIIMH.

B coorBeTCcTBUM ¢ MeTOAMKOM [2] nis
OITpeNeICHUS TTIaBHBIX IICHTPATbHBIX MOMEH-
TOB MHEPIIMU TBEPIOTO TeJla pacCMaTpUBaeT-
Cs1 CUCTeMa YPaBHEHUIA:

(L=Da-I x—Ly=0
—lLa+td,—-Dy—-1,y=0
- szoc—lyzx+(lz—l)y=0.

DTa cucTeMa ypaBHEHUI NMeeT OTINIHOE
OT HYJISI pEIIIeHUE B TOM CITydae, €CJIM e€ OIpe-
IenuTeNb paBeH Hymio. [locime packpsITus
OITpeICIIUTEIIS

2

L-1-1 -1
X Xy zX .
~ I L —1-1,=0 3)
~ =111

ITOJTydaeTCst areOpandeckoe ypaBHEHHIE TPe-
TbE CTENEHN OTHOCHUTENBHO I:
PF—ol’-0,l-—0,=0. 4)
KopHU 3TOT0 ypaBHEHUs SABISIOTCS
IJIaBHBIMHM LEeHTPaJbHBIMA MOMEHTAMU

® MWP TPAHCIMOPTA, Tom 13, N2 4, C.16-23 (2015)

MHEPUIUU TAXKCITIOBECHOIO UJIN Hel"a6apI/IT—

HOTO rpy3a.
B onpenenurene (3) nHBapraHTHI TEH30pa

MHEPLIMU PABHbL:
o =1 +1+1;

o, =L L+ L+ L1~ 1 —I;
Ix Ixy Ixz

oy =111,
sz zy “z°

Jns onpeneneHust Yrios o, ¥, Y, B COOT-
BETCTBUM C METOAUKON [2] MCIMOAb3ylOTCS
CJIeyIole yPaBHEHUS:

(Ix B Il) a’i - Ixyxl - sz Yi = 0;
— Ixy ot (Iy =Dy, — Iyz 7, =0;
- sz (x’i - Izy Xi+(Iz - Il) Yi =0.

IToucky TpEX HEU3BECTHBIX HaIPaBJISIIO-
IIIMX KOCUHYCOB IMOMoraloT ypaBHeHue (1)
U IBa U3 TPEX ypaBHeHU (5).

Hanpapisitoirie KOCUHYCOB YIJIOB O, ¥, Y
OMnpenessiioTcsl U3 ypaBHeHU (5), 3agaBasich
nocJjeoBaTesibHO 3HaueHusMu I =1, 2, 3.

ITpoBeneHHbIE pacyETHI MOKa3aau, YTO Ha-
npasysnonie kocunycos Cosy,, Cosy,, Cos a.,,
Cos v,, Cos a,, Cos y, HaCTOJIBLKO MaJjbl MPU
MPOIOJILHOM U ITOMEPEYHOM CMEIIIEHUSIX LIEHTpa
MacChl TSDKEJTIOBECHOTO Ipy3a COOTBETCTBEHHO
04,0 M OT MonepeyHo OCU CUMMETPUY BaroHa
1 0,8 M OT MPOAOJLHON OCU CUMMETPUU, YTO UX
MOXHO MPUHUMATh MPAKTUYECKU PABHBIMU
HYJII0, a Hampasgomue KocuHycos Cos o,
Cos y,, Cos v, HEOOXOIMMO YIUTHIBATH MPU CO-
crapieHun auddepeHInaTbHbIX YPABHEHU,
OMNUCHIBAIOIINX KOJIEOAHMS BaroHa, Tak Kak MxX
3HAYEHMS 3HAYUTENLHO Goublie, yem Cos ¥,

Cosy,,Cos a,, Cosy,, Cos a.,, Cos y,.

(&)

AHncumog . C. BbiGOp ocen KOOpAWHAT NPy OLIeHKE KoJie0aHuii BaroHa C HECUMMETPUYHO
PacnosIoXeHHbIM rpy30M




Ta0muua 1

Yrst Qs Apo V3 MeXKAy KOOPAUHATHBIMH OCAMH U INIABHBIMU LICHTPAJIbHBIMA MOMEHTAMH

MHEPUUU Il, I2 " IS

Cuenonne wenpa [Macea [ g 1y T, 7,
x,=0,5;B,=0,1 |10 0°13' 0°30° 0°18'
x,=0,5;B,=08 |10 0°14' 2°08' 1902
x,=1,0;B,=0,1 |10 223" 0039 024
x,=1,0;B,=0,8 |10 226 3902 2058'
x,=2,0;B,=0,1 |10 2049 0°52' 0°29°
x,=2,0;B,=0,8 |10 2050 420 3053’
x,=3,0;B,=0,1 |10 4012 1°09' 0°38'
x,=3,0;B,=08 |10 420 537 4048’
x,=4,0;B,=0,1 |10 5920° 1012 0°55'
x,=4,0;B,=08 |10 5°41° 7902 5938’
x,=0,5;B,=0,1 |70 0°41° 108 0°29
x,=0,5B,=08 |70 0°39' 5047 204
x,=1,0;B,=0,1 |70 7038’ 1930 1920
x,=1,0;B,=08 |70 7048 858’ 7050°
x,=2,0;B,=0,1 |70 7055' 1956 404
x,=2,0;B,=08 |70 7053 11026 9038’
x,=3,0;B,=0,1 |70 11°20° 1950 6°16
x,=3,0;B,=08 |70 11036 13°55' 11017
x,=4,0;B,=0.1 |70 15018’ 9031’ 6°30°
x,=4,0;B,=08 |70 1528’ 15°38' 11028'

IIpu paccMoTpeHNM KOJIeOaHMIA TTOMIPHITH-
BaHUsI, TAIONMPOBAHKS M OOKOBOI KaUK1 Ky30Ba
BaroHa ¢ HECMMMETPUYHO PACTIONOKEHHBIM TSI-
JKEJIOBECHBIM WM HerabapUTHBIM TPY30M Hamo
yautbiBath TOJBKO Cos o, 1 Cos y,, a Cos y, —
JIMIIB TIPY PaCCMOTPEHUHN TTPOCTPAHCTBEHHBIX
KOJie0aHM BaroHa, TO €CTh C YYETOM KOJIeOaHU
BUWISTHUSI 1 TIOTTEPEYHOTO OTHOCA KY30Ba.

[TosyyeHHBIE paCYETHBIE 3HAYEHUS YITIOB
O, %y V5 IPUBENCHBI B TaOMULIE 1, U3 KOTOPOI
BUIHO, YTO 3TH 3HAYCHMS 00S3aTEIHHO ClIe-
JIyeT YIUTHIBATh IIPU IIPOIOJIBHBIX CMEIIICHM -
SIX IICHTPa Macchl Tpy3a cBhIe 2,0 M OT 1o-
IIePEIHOI OCH CUMMETPUH BaroOHa 1 IToIiepey-
HBIX CMEIIEHUSIX IICHTPA MacChl TAKUX TPY30B
cBoie 0,4 M OT IIPOIOIBPHOI OCH CUMMETPHH,
a Takke Tpu Bece Tpy30B cBbime 30-40 1. [Tpu
MEHBIIMX BeJIMIMHAX CMEIICHUS IICHTPa Mac-
CHI TSDKEJIOBECHBIX MJIM HeTaOapUTHBIX TPY30B
OT COOTBETCTBYIOIINX OCEi CHUMMETPHUH Baro-
Ha 1 MEHBIIIEM UX BECE OCH KOOPIMHAT MOXK-
HO BBIOMPATDH COBITAMAIOIINMHU C OCSIMU CHM-
METPUM T'PY30B 0e3 yiiepOa misi TOUHOCTH
Ppacy€TOB M OIICHKM KaUeCTBEHHBIX 1 KOJIMYC-
CTBEHHBIX XapaKTEePUCTUK TMHAMUICCKUX
IIPOIIECCOB.

® MUP TPAHCIOPTA, Tom 13, N2 4, C.16-23 (2015)

Hast rpy3oB maccoit 20, 30, 40, 50, 60 T
3HAYEHUs YIJIOB O, X,, ¥, HAXOIATCA B AMara-
30He 3HaYeHMI, IPUBEICHHBIX B TabauIe 1,
U U3MEHSIIOTCS [IPUMEPHO IIPOIOPLUOHATBHO
BEJIMYMHAM OCEBBIX U LICHTPOOEKHBIX MOMEH -
TOB MHEPLIMU TSKEJIOBECHBIX IPY30B, C YMEHb-
LIEHKEeM KOTOPBIX 3HAYEHUSI YIJIOB YMEHbIIIA -
1otcst. C yBeJIMYeHUEeM MONepeyHOro CMele-
HUSI LIEHTPa MacChl IPy3a OT IIPOJAOJIbHOM OCH
CHMMMETPUM BaroHa yBeJMYUBAIOTCS YIJIbI ),
U Y,, a C yBEIMYEHUEM MIPOIOIBHOTO CMELIe-
HUS LIEHTpa MacChl OT IOIMEPEYHON OCHU
B OCHOBHOM YBeJIMYMBaeTcs yroin o, . Ha yse-
JIMYEHHUE YIJIOB 0L, ¥, M Y, OCOOEHHO OKa3bIBa-
[OT BJIMSIHUE IIPOAOJIBHOE CMELIEHKE LIEHTpa
MacchlI rpy3a cBbIIe 3,0 M OT ITOIepeIHO ocu
CHUMMETPUHU BarOHA U MOMEePEYHOE CMELICHIE
cBbitre 0,4 M OT TPOIOJIBHOM OCH.

[1aBHBIE LIEHTpaJbHbIE MOMEHTBI UHEP-
LU In B TMC? OTHOCHUTEJIbHO [JIABHOM LIEHT-
pPaJIbHOW OCU WHEPIIMU 1) TIPU MPOIOJIBHOM
CMEIIEHUH X LIEHTPA MACCHI TSXKETOBECHOTO
WJIM HerabapuTHOTO IPy3a OT MOIIEePEeYHOi Ocr
CUMMETPUM BaroHa MpuBeIeHBI B TAOIUIIE 2.

[1aBHBIE LIEHTpaJbHbIE MOMEHTBI UHEP-
LU lé B TMC? OTHOCUTEJIbHO [JIABHOM LIEHT-

AHncumos . C. BbIOOp ocen KOOpAUHAT NPU OLLeHKe KoJie0aHuii BaroHa C HECUMMETPUYHO

PaCnonoXEHHBIM FPYy30M



Tabumua 2

InaBHble eHTPAIbHbIE MOMEHTbI HHEPIUHU TSKEJOBECHOTO WM HEradapuTHOTO Ipy3a npu
NPOI0JLHOM CMELIEHUH €r0 HEHTPA MACChI

Macca x,=0,5m X, = 1,0m X, =2,0Mm x,=25m |x, =30m [x =40m™m

rpysa, T

10 40,14 39,97 39,26 38,77 37,96 36,4

20 55,29 55,29 53,04 51,01 48,97 43,3

30 70,86 70,86 66,25 62,79 58,57 47,75

40 85,61 85,61 79,24 72,9 66,96 52,37

50 102,1 102,1 92,83 84,76 77,44 55,33

60 117,1 117,1 104,73 94,78 85,78 55,82

70 131,86 131,86 115,83 105,47 93,03 56,96
Ta6smmna 3

InaBHbie HEHTPAJIbHbIC MOMEHTbI HHEPIHUU TAKEJIOBECHOI0 U1 Heraﬁapm}loro rpysa npu
MOoNnepevYHoM CMEIICHUH €ro HEHTPAa MaCChbl

paJIbHOW OCU MHEPLUU & TIPU MOMEePEeYHOM
CMEILEHNH B LIeHTpa MacChl TAXKEIOBECHOTO
WJIM HerabapuTHOTIO Ipy3a OT MPOAOJbHOMN ocu
CUMMETPUM BaroHa WUTIOCTpUpPYeT Tadauia 3.

3aBUCUMOCTb MEX1Yy KOOpAUHATAMU &, 1|,
9 M X, Y, Z ONHOW U TOI XK€ TOYKH 110 OTHO-

IIEHUIO K IBYM Pa3INIHBIM CHCTeMaM KOOp-
MUHATHBIX OCEHl OIpeneIsieTCs 110 METOIMKE
akagemuka I. K. Cycnosa [1]. Ha puc. 1 yka-
3aHBI pa3TNYHbIC KOOPAMHATHBIC OCH M TOYKA
m, paglyc BeKTOpa KOTOPOW OTHOCHUTEIHHO
oceif Ox, Oy u Oz paBeH CyMMe paauycoB
TOYKM M OTHOCHUTENBbHO oceit A, An u A3
U BEKTOpa I, TOYKU A. BBOASA eNMHUYIHBIE
BEKTOPBI OCEii, MoJlyyaeM BbIpaskeHUeE:

X'Xo + y'yo + Z'Zo = ZA.Zo + yA'yo +XA‘X0 +E~"Ev‘o +
nmn, +9- 90 .

JI1st oGneryeHust MaTeMaTUUECKOM 3arcu
cortacHo Metoauke [ 1] ucnonb3yercst Tabav-
11a (B HaIlIeM ciTydyae 1oJl HoMepoM 4) HarlpaB-
JITIOIINX KOCHMHYCOB YIJIOB MEXIY OCSIMU
KOOpAMHAT X, y,ZzU &, M, 9:

Ha ocHoBaHUM TaOJUILIBI TOJIyJaeTCsI Clie-
IyIoIIIast 3aBUCUMOCTD MEXXKIY KOOPIUHATHBI-
MU OCSIMMU:

X=XA+a11&-'+aIZn+a13 9’

® MWP TPAHCMOPTA, Tom 13, N2 4, C.16-23 (2015)

Macca B,=0,Im B,=0,3m B,=0,5m B,=0,6 M B,=0,7m |B =0,8m

rpysa, T

10 2,6 2,577 2,54 2,519 2,48 2,45

20 3,79 3,71 3,56 3,48 3,36 3,22

30 5,01 4,87 4,58 4,38 4,15 3,93

40 6,17 5,95 5,52 5,21 4,9 4,46

50 7,46 7,14 6,58 6,18 5,62 5,06

60 8,65 8,28 7,31 6,93 6,52 5,57

70 9,84 9,38 8,4 7,82 7,03 6,1
Ta6smna 4

HanpagJisiionue KOCHHYCOB YIJIOB MEXKIY
0CsIMH KOOPMHAT

=
©

Ocu KooparHAT &

X

y
4

=
-

IS
IS
N
IS
=

IS
o (o ([
o (o [

y=v,ta,Eta,nta, 9
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ODTH 3aBUCUMOCTH JaIOT BO3MOXHOCTD
OMpeneIUTh PACCTOSTHUE 10 TOYEK OMMPAHUS
paMbl BaroHa Ha peCCOPHbIE KOMIIJIEKTHI.

PacnonoxeHue riaaBHbIX LHEHTPaIbHBIX
0Ceil MHEPLIMU MOXHO PacCMOTPETh Ha TIPU-
Mepe pacuE€THOM CXeMbl YETBIPEXOCHOTO Ipy-
30BOr0 BaroHa ¢ HECUMMETPUYHO PacMoio-
KEHHBIM LIEHTPOM MaCChI TSKEJTOBECHOTO WA
HerabapuUTHOTO Tpy3a, IBIDKYIIETOCS I10 CITy-
YalHBIM BEPTUKAJbHBIM HEMPEPHIBHLIM HeE-
POBHOCTIM XE€JE3HOMNOPOXHOTO MYTH,
C YYETOM MOJAMNPBITMBAHUS, TAJIOTTUPOBAHUS
1 OOKOBOI KayKM 0O0pecCOpeHHOI MacChl
rpyXEHOTo BaroHa (puc. 2). Y4ér Hampasisi-
IOIIMX KOCUHYCOB YIJIOB O U ), HallpuMep,
B YPABHEHUSIX [IJIs1 OTNIPEJEICHUS TIepeMellie-
HUI BEPXHUX OMOPHBIX TTOBEPXHOCTEU YIIPY-
TUX JIEMEHTOB PECCOPHBIX KOMIUIEKTOB Z,, Z,,

AHncumog . C. BbiGOp ocen KOOpAWHAT NPy OLIeHKE KoJie0aHuii BaroHa C HECUMMETPUYHO
PacnosIoXeHHbIM rpy30M
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Puc. 2. PacyéTHasi cxema 4eTbIPEXOCHOIO rpy30BOIro BaroHa ¢ HECUMMETPUYHO PACOJI0XKEHHbIM LIeHTPOM
maccsi rpy3sa, ABWXYLLErocs 1o C/y4aiiHbiM HepPOBHOCTSIM X€eJ1e3HOAO0POXHOIro nyTu: & _n_— rnasHele
LeHTpasibHble OCY MHePUNN rpy3a; o, Uy, — HanpasnsiioLyne KOCUHYCbl MEXAY rNaBHbIMU LeHTPasbHbIMU
ocCsIMU UHEePLUUN U OCIMU cnmmerpuu rpy3a; | ul — rnaBHble LEHTPaNIbHBIE MOMEHTbI UHEPUNU IPYy3a;

X, 1 B — cOOTBETCTBEHHO MPOAO/ILHOE N nonepelmoe CMeLLeHUs LeHTpa Macchbl rpy3a oT nornepeYyHom
n npo.qonbnon ocewi cMMMeTpuy BaroHa; w — rnoAnpbirnBaHue rpy3a ¢ BaroHoM OTHOCUTEJIbHO rJ1aBHOM
LleHTPpasibHOM OCU MHEPLUNU rpy3a; &, O, — rasonupoBaxue rpy3a ¢ BaroHomM OTHOCHTEJIbHO r1aBHOM LIEHTPasbHOM
ocu uHepunm; 1, . = GokoBas kauka rpy3a c BaroHoM OTHOCHUTEJIbHO IJ1aBHOW LleHTPasibHOWM OCH nHepLun;
& H,,—cny 1e nep L i-X KOonéc j-fi CTOPOHbI BaroHa rnoJ Bo34eiCTBUEM CJTy4aliHbIX HEPOBHOCTEW
npasovi (1) v 1eBovi (1) pesnbCcoBbIX HUTeN; H . — nepemeLeHns HIKHUX OMOPHbIX MOBEPXHOCTEH yrpyrux
9/1eMEHTOB i-ro pecCopHOro KOMIIeKTa TeJIeXKH C j-ii CTOPOHbI BaroHa; X, — XECTKOCTb i-ro peccopHoro
KOMI/IeKTa BaroHa; K, — OTHOCUTEJIbHbIN KO3 PUUNEHT CyXoro TpeHusi GPpUKLMOHHOIO racutesns konebanmi
PEeCccopHOro KOMIIEKTa; z, — BepTUKasibHbIe nepemMeLyeHUsi BePXHUX ONOPHbIX MOBEPXHOCTEeN ynpyrux 3/1eMeHToB
i-ro peccopHoro KOMrnieKTa BaroHa.

Z, ¥ Z, IPU OZHOBPEMEHHOM MPOAONBHOM  z, =W — [(1+x )Cosa +(B/2+ B ) Cosx]On +
1 MONEePeyHOM CMelleHUsAX LeHTpa Macchl  [(I+x )Cosa + (B/2 + B) Cosx]\yi;
rpy3a OT ronepeyHom ocu cummerpun Barona  z, = w — [(I + x )Cosa. +(B/2 — B) Cosy]

MPOU3BOIUTCH CIIEAYIOLIUM O0Pa30OM: 6é —[(+x Cosa + (B/2—-B)) COSX]\Vé-

z,=w+ [(1—x,)Cosa +(B/2 + B )Cosy]6_+ JINTEPATYPA

[(1 —x )Cosa. + (B/2+B ) Cosylvy.; " 1. Cycnos I K. Teopetuueckas mexanuka. — M. —JI.:
. g e Toctexusnat, 1946. — 655 c.

L, =W + [0 = Xo)COSOL + (B/2 B Bo)COSX] 2. Jlypbe A. 1. AHanuTnyecKast MexaHuka. — M.:

On —[(I—x)Cosa + (B/2 - B)) Cosx]\yg; TUDMIL, 1961. — 824 c. L4

KoopauHatbl aBTopa: AHucumos I1. C. — +7(495) 6842210.
Cratbs noctynuna B pegakumio 13.11.2014, npuHsita k nybnukauum 24.04.2015.
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SELECTION OF COORDINATE AXES FOR EVALUATING VIBRATIONS OF THE CAR

WITH STAGGERED CARGO

Anisimov, Peter S., Moscow State University of Railway Engineering (MIIT), Moscow, Russia.

ABSTRACT

A method of selecting coordinate axes is pro-
posed for the study of spatial vibrations of a freight
car with heavy or oversized cargo. The suggested
method uses the technique of academician

G. K. Suslov. The system of equations is considered
for determining main central moments of inertia of
cargo of different weight depending on longitudinal
and transverse displacements from axes of car’s
symmetry.

Keywords: railway, freight car, heavy solid cargo, coordinate axes, inertia axes, central moments of iner-
tia, method of coordinate axes determination, system of equations.

Background. In case of asymmetric arrangement
of transported heavy or oversized cargo in the freight
car, i.e. the center of mass of the cargo does not match
with the center of mass of the car, it is necessary to
choose coordinate axes, that coincide not with the axes
of symmetry of the cargo, but with main central axes of
inertia of the cargo and the car in order to increase the
accuracy of calculations and to evaluate qualitative and
quantitative characteristics of dynamic processes of the
freight car while it is moving along a railway track with
random or deterministic irregularities in the vertical
longitudinal and transverse horizontal planes.

Objective. The objective of the author is to investi-
gate a method of selecting the coordinate axes, based
onthe technique ofacademician G. K. Suslovin the study
of spatial vibrations of a freight car with heavy or over-
sized cargo.

Methods. The author uses general scientific and
engineering methods, mathematical calculation.

Results.

Longitudinal Ag, transverse An, vertical AS are
principal central axes of inertia of the cargo (Pic. 1),
which are rotated relative to axes of symmetry of the
cargo at angles, respectively vy, y, a. Therefore, the
position of main central axes of inertia is determined by
directional cosines of these angles, which can be deter-
mined, for example, by the method of academician
G.K. Suslov [1].

The overall objective of finding main central axes of
inertia of the solid cargo in this point and of determining
of main central moments of inertia was generally con-
sidered in [2]. Directions of main central axes of inertia
correspond to the symmetry axes of the ellipsoid of in-
ertia for which:
o+ yF =1, (1)
where a, v, y are cosines of angles between main central
axes of inertia and original coordinate axes (axes of
symmetry of the cargo).

Cosines of angles a, y, y set an extreme value to a
homogeneous quadratic form:

Car

Cargo

Pic. 1. Coordinate axes at asymmetric placement
of heavy cargo: &, n —main central axes of cargo
inertia; x — longitudinal displacement of the center
of mass of the cargo from transverse axis of symmetry
of the car Oy; B — transverse displacement of the
center of mass of the cargo from the longitudinal
axis of symmetry of the car Ox.

I=1,02+1 32+ v*=2l oy =2l yy -2l yo,
where |, 1,1 are axial moments of men‘:a I I
centr/fugal moments of inertia.

In accordance with the procedure [2] to determine
main central moments of inertia of a solid body a system
of equations is considered:

(l=No—1I x-1y=0
-1 a+(l I)x I y=0 (2)
~ Da~1y+(I,~y=0.

This system of equations has a nonzero solution if
the determinant is zero. After the disclosure of the de-
terminant

l are

(3)

we obtain an algebraic equation of the third degree
in relation to I:
P-6FP-c,l-c,=0. (4)
The roots of th/s equation are main central moments
of inertia of heavy or oversized cargo.
In the determinant(3) the inertia tensor invariants

c, =1 +
o=l AL +1 1 -F —F —F;
2 le/lyz z ¢
oL TE
LT

To determine the angles o, y,, v,in accordance with
the method [2] the following equations are used:

1o, =1 x-1,v=0;
—wm+ﬂ L1120 (5)
1+(I Iijyizo‘

“To de{erm/ne three unknown directional cosines the
equation (1) is used, as well as two of three equations
(5).

Directions of cosines of angles o, x andy are deter-
mined from the equations (5), they are set sequentially
byvalues| =1, 2, 3.

Performed calculations have shown that directions
of cosines Cosy,,, Cosy,, Cos a.,, Cosy,, Cos a.,, Cos y,
are so small at longitudinal and transverse displace-
ments of the center of mass of heavy cargo, respec-
tively, to 4,0 m from the transverse axis of symmetry of
the car and to 0,8 m from the longitudinal axis of sym-
metry, that they can be assumed to be equal to almost
zero, and directions of cosines Cos a.,, Cos y,, Cos v,
should be taken into account in building differential
equations describing oscillations of the car, as their
value are much more than Cos y,,, Cosy,, Cos a,,, Cos,,
Cos a,, Cos y,

When considering vibrations of bouncing, pitching
and rolling of the car body with staggered heavy or
oversized cargo, itis necessary to take into account only
Cos a,and Cos y,, while Cos v, should be considered
onlywhen considering spatial oscillations of the car, that
is, taking into account fluctuations of wabbling and
transverse drift of the body.
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Table 1

The angles o, %,, 7, between coordinate axes and main central moments of inertia I , I, and I,

Displacement of cargo’s center of mass, Calrgo a, for I T forl 7, forl
m weight, t . e &
x,=0,5;B,=0,1 10 0013 0030 0°18'
x,=0,5;B,=0,8 10 0014 2°08' 1°02'
x,= 1,0; B,= 0,1 10 2023' 0°39' 0°24'
x,= 1,0;B,=0,8 10 226’ 3002 2058'
x,=2,0; B,=0,1 10 2949 052 0°29'
x,=2,0;B,=0,8 10 2050’ 420’ 3053’
x,=3,0; B,=0,1 10 4012’ 1°09° 0°38'
x,=3,0;B,=0,8 10 4020’ 5037 4048'
x,=4,0;B,=0,1 10 5020 1012’ 0°55°
x,=4,0;B,=0,8 10 5041 7°02' 5038
x,=0,5;B,=0,1 70 0°41° 1008’ 0°29'
x,=0,5;B,=0,8 70 0°39' 5947 2024
x,= 1,0; B,=0,1 70 7°38' 1030’ 1020
x,= 1,0; B,=0,8 70 7°48' 858 7°50'
x,=2,0; B,=0,1 70 7°55' 1°56' 4042
x,=2,0;B,=0,8 70 7953’ 11°26' 9038’
x,=3,0; B,=0,1 70 11°20° 1050’ 6°16'
x,= 3,0, B,=0,8 70 11°36' 13°55' 11°17'
x,=4,0; B,=0.1 70 15°18° 9031’ 6°30°
x,=4,0; B,= 0,8 70 15028’ 15038’ 11028’
Table 2
Main central moments of inertia of heavy or oversized cargo at
the longitudinal displacement of the center of mass
Cargo weight, t x,=0,5m X, = 1,0m X,=2,0m X,=2,5m X, =3,0m x,=4,0m
10 40,14 39,97 39,26 38,77 37,96 36,4
20 55,29 55,29 53,,04 51,01 48,97 43,3
30 70,86 70,86 66,25 62,79 58,57 47,75
40 85,61 85,61 79,24 72,9 66,96 52,37
50 102,1 102,1 92,83 84,76 77,44 55,33
60 117,1 117,1 104,73 94,78 85,78 55,82
70 131,86 131,86 115,83 105,47 93,03 56,96
Table 3
The main central moments of inertia of heavy or oversized cargo at
the transverse displacement of its center of mass
Cargo weight, t B,=0,Im B,=0,3m B,=0,5m B,=0,6m B,=0,7m B,=0,8m
10 2,6 2,577 2,54 2,519 2,48 2,45
20 3,79 3,71 3,56 3,48 3,36 3,22
30 5,01 4,87 4,58 4,38 4,15 3,93
40 6,17 5,95 5,52 5,21 4,9 4,46
50 7,46 7,14 6,58 6,18 5,62 5,06
60 8,65 8,28 7,31 6,93 6,52 5,57
70 9,84 9,38 8,4 7,82 7,03 6,1

These calculated values of the angles o, ,, v, are
givenin Table 1, which shows that these values are required
to be taken into account at longitudinal displacement of
the center of mass of cargo by more than 2,0 m from the
transverse axis of symmetry of the car and at transverse
displacement of the center of mass of such goods by more
than 0, 4 m from the longitudinal axis of symmetry, and with
cargo weight of over 30-40 tons. At lower values of dis-
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placementofthe center of mass of heavy oroversizedloads
from respective axes of symmetry ofthe carand less weight
coordinate axes can be selected as coinciding with the
axes of symmetry of cargo without sacrificing accuracy of
calculation and evaluation of qualitative and quantitative
characteristics of dynamic processes.

For loads with weight of 20, 30, 40, 50, 60 t the
values of angles a.,, %, v, are in the range of values
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given in Table 1, and the values vary approximate-
ly in proportion to centrifugal and axial moments of
inertia of heavy loads, with a decrease of which the
values of angles decrease. With increasing trans-
verse displacement of the cargo’s center of mass
from the longitudinal axis of symmetry of the car
increase angles y,and v, and with increasing lon-
gitudinal displacement of the center of mass from
the lateral axis substantially increases the angle o,.
The increase in the angles o, y,and v, is particu-
larly affected by longitudinal displacement of the
cargo’s center of mass by over 3,0 m from the
transverse axis of symmetry of the car and the
transverse displacement by more than 0,4 meters
from the longitudinal axis.

Main central moments of inertia | _in tms? relative to
the main central axis of inertia n at the longitudinal dis-
placement of x, center of mass of heavy or oversized
cargo from the transverse axis of symmetry of the car
are shown in Table 2.

The main centralmoments of inertia |, in tms? relative
to the main central axis of inertia & at ?he transverse
displacement of B the center of mass of heavy or over-
sized cargo from the longitudinal axis of symmetry of the
car are illustrated in Table 3.

The relationship between the coordinates &, n, 3
andx, y, zof the same point with respect to two different
systems of coordinate axes is determined by the
method of academician G. K. Suslov [1]. Pic. 1 shows
different coordinate axes and the point m, the radius
vector of which with respect to the axes Ox, Oy and Oz
is the sum of radlii of the point m with respect to the axes
AE, Anand A 8 and the vector r, of the point A. Introduc-
ing the unit vectors of the axes, we obtain the expression:
X'Xo i y.yo +Z'zo =ZA'zo u yA'yo +XA'X0 +E-"§o u n.no s 9.90'

To facilitate the mathematical notation according to
[1], atable is used(in this case number 4) with the direc-
tions of cosines of the angles between coordinate axes
X, y,zand &, n, 9

On the basis of the table we obtain the following
dependence between the coordinate axes:

X=XA +a11 i +a12n +a139;
y=yA+aZI E->+azzn +aZ39"
z=z,+%a, E+a,n+a,d

Pic. 2. The analytical model for a four-axle freight cars
with asymmetrical cargo’s center of mass moving along
random irregularities of the railway track: ¢, andn  are
main central axes of inertia of the cargo; o and y, are
directional cosines between main central axes of inertia
and axes of symmetry of the cargo; ll and l]1 are main
central moments of inertia of the load; x, and B_ are
respectively longitudinal and transverse displacement
of the center of mass of the load from transverse and
longitudinal axes of symmetry of the car; w — bouncing
of cargo with the car relative to the main central axis of
inertia of the load; ¢, 6)n — pitching of cargo with the car
relative to the main central axis of inertia; &, 0, - rolling
of cargo with the car relative to the main central axis of
inertia; &, H — random movement of the i-th wheels of j-th
side of the car under the influence of random irregularities
of right (r) and left () rails; H ,;— displacement of the
lower bearing surfaces of the elastic elements of i-th
spring group of the bogie of the j-th side of the car; s,—
stiffness of the the i-th spring group of the car; k,— the
relative dry friction coefficient of friction damper of the
spring group; z,— vertical movement of the upper bearing
surfaces of the elastic elements of i-th spring group of
the car.

Table 4
The directional lines of cosines of the angles
between the axes of coordinates

Coordinate axes € n

[v=]

X a a
y a4 ay
z a a

3

23

SR

33

Conclusions. Obtained dependencies enable us
to determine the distance to the points where the car
frame rest on spring groups.

The location of main central axes of inertia can be
considered with an example design scheme for a four
axes freight car with asymmetrical center of mass of
heavy or oversized cargo moving along random vertical
continuous irregularities of the railway track, taking into
account bouncing, pitching and rolling of spring-sus-
pended weight of a laden car (Pic. 2). The accounting
of directional lines of cosines of angles a.and y, for ex-
ample, in the equations to determine the movement of
the upper bearing surfaces of the elastic elements of
spring groups z,, z,, z, and z, while longitudinal and
transverse displacements of the cargo’s center of mass
from the transverse axis of symmetry of the car is con-
ducted as follows:
z,=w+ [(I - x,)Cosa. +(B/2 + B )Cosxje +[(1-x)
Cosa +(B/2+B,) Cosy]v,;

=w+[(1-x,)Cosa +(B/2 -
+ (B/2 B,) Cosyly,;

=w-[(I+x )Cosa. +(B/2 +B,) Cosx]e +[(1+x,)Cosa
+ (B/2 +B)) Cosyly,;

=w-[(I +xO)Cosa +B/2-B,) COSX]G [(1+x,Cosa.
+ (B/2 B,) Cosyly,.

BO)Cosxjen - [(1-x,)Cosa.
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