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Abstract: The emergence of electric vehicles has brought new issues such as the problem of rolling element
bearings (REBs) operating at high speeds. Losses due to these components in mechanical transmissions are a
key issue and must therefore be taken into account right from the design stage of these systems. Among these
losses, the one induced by the motion of rolling elements , known as drag loss, becomes predominant in high-
speed REBs. Although an experimental approach is still possible, it is difficult to isolate this loss in order to
study it properly. A numerical approach based on CFD is therefore a possible way forward, even if other issues
arise. The aim of this article is to study the ability of such an approach to correctly estimate the drag coefficient
associated with the motion of rolling elements. The influence of the numerical domain extension, the mesh
refinement, the simplification of the ring shape and the presence of the cage, on the values of the drag
coefficient is presented. While it seems possible to compromise on the calculation domain and mesh size, it
appears that the other parameters must be taken into account as much as possible to obtain realistic results.

Keywords: rolling element bearing; drag coefficient; computational fluid dynamics;
energy efficiency

1. Introduction

The decarbonisation of the road transport is a shared objective for the automakers all around the
world in order to protect the environment [1]. The automotive industry aims to become in this senses
carbon neutral in 2050 and zero-emission vehicles are being developed to this end using batteries or
fuel cell technology. However the emergence of electric vehicles has brought new issues to the fore,
such as the problem of rolling element bearings (REBs) operating at high speeds. Losses due to these
components in mechanical transmissions are a key issue [2] and must therefore be taken into account
right from the design stage of these systems. It is indeed possible to evaluate the power loss
dissipation using the empirical power loss model proposed by Harris [3] or using the global model
developed by SKF Company [4] recently detailed in part by Morales and Wemekamp [5]. However
Harris model does not provide accurate results in high speed REB [6]. The drag loss induced by the
motion of the rolling elements of the REB must be modelled and then combined with the latter in
order to adjust the power loss value. When using SKF model this time the estimated power loss
greatly overestimates measurements [7,8] and it seems preferable sometimes not to use the drag
power loss component proposed by the model and to replace it by a traditional term as proposed by
Harris [3]. As an alternative to these models, an experimental approach have been employed
previously by Macks et al. [9], Zaretsky et al. [10], Schuller et al. [11] or recently by Niel et al. [6] or
Ke et al. [12]. In this approach it is difficult, if not impossible, to isolate the drag loss in order to study
it properly. However, among the losses in high speed REB, the drag loss can become predominant
when shaft speed increases. In the past, the drag force had to be estimated for its contribution to the
balance of forces applied to the rolling elements in a quasi-static approach as Rumbarger et al. in ball
bearing [13] or Nelias et al. in cylinder bearing [14]. A numerical approach based on computational
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fluid dynamics (CFD) is therefore a possible way forward and has been widely used for mechanical
transmission as presented by Concli in his comprehensive review of the available CFD approaches
[15]. Among many other studies Hill et al. [16] has simulated the windage power losses for isolated
rotating spur gear and Fondelli et al. [17] when the gear is in a confined space. Concli et al. [18]
employed the volume of fluid method [19] for the analysis of power losses in a planetary speed
reducer, and Hildebrand et al. [20] for investigating the gearbox housing geometry and oil guide
plates influence on churning power losses. Recently Concli and Mastrone [21] have optimized
numerically the lubrication of an entire system including shafts, gears and bearings with all the
rolling elements. When specifically considering bearings this time, Hu et al. [22] and Wu et al. [23]
have simulated the oil volume fraction in the complete ball bearing in order to investigate the
temperature distribution inside the bearing. Liebrecht et al. [24] have used the same method for
estimating the drag and churning losses on tapered roller bearings this time. Other studies have used
CFD method for studying the lubricant flow distribution in the bearing: Adeniyi et al. investigated
for example the oil jet break when the lubricant is introduced in the bearing chamber via the inner
race region of the bearing into the rolling elements interstices [25]. For that, one ball located in
periodic portion of the entire cavity is employed. Peterson et al. [26,27] employed three consecutive
balls this time associated with periodic conditions; Aria et al. [28] employed the complete ball bearing
for the simulation of the lubricant flow in the bearing. Few investigations have been made to estimate
the drag losses as Feldermann et al. [29] or Wang et al. [8]. Drag forces involve the use of a drag
coefficient whose value was initially taken as that observed for an isolated sphere. Marchesse et al.
[30] contradicted this latter point and highlighted the role of the relative spacing of the balls on the
drag coefficient value using CFD method based on three balls accompanied with periodic boundary
conditions. Later the same approach was used to highlight the importance of the oil volume fraction
in the estimation of the drag power losses in cylinder roller bearing [7]. Numerical approach can be
therefore very useful, as long as they are not too time-consuming while offering consistent drag
coefficient values since it is not possible to validate directly their value. Therefore, this raises a
number of question as among others the number of balls that should be present in the computation,
the mesh quality (i.e., the number of elements layers) in the contact region between the ball and the
race, the ring shape, etc. Some investigations address these issues. Feldermann et al. [29] simulated
for example the flow in the entire bearing and the computed flow field is thereafter mapped to a less
expensive single bearing chamber model. Marchesse et al. [30] have for example investigated the
influence of the mesh refinement on the drag coefficient when studying angular contact ball bearing
but in a very simplified environment (without any rings or cage). Authors used different number of
layers in the contact region: three elements in Adenayi et al. [25] and six elements in Arya et al. [28]
investigations. As one notices there is therefore no consensus on which numerical method to use and
which numerical parameters are important to stipulate, the others being of less importance in the
approach.

This paper is organised as follows. First, the bearing specification, the oil lubrication and the
rotational speed are reported. The numerical approach is then introduced followed by some results
which provide information about the mesh influence and the mi-nimum number of balls that should
be present in the numerical domain. Finally, this approach is used for studying the influence of both
geometrical and dynamics parameters, and also the cage type and its thickness on the drag coefficient
value.

2. Bearing Specification

As deep groove ball bearings (DGBBs) are often used on high speed shaft gear unit for
automotive application, the design parameters of the following deep groove ball bearing (DGBB)
tested here is provided in Table 1. There are eight balls so that the angular periodicity inside the
chamber equals to 45°. The cage is a stamped metal cage like. Its thickness and its cross-sectional area
perpendicular to flow modified by the cage thickness, t. = 6.98 mm and A = D,(nwD,/4—t.) =
2.0 x 10~* m?respectively. The gap between two consecutive balls equals L = 1.66 X D, which does
not allow the wake to develop perfectly. Therefore, the drag coefficient value will be less than the
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value observed when one single isolated sphere is considered [30]. Moreover the bearing has no seal
so that the lubricant has the possibility to flow in and out.

Table 1. REB characteristics.

Bore diameter, d (mm) 55
Outer diameter, D (mm) 120
Mean diameter, d,, (mm) 89

Width, B (mm) 29
Number of balls 8
Ball diameter, D, (mm) 21

3. Rotational Speed

The rotational speed of the DGBB is fixed to 9000 rpm so that N x d,,, = 8.01 x 10> what is
sufficiently high so that drag force participates significantly to the power losses. The cage and the
rolling element rotation speeds equal n,=n;-(1-y)/2=3438 rpm and n,=n;-
(1—-y%)/(2y) = 18009 rpm where y = D,/d,, = 0.236. It will be seen later that relative speeds
according to the cage must be evaluated because the numerical computations are made in the cage
reference frame. If the cage velocity is employed in the Reynolds number, Re =
Octr * Vo * Dy /lhesr = 1.85 x 10*, a sufficiently high value for the effects of turbulence to be strongly
present.

4. Oil Lubrication

The numerical simulations are performed with a gearbox mineral oil which physical properties
are given in Table 2. Most of the simulation is done at 50°C leading to the following oil physical
properties: ¢ = 843.6 kg/m3 v =17.73 cSt. When the lubrication is based on an oil bath, the oil
level is generally chosen as half the diameter of the lowest rolling element. Therefore the ratio
between the volume occupied by the oil in the bearing and the total volume inside the bearing nearly
equals 7%. When the bearing is in motion, the oil in the bearing is then totally dispersed in an air-oil
mist and can be considered as an homogenous fluid in a first approximation whose effective
properties reads gg; = 60.934 kg/m3 and g = 1.11 X 1073 Pa.s. These two values will be used in
the computation based on a homogeneous fluid inside the bearing.

Table 2. Oil properties.

Kinematic viscosity Kinematic viscosity Density
at 40°C (cSt) at 100°C (cSt) at 15°C (kg/m3)
36.6 7.8 864.6

4. Numerical Approach

The numerical approach used here considers only a fraction of the entire REB associated with
periodic boundary conditions since the full problem features multiple identical regions. A few years
ago, the authors investigated the influence of relative distance between balls on the drag coefficient
and showed that the periodic conditions allowed a ball to be correctly influenced by its upstream and
downstream balls [30]. However, while this approach has been afterward successfully used to study
flow within the bearing [26,27], it has never been used to estimate the drag coefficient when
considering the environment of the balls, i.e., the rings, the cage and their velocities in the REB. Many
questions arise then, as for example the minimum number of balls to be included, or the minimum
number of mesh layer in the contact in the simulation to has no more an impact on the drag coefficient
value.
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4.1. Numerical Domain

The numerical domain considering one ball among the eight balls is proposed in Figure 1. When
the computation considers few balls, the numerical domain is built by multiplying the former domain
in order to obtain one single numerical domain. The diameter of the ball that is simulated equals 21
mm as it is for the real REB ball. However, for the continuity reason of the mesh in the contact region
the inner race radius is shortened and the outer race radius is increased so that the gap value equals
52.5 um (i.e., D,/400). This numerical value is of the same order of magnitude as 95 pum employed
by Adenayi [25] and both 161 um and 74 pm gap for DGBB and radial needle roller bearing
respectively in Peterson investigations [26,27]. Both the axial and the radial extensions of the domain
outside the bearing are sufficiently high so that the flow in this region does not influence greatly what
happens inside the bearing.

Homogeneous mesh
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Figure 1. Detailed view of the mesh in the ball, the cage and the inner race and in a plane
perpendicular to the flow and definition of the cell size on the ball, A,.

4.2. Mesh

The influence of the mesh will be investigated later in the article. The equations are solved on an
inhomogeneous tetrahedral mesh with a strong clustering close to the balls to capture the near-wall
turbulent region (Figure 1). A structured mesh is built near the balls wall with the height of the first
cell (i.e., prism shape) chosen so that the dimensionless wall parameter y* is less than 2, which is in
good agreement with the turbulence model used here. The structured mesh is composed with an
inflation of prism layers constructed with an expansion equal to 1.05 along 10 layers where it is
possible. This number of layers is not possible in the contact region due to the small gap where
generally five layers are built and represent nearly half of the gap distance. The maximum value of
the edge size of the first cells on the balls, A, (Figure 1) will vary later in order to see its influence on
the drag coefficient value. In previous investigations, the authors showed that using an edge size
equal at maximum to Ap= D;/21 is sufficient to reach a correct drag coefficient [30]. Beyond this first
structured mesh, a homogeneous unstructured mesh with a mesh size of 0.8 x A, is built inside the
bearing and to a certain axial extension outside the bearing. Finally, beyond to this mesh, the mesh
size on the outside of the bearing increases with an expansion factor equal to 1.3 (Figure 1).
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4.3. Boundary Conditions

The boundary conditions are summarized in Figure 2. No slip wall conditions are imposed in
the inner and the outer rings, the cage and the balls surfaces. Since the computation is made in the
cage reference frame, n, = n; - (1 —y)/2, relative velocity must be evaluated, so that the inner and
the outer rings angular speeds equal n;, =n;-(1+y)/2=5562 rpm and n,,=-n;-
(1—-1vy)/2 = —3438 rpm respectively. The angular speed of the ball relative to the cage reference
frame equals n,, = —n; - (1 —y?)/(2y) = 18009 rpm. The index r recalls that the angular speeds are
evaluated in the cage reference frame. The inner and outer rings rotate according to the absolute z
axis while the balls rotate around their own axis. The four surfaces that have their unit normal vector
aligned with y axis let the flow get in or out to these surface (opening boundary condition). Symmetry
condition is imposed to the two surfaces that have their unit normal vector aligned with z axis. The
two surfaces that have their unit normal surface aligned with tangential direction represent
periodicity condition.

Periodicity

Symmetry

Outer race

-

Periodicity
Opening Periodicity

Ball o= Opening
Cage
Inner race
N
y
Symmetry:
X

\L Periodicity

Figure 2. Boundary conditions when one ball is considered in the numerical domain.

4.4. Governing Equations

The Navier-Stokes equations are solved for incompressible airflow. Numerical local solutions
are obtained using the commercial software ANSYS-CFX 2022R2 based on the Reynolds-averaged
Navier-Stokes theory [31]. The finite volume discretization method approximates the differential
equations by a system of algebraic equations for the variables at some set of discrete locations in
space. The state equations are solved with respect to a rotating reference frame associated with the
cage for unsteady state flows with Coriolis and centrifugal effects being taken into account. The low-
Reynolds SST k-w turbulent model [32] is used to close the time-averaged continuity and momentum
equations for an incompressible viscous flow without body force.

4.5. Time Discretization

Transient computations are made in the present study and the time step (At) is chosen so that
the dimensionless time step (At*) satisfies At* = At x V./d,;, = 0.18. It can be noticed that this value
is twice the value used in reference [30] but one observes that the drag coefficient value is less
sensitive when balls are confined in its environment rather than in an infinite medium. For example,
if the timestep is divided by 2 the drag force varies less than 1%.
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4.6. Convergence Criteria

Convergence is achieved here without any problem since the normalized residuals of the
equations reached value below 10* and the aerodynamic components of the balls behave nearly
periodically in accordance with structure detachments. When few balls are simulated all the force
intensities are similar for all of them (2.9% relative-difference with mean-averaged value at
maximum) which highlights that the use of the periodic conditions is satisfying.

5. Setting Up the Numerical Approach

5.1. Time Evolution of the Drag Coefficient, Streamlines and Pressure Distribution

The parameter of most interest in this study is the drag coefficient:
c F
4=7 (1)
2
5 QeriVe” X A

where F is the drag force exerted by the fluid on the ball, g is the air-oil mist density, V, is the
cage velocity and A is the cross-sectional area introduced previously in bearing specification section.
The drag coefficient predicted numerically is plotted during the computation (Figure 3) and the latter
is stopped when the convergence is met (on time equal to 0.45 in Figure 3). The averaging interval
for the estimation of the drag coefficient is taken sufficiently large compared to the typical time scale
of the fluctuations. Numerical results given in Figure 4 are obtained regardless of the numerical
configuration studied later in the article. Streamlines and complex circulations of the fluid are noticed
in the bearing cavity due to all the moving parts (i.e., the rolling elements, the cage and the rings)
what is in accordance with what one expects due to the moving parts and also with Peterson et al.
observations [26]. The fluid velocity decreases near the gap leading to an increase of the pressure
coefficient, C, = (p — Pw)/(0.5" gefr * V) where p,, is the pressure at a location far from the REB
cavity (i.e.,, symmetry surface in Figure 4.b). The inhomogeneous pressure distribution is thereafter
the cause of the drag force.

0,4
Time-averaged drag coefficient
1
1
] - - .
. 03 : TlmeI averaging interval
3] 1 O
g i
3= 0,2 1
: L
° _].I'hﬂltll TRPAR
i
€ 01 (1 P ' \ }
a
0’0 1 1 1 1 J
0,0 0,1 0,2 0,3 0,4 0,5

Time (s)

Figure 3. Time evolution of the drag coefficient (L/D;, = 1,66; N X d,,;, = 8.01 X 105; three balls in the
computational domain; three elements in the gap between the balls and the rings; A, = D,/21).
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Pressure coefficient

27 - (b)

Figure 4. Streamlines in the plane located in the middle of the REB (a) and pressure coefficient
distribution on balls and streamlines in the cage region (b).

5.2. Influence of the Mesh

It is always wanted to use a mesh based on a minimum number of nodes or cells without
compromising the quality of the numerical prediction in order to reduce the computational time.
Here the influence of both the number of the cells in the gap between the ball and the ring, and the
cell size on the ball, A,, on the drag force value is investigated. For the first study, five different
meshes are used based on different numbers of element in the gap between the rings and the ball
while the edge size of the first cells on the ball equals D,/21 as proposed previously by the author
for one isolated ball [30]. This test has been made with one ball as in the example of Figure 2. The
coarsest mesh comprises only one element in the gap while the finest one considers five layers. No
structured mesh has been built in the ball in this test leading to a dimensionless wall parameter y* =
7.9. The finest mesh has 100 more cells that the coarsest (Table 3). One notices that using one single
element in the gap leads to a drag coefficient value less than 24% below the value obtained when five
layers have been used (Table 3). Moreover, when the mesh comprises three layers, as it was the case
in Adenyi et al. investigation [25], the drag coefficient value nearly equals 5% the value reached using
the finest mesh in the gap. It is a very interesting consensus since the number of the element in the
finest mesh is three times the number of the mesh when three layers are present. However employing
a structured mesh is sometimes preferable when one wants to manage the height of the first cell so
that y* becomes less than 5 depending on the type of turbulent model employed. If one does so the
first height nearly equals 20 pm (y* = 1.35) leading to more than 5 layers in the gap (i.e., the
structured mesh followed by the unstructured mesh). The consequence is a 5% difference on the drag
coefficient values in comparison with the simplified case based on only three layers and without any
structured mesh in the gap between the ring and the ball.

Table 3. Influence of number of layers on the drag coefficient (no structured mesh is employed

here).
No. of layers No. of elements in the mesh Cp/Cps 1ayers
1 73,617 0.76
2 125,862 0.93
3 2,499,240 0.95
4 4,687,735 0.96
5 8,053,854 -

Previous investigation by the authors [30] used a mesh based on edge size of the first cells equal
to D, /21 when considering only balls without any moving solids in their vicinity (i.e., rings or cage).
It remains to be seen if this refinement is sufficient when the two rings and the cage are present this
time in the computation. For that, three meshes are built using three elements in the gap between the
ball and the rings and based on different values for the edge size of the first cell on the ball A, =
{D,/11;D,/21; D, /41} (see Figure 5 with A, = D,/41 and D,/21). It should be noted, however,
that not all the cells located on the ball are of this size because the size of the cells located near the
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gap between the ball and the ring is shorter. This is for respecting the good quality of the mesh.
Consequently, the cells that do not have the same size are located in a region between the gap and
the cage (see Figure 5) and so, this only concerns a limited number of cells. However, one notices that
9% relative difference is observed between the drag coefficients predicted from the meshes with A, =
D,/41 and A, =D, /11 respectively. This relative difference is less when A, = D,/21 (relative
difference equals 2%). Once again, this highlights the sensitivity of the solution to the mesh size and
using a mesh so that the size of the cells on the ball equal to D, /21 is satisfying as it was the case
when no moving walls are around the balls. In the following parts of the article, three elements in the
gap and cells on the balls that have size equal to D,,/21 will be employed for the meshes.

Ab= Db/41 Ab= Db/Zl

Figure 5. Meshes based on size cells equal at maximum to A= Dj,/41 (left) and A,= D,/21 (right);
and definition of the cell size, A,.

Table 4. Influence of the edge size of the first cell on the ball.

A, (mm) Relative size of the cell Cp/Cpay=pp/a1
0.5 D, /41 -
1.0 D,/21 0.98
2.0 D,/11 0.91

5.3. Influence of the Number of Balls

To reduce computation time, it is possible to reduce the number of balls in the numerical domain
since, as mentioned previously, there are several identical regions. Using one or more balls in the
computation should then induce the same drag coefficient value. In order to evaluate this possibility
it was decided to put a ball in front of and a ball behind the ball whose drag coefficient is to be
estimated when more than one ball is studied. Three configurations are therefore investigated, i.e.,
numerical domains comprising one, three or five balls (Figure 6). No structured mesh has been used
during this test, three elements are present in the gap and the edge size of the first cells on the balls
equal D,/21.It can be seen that using three or five balls induces nearly identical drag coefficient
values since only 1% relative difference is noticed in between the two configurations (Table 5). One
significant difference arises when using one ball this time is preferred rather than five balls in the
numerical domain since the difference increases to 11%. These subtle differences are confirmed when
observing the distribution of the pressure coefficient and the streamlines for the three cases that do
not vary significantly (Figure 7 and Figure 8).
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Ball on which the drag coefficient is estimated

o
One ball Three balls y
/

e

S \

Figure 6. Numerical domain comprising one ball (left), three balls (centre) and five balls (right).

Table 5. Influence of number of balls involved in the computation domain on the drag coefficient (Cp
is the drag coefficient of the ball located at the centre of all three or five the balls; Cp 5 pqys is the drag
coefficient of the ball located at the centre of the five balls configuration).

No. of balls Cp/Cp,s pauis
1 0.89
3 0.99
5 —

Pressure coefficient

33 One ball Three balls Five balls

Figure 7. Pressure distribution on the ball located at the centre of all the balls when the numerical
domain comprises one ball (left), three balls (centre) and five balls (right).

=

Figure 8. surface streamlines in the plane in the middle of the REB obtained from computational
domain comprising one ball (left), three balls (centre) and five balls (right).

5.4. Importance of the REB Environment in the Computation

As it has been said previously that the authors investigated three stationary and aligned balls
associated with periodic conditions without considering the presence of the two rings and the cage
[30]. The purpose was solely to investigate at that time the influence of the distance between two
consecutive balls (L) on the drag coefficient. Since one wants to reach here a very simplified numerical
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approach one wonders if considering the rings, the cage, and their rotations is important in the
numerical approach. For that, the method reached in the previous sections is used on a bearing
satisfying L/D, = 2.0 in order to compare the drag coefficient value with the configuration in
reference [30]. The drag coefficient value when the REB is considered is nearly two times the one
when only three aligned and stationary balls are considered (Table 6). This is mainly due to the
rotation of the balls that maintain a high value of the pressure coefficient in the region near the contact
what is not the case when three balls without the REB environment is investigated. Since the latter
configuration is highly simplified it should not reproduce the flow in the bearing and therefore the
drag coefficient value is not well estimated.

Table 6. Influence of the REB environment on the influence of the relative distance between two
consecutive balls on the drag coefficient (the values corresponding to three balls without REB
environment come from reference [30]); L/D;, = 2.0.

Configuration Cp
Three balls in the REB environment 0.250
Three balls without the REB environment 0.116

Following the same idea of simplifying the numerical domain, the value of osculation (f) which
represents the ratio between the raceway radius and the RE diameter is rarely given by
manufacturers. Rather than building a numerical domain satisfying f = 0.52 [3] what seems to be a
common value, flat raceways both for the inner and the outer rings have been built (f — o) with
L/D;, = 1.66. This could avoid also problem for the mesh in the gap between the ball and the raceway
by limiting the size of this region. One observes than this high simplification leads to a great
modification of the drag coefficient value since its sign becomes negative and its absolute value lower
(Table 7). This means that while the ball moves forward it is driven also in this direction by a force
exerted by the fluid. Since non infinite osculation (i.e., flat raceways) is always considered the ring
shape cannot be simplified to such an extent and osculation should be considered in the numerical
approach.

Table 7. Influence of osculation value on the drag coefficient value (L/D), = 1.66).

Raceway osculation Cp
f=0.52 0.187
f oo -0,087

5.5. Conclusion on the Study of the Numerical Approach

The previous sections have enabled to define a numerical approach based on the following
points:

e  Three balls should be at least simulated in the numerical domain associated with periodic
boundary conditions in the two lateral surfaces;

e  Therings and their shape, the cage and their rotations should be imposed;

e  Three elements should be present at minimum in the gap between the ring and the rolling
element;

e  The size of the first cells on the balls (4,) should satisfy the criteria A, < D;,/21 where D, is
the ball diameter.

The rest of the study will use this approach to study the influence of some parameters such as
the relative spacing of the balls, the presence of the cage, its type and its thickness on the numerical
value of the drag coefficient. The aim of the study is to assess the impact of the various parameters
on this coefficient and not to give a general formulae for it.

6. Influence of Geometrical and Dynamics Parameters
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Based on what has been shown above, a numerical approach, which is able to take into account
the interior geometry of the REB and the kinematics of the rings and the rolling elements, has been
defined. It could be interesting thus to analyse if the modification of the geometric parameters
induces a modification of the value of the drag coefficient or if the numerical approach is not sensitive
enough.

6.1. Influence of the Distance between Two Consecutive Balls

Previous investigations highlighted the influence of the relative distance between two
consecutive balls on the drag coefficient [30]. It has been demonstrated that increasing the relative
distance leads to a linear increase of the drag coefficient when the relative distance remains lower
than three times the ball diameter. However, this investigation considered isolated aligned spheres
what is not the case in REB. Five simulations are thus carried out here with different relative-distances
in the REB environment: L/D, = {1.331;1.479;1.664;1.902;2.219} corresponding to a number of
balls 10, 9, 8, 7 and 6 respectively in the bearing (Figure 9).

7 balls - |
()

Figure 9. Numerical domain representing 10 balls, L/D, = 1.331 (a), 9 balls, L/D, = 1.479 (b), 7
balls, L/D; = 1.902 (c) and 6 balls, L/D, = 2.219 (d) (configuration with 8 balls, L/D, = 1.66, is
presented at centre of Figure 6).

One observes that the relative distance has an influence on the pressure coefficient on the ball
(Figure 10) since the size of the region where the high pressure occurs (region A in Figure 10)
increases towards the front of the balls. The pressure then acts in a region where the unit vector is
more aligned with the flow and as a result, its action is increasingly effective in increasing the drag
force. Moreover one observes that the pressure action on the region located downstream of the cage
hole (region B) differs from L/D, = 1.479 to the one with L/D, = 2.219 (Figure 10). This is
confirmed when looking at the pressure coefficient distribution around two circles on the ball: a circle
perpendicular with the bearing axis (Figure 11a) and a circle aligned with the bearing axis located at
0.25 X R, from the centre of the ball (Figure 11b). It is noticed that the influence of the relative
distance is more pronounced in the region B rather than in region A where the pressure distribution
is more imposed by the rotation of the ball and the ring.
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Figure 10. Influence of the relative distance between two consecutive balls on the pressure coefficient
distribution (left, L/D, = 1.331 ; centre, L/D, = 1.479 ;right, L/D, = 2.219).
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Figure 11. Influence of the relative distance between two consecutive balls on the pressure coefficient
distribution around the ball (a, circle perpendicular to the bearing axis; b, circle aligned with the
rotation axis located at 0.25 X Rj, from the centre of the ball).

These modifications in the pressure coefficient lead to a drag coefficient that evolves linearly
with L/D, (Figure 12) as it was already the case when aligned spheres were considered in the
previous study. However, the increase in the drag coefficient is nearly five times higher when the
bearing environment is involved in the calculation. The relative distance is therefore an important
factor that should be considered in order to manage the drag power loss in the bearing.
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Figure 12. Influence of the relative distance between two consecutive balls on the drag coefficient.

6.2. Influence of the Cage Type

The role of the cage is mainly to keep the rolling elements at a regular distance from each other
in order to manage the load distribution in the bearing and also to guide the rolling elements in the
unload region. Its type depends on the wish to have ample space in the bearing to maximize the effect
of the lubricant, and to reduce the centrifugal effect by employing lighter polymer cages.. To
numerically evaluate the impact of the cage type, two new ones are built in addition to the first cage
previously investigated: one stamped metal cage (cage #2) and one machined metal cage (cage #3),
all having the same thickness (t, = 6.98 mm) (see Figure 11). The cages #1 and #2 only differs from
the location of the cylinder part that holds the cage near the balls while the cage #3 is characterised
by a higher width. This geometrical difference has a great impact on the drag coefficient since the
value reached for cage #3 is very low in comparison with the two other (approx. 80% — Table 8). This
can be explained by considering the pressure coefficient distribution around the ball bearing in mind
the form of the cage. It interesting to analyse the pressure coefficient distribution around the same
circles located on ball 2 as previously in Figure 11. The pressures are approximatively the same on
the first location even if the pressure coefficient value is slightly higher when cage #2 is used at 6 =
30° (Figure 14.a). A greater difference is noticed on the circle whose axis is aligned with the bearing
one (the centre of the circle is moved from the centre of the ball at a distance equal to 0.25 X R, in
order for this circle not to be blinded by the cage). The pressure coefficient values are greater for cage
#2 and has the same distribution as the one observed for cage #3, the latter exhibiting less pressure
coefficient values. When cage #1 is considered a similar pressure coefficient distribution as the one
noticed with cage #2 for [0° 240°] range angle is noticed followed by a low pressure in the
[240°;270°] range angle which is not observed with cage #2. This could reinforce the drag coefficient
value. Consequently to these previous observations the order of drag coefficient values is cage #3,
cage #2 and cage #1 from the lowest value to the greatest one (Table 8). It should be noted, however,
that cage #3 will probably generate more drag than the other ones due to its size and could be
therefore taken into account in the bearing total power.

Table 8. Influence of the type of cage on the drag coefficient.

Cage Cp
#1 0.187
#2 0.116

#3 0.028
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Figure 13. Influence of the type of the cage on the pressure coefficient distribution (L = 1.66 X Dj,).
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Figure 14. Influence of the cage type on the pressure coefficient distribution around the ball (a, circle
perpendicular to the bearing axis; b, circle aligned with the rotation axis located at 0.25 X R}, from
the centre of the ball).

6.3. Influence of the Cage Thickness

For investigating the influence of the cage thickness its value is either halved or nearly doubled,
tc = 3.5 mmand t, = 10.0 mm respectively, with a relative distance L/D,, = 1.66. This modification
does not greatly change the pressure distribution on the balls (Figure 15). While the influence of the
thickness is low along the angular position 6 it is more the case considering the angular position
this time (Figure 16). The kinematic of the ball and the rings near the contact seems to impose the
flow pattern in this region and thus hold nearly constant the pressure distribution.
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Figure 15. Influence of the thickness, t, of the cage on the pressure coefficient on the ball.
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Figure 16. Influence of the thickness of the cage on the pressure coefficient distribution around the
ball (a, circle perpendicular to the bearing axis; b, circle aligned with the rotation axis located at
0.25 X Ry, from the centre of the ball).

Analysing the drag force, a decrease from 0.235 Nto 0.215 N (—8.5%) is observed when the
thickness value increases from 3.5 mm to 7.0 mm (+100%) (Figure 17). Since the cross-sectional area
A decreases from 2.73 X 107 m?2 to 1.99 X 10~* m?2 (—27%), the decrease of the force is less than
the decrease of the cross-sectional area. The same observations stands when the thickness value
increases from 7.0 mm to 10.0 mm. This leads to an increase of the drag coefficient that is almost linear
over the entire range of variation in cage thickness (Figure 17). This observation is in contradiction
with the observations previously made when balls are isolated, stationary and aligned. In the latter
configuration, the drag coefficient remains constant when the thickness of the cage increases due to
a great modification of the pressure coefficient on the ball [33] what is not the case here.
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Figure 17. Influence of the thickness of the cage on the drag coefficient (L/D, = 1.66).

7. Conclusion

The goals of this work was to propose at first a numerical approach in order to estimate the drag
coefficient in a DGBB configuration. The following conclusions apply: (1) three balls must be present
in the numerical domain associated with periodic conditions, (2) the mesh in the gap between the ball
and the ring should be built comprising at least three elements, (3) the element size onto the ball
should represent D, /31 where D, is the ball diameter. Moving away from this configuration in
order to reduce the number of nodes and make computing faster, has little impact on the approach,
which nevertheless remains capable of predicting a good order of magnitude of the drag coefficient.
More obviously both the rings and the cage, and their velocities, and the raceway curvatures, must
be included in the computation otherwise the values of the drag coefficient are very far apart from
the one reached when the computation includes them. When employing this approach a second part
of the study showed that the distance between the balls, the cage type and its thickness, have a
noticeable influence on the pressure distribution onto the balls leading to a modification of the drag
coefficient values. Therefore, since there is no formulation for predicting the drag coefficient value in
REB as a function of its geometry, the numerical approach remains a possibility. However further
work is required to validate the values obtained.
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