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Abstract. The roller profile is of paramount importance iding bearing design because, under
the most bearing loadings, it should provide lowestes and a long bearing life. But,
unfortunately, it is impossible to find a universaltimal profile for a certain roller whatever the
actual compressive load on the roller is. In th&t foart of this paper a complex procedure to find
the optimal log-profiles of the cylindrical rollefappropriate to specific bearing loading ranges)
is presented. Since, for economic reasons, mangstiinis necessary to machine a simplest
profile, in the second part of the paper a metlwéind the best 2ZB approximation (partial
crowned profile) of the optimal profile of the retk of a cylindrical roller bearing is given. The
purpose is defined as an optimization problem ahgesl by means of Evolutionary Algorithms.
To validate the optimization and considering foigngicant criteria, the obtained profile was
compared with the optimal one and the full crowpeafile used until recently.

1. Introduction

The fatigue life of any rolling bearing is stronglglated to the stress state developed at the d@onta
surface between the rollers and raceways, as vgelvithin the material of mating parts [1-2].
Unfortunately, an analytical relationship betweka ieometry of the mating surfaces and the contact
pressure exists only for a limited number of id#®lpes (Hertz's theory). For other shapes of theaco
surfaces, a lot of efforts were done to achievappropriate algorithm to obtain the pressure dhistion
along the contact area [3-5]. In this paper, fas thurpose, the conjugate gradient method (CGM)
coupled with discrete convolution fast Fourier sfmnm (DC-FFT) it was used [6-8].

Regarding the roller bearings, when a roller otéitength is pressed against a certain ring ragewa
(wider than the roller length) the constant presglistribution along the roller is altered, and ¢mel
pressure tends to be significantly higher thanitihéte center of contact (Figure 1). This phenoomen
of stress concentration is referred to as “edgditmfl or “edge effect”. This undesired condition is
further aggravated if the rollers are misaligned &my reason: bearing mounting errors, thermal
distortion of a bearing housing, elastic bendinthefshaft under external loads, etc.

To counteract this condition, cylindrical rolleng/or the raceways) should be axially “profiled”,
thereby making the stress distribution as unifosnp@ssible, without edge peaks. It was Lundberg [9]
who suggested for the first time such kind of peofiHe found, that a profile expressed with a
mathematically logarithmic curve may form, betwé®n aligned cylinders in contact:

= an axially uniform elliptical transversely stresstdbution, and

= arectangular contact area.
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Figure 1. Pressure distribution along a roller without pmfi(a) 3D distribution; (b) axial secti
through 3D pressure distribution; (c) “bone shapiethe contact area.

Note that ISO/TS 16281: 2008(E) [10] provides ameatipn of the logarithmic profile for cylindrical
rollers which is essentially identical to the omegmsed by Lundberg. An interesting and new prdof o
this equation is given in the next section.

However, Lundberg’s logarithmic profile has a majoawback: the roller radius reduction (crown
drop) is theoretically infinite at the roller endisindberg himself proposed an approximation to avoid
this issue, but the fact that a roller has chandete ends seems to solve the problem. In taefpoint
where the roller profile meets the chamfer praBle “sharp point” and, even if the resulting curve
continuous in this point, this is an important streoncentration point.

During the time, many researchers modified the lo@ng's profile to satisfy different requirements.
Johns and Gohar [11] revised the basic logaritifomction presented by Lundberg, but the crowning
profile based on their equation inevitably yieldgeetbading when the rollers are tilted. Later, Liisc
[12] brought important improvements, but his worksamostly dedicated to tapper roller logarithmic
profiles and it was mention here only for historieasons.

Fujiwara et al. [13] provided a logarithmic crowgiaquation by introducing three design parameters
into Johns and Gohar's formula to improve the fléitybof the profile design. That was convenient for
engineering applications and offered a new desigpraach that prevents edge loading due to
misalignment. As the authors claimed these threanpeters could be optimized by applying a
mathematical technique according to the operatomglitions of the bearing.

On the other hand, the manufacturing of a logaiithprofile requests an expensive technology and
for this reason simplified profiles were introducd@aday, there are plenty of crowning cross-section
profiles including: linear profile with one crownimadius, circular crowning with large radius, ZBpey
roller with linear profile and two crowning radii tne end, CIR (two crowning radii) and B-TAN (tkre
crowning radii), and so on. The authors of thisggggoposed also a simplified profile, called 228]
and the subsequent improvement of this profilevemgin this paper.

2. Simple proof of the profile equation given in 1SO/TS 16281: 2008(E)
Consider the elastic contact of two elastic bogiesented in Figure 2. The coordinates systayz
andxyy.z are introduced such that the azeandz point into bodied and2 respectively, the axes
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andx; coincide, and the axgs andy. (not shown in Figure 2) complete the respectigbtrCartesian
system of coordinates. The two bodies are elaktidaformed by the compressive foi@eln any cross
section along the axig (ory), for any two points of same abscissaaid M one can write:

Zi+zZy+wi+Hwy, =6 Q)

wherez; andz are the initial separation of the considered golit and M, wi andw. are their local

displacement (see Figure 2), ahdepresents the displacement of a point in bodyith mespect to a
point in body 2, sufficiently far from the contamine, and situated at the same abscissa. Obvibtisly
is valid if the points M and M are within the contact region, and “>” is in forwlen the mentioned
points are outside of the contact region.

z, |
w
Body 1 [
y aQ M,
i | 1 );1
L 2> X
Q M,
Body 2 \
w
2
P

2

Figure2. Two elastic arbitrarily shaped bodies in contact.

In addition to the above displacement requireménts constraints regarding the loading of the
system must be considered:
1. The values of the contact pressBr&, y) between the two bodies, in any pomty), is positive
if the point is inside the contact region, and thé point is outside this region.
2. The integrated pressure distribution over the argeeaD is equal to the applied lo&gt

Q = [f, P(x,y)dxdy ()
Because the dimensions of the contact area ard waitlalrespect to the radii of curvature of the
bodies in elastic contact, it has been agreedtfi&]an acceptable approximation to consider tiat t
pressure-displacement response for both bodietergical to that of a half-space. Consequently, the
following equation for the displacement at pointy) because of the pressiP€x’, y) can be used:
2
LIl PG YOI = x)? + (v — )7V 2dx' dy’ 3

TE;

1-v

Wi(x'Y) =

wherev;andE; are Poisson'’s ratio and the Young’'s modulus doftility for bodyi respectively, an®
is the contact area over witch the distributed sues acts. Combining equations (1) and (3) for any
point (x, y) € D one obtains the following general equation:

p x’,y') 1] [
k ffD [(x_xl)z(_,_(y_yl)zp/z dx dy + Zl (x, y) + ZZ (.')C, y) - 6 = O (4)

where:

1-v?  1-v2

k= TE, TE, (5)

andz (x, y) is the equation of the surface of badpefore the elastic deformation.
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Figure 3. The elastic contact between a cylindrical rolled ¢he planey. (a) Roller profileZ (0, y); (b)
Ideal Hertzian pressure along the rectangular coat@a.

The aim of this subsection is to find the equatibthe cylindrical roller profil&Z (0,y) such that the
distribution of pressure to follow the Hertz's dilsution (Figure 3) when it comes into contact watin
elastic flat surface. Obviously, equation (4) beesm

2G) + k[, o dx'dy’ =6 = 0, (M(x,y) €D ©)
where one wants the contact aieto be a rectangle
D =[—-B, B]x[—A, A] @)
and the following constraints must be considered:
P(x,y) = f(x); (V)y€[-4, 4] (8)
fx) =f(=x); (V)x€[-B, B] 9)
max f(x) = f(0) = Pnax (10)
f(B)=0 (11)
7(0,0)=0 (12)
Z(0,y) =Z(0,-y) (13)
Taking into account all above constraints, fromadun (2) it yields:
Q=44]; f®)dx (14)
and forx = 0 equation (6) becomes:
2(0,) + 2k ) f(x") - g, y)dx' =8 = 0; (V)y € [0,4] (15)
where )
g(x",y) =In [x'2+(y+A)2] +y+A (16)

[x’z+(y—A)2]1/2 +y—-A

In the following it will be more comfortable to ugdnstead ofk'. The composite deflectiofhican
now be expressed by using condition (12) in eqodtl®):
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(x2+A2)1/2+A ’
§ =2k [, f(x) ln[x—z]dx (17)
With the above value, the following equation isadiéd:
Z(0,y) = 2k [} f(x) - G(x, y)dx (18)
where
_ [(952+A2)1/2+A]2
G(xy) =In {2+ (y+A)21 2 +y+A}{[x2+(y-A)2]/ 2~y +A} (19)
Noting:
x=B-u (20)
equations (14) and (18) respectively, become:
Q = 44B [, f(Buwdu (21)
and
Z(0,y) = 2kB [, f(Bw) - H(u,y)du (22)
where
2
“(g)zu2+1]1/2+1§
H(u,y) =In 2 2172 2 241/2 (23)
(ORI (R R
Because

@)= (6 - 2

the following approximation is obtained:

2
H(u,y)zln;=—ln[1— 2 ] (25)
=) &
Therefore, by using equation (21), it yields:
2
700,) ~ —k -%-ln[l - ] (26)

From Hertz's theory it is well known that:

1 X
Pmang'\/%'\/g (27)

Obviously, in the case of a cylindrical roller iontact with an elastic plane:

5p =2 (28)

DW€

Ly
A== (29)

whereDye is the roller diameter arid, is its length. If the roller and the bearing sag@are made of the
same material it results:
2(1-v?)
nE
Eventually, substituting all above in the equai{@6) one obtains:

k = (30)
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2 2
2(0,y) = —2(1 —v®)? (P2) " p,, ln[l - (&) ] (31)
It worth noting here that Pnax= 3- 16 MPa, E = 2.05- FQMPa,v = 0.3 the resulting equation
2
7(0,y) = —0.00035 D, In [1 - (&) ] (32)

it is exactly the equation recommended by ISO/TZ16008(E) [10] to be used in order to profile the
cylindrical rollers of bearings.

3. Optimal profile of the cylindrical rollersof the bearings
Regarding the logarithmic profile given by equat{88) must be noted that there were several atempt
to improve the carrying capacity of the contactimyaby:

= minimization of the maximum of the contact pressure

= maximization of rigid body displacement;

= maximization of torque or contact resultant foreéween the bodies;

= minimization of frictional power loss.
In this context, this research (which extends [1fignds to draw attention to another aspect. Tég w
in which the basic curve was obtained suggestslgldat a “logarithm” function must be involved.
However, there were used a lot of simplificationd approximations, and eliminating them, probably,
an analytical general equation cannot be develdpeahat follows, let any roller crowning profile be
called “log-profile” if it is expressed logarithnaity and has the following form:

ex ex
f(y) =drop-In~1 [1 - (%) p] “In [1 — (:—‘};) p] 1073 (mm) (33)
wherean is the distance (mm) from the lateral side of ribiéer where the profilarop (um) will be
measuredexpis an integer exponent lying in the range 2 ...d@#jLy is the total length (mm) of the
roller. In Figure 4 all these can be followed. Ndtat the value of the distaneg is set such that it
exceeds the axial length of the roller chamfetthia approach, this is considered equal to the &vam
radius.
Zz

Roller generatrix — Roller profile —
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i
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Figure 4. Design and parameters of the cylindrical rollg-pofile.

In Figure 5 the same cylindrical roller, pressediast the same inner ring raceway, with the same
radial load is presented. The difference consistbe axial profile: in Figure 5(a) the profilegs/en
by equation (33), and in Figures 5(b) and 5(c)etkgonent of the term Y&L,) was turned to 7 and 12,
respectively (instead of 2). It is very clear ttied real 3D distribution of the pressure alongdbetact
area between the roller and raceway changes signify, and equation (33) does not seem to be the
best solution. Values of the exponent higher thaould provide a better (constant) distributiorihef
pressure. Obviously, natural questions arise: \abatt the constant in front of the logarithm? Qan i
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Figure5. Pressure distribution for different valueseap (a)exp= 2 (ISO); (b)exp= 7; (c)exp= 12.

modify significantly the pressure distribution? Afadally: which is the best combination? The aim of
this section is to answer to these questions.

3.1.Optimal profile of a given cylindrical roller
The procedure used in finding the parameters obfitanal profile equation of a certain cylindrical
roller—defined by the diametBx.. (mm), length_y (mm), and chamfer radiug, (mm)—is the following:

1. Consider a certain value of the maximum HertziaspurePmnax(MPa).

2. Based on ISO 15:2011 which gives the boundary déioes of radial bearings, all possible
bearings that can contains the considered roltergantified and, for each case, the diameter of
the inner ring raceway F (mm) is assumed.

2.1. For any value of the inner ring raceway diamé&tand, in addition, foF = co:
2.1.1.Calculate, transforming the equation (28), the radifiorce necessary to load the roller
in order to obtain, from the classical Hertz's thygedhe same value of the maximum
contact pressure.

T2 kP2 ax

Q= (Lwe = 2m) —5 =
where:Q is the normal force necessary that load the r@Ngrrch is the roller chamfer
radius (mm),k (mn?N-Y) is a constant factor given by the equation (Shgishe
Young’s modulus of elasticity and Poisson’s rafithe roller and inner ring material
respectivelyXp is the curvature sum (N

p=—+2 (35)

(34)
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2.1.2.For any assumed combinatierpanddrop:
2.1.2.1Consider the roller manufactured with the resulfimgfile and find the real
distribution of the contact pressure between thlierand inner ring raceway
using a grid (for the contact area) as large asiples
2.1.2.2 Store the curve given by the axial section throtighobtained 3D pressure
distribution.

2.2. Remove from the collected curves those that aremobth—-as in Figure 6(a)—and those that
are only concave-as in Figure 6(b)—which are tosecto point contact, and keep only the
curves that are (from left to right, until the miel@f the roller) concave and then convex—as
in Figure 6(c).

2.3. Calculate the standard deviation of the valuese$gures.

2.4.Order these curves, in increasing order of caledlatandard deviations, and remove the
worse one third of the curves.

2.5. Order the remaining curves, in increasing ordenakimum contact pressure values.

2.6. Store the first five curves (five combinationsexfpanddrop) for eachF.

3. Identify the most frequent combinations and aceegieal for the winning combination.

.

@ (b) (c)

Figure 6. Types of pressure distributions: (a) non-smoottvelcontaining peaks of pressure, (b)
smooth curve, but only concave and (c) concave-&ourve.

3.2.Case study

The main dimension of the considered cylindricdllerdfor this study are given in Table 1. For both
roller and ring materials there were uged 208 000 MPa and= 0.3 respectively. According to RKB
Europe experience, the standard contact presswhbiett the study is performed .= 2 000 MPa.

For special cases the company uses the valBg.gf 1 500 MPa also, as second option. In Table 2 the
possible values of the diameter of the inner ramgwvay are presented. The search is automaticaily d
within the boundary dimensions provided by ISO D3E) and using the ratios given in Table 1. In
Table 2 are shown also the values of the normdl hegessary to obtain the assumed Hertzian pressure

Table 1. Considered roller main dimensions and assumedsratio

Dimension \(/rilrlr]]()e Ratio min  max
Duwe 32 Dwe/[(D—-d)/2] 0.40 0.60
Lw 32 Lw/B 0.63 0.99
lch 1

As one can observe from Table 2, a number of 18iplesbearings was identified, the appropriate
F value was computed assuming that the inner aner oig are about the same thickness, and in
addition a final case was added considering tHerrobntact with a flat pland=(= «).
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Table 2. Possible bearings and roller normal loads (toinkadlertzian pressure of 2 000 MPa).

Thickness of the

No. (mm) (mm) (mm) (mm) (mm) (mm) Series (N)
1 108 80 200 48.0 14.00 8.0 4 0 04 41 311
2 126 100 215 47.0 12.75 7.5 3 0 03 42 705
3 133 105 225 49.0 14.00 8.5 3 0 03 43 165
4 143 110 240 50.0 16.50 9.0 3 0 03 43 759
5 163 140 250 50.0 11.50 9.0 2 1 12 44 763
6 173 130 280 48.0 21.50 8.0 3 8 83 45 192
7 188 140 300 50.0 24.00 9.0 3 8 83 45 762
8 193 160 290 48.0 16.50 8.0 2 0 02 45 935
9 263 220 370 48.0 21.50 8.0 1 0 01 47 742
10 288 240 400 50.0 24.00 9.0 1 0 01 48 196
11 348 300 460 50.0 24.00 9.0 0 0 00 49 042
12 368 320 480 50.0 24.00 9.0 0 0 00 49 267
13 488 440 600 50.0 24.00 9.0 9 0 09 50 256
14 508 460 620 50.0 24.00 9.0 9 0 09 50 378
15 673 630 780 48.0 21.50 8.0 8 0 08 49 320
16 713 670 820 48.0 21.50 8.0 8 0 08 51120
17 758 710 870 50.0 24.00 9.0 8 0 08 51 382
18 0 - - - - - - - - 53 551

Distance from the side of the roller to the poiliene the profile is measured was setat 2.2 mm.
The range of the search space was giveeXyy= 2 ... 12 anddrop = 2 ... 12um. The procedure
depicted in the previous sub-section was followed e most frequent combinations were presented
in Table 3.

Table 3. Simulation results.

drop (um)
6 8 10

4
5

exp 6 o
7
8
9

The above procedure was repeated for hundreddl@fsrand an interesting thing was observed: the
value 7 for the exponent appears extremely ofteeohclusion, to simplify the identifying proceds o
the roller optimal profile, RKB Europe adopted awernal decision: optimal profile will always be
searched foexp= 7. Consequently, the optimal profile of the adased roller was given bgxp= 7
anddrop = 8 um. Note that for this roller ISO recommerdisp = 15um (butexp= 2). In Figure 7 the
founded optimal profile and the ISO profile for ttaler in discussion are represented on the same
system of coordinates. The difference is evidenteMilso that 1 mm from the right side is occujgd
the roller chamfer.
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Figure 7. Optimal profile vs. ISO recommended profile.

4. Optimal approximation of the optimal profile of the cylindrical rollers

For reasons of manufacturing costs, the optimalritigmic profile should be replaced by a simples,on
but without much loss regarding the quality of thechanical contact. The goal of the following s@tti
is to find an optimal approximation of the optinpabfile and to compare the resulted profile witk th
recently used profile and, eventually, with thes&t optimal profile.

4.1.2ZB profiles

At first, RKB Europe has used the well-known “ZBfile” for its cylindrical rollers. An important ep
forward was made when the ZB profile was enhanged tull crowning. This profile was used until
recently and hereinafter will be called “Profile AThe proposed approximation of the optimal peofil
consists of a combination of two ZB profiles assarged in Figure 8 and it will be called “2ZB ptefi

Roller profile —

Roller axis
W z z

Roller generatrix

Figure 8. Definition of the 2ZB profile.

The circle of center Oand radiudk; intersects the roller generatrix in S and theleiof center @
and radiusR; in T. Further, the circle of center,@nd radiugR. intersects the chamfer profile (not
represented here) in U. Consequently, the rollefilpris formed by the straight-line OS, two circle
segments ST and TU of radiRsandR; respectively, and, finally, by the chamfer praofilée abscissae
of the points S, T, and U will be denoteddy, andu, respectively.

A certain 2ZB profile if fully described by only o parametersRi, Rz, J, andq) and has the
following equation:

10
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0, if0<y<s
g ={ R —q— R} —y? ifs<y<t (36)
R,—(6+q)—R;—y% ift<y<u

wheret, s, u can be easily calculated wiia, R, 9, andg.

The constraints 8 s<t <u < Lw/2 (whereLy is the total length of the roller) afd > R, must be
satisfied. Note that if the circle of radiRs does not exist, the obtained profile is the old&Bndrical
roller profile. The 2ZB profile is completely andiguely defined by four parametef, Ry, 4, andg.
Obviously, Ry, Ry, ¢ are strictly positive and > 0. Even when the above mentioned constrained are
satisfied there is an infinite number of combinasi@ach representing a 2ZB profile. Witen O the
circle of radiugR; is tangent to the generatrix of the roller an@asn profile A is generated.

4.2. Multi-objective optimization

The first goal of the optimization is to find a fition g whose graph is as close as possible to the graph
of the optimal profild (Figure 9). The approximation is performed aldmg interval[c, u], wherec is

the greatest integer for which the conditjtie) < 1 um is still fulfilled.

c s
<1um

Figure 9. Approximation of the optimal profile.

It is natural to divide the intervdt, u] into several subintervals of equal width and twekde to
every point a corresponding distance between #yghgrof the functionfsandg. In this way an objective
function can be easily constructed. The funcfitvas a very special shape, especially in its lagt p
toward the roller side. In this part of the curkie turvature radius decreases rapidly with thesaging
of y conferring a special rounding to the roller. Wiedrto capture this aspect by defining a special
distance between the two curves, measured alongptiealn; to the graph of the functidnObviously
at the very last part of the curves (situation redriwith * on Figure 9 the normal to the graph & th
functionf does not intersect the graph of functipin a point whose abscissa is within the intefual].

In this case the distance will be measured veljicBbr more details reader should refer to [14].

The second objective of the optimization was todeth” as much as possible the approximate 2ZB
curve in points S and T. That means that the diffee between 18@nd the angle between the semi-
tangents in point S (in point T as well) on théntignd on the left to the graph@fust be minimized.

The obtained weighted objective function was imleeblish optimization software based initially on
cuckoo search [17] and, eventually, on our cultaxalutionary algorithm [18].

4.3.Evaluation of the performances of different roleofiles

In order to evaluate the performances of differetier profiles three possible profiles of a cylirol
roller were taken into account:
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1. Optimal profile (O) (considered as referential);

2. Until recently used profile A (A);

3. Optimal approximation profile (OA).
Also, as evaluation criteria, four important penfi@ance indicators were taken into account for aibgar
with rollers having a certain profile and loadedhnseveral different levels of radial load:

1. Basic rating life of the bearing (according to 136281: 2008);

2. Modified rating life of the bearing (according 80 16281: 2008);

3. Maximum contact pressure between the most loadkst emd the inner ring raceway;

4. Maximum von Mises stress in the inner ring bendaghcontact surface between the most loaded

roller and the inner ring raceway and the depthiatoccur.

4.4.Case study

The single-row cylindrical roller bearing NJ 320 EBBSA (Figure 10(a)) was selected for the study of
the three roller profiles behaviour under differemtrking circumstances. The basic dynamic andcstati
load ratings of the bearing a@ = 389 kN andCor = 439 kN, respectively. The drawing of the rough
roller is given in Figure 10(b), and the roller vitlassical ZB profile is shown in Figure 10(c). e
can see the roller is the same as that considerie iprevious section. The radial internal cleaganf

the bearing is in the rangdC = 0.170 - 0.195 mm.

¢ LY .. I;"f ”?Z ]
M1 I 3
~ | Kia! 135 ‘ 10504
(b)
: |
06 *‘ ‘ /\ !
N P AN / |
N\ gz & x\ / ////
A 04 a W //
NN u = Oy b T
R E \& W/ R
P 7 A
Ll U Y .
g —H- 10 =
(a) (©)

Figure 10. Case study: NJ 320 EMP65SA. (a) assembly; (b)roaber; (c) ZB profile.
Three possible profiles of a cylindrical roller weaken into account (Table 4):

Table 4. Investigatedoller profiles.

Profile Profile type Ru R> 0 q Maximum error relatlve to the
(mm) (mm) (Mm) (mm) optimal profile
@] Logarithmic - - - - -
A 2ZB 64000 2440 0.027 - 4.07um (abscissa = 13.957 mm)
OA 2ZB 7 205 1274 0.0620.007 1.96um (abscissa = 13.853 mm)

1. Optimal profile (O) (considered as referential):= 2.2 mmexp= 7, anddrop = 8um;
2. Profile (A): full crowning of 2um before manufacturing the ZB profile given in Figd0(c);
3. Optimal approximation profile (OA): obtained asvias explained in the previous sub-section.
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In Figure 11 the profiles A and OA, respectivelye presented together with the optimal profile.

| = Optimal profild — Optimal profile
— Profile A @ [~ Opt. approx. profile

Crown drop,micrometers
9 S by
Crown drop,micrometer:
S

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Diatance from center of the roller, milimeters Diatance from center of the roller, milimeters

@) (b)

Figure 11. Roller profiles. (a) optimal vs. profile A; (b) timal vs. optimal approximation.

Three different working scenarios (loading casesjenset (as it is presented in Tables 5 and 6).
Whilst speed, working temperature, lubricant, anatication quality were maintained the same in all
three loading cases. In the first case one suppbatthere is neither residual (working) radiagémal
clearanceRIC,) in the bearing, nor misalignmeng)(between the bearing bore and housing axes of
symmetry, in the second case it is assumed onlyptheence of a certain residual internal radial
clearance, and finally, in the third loading casthbresidual radial internal clearance and misatignt
are present. Regarding the radial load level, gtiye mentioned that in each case the maximum value
was set very close to the value at which the moatldd roller with optimal profile O loses its
performance by the occurrence of the “edge effetlien, six levels of loads were adopted with
descending step of 15 kN.

Table 5. Working conditions.

Clearancé Misalignment Bearing radial load Speed

roading " ric, v F n
(mm) (min) (KN) (rpm)
| 0 0 100 ... 175
1 0.100 0 85 ... 160 1000
1] 0.100 15 70 ... 145

@ Residual (working) radial clearance.
b Misalignment between bearing bore and housing eksgmmetry.

Table 6. Grease lubrication conditions.

Grease base oil

Working ,
o Cleanliness i ic vi i °
temp. (°C) K'”ema“‘zr:q"rf?‘jzf'ty at40°C yiscosity index Vi
90 Normal 150 95

For all loading cases and for all considered Idagsown software for calculating the basic rating
life, modified rating life, contact pressure betwedl rollers and inner and outer ring raceways) vo
Mises stresses in rings bellow the contact surfa@sran using a 256x128 grid for contact surface.
The main results of these simulations are presént€dbles 7, 8, and 9, and in much more detaily, o
for the loading case IlII, in ANNEX.

The optimal profile O demonstrated, once againyiigisputable quality and for this reason it was
always chosen as referential.
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4.4.1.Loadingcase I: RIE=0,y =0

In Table 7 the main results of the simulationstfis case are given. Taking as referential thecbasi
rating lives of the bearing with roller with O pilef the basic rating lives of the bearing with AdaAO
profiles, respectively, are given in Figure 12(a).

The basic rating lives of the bearings with OA pecére with 2- 4% lower than the referential, but
they are always longer with 11.1 - 4.2% than thafsthe bearing having rollers with actual profile A
As one can see the difference is higher at lonstd@and tends to diminish as the bearing loadases
This is easily explainable since at very high begatoads the roller profile does not matter anymore
because the huge “edge effect” cancels the beakfioksence of the profile, whatever it may be. On
the other hand, as the load decreases, the diffiergnows significantly tending towards 15 - 20% and
the advantage of the OA profile relative to the rafie becomes more evident. The behaviour of the
variation of the modified bearing lives is like tlid basic rating lives and for this reason ispretsented
here in dedicated diagrams.

Table 7. Loading case RIC, =0,y = 0.

Max. von Mises stress

Radial Rating life (hoursy Max. contact

load Roller Basic Modified pressure Value Depth

(KN) profile Lion Liomnh (MPa) (MPa) (mm)
100 0] 6 800 12 194 1818 1024 0.30
= 026G A 5978 9904 2164 1181 0.29
’ OA 6 653 11 800 2 086 1 146 0.24
115 0] 4 096 6 103 1939 1094 0.31
=030G A 3625 5152 2 288 1247 0.31
’ OA 3926 5877 2240 1227 0.26
130 0] 2539 3552 2 052 1158 0.34
=033C A 2329 2915 2 399 1308 0.32
’ OA 2 475 3222 2 380 1301 0.28
145 0] 1682 1975 2159 1222 0.35

=037CG A 1563 1757 2681 1554 0.07
OA 1639 1898 2510 1371 0.29
160 O 1158 1229 2 266 1283 0.37

= 041G A 1086 1111 3159 1819 0.07
: OA 1129 1182 2 635 1437 0.31

175 O 822 799 2429 1414 0.07

= 0.45C A 774 728 3615 2 070 0.07

OA 802 769 2751 1570 0.07

a According to ISO/TS 16281: 2008(E).

The variation of the maximum contact pressure betwtbe most loaded roller and the inner ring
raceway versus the bearing radial load is presentéyure 12(b). The maximum contact pressure in
the case of OA profile is with 13 - 16% higher tharthe similar loading condition for the O profile
but the maximum contact pressures developed icake of the A profile represent 119 - 149% of the
referential (O profile), reaching very high valdeslarge loads. The higher the bearing radial Jahd
higher is the difference between the maximum canpmessures in the case A and O (or OA),
respectively. Note that in absolute terms, if tlearing load exceeds 150 kN the maximum contact
pressure could be far above 3000 MPa in the Alproéise, whilst that in O or OA is kept at reasdmab
values, about 500 MPa lower.

As the bearing load increases the contact presbatasen the rollers and raceways increase too
and, consequently, the von Mises stresses inttlge &nd rollers increase as well. It is well kndhet
a certain non-smooth profile is used, for lowerdgagpecks (more or less sharp) appear in the dontac
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pressure distribution along the contact surfacevéen the roller and raceway. These peaks (herematft
calledprimary peak¥are not at the edges of the contact area butlsmmtowards the interior. As the
load increases sooner or later another edge psaksrdary peaksare developed and at a certain
normal load on the roller (i.e. a certain beariogd) these peeks will become higher that the pgimar
peaks, and the “edge effect” is fully and stronghforced. In the studied case, the secondary pecks
appear very soon (for a bearing radial load un@6rkIN) in the case of A profile. There is a “delaj§”
about 30 MPa in the case OA and of about 60 MP®fprofile. The same differences can be observed
also for the moments in which the secondary pergsesl the primary peaks.

M Optimal profile  m Profile A Optimal approx. profile

100% 100% 100% 100% 100% 100%

98% 97% 97% 97% 98%
96%
93% 94% 94%
92%

88% 89%

Fr=100kN Fr=115kN Fr=130kN Fr=145kN Fr=160kN Fr=175kN

(a)
2200 -
- 2000
o -9
2 2
g o
§ Q 1800
g 2
o U
= 2
® S 1600
E s
8 g
£ £ 1400
£ £ .
B3 x
= = i
1200 /
100 115 130 145 160 175 100 115 130 145 160 175
Bearing radial load, kN Bearing radial load, kN
(b) (c)

Figure 12. Loading case IRIC, = 0,y = 0. (a) Basic rating life (relative to the optinmabfile O); (b
Maximum contact pressure between the roller andrther ring raceway; (¢) Maximum von Mit
stress in the inner ring beneath the contact zeheden the roller and raceway.

The evolution of the maximum von Mises stress i llearing rings reflects also all these. Some
deep (about 0.30 mm beneath the contact area) ragxmtied hereinaftdower maximauare reached
and these correspond to the primary contact presseaks. Then, as the bearing load increases,
secondary local maxima (called hereinaftgper maximpa appear corresponding to the secondary
contact pressure peaks. Unfortunately, these uppgima are located very close to the contact serfac
(about 0.07 mm!) and become very dangerous beeenysaw of the material, inclusion, nano-, micro-
crack, or small indentation (that easily could retigs level) will highly amplify these stressesldead
soon to the local breakdown of the ring (more lkar roller material. Obviously, when the secondar
contact stress peaks become higher than the pripealks, the values of the upper maximum von Mises
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stress exceed the values of the lower maxima iscrgahe already mentioned risk of rings/roller
material damage.

The variation of the maximum von Mises stress mitimer ring versus the bearing radial load is
presented in Figure 12(c). The maximum von Misessstin the case of OA profile is 11 - 12% higher
than in the similar loading condition for the O filly but the maximum von Mises stress developed in
the case of the A profile represent 115 - 146%hefreferential (O profile), reaching very high \edu
for large loads. The higher the bearing radial Jahd higher is the difference between the maximum
von Mises stress in the case A and O (or OA, rdamdy). Note that in absolute terms, if the begrin
load exceeds 150 kN the maximum von Mises streglsl dme far over 1700 MPa in the A profile case,
whilst that in O or OA is kept bellow this valuehatever is the bearing load. It worth mentioningehe
that in the case of the bearing steel 100Cr6 thlkeldtrength is of 1700 MPa, for martensitic stiuet
and of 2000 MPa, for bainitic structure. Moreoweingen the bearing load reaches 145 kN the maximum
von Mises stress is located at 0.07 mm deep bdievedntact surface, whilst this fact happens 45 kN
“later” for both O and OA profiles.

Table 8. Loading case IIRIC, = 0.100,» = 0.

Radial Rating life (hoursy Max. contact Max. von Mises stress
load Roller Basic Modified pressure Value Depth
(KN) profile Lion Liomn (MPa) (MPa) (mm)

85 @] 7 938 15021 1844 1040 0.30
022G A 7 065 12 380 2197 1196 0.28
' OA 7 766 14 525 2120 1164 0.24
@] 4572 7223 1969 1112 0.31
B Olgg A 4153 6 164 2319 1263 0.31
=0.26G  op 4 462 6 956 2 275 1247 0.26
115 O 2825 3854 2 085 1179 0.33
=030G A 2 609 3381 2432 1357 0.07
’ OA 2755 3705 2418 1322 0.29
130 @] 1842 2222 2195 1242 0.36
033G A 1720 1989 2 843 1644 0.07
) OA 1797 2136 2 552 1393 0.30
145 O 1253 1359 2299 1304 0.37
-0.37G A 1177 1233 3 326 1911 0.07
OA 1222 1308 2676 1 459 0.32
160 @] 881 872 2604 1509 0.08
=041G A 830 795 3781 2161 0.07
OA 860 840 2 891 1 666 0.07

a According to ISO/TS 16281: 2008(E).

4.4.2.Loading case II: RI¢=0.100 mmy =0
The results of the simulations corresponding te tbading case are presented in Table 8. Taking as
referential the basic rating lives of the bearirithwoller with O profile, the basic rating lives the
bearing with A and AO profiles, respectively, areem in Figure 13(a).

The presence of the bearing radial internal clesrd@ads to a decreasing of the bearing livedin al
cases and for all profiles by about 28% relativéhtovalues obtained in the simulations correspandi
to the first loading case. The basic rating livethe bearings with OA profile are about 2% lowesin
in the case O, but they are longer with 10.1 - 4tR&t those of the bearing having rollers with peof
A and the difference is higher at lower loads amls to diminish as the bearing load increaseth@és
load decreases, the difference grows significaamly clearly tends towards higher values as 15 -.20%
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Figure 13. Loading case IIRIC, = 0.100,i = 0. (a) Basic rating life (relative to the optinpabfile);
(b) Maximum contact pressure between the rollerthadnner ring raceway; (c) Maximum von Mi
stress in the inner ring beneath the contact zeheden the roller and raceway.

The variation of the maximum contact pressure betwtbe most loaded roller and the inner ring
raceway as function of the bearing radial loadésented Figure 13(b). The maximum contact pressure
in the case of OA profile is 11 - 15% higher thhoge in the case of the O profile, but the maximum
contact pressures in the case of the A profileesgmt 119 - 145% of the referential (O profile)eTh
higher the bearing radial load, the higher is ttifeitnce between the maximum contact pressures in
the case A and O (or OA), respectively. If the bapload exceeds 130 kN the maximum pressure could
be far above 3000 MPa in the A profile case, witiiat in O or OA is kept at much lower values.

The secondary pecks appear very soon (for a beeatigl load under 85 kN, lower that in the
previous loading case) in the case of A profiléerah “delay” of about 30 MPa in the case OA and of
about 60 MPa for O profile. The same differences lwa observed also for the moments in which the
secondary peaks exceed the primary peaks.

The variation of the maximum von Mises stress inemring versus the bearing radial load is
presented in Figure 13(c). The maximum von Misessstin the case of OA profile is with 10 - 12%
higher than in the similar loading condition foet® profile, but the maximum contact pressurefén t
case of the A profile are with 15-47% higher thhase developed in the case of the referential (O
profile), reaching very high values for large loa@lee higher the bearing radial load, the highehés
difference between the maximum von Mises streshencase A and O (or OA), respectively. If the
bearing load exceeds 135 kN the maximum von Migess could be far above 1700 MPa in the A
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profile case, whilst that in O or OA is kept mordeass bellow this value, whatever is the bearosgll
Moreover, when the bearing load reaches about Nfh& maximum von Mises stress is at 0.07 mm
deep bellow the contact surface, whilst the lowexima of the maximum von Mises stress become
preponderant about 45 MPa “later” (for both optif@ahnd optimal approximation OA profiles).

4.4.3.Loading case llI: RIG=0.100 mmy = 1' 30"
In table 9 the results of the simulations corresiug to the third loading case are given. The basic
rating lives of the bearing with profiles O, A aA®, respectively, are given in Figure 14(a).

Table 9. Loading case IlIRIC, = 0.100,» = 1' 30".

Radial Rating life (hours} Max. contact Max. von Mises stress
load Roller Basic Modified pressure Value Depth
(KN) profile Lion Liomh (MPa) (MPa) (mm)

70 o] 12 713 26 332 1895 1073 0.30
=0.18C A 11 448 21 886 2 257 1226 0.30
' OA 12 356 24 927 2 257 1229 0.25
85 O 6 871 11 707 2 026 1149 0.33
=022G A 6 274 10 042 2 383 1346 0.07
' OA 6 677 11 102 2 407 1308 0.28
100 O 4 049 5891 2 150 1221 0.35
= 026G A 3738 5172 2 859 1652 0.07
' OA 3937 5602 2 552 1384 0.30
115 O 2544 3245 2264 1288 0.36
=030G A 2 365 2891 3 367 1932 0.07
OA 2473 3091 2 685 1454 0.32
130 O 1678 1913 2 639 1523 0.09
=033C A 1 566 1715 3842 2193 0.07
' OA 1633 1828 2945 1695 0.07
145 O 1151 1191 3104 1776 0.08
=037C A 1074 1076 4 295 2441 0.07
OA 1120 1138 3 406 1948 0.07

a According to ISO/TS 16281: 2008(E).

The presence of the bearing residual radial intelearance and misalignment between the bearing
bore and housing axes leads to a decreasing bkttiming lives in all cases and for all profilesdput
35% relative to the values obtained in the simaleticorresponding to the first loading case, tresims
about 7% decrease due to the misalignment. The batang lives of the bearings with OA profile are
about 3% lower than in the case O, but they argdowith 7.7 - 4.3% than those of the bearing hgvin
rollers with actual profile A. As in the previouases the difference is higher at lower loads andste
to diminish as the bearing load increases. Asdhd tecreases, the difference grows towards 15%.

In Figure 14(b) is shown the variation of the masximcontact pressure (in absolute values) between
the most loaded roller and the inner ring racewafuaction of the bearing radial load. The maximum
contact pressure in the case of OA profile is Witk 19% higher than those in the case of the @G@ro
but the maximum contact pressures in the casesoAtprofile represent 119 - 138% of the referential
(O profile). The higher the bearing radial load kigher is the difference between the maximumagzint
pressures in the cases A and O (or OA), respegtilfahe bearing load exceeds 100 kN the maximum
contact pressure could be far above 3000 MPa irAtpeofile case, whilst that in O or OA reaches
significantly lower values. Moreover, in the casé¢he actual profile A, for bearing loads over 140
is very likely that the deformations of the matiparts (roller and inner ring) to enter in the zafie
plastic deformations.
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Figure 14. Loading case IlIRIC, = 0.100, = 1' 30". (a) Basic rating life (relative to thetiopal
profile); (b) Maximum contact pressure betweenrbiker and the inner ring raceway; (c) Maxim
von Mises stress in the inner ring beneath theambrzbne between the roller and raceway.

As one can see from Table Al or Table A2 from ANNHEXthe case of A profile, the secondary
pecks appear very soon, for a bearing radial Ibadits60 kN (lower that in the previous loading ¢ase
That means about 15% of bearing dynamic load réthaj is a very common loading case in real world
applications). It must be mentioned that the appeas of the first secondary pressure peaks isnagai
after a “delay” of about 30 MPa in the case OA ahabout 60 MPa for O profile. The same differences
can be observed also for the moments in whicheberslary peaks exceed the primary peaks.

The variation of the maximum von Mises stress imeirring versus the bearing radial load is given
in Figure 14(c). The maximum von Mises stress endhse of OA profile is with 10 - 15% higher than
in the similar loading condition for the O profilet the maximum contact pressures in the cadeeof t
A profile are with 14 - 37% higher than those appdan the case of the optimal O profile, reachasy,
expected, very high values for large loads. Thadrighe bearing radial load, the higher is theedéffice
between the maximum von Mises stress in the caged?O (or OA), respectively. If the bearing load
exceeds 100 kN the maximum von Mises stress coallthbabove 1700 MPa in the A profile case,
whilst that in O or OA is kept bellow this valuehatever is the bearing load. Moreover, when the
bearing load reaches about 85 kN the maximum vaeMstress is located at 0.07 mm deep below the
contact surface, whilst the lower maxima of the mmasm von Mises stress become major about 45 MPa
“later” (for both optimal O and optimal approximati OA profiles).
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5. Conclusions
Examining the simulation results in all three assdnibading cases some important remarks and
conclusions can be drawn:

1. The optimal profile O is indeed the best from alins of view assumed in this research;

2. Whatever is the criterion the optimal approximatpyofile OA follows constantly the behavior
of the optimal profile O (the curves of any cons@tk parameter for OA and O profile are
somehow “parallel”);

3. The above statement is not valid for the actudilprd, when large or even very large variations
(relative la O profile behavior) can be observed;

4. Comparing the behavior of the profiles A and OA aam concluded that in any working
circumstances and in any loading conditions thep@ile is better than the actual A profile with
the following remarks:

a) At lower loads bearing with OA rollers exhibit amcieased life with up to 20% than the
bearing with A rollers. On the other hand, for bptbfiles, the maximum contact pressure and
the maximum von Mises stress are in the same range;

b) At high loads bearing life is somehow independdrhe profile used for the rollers, but the
values of the maximum contact pressure and thermarivon Mises stress in the case of OA
profile are up to 35% lower than the similar valoegined for the actual A profile. Note that
this happens even in the case when the bearingsveddlow loads, but sometimes overloads
and shocks appear.

In the case of the A profile the influence of resitlinternal clearance and misalignment is stronger
than in the case of OA profile. For example, takasgreferential what happens in conditions of zero
clearance and misalignment, in the case of A prdiir loads over 90 kN the maximum contact pressur
increases with 50 - 60%, when the clearance andlignsnent are present. For the OA profile the
increase is only about 25 - 35%.

The same behaviour can be observed when one congidecriterium of the maximum von Mises
stresses in the inner ring material beneath théacbbetween the roller and ring raceway. Moreover,
the presence of the maximum von Misses stressatawer depth occurs at lower bearing radial loads
in the case of A profile with respect to profileoOOA.

In addition is worth noting here that under the sdight load a fully crowned roller does not use
the total length of the roller, and for these reagsbe partially crowned roller experiences lesstact
stress. Under the same heavier load for a crowr@fdepthe contact stress in the center of the acint
can greatly exceed that in a partially crownedvenestraight profile contact. That is the reasamifioat
we believe (as many others, see for example [1] 28 that it is preferable the 2ZB profile insteaf
a full crowned one.

max 1
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Figure 15. Drawing of the roller with the obtained OA profile.
All these make the OA profile very competitive, amith the observation that from technological

point of view there is no difference between the &% A profiles, in Figure 15 is given the drawing
of the roller with OA profile.
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Figure 16. Smooth partially crowned profile (S2ZB).

Once the necessary technology will become enobghyg the next approach will be the use of the
smooth 2ZB profile (S2ZB), presented in Figureih@he approximation of the optimal log-profile. In
this way one pressure peak will be removed withifigantly positive results.
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Table Al. Loading case lll. Axial section through the confaessure distribution.
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Profile A

Optimal approx. profile

[

ssure [MPa]

Median pres

A

ssure [MPa]

]

Median pres

along the roller [mm]

n along the roller mn

Position along the roller [mm]

85
kN

ure [MPa]

Median pressu

ure [MPa]

Median pressu

along the roller [mm]

n along the roller mn

Position along the roller [mm]

100
kKN

re [MPa]

Median pressu

}/\\

re [MPa)

Median pressu

along the roller [mm]

along the roller [mr

115
kKN

ure [MPa]

Median press

sure [MPa]

Median press

=

130

ure [MPa]

Median press

ure [MPa]

Median press

—

145
kN

ssure [MPa]

Median pres

“‘f\ﬁ

ssure [MPa]

Median pres

Position along the roler [mm]

n along the roller mn

Position along the roller [mm]
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Table A2. Loading case lll. Contact pressure distributiost\@ieen the roller and IR raceway).

Fr Optimal profile Profile A Optimal approx. profile

70
kN

85
kN

100
kN

115
kN

130
kN

145
kN

23



KOD 2018

IOP Publishing

IOP Conlf. Series: Materials Science and Engineering 393 (2018) 012002 doi:10.1088/1757-899X/393/1/012002

Table A3. Loading case lll. Maximum von Mises stress initireer ring.

F

Optimal profile

Profile A

Optimal approx.

profile

70
kN

85
kN

100
kN

115

>~—
pd

130

7?
pd

145

>~—
pd

Depth, mm

Depth, mm

Depth, mm

Depth, mm

Depth, mm

Depth, mm

-05
600 650 700 750 800 850

- 0.05
-0
-0.15
- 02|
- 0.2
-0.3]
-0.38
- 0.4
~0.45

- 0.08

- 0.4 [~ Maximum von Mises stres
_ 0.45| [~ Centerline von Mises stres:

[~ Maximum von Mises stres|
— Centerline von Mises stres:

‘Von Mises stresses (at corresponding level). MPa

[—— Maximum von Mises stres|
— Centerline von Mises stres:

650 700 750 800

‘Von Mises stresses (at corresponding level). MPa

[— Maximum von Mises stres|
|— Centerline von Mises stres:

755 810 865

‘Von Mises stresses (at corresponding level), MPa
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— Centerline von Mises stres:

700 760 820 830 940 1000 1060 1120 1180 1240 1300
‘Von Mises stresses (at corresponding level). MPa

[— Maximum von Mises stres|
— Centerline von Mises stres:
74

-0
300 880 960 1040 1120 1200 1280 1360 1440 1520 1600

‘Von Mises stresses (at corresponding level). MPa

‘Von Mises stresses (at corresponding level), MPa

900 950 1000 1050 1100

850 900 950 1000 1050 1100 1150

920 975 1030 1085 1140 1195 1250

7
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Depth, mm

Depth, mm

Depth, mm

Depth, mm

Depth, mm

Depth, mm

Lebs

-0

- 0.3
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- 045 [~ Centerline von Mises stres:
-o.

-0.5
500 940 1080 1220 1360 1500 1640 1750 1920 2060 2200
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~ 03| [—— Centerline von Mises stres:

—— Maximum von Mises stres|
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600 670 740

Von Mises stresses (at corresponding level), MPa

700 770

Von Mises stresses (at corresponding level), MPa
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700 790 880 970 1060 1150 1240 1330 1420 1510 1600

Von Mises stresses (at corresponding level), MPa

—— Maximum von Mises stres|
[— Centerline von Mises stres:
I

600 740 880 1020 1160 1300 1440 1580 1720 1860 2000

Von Mises stresses (at corresponding level), MPa

Maximum von Mises stres
Centerline von Mises stres:

Von Mises stresses (at corresponding level), MPa

300 960 1120 1280 1440 1600 1760 1920 2080 2240 2400

Von Mises stresses (at corresponding level), MPa

810 850 950 1020 1090 1160 1230 1300

840 910 950 1050 1120 1190 1260 1330 1400

Depth, mm

Depth, mm

Depth, mm

Depth, mm

Depth, mm

Depth, mm

- 0.05]

‘
L
e

'
Lo
o

04| [—— Maximum von Mises stres|
- 0.45| [—— Centerline von Mises stres:

-0

- 0.0

-0

- 0.1

- 0.29

-0.3]
- 0.3

- 0.3

-0
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-0,

- 0.05]
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600 680

1
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Table A4. Loading case lll. Von Mises stress in the innegrat the depth it reaches its maximum.

Fr Optimal profile Profile A Optimal approx. profile

70
kN

85
kN

100
kN

115
kN

130
kN

145
kN

Note: Where needed, white arrows indicate the positioth® maximum von Misses stress along the plane
parallel to the contact surface.
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