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Abstract: This study presents a theoretical and an experimental nonlinear stiffness ball bearing study in static
and dynamic mode. The theoretical study allows us to build an analytical model where the construction is based
on different approaches from the traditional ones. Firstly, the developed model 1s based on other forms to
determine ball’s deformation. Secondly, it describes the nonlinear dynamic behaviour of the ball bearings by
considering the balls scrolling in the cage and the effect of rotating vector load. These modifications were done
hoping to ameliorate ball bearings stiffness computing and having positives impacts on design and
maintenance domain of rotating machines. To verify experimentally the developed model, in static and dynamic
conditions, some numbers of compression tests were done on the ball bearings, m sight to measuring
experimentally the rigidity. This requires the mooring system adaptation of a mechanical universal testing
machine to receive the ball bearing specimen. Experimental results where obtamned under imposed load mode,
analysed and confronted to the theoretical model ones. Finally, it was also a proceeding to the confrontation
of the obtamed results to those of the known models.
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INTRODUCTION

In tlis research, we are mnterested to the thecretical
and experimental ball bearings study. The mechanical
behaviours modelling of this device part is mainly based
on the stiffness calculation which is obtained by the
determination of the local (Bourgain er al, 1988,
Shigley and Mitchel, 1983) and global (Timoshenko, 1968)
ball bearmng deformations under loadings.

Ball bearing took importance since Palmgren (1959),
Harris (1996) and Eschmann ef al. (1985) research. The
purpose was to describe the vibrations transfer towards
the structure. Tn fact, the ball bearings introduce several
sources of nonlinearities associated with the mechanical
gaps and the hertzians contacts between the rolling balls
and balls races.

Hertz contacts theory allows Palmgren (1959) to
establish analytical models behaviour of axial and/or radial

load ball bearing from a “force-displacement” viewpoint.
The principal Palmgren approach interest is to consider
the radial and axial deflections between the two ball
bearing rings (Estocg, 2004).

It is to note that calculations are done around an
equilibrium position corresponding to the ball bearing
static loading. Therefore, the stiffness s evaluated by
static or quasi-static analysis. The stiffness, usually, is
confused as an i1sotropic springs. It is the model with
concentrated parameters. But this approach does not
consider the coupling binding-tensile. Rajab (1982)
introduced the coupling and Young (1988) included the
axial load effect.

Recently, other models more adapted to the formalism
"finites elements" were developed. Lim and Chin (198%)
has proposed matrix model of 5x5 and he used the
Kraus et al. (1987) experimental results to validate his
model. De Mull et al. (1989) proposed an approach similar
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to that of Lim but based on a vectorial description and
matrix formalism. Bourdon and Adelin (1997) has based on
the De Mul model, with considering a possible ring’s
swinging angle. Fukata et al. (1985) proposed a model
which it considers the balls inertia.

The dynamic stiffness calculation is usually obtamned
by analytical calculation without experimental check
Beatty and Rowan (1982). Marsh and Yantek (1997) and
Bogard et al. (2002) showed that the analytical model
presents difficulties and gives bad answers to the
dynamic calculation requirements. Therefore, they
adopted experimental methods to measure dynamic
stiffness.

The contribution in this research consists to suggest
a different approach from existing works to obtain a ball
bearing static and dynamic stiffness model; in fact, the
majority of preceding work (Palmgren, 1959; Harris, 1996;
Eschmann et ai., 1985, Limn et al., 1989; De Mul ef al.,
1989; Bourdon and Adelin, 1997; Fukata and Chin, 1985)
or those of Yakhou (1999), Campedelli (2002), Estocq
(2004), Dehez (2004), Hentati and Col (2005), Yuzhong
(2006) and Kréamer (1993) are based on the Hertz theory
(Bourgain et al., 1988; Shigley and Mitchel, 1983; Louf,
2003; Lelkes, 2002) for the balls deformations calculation,
but in our study, we introduced a different approach to
calculate deformations. Moreover, we have experimentally
checked the static and the dynamic stiffness model and
compared our model results to some existing models.

THEORETICAL MODEL

Several bearing types are used in the revolving
machines. Due to their complexity and their diversity; we
are interested only in the ball bearing cases (Fig. 1).

The theoretical development of this model requires a
kinematics modelling, a contact mechanism, an equivalent
model loading and coupling considerations.

The concepts concemning the geometrical
characteristics and physics and the kinematics study are
largely commented on Shigley and Mitchel (1983), Moret
(1995) and Chevalier (1979).

Stiffness computing: The stiffness evaluation 1s based on
Rajab (1982) model. Thus, we calculate deformations and
corresponding loads to deduce the stiffness into quasi-
static mode (Fig. 2).

The ball bearing total deformation is composed of the
local deformation due to the ball contact with the higher
and lower housing ring areas and to the balls global
elastic compression.

Due to the significant size of various ball bearing
stiffness analytical calculations, we are himited, in this
study, only on radial stiffness computation.
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Fig. 1: Ball bearing section representation
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Fig. 2: Diagram of maximum force applied to the ball
bearing
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To obtam tlis stiffness, we calculate: the local
deformation resulting from the contact between the ball
and ring according to the Hertz law (Bourgam et al., 1988,
Shigley and Mitchel, 1983)

The elastic ball deformation according to the
elasticity law (Tiumoshenko, 1968)

The loads which generated these deformations

The stiffness by using the Rajab (1982) technique

Hypothesis: The considered hypotheses are:

We suppose that we have the same locals or
hertzians deformations on the 2 sides of the ball and
on the 2 rings

We don’t take into account:

The lubrication (the hydrodynamic effects are
neglected)

The frictions
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¢ The interactions due to the balls train (cage)
¢ The 2 rings elastic deformations

*+  We suppose that we have the same distance between
balls in the cage

¢+ We consider a no oblique bearing contact (p = 0)

¢+ We consider the bearing with clearance

+ We suppose that depth () due to the Hertzian
contact 1s small, stay constant for corresponding
force and it is slightly influenced by the ball’s elastic
deformation

*  The loadng distributed used for the equvalent force
calculation on a ball 1s taken before the contact of the
shaft with ball bearing like a simplifying approach

»  Initially, the revolving vector loading is supposed at
the position of ¢ = -1/2

Calculation procedure: Bearing total deformation is
composed of global balls elastic compression Fig. 3b and
local deformation according to the Hertz law (Louf, 2003,
Lelkes, 2002) due to the ball contact with the lngher and
lower housing ring areas Fig. 3a.

Calculation is done as follows: according to the Hertz
law (Bourgain et of., 1988; Shigley and Mitchel, 1983),
local deformation of one side is given by h, for a contact
between ball and ring:

h, =R —RZ-a? (1)
With:

a_isz[a—vf)/Elh[(1—v§>sz] (1%)
8 (1/d)y=q/d,)

We look for resemblance between Eq. (1) and those
found in literature as follow.

According to Louf (2003), Lelkes (2002),
Bowrgain et al. (1988) and Shigley and Mitchel (1983), the
Hertz law gives the deformation (Fig. 3a) under the
following form:

Szn.a.;:n
2L
With:
1 1-v2 1-v;? AF _
o= +2—2 and p, = ——— (Shigley, 1983
E E E Po 2.na2( ey )

1 2
If we reformulate (8) by using (a) according to
Eq. (1), we find the form (2) as in (Palmgren, 1959,
Lim and Chin, 1989; De Mul et af., 1989 and Bourdon and
Adelin, 1997):
F=Kd™ (2)
where:

K = A stiffness factor

Fig. 3a: Local deformation according to Hertz law (Louf,
2003; Lelkes, 2002)

Fig. 3b: Local and global elastic deformation of a
symmetric part of ball for our deformation model

The 2 Eq. (1 and 2) have the sumilar bases
(Hertz law) but, in our method, local deformation h, was
obtained geometrically and directly from contact shape.
This allows a new approach to calculate step by step
deformations.

»  Using Timoshenko (1968) beam, according to Hook
Law, modellng the ball compression
behaviours under the resulting load (F), knowing that
the ball suffer a local deformation (h,) with a width of
(a). This gives elastic global radial deformation (dr)
equation:

allows

®__F 3)
dr  EA()

»  Resolution of this equation in symmetrical domain of
r(0..(R-h,)) Fig. 3b gives global deformation which we
add total one for two sides as:
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Equation (4) includes the elastic compression of both

5, =2 4

}*2-}%)

T

sides of ball, supposed similar and the same thing on both
rings (Fig. 3a).

Equation (4) permit adopting a method to construct
the curve of force-displacement f(8,). We have for each
applied force F, a corresponding local deformation (h™)
using BEq. (1). We, then introduce (h,*) in Eq. (4) to obtain
the corresponding total deformation &%,

The distributed loading on ball bearing is illustrated
m Fig. 4. For a distributed loading slice on one ball
between (@, ¢..,) (Fig. 5), we have the followmg form:

Q(@) = gyafl — cosZ(P) = g,.8inQ
The total loading F, applied to i* ball is:

@
)

J

P
LY

E= Lc_[ q{z)dz=LcRq, —sin?@dg (5)

After the resolution of Eq. 5 for ¢, = 2n/n and q, =
2F/RL.m we obtain:

F = 2£[sin2(q)1 +rin)—sin2(p, —w/n)— 4n/n] (6)
7
The radial load 1s defined by:
F; = [F] sin @.° (7

with
(pm(l) = ((P1 + (P1+1)/2

The law linking loads to deformations Rajab (1982) is
expressed as follows:

K.® = dF./dé; (8)

Using Eq. (4), we obtain the (force-displacement)

curve f{d,). With Hq. (8), we obtain the ball stiffhess for
the nominal loading on each ball expressed by:

E

Eold

KM
2—"—In
nEd, |h

jid

}4.11( )

T

To obtain the total ball bearing radial stiffness, we
consider all loaded balls Fig. 5 which are not uniformly
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Fig. 4. Loads distribution model on ball bearing before
contact q(z) and after contact q(r)

Ay Revolving coordinates
system according to the
revolving load

Zone of distributed

loading slice +

N

b
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>
Ball spring
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Z

d— Dircction of the
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Fig. 5: Balls radial loading model, resulting forces

loaded and their positioning i cage 18 changing due to
the ball bearing kinematics, consequently, stiffness is
varying. The stiffness becomes dependent on balls
position, as a raison considering the balls level loading
and the balls scrolling (positioning).

Level load and balls scrolling: Figure 6 illustrates the
level of load applied on each ball. The ball bearing has
approximately half of balls gradually loaded and the
others are free loading.

Figure 7 represents the principal balls positioning
states for one cycle. The scrolling of balls in cage causes
the stiffness change in a nonlinear form.
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Fig. 7: Balls scrolling in cage (positioning)

In order to consider the balls level loading, load mode
(Fig. 4), balls scrolling and revolving vector load, we
propose the following form:

K (=Y ‘Kﬂ(‘nj Cos(Y, -q))‘ (10)
1=1
With:
v, = The (1)™ball angular position
Y1:Y1-1+(pn
where:
¢, = 2mn
K™ = Ball stiffness considerad
v, = The first half of bearing and not considered in
the other half
Y = mca' t+YU
where:
v, = Initial position of each ball
b=0w.t+d,
where:
¢, Tnitial position of revolving loading vector
m = The loaded ball number (m = n/2)

Equation (10) choice 1s justified by both ways, one n
which the radial forces are expressed according to the
Eq. (6 and 7) and the other in which the balls are
positioned and loaded into cage. This Eq. (10) can be
also identified by function of radial distance between out
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of place ring and fixed one; that’s why the form match
with sine function. On the other hand, several authors use
a similar form as Estocq (2004) to express the balls
deformation according to the angular position.

PALMGREN AND DE KRAMER MODELS

Palmgren formula-radial and axial stiffness: The results
in the following table from Palmgren (1967) research.

Radial load 5,=0
Bearings kinds:
Loads onrolling elements
Q=
i.Z.cosp
balls
2 1
8, =0.0020Q°D_ *
rollers
0.0006 . 15
5= cosf3 L
With:
8, = Radial displacement
8, = Axial displacement
F., = Radial load
F, Axial load
D, Elements diameter
1, Rollers lengths: elements number
I = Elements row number
Q = Maximal load applied on elements

The deformation is expressed by:

0.0020 { 5

2
3

(1)

o TR
§ =107 —] E’d, *(in)

(ccsp) (10
where, p=0.

Krimer formula-radial and lateral: The results from
Kramer (1993) work of the ball bearings stiffness k. is
given by:

nkF

k (12)

T

where, n and x are given as follows:

Bearings n X

T
2 2

1
balls  3/2 12x107xd 3xZ 3xF?
rollers 1/0.9 1.11x107% <128 % 7707 « ¢
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With

x, = Displacement
d = Balls diameter
1 = Rollers lengths
F = Load

EXPERIMENTAL VALIDATION OF MODEL

Device: The universal testing machine of type INSTRON
1185 was used for tests realization on the ball bearings
(reference FLT ISKRA 62037) with 8 balls. This device is
composed of a 100KN capability mechanical frame
controlled by an electronic part.

This installation allows imposing a load on a sample
specimen between two metals bits at the frame and
monitoring speed of applied force using electronic device

(Fig. 8).

The frame: The installation frame is constituted of a
crosspiece guided and mounted on a 2 screw which
transmits a controlled displacement at low and stable
speeds.

Mooring system: To hold the ball bearings in their
loading position, a mooring system was espeeially
coneeived. This system combines 3 distinet parts:

Low cycle fatigne testing bit: This bit has significant
dimensions, consequently has significant rigidity. In
statie, it can test a specimen until 100 KN.

A testing bit COD: This bit is made in special steel

{maraging steel), it has a static capability of 100 KN load
and 60 KN into dynamic.

|

IWooring systern

Ilobile crosspiece

r

Shaft worm

Fig.8: Diagram of a universal testing machine type
Instron 1183
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A pressure axis: This axis is designed with concave
extremity to fit the external shape of the ball bearing hold
by a compensation ring disposed in its core. These
components are treated steel made to raise its rigidity.

The control device: The load to be applied, the loading
speed as well as the parameters of testing conditions with
the system response are all programmed on the control
device desk.

Data acquisition: The system response is collected at the
plotting table, with deformations in X-coordinate and
loads in Y-coordinate. These data are simultaneously
transferred and stored in a computer.

EXPERIENCE

Experimental conditions: The stiffness measure of the
ball bearing (assembled system rings and balls) requires
supported loads. Moreover, the loading speed must be
the weakest. In case of these presents test, the load is
limited according to SKF reference at 4000 N and the
loading speed is taken equal to 0.05 (mm mn ") (this speed
is translated into crosspiece displacement term).

The ball bearing is fit between the pressure axis and
compensation ring (Fig. 9), the test is launched at the
moment when the contact between all parts is done. The
total deformation is then measured on the ball bearing

(Fig. 10).

Test

Testing with ball bearing: Figure 11 shows the assembly
which allows measure of the whole system stiffness. Two
cases are considered. In the first one, the ball is placed in
the loading axis. In the 2nd one, the loading axis passes
between 2 balls.

Fart1 : Fatigus
‘ hit for testing

=
Part2: Pressure axis
COD photo Bearing
Crack Opening
Digplacement Horizontal axis

{Gauge for crack opening
rneasure is used to
measuring deflection)

hit COD
Compensation

nng
Part 3: COD bit

Fig. 9: Ball bearing mooring
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Fig. 10: Ball bearing total deformation

Loading axis passes
through one ball

Fig. 11: Loading cases

Pressure axis

iy N

Horizontal bit axis COD

Compensation ring

Fig. 12: Testing without rolling

Testing without ball bearing: In this testing the pressure
axis directly comes to butt against the compensation ring.
This assembly (Fig. 12) allows the system stiffness
measure without ball bearing.

RESULTS AND DISCUSSION

The theoretical behaviour model’s results of the ball
bearing in static mode are shown in Fig. 13a.

1000
Properties:
] E=200GPas
800 v=03
FLTISKRA 6203 Z
@ 004 W-400 kg
1,
E 400 ®)

2004

od0 020/ 0400 080 €800 100 1200
Total (100*W/db) (%)

Fig. 13a: Stiffness ball theoretical behaviour (force-
displacement) f{(d,) curve
0.50
0.40+
B
F

0.20

For a angular slice ¢, =#/n
0.104

0.00 y v ; ; 1
0 40 80 120 160 200
2.0

Fig. 13b: Applied force Fi Variation for i ball at position
¢

Loading distribution on balls 15 illustrated on
Fig. 13b. We note that this loading 1s not uniform on the
balls. Consequently, the ball or the balls being on load
axis are the most loaded.

The first 2 figures represent the similar testing results
realized on 2 ball bearings (R1 and R2). In these tests, the
loading axis passes through one ball (Fig. 14). Figure 15
presents the test where the loading axis passes between
2 balls of the ball bearing (R1).

Figure 16 represents the comparison testing results
of the 2 ball bearings. Where, we realize that the ball
bearings give too similar curves forms to each other.

In the following, we try to clarify the position change
effect of balls according to the loading axis. Figure 17
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. =—t—Test 2-1 Bearing R2
——Test 1-1 Bearing R1 —a— Tost 2.2
| —=—Test 1-2 4000
4000 —a— Test 1-3
3000 1 30007
€ 3
& 2000 1 S 20001
1000 1000+
0 T T T T 1 0 T T T 1
0 50 100 150 200 250 0 50 1060 150 200 250
Displacement (pm) Displacement (um)
Fig. 14: Testing results with loading axis passes through one ball
—= Test 1-2E
- Mean of curves R2
4000 ~* Test13E 4000 —e— Mean of curves R1
3000 3000
k|
& 2000 % 2000
1000 1000 1
0 T T T T 1 0 ! 1 T 1 1
0 50 100 150 200 250 0 50 100 150 200 250
Displacement (pm} Displacement (pm)

Fig. 15: Testing results of loading axis passes through
2 balls (R1)

shows that if the loading axis passes through one ball the
deformations are more mmportant than the case where the
loaded axis passes through 2 balls.

The theoretical results represented in Fig. 18
highlight the stiffness variation for 2 ball bearing position
configurations. These results are rather similar to those of
Fig. 17.

For a detailed comparison, theoretically we change
the ball’s position angle (¢)) (Fig. 19 a). Experimentally,
we can only take 3 positions at 90° (on the axis) and
90+22.5° (through 2 balls) (where, @, = 2 m/n=45°,n =)
(Fig. 7).

For the theoretical calculation, we use Eq. (7) to
obtain the graph of displacement-angle mn quasi-static
mode.
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Fig. 16: Comparison testing results from the 2 bearings
(case: 1 ball)

On the other hand, Fig. 19b represents the graph of
the stiffness time variation (ie., according angles). To
obtain this figure, it 13 sufficient to compute the stiffness
according to Eq. (10) by respecting the train (cage)
kinematics.

Compearison between the theoretical an experimental
displacement-angle curves m the Fig. 19a shows that
theoretical curve approaches the experimental one. On the
other hand, we can see that displacement-angle curves of
Fig. 19a are sumilar to rigidity-time curve Fig. 19b. Results
Fig. 19a in calculated m quasi-static mode can also
approach those of dynamic mode.

In conclusion, we can say that experimental and the
theoretical verifications of the stiffness model for dynamic
conditions gives satisfactory results.
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Experimental results
Max. gap = 36 pm —&— Two balls
—e— One ball
40001 *
30001
Note: Bearing with the
g compensation ring
h: -
9 206001
10007
-kt T T T T 1
0 50 100 150 200 250

Displacement (pm}

Fig. 17: Testing results of loading axis passes through
1 and 2 balls

Theoretical results

—i— Two balls
== One ball

Max. gap =10 pm /‘

40004

@.

0 20 40 60 80 160 120
Displacement (pum)

Fig. 18: Theoretical results of loading axis passes
through 1 and 2 balls billes

The last experiences, we will show results from which
we deduce ball bearings stiffness from holding system
(Fig. 20).

The remarks deduced can be enumerated as follows:

¢+ The nonlinearity of the force-displacement curve
(Fig. 13) which 1s similar to that of Lim and Chin
(1989), Kraus et al. (1987), Lelkes (2002) and the
companies Flygt (2004) and Romax (2007)

¢ The similarity between realized tests under the same
conditions

*  The ball bearing compensation ring, at the tine of
test, influences the experimentation by increasing the
measured displacement
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809 _m Theoretical

—+— Experimental {mean)
60
—_ For a loading of 1000
g
e 9 @
Iy
[a)

20
i @9 @) |
el Zn A
H I
D E L} 1 1 L] T ; 1
60 70 80 90 100 110 120
Angle g (%)

Fig. 19a: Displacement change in function of ball’s
position angle ¢, (ball scrolling effect for an
angular @,)

1E+8+

K@®

8E+7
o Properties:
T 6E+T E =200 GPas
z, v=03
B n=3%
; FLT ISKRA 62037
2 Ap47- NR =600 pm

W=40x981=13924N
2E+71
- g
One cycle (T, = T, /m)=0,
‘6.00 0.;]0 0.1]1 0.;]1 0.62 0.;]2
Time (sec)
Fig. 19b: Dynamic bearing stiffness K(t) for an angular ¢,

(rigidity time)

A difference exists between tests with ball on axis
and ball outside axis. This difference lets believe that
the ball bearing stiffness changes according to the
balls positioning m the cage (the balls scrolling
effect)

The change from one specimen (ball bearing) to
another makes no palpable wvariation in system
response. This results reproduction translates the
ball bearings production fidelity. We must note that
ball bearings used have the same reference and the
same trademark
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—i— Rolling bearing 1 only
—=— With rolling bearing 1
—— Without rolling bearing 1

4000+

30004

20004

Load (N)

1000+

04 T T T 1
0 50 100 150 200 250
Displacement (pm)
Fig. 20: Deduction of the ball bearing deformation
40007 —— Experimental
{mean of curves 1-3)
—¢— Theoretical
30001
g
E 20007
1600
c T T T T 1
0 20 40 60 80 100
Displacement {pm)
Fig. 21: Comparison of the theoretical and experimental

curves

Comparison between the experimental results and
those drawn from the theoretical model reveals the
following Fig. 21.

Globally, the curves forms result from the modelling
reflects the experience relatively.

At experimental curves beginning a gap exists;
this is explained by a small adaptation cycle of
crossing system where the functional gaps are

caught

+ A similarity between experimental results curves into
the ball bearing working range

* A relative divergence of values at extreme

loads. This stiffness difference can be explained
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Fori=1and B=0
40001

30001

g
¥ oo

16007
——Kramer

—=-Palmgren
—a~hr (total hertzian strain)
=——Theoretical (hertzian + elastic)
] 20 40 60 80
Displacement (um)

Fig. 22: Superposition of our theoretical model to
Palmgren (1967) and Kréamer (1993)

by non consideration of developed model neither
to material thermal treatments nor to material
face treatments of the ball bearing undergone in
reality

In the Fig. 22, we are gomg to compare our model
results to those found in literature. We make hints to
Krémer and Palmgren models. We use Eq. (11 and 12) to
trace the curves.

Comparison of our results to those of Palmgren (1967)
and Kramer (1993) shows that the local deformation
curve h is proximate to those of Palmgren and
Kramer. For the total deformation curve, when we
have considered a different approach to compute
deformations, presents a perceptible difference; though
the comparison of our results to experimental shows a
good similarity.

CONCLUSION

The experimental study gives results considered
satisfactory. Allowing with a relative tolerance to check
the developed theoretical model of the ball bearing
stifthess.

This has also allowed experimental measure
concretization of ball bearing stiffness and let show
through experimentation the difficulties related to
mechanical testing devices.

Tt is concluded that modelling relatively reflects
experience, particularly in the ball bearing working range.
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On the other hand, curve of the
displacement-angle was similar to theoretical curve. This

can be used to approach the dynamic stiffness.

experimental

Moreover, m static mode the comparison of our
model, checked experimentally, to the existing ones shows
acceptable similarity with
perceptible difference with total one, this can be explained
by some theoretical different considerations.

local deformation and
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