N
N

N

HAL

open science

Validation and application of a numerical approach for

the estimation of drag and churning losses in high speed
roller bearings

Wenjun Gao, Yaguo Lyu, Zhenxia Liu, Daniel Nelias

» To cite this version:

Wenjun Gao, Yaguo Lyu, Zhenxia Liu, Daniel Nelias.
approach for the estimation of drag and churning losses in high speed roller bearings. Applied Thermal

Engineering, 2019, 153, pp.390-397. 10.1016/j.applthermaleng.2019.03.028 . hal-03336830

HAL Id: hal-03336830
https://hal.science/hal-03336830
Submitted on 22 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Validation and application of a numerical


https://hal.science/hal-03336830
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S1359431118316922
Manuscript_fa310619f50b92¢87347a0661ff9d016

Validation and application of a numerical approach for
the estimation of drag and churning losses in high speed
roller bearings

Wenjun GAO®P* Yaguo LYU?, Zhenxia LIU?, Daniel NELIASP

@School of Power and Energy, Northwestern Polytechnical University, Xi’an, China
bUniv Lyon, INSA-Lyon, CNRS, UMR5259 LaMCoS, F-69621, France

Abstract

A numerical-based model is proposed to estimate drag and churning losses
in high speed roller bearings, which is caused by the rotation and translation of
the rollers in the fluid environment inside the bearing. Three existing models for
the total hydraulic loss prediction are used to validate the numerical approach,
including the SKF model, the Palmgren model, and the Parker model. After
that, the validated model is employed to analyze drag and churning losses of
counter-rotating roller bearings, having obvious advantage over the other three
models. Results show that the numerical model is close to the Parker model and
partly similar with the SKF model if the supply of the lubricant oil is sufficient.
And the estimated result by the Palmgren model is always the lowest. For the
counter-rotating roller bearing, it is demonstrated that the drag and churning
losses are rather serious due to its two rings rotating together, and they are
related to the bearing supporting design. This is of importance for the intershaft
supporting application in turbine engine where precise lubricating system design
is a big challenge.
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1. Introduction

In a rotating machinery system like turbine engine, roller bearings play a
key element since they support rotating shafts and rotors. Understanding heat
generation mechanisms is a major issue for high speed roller bearings (such
that Ndm > 10°) in consideration that additional heat generation and higher
temperature due to excessive power losses within the bearing adversely impact
its contact fatigue and scuffing failure modes [1]. In addition, the bearings
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. The amount of heat generated also dictates the quantity of lubricant
oil required, as well as the capacity of the total lubrication system [2].

For the roller bearing, a small part of the oil is used to lubricate the contact
zone and most of the oil is used to take away the heat. Larger amounts of
oil can definitely enhance the heat dissipation. However, the increase of oil
supply leads to larger capacity pumps and a higher power loss of the engine.
Further, the oil also acts as a heat source for high speed application, named
as the windage drag and churing losses, which may constitute a relatively large
portion of the bearing’s total power loss (up to 50% for high speed applications).
These losses are caused by a host of factors as a result of oil/air drag force and
churning moments on the bearing element’s surface [3]. 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. Those stresses are exerted contrary to
the rolling direction of the element and form the drag force [4]. 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.

While there have been a large body of work dealing with mechanical friction
losses in roller bearings [5, 6], there are only a few studies available on modeling
the drag and churning losses, or named hydraulic losses. For drag force, Harris

used the result of one isolated element in an infinite medium, which is two-
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dimensional and ignored the effect of all surroundings [7]. This model is too
simplified to represent the real bearing configuration. For churning moments,
the various approaches used could only provide a rather gross approximation,
only to establish general trends in a parametric design study [8, 9]. And in
view of the complicated internal geometry of the bearing and the operating
environment, it is impossible to distinguish these two contribution of hydraulic
losses by experimental tests [10]. So that both the effects of drag and churning
are merged to one viscous or load-independent torque in many existing bearing
friction models, where the Palmgren model and the SKF model are the most
used. Besides, Parker employed the model in the program SHABERTH for the
viscous loss calculation, to predict thermal performance of bearings.

In addition, for the drag and churning losses investigation, there is an as-
sumption used that all bearing elements are completely submerged in a uniform
fluid. However, for most bearing applications, only a small fraction of the bear-
ing cavity is filled with the oil [11]. To solve this problem, in most bearing
simulation tools, an empirical adjustment factor is used to simply adjust the
applicable fluid density [12]. To improve the predicting performance, Parker de-
veloped an equation to predict the oil volume percent inside the bearing cavity,
despite the model he used to calculate the viscous loss is from Harris, which has
been proven to be too simplified [13].

In the last years, the authors proposed several formulas for the drag force and
churning moments prediction in roller bearings, based on a series of numerical
investigation [14, 15]. In addition, an equation is derived to estimate the oil
volume fraction inside the bearing with under-race lubrication, based on the
oil/air two-phase flow simulation. It is defined as a function of oil flow rate, oil
property and rotating speeds. In this article, these numerical-based formulas
are employed to predict the drag and churning losses in roller bearings, and the
results are compared with three existing hydraulic losses prediction models to
verify its capability, e.g. Palmgren model, SKF model, and Parker model. Then
the validated numerical model is applied to predict drag and churning losses in

a special counter-rotating roller bearing, which is beyond the capacity of the
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three existing models.

2. Existing hydraulic losses prediction models

There have already been quite a few investigations of bearing friction torque
[16]. Palmgren [17] presented a bearing model of friction torque and divided it
into load-independent torque and load-dependent torque. SKF presented their
model of bearing power loss by experimental fitting and gave some recommended
values for the parameters in their equations [18]. These models come from plenty
of experimental studies and the results have been reduced to a simple model,
in which the hydraulic losses or load-independent losses are accounted as a
seperated part.

Palmgren model

According to Palmgren, the bearing friction torque is divided into two parts
which are load-independent friction torque and load-dependent friction torque.
After converting the units of load-independent friction torque from kg/mm to
N/m, the equation of load-independent friction torque of the bearing when

lubricated by oil is shown in Equation 1.

Mo = 1.5572 x 10~ fopdy;,  if™2 <2x107° 0
My = 9.81 x 1073 fopdS, (%)% if% > 2 x 107

Then the method of Palmgren was used by Harris but the values of param-

eters were updated.

M, =107 f,(von)3d3, wvon > 2000 o)
M, =160 x 1070 fod3,  wvon < 2000
Where vy is the kinematic viscosity, ¢St; n is the bearing rotating speed,
rpm; d,, is the pitch diameter of the bearing, mm; f; is the factor depending
on bearing design and lubricating method in Palmgren model (for cylindrical
roller bearing = 2 — 3) and Harris model (for cylindrical roller bearing = 2.2 —
4).
SKF model



According to SKF, the friction torque of bearings can be divided into four
parts. Load-independent friction torque can be divided into friction torque of
seals and friction torque of drag losses, churning, splashing etc. Load-dependent
friction torque can be divided into rolling friction torque and sliding friction

o torque. And the hydraulic losses (named drag loss by SKF) could be calculated

as following.

d2
Marag = 4x 1073V Ko Cyy Bdn? +1.093 x 10*1%2@("’7”"%)*1-379133 (3)
KiKz(d+D)_ 1,
Koy = —————21 4
oll D4 0 (4)
Cp = 2.789 x 1071973, — 2.786 x 107*1% + 0.01951p + 0.6439 (5)
K.B
Ip=5 dfw (6)
sin(0.5t)  when 0 <t <
fe= (7)
1 when ™ <t < 2w
R, = 0.36d2,(t — sint) fa (8)
0.6d,, — H
t= 2608_1(W) When H > dy,, use H=d,, 9)
Kz(D+d)
=0.05—2——— 1
fa=0.05—F— (10)

Where H is the oil level for the bearing with oil bath lubrication, while for
oil jet lubrication, H is at half of the diameter of the lowest rolling element and
M gyag should be multiplied by a factor of two.
% It should be emphasized that in the two models above, the effect of the oil

volume flow rate is not considered and the bearing is regared as full-lubricated.
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Theoretically, with more oil flow rate, the oil phase volume fraction inside the
bearing cavity is higher, with more windage drag and churning losses.

Parker model

Parker [13] deduced an equation to calculate the oil percent volume in bear-
ing cavity based on a range of experimental tests. The computer program
SHABERTH was used to calculate the thermal performance of three selected
ball bearings for the comparison [12]. The oil volume fraction was derived as a
function of lubricant flow rate, shaft speed, and bearing pitch diameter.

0.37

w
XCAV =10.0 x 106W (11)

Where W is the inlet oil flow, cm?®/min, n is the inner shaft speed, rpm, and
d is the bearing pitch diameter, mm. Depending on the oil/air volume ratio
inside the bearing cavity, the effective density and viscosity of the equivalent

fluid could therefore be expressed as

Perf = (Poir X oilvolume + pgir X airvolume)/totalvolume

oilvolume

= Poil X = Poil X XCAV

totalvolume

Peff = (Hoi X oilvolume + pqr X airvolume)/totalvolume

oilvolume

= foil X = Hoil X XCAV

totalvolume

In the progarm SHABERTH, all hydraulic losses are named drag loss and

accounted by the model of one isolated element in an uniform fluid.

1
F, = 5CdlpVQA (12)

Where F,. is the drag force, N, p the mass density of the fluid, kg/m3, V
the velocity at which the body is traveling, m/s, and A the frontal area of the
body to the flow direction, m?. Here the drag coefficient Cy plays a dominant

part in the drag force calculation, as a function of the Reynolds number, both
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Figure 1: Drag coeflicient of the isolated sphere and cylinder [20]

for a smooth cylinder and a smooth sphere, as shown in Fig. 1 [19]. Since
all the analysis are performed using MIL-1.-23699 type lubricants, the Parker
model should not be used with lubricants whose properties vary significantly

from MIL-L-23699.

3. Numerical-based drag and churning losses model

Thanks to the development of computer science and computational fluid
dynamics (CFD) [21], the numerical simulation is becoming an increasingly
approach that can help the investigtaion in drag and churning losses in roller
bearings [22]. The authors analyzed numerically one configuration with several
in-line finite-length circular cylinders sandwiched by two flat walls, with periodic
boundary conditions (Fig. 2) [14], which represents a simplified approach close
to the real bearing. Different factors, e.g. roller rotational speed, roller orbital
speed, fluid properties, and roller geometry parameters, are studied to verify
their effects to the drag and churning losses.

Drag force on the roller

For the drag force acting on the roller in bearings, a simple expression for

the drag coefficient versus the Reynolds number is as shown below [15], based
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Figure 2: Geometry and boundary conditions in the numerical investigation
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Figure 3: Drag coefficient of the roller in bearings as a function of the Reynolds number

on the line in the Fig. 3.

F,
Ca = 2pV2A

= 35.02 x Re~ %989 1. 0.05975 (13)

Churning moments on the roller
Based on the numerical data, two individual formulations are proposed to
135 evaluate churning moment components on the roller cylindrical surface and two
circular ends, respectively. For either the cylindrical surface or the free end, the
moment is combined with two parts, the static component (Mg, Mco) which
is caused by the roller rotating, and the dynamic component (M., M.s) as a

result of the roller orbiting along the runway [14]. For the churning moment on
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the cylindrical surface,

M. = M.+ M (14)

The static component is from Rumbarger [12], and the most important factor

is the calculation of friction wall shear stresses on the element surface.

MCO = TACT (15)

where A, is the surface area and r the reference radius from the center of

rotation. The wall shear stress, 7, is given by:

1
"= U (16)

with p the mass density; U the mass average velocity of the fluid; and f the

friction factor which is defined for vortex turbulent flow (for T'a > 41):

f Ta\ ¢ 539474
— =13(—)" 17
L6 (1)
where T'a = %\/% is the Taylor number, and f;, = 16/Re the laminar friction
factor when Re < 2500.

The dynamic component is developed from the numerical simulation about

the interaction between the fluid and the rollers (Fig. 4).

My = CespVwAr?n®®®, Coy = 30.745 (18)

And the formula of churning moment on the roller end should be

My = Mgy + Mes (19)

The static component is from von Karman [8], characterized by the flow over

a disk rotating in a fluid initially at rest.

1
Mgy = §C€0pw2r5 (20)
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3.87/Re%?
where C),, =

0.146/Re"-2

if Re < 300,000

if Re > 300,000

And the dynamic component could be expressed by an equation of the form:

M., = CesprAer2,u0'6O3, Cos =4.174
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Oil volume fraction inside the bearing cavity

The above formulas are obtained in a one-phase environment, whereas the
fluid inside the bearing cavity is oil/air mixture and its equivalent fluid proper-
ties should be based on the oil volume fraction.

For the oil/air two phase flow inside the bearing cavity, the CLS-VOF
method for multiphase flow is conducted to track the oil behavior in a con-
figuration with the whole bearing components and oil supplying system, and to
quantify the influence of various factors on the oil distribution [23]. The lubri-
cant oil used is respected to the MIL-1.-23699 type and the air is regarded as
ideal at atmospheric pressure. The finite volume method is used to discretely
solve the governing equations with the code ANSYS Fluent. To model the effect
of turbulence in a high-speed rotating condition, the k — e renormalization group
(RNG) turbulence model is employed in the numerical investigation. A more
detailed discussion about the numerical method could be found in the reference
[24]. In the numerical model, the clearance between the roller and raceway is
enlarged three times of the radial clearance of the bearing, to avoid bad mesh
quality [22, 25, 26]. Hence, the pumping action of the rollers is ignored. It’s
found that the oil distribution along the bearing circumference is not uniform
(Fig. 5), whereas a formula to estimate the average oil volume fraction in the
bearing with under-race lubrication could finally be obtained (with oil injection
velocity 20 m/s). It is found that not only the inner ring rotating, but the cage
orbiting, the outer ring rotating, and the relative rotating between the inner
ring and the cage could change the average oil volume fraction in the bearing,

as shown in the Fig. 6.

(w; — 0.1972w,.¢) 12 W0-5,

XCAV = 2.58 x 10*
X @ T wo) (@i + 1768w )dLT

(22)

Where w;, w,, w, are the inner ring, outer ring and the cage rotational speed,
respectivly, rpm. wy. is the inner ring-cage relative speed, rpm. W is the oil
volum flow, em?/min. pu is the oil dynamic viscosity, Pa.s. And d,, is the

bearing pitch diameter, mm.

11


Wenjun GAO
高亮


Figure 5: Oil volume fraction distribution along the bearing circumference with under-race
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Figure 6: The average oil volume fraction as a function of the inner ring-cage relative speed
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Table 1: Roller bearing specifications

Pitch diameter (mm) 48.5
Bearing width (mm) 14
Number of rollers 16
Roller diameter (mm) 7.14
Roller length (mm) 10
Radial clearance (pm) 80

With the formulas for drag force and churning moments calculation in roller
bearings, and the oil volume fraction predicting equation, the total drag and

churning losses in roller bearing with under-race lubrication could be obtained.

4. Example drag and churning losses analysis

According to the equations in frame of reference about drag and churning
losses analysis method used by Palmgren, SKF and Parker, and the method de-
veloped by the authors based on the numerical investigation, functions are built
for each model. To validate the accuracy of the proposed numerical drag and
churning losses prediction method, results of these four models are calculated
and compared. The cylindrical roller bearing specification used for the analysis
is listed in Table 1. The lubricant oil used here is respected to the MIL-L-23699
type lubricant oil with a popular trade name Mobile Jet 2. Respectively, the
lubricant oil density is 976 kg/m? and the viscosity is 0.018 kg/(m.s). The oil
is supplied through the inner ring and the oil injection velocity is 20 m/s. The

calculation results will be presented in detail.

4.1. Bearings with inner ring rotating

The three existing models (Palmgren, SKF, Parker) were built according

to a series of experimental tests for bearing with inner ring rotating, having a

13
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certain accuracy for its specific operating conditions. For example, the SKF
model is developed for bearings lubricated by the oil bath method, partially
submerged or, in special situations, completely submerged. Despite the effect
of oil volume flow rate is not considered, it could be assumed that the bearing
is full-lubricated or, excessive-lubricated.

The effect of bearing rotating speed

The bearing rotating speed has a very significant effect on the roller bearing
power loss so that drag and churning losses changing with the rotating speed
are analyzed first. Fig. 7 illustrates the calculation results of different drag
and churning losses prediction models. The oil volume flow rate is set as 2000
em?3/min and the inner ring rotating speed ranges from 2000 to 80000 rpm. It
could be found that the SKF model gets the largest predicted hydraulic losses
and Palmgren model is the lowest for most inner ring rotating speeds. This
results correspond with the fact that the bearing in the SKF model is assumed
to be full-lubricated. Noting when the bearing rotating speed reaches up to
80000 rpm, the oil flow rate 2000 cm?/min is not enough for lubricating. Thus
the SKF model has the largest predicted value. In addition, the numerical
model results match well with the Parker model, which is proposed from the
comparison of bearing thermal performance over a range of test conditions. This
demonstrates that the numerical model is reliable and valuable in terms of the
total drag and churning losses prediction.

If we increase the oil volume flow rate up to 3000 cm?/min, as shown in
Fig. 8, only the results of the Parker model and numerical model could be
changed, which take this factor into account. For the bearing rotating speed
from 2000 rpm to 80000 rpm, results of the SKF model, Parker model and
numerical model are similar, and larger than that of the Palmgren model. In
this condition, the bearing is regarded as sufficient-lubricated. If the oil volume
flow rate is increased further to 4000 em?/min, as shown in Fig. 9, the bearing
is over-lubricated and the result of the numerical model is obviously larger than
the other three models. It means that larger amounts of lubricant oil flow can

definitely lead to larger heat generation.

14
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Figure 7: Hydraulic losses from different models at different inner ring rotating speed (Oil

flow rate 2000 cm? /min
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Figure 8: Hydraulic losses from different models at different inner ring rotating speed (Oil

flow rate 3000 cm?/min)

15



235

240

245

250

—SKF model

20 ——Palmgren model
—Parker model

——Numerical model

Power losses (kw)

0 20000 40000 60000 80000 100000
Inner ring rotating speed (rpm)

Figure 9: Hydraulic losses from different models at different inner ring rotating speed (Oil

flow rate 4000 cm? /min)

The effect of the oil flow rate

Now that a large amount of oil volume flow leads to a higher power loss and
too small oil flow may cause a lubrication failure, a sufficient assessment of the
lubricated bearing is of particular importance. Fig. 10 shows results of these
four models with a fixed bearing rotating speed 72200 rpm, as a function of the
oil volume flow rate. The SKF model and Palmgren model are constant which
are regarded as full-lubricated by default. The results of the Parker model and
the numerical model are close and increase obviously with the increase of the
oil flow rate.

Based on the above analysis, it is demonstrated that the numerical model for
drag and churning losses estimation in roller bearings is reliable and reasonable.
The predicted result of the SKF model is usually a little too high while the
Palmgren model is always too low. For the Paker model, its result is close to
the numerical one, but it can’t distinguish the drag and churning effects, and
it can’t be used directly for the counter-rotating roller bearing with under-race
lubrication.

As shown in the Fig. 11, the total hydraulic losses, caused by the roller

rotating and translating in the fluid environment, are contributed by three parts,

16
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Figure 10: Hydraulic losses from different models at different oil flow rate (Inner ring rotating

72200 rpm)

drag loss, churning loss on the cylindrical surface, and churning loss on the free
end. The churning loss on the cylindrical surface takes the most proportion of
the total hydraulic losses and the other two parts only take a small percentage.
This is disagreed with the previous research which named the total hydraulic

losses as drag loss.

4.2. Counter-rotating roller bearings

Advanced engine configuration studies have shown large advantages for en-
gine with counter-rotating spools with intershaft counter rotating roller bearings
[27]. Whereas a severe challenge is met for its thermal behavior analysis using
traditional methods [28]. For example, with the additional rotating of the outer
ring, the SKF model and the Palmgren model fail and the oil volume fraction
inside the bearing cavity can’t be estimated by the Parker formula. Since the ef-
fect of the outer ring rotating is considered in the numerical model formulation,
it could be used directly for the drag and churning losses prediction in counter
rotating roller bearings with under-race lubrication.

The effect of rotating speeds

Fig. 12 presents different parts of the hydraulic losses in roller bearing with

17



270

275

280

285

——Drag loss

20 ——Churing loss on cylindrical surface

—— Churning loss on the free end
16 |——Total hydraulic losses

Power losses (kw)
%

0
0 1000 2000 3000 4000 5000
Oil volume flow rate (cm3/min)

Figure 11: Partial of hydraulic losses at different oil flow rate (Inner ring rotating 72200 rpm)

different outer ring rotational speeds. The inner ring rotational speed is 28000
rpm and the oil volume flow rate is 2000 ¢m?®/min. The rotating direction
of the rings is adverse. It could be found that the lines are seperated to two
regimes when going from 0 to large outer-ring rotational speed. In the low
speed range, the average oil volume fraction inside the bearing decreases slowly,
while churning losses increase quickly. The drag loss reduces as a result of the
decrease of the cage speed. When the outer ring rotating speed is about 21000
rpm, the drag loss may even disappear with a hovering cage [29].

In the high speed range, the cage rotates in the outer ring’s direction and
the relative inner ring-cage speed increases, leading to a dramatic decrease of
the oil volume fraction. Though all bearing components rotating speeds become
quicker, the total hydraulic losses reduce. It may be confirmed that the bearing
is poor-lubricated in this range. In most counter rotating conditions, the bearing
hydraulic losses are higher than that with only inner ring rotating.

In addition, in turbine engine there are two kinds of inter-shaft bearing
mounting configurations, named the natural arrangement and the inverted one
[30], as shown in Fig. 13. The former supports the high speed rotor on the outer
ring and the low speed shaft on the inner ring, while the latter is opposite. To

present the difference of these two configurations, another condition is analyzed

18
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Figure 12: Partial of hydraulic losses with different outer ring rotating speeds (Inner ring

rotating 28000 rpm)

with different inner ring rotating speeds, as shown in Fig. 14 . The outer
ring rotating speed is fixed to 28000 rpm and the oil volume flow rate is 2000
em3 /min.

It could also be found that, the lines are also seperated to two regimes
obviously. In the low speed range, the oil volume fraction increases when the
inner ring rotating speed is lower than 38000 rpm. After that, the cage rotating
direction changes and begins to increase, resulting in the decrease of the oil
volume fraction. The total hydraulic losses keep to increase during all this
process.

The effect of the oil flow rate

Fig. 15 shows the total hydraulic losses and average oil volume fraction with
different oil volume flow rate, in the natural configuration and the inverted one,
respectively. The two rings’ rotating speed combination is 28000/10000 rpm.
For the natural configuration, with a higher outer ring rotating speed, the cage
rotates in the outer ring’s direction, which increases the relative inner ring-
cage speed, being against to the oil volume fraction. The lower oil distribution
inside the bearing leads to a lower hydraulic losses for the bearing in the natural
configuration. However, it should be drawed attention whether the bearing is

sufficient lubricated and cooled or not, with complete thermal analysis of the
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bearing.

If the bearing rotating combination is changed to 28000,/20000 rpm, as shown
in Fig. 16, it is illustrated that the loss difference between the two configurations
decreases as a result of the reduce of the rotating speed difference. The average

oil volume fraction is still a key element in determining the total hydraulic losses.

5. Conclusions and future work

In this paper an investigation is made in order to validate the numerical
model for the estimation of drag and churning losses in high speed roller bear-
ings, which is developed by the authors in previous research. Three existing
models, e.g. the SKF model, the Palmgren model and the Parker model, are
used here for the validation. Due to coming from experimental tests, the three
existing models are reliable for their specific conditions. So that in the first step,
the total drag and churning losses (or named hydraulic losses) for the bearing
with only inner ring rotating are calculated and results of all four models are
compared. Results demonstrate that the numerical model agrees well with the
Parker model for most calculated conditions, and is close to the SKF model only

if the bearing is full-lubricated. Noting that the oil flow rate is not considered
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in the SKF model and the Palmgren model. In addition, the numerical model
could distinguish different contributions of the hydraulic losses, unlike the other
three models.

Then the numerical model is employed to estimate drag and churning losses
in counter rotating roller bearing with under-race lubrication, which is beyond
the capacity of the other three models. Results show that churning loss on the
roller cylindrical surface takes the most part of the total hydraulic losses, while
the drag loss occupies a rather small proportion. Compared with the inverted
configuration with faster-rotating inner ring, the losses of the bearing in the
natural configuration is smaller, with relative lower average oil volume fraction
inside the bearing. This work proposes an effective method for the drag and
churning losses estimation for high speed roller bearings, especially for intershaft
supporting bearings in modern multi-shaft turbine engine.

Our ongoing studies on this topic focuses on the complete thermal analysis
of roller bearings, taking account the entire power losses, as well as heat transfer
between different components and the oil system. An experimental equipment
will be built to verify the difference between the natural configuration and the

inverted one.
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