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Abstract. Lubrication plays a critical role in the effective performance of tapered roller bearings (TRBs) used
as main bearings in wind turbines. Several experimental and CFD-based studies have investigated lubrication be-
havior in single-row TRBs. However, grease-lubricated double-row TRBs have not yet been studied extensively,
particularly in large-size bearings. Therefore, this paper aims to investigate in detail the grease behavior in a tilted
double-row TRB installed in a direct-drive wind turbine by developing a novel, three-dimensional, full-scale,
multiphase CFD model. This model was implemented in the open-source environment OpenFOAM®, using a
transient, incompressible, and multiphase solver based on the volume of fluid (VoF) model, where air and grease
were treated as the two immiscible phases. Grease was modeled as a homogeneous non-Newtonian fluid using
the Herschel–Bulkley formulation, with its rheological parameters determined by performing a best-fit analysis
of experimentally obtained data. The simulated operating conditions included three grease filling ratios – 45 %,
35 %, and 21 % of the total volume of bearing lubricating chamber – at a rated rotational speed of 17.5 rpm,
with a bearing tilt of 5° towards the main-frame side (MFS) relative to the vertical axis. The model captures
grease distribution and inter-row fluxes across the bearing, identifying potential zones of lubricant starvation,
and demonstrates how tilt affects grease flow between the two rows under varying fill conditions. Additionally,
the model evaluates seal pressure, providing insights into the risk of grease leakage. The numerical predictions
of grease distribution were validated experimentally using a smaller-scale TRB test rig, providing confidence in
the model’s ability to capture the dominant lubrication mechanisms in TRBs. The outcomes of this study have
practical implications for optimizing relubrication strategies and improving maintenance planning for large wind
turbine bearings.

1 Introduction

The wind turbine main bearing is a critical component that
transfers radial loads, axial forces, and bending moments
from the rotor to the nacelle structure. It operates under com-
plex dynamic loading and harsh environmental conditions,
including low rotational speeds, high torque, and very low
temperatures. The reliability of the main bearing is essential
to the overall availability and performance of wind turbines,
as its failure can result in extended downtime and costly re-
pairs (Keller et al., 2016). According to Hart et al. (2019),
main bearing failure rates can reach up to 30 %, highlight-

ing the importance of robust bearing design and lubrication
strategies.

Tapered roller bearings (TRBs) are widely used in heavy-
load applications – including wind turbines and automotive
transmissions – due to their ability to support combined loads
(radial, axial, and bending), the absence of slip under ideal
kinematic conditions, and high radial strength provided by
line contact between rollers and raceways (Tong and Hong,
2014; Liu, 1976). In large wind turbines, double-row TRBs
are employed as main bearings because they offer high load-
carrying capacity and require less axial space than alternative
configurations (Hart et al., 2020).
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Effective lubrication is a key factor in maximizing the ser-
vice life and reliability of bearings (Khonsari and Booser,
2017). Proper lubricant distribution within the bearing as-
sembly minimizes friction and wear between contacting sur-
faces, while also promoting heat dissipation from heavily
loaded regions (Mang and Dresel, 2007). These effects con-
tribute to a reduction in load-dependent power losses (PLB),
thereby improving overall system efficiency. In wind turbine
main bearings, lubrication plays an even more critical role
due to complex operating conditions. Therefore, effective lu-
brication is essential to prevent metal-to-metal contact and
reduce the risk of premature main bearing failure (Hart et al.,
2020). However, while lubrication improves bearing per-
formance, it also introduces load independent power losses
(PLBo ), which result from viscous (drag) and inertial (churn-
ing) effects due to the lubricant’s interaction with rollers,
raceways, and cage (Niemann and Winter, 2002). Therefore,
lubrication strategies must balance wear protection and ther-
mal control with energy efficiency considerations.

Experimental and numerical investigations have been
extensively conducted to explore lubrication phenomena
in rolling element bearings (Maccioni and Concli, 2020;
Sadeghi et al., 2024). Wu et al. (2016) conducted an ex-
perimental study to investigate oil flow behavior and ther-
mal characteristics in a jet-lubricated 7210 ball bearing with
a bore diameter of 50 mm. A transparent test rig combined
with high-speed imaging was employed to visualize oil sup-
ply patterns, flow fields, and temperature distributions. The
results revealed that oil flow behavior is strongly influenced
by the injection angle, nozzle position, and bearing rota-
tional speed. Thermal analysis further indicated that insuf-
ficient lubrication can lead to elevated bearing temperatures,
thereby increasing the risk of wear and failure. Wen and Os-
hima (2014) and Santhosh et al. (2017) performed numer-
ical simulations, validated by experimental observations, to
investigate the influence of cage design – specifically iron
and plastic cages – on lubricant splash patterns in ball bear-
ings. Transparent housings were utilized to facilitate macro-
scopic visualization of oil flow behavior under various oper-
ating conditions.

Russell et al. (2021) developed a novel test rig to investi-
gate the frictional characteristics between the ball and cage
in a deep groove ball bearing for four different cage types:
a snap-on polymeric cage, a low-profile polymeric cage, a
stamped steel cage, and a machined brass cage. The mea-
sured friction torque provided insights into the oil–air mix-
ture dynamics within the cage pockets. The results also in-
dicated that the coefficient of friction increased with rota-
tional speed and decreased with applied load. Aamer et al.
(2022) developed a test rig incorporating a transparent cage
in a ball bearing to investigate the effect of cage position rela-
tive to the ball. It was observed that as the cage moved closer
to the ball, greater air entrainment occurred within the cage,
and striated fluid layers formed over the ball surface. These

phenomena were further supported by CFD analysis using a
multiphase lubrication model.

Arya et al. (2023) investigated oil starvation in a hori-
zontally mounted angular contact ball bearing. A counter-
rotating angular contact test rig equipped with transparent
cages was developed to visualize oil distribution using high-
speed imaging. The results showed that oil starvation within
the bearing cage is influenced by several factors, including
raceway motion, ball submersion level, lubricant properties,
and cage pocket geometry. These experimental observations
were further validated through CFD analysis using a two-
phase lubrication model.

Manjunath et al. (2024) employed electrical impedance
spectroscopy (EIS) to estimate lubricant film thickness in a
TRB (SKF 81208TN). The results revealed a transition from
boundary lubrication to mixed lubrication, and subsequently
to elastohydrodynamic lubrication (EHL), as the rotational
speed increased. To investigate lubrication dynamics in TRB
(32312-A), Maccioni et al. (2022) utilized particle image ve-
locimetry (PIV) by developing a custom test rig incorporat-
ing a sapphire outer ring to enhance optical accessibility. The
PIV technique enabled the visualization of lubricant velocity
patterns in the region between the cage and the outer ring – an
area critical for understanding the pumping effect. The study
also reported that bubble formation within the lubricant in-
creased with rising rotational speed, indicating the presence
of aeration phenomena. To further explore this behavior, a
new solver was developed and implemented in OpenFOAM®

to account for aeration effects, and the CFD results showed
good agreement with the experimental findings. In another
study, Maccioni et al. (2023a) conducted both experimen-
tal and numerical investigations to analyze lubricant fluxes
in a fully flooded oil lubricated TRB (32312-A). PIV was
employed to capture experimental velocity fields, while the
numerical simulations were carried out using OpenFOAM®.
The results revealed significant squeezing effects caused by
high-pressure gradients near the edges of the rollers. Addi-
tionally, the tangential velocity of the lubricant was observed
to be higher than that of the cage, highlighting the complex
flow interactions within the bearing assembly.
PLBo has been investigated through both experimental and

numerical approaches. Concli et al. (2020) and Feldermann
et al. (2017) employed a multiphase CFD solver to simulate a
single sector of an oil-lubricated cylindrical roller bearing to
estimate PLBo . Marchesse et al. (2019) and Gao et al. (2022b)
estimated the drag coefficient of rollers in cylindrical roller
bearing using simplified, single-phase CFD models. Simi-
larly, Hu et al. (2014) applied CFD techniques to evaluate
drag losses in oil jet-lubricated ball bearings. In the context
of TRBs, Maccioni et al. (2023b) conducted a combined nu-
merical and experimental study on a TRB (32208), providing
a detailed breakdown of the contributions of individual bear-
ing components to the overall PLBo .

Hoeprich (2005) conducted an experimental investigation
on grease behavior in TRBs using nine different grease for-
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mulations (different combinations of thickeners and oil vis-
cosities) at rotational speeds of 1800 and 3600 rpm. Grease
film thickness was measured using an infrared (IR) tech-
nique, and bearing temperatures were recorded to assess ther-
mal performance. The results indicated that higher-viscosity
greases contributed to more thermally stable operating con-
ditions, as evidenced by reduced temperature rise. In another
experimental study, Gao et al. (2022a) examined the thermal
characteristics of a railway double-row TRB under varying
rotational speeds. It was found that the temperature differ-
ence between the inner and outer rings diminished as the ro-
tational speed increased, suggesting improved thermal equi-
librium. Complementing these experimental studies, Li et al.
(2022) and Zhu et al. (2022) employed CFD simulations to
analyze the thermal and lubrication behavior of double-row
TRBs during lubrication loss scenarios and investigated the
influence of rib structures on oil flow dynamics.

Based on the study performed by Ishaq Khan et al. (2025),
it was found that most experimental and numerical studies
have been limited to oil-lubricated single-row TRB. Fur-
thermore, the TRBs that were studied had an outside di-
ameter (OD) less than 300 mm. No comprehensive study
has been reported for grease-lubricated double-row TRB at
such a large scale. It is also worth mentioning that the sim-
ulation models developed in the above studies employed a
symmetry-based approach – simulating only a single sector
and extrapolating the results to represent the entire bearing
– except for the work by Concli et al. (2020). The use of
geometric symmetry is often a valid simplification in CFD
modeling of rolling element bearings, particularly when the
bearing is perfectly aligned with the gravitational accelera-
tion, the load is uniformly distributed, and there is no external
tilt or misalignment. Under such conditions, each sector of
the bearing experiences nearly identical lubrication behavior,
and simulating a single sector with periodic boundary condi-
tions provides an accurate and computationally efficient rep-
resentation of the entire bearing. However, the use of sym-
metry is not always valid – particularly in wind turbine main
bearings, where the bearing is typically tilted to promote uni-
form load distribution, leading to sector-dependent variations
in lubrication dynamics (Loriemi et al., 2021).

The present research was conducted in collaboration with
a wind turbine manufacturer to investigate lubrication be-
havior in a full-scale, grease-lubricated, double-row TRB in-
stalled as the main bearing in a direct-drive wind turbine. The
bearing under study features a structural tilt of 5° towards
the main-frame side (MFS) relative to the vertical axis, a
configuration specifically implemented to improve load dis-
tribution. A comprehensive CFD model was developed us-
ing the open-source platform OpenFOAM® to simulate the
multiphase grease–air interactions within the bearing under
realistic operating conditions. All boundary conditions and
operational parameters – including rotational speed, tilt, and
grease fill levels – were defined based on specifications and

guidance provided by the industrial partner, ensuring that the
simulation closely reflects actual field conditions.

In the light of this, the primary objectives of this study are
as follows:

1. to develop a novel, full scale, multiphase, 3D CFD
model in OpenFOAM® environment for tilted double-
row TRB;

2. to predict grease distribution across the bearing geome-
try during rotation, including zones that may experience
lubricant starvation over time;

3. to assess the effectiveness of different initial grease fill
rates under realistic gravitational and tilt conditions –
information that can directly support maintenance plan-
ning and design of relubrication strategies;

4. to evaluate seal pressure under various conditions to as-
sess the risk of grease leakage, which is a key concern
in operational reliability.

The remainder of this paper is organized as follows. Sec-
tion 2 outlines the methodology adopted for the development
of the CFD model. This includes the creation of the compu-
tational mesh, definition of boundary patches and conditions,
selection of an appropriate multiphase solver, the implemen-
tation of realistic operating parameters, and the experimental
validation of the model. Section 3 presents the simulation re-
sults and discussion, focusing on grease distribution across
the bearing under various fill ratios, lubricant fluxes, and seal
pressure evaluation. Finally, Sect. 4 concludes the study by
summarizing the key findings and highlighting their impli-
cations for bearing design and maintenance in wind turbine
applications.

2 CFD model development

2.1 Geometry of double-row TRB

The development of the CFD model for the 415132191

double-row TRB started from the detailed study of its geom-
etry. The main components of the bearing are rollers, cage,
seal, inner raceway, and outer raceway. The 3D CAD model
of the bearing is shown in Fig. 1a and the main components
are highlighted in the section view of the bearing as shown
in Fig. 1b. Each row consists of 65 identical sectors making a
total of 130 similar sectors. The roller was scaled down by a
factor of 0.98 about its center of gravity to increase the clear-
ance between the roller and raceways. This adjustment facil-
itated the creation of a more uniform, and high- quality mesh
near the wall boundaries, thereby avoiding extreme aspect ra-
tios, highly skewed cells, and triangular-based cells without
altering the global lubrication behavior under investigation
(Maccioni et al., 2025). The key geometric specifications of
the bearing are listed in Table 1.

1This number represents the bearing reference code.
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Figure 1. 41513219 double-row TRB: (a) 3-D CAD model, (b) section view with major components highlighted.

Table 1. Key geometric parameters of the bearing.

Parameter Value

Type Double-row TRB
Outer diameter 1780 mm
Bore diameter 1370 mm
Pitch diameter 1566 mm
Total width 276 mm
Mean diameter of roller 68 mm
Length of roller 63 mm
Number of rollers (total) 130
Contact angle (α) 45°
Cone angle (γ ) 5.7°

2.2 Meshing of double-row TRB

2.2.1 Meshing of a half-sector

The mesh was generated using the blockMesh utility in
OpenFOAM®. Since the bearing contains 65 rollers in each
row, it comprises 65 identical sectors. Initially, the mesh was
created for a half-sector of the bearing to facilitate structured
mesh generation. This half-sector was divided into seven par-
titions along the lateral direction (Fig. 2a), while the frontal
face was segmented into 23 parts following a specific pat-
tern (Fig. 2b). This pattern was consistently applied across
all seven lateral partitions, enabling creation of a high-quality
structured mesh. Hexahedral blocks were employed to ensure
high numerical accuracy (Maccioni et al., 2023b), with each
block consisting of eight vertices and spanning the width be-

tween adjacent partitions. A total of 123 hexahedral blocks
were constructed for this half-sector.

2.2.2 Meshing of full bearing

The creation of the mesh for the entire bearing presented sig-
nificant challenges. The first major issue stemmed from the
fact that the bearing consists of 65 sectors – an odd num-
ber. As a result, a simple mirroring approach was not viable,
since mirroring would produce an even number of sectors
(e.g., 64), leaving the 65th sector unaccounted for. Creating
the final sector manually and attempting to stitch it to the ex-
isting mesh carried a high risk of misalignment at the inter-
face, potentially compromising mesh quality and numerical
accuracy.

The second challenge was related to the scale and com-
plexity of the bearing. Due to the large number of cells in-
volved – on the order of millions – it was impractical to man-
ually define all vertices, blocks, and arc segments directly in
OpenFOAM® using the blockMeshDict file. OpenFOAM®

does not automatically generate vertices: each one must be
explicitly declared. To address both of these issues, a custom
MATLAB® script was developed to parametrize the geome-
try and automate the generation of vertices, blocks, and arcs.
This approach ensured consistency, accuracy, and scalability
in the mesh generation process.

The previously created half-sector mesh served as the ref-
erence, which was rotated through 360° around the bearing
axis (x axis) to construct the complete bearing mesh. The
rotation was performed in the y–z plane using a standard ro-
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Figure 2. Structured mesh of the half-sector: (a) lateral view, (b) frontal view.

tation matrix as shown in Eq. (1).

Rx =

1 0 0
0 cosα −sinα
0 sinα cosα

 (1)

In this context, α represents the rotation applied to each
vertex of the half-sector mesh. Since each bearing row con-
sists of 65 identical sectors, the angular width of each sector
is

α =
360°
65
= 5.53°. (2)

Each vertex is represented by a 3D coordinate vector as

v=

xy
z

 . (3)

The script first created the second half of the initial sector
by mirroring the z coordinates of the original vertices with
respect to the x–y plane, while keeping the x and y coordi-
nates unchanged. This resulted in two adjacent half-sectors
forming one complete sector within the same row, symmet-
rically reflected across the x–y plane.

To complete a full 360° rotation and generate the mesh
for the entire bearing, the coordinates of each vertex of this
sector were rotated by 5.53° in successive steps around the
bearing axis in the y–z plane. For the second sector, the ver-
tex coordinates from the first sector were rotated by 5.53°.
For the third sector, the output coordinates from the second
sector were again rotated by the same angle, and so on. This
recursive approach ensured that each sector was generated
based on the immediately preceding one, simulating a cumu-
lative rotation through the full circular geometry. However,
certain vertices lying along the boundaries between adjacent

sectors were common across sectors due to their symmetry.
It is important to note that OpenFOAM® treats vertices with
different names as distinct, even if they occupy the same spa-
tial location. This behavior can result in mesh discontinuities
at sector interfaces. To preserve mesh continuity and avoid
duplicate nodes at shared locations, the script reused these
boundary vertices from the previous sector instead of cre-
ating new ones. This transformation was implemented via
matrix-vector multiplication, as shown below:

v(k)
j =


v(k−1)
j , if v(k)

j is a shared vertex

from sector k− 1
Rx(α) · v(k−1)

j , otherwise

. (4)

Each transformation was executed in the script using a nested
for loop, which iterated over all sectors, thereby con-
structing the complete mesh for 65 sectors within a single
bearing row.

The bearing consists of two rows that are mirror images of
each other. This symmetry was used to create the second row.
To use the mirror utility, .stl files were created in order to
keep the patches for the second row as well. The first row was
then mirrored through symmetry. This automated and para-
metric approach enabled the generation of a high-resolution,
structured hexahedral mesh for the full double-row tapered
roller bearing geometry. The total cell count reached approxi-
mately 12.5 million. The grid for the full geometry is demon-
strated in Figs. 3 and 4.

2.2.3 Patches of the modeled bearing

The mesh was divided into multiple regions by defining
patches. Patches are collections of boundary faces that repre-
sent specific regions within the computational domain. Ap-
propriate boundary conditions (BCs) were then applied to
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Figure 3. Grid visualization of patches: Rollers and Cages.

Figure 4. Grid visualization of patches: InnerRing, InletOutlet Ro-
tor, and OuterRing.

these patches according to the physical conditions. In this
study, the entire mesh of the double-row TRB was divided
into several patches as shown in Fig. 5a.

Each roller in the left and right rows was defined as a sepa-
rate patch. The rollers in the left row are shown in red, while
those in the right row are shown in green. The right and left
cages are displayed in blue and brown, respectively. The “In-
letOutlet Rotor” patch is shown in purple, the “InnerRing”
in yellow, while the “OuterRing” is depicted as transparent.
Three additional patches – namely, InletOulet Stator, PRES-
SURE, and WALLS – were defined to ensure appropriate
pressure BCs within the fluid domain (Fig. 5b). It is worth
noting that in Fig. 5, two different meshes were used (Fig. 5a
and b). This is because the mesh containing the dynamic
parts of the bearing (Fig. 5a) needs to move according to the
kinematics that will be described in the following sections,
whereas the mesh shown in Fig. 5b remains static. The two
meshes communicate through two arbitrary mesh interfaces
(AMIs), that is, non-conformal interfaces across which the
flow fields are exchanged. These are the InletOutlet Rotor
interface within mesh (Fig. 5a) and the InletOutlet Stator in-
terface within mesh (Fig. 5b). The inclusion of the external

Figure 5. (a) Patches corresponding to bearing components. Veloc-
ity BCs applied to each patch are cyclicAMI (InletOutlet Rotor),
movingWallVelocity (Cage_R), conicalWallVelocity (Roller_R),
rotatingWallVelocity (OuterRing), conicalWallVelocity (Roller_L),
and movingWallVelocity (Cage_L). (b) Additional patches defined
for imposing pressure BCs. Velocity BCs for these patches are zero-
Gradient (PRESSURE), fixedValue (WALLS), and cyclicAMI (In-
letOutlet Stator).

mesh (Fig. 5b) is necessary because the bearing contains a
channel that is typically used for grease refilling during main-
tenance and remains open to ambient pressure during opera-
tion. This channel, where the PRESSURE patch is defined, is
located above the bearing and can be considered unaffected
by the grease flow during rotation. However, even though this
channel is not directly influenced by lubricant motion, it was
included in the model to provide the system with a consistent
pressure reference.

2.2.4 Key parameters of mesh quality

The mesh created for the full bearing was further check for
its quality. The utility named checkMesh in OpenFOAM®

used for this purpose. The aspect ratio – defined as the ratio
of the longest side of a cell to the shortest – had a maxi-
mum value of 13.968, which is considered acceptable for a
complex geometry such as a large-size bearing; values ex-
ceeding 20 may lead to interpolation errors and numerical
instability. Cell skewness is a measure of how much the cell
deviates from ideal shape. A value of more than 4 may cause
numerical errors during simulation. Non-orthogonality is a
measure of angle between the normal of face and vector con-
necting the center of neighboring cell. If the maximum non-
orthogonality is more than 70°, it may cause instability in
simulation. The face volume ratio is the measure of the dif-
ference in volumes of adjacent cells. Abrupt changes in the
volume of cells in the mesh can lead to numerical errors.
The average value close to 1 shows an excellent mesh qual-
ity (OpenFOAM® Foundation, 2024). The key parameters of
mesh quality for single sector and full bearing models are
listed in Tables 2 and 3, respectively.
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Table 2. Key parameters of mesh quality of single sector.

Parameter Value

Points 109 849
Faces 301 245
Internal faces 273 543
Cells 95 798
Max cell openness 6.45338e− 16
Max aspect ratio 13.35
Max skewness 2.3730
Max non-orthogonality 65
Average face volume ratio 0.926

Table 3. Key parameters of mesh quality for full bearing.

Parameter Value

Points 13 891 995
Faces 38 814 880
Internal faces 35 907 560
Roller faces (each) 6864
Cage faces (each) 400 010
Inner raceway faces 629 460
Outer raceway faces 464 880
InletOutlet faces 120 640
Cells 12 453 740
Max cell openness 5.34177e− 16
Max aspect ratio 13.968
Max skewness 2.37913
Max non-orthogonality 65
Average face volume ratio 0.926

2.3 Governing equations

2.3.1 CFD governing equations

Two fundamental laws of conservation were solved in this
study, i.e., the law of conservation of mass (continuity equa-
tion) and the law of conservation of momentum (Navier–
Stokes equation). The fluid domain was considered isother-
mal; therefore, the energy equation was not solved in the
model. Continuity equation for incompressible flow is shown
as Eq. (5) and in expanded form in Eq. (6):

∇ ·u= 0, (5)
∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0, (6)

where u is the velocity vector. Navier–Stokes equation for
incompressible and non-Newtonian fluid is shown as Eq. (7):

ρ

(
∂u

∂t
+ (u · ∇)u

)
=−∇p+∇ · τ + ρg+F, (7)

where ρ is the fluid density, u is the velocity vector, τ is
the stress tensor (includes pressure and viscous stress), ρg
represents body forces like gravity, and F includes additional
external forces.

2.3.2 Volume of fluid model

In this study, the interaction between grease and air inside the
bearing is modeled using the volume of fluid (VoF) approach
implemented in OpenFOAM®. This method is particularly
suitable for tracking the interface between the two immisci-
ble phases – grease and air – while preserving volume con-
servation and capturing interface dynamics.

The volume fractions of grease (αgrease) and air (αair) sat-
isfy the relation:

αgrease+αair = 1, (8)

and are used to compute phase-averaged properties such as
density, for example:

ρavg = αgrease · ρgrease+αair · ρair. (9)

This formulation enables smooth interpolation of physical
properties across the grease–air interface and is critical for
resolving free surface evolution under tilt and rotation effects
in the bearing cavity.

2.3.3 Kinematics of TRB

The kinematics of key components, i.e., rollers, cage, and in-
ner and outer raceways, play an important role in the CFD
modeling of TRB. In the kinematics of a TRB, contact angle
(α), roller mean diameter (dR), pitch radius (Dp/2), and ro-
tational directions of shaft speed (ωS), roller speed (ωR), and
cage speed (ωC) play a significant role.

Contact angle (α) is the angle between the bearing axis and
roller axis. In TRBs, the rollers are cone-shaped with a def-
inite cone angle (γ ) and their axes intersect the bearing axis
at a common point known as the apex point. This geometric
design ensures pure rolling motion of the rollers and facili-
tates a uniform distribution of radial and axial loads. For a
double-row TRB, two apex points opposite to each other are
present, each for its respective row. Equations (10) and (11)
show that the rotational speed of cage (ωC) and rollers (ωR)
can be expressed in terms of these geometric parameters (dR,
Dp, and α) and shaft rotational speed ωS (Maccioni et al.,
2023a).

ωC = ωS ·
1
2

(
1−

dR

Dp
cosα

)
(10)

ωR = ωS ·
1
2

{
Dp

dR

[
1−

(
dR

Dp
cosα

)2
]}

(11)

ωS is considered the input velocity. Inner raceway rotates
with the same velocity as ωS while the outer raceway is sta-
tionary.

2.3.4 Lubrication model

In this study, grease is used as a lubricant. Grease is a non-
Newtonian fluid exhibiting complex behavior under varying
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Table 4. Properties of grease at 25 °C.

Property Unit Value

Density kgm−3 930
Kinematic viscosity m2 s−1 0.0016
Yield stress Pa 210.1345
Consistency index Pa sn 31.5743
Flow index (n) – 0.6626
NLGI grade – 1

shear rates. At low shear rates, the viscosity of grease is high
and behaves as a solid up to its yield point. At high shear
rates, viscosity decreases and grease begins to flow. This be-
havior is called shear thinning, and can be witnessed from the
experimental data for the grease used in this study as shown
in Fig. 6a.

In the present study, grease is modeled as a homogeneous
non-Newtonian fluid using the Herschel–Bulkley formula-
tion, which captures its shear-thinning and yield stress behav-
ior (Pirro and Wessol, 2004). This simplification allows us to
focus on the global flow and distribution characteristics of
grease within the bearing and neglects inhomogeneities such
as aging or phase separation. The Herschel–Bulkley model is
represented as Eq. (12):

τ = τy +Kγ̇
n, (12)

where τ is the shear stress, τy is the yield stress,K is the con-
sistency index, γ̇ is the shear rate, and n is the flow behav-
ior index. τy , K , and n were determined from experimental
data using the concept of curve fitting. MATLAB® script was
developed in which sum of squared errors method was im-
plemented to calculate these parameters. Experimental data
and calculated data were in strong agreement with each other
as shown in Fig. 6b. The full set of determined rheological
parameters, i.e., τy = 210.1345 Pa, K = 31.5743 Pa sn, and
n= 0.6626, was incorporated directly into the CFD solver.
Thus, the complete constitutive definition of grease was used
in the simulations, ensuring that its non-Newtonian charac-
teristics were fully represented.

Some important physical properties of the grease used in
this study are listed in Table 4.

2.4 Boundary conditions (BCs)

The interaction of the fluid with the boundaries of the do-
main in CFD analysis is defined by BCs. Therefore, appro-
priate BCs play a significant role in accurately replicating the
physical conditions in the CFD environment. In this paper,
the most appropriate BCs for velocity, relative pressure, and
grease volume fraction were applied to respective patches as
shown in Table 5.

Rigid mesh motion (RMM) model was implemented to en-
sure the mesh rotation around the bearing axis as single, un-
deformable entity. In the present study, the mesh rotational

speed was set to the same rotational speed as that of the cage.
Therefore, movingWallVelocity BCs were applied to cage to
ensure zero relative velocity (no slip) between walls of cage
and mesh. The rotatingWallVelocity BCs were applied to in-
ner ring and outer ring. Inner ring was rotated around a fixed
axis (bearing axis) with the same rotational speed as that of
shaft, whereas, outer ring was set as stationary. In the 360°
model, the cage was divided into two separate patches cor-
responding to both the rows of the bearing, and the bound-
ary conditions were applied separately to each. The inner
ring and outer ring were each treated as single continuous
patches covering both rows of the bearing, and their respec-
tive boundary conditions were imposed uniformly over the
entire surfaces. The conical rollers exhibit combined motion,
i.e., spinning about their own axis (dynamic axis) and ro-
tating around the bearing axis (fixed axis). To replicate this
complex combination of motion, a new custom BC, named
conicalWallVelocity was applied to each roller in both the
rows, as their own axes of rotation were unique. The zero-
Gradient BCs corresponded to the conditions where the re-
spective variables were not changing in perpendicular direc-
tion to the boundary faces. Non-conformal faces with differ-
ent mesh structures were connected via cyclicAMI (Arbitrary
Mesh Interface) BCs. Gravitational effects are significant and
are taken into account in this study. Since the bearing is tilted,
the components of gravitational acceleration are resolved ac-
cordingly and applied to the bearing.

2.5 Solver setup

In this study, the case was considered multiphase, incom-
pressible, laminar, and isothermal. The flow velocities in-
volved in target domain are significantly lower than speed
of sound; therefore, grease and air phases were treated as
incompressible. The most appropriate solver available in
OpenFOAM® is interFoam for solving these conditions. This
solver uses the VoF model to solve multiphase flows, and
hence it was used in the present study. The numerical stabil-
ity, convergence, and computational efficiency were ensured
by limiting the Courant number (Co) to less than 1. A first-
order implicit Euler scheme was used for time discretization,
whereas a Gauss gradient scheme was used for computing
spatial gradients.

2.6 Experimental setup and validation of model

To validate the numerical model, experiments were first con-
ducted using a custom-designed test rig at the Machine Ele-
ments, Gears and Tribology (MEGT) laboratory, as shown
in Fig. 7. The test rig consisted of a hydrostatic friction-
less support bearing, a horizontal shaft, thermocouples for
temperature monitoring, an electric motor, locking assem-
blies, a loading module, and the test bearing. The test bear-
ing was subjected to an axial load of 3.7 kN to ensure proper
roller kinematics, prevent roller skidding, and maintain sta-
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Figure 6. Illustrating shear thinning behavior of the grease (at 25 °C) used in this study: (a) experimental data, (b) curve-fitted data.

Table 5. Boundary conditions (BCs) applied.

Patch U [m s−1] p [Pa] p_rgh [Pa] α [–]

RollerL[1-65] conicalWallVelocity zeroGradient zeroGradient zeroGradient
RollerR[1-65] conicalWallVelocity zeroGradient zeroGradient zeroGradient
InnerRing rotatingWallVelocity zeroGradient zeroGradient zeroGradient
OuterRing rotatingWallVelocity zeroGradient zeroGradient zeroGradient
Cage_L movingWallVelocity zeroGradient zeroGradient zeroGradient
Cage_R movingWallVelocity zeroGradient zeroGradient zeroGradient
InletOutlet Rotor cyclicAMI cyclicAMI cyclicAMI cyclicAMI
InletOutlet Stator cyclicAMI cyclicAMI cyclicAMI cyclicAMI
PRESSURE zeroGradient fixedValue fixedValue inletOutlet
WALLS fixedValue zeroGradient zeroGradient zeroGradient

ble rolling conditions during the experiments. A high-speed
camera was installed to capture the real-time evolution of the
grease film inside the bearing through direct optical access to
the bearing interior.

The validation experiments were performed using a
32224-XL TRB (key geometric parameters in Table 6). The
bearing was operated at a rotational speed of 500 rpm, while
the grease temperature was 25 °C. A grease filling ratio cor-
responding to 25 % of the total bearing volume was applied
prior to the experiments. During operation, the high-speed
camera recorded the temporal evolution of the grease film
and lubricant distribution inside the bearing for subsequent
comparison with the numerical predictions.

Figure 8 shows the initial grease filling condition inside the
bearing. The thick black fluid visible in Fig. 8a represents the
grease in the experimental setup. In the experimental images,
the red-highlighted regions indicate the observed grease film,
as shown in Figs. 8–12.

After one complete rotation of the inner ring, the grease
distribution recorded by the high-speed camera is presented
in Fig. 9a. A thicker grease film is observed in the upper
and lower regions of the bearing, as indicated by the dotted

Table 6. Key geometric parameters of the test bearing (32224-XL).

Parameter Value

Type Single-Row TRB
Outer diameter 215 mm
Bore diameter 120 mm
Pitch diameter 168 mm
Total width 61.5 mm
Mean diameter of roller 24 mm
Length of roller 40 mm
Number of rollers 20
Contact angle (α) 11.59°
Cone angle (γ ) 4°

red lines, suggesting localized grease accumulation in these
regions. This behavior indicates the initial redistribution of
grease caused by roller-induced shear and circumferential
transport within the bearing cavity. Figure 10a illustrates the
grease distribution after two complete rotations of the inner
ring, where grease accumulation is predominantly observed
within the lower half of the bearing. The observed downward
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Figure 7. Test rig used for the experiments at the MEGT laboratory: (a) 3-D CAD model, (b) experimental setup photograph.

migration of grease can be attributed to the combined effects
of gravity and the progressive displacement of lubricant by
the rotating rollers. After the third and fourth rotations, the
grease progressively spreads throughout the entire bearing,
as clearly shown in Figs. 11a and 12a. This behavior suggests
the formation of a more distributed grease film resulting from
continuous churning, roller–raceway interaction, and lubri-
cant recirculation within the bearing.

The experimentally observed grease flow behavior was
subsequently reproduced using CFD simulations for valida-
tion purposes. The same bearing configuration and operating
conditions used in the experiments were implemented in the
numerical model, including the rotational speed, grease fill-
ing ratio, and grease temperature. Although the geometry of
the validation bearing differs from that of the wind turbine
main bearing investigated in this study, both configurations
are TRBs and therefore exhibit similar rolling kinematics and
grease transport mechanisms. The objective of the validation
is therefore not to demonstrate complete geometric similarity
but rather to verify the capability of the proposed numerical
framework to reproduce the dominant grease redistribution
mechanisms under comparable local geometric and dynamic
conditions.

To support this comparison, two local geometric parame-
ters governing grease transport were evaluated. The circum-
ferential packing density of the rolling elements is defined
as

8r =
NrowdR

πDp
, (13)

where Nrow is the number of rollers in one row, dR is the
mean roller diameter. This parameter represents the fraction

of the pitch circumference occupied by the rolling elements
and therefore characterizes the periodic passages available
for grease transport. In addition, the normalized radial posi-
tion of the roller row is expressed as

5p =
Dp−Di

Do−Di
, (14)

where Di and Do denote the bore and outer diameters, re-
spectively. This parameter describes the relative radial loca-
tion of the rolling elements within the bearing envelope and
is relevant to the confinement of the lubricant.

The corresponding geometric similarity parameters are
summarized in Table 7. Although the two bearings differ
significantly in their overall dimensions, the circumferential
packing density and the normalized radial position are in
close agreement. This suggests that the local geometric fea-
tures governing grease transport are well represented in the
validation bearing, thereby supporting its suitability for as-
sessing the grease redistribution mechanisms investigated in
the present study.

Dynamic similarity was assessed using both the Reynolds
and Froude numbers. The Reynolds number was calculated
as

Re =
UcdR

ν
, (15)

where Uc is the cage translational velocity, and ν is the kine-
matic viscosity of the grease. The Froude number was calcu-
lated as

Fr =
Uc
√
gdR

, (16)
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where g is the gravitational acceleration. The Reynolds
numbers are approximately 28.4 for the validation bearing
and 29.5 for the wind turbine main bearing, indicating that
both configurations operate within a comparable Reynolds-
number regime and therefore exhibit a similar balance be-
tween inertial and viscous forces. The Froude numbers are
1.43 and 2.32 for the validation and wind turbine bearings,
respectively. The difference in Froude number reflects the
substantially different bearing size and operating speed of
the two configurations. Nevertheless, the comparable local
geometric characteristics together with the similar Reynolds-
number regime indicate that the dominant grease transport
mechanisms are well represented by the validation bearing.

The computational mesh for the 32224-XL TRB was gen-
erated using the blockMesh utility in OpenFOAM®. The
CFD-predicted grease distributions corresponding to the ex-
perimental operating conditions are shown in Figs. 8b–12b.
After the first rotation of the inner ring, the numerical model
predicts localized grease accumulation within the upper and
lower regions of the bearing, consistent with the experimen-
tally observed grease redistribution shown in Fig. 9a. After
two rotations, the CFD results reproduce the predominant
grease accumulation within the lower half of the bearing, in-
dicating the combined influence of gravity and roller-induced
lubricant displacement. Following the third and fourth rota-
tions, the numerical model captures the progressive spread-
ing and recirculation of grease throughout the bearing cavity,
in good agreement with the experimental observations. Over-
all, the qualitative comparison between the numerical and ex-
perimental results demonstrates strong agreement in the evo-
lution and spatial distribution of the grease film, thereby sup-
porting the validity of the proposed modeling approach.

It should be noted that the present experimental validation
is limited to the transient evolution and spatial distribution
of the grease film qualitatively. The experiments validate the
capability of the proposed CFD model to reproduce the ob-
served grease redistribution behavior.

2.7 Simulated operating conditions

In this study, the grease filling ratio within the bearing was
varied while keeping the rotational speed and other operat-
ing conditions constant. It is important to note that when
the bearing is initially installed in the wind turbine, it is
fully flooded with grease. However, during operation, grease
continuously exits through the outlet ports. Although a re-
lubrication pump supplies fresh grease to the bearing, the
grease filling ratio remains below 50 % of the total volume
for most of the operational period. Therefore, the selected
grease fill ratios were provided by the industrial partner, re-
flecting practical operating scenarios. These conditions are
summarized in Table 8. The rotational speed chosen corre-
sponds to the rated speed of the wind turbine. All simula-
tions were carried out for one full rotation of the cage due
to computational resource limitations, utilizing 24 cores of

a high-performance computing (HPC) cluster. One full rota-
tion of the cage corresponds to approximately 7.1 s of sim-
ulated time at the rated operating speed. The simulation of
this interval required about 35 d of wall-clock time for a sin-
gle run.

The grease filling ratio for Simulation 3 (21 % of the bear-
ing volume) is considered the most critical condition, as it
represents the lowest practical grease level. This level lies
just below the outlet port, beyond which the grease volume
cannot further decrease due to the port’s positioning. This
outlet port is closed during operation; therefore, it has not
been modeled.

To gain further insight into understanding the behavior of
grease within the bearing, an additional simulation was per-
formed to examine the grease settling behavior after the bear-
ing rotation stops following operation. The simulation was
carried out for operating conditions, i.e., 45 % filling ratio,
0 rpm, and a temperature of 40 °C. The grease distribution af-
ter one complete rotation of cage was taken from the results
of simulation 1. At this point, the bearing was brought to a
stop (0 rpm), and the grease temperature was maintained at
40 °C. The system was then monitored to observe the redis-
tribution of grease as it gradually settled back toward its pre-
rotation state. These operating conditions were designed to
replicate a real-world scenario, such as a wind turbine shut-
down, to assess how long it would take for the grease to mi-
grate back to the lower region of the bearing under gravity-
driven effects.

3 Results and discussion

3.1 Grease distribution

In this study, the grease filling ratios were kept below 50 %
of the total volume of the bearing’s lubricating chamber to
better represent critical operating conditions. The total vol-
ume of bearing’s lubricating chamber is 0.035 m3. Figure 13
depicts the respective grease filling ratios for the three simu-
lations.

The grease distribution inside the bearing after one com-
plete rotation of the cage is shown in Fig. 14. As observed
in Fig. 14, the upper region of the bearing exhibits signs of
grease starvation, with noticeably less lubricant compared to
the lower region for all the three grease filling ratios. This
phenomenon is attributed mainly to the influence of gravity.

The disparity in grease distribution is further illustrated in
Fig. 15, which provides a clearer comparison between the
top and bottom sections for the three simulations. For 45 %
grease filling ratio (Fig. 15a), the wetted volume of the upper
part of the bearing is 0.004 m3, whereas the lower part has
a wetted volume of 0.011 m3 – approximately 41 % greater
than that of the upper region. For 35 % grease filling ratio
(Fig. 15b), the wetted volume of the upper part of the bear-
ing is 0.003 m3, whereas the lower part has a wetted volume
of 0.009 m3 – approximately 36 % greater than that of the up-
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Table 7. Comparison of geometric and dynamic similarity parameters between the test bearing and the wind turbine main bearing.

Parameter 32224-XL Main bearing

Circumferential packing density, 8r 0.909 0.898
Normalized radial position, 5p 0.505 0.478
Reynolds number, Re 28.4 29.5
Froude number, Fr 1.43 2.32

Figure 8. Initial grease filling ratio: (a) experimental, (b) numerical model.

per region. For 21 % grease filling ratio (Fig. 15c), the wetted
volume of the upper part of the bearing is 0.001 m3, whereas
the lower part has a wetted volume of 0.006 m3 – approxi-
mately 25.6 % greater than that of the upper region.

The tilt of the bearing also influences the grease distri-
bution behavior. To analyze this effect, the two rows of the
bearing were separated, and the corresponding grease distri-

bution was captured for each filling ratio as shown in Fig. 16.
The total volume of the lubrication chamber for each row is
0.017 m3. After one complete rotation of cage, the wetted
volume in the MFS row is 0.009 m3, whereas the hub side
(HS) row has a wetted volume of 0.007 m3 for 45 % grease
filling ratio (Fig. 16a). This indicates that the MFS row re-
tains approximately 8.5 % more grease than the HS row. For
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Figure 9. Grease distribution after one rotation of inner ring: (a) experimental, (b) numerical model.

Table 8. Simulated operating conditions.

Simulation Shaft rotational Grease filling
speed (rpm) ratio

1 17.5 45 %
2 17.5 35 %
3 17.5 21 %

35 % ratio, the wetted volume in the MFS row is 0.007 m3,
whereas the HS row has a wetted volume of 0.005 m3 in-
dicating approximately 7.9 % more grease in the MFS row
(Fig. 16b). Similarly for 21 % grease filling ratio, the dif-
ference between the wetted volume in MFS and HS row is
6.53 % (Fig. 16c). The results of grease distribution by vol-
ume (m3) are summarized in Table 9.

Figure 17 illustrates the asymmetric distribution of grease
over time. Initially, both rows exhibit equal grease occu-
pancy, as the local stresses remain below the grease yield
stress, causing it to behave like a solid, while the bearing
tilt of 5° alone is insufficient to induce flow. However, once
rotation begins, the grease volume in the MFS row (i.e., the
row toward which the bearing is tilted) gradually increases,
accompanied by a corresponding decrease in the HS row.
This behavior can be attributed to the influence of centrifugal
forces, which drive the grease radially outward. Due to the
bearing tilt, this outward flow is biased toward the MFS row,
resulting in a pressure build-up in that region. This pressure
build up gives rise to an interesting phenomenon of grease
redistribution that begins to occur after a certain period of
time shown in Fig. 17. As the pressure in the MFS row in-
creases, a sufficient pressure gradient is established between
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Figure 10. Grease distribution after two rotations of inner ring: (a) experimental, (b) numerical model.

the two rows. This gradient drives the grease back toward
the HS row, counteracting the centrifugal bias. Eventually,
a steady state is reached in which a dynamic equilibrium
exists between the centrifugal-driven flow and the pressure-
induced backflow. At this stage, the net grease flow between
the rows becomes negligible and the grease distribution sta-
bilizes. This redistribution process and the resulting equi-
librium are quantitatively captured by the grease occupancy
evolution shown in Fig. 17, which provides a clear measure

of the redistribution dynamics. In addition, Fig. 18 presents
the grease occupancy in each row, normalized with respect to
the corresponding initial grease occupancy. Specifically, for
each row, the grease volume at a given time is divided by the
initial grease volume in that same row, which is taken as the
reference value; this normalization is applied independently
for each grease filling ratio. This normalization highlights
the extent of asymmetric grease distribution between rows
for each grease filling ratio. This indicates that asymmetric

Wind Energ. Sci., 11, 3427–3454, 2026 https://doi.org/10.5194/wes-11-3427-2026



M. Ishaq Khan et al.: Grease behaviour in a tilted wind turbine bearing 3441

Figure 11. Grease distribution after three rotations of inner ring: (a) experimental, (b) numerical model.

grease distribution tends to become more pronounced as the
grease filling ratio decreases. At lower grease volumes, the
grease is more susceptible to centrifugal forces, which pref-
erentially bias its migration toward the MFS row.

Figure 19 illustrates the temporal evolution of the grease
film angle (θ ) for three different grease filling ratios. The an-
gles are measured with respect to the bottommost part of the
bearing (i.e., θ = 0°), and represent the extent to which the
grease progresses toward the topmost region (θ = 180°) un-

der rotation. The initial grease levels in the rotating direction
(positive x axis) are approximately 82, 62, and 36° for the
45 %, 35 %, and 21 % filling ratios, respectively. The wet-
ted surfaces were evaluated using the information provided
by VoF model. In particular, the VoF formulation supplies
both the grease volume fraction, αgrease, which describes the
local phase distribution within each computational cell, and
the direction of the grease–air interface through the gradi-
ent of the volume fraction field. Exploiting this informa-
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Figure 12. Grease distribution after four rotations of inner ring: (a) experimental, (b) numerical model.

tion, the grease-covered area on each cell face was estimated,
enabling the reconstruction of the wetted area on the rele-
vant boundary surfaces. These quantities were subsequently
used in a post-processing step to distinguish and quantify the
boundary regions in contact with grease from those exposed
to air.

Figure 19a presents the grease film evolution on the MFS
inner raceway. It is evident that, for all three filling ratios, the
grease film progresses up to the topmost region of the bear-
ing. However, the time required to reach this position varies
with the filling ratio, with higher ratios achieving full cover-
age more rapidly. The corresponding distribution on the HS
inner raceway is shown in Fig. 19b. In this case, the 45 % and
35 % filling ratios allow the grease film to reach the top re-
gion, similar to the MFS. However, for the 21 % filling ratio,
the grease front diminishes significantly and fails to reach
the upper portion, indicating a thinning film and potentially
inadequate lubrication in this area.

Figure 19c shows the grease progression on the MFS outer
raceway. Only the 45 % filling ratio provides sufficient grease

volume to reach the topmost section. For the 35 % and 21 %
cases, the upper region remains starved. This behavior can be
attributed to the fact that the outer raceway is stationary and,
therefore, does not contribute to the centrifugal transport of
grease. As a result, the grease tends to remain with the rotat-
ing inner raceway and rollers, limiting its migration toward
the outer raceway – especially under low grease volumes. Fi-
nally, Fig. 19d illustrates the HS outer raceway. In this case,
none of the three filling ratios succeed in delivering grease
to the top region, leaving it starved throughout the simula-
tion. This consistent starvation across all cases emphasizes
the asymmetric grease distribution resulting from the bear-
ing’s tilt and the centrifugal-biased flow towards the MFS
side.

It is important to note that in cases where the grease fails
to reach the topmost region, the limited amount of grease
causes the front to gradually disappear over time. After a cer-
tain point, the grease becomes too sparse to form a continu-
ous layer, instead breaking into small dispersed droplets. As
a result, it is not possible to extract a well-defined angle of
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Figure 13. Grease filling ratios: (a) 45 %, (b) 35 %, and (c) 21 % of the total volume of bearing’s lubricating chamber (images were captured
as viewed from MFS).

Figure 14. Grease distribution after one rotation of cage: (a) 45 %, (b) 35 %, and (c) 21 % grease filling ratios.

progression beyond this stage. Therefore, data beyond this
point were excluded from the graph, as no coherent front ex-
ists to track angular progression reliably. The bump observed
only for the 45 % filling ratio on the outer raceway reflects a
sensitive regime characterized by transient grease accumula-
tion and redistribution.

3.2 Fluxes

Figures 20 and 21 illustrate the velocity fields in cross-
sectional slices taken from planes perpendicular to the bear-
ing axis for the MFS and HS rows, respectively. The velocity
field is shown only in grease-dominated regions by apply-
ing a grease volume fraction threshold of αgrease of 0.5 or
above in the cell. The figures reveal clear differences in the
spatial distribution and intensity of grease motion between

https://doi.org/10.5194/wes-11-3427-2026 Wind Energ. Sci., 11, 3427–3454, 2026



3444 M. Ishaq Khan et al.: Grease behaviour in a tilted wind turbine bearing

Figure 15. Illustration of comparison of grease distribution in top and bottom part of the bearing after one rotation of cage: (a) 45 %, (b)
35 %, and (c) 21 % grease filling ratios.

Table 9. Summary of grease distribution by volume (m3).

Simulation Initial grease Grease volume (m3) Grease volume (m3) Grease volume (m3) Grease volume (m3)
volume (m3) in top part after in bottom part after in MFS row after in HS row after

rotation rotation rotation rotation

1 0.016 0.004 0.011 0.009 0.007
2 0.012 0.003 0.009 0.007 0.005
3 0.007 0.001 0.006 0.004 0.003

the different filling ratios. Higher velocities are observed pri-
marily in regions adjacent to the roller surfaces, highlighting
the dominant role of squeeze-induced motion, while grease
adhering to the inner and outer raceways satisfies the no-slip
boundary condition. With increasing filling ratio, the extent

of regions exhibiting significant grease motion increases, in-
dicating enhanced internal grease flux within the bearing.

The pumping effect induced by the rollers, resulting from
their tapered geometry, is the displacement of grease in a fa-
vorable direction. Figures 22 and 23, corresponding to the
MFS and HS rows, respectively, show the axial velocity field
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Figure 16. Illustration of grease distribution in MFS and HS row after one rotation of cage: (a) 45 %, (b) 35 %, and (c) 21 % grease filling
ratios.

in grease-dominated regions. Owing to the tapered geome-
try, one side of each roller exhibits axial velocity towards the
bearing bore, while the other side shows axial velocity away
from bearing bore, leading to an asymmetric axial velocity
distribution.

On the MFS (Fig. 22), negative axial velocity indicates
flow away from bearing bore, whereas positive axial veloc-
ity represents flow towards bearing bore. On the HS, the sign
convention is opposite (Fig. 23), where positive axial veloc-
ity represents flow away from bearing bore, while negative
axial velocity represents flow towards bearing bore. In the
regions between the rollers, the grease displays coherent ax-
ial velocities with a consistent directional bias. Since these
regions are not directly attached to the roller surfaces, the ob-
served motion cannot be explained solely by local displace-
ment effects. Instead, it indicates a preferential axial trans-
port of grease, supporting the presence of a pumping ten-
dency arising from the tapered roller geometry and the im-
posed kinematics. This bidirectional flow pattern highlights

the role of tapered rollers (pumping effect) in driving lubri-
cant circulation across the bearing rows.

3.3 Pressure fields

The pressure field developed due to grease flow over the
roller surfaces and inner raceway is illustrated in Fig. 24.
Higher pressure regions are observed in areas with greater
lubricant accumulation which is evident from Fig. 24. For
45 % grease filling ratio (Fig. 24a), the pressure developed in-
side the bearing is higher as compared to 35 % and 21 % fill-
ing ratios (Fig. 24b and c, respectively). Notably, steep pres-
sure gradients occur near the contact interfaces between the
rollers and raceways, which can be attributed to the squeez-
ing effect of the lubricant in these narrow gaps. Similar pres-
sure profiles were found by Maccioni et al. (2023a) in their
study.

The pressure distribution on the bearing seals is of particu-
lar importance, as it directly affects the potential of lubricant
leakage. The threshold of the pressure for the seal of bearing
under investigation is 0.5 bar. Figure 25 presents the pressure
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Figure 17. Illustration of asymmetrical grease occupancy as a percentage of lubrication chamber volume of each row w.r.t. time: (a) 45 %,
(b) 35 %, and (c) 21 % grease filling ratios.

Figure 18. Illustration of asymmetrical normalized grease occupancy within each row w.r.t. time: (a) 45 %, (b) 35 %, and (c) 21 % grease
filling ratios.

profiles on both the MFS and HS seals for the three grease
filling ratios. The left column corresponds to the MFS seal,
while the right column shows the HS seal. It is evident that
the pressure on the seals is highest for the 45 % grease fill-
ing ratio (Fig. 25a), followed by 35 % and 21 % (Figs. 25b
and c respectively), indicating that increased grease volume
leads to greater sealing pressure and potentially a higher risk

of leakage. Figure 26 presents the temporal evolution of the
maximum total pressure acting on the seals for the different
grease filling ratios. The reported pressure corresponds to the
total pressure experienced by the seals, including hydrostatic
as well as rotational (centrifugal and dynamic) contributions.
For all filling ratios, the pressure initially decreases as the
grease redistributes within the bearing during the early stages
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Figure 19. Illustration of the temporal distribution of the grease within the range of 0°≤ θ ≤ 180°: (a) MFS inner raceway, (b) HS inner
raceway, (c) MFS outer raceway, and (d) HS outer raceway.

of rotation. When the grease reaches the top region and sub-
sequently starts its downward motion, the pressure increases
due to the combined effects of grease accumulation toward
the bottom region of the bearing and dynamic contributions,
with hydrostatic and inertial pressure contributions acting to-
gether to support the load. The magnitude of the maximum
seal pressure increases with grease filling ratio; however, this
increase remains smooth and does not exhibit any over-linear
amplification. Importantly, in all cases the maximum pres-
sure remains well below the sealing pressure limit of 0.5 bar,
indicating that seal integrity is maintained and that pressure-
driven leakage is unlikely for the investigated operating con-
ditions.

3.4 Grease settling behavior

Another important aspect of the lubrication phenomenon in-
side the bearing is the settling behavior of grease after the
bearing stops rotating. To investigate this, a dedicated simu-

lation was performed following the operational scenario de-
scribed in Sect. 2.7.

The grease distribution across the top and bottom sections
of the bearing after 40 s is illustrated in Fig. 27, and the tem-
poral evolution of the settling process is presented in Fig. 28.
It is observed that approximately 98 % of the grease volume
settled back to the lower region of the bearing within 40 s.
It is worth noting that at 40 °C, the kinematic viscosity of
the grease decreases to approximately 470 mm2 s−1, which
is considerably low for grease. This significant reduction in
viscosity facilitates a much faster settling of the grease within
the bearing.
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Figure 20. Illustration of velocity fields in MFS row after one rotation of cage: (a) 45 %, (b) 35 %, and (c) 21 % grease filling ratios.

Figure 21. Illustration of velocity fields in HS row after one rotation of cage: (a) 45 %, (b) 35 %, and (c) 21 % grease filling ratios.
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Figure 22. Illustration of axial velocity fields in MFS row after one rotation of cage: (a) 45 %, (b) 35 %, and (c) 21 % grease filling ratios.

Figure 23. Illustration of axial velocity fields in HS row after one rotation of cage: (a) 45 %, (b) 35 %, and (c) 21 % grease filling ratios.
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Figure 24. Illustration of pressure fields in rollers and inner raceway after one rotation of cage (steep pressure gradients near the contact
surfaces): (a) 45 %, (b) 35 %, and (c) 21 % grease filling ratios.

4 Conclusions

The primary objective of this study was to develop a full-
scale CFD model of a tilted 41513219 double-row TRB to
analyze in detail the behavior of a non-Newtonian lubricant
– specifically, grease – under various operating conditions.
An extensive 3D hexahedral mesh of the entire bearing ge-
ometry was generated in OpenFOAM® using a parametric
approach implemented through a custom MATLAB® script.

The rollers were scaled down by a factor of 0.98 to prevent
the formation of highly skewed cells near the roller–raceway
edges. The final mesh comprised approximately 12.5 million
cells. A VoF model was employed to accurately capture the
interface between grease and air. Grease was treated as a ho-
mogeneous non-Newtonian fluid, with its complex rheolog-
ical characteristics represented using the Herschel–Bulkley
formulation.
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Figure 25. Illustration of pressure fields in MFS (left) and HS
(right) seals: (a) 45 %, (b) 35 %, and (c) 21 % grease filling ratios.

The developed CFD model successfully captured key lu-
brication characteristics by simulating bearing behavior at
three different grease filling ratios. A detailed analysis of
grease distribution within the bearing enabled the identifi-
cation of critical zones (upper region) prone to grease starva-
tion. The imposed bearing tilt resulted in asymmetric grease
distribution between the two rows, leading to greater lubri-
cant accumulation in the MFS row compared to the HS row.
Grease fluxes were investigated, revealing both a pumping
effect induced by tapered rollers and a squeezing action near
the roller-raceway contacts, which together govern lubricant
transport within the bearing. Seal pressures were also evalu-
ated to assess the potential risk of grease leakage. The seal of
this bearing is designed to withstand a maximum pressure of
0.5 bar. Higher grease filling ratios increase both the pressure
magnitude and the spatial extent of the maximum pressurized
regions at the seal. The simulated seal pressure is well below
this limit.

Figure 26. Temporal evolution of the maximum total pressure act-
ing on the MFS and HS seals: (a) 45 %, (b) 35 %, and (c) 21 %
grease filling ratios.
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Figure 27. Illustration of grease settling behavior for 45 % filling ratio at 40 °C: (a) top part and (b) bottom part.

Figure 28. Illustration of grease settling behavior for 45 % filling
ratio at 40 °C w.r.t. time (s).

In this study, simulations were conducted for varying
grease filling ratios. The developed model can also be ex-
tended to simulate different operating conditions, such as
variations in rotational speed and grease rheological prop-
erties. Overall, the developed model provides a robust
framework for analyzing lubrication behavior in large-scale
double-row TRBs and serves as a valuable tool for optimiz-
ing lubrication system design which includes inlet–outlet po-
sitions, number of inlets–outlets, and flow rates of lubricant.

This model can serve as a preliminary screening tool in the
presence of seal leakages to evaluate whether pressure rise
effects are a plausible cause. A state of the art test rig specif-
ically designed for the main bearings of the wind turbine is
in the developing stage which will further enhance the depth
of understanding regarding lubrication physics involved in
large-size double-row TRBs.
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