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Abstract

b

Rolling bearings are high precision, low cost
machine elements, used in all kinds of rotating machinery. Simulations of rolling bearings bring increased understanding of their dynamic behaviour, and shortens product development time. A rolling bearing simulation model
called BEAST (BEAring Simulation Tool), has
been developed by SKF. Due to the high demands
on contact geometry description and contact force
calculations (including traction), simulations are
computationally intensive and are normally run
on parallel computers. The simulations have been
verified against several experiments, e.g., cage
forces in a deep groove ball bearing.
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vector of generalised forces acting
on body





vector of generalised contact
forces acting on body due to
contact with body , [N, Nm]







vector of generalised external
forces acting on body , [N, Nm]
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vector of generalised boundary reaction forces acting on body , [N,
Nm]



body numbers, [-]



matrix of inertia for body , [kg,
kg m ]
number proportional to the number of rolling elements, [-]
number of bodies, [-]
number of rolling elements, [-]
number of contact segments, [-]
vector of generalised positions for
body , [m, rad]



time, [s]
arbitrary time instance, [s]
simulation start time, [s]
vector of time derivatives of
[m/s, rad/s]

 ,

vector of generalised state variables for body , [m, rad]



vector of generalised initial state
variables, [m, rad]

Outer Ring

all kinds of rolling bearings. Other rolling bearing simulation codes usually either leave out the
cage, or describe it in a very basic way, e.g., twodimensional models. An exception is ADORE, a
three-dimensional bearing simulation model developed by Gupta [8]. However, ADORE was
developed very much with calculation speed in
mind, leading to simplified contact force calcuCage
lations, especially for the cage and flange contacts. This limits the accuracy of the simulations
Figure 1: A rolling bearing consist of an inner of, e.g., roller skew behaviour. The bearing gering, an outer ring, rolling elements, and a cage. ometries are restricted to a number of standard
Here exemplified by a CARB TM toroidal roller types, with limited possibilities for variations.
bearing.
BEAST is a fully three-dimensional model, and
no assumptions are made as to the static or
1 Introduction
dynamic behaviour of the bearing components.
The geometric description is also very general
Rolling bearings are machine elements with de- in BEAST, which is important, especially for the
mands for high precision and load carrying ca- cage.
pacity, together with low friction torque, vibraThe simulation code has been ported to various
tion and noise emissions. At the same time they
computer systems, ranging from PCs with Winare mass produced. The role of a rolling bearing
dows NT to Cray Supercomputers. Even if most
is to act, without being seen or heard. A normal
production simulations are run on parallel comhousehold contains about 150 rolling bearings in
puters, they are easily accessible to SKF’s engidifferent kinds of machinery.
neers via computer networks (intranet). A graphRolling bearings generally consist of four types of ical front end makes it easy to submit and monitor
parts: an inner ring, an outer ring, a set of rolling simulations, and to retrieve output data from any
elements (balls or rollers), and a cage (see Fig- SKF site.
ure 1). These components interact with each other
in a dynamic way. Even though rolling bearings
have been around for more than a hundred years,
there are still aspects of them that are not suf- 2 Simulation model
ficiently understood. This is especially true for
their dynamic behaviour, most certainly when it A bearing is modeled as a multi-body system.
comes to the cage.
Bearing simulation involves the simultaneous soRolling Elements
Inner Ring

Rolling bearings are thus a perfect candidate to
be studied with multi-body dynamics techniques.
However, the traditional tools for multi-body dynamics cannot readily be used, since the contacting surfaces cannot be described with sufficient
detail, and the routines for calculating the contacting forces are too rudimentary and slow.
SKF, a leading manufacturer of rolling bearings, has therefore developed a bearing simulation tool called BEAST (BEAring Simulation
Tool). Thanks to efficient contact algorithms, and
utilization of parallel computing, rolling bearing
simulation is now possible. BEAST is specifically designed to simulate the behaviour of a
complete bearing, including the cage, and handles

lution of Newton’s equations of motion for each
body in the bearing. Newton’s second and third
laws are written as second order ordinary differential equations (ODEs). Typical characteristics
of ODEs for rolling bearings are: stiffness, very
high demands on numerical precision, and computationally expensive evaluation of the derivatives.
Efficient and accurate contact calculations are
important in bearing simulation. The contact
force and moment calculations are mainly based
on elastohydrodynamic lubrication theory (EHL).
Detailed geometric description is also very important, since features of the order of 0.1 m may
have a significant effect on bearing performance.



2.1

Equation system for multi-body
dynamics
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This article considers one-row rolling bearings
with one cage. It is modelled with
number of
structurally rigid bodies, where
,
is the number of rolling elements, and the
number comes from the inner ring, the outer
ring, and the cage.
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tures, deviations from these simple surfaces
are very important and must be handled in
a good way. Moreover, the geometry of
cages varies widely. The contact model must
be able to handle general contacts, not only
Hertzian contacts.
The geometric description must allow the
user to specify the geometry he wants, since
very small geometrical deviations may affect
the performance of a bearing.

Let be a vector of position and angle variables
for body , M a matrix of inertia, and
a vector of generalised forces acting on body . The Stability/Continuity: The contact forces have to
have a high order of continuity (i.e., sevelements in
consist of the sum of:
eral times differentiable) with respect to the
c
, the forces acting on body due to contact
contact variables, e.g., the relative motion
with body , where
and
,
of the contacting surfaces, and other state
e
variables. Discontinuous forces are handled
, external forces acting on body ,
by the solver with shorter time steps, giving
b
, reaction forces from the boundary condilonger simulation times.
tions acting on body .
Accuracy: The traction forces are just as imporThe laws of Newton give for body
tant as the normal forces in bearing simulation. Bearing behaviour is often governed
M
(1)
by the traction forces, e.g., roller guidance.
Various types of damping may have a proWith
and
, and by setting
found effect on the dynamic behaviour of a
the ODEs can be written in canonical form:
bearing.
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The contact model in BEAST is includes threewhere RHS denotes the right hand side. This is a dimensional elastic effects of arbitrary geomestandard form for an initial value problem (IVP) try, truncation, oil film influence, traction, and
with initial value , the state variable , and the squeeze. The oil film thickness and the additional
pressure distribution from the oil are calculated
independent variable .
with a simplified algorithm, based on the EHL
model by Venner [10], since run-time EHL calcu2.2 Contact force calculations, RHS lations are far too slow for dynamic simulations.
For each point in the contact, the oil flow is assumed to be in the principal rolling/sliding direcThe contact force model is the most important
tion, which is well defined for most contacts in a
part of a rolling bearing simulation model. High
rolling bearing.
demands are put on the contact model when it
comes to:
Semi-empirical models for material damping and







Speed: A typical simulation of a rolling bearing
involves millions of contact force calculations. Even if they are very fast they will
still account for the majority of the computational work.
Generality: The contact model has to handle all
kinds of contact situations in a rolling bearing. Even if many surfaces in rolling bearings can be described with simple curva-

squeeze are used for all contacts. The models
are based on experiments with balls bouncing on
plates made of various materials and with different oil layer thicknesses.
The traction forces are calculated with a nonNewtonian rheological model, using the Newtonian film thickness, slip speeds, and pressure
(with influence from elastic deformation, oil film,
and squeeze effects).

2.3

ODE solver

same structure as the Jacobian, see below), and
the forward/backward elimination that is needed
For a system of ordinary differential equations to obtain a solution to the linear system within the
where the right hand side is expensive to evaluate, CVODE solver.
the use of linear multi-step methods is preferred The numerical integration in the CVODE solver
over one-step methods, i.e., Runge-Kutta meth- is roughly structured as follows:
ods. Furthermore, the system of ODEs is “stiff”,
The solver has a number of state vectors,
which makes implicit Backward Differentiation
which are the positions and velocities of the
Formula (BDF) methods suitable. They are also
bodies, i.e.,
in Equation 2.
good for problems where the RHS is expensive
to evaluate since not more than one or two evalA new value for the state vector is calculated,
uations of the RHS are normally needed for each
at a new point in time , depending on the
step. However, this method requires a Jacobian
previous history.
to be calculated, though not necessarily for every
The RHS is called in order to obtain the
step.
derivatives at . The call to the RHS
The use of rather small tolerances (needed for
involves determining the contact variables
bearing simulation), makes it beneficial to use
(i.e., the relative positions, rotations, and
methods of high order (four-five). The BDF
velocities of the two bodies, and other
methods of such orders could, however, have
state variables) and integration of the conproblems with eigenvalues lying on the imaginary
tact forces. The solver might also call the
axis. The choice of integration method is at the
JAC function in order to update the Jacomoment CVODE, by Cohen and Hindmarsh [4],
bian. For typical bearing simulations the rawhich uses BDF methods. The CVODE solver
tio RHS/JAC is of the order 50/1.
has been extended to handle the new type of JaIf the time integration was successful, a new
cobian (see below). The BDF methods are well
state vector is returned. This state vector is
proven methods for this application, and give renormally not the state vector where the consults in which the engineers at SKF have confitact forces were last calculated. Therefore,
dence.
the current state vector is used to evaluate
the RHS at regular intervals, in order to obtain the contact forces and other output data
2.4 Calculation scheme
of this state. The state vector, contact forces,
and other interesting variables are then writThe code in the bearing simulation tool consists
ten to a file. Typically, this is done every
of two major blocks [5], the code implementing
10th step.
rolling bearing model, and the numerical integration routines. The model defines the system of
ODEs and the Jacobian (JAC) to the system. The
2.5 Jacobian
integration routine uses the bearing model and
some linear algebra to do the numerical integraThe Jacobian is involved in several very time contion over time.
suming tasks, the assembly (calculation of the
The crucial parts in the rolling bearing code are partial derivatives), the LU factorization of the
the evaluation of the right hand side (RHS) of the Newton matrix, and forward/backward eliminaODEs, and the calculation of the Jacobian. Both tion in the solving of the linear system of equainvolve computationally intensive contact force tions. By using the knowledge of the rolling elcalculations (each rolling element can be in con- ement system, this computational effort could be
tact with the inner ring, the outer ring, and the drastically reduced, especially for bearings with
cage).
many rolling elements [5].
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The computationally intensive parts of the numer- Since there is no analytical Jacobian available,
ical integration routine, CVODE, are the LU fac- the traditional way to calculate the partial derivatorization of the Newton matrix (a matrix of the tives is the finite difference method. The compu-

tational work for this method grows quadratically
with the number of rolling elements. By using a
novel strategy, the computational work could be
reduced to order
(where
is proportional to
the number of rolling elements).

One processor is assigned to steer the computations, the so called master. The master distributes
the work on the other processors, the slaves.

The following levels of granularity in the parallelization have been identified, (where W is the
The topological structure of the Jacobian for the number of rolling elements):
rolling bearing system with a cage can be clas1. Parallelization over the rolling elements.
sified as a block diagonal with borders. This is
The tasks for the slaves will be to evaluate
because the rolling elements cannot be in contact
the RHS for one specific rolling element, or
with each other, only with the rings and the cage
to calculate the sub-Jacobian belonging to a
(see Figure 2). By utilizing this structure of the
rolling element. The slave task will include
Jacobian, the number of operations required for
all the contact force calculations between the
the LU factorization, and the forward/backward
rolling elements and the other bodies. The
elimination could be reduced with respect to the
maximum number of processors that can be
number of rolling elements. Compared to the
utilized is limited by the number of rolling
built-in algorithm the reduction was:
elements and is W
, where the extra proLU factorization:
,
cessor is used for the master.
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Figure 2: The structure of the Jacobian for single
row rolling bearing with a cage. The bearing has
six rolling elements.

2.6

Parallel solution of the ODEs

As mentioned earlier the computation of the right
hand side and the Jacobian are quite time consuming. A good way to shorten the wall clock time for
the simulations is to split the computational work
on several parallel processors.

2. Parallelization over the contact force calculations at the body level. Every rolling element can be in contact with several bodies
and the contact calculations can be done for
bodies in parallel for every rolling element.
If B is the number of bodies that the rolling
elements can interact with, then the maximum number of processors that can be used
is B W
.

9

:7

3. Parallelization over the contact force calculations at the segment level. A segment is defined in the model as an area where physical
contact is possible. Every possible contact
that can occur in the bearing is considered
for the parallelization. If S is the number of
segments each roller is in contact with then
the maximum number of processors that can
.
be used is S W

9
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In order to get good utilization of the parallel
computation, a number of factors have to be considered; the amount of work done in serial mode
has to be minimized, the communication time beIt is common to categorize parallel methods of tween the processors should be short, and the prosolving ODEs into three classes according to cessors should be equally loaded.
what kind of parallelism they exploit; parallelism Scheduling, is the task of distributing the compuacross the system, parallelism across the method, tational load, as evenly as possible, on the differand parallelism across time (for more informa- ent processors of the parallel machine.
tion see [1–3, 7, 9]). The first method, parallelism
across the system, i.e., the bearing, is used in This has turned out to be a difficult task [6]. The
BEAST. Since it is the contact force calculations computational conditions may change during the
that are the most time consuming, it is natural to simulation. It is thus a dynamic optimization
problem, where the main influencing factors are:
parallelize over them.

The platform will influence the choice of
scheduling strategy. Different computers
have different characteristics, e.g., communication bandwidth, latency, and nodes with
different speeds.

3 Simulation example
3.1 Input data

BEAST is very versatile when it comes to specAdditionally, if the machine is a multi- ifying bearing geometry and loading conditions.
user system (such as a workstation cluster), Basically any bearing geometry can be specified,
the computational performance/availability including tolerances. The bearing load can be
of the processors might vary during the sim- applied either with prescribed displacement, prescribed force, or a combination of the two. All
ulation.
load input can be given as functions of time, makThe bearing types have different “computa- ing it possible to define any load cycle.
tional” characteristics. This is mainly due Depending on the application, the inertial propto different contact situations. A bearing erties of the shaft and the housing have to be inmodel having many “large” rolling ele- cluded in the inner and outer ring, respectively.
ment/cage contacts will benefit from a large
parallel machine. The opposite is true for a The user can also define the lubrication condibearing model with a few “small” contact tions, e.g., the type of oil and temperature.
segments.
The application, described by the bearing and 3.2 Output data
its loading situation is very important. One
of the most important parameters (from a The main output from the BEAST simulations are
scheduling point of view) is the number of time series of the positions, velocities, and accelrolling elements in the bearing.
erations of all bearing components, as well as the
contact forces between the components. The data
Even if a very good constant scheduling strategy can be visualized both as 2D plots and as animacould be found with respect to the whole simu- tions.
lation, it may be possible to do better. The explanation for this is that there are phases when
there are a lot of contacts, for which a certain 3.3 Simulation verification
scheduling strategy is the best, and there are other
phases where there are a few contacts where anBEAST has been validated in many different
other scheduling strategy is best. This feature is
ways, from single contacts to the whole system.
highly dependent on input data and bearing type.
One such test series was carried out on a specially
built test rig, named CATRIONA (see Figure 4),
BEAST uses a two-level scheduling algorithm,
in order to determine the forces from the balls on
where the first level of granularity (see above) is
the cage. The tests were conducted on a deep
used at the first scheduling level, and the third
groove ball bearing, 6309 (see Figure 3 and Talevel of granularity is used at the second schedulble 1).
ing level. The scheduling scheme is continually
evaluated and updated during the simulations, us- The test set-up is a very specific one, with the
ing a dynamic optimization method [6].
inner ring mounted on a hydrostatic spindle, the
loads applied on the outer ring via a yoke, and
The speed-up, due to the parallel processors, may with an instrumented cage mounted on a separate
vary depending on morphology of the bearing aero-static spindle, colinear with the inner ring
(e.g., number of rolling elements, flange contacts, spindle (see Figure 5). The cage was mounted
or type of cage pocket), load case, and computer on a spindle for two main reasons: it gave the
configuration. A typical speed-up is 60–70% of cage a well defined position, and it was easier
linear speed-up, where linear speed-up is propor- to instrument the cage. Measurements were done
tional to the number of processors.
for a number of load cases including pure radial
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Figure 5: The artificial cage with the instrumented cage bars.
Table 1: Some geometrical parameters for the
Figure 3: The test bearing, a Deep Groove Ball bearing used (a DGBB 6309).
Bearing 6309 as seen in Beauty, the BEAST
Number of balls
8
viewing tool, with the bearing coordinate sysOuter
ring
outer
diameter
m
tem. Only the contacting surfaces of the cage are
Inner
ring
inner
diameter
m
shown.
Bearing width
m

<>= 7 <?<
<>= <A@CB
<>= <ED?B

load, pure axial load, and combined radial and axial loads (no misalignement), and moment loads, The ball forces experienced by the cage web were
resulting in a misaligned bearing.
recorded using a data logger operating with two
channels, registering the forces on the “front” and
“rear” sections of a cage bar, respectively (see
Figure 5).
3.4 Test set-up - Experimental

3.5 Test set-up - BEAST
BEAST computer simulations of selected test results were carried out. The geometry, materials used, and the loading conditions were all described to the BEAST program so that they would
represent as closely as possible the real test conditions. For the individual loads, inner ring speeds,
and misalignments applied, see Table 2.
To describe the actual arrangement of the test rig,
Figure 4: The test rig CATRIONA, with the hydro- the inner ring was modelled together with the
static spindle (right) and aerostatic spindle (left). shaft of the supporting spindle, using stiffness and
The outer ring and its loading arrangement is not damping values calculated for the spindle.
shown on the picture.
The outer ring, being in principle free to move
in all directions together with the load yoke, was
A radial load can be generated using a pneumatic
modelled with the combined mass and moments
cylinder (pulling upwards) acting on the outer
of inertia.
ring of the bearing, whereas an axial load can be
applied to the outer ring using three pneumatic The cage, finally, was modelled with the inercylinders attached at three equally spaced points. tia, stiffness and damping values of the aerostatic

spindle.

3.6

With a pure radial load there will be one well
defined loaded zone of the balls. Since the radial load is acting upwards on the outer ring, the
loaded zone will be at the bottom of the bearing.

Evaluated tests

During the testing a big number of combinations
of load type (radial/axial/combined), load magnitude, and inner ring speeds were tested. Of these
tests the ones given in Table 2 are referred to here.

S

40.0

Rear cage bar
Front cage bar

CATRIONA

20.0
0.0
−20.0

Table 2: Tests and test conditions used for the verification.

3.7

F G

(r/min)
3000
5800
3000
3000

HI

HKJ

LNM PO

(N)
1000
1000
126
126

(N)
0
0
-903
-463

(mrad)
0
0
0
1.42

R

Cage force [N]

Case
No.
R3
R5
A12
M24

−40.0
1.0
40.0

T

1.4

1.6
Rear cage bar
Front cage bar

BEAST

20.0
0.0
−20.0
−40.0
1.0

Q

1.2

1.4

1.6

Time [s]
CATRIONA_I_R3_A_002|Ball_6sIR_6sER_2sCP

Figure 6: BEAST simulation (bottom) and test
signals (top) of cage-ball impact for a bearing
running at 3000 r/min under a pure radial load
of 1 kN, case R3.

Working Methodology

The results from the simulations were compared
to the test results with respect to the cage pocket
contact forces. The following parameters were
used in the comparison:

/

1.2

S

40.0

Rear cage bar
Front cage bar

CATRIONA

20.0
0.0
−20.0

the force level (magnitude),

/

the force timing, and
the nature of the forces.

The simulated cage bar forces are compared to
the measured forces in the time domain. Since
the time will have arbitrary values, the measured
curves have been moved so that they cover the
same time domain as the simulations. Both the
simulations and the measurements are believed to
have run long enough to reach steady-state conditions.

−40.0
1.0
40.0

R

Cage force [N]

/

1.1

1.2

T

1.3
Rear cage bar
Front cage bar

BEAST

20.0
0.0
−20.0
−40.0
1.0

1.1

Q

1.2

1.3

Time [s]
CATRIONA_I_R5_A_002|Ball_6sIR_6sER_2sCP

Figure 7: BEAST simulation (bottom) and test
signals (top) of cage-ball impact for a bearing
running at 6000 r/min under a pure radial load
of 1 kN, case R5.

Figure 6 shows the typical force pattern for a
bearing under radial load. Before entering the
3.8 Results
loaded zone, the balls “falls down” and hits the
front cage bar. After the loaded zone, when the
3.8.1 Pure Radial Loading, cases R3 (3000 ball travels upwards, it will loose speed and the
r/min) and R5 (5400 r/min)
cage will hit the ball from behind. The lower the
bearing speed, the clearer this mechanism is seen.
Two radial load conditions are presented here; At a higher speed, as in Figure 7, the cage only
cases R3 and R5. Both cases have a pure radial hits the ball on the rear cage bar, i.e., after the
load of 1000 N, and zero misalignment. The only loaded zone. It is here the relative speed differdifference is the rotational speed of the inner ring. ence between the balls and the cage is largest.

S
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0.0

0.0
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1.4

T

Rear cage bar
Front cage bar

BEAST
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−40.0
1.0
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1.6

0.0
−20.0
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Time [s]
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Cage force [N]

Cage force [N]

R

1.2

Rear cage bar
Front cage bar
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20.0

−20.0
−40.0
1.0
40.0
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40.0
Rear cage bar
Front cage bar

CATRIONA

20.0

1.2

1.4
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Rear cage bar
Front cage bar

BEAST

20.0
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Time [s]
CATRIONA_I_A12_A_002|Ball_6sIR_6sER_2sCP

Figure 8: BEAST simulation (bottom) and test
signals (top) of cage-ball impact for a bearing
running at 3000 r/min under a pure axial load of
900 N, case A12.

CATRIONA_I_M24_A_002|Ball_6sIR_6sER_2sCP

Figure 9: BEAST simulation (bottom) and test
(top) of cage-ball impact for a bearing running
at 3000 r/min under a misaligned axial load of
463 N, case M24.

3.8.2 Pure Axial Loading, case A12, 3000 At higher speed misaligned cases, like M24
r/min
(3000 r/min), Figure 9, the force peaks starts with
an impact, but are to the largest extent friction
Figure 8 shows the comparison between test and driven. The impact peaks are not as visible in the
simulation for a bearing loaded with a pure axial measured cases, due to the elasticity of the real
cage bars.
load of 900 N, rotating at 3000 r/min.
In cases with pure axial load all balls will travel
with the same speed, which will be the same as
the cage speed. No, or very little, cage forces are 3.9 Example summary
to be expected. This is also the fact for both the
On the whole there is a very good correlation
simulations and the measurements.
between the CATRIONA measurements and the
BEAST simulations. This is certainly true for the
3.8.3 Misaligned Loading, case M24 (3000 nature of the forces, but also for the force timr/min)
ing and force amplitudes. Impact force, however,
tends to be overestimated in BEAST, due to the
The misaligned cases have quite a different force structurally rigid cage model.
pattern. Here the forces are not just impacts, but
of longer duration. This is due to the fact that the
balls are differently loaded at different positions
4 Conclusions
in the bearing. This will give them different tangential speed. If the difference in tangential position due to the difference in speed is larger than The rolling bearing simulation model called
the cage pocket clearance, the balls will come in BEAST is a “virtual test rig”, which makes it pos“conflict’ with the cage, i.e., the loaded balls will sible to study a wide range of performance parambe in contact with the cage for longer period of eters for rolling bearings. The example above,
and the list below, give some insight in what
time.
BEAST can be used for:
In the measurements for these cases it can be seen
that the cage bar “springs back” (negative “force” In normal applications the cage is free to move,
on the front cage bar, positive “force” on the rear and cage motion may influence the noise and vicage bar) after a large force. This is an effect of bration characteristics of a bearing, as well as the
the elasticity of the cage bar, and is not due to a forces acting on the cage. The cage motions calreal force.
culated by BEAST has also been verified in the

CATRIONA test rig, in another test series.
Cage pocket forces are very difficult to measure
in real applications, and simulation is therefore
a good way to evaluate cage designs under various running conditions. By using BEAST, it may
be possible to gain a profound understanding of
the mechanisms behind cage behaviour, making it
possible to design bearings for increased robustness and longer service life.
BEAST simulations shortened the time to market for the new toroidal roller bearing, CARB.
The simulations gave the design engineers confidence in CARB performance and helped formulate design rules and application limits. The
need for expensive laboratory tests was thereby
reduced.
BEAST was used to solve an application problem for a large spherical roller thrust bearing.
BEAST can be used to give application support,
and help convince customers in the choice of
bearings and running conditions.
The examples mentioned above show some specific aspects of what BEAST can be used for.
More generally, BEAST is being used daily by
SKF engineers for:

/
/

increasing of fundamental knowledge of
bearings,

/

process and product development,

/

solving application cases,
marketing support.
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