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Abstract

In a rotating machinery system like turbine engine, high speed rolling element bear-
ings play an important role in supporting the rotating shaft or rotor, and need lubrication
to insure their function. Except a small quantity of oil is needed to form the elastohydro-
dynamic lubricant film in the contact zone, most of lubricant remains in suspension in air,
forming an oil/air mixture. This phenomenon leads to excessive parasitic hydraulic losses
when rolling elements translate and rotate into the fluid environment, which may consti-
tute a relatively large portion of the bearing’s total power loss, named windage drag and
churning losses. For high speed applications, i.e. for rotational speed up to 3 x 10° Ndm,
the contribution of drag/windage loss to the total one may reach up to 50%. However, so
far there are few approaches used directly for drag and churning losses estimation, which
could only provide a rather gross approximation.

In this thesis, the Computational Fluid Dynamics (CFD) method is employed to an-
alyze first the flow around one finite-length circular cylinder with two free ends in an
open space. Then the model is changed to several in-line circular cylinders sandwiched
by two flat walls, which represents a simplified approach. The fluid here is regarded as
incompressible, representing an equivalent one-phase fluid for the oil/air two-phase flow
inside the bearing cavity with specified fluid properties. The results indicate that the flow
around the finite length roller element is perturbed by its two free ends, the surrounding
rings, the cage and other rolling elements. A relationship between the drag coefficient
and the Reynolds number suitable for circular cylinder in roller bearings (1 < L/D < 6)
is proposed, as well as a formulation for churning losses prediction.

The oil/air two phase flow inside the bearing cavity with under-race lubrication is
also studied in this work. The coupled level-set volume of fluid (CLS-VOF) method is
employed to demonstrate the lubricant distribution along the bearing circumference. The
effect of various factors is studied, e.g. the oil injection velocity, the nozzle diameter, the
oil properties, and the oil injecting angle. Rotational speed of all the bearing components
are studied particularly to quantify their influence to the oil volume fraction inside the
bearing cavity. The results demonstrate that not only the inner-ring relative rotational
speed, but the cage speed itself could change the oil distribution. The results can be used
for the precise lubrication design to optimate the oil distribution inside the bearing.

KEYWORDS: Numerical simulation, Rolling element bearing, Drag coefficient, Churn-
ing moment, Finite length, Free ends, Reynolds number, Oil volume fraction, Two-phase
flow
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General introduction

Rolling Element Bearings (REB) are key elements in turbine engines since they support
the main-shaft(s), interact with the rotor dynamics through their stiffness and damping,
and contribute to the safety of the whole engine in case of catastrophic events such as
blade loss [HON 16]. In addition, their reliability should be optimized since the turbine
engine can’t operate with a broken or deteriorated bearing. This is to say that REBs in
aerospace applications are very critical mechanical components that should require more
attention [RUM 73]. Understanding heat generation mechanisms is a major issue for high-
speed rolling element bearings (such that Ndm > 10°) in consideration that additional
heat generation and higher temperature due to excessive power losses within bearings
adversely impact its contact fatigue and scuffing failure modes. Besides, the REBs play
an important role for the fuel consumption and the CO2 emission since they contribute up
to 10kW per bearing to the total power losses within the engine [FER 93]. The amount
of heat generated also dictates the quantity of lubricant required, as well as the capacity
of the lubrication system. So that, a more efficient rotating shaft supporting system is
pursued all the time, with less heat generation and hence, a better overall performance.

Sources of power loss in rolling element bearings can be classified into two groups
[NEL 94]. (1) The load-dependent (friction induced) mechanical power losses are mainly
due to friction losses at the loaded bearing contacts. (2) The load-independent (viscous)
spin losses are caused by a host of factors including oil windage drag and churning that
are present as a result of oil/air drag force and churning moment on the bearing ele-
ment’s surface. While there has been a large body of work dealing with load-dependent
power losses [HOU 09][HUT 17], there are only a few studies available on modeling the
windage drag and churning losses in rolling element bearings, which have been proven to
be 50% approximately of the total power losses in bearings [FER 15].

Windage drag and churning losses are two different components of load-independent
losses, or named hydraulic losses, caused by lubricant oil displacement in rolling element
bearings [GUP 79]. Generally, the force exerted on the bearing element as it translates
through the lubricant with the cage is called drag. It results from the shear stress by the
lubricant viscosity and the compressive stress on the element [TRA 00]. Those stresses
are exerted contrary to the rolling direction of the element and form the drag force. This
drag force corresponds to the drag losses. And the moment imposed due to rotation of the
element in the lubricant is called churning. It is mainly caused by the shearing of the oil
at the rolling element surface. This churning torque corresponds to the churning losses
[LIE 15].
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General introduction

For drag force acting on the rolling element, historically, it was taken into account
using the result of one isolated element in an infinite medium by Harris [HAR 73], with
a specified drag coefficient corresponding with the Reynolds number. The ball bearing
is modeled by flowing past a sphere and the roller bearing is replaced by flowing past
a two-dimensional cylinder, both of which are classical models in fluid dynamics. But,
for ball bearing, a recent research carried by Yann and Pouly [POU 10a] contradicts this
procedure as the physical behavior of high-speed REBs does not seem to be well repre-
sented. Experiments with several sets of in-line spheres show that the drag coefficient
for one sphere of gap ratio similar to that in bearings was nearly divided by a factor 5 in
comparison with the results for an isolated sphere.

For cylinder elements in roller bearing, this procedure is not suitable either. The model
of flowing past a cylinder is two-dimensional and free of end effects. In other words, the
wake structure, properties, and velocities do not change along the cylinder span. But,
the circular cylinder in roller bearings is finite-length and there are two free-side ends
submerged in the fluid. The flow that separates from the free ends interacts strongly with
that on the cylindrical surface and results in a three-dimensional flow. Not only that, but
the cylinder is sandwiched by two rings with micron-size clearance so that the air-oil
mixture in bearing cavity could only flow bypass the free ends rather than the cylindrical
surface. Besides, flow past several in-line cylinders could interact with each other, as
found in ball bearings. As a result, drag coefficient for the cylinder in roller bearings has
to be modeled with a fully-three-dimensional method and take the interference from all
surroundings into consideration [YAN 15].

While for churning moments in rolling element bearings, the problem is even worse.
Realistic estimates for churning moments on the various elements in a rolling bearing is an
extremely difficult task and the various approaches used could only provide a rather gross
approximation. In view of its difficulty, there is only one model proposed for cylindrical
elements. Rumbarger and Filetti [RUM 73] provided an estimation of churning moment
on cylindrical surface of rollers. And the churning moment on the sides of rollers is
characterized by the flow over a rotating disk by von Karman. These formulas are referred
by P. Gupta [GUP 12] and subsequent researchers [QIA 13][NIC 17]. However, it should
be noted that in the model mentioned above, the fluid is initially assumed at rest and
there is no relative translational motion between the roller and the fluid, which is entirely
different with the case in an actual bearing. The interference from surrounding rings and
rollers is ignored either, which has obvious effect on the flow around the rollers.

Finally, another important assumption in all the above models is that the bearing ele-
ment is completely submerged in a uniform fluid having a specific viscosity and density.
However, for most bearing applications, only a small fraction of the bearing cavity is
filled with the lubricant oil, therefore, the effective contribution to drag and churning ef-
fects is made by an oil-air mixture. Traditionally, in rolling element bearing analysis,
the two-phase mixture is equivalent to a one-phase fluid with an effective viscosity and
density, relied on the oil/air volume fraction, which is difficult to be measured directly by
experiments.

To sum up, most of the published models or formulas to predict windage drag and
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General introduction

churning losses are dependent on dimensional analysis of experiments or approximate
hydrodynamic formulations. They provide only a first approximation to the actual losses
in a bearing and the values predicted by the formulas are intended to be used only to
establish general trends in a parametric design study. Knowing that 50% approximately
of the power losses in rolling element bearings is due to churning and windage drag
forces and torques, only empirically estimated nowadays, one can see the great advantage
of developing a more reliable method to deeper understand where these losses come from.

It should be emphasized that, in view of the complicated internal geometry of the
bearing and the operating conditions, a direct testing of hydraulic losses or visualization
of the oil flow in rolling element bearings is difficult as yet [WU 16]. But, thanks to
the recent developments in the computer science [KAJ 16], simulations are becoming an
increasingly approach that can help the investigation. In last decade, a series of numerical
studies are reported on the fluid dynamics in rolling element bearings and transmission
gears with reliable results[CON 15][WU 17]. It demonstrates that the computational fluid
dynamics (CFD) method is effective and efficient for this type of problem. In response
to these facts, an aim is set to develop a more reliable and accurate estimation formulas
for drag force and churning moments calculation in rolling element bearings with the
numerical method. Besides, the oil/air two-phase flow inside the bearing cavity will be
revealed as well, based on a numerical two-phase flow simulation. And in this thesis, the
research is focused on the high-speed cylindrical roller bearings.

The first part of this work aims at proposing a more appropriate calculation model for
drag force and churning moments on the cylinder element in roller bearings in a uniform
flow environment. In roller bearings investigation, drag losses and churning losses, two
parts of hydraulic losses, are often confused and it’s difficult to distinguish them by ex-
perimental test. Besides, most available classical fluid dynamics models are not suitable
directly for roller elements in bearings, which run in a special condition. Consequently,
it’s necessary and valuable to build one numerical model especially for roller bearings
analysis and develop a more suitable estimation model for windage drag force and churn-
ing moments in roller bearings.

In Chapter 2, a simplified configuration is studied initially, with one isolated finite-
length circular cylinder with two free ends in open space. The SST-based Scale-Adaptive
Simulation (SST-SAS) model is used to solve this unsteady turbulent flow. This numerical
model is then validated with a series of experimental test data. The effect of two free ends
is demonstrated and for the application of roller bearings, the effect of the cylinder’s
aspect ratio to the flow is studied, together with the Reynolds number. The simulation
results show that, the flow structure is changed completely by two free ends, compared
with the infinite-length cylinder and the mounted cylinder with one free end.

In Chapter 3, the calculation configuration is changed to close to a real bearing, with
several in-line circular cylinders sandwiched by two flat walls. With the periodic boundary
condition, endless orbiting rollers sandwiched by two rings in bearing are represented.
Then, the CFD method developed in Chapter 2 is conducted to quantify the influence
of various factors on drag coefficient and churning moments on the cylinder, including
operating conditions, roller geometry parameters, and fluid properties. A new relationship
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of drag coefficient vs Reynolds number is obtained suitable for roller bearings. And a
numerical-based formulaion is proposed for churning loss prediction in roller bearings.

The second part of this work focuses on the oil/air two-phase flow inside the bearing
cavity. Motion of the many moving parts within the bearing cavity, in particular the pump-
ing action of the rollers, will tend to induce an oil/air mixture within the bearing cavity,
however its oil phase volume fraction is unknown. In Chapter 4, the numerical domain of
the flow field inside the bearing cavity is built and a preliminary attempt is carried to ana-
lyze oil distribution after injecting from the rotating inner ring with the Coupled Level-Set
Volume Of Fluid (CLS-VOF) model. As the simulation result is sensitive to the geometry
structure and boundary conditions, only changing tendency of oil volume fraction versus
different factors is valuable in view of the absence of experimental validation.

A general conclusion and perspectives of this work will be given at the end of this
manuscript.
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Chapter 1

State of the art

This chapter contains three parts, it presents the current
situation of drag force, churning moments, and two phase
flow research in high speed roller bearings. And its problem is
put forward as well.
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Windage drag force in roller bearings

In a rotating machinery system like turbine engine, roller bearings play an important
part to support the rotating shaft or rotor. To keep its long time steady running, lubricant
oil is needed to lubricate the friction contact and cool bearing components to a required
temperature. In bearing cavity, only a small quantity of oil is needed to form the elastohy-
drodynamic lubricant (EHL) film in the contact zone, the EHL film thickness being less
than a few tenth of micrometer. Most of lubricant remains in suspension in air, forming
an oil/air mixture like a fog, which contributes to cool down the bearing components —
with an effect somewhat proportional to the oil flow — but also acts as a heat source for
high speed applications with an increase of dissipation roughly proportional to the square
of the rotational speed. This phenomenon leads to excessive parasitic hydraulic losses
when rolling elements translate and rotate into the fluid environment, which may consti-
tute a relatively large portion of the bearing’s total power loss, named windage drag and
churning losses. For high speed applications, i.e. for rotational speed up to 3 x 10° Ndm,
the contribution of drag/churning loss to the total one may reach up to 50%. This can be
easily observed with a test bench by measuring the input shaft torque when shutting off
the oil feed.

As has been mentioned at the Introduction, the force exerted on the bearing element
as it translates through the lubricant causes the windage drag loss, and the moment im-
posed due to rotation of the element in the fluid environment leads to the churning loss.
Up to now, several formulas have been proposed for computing drag force and churning
moments in roller bearings, based on either classical fluid dynamics theories or experi-
mental tests, and they could provide a first approximation to the actual hydraulic losses in
bearings.

1.1 Windage drag force in roller bearings

For drag force acting on roller elements in bearings, Harris used the results for one isolated
circular cylinder immersed in a uniform flow, which is one of classical problems in fluid
mechanics [HAR 06]. The oil/air mixture in the bearing cavity is replaced by a fluid
with specified characteristics and the effect of all surroundings is ignored. When the
roller moves through the fluid environment, a shear stress is produced by the gradients of
velocity at the surface of the roller with the no-slip condition. The shear stress sums to
one part of the total drag force on the roller, called the viscous drag. Besides, the pressure
of the fluid is greater on the front of the roller than on the back, which introduces the
other part, called the pressure drag or form drag [MAL 14]. It should be emphasized that
the model Harris used is two-dimensional which means that the cylinder is infinite-length
and without free-ends effect.

1.1.1 Drag coefficient of the cylinder

The drag force acting on the cylinder is often non-dimensionalized as a function of
Reynolds number. At very low Reynolds numbers (Re), the drag is mainly due to friction.
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Figure 1.1: Drag coefficient of isolated sphere and cylinder

With the increase of Re, the contribution of the inertia forces begins to grow so that at
high Reynolds numbers, the skin friction constitutes just a few percent of the total drag.
A dimensionless expression of the total drag force is the drag coefficient defined by

Fy

Co= -4
T TovA

(1.1)

Where p is the fluid density and A is the frontal area expressed by the body to the flow
direction.

The relationship between the drag coefficient and the Reynolds number for one single
element in the flow has been showed analytically and confirmed experimentally by many
researchers [ABR 70][PAR 98]. As shown in the Figurel.1, the full line is for one isolated
sphere and the dash line is for the two-dimensiaonal cylinder. Up to now, these two lines
are referred by most researchers in the drag force calculation of rolling element bearings
[LEB 09].

These two lines are seperated to a series of flow regimes when going from small to
large Reynolds numbers [PAT 85]. In the low Reynolds number range, C; decreases sig-
nificantly with increasing Reynolds number, mostly due to the skin friction contribution.
In the subcritical regime, the drag coefficient changes insignificantly with Re. As the
critical flow regime is reached, the drag coefficient decreases sharply with increasing Re.
The wake becomes narrower by the turbulent boundary layer and the associated delayed
separation. At higher Re, C; is increasing again probably due to the development of a
turbulent boundary layer already close to the front stagnation point.

1.1.2 Flow behavior around the two-dimensional cylinder

The changing of drag coefficient is corresponding with the flow structure developing
around the cylinder, which is of fundamental importance for this fluid problem. The
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Windage drag force in roller bearings
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Figure 1.2: Regimes of flow past a smooth two-dimensional cylinder

flow pattern around the two-dimensional cylinder is complicated and the relative impor-
tance is expressed by the Reynolds number, as well, relied on the cylinder diameter d, the
kinematic viscosity of the fluid u, and the undisturbed free-stream velocity V. Recall that
the Reynolds number represents the ratio of inertial to viscous forces in the flow, which
reads

_pvd
u

As the fluid approaches the front side of the cylinder, the fluid pressure rises from
the freestream value to the stagnation point value. The high pressure forces the fluid to
move along the cylinder surface and boundary layers develop on both sides. The pressure
force is counteracted by viscous forces and the fluid cannot follow the cylinder surface
to the rear side but separate from both sides of the cylinder and form two shear layers.
The innermost part of the shear layers is in contact with the cylinder surface and moves
slower than the outermost part. As a result, the shear layers roll up. The flow pattern is
dependent on the Reynolds number, and in Figure 1.2 principal description of the various
occurring flow phenomena is provided [GOH 14].

At Reynolds numbers below 1, no separation occurs. The viscous forces cause the
streamlines to move further apart on the downstream side than on the upstream side of the
cylinder. In the Reynolds number range of 5 < Re < 45, the flow separates from the rear
side of the cylinder and a symmetric pair of vortices is formed in the near wake [SCH 96].

As the Reynolds number is further increased the wake becomes unstable and vortex
shedding is initiated. At first, one of the two vortices breaks away and then the second is
shed because of the nonsymmetric pressure in the wake. The intermittently shed vortices
form a laminar periodic wake of staggered vortices of opposite sign. This phenomenon
is often called the Karman vortex street [SUN 09]. Von Karman showed analytically and
confirmed experimentally that the pattern of vortices in a vortex street follows a mathe-
matical relationship, namely,

Re (1.2)
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Figure 1.3: Model of a Karman Vortex Street

hoo1
7= %sinh*{l} =0.281 (1.3)

where / and [ are explained in Figure 1.3.

In the Reynolds number range 150 < Re < 300, periodic irregular disturbances are
found in the wake. The flow is transitional and gradually becomes turbulent as the
Reynolds number is increased.

The Reynolds number range 300 < Re < 1.5x 10 is called subcritical (the upper
limit is sometimes given as 2x 10°) [ROS 61]. The laminar boundary layer separates
at about 80 degrees downstream of the front stagnation point and the vortex shedding is
strong and periodic.

With a further increase of Re, the flow enters the critical regime [KAW 84b]. The
laminar boundary layer separates on the front side of the cylinder, forms a separation
bubble and later reattaches on the cylinder surface. Reattachment is followed by a tur-
bulent boundary layer and the separation point is moved to the rear side, to about 140
degrees downstream the front stagnation point. As an effect the drag coefficient is de-
creased sharply.

For Re > 6x10°, the laminar to turbulent transition occurs in a nonseparated boundary
layer, and the transition point is shifted upstream [KIM 15].

Corresponding with the different flow regimes, the various flow phenomena are re-
flected in the pressure distribution on the cylinder surface. Figure 1.4 provides a few dis-
tributions of the pressure coefficient Cp and the changes in the distributions are explained
by the flow mechanisms described previously [SUN ].

Particularly for Re = 6.7x 103, the separation of the laminar boundary layer and the
reattachment is believed to be reflected in the behavior between 6 ~ 100-110 degrees
downstream the front stagnation point.

The nonsymmetrical pressure distribution results in a net force on the cylinder, and
the existence of this force is the main cause of the pressure drop across the cylinder.

10
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Figure 1.4: Pressure distribution around the two-dimensional cylinder with different
Reynolds numbers

1.1.3 Flow behavior around the finite-length circular cylinder

Despite the two-dimensional infinite circular cylinder in a steady cross-flow is well-
studied and a wealth of information about the flow behavior has been presented by many
researchers, its results could not be used for the cylinder element in roller bearings di-
rectly, which is finite-length with two free ends [KUM 18]. Like the cylindrical element
in roller bearings, in most practical applications there is at least one free end (chimney
stacks, gas and oil storage reservoirs, etc), and sometimes two free ends (ship radar aeri-
als, submerged vehicles, fibres, etc) [SUM 13][VAK 09]. When the cylinder is referred as
finite length, its flow is effected by the end and then, the wake structure, properties, and
velocities would change along the cylinder span [PAR 00].

For the flow around a finite circular cylinder mounted on the flat plate, remarkable
research has been devoted to understand its characteristics [HES 03]. This finite-length
circular cylinder has only one free end and a junction region between the cylinder and
the flat wall. The flow pattern around the finite circular cylinder involves a horseshoe
vortex system in the body-plate junction with its development downstream near the wall,
a Karman-type vortex shedding in the main wake, and a three-dimensional separated flow
structure around the free end surface [LEV 12].

Horseshoe vortices

Some of the early experimental studies of the flow around a wall-mounted cylinder
was carried out by Baker [BAK 85]. He identified a horseshoe vortex system consisting of
multiple vortices originating from the front of the wall-cylinder junction. These vortices
wrap around the body moving downstream and forming a U-shaped vortex system. In
the laminar case Baker identified vortex systems with 2, 4 and 6 individual vortices for
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increasing Reynolds number.

Trailing vortices

Kawamura et al. [KAW 84a] focused their experimental investigations on the free end
of a wall-mounted finite cylinder. They identified two trailing vortices emerging from the
free end of the cylinder. For aspect ratios less than a critical ratio (L/D), these vortices, in
conjunction with the horseshoe vortex system, suppress the von Karman vortex street.

It was suggested by Roh and Park [ROH 03] that there actually are four trailing vor-
tices originating from the free end. From visualisation experiments they drew two pairs of
counter-rotating vortices, where each vortex pair contains one vortex originating from the
free end edge and one from the focal point at the free end surface. This proposition has
been disputed by Pattenden et al. [PAT 05], Palau-Salvador et al. [PAL 10] and Krajnovia
[KRA 11] who all show that there is only a single pair of vortices originating from the
free end.

Arch vortex

Pattenden et al. [PAT 07] identified, experimentally and numerically, a pair of tip
vortices and an arch vortex in the near wake of a short wall-mounted cylinder. This is
shown in Figure 1.5 as a schematic drawing by Pattenden et al.

Frohlich and Rodi [FRO 04] showed that the tip vortices are joined together into the
arch vortex just below the free end. This is not shown in Pattenden’s figure, which other-
wise gives a good summary of the flow features around a low aspect-ratio wall-mounted
cylinder.

It has been found that the three-dimensional flow around the top surface developing
into the wake considerably influences the wake flow pattern of the finite circular cylinder
(Figurel.5). The shedding frequency in the wake changes along the cylinder span and
has minimum value in the tip region. It is caused by the existence of a cellular wake
oscillating up and down in the tip region. The cellular wake originated from the vortical
flow generated by the free end surface region. The fluctuating force acting on the cylinder
in the traverse direction is also found to vary along the cylinder axis, as a result of the
unsteady separated flow emanating from the top edge of the cylinder [KIA 16]. It is
validated that the three-dimensional separated flow around the free end surface is a key
element which determines the wake behavior of the finite cylinder.

For flow around a circular cylinder with two free ends, three-dimensional separated
shear flow around two free ends makes the flow pattern more complex, while relatively
scant attention has been attracted so far.

Okamoto & Yagita [OKA 73] assumed that an equivalent cylinder with two free ends
is double of a cantilevered cylinder with one free end and it was symmetric about the plane
boundary. But they ignored the combined action of two shear flow from two free ends.
Without the boundary layer effect on the plate wall, the horseshoe vortex and arch-shaped
vortex may change or disappear. After that, Wieselsberger and Zdravkovich [ZDR 03]
experimentally measured drag coefficient and pressure distribution of one finite circular
cylinder in the range 400 < Re < 8x10°. G.J.Sheard [SHE 04] employed numerical
methods to study flow past cylinder with free hemispherical ends and found that the quasi-
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Figure 1.5: Schematic overview of flow behind a short wall mounted cylinder from Pat-
tenden et al. [PAT 07]
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Figure 1.6: Model of the flow field for a surface-mounted finite-height circular cylinder
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Figure 1.7: Flow structure around the cylinder with two free ends [ZDR 89]

two-dimensional wake behind the cylinder is deformed by the three-dimensional effects
induced by the flow around the hemispherical ends, as shown in Figure 1.8.

It is demonstrated that the effect of two free ends on the flow past the cylinder is dra-
matical. Despite this, a detailed discussion on the flow around one finite circular cylinder
with two free ends does not currently exist, which will be the main content of Chapter 2.

1.1.4 Drag coefficient of circular cylinder in roller bearings

Different with the isolated infinite-length or finite-length circular cylinder model, in real
roller bearings, roller elements are not isolated and each one is adjacent with another
two elements in up-stream and down-stream. And all rollers are sandwiched by two rings
with micro-sized gap (Figure 1.9). It means that the fluid could only flow bypass the sharp
edges circular ends, rather than passing through the cylindrical surface. And the vortex
developing in rear side of the cylinder may be disturbed by other cylinders. As a result, for
the drag force investigation, except for the two free ends, the effects from surroundings,
such as the rings and adjacent rollers, should be considered as well [FLO 06].

The effect from adjacent elements has been verified in ball bearings. Yann and Pouly
[MAR 14a] tested drag coefficient experimentally with several sets of in-line spheres and
results show that the drag coefficient for one sphere of gap ratio similar to that in bearings
was nearly divided by a factor 5 in comparison with the results for an isolated sphere, as
shown in Figure1.10 and Figurel.11. Similar conclusion is also found in cylindrical roller
bearings [HAR 10], with a two-dimensional model as show in Figurel.12. For the case
of flow past three cylinders in tandem, it is observed that the downstream cylinder which
lies in the wake of the upper cylinder experiences very large unsteady forces that can give
rise to wake-induced flutter. This phenomenon is likely to be changed by the longitudinal
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Windage drag force in roller bearings

Figure 1.8: Isosurface plots of the vortical structure of the wakes behind cylinders with
free hemispherical ends [SHE 04]

Figure 1.9: A simplified roller element bearing model
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Figure 1.10: Drag coefficient estimated numerically and experimentally (L=1.16D)
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Figure 1.11: Influence of the gap between consecutive balls on drag coefficient

Figure 1.12: Vorticity contours and streamlines of flow past three circular cylinders in
tandem (L= 5D) at Re = 100

gap.

Above all, drag coefficient for cylindrical elements in roller bearings has to be in-
vestigated with a three-dimensional model and consider the surrounding rings and rollers
together, which is the main content of Chapter 3.

1.2 Churning moments in roller bearings

Churning losses in roller bearings are overlooked for a long time and few attention are
focused on it individually. Like churning losses in a transmission gear pair, the rotating
roller elements in bearings may cause remarkable churning losses. Generally, the moment
imposed due to rotation of the cylinder element in the lubricant is called churning, which
corresponds to the churning loss. Due to the difficulty in directly experimental testing,
realistic estimates for churning moments in roller bearings is an extremely difficult task
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Churning moments in roller bearings

and the various approaches used only provide a rather gross approximation [QIA 13].
Churning losses on a cylindrical body occur on both the cylindrical and free-end surfaces.
Respectively, Rumbarger and Filetti provided an estimate of churning moment on cylin-
drical surface, and churning moment on the sides of rollers is characterized by the flow
over a rotating disk by von Karman [VON 46]. These two models are refered by the
well known computer program ADORE (Advanced Dynamics Of Rolling Elements) and
bearing analysis program SHABERTH (Shaft Bearing Thermal Analysis) [NIC 17].

1.2.1 Churning moment on the cylinder cylindrical surface

From the standpoint of the dynamic solution of the interacting rollers, the most important
factor is the calculation of the friction wall shear stresses on the element surfaces. In
general, the moment on the cylindrical surface is described by an equation of the form:

M, = TAr (1.4)

Where A is the surface area; r is the reference radius from the center of rotation.

The wall shear stress, T, is a function of the fluid properties, the motion of the surface
with respect to the fluid body, and the proximity of other surfaces influenced by the same
fluid. Fritz has investigated the wall shear stress phenomenon in journal bearings with
vortex turbulent flow [FRI 70]. Examination of typical roller-cage clearance to roller
radius ratios, and Reynolds and Taylor numbers representative of 1x10® DN and higher
bearing operation clearly place such fluid flows in the turbulent vortex regime as defined
by Fritz.

Then wall shear stress for a surface rotating in a viscous fluid is defined by the relation:

_ L
’c_zpr (1.5)

Where p is the mass density; U is the mass average velocity of the fluid; and f is the
friction factor which is defined for two types of flow conditions:
Vortex turbulent flow:

f Ta. (539474
o 1'3(H)Ta>417 (1.6)
Couette turbulent flow: f R
€ 10.85596

Where Re is the Reynolds number. Ta is the Taylor number.

And f; = 16/Re is the laminar friction factor for Re < 2500 or Ta < 41.

Should calculation yield a Reynolds number less than 2500, or a Tayor number less
than 41, a circumstance virtually impossible in high speed roller bearings, the appropriate
friction factor then can be taken as the laminar friction factor f;. For typical high-speed
roller bearings, the flow on the roller surfaces is generally best assumed as vortex turbu-
lent.
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Streamline
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Figure 1.14: Fluid element with the thickness of &

1.2.2 Churning moment on the cylinder circular ends

In addition to the fluid churning on the cylindrical surface, the roller ends provide an
additional source of churning moment. The churning moment on the ends of rollers is
characterized by the flow over a disk rotating in a fluid initially at rest [APP 15], and the
boundary layer is three dimensional as shown in the Figure 1.14. As the disk begins to
rotate, the fluid near the surface of the disk is strongly affected by the friction between the
fluid layer, which adheres to the disk surface, and the layers of fluid which make up the
boundary layer [CHU 10a].

To understand what forces contribute to the moment on a disk rotating in a viscous
fluid, a disk force balance is undertaken [NEL 73].

Equations 1.8 and 1.9, are the steady-state momentum equations in the radial and
circumferential directions for a differential fluid element of thickness 8. Higher order
differentials have been neglected, and p = p(z) has been assumed.

Radial direction

d 5 5
I (27trp/0 u dz) dr —21rp

52
/ dz] dr = —2mrt,dr (1.8)
0

r

Where p is the density of the fluid, and 7 is the shear in radial direction.
Circumferential direction
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Churning moments in roller bearings

z
' Velocity components

u = Radial
v = Tangential
w = Axial

Figure 1.15: Boundary layer flow on a disk rotating in a fluid initially at rest [NEL 73]

d
dr

)
<2nr2p/o uvdz) dr = —2nr*tedr = —dM

(1.9)

It is seen from Equation 1.9 that the resisting torque of a disk rotating in a fluid which
is initially at rest is a measure of the circumferential shear forces acting on the disk surface
and can be calculated if the radial and tangential velocities are known throughout the

whole boundary layer.

By applying the boundary conditions of the flow around a rotating disk to the Navier-
Stokes equations and continuity equation, von Karman and Cochran get the expression of

the moment on one side of the disk:

1

Me = ipwrSCn
Where
co— 3.87/Re">  Re < 300,000
"7 10.146/Re?  Re > 300,000
And the Reynolds number
Re — prro
u

1.2.3 Churning moments in roller bearings

(1.10)

(1.11)

(1.12)

In roller bearings, each roller element rotates by its own axis, and transfers along the
circle runway together with the cage at the same time. Except for causing drag effect,
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1. State of the art

the roller’s translational motion may change flow structure around it and then affect its
churning moments. While for the models mentioned above, it should be noted that the
fluid is all initially assumed at rest and there is no relative translational motion between
the roller and the fluid, which is entirely different with the case in an actual bearing.
Besides, similar with the drag coefficient modelling, the interference from surrounding
walls and rollers is ignored either, which has remarkable effect on the flow around the
roller. Therefore, a deeper understanding of the physical responsible of churning losses
in roller bearings is needed to propose a more reliable estimation formula. Different
parameters, e.g. roller rotational speed, roller translational speed (or called orbital speed),
fluid properties, and roller geometry parameters, should be studied to quantify their effects
individually, which will be presented in detail in Chapter 3.

1.3 Two-phase flow in roller bearings

Finally, another important assumption in all the above models is that the bearing element
is completely flooded in a uniform fluid. It should be realized that high speed roller bear-
ings never are completely flooded with lubricant oil, and seldom are more than 15 to 20
percent full of oil within the bearing for very high speed operation [ADE 15]. Motion of
the many moving parts within the bearing, in particular the pumping action of the rollers,
will tend to induce an oil/air mixture within the bearing cavity. It can be argued that for
pure viscosity effects in a turbulent regime, this phenomenon will have little tendency to
change the fluid behavior from that of a flooded bearing, since in general such effects are
confined to relatively thin boundary layers adjacent to the surfaces.

This problem has been awared for a long time but in most bearing performance simu-
lation tools, it’s simply based on an empirical adjustment factor, to adjust the applicable
density.

1
Fy= ECIDdCdeZA (1.13)

Based on experimental experience, a value of 0.05 is typically used for many appli-
cations, like the SHABERTH [NIC 17]. Later, to improve the analytical description, an
effective or equivalent air-oil density and viscosity are suggested.

Peff = (Poir X oilvolume + pyir X airvolume) /totalvolume

oilvolume
oil X ———————— = Poil x XCAV
totalvolume

Meff = (Hoir X oilvolume + paiy % airvolume) [totalvolume

oilvolume
= Uit X ——————— = Hoji X XCAV
totalvolume
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Two-phase flow in roller bearings

Then, XCAYV, the lubricating oil volume fraction in the bearing cavity, is used to in-
stead the empircal adjustment factor ®,.

This method demonstrated significantly better correlation with existing experimental
data than did the original Harris model. However, using of these formulas has to base
on the value of oil volume fraction in bearing cavity, while the value of drag coefficients
and corresponding oil volume fraction could only be adjusted together and artificially to
correlate with experimental data. The calculation result is extremely sensitive to the oil
volume fraction that a difference of 10 percent in oil/air ratio may produce a 2 percent
difference in cage slip [SEL 11]. This may lead a significant error.

In previous, Parker [PAR 84] deduced an equation to calculate the oil percent vol-
ume in bearing cavity based on a range of experimental test. The computer program
SHABERTH was used to calculate the thermal performance of three selected ball bear-
ings for the comparison. The oil volume fraction was derived as a function of lubricant
flow rate, shaft speed, and bearing pitch diameter.

0.37

_ 6
XCAV =10.0x 10 PN

(1.14)

Where W is the inlet oil flow (cm’/min), n is the inner shaft speed (rpm), and d is the
bearing pitch diameter (mm).

The predicted bearing heat generation, the inner- and outer-rac