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Metoda za natanénej8i izratun nosilnosti kotalnih vrtljivih zvez transportnih naprav

A Precise Method of Rotational Connection Carrying Capacity Calculation on
Transportation Machines

SAMO ZUPAN — IVAN PREBIL — KATARINA DROBNIC

V prispevku je predstavijen model za izratun porazdelitve obremenitve kotalnih elementov
lezajev velikih dimenzij, ki so verajeni v vrtljive zveze razlicnih transportnih naprav na
vozilih in mobilnih strojih. pa tudi drugje. Nosilnost kotalnega lefaja je dolocena glede na
najvedjo dopustno kontaktno silo in se veinoma izracuna s predpostavko, da sta obroca leZaja
fdealno toga, kar da matemati¢no pravilne krivulje porazdelitve sil po obodu obro¢ev. Resni¢no
stanje je zaradi podajnosti podpornih konstrukcij in neenakomerne pritrditve obrocev lahko
bistveno drugacno. Rezultati analiz in meritev kaZejo, da bo vprihodnje v dolotenih primerih
pri izhiranju lezaja nujfno treba preveriti njegovo nosilnost ob upoStevani elastifnosti celotne
konstrukcife, v katero je letaj verajen.

The paper presents a model for the computation of load distribution to rolling elements
of a large dimension rolling bearing built inte various forms of transport machinery. The
carryving capacity is determined using the highest contact force allowed, while presuming
the total rigidity of bath rings. The results are mathematically correct curves of force
distribution along the rings. In practice however, the elasticity of support structure and
non uniformity of ring fixing cause some differences. The computation results show that
in future the selection of the bearing will have to include a check on its carrying capacity
in relation to the elasticity of the whole structure.

0 UvoD 0 INTRODUCTION
Za vrtljive ali nihajote zveze dveh delov no- Rotating or oscillating substructures in
silnih konstrukeij pri raznovrstnih napravah so v jpdustrial equipment are usually connected

danafnjem ¢asu najpogosteje uporabljeni specialni
kotalni letaji velikih dimenzij. Naloga lefajev je
prenasanje velikih aksialnih sil, prekucnih meo-
mentoy in tudi radialnih sil, vendar so slednje v
vetini primerov sorazmerno majhne in zato za-
nemarljive. Najpogosteje uporabljena oblika le2ajev
je &tiritotkovni enoredni kroglitni letaj (sl. 1).
Prenos obremenitve z vrtljive konstrukecije prek

vrtijiva konstrukeija /rottating sinucture/

NI .

with rolling bearings of large dimensions. The
bearings transfer axial forces and turnover
moments. The radial forces however are usually
very small and can be neglected. Load transfer
from the rotating (upper) structure through
the bearing rings and rolling elements (Fig. 1) is

i ]
4{7’”_ ik, Kanigkingi,
podpoma konsirukedja /supporting siructurel

L m— R

Sl. 1. Primer vrtljive zveze
Fig. 1. Example of a rotational connection
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vijatne zveze, lelajnih obrofev in kotalnih ele-
mentov (kroglica, valjéek) na podporno konstruk-
cijo je stati*no nedolofen primer, saj se obreme-
nitev porazdeli po obodu lezaja na veliko Stevilo
kotalnih elementoy.

Modeli za izratun porazdelitve obremenitve
po kotalnih elementih lezaja [11, (2], [6], pri kate-
rem imajo obrof¢i razmeroma majhen prerez in so
privijateni na konstrukcijo z enakomerno poraz-
deljenimi vijaki, temeljijo na predpostavki togih
zgornjih in spodnjih nosilnih konstrukeij. Upo-
&tevajo elastiéne deformacije v podrodju stikov
med Kkotalnimi elementi in tefinama [3]. Po tej
predpostavki so pri €isti aksialni obremenitvi vsi
kotalni elementi obremenjeni enako. Pri kombini-
rani obremenitvi (aksialna sila, moment, radialna
sila) se porazdelitev obremenitve spremeni. Dia-
gram porazdelitve kontaktnih sil po obodu kotalne
kro¥nice je podoben grafu sestavijene trigono-
metrietne funkecije.

Podporne konstrukcije, na katere sta z vi-
jatno zvezo pritrjena obrofa lelaja, so v splo&fnem
zelo razliéne. Kljub temu lahko ugotovimo nekate-
re skupne znatilnosti. Veéina vedjih dvigal in bag-
rov ima podporne konstrukcije v obliki obrocastih
nosilcev razliénih Zkatlastih prerezov, na katere
so radialne ali poSevno prikljufene tri ali veé pod-
pernih nog. Konstrukeije, ki so pritrjens na razli¢-
na vozila (npr. avtodvigala - sl. 2a), so oblikovno bolj
razlitne. Spodnji del Je obitajno sestavljen iz dveh
nosilcev, na katere Je vpeta osnovna ploita leZaja,
ki je okrepljena z navpiénimi rebri. Zgornji vrtlji-
vi del nosilne konstrukcije je pogosto izveden kot
obroZni nosllec, na katerega so prigrajena delovna
orodja, ki pri uporabi obremenjujejo vrtljive zvezo
z lastno tefo ter stati®nimi in dinamifnimi zu-
nanjimi ocbremenitvami. Pri nekaterih napravah je
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statically a non-determined case — the load is
distributed to a large number of elements.

Existing models for the computation of load
distribution to the rolling elements (the rotational
connection has bearing rings with relatively small
cross sections, fixed with uniformly spaced fixing
screws) [1], [2], [6] consider the upper and lower
supporting structure to be ideally stiff. Elasticity
appears only in the contacts between the rolling
elements and the raceways [3]. This results in
uniform loads of all rolling elements, when the
bearing is axially loaded. The load distribution
changes, however, when the bearing load is a
combined one (axial force, turnover moment, ra-
dial force). The graph of contact force distribution
resembles a function combined from several tri-
gonometric functions.

The support structures, that carry both large
diameters bearing rings fastened with a pres-
tressed screw connection, can generally take very
differing shapes. Nevertheless, there are some
common points. The support structures of bigger
cranes and excavators are in the form of a car-
rying ring with different rectangular sections,
supported by three or more legs. The mobile de-
signs (mobile crane - Fig. 2a) show greater va-
riety. The lower part usually consists of two
beams carrying the bearing supporting plate. The
plate is reinforced with vertical ribs. The upper
(rotating or oscillating) part of the structure
usually takes the form of a carrying ring with
mounted machinery, which loads the structure
land bearing) with its own weight and external
static and dynamic forces. In some designs the
bearing is fixed to its supporting structure only
at a few points (articulated bus - Fig. 2c). The
biggest part of the bearing ring is unsupported. Its
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Sl. 2. Primeri podpornih konstrukcij: al avtodvigalo, b) bager c) zgibni avtobus
Fig. 2. Examples of supporting structures: a) mobile crane, b} excavator, c) articulated bus
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letaj vpet na nosilne konstrukcije samo na nekaj
mestih (npr. pri zgibnih avtobusih, sl. 2c). Vegji
del obrota sploh ni podprt in je zato podajnost ob-
rofev na teh mestih bistveno vetja kakor v totkah
vpetja.

Razvoj programske opreme za analizo nosilnih
konstrukcij omogofa uresnititev 2e dolgo opazne
ielje po optimiranju. Potreba je upraviéena, ker
se delovne obremenitve in dimenzije konstrukeij
ter s tem premeri le2ajev povetujejo. Z zmanjSe-
vanjem teZe konstrukcij se pojavi nevarnost pre-
velike podajnosti oziroma neenakomerne togosti
konstrukelj v neposredni okolici lezaja v vrtljivi
zvezl. To nedvomno vpliva na porazdelitev obre-
menitve v kotalnih elementih, zaradi ¢esar postane
predpostavka o togih konstrukcijah nenatanéna in
vpra&ljiva. Zato moramo pri doslednem reZevanju
problema porazdelitve obremenitve upodtevati
resnitne togosti nosilnih konstrukeij (41, (51, [7]
do [11].

1 SPLOSNI MODEL ZA IZRACUN
PORAZDELITVE OBREMENITVE
PO KOTALNIH ELEMENTIH LEZAJA

1.1 Idealno toge podporne konstrukcije

Zaradi delovanja zunanje obremenitve na ene-
ga izmed obrotev letaja se ta v prostoru relativno
premakne proti drugemu. Premik je podan s trans-
lacijami x;. ¥, 2, ter rotacijama a, in a, ter je
sestavljen iz delela zaradi ohlapa v lekaju, elastic-
ne deformacije Kontakta med kotalnim elementom
in te¢inama ter elastitne deformacije podpornih
konstrukeij, ki jih v tej fazi ne upoftevamo. Po-
sledica elastienih deformacij v kontaktih so sile
(reakcije), katerih vsota drii ravnotezje zunanji
obremenitvi.

Za vsak kotalni element je treba najprej iz-
raziti kontaktne deformacije in sile ter dejanske
kote noZenja (med ravnino kotalne kroZnice in
smernico kontaktne sile] kot funkcijo premika
obrota le2aja. V ta namen je treba popisati obliko
tedine, kar lahke storimo s parametriénimi enaf-
bami torusov za tefini na zunanjem in notranjem
obrofu (sl. 3). Kontaktna sila @ se pojavi samo
tam, kjer je deformacija & pozitivna in doseze
vrednosti:

flexibility in these sections is therefore much
higher than in the fixing points.

Structure optimisation has become possible
with the development of the software for sup-
porting structure analysis. This is essential,
because as the dimensions of the structures
increase , so their weight decreases. Consequently
the bearings and control elements become larger,
thus increasing the danger of excessive flexibility
of bearing rings and their supporting structures.
This has an important influence on the load
distribution on the rolling elements. Thus the
supposition of stiff supporting structures leads
to inaccurate results. Considering the above,
the actual stiffnesses of the parts of the support
structure must be taken into account (4], (5], [7]
to [11].

1 GENERAL MODEL FOR DETERMINATION
OF LOAD DISTRIBUTION TO ROLLING
ELEMENTS

1.1 Ideally rigid supporting structures

The external load on one of the bearing
rings shifts (displaces) it relatively to the other
ring. The displacement iz described with the
translation components x,, y,, and z,, and the
rotation components a, and ay. It consists of
the portions caused by the bearing play, elastic
deformation in the contact points of the race-
ways and the rolling element, and elastic de-
formation of the supporting structure (not taken
into account in this phase). The elastic displa-
cements in the contact points encase the contact
forces creating an equilibrium with respect to
the external loads.

First the contact forces and the carrying
angles for each element must be expressed
as functions of the bearing ring shift. In order
to do this, the raceway shapes of both rings
are represented using parametric equations
of a torus (Fig. 3). The contact force Q appears
:ml:r when the deformation 4 is positive. Its va-
ue is:

Q=ks" (1.

Pri tem pomeni k — faktor, ki povezuje oh-
remenitev in elastiéni deformaciji teéin in kotalnih
elementov pri Hertzovem kontaktnem problemu,
in je odvisen od ukrivljenosti in materialnih last-
nosti teles v dotiku. Za eksponent n je pri totkov-
nem dotiku privzeta vrednost n = 1,5, pri linijskem
pa n = 1,08 [4].

Here k is the coefficient representing the
elastic deformation of balls and raceways of the
Hertz contact problem solution. It depends on the
curvature and material properties of the bodies in
contact. The exponent n = 1.5 is valid for point
contacts, n = 1.08 for line contacts [4).
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Sl. 3. Matematiéni model enorednega krogli¢nega le2aja:
a) obremenitve. premiki, sile, b) matematina definicija tedin

Fig. 3. Mathematical model of a single row ball bearing:
a) loads, displacements, forces, b) mathematical expressions of the raceways

Ce predpostavimo, da so podporne konstrukei-
je in obro2i le2aja idealno togi, lahko zapiZemo si-
stemn petih nelinearnih enatb, ki za vrtedi se ozi-
roma nihajoéi obroé leZaja pomenijo statitni rav-
noteZni pogoj (sile v smeri vseh treh koordinatnih
osi in momenti okrog osi x in y: sl. 3). Reditev
tega sistema so premiki notranjega obrofa proti
zunanjemu, Ko je dosefeno ravnoteje med zuna-
njimi obremenitvami in kontaktnimi silami v le-
faju. 5 tem so natantno izratunane tudi vse kon-
taktne sile v lezaju ter velikosti in lega kontaktnih
povriin, ki nastanejo med kotalnimi elementi in
tetinama. Oboje je merilo za dolotanje nosilnosti
lezaja. Dopustna kontaktna sila je dolofena glede
na dovoljeno trajno deformacijo teles v dotiku
(standard ISO 76) oziroma glede na podpovriinske
napetosti na meji kaljene plasti tedine leZaja.
Dopustna velikost in lega kontaktnih povriin na
teCinah leiaja pa sta odvisni od peometrijskih
omejitey tetine na obrotu le2aja, to je od tipa in
konstrukcijskih posebnosti letaja.

Za podan stati¢ni obremenitveni primer Je
tako po tem postopku mogote dolotiti varnost te-
tine. Z iterativnim ponavljanjem lahko izratunamo
najvedjo dopustno kombinacijo zunanjih obremeni-
tev (obiéajno najvetji dovoljeni prekucni moment
pri znani radialni in aksialni ohremenitvi) oziroma
nosilnostni diagram leZaja.

1.2 Elastiéne podporne konstrukeije

Ko se zaradi zunanje obremenitve na kotal-
nih elementih pojavijo kontaktne sile, se zaradi
njih deformirajo obroti leZaja skupaj s podpornimi

A system of five nonlinear equations (forces
along the three coordinate axes and moments along
¥ and y axes - Fig. 3) represents the static equi-
librium for the rotating (oscillating) bearing ring
provided that the supporting structures and bea-
ring rings are ideally rigid. The solutions of this
system are the relative displacements between
the bearing rings when the equilibrium between
the external loads and the contact forces in the
bearing is reached. The results also give all the
contact forces and the =sizes and positions of con-
tact surfaces between the rolling elements and
the raceways. These results are the criterion for
determination of the bearing carrying capacity.
The maximum allowed contact force is determined
from the subsurface stress in the hardened layer
of the raceway and maximum allowed deformation
of the contact bodies (ISO 76). The maximum
allowed size of the contact surfaces and the con-
tact angle depend on the geometric limitations of
the raceway and the type of bearing.

In this way it is possible to calculate the
safety factor of the raceway for a given static
load case. By means of the iteration it is also
possible to determine the maximum allowed exter-
nal load combination (usually maximum turnover
moment with given radial and axial forces), i.e.,
carrying capacity diagram of the bearing.

1.2 Elastic supporting structures

The contact forces, caused by external loads,
result in bearing ring and support structure defor-
mation. The displacements in the position of each



STROJNISK] VESTNK — JOURNAL OF MECHANICAL ENGINEERING, LJUBLJANA (41) 1885/7—8

275

konstrukecijami. Premiki vsakega kotalnega ele-
menta so odvisni od togosti konstrukecije, ki se
lahko po kotalni kroZnici tudi precej spreminja.
To lahko povzroti popolnoma drugaéno porazdelitev
kontakinih sil in s tem drugatne najvedje vred-
nosti kakor pri prvotni predpostavki. Ce Zelimo
te deformacije upodtevati pri izradunu kontaktnih
sil, je treba najprej dolo¢iti togost konstrukcij na
mestih kotalnih elementov v razlitnih smereh
(aksialni in radialni).

Optimiranje zahtevnejsih konstrukeij si kon-
strukterji dandanes tetko zami%ljamo brez nume-
ritne analize z ustreznimi programskimi paketi.
Te metode je primerno uporabiti tudi za lzratun
elastienih premikov podporne in vrtljive konstruk-
cije (vkljuéno z obrotema leZaja) na mestih, kjer
so kotalni elementi. Ce se omejimo na metodo
konénih elementov, moramo najprej izdelati &im-
bolj natanéna prostorska modela konstrukceij sku-
paj z obrotema leZaja.

Prostorska modela posamiténo obremenimo z
enotskimi silami na polofaju vsakega Kotalnega
elementa v radialni (sl. 3, os r) in aksialni smeri
los 2). To pomeni 20y ., obremenitvenih prime-
rov, pri femer je ny . &tevilo kotalnih elementov
v vrsti. Zatem za vsak obremenitveni primer iz-
ratunamo premike konstrukeij v radialni in aksi-
alni smeri na mestih, kjer so kotalni elementi.
Ti rezultati pomenijo podajnostno matriko P, ki jo
morame izrafunatl posebe] za vsak del nosilne
konstrukcije. Matrika je simetri¢na in je sestav-
ljena iz atirih kvadratnih matrik:

Posamezne matrike pomenijo: P.. — premik
v radialnl smerl na enoto radialne sile zaradi ra-
dialnih sil, ., — premik v radialni smeri na eno-
to aksialne sile, F, — premik v aksialni smeri na
enoto radialne sile zaradi radialnih sil in F,, —
premik v aksialni smeri na enoto aksialne sile
zaradi aksialnih sil. Za izratun porazdelitve obre-
menitve Kotalnih elementov je potrebna togostna
matrika, ki jo dobimo z invertiranjem podajnostne
matrike P:

K=pP ' a

Podajnostni oziroma togostni matriki obeh
konstrukeij je laXe in hitreje izratunati loteno,
ker sta modela manjsa. Poleg tega je tako mogoée
lofeno obravnavati vplive obeh konstrukeij, e za

rolling element depend on the structural stiffness,
which can change considerably along the rolling
circle. This can result in a distribution pattern
and maximum values of contact forces different
from those mentioned in the previous chapter. In
order to include these displacements in the calcu-
lation of contact forces it is necessary to deter-
mine the stiffness of the supporting structures in
the axial and radial directions.

The optimisation of a complex structure is
possible only with the use of numerical analysis
based on suitable software packages. These
methods can also be wsed to compute the elastic
deformations of the supporting structure and
bearing rings on precise locations of rolling ele-
ments. The finite element method (FEM) requires
two accurate three dimensional models of the
structures to be investigated, complete with the
bearing rings.

Three dimensional models are loaded with
unity forces at the position of every =ingle rolling
element in radial direction (Fig. 3, r-axis) and in
axial direction (z-axis), resulting in 2ny ., load
cases (ny , is the number of rolling elements in
one row). For every load case the displacements
in radial and axial directions are computed at
every rolling element position. These results are
incorporated into the flexibility matrix P It must
be computed separately for each part of the struc-
ture. The matrix is symmetrical and consists of
four square matrices:

(2).

The individual matrices represent: P, — dis-
placements in radial direction, caused by radial
forces, F, — displacements in radial direction,
caused by axial forces F,. — displacements in
axial direction, caused by radial forces, P,, — dis-
placements in axial direction, caused by axial for-
ces. For the computation of force distribution
over rolling elements, the required stiffness ma-
trix is calculated with the inversion of the flexi-
bility matrix P

Hr‘:l‘ Kr':.
(3).
Kor Kz

Flexibility and stiffness matrices are best
calculated separately for each substructure, be-
cause the separate models are smaller. In this
way it is also possible to consider the influences
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drugo predpostavimo, da je idealno toga. Dejanske
kontaktne sile dobimo &ele, ko upostevamo togost=
no matriko sestavljenih konstrukeij in vektor vso-
te elasti¢nih premikov podporne konstrukcije zu-
nanjega in notranjega obrota:

of each substructure, if the other one is conside-
red ideally rigid. Actual contact forces result from
the stiffness matrix of the combined structure
and the vector of elastic displacements of the
inner and outer rings:

K=, +P)"

(4]

U= U, + U,

Velikost elastiénih premikov konstrukeij in
s tem dejanskih kontaktnih sil ter kotov nofenja
izratunamo 2z reSitvijo sistema nelinearnih ravno-
tefnih enatb za vsak kotalni element za radialno
in aksialno smer. Sistem izhaja iz pogoja o ena-
kosti kontaktnih sil in sil zaradi elastiénih pre-
mikov konstrubeij:

The magnitude of elastic displacements of the
structure (i. e., actual contact forces and carrying
angles) is computed from the system of nonlinear
equations for each element separately for the axial
and radlal direction. The equation system is de-
rived from the condition of equal forces, i.e., con-
tact forces must equal the forces caused by elastic
displacements of the structures:

F=KU-Q=0 (5).

Izratun porazdelitve kontaktnih sil je ob upo-
Stevanju resnifnih togosti obeh konstrukcij precej
obseXen. Pri ratunanju togih premikov obrotev, to
je pri ravnotefju Kontaktnih sil in zunanje obre-
menitve, je treba pri vsaki iteraciji resiti e si-
stem 2 ny . nelinearnih enath za elastitne pre-
mike konstrukeij. Ta postopek je ponovno iterati-
ven, 5 tem, da je treba na vsakemn koraku reZiti
sistem 2 ny . linearnih enatb ob znani togostni
oziroma podajnostni matriki za vsak del kon-
strukeije.

Porazdelitev zunanje obremenitve na kotalne
elemente je odvisna tudi od medsebojne postavitve
(orientacije) podpornih konstrukeij. Ce Zelimo iz-
ratunati porazdelitev obremenitve pri razliénih
medsebojnih legah podpornih konstrukeij, je za
vsaln moino medsebojno lego treba elemente to-
gostnih oziroma podajnostnih matrik ustrezno
prestaviti.

1.3 Poenostavljen geometrijski model
podpornih konstrukei)

Ker dejanski gpeometrijski model v dolotenih
fazah razvoja &e ni znan do podrobnosti, je v ne-
katerih primerih mogote kot poenostavljen model
za izvedbo zgornjega in spodnjega dela konstrukei-
Je pri vrtljivih zvezah uporabiti obrofne nosilce
Skatlastega prereza na podpornih nogah. [zratun
temelji na teoriji linijskih nosilcev. Pri tem opa-
zujemo statitno doloten primer na treh podpornih
nogah ali pa statiéno nedolofen primer na 3tirih
nogah. Pri izratunu deformacij je ob statiéni ne-
doloéenosti zaradi podprtja treba upostevati 3e
statitno nedolofenost zaradl sklenjenosti cbroca.
Tako postavljen sistem je mogote resiti na vet na-
tinov [4], [5]. V danasnjem ¢asu je zelo primerna
metoda konénih elementov (MKE). Podajnostne

The computation of contact force distribution
with regard to the actual stiffnesses of both
structures is numerically intensive. The compu-
tation of the displacements of rigid rings supposes
the solution of another eguation system contai-
ning 2 n,. , nonlinear equations for each iteration.
This process is also iterative, containing 2 ny
linear equations for each of the two substructu-
res, assuming that the stiffness (flexibility) ma-
trix is known.

The load distribution over rolling elements
also depends on the relative positions (orientation)
of the supporting structures. It is necessary
to rearrange the elements of the stiffness and
respectively flexibility matrix for each relative
position of both structures and recompute the
system.

1.3 Simplified geometric model
of support structures

Detailed geometry maodels of supporting
structures are still undefined in the early phases
of the design process. Therefore, a supporting
ring with legs (often used in actual designs) is
used as a simplified model for the computation of
stiffness matrices. In theory, the model is con-
sidered as a line element (beam). It is supported
by three legs (statically determined case) or four
legs (statically undetermined case). The sup-
porting ring is also statically undetermined.
There are many ways to solve such a system [4],
[5). The most suitable method is currently the
finite elements method. The flexibility matrices
are computed in the same way as for the comple-
te system. The biggest difference is the use of a
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matrike pri poenostavljenem modelu izradunamo
enako kakor pri popolnem. Bistvena razlika je v
tem, da lahko z uporabo makro programov v upo-
rabnifkem okolju komercialnega paketa MKE bist-
veno poenostavimo in pospesimo gradnjo modela in
spremembo rezultatov analize v podajnostne ma-
trike. Opisani poenostavljeni model je lahko podlaga
za oblikovanje in optimiranje dejanske konstrukci-

je.
2 PRIMER UPORABE MODELA

5 predstavijenim modelom je bila pri avto-
dvigalu izratunana porazdelitev obremenitve ko-
talnih elementov. Povezovalni element med zgor-
njim in spodnjim delom konstrukcije je enoredni
kroglieéni leZaj s kotalnim premerom D, =1208 mm
in premerom kroglic d = 25 mm. ¥V tem primeru
sta bili podajnostni matriki izrafunani za nosilni
konstrukeiji in leZajna obrota, ki sta s 36 vijaki
enakomerno privita na nosilno konstrukcijo.

Slika 4 prikazuje rezultate izrafuna porazde-
litve obremenitve kotalnih elementov (kroglic)
lefaja za resnitno obremenitveno stanje, ki je
kombinacija aksialne sile (123 kN) in prekucnega
momenta (555 kNm). Krivulje pomenijo relativno
vrednost kontaktne sile glede na dopustno kon-
taktno silo. Ta vrednost se spreminja v odvisnosti
od lege na kotalni kroZnici. Prikazani so rezultati
izrafuna za primer (medsebojna lega spodnje in
zgornje nosilne konstrukeije) dviganja bremena z
botne strani avtodvigala,

—= OKT -= Q; OKT -~ Q, OKE — 0, OKE = 0; OKEF = Q, OKEP

macro language in a commercially available FEM
program, which simplifies the model creation
and the conversion of analysis results to the
flexibility matrices. The simplified model can
also be used as a basis for the design and opti-
misation of the actual structure.

2 AN EXAMPLE OF THE MODEL USE

The model described asbove has been used to
compute the load distribution over the rolling
elements for a mobile crane. The connecting ele-
ment between the upper and lower part of the
structure is a single row ball bearing (rolling
circle diameter D, = 1208 mm, ball diameter
d =25 mm). The flexibility matrices have been
computed for each ring-supporting structure
combination. Each ring is fixed to the supporting
structure with 36 uniformly spaced screws.

Figure 4 shows the results of the computa-
tion using the combination of external axial force
(123 kN) and turnover moment (555 kMm). The
curves represent the magnitude of the contact
forces relative to the maximum permissible
contact force. This value is changes with the
position on the rolling circle, The results in fi-
gure 4 are valid for the relative position of the
upper and lower structure used for load lifting
on one side of the crane.

1.8
14 OKE. =

@/ Qdop

o 238
Lega kroglice /ball position/ &
Fa = 1233 kN, Ty = 555 3 kNm

OKT. = Obe Konstrukciji Togi /both siuctures s

Obe Konstrukciji Elastiéni /both structures adasic’

1 OHEP = Obs Honstrukciji Elastdnd - posnostavijon geomedridni madel
/Dol structures olashic - simpiied geomelnc model

Sl. 4. Porazdelitev kontaktnih sil po kotalni kroZnici enorednega kroglicnega le
avtodvigala Metalna MTA 180 o5

Fie. 4 Distribution of contact forces on the rolling circle of the single row ball bearing built into
the mobile crane of Metalna MTA 180
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Velike trenutne kontaktne sile se lahko poja-
vijo med vrtenjem obratala. Pri neenakomerno
porazdeljeni togosti podpornih konstrukeij pod ob-
rofema letaja so posebej krititne tiste lege, pri
katerih se prekrijejo mesta s povedano lokalno
togostjo obeh konstrukeij (navpiéna ojatitvena
rebra se prekrivajo, sl. 5).

Very large contact forces can take place in
various relative positions during the rotation. In
the case of non uniformly distributed stiffness,
the most critical are the positions of coinciding
high local stiffnesses (vertical ribs - Fig. 5).

Fa = 123 kN
Ty = 555 kN
18
14

18 12 1.8

14 A 1 14

1.9 © OB 1.2

1 B os 1

[ ] = 0.8

08 — ﬂ.: 08

04 . 0.4

0.2 a 0.2

o ]

338 e s

posiion’ *

128 100

a W fall
Loga kodc®

Sl. 5. Sprememba porazdelitev kontakinih sil pri vrtenju zgornje konstrukeije avtodvigala
ab konstantni obremenitvi

Fig. 3 Variation of the contact force distribution with the rotation of the upper substructure
of the crane, at constant load

V primeru, ko je pritrditev leZaja enakomerna
in je togost konstrukelj v radialni smeri bistveno
veltja kakor v aksialni (ploZte, Zkatlasti nosilci)
ter radialna obremenitev zanemarljiva glede na
aksialno in prekucno, zado&£éa, da se pri izratunu
porazdelitve upofteva podajnost konstrukecij samo
v aksialni smeri. Ce ti pogoji niso izpolnjeni, je
treba upostevati togosti tudi v radialni smeri.
Razlika je vidna na sliki 6, na kateri je prikazana
porazdelitev kontaktnih sil pri aksialno in radialno
obremenjenem enorednem kroglignem leZaju zgi-
bnega avtobusa, ki je podprt in pritrjen samo v
nekaj tockah (sl. 2c) . Taksen postopek terja pri-
blitno &tirikrat vetje pomnilnidke zmogljivosti
ratunalnifke strojne opreme in daljSe fase rafu-

nanja.

3 EKSPERIMENTALNO
PREVERJANJE MODELA

fa preverjanje rezultatov izratuna pred-
stavljenega modela so bile na avtodvigalu z
uporovnimi merilnimi listi¢i izvedene meritve
napetostnih stanj vet obremenitvenih primerov.
Zaradi konstrukcijskih ovir smo preverjali do-

gajanja le na zunanjem obrofu leZaja.

If the bearing is uniformly fixed, the struc-
tural stiffness in radial direction is much bigger
than in axial direction (plates, closed profiles),
and the radial load is much smaller than the
axial load and turnover moment; only the flexi-
bility in the axial direction can be considered
in the computations. If these conditions are not
met, the stiffness in radial direction must also
be considered. The difference can be seen in
figure 6. Here the bearing ring is supported only
at a few points (Fig. Z2c). With this procedure
the computer memory requirements and com-
puting times are increased approximately four
times.

3 EXPERIMENTAL MODEL
CHECKING

To check the described computation model
stress measurements (using resistive strain
gauges) of several load cases have been made
on the mobile crane. Due to constraints in
the design only the outer bearing ring has been
checked.
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QERZ = Obrota Elastitna v radiahni (R in aksalni (Z) smer /beaning rings olastc in adial (A and mdal (2} direchion/
OEZ -ﬂmmElmﬂmvmmlnlm:mmuwmdmmmfrﬂw
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— - DERZ == O,-DERL

0.93 |

01 |

Q / Gdop

0.05

o 22s

T3S

—_— = CEZ

T
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-20 kN
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S1. 6. Porazdelitev kontaktnih sil v enorednem kroglicnem le2aju zgibnega avtobusa AvtomontaZa -
MAN 5G 240

Fig. 6. Distribution of contact forces in a single row ball bearing of the articulated bus of Avtomontata -
MAN SG 240

Da bi lahko primerjali eksperimentalne re-
zultate s teoreti®nimi rezultati izrafuna poraz-
delitve obremenitve kotalnih elementov, je bilo
treba teoretiéne rezultate predstaviti z napetostmi
na obodu obrofa lefaja. V ta namen smo tridimen-
zionalni model MKE podporne in vrtljive konstruk-
cije avtodvigala (sl. 2a), ki smo ga Ze uporahili za
izratun podajnostnih matrik, na stikih kotalni
elementi — tecine obremenili z izratunanimi
kontaktnimi silami (po velikosti in smeri). Na-
petostna stanja na povrdini obrofa lelaja, ki so
bila rezultat teh analiz, so neposredno primerljiva
z rezultati meritev napetosti na istih mestih in
kazejo razmeroma dobro skladnost tako po smeri
kakor tudi po velikosti.

4 SKLEFP

Rezultati izrafunov in meritev so potrdili,
da lahko porazdelitev obremenitve kotalnih ele-
mentov bistveno odstopa od idealne (togi obro&i),
¢e Jje topost podpornih konstrukecl] in obrofev
premajhna in neenakomerna po obodu. Zaradi tega
bo v prihodnje nujno potrebno preveriti porazde-
litev obremenitve ob upoftevani resniéni togosti
konstrukeij veaj za tiste primere, pri katerih =e
dejanska obremenitev priblizuje krivulji mejne
nosilnosti leZaja ali pa je togost po obodu leZaja
izrazito neenakomerna.

Y konéni fazi je treba preveriti porazdelitev
kontaktnih sil ob hkratni upodtevani podajnosti
podpornih konstrukecij obeh obrotev, ki pa je raz-
litna za vsakn modno medsebojno lego konstrukeij
in za vsako kombinacijo obremenitve. Tako lahko

For the purpose of comparison, the computed
results are represented as circumferential stres-
ses on the upper surface of the bearing ring. The
three dimensional FEM model of the mobile
crane, that has already been used for the flexi-
bility matrix computation, has been loaded on
the points of contact between the rolling ele-
ments and the raceways with the forces compu-
ted using the described model. The resulting
stresses are directly comparable with the mea-
surement results, and show relatively good con-
formity with the computed results.

4 CONCLUSION

The computed and measured results have
shown that the actual load distribution can
differ considerably from the ideal one (consi-
dering rigid rings), especially in the case of low
or irregular stiffness of the rings and supporting
structures. It is necessary to check the load
distribution (with consideration of actual strue-
ture stiffness] in the cases of large nonuni-
formities of stiffness along the bearing peri-
meter, or where the actual loads are close to
the bearing load limiting curve.

Finally the contact force distribution should
be checked using the actual flexibility of both
bearing ring supporting structures. This stiffness
varies with the relative positions of both struc-
tures and load combinations (radial, axial, and
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dobimo mnozico rezultatov, iz katerih je mogote
dolotiti dejanski ekstrem kontaktne cbremenitve.
Teze pa ugotovimo vpliv oblike konstrukcije na
porazdelitev obremenitve. Menimo, da so v ta
namen primernejse selektivne analize, pri katerih
eno konstrukcijo obravnavamo elasti¢no, drugo
pa idealno togo. Postopek, ki smo ga opisali v pri-
spavku, omogoda vse to.

turnover torque). The resulting walues yield
the actual maximum of the contact force. The
determination of the influence of the design
form is more difficult, and can be best assessed
using the selective analysis (always considering
one substructure elastic and the other one
rigid), which is also part of the procedures
described.
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