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a b s t r a c t

The second part of the study presents an extensive campaign of experimental tests in an FZG test rig. An
average coefficient of friction between meshing gears was devised from the experimental results. Several
aspects regarding the meshing gears power loss are discussed such as gear loss factor, coefficient of
friction and the influence of gear oil formulation (wind turbine gear oils).

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the first part of this work, a rolling bearing torque loss model
was calibrated for TBB (thrust ball bearings – 51107) and RTB
(cylindrical roller thrust bearings – 81107 TN) and for several wind
turbine gear oil formulations. The model was then applied with
success to predict the torque loss in gearbox rolling bearings, in
particular those used in the FZG machine slave and test gearboxes.

The second part of this work is dedicated to the analysis of the
friction torque loss in helical gears lubricated with the same wind
turbine gear oils used in Part I, under oil jet lubrication at 80 1C.

In this part, tests performed with a FZG test machine will be
presented and discussed. The tests allow to validate the lubricant
parameter determined for each wind turbine gear oil and pre-
sented in [1].

The authors calculate the meshing gear power loss considering
an average coefficient of friction along the path of contact. For such
situation the gear loss factor have a significant influence in the
quantification of meshing gears power loss. So, the gear loss factor
will be discussed and a method validated for a wide range of gear
geometries will be also presented and discussed.

2. Gearbox power loss model

The power losses occurring in a gearbox are generated through
different mechanical sources [2]. In this work the loss sources that

were considered are represented in Fig. 1. Take note that the gears
losses are divided into load dependent (PVZP) and load indepen-
dent losses (PVZ0).

2.1. No-load gears power loss

Depending on the input power and speed, lubricant character-
istics, and gearbox design, the no-load gear power losses usually
are a very important source of energy dissipation. Due to an
almost infinite combination of gearbox design choices and operat-
ing conditions, it is very difficult to develop a simple and general
formulation to evaluate these power loss mechanisms.

Since the main objective of this work was to measure and
predict accurately the friction torque loss in the meshing gears, the
no-load gear power loss was determined experimentally for each
operating speed and gear oil formulation, at the operating tem-
perature of 80 1C, using a special testing procedure.

The overall torque loss in the slave and test gearboxes of the
FZG machine were measured at very low input torque (FZG load
stage 1) and for a wide range of operating speeds. Under these
conditions the friction power loss in the meshing gears was
assumed to be null. Thus, for any input torque (load stage i) the
overall power loss is given by the following equation:

Pi
V ¼ Pi

VZ0þPi
VZPþPi

VLþPi
VD ð1Þ

For load stage 1 (low input torque, TW ¼ 4:95 Nm) Eq. (1)
becomes

P1
V ¼ P1

VZ0þP1
VZPþP1

VLþP1
VD ð2Þ

The term PV
1 is determined experimentally at load stage K1.
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As the concept suggests, the no-load gears losses are indepen-
dent of the load which gives the following equation:

Pi
VZ0 ¼ P1

VZ0 ¼ PVZ0; 8 i ð3Þ
For load stage 1 it was assumed that

P1
VZP � 0 ð4Þ

since the corresponding meshing torque loss (TVZP1 ) at the operat-
ing speed is lower than the precision of the torque cell (ETH
Messtechnik DRDL II) used to measure the overall torque loss in
the slave and test gearboxes of the FZG machine.

The power loss in the rolling bearings (PVL1 ) of the slave and test
gearboxes are calculated using the model developed in Part I of
this work.

The power loss in the seals is evaluated using Eq. (5) given in
Ref. [4] by Freudenberg and is independent of the load applied:

Pi
VD ¼ P1

VD ¼ PVD; 8 i ð5Þ
Finally, for any load stage 1 Eq. (1) becomes

P1
V ¼ PVZ0þP1

VLþPVD ð6Þ
Thus with the Eq. (7) is possible to determine the no-load gears

loss (PVZ0),

PVZ0 ¼ P1
V �P1

VL�PVD: ð7Þ

2.2. Load dependent power loss in meshing gears

Ohlendorf [5] introduced an approach for the load dependent
losses of spur gears. The power loss generated between gear tooth
contact can be calculated according to Eq. (8),

PVZP ¼ PINHVμ ð8Þ
where HV represents the gear loss factor which is determined
according to Eq. (9), and assuming that the coefficient of friction
ðμmZÞ is constant along the path of contact. In fact, this is a
simplification of the problem.

2.2.1. Gear loss factor (HV)
Eq. (8) can be used to calculate the average friction power loss

between gear teeth, given the correct gear loss factor HV. Despite

considering βb, Eq. (9) initially proposed by Ohlendorf [5] is mostly
valid for spur gears [1]:

Hohl
V ¼ ð1þuÞπ

z1

1
cos βb

ð1�ϵαþϵ21þϵ22Þ ð9Þ

The load between gear teeth along the meshing line can be
calculated just considering that the load per unit of length is given
by Eq. (10), the coefficient of friction is assumed constant along the
path of contact and the elastic effects were disregarded. With
these conditions, the gear loss factor can be obtained by applica-
tion of Eq. (11) proposed by Wimmer [6]:

FNðx; yÞ ¼ Fn �
1

∑n
i ¼ 1l

iðxÞ
ð10Þ

Hnum
V ¼ 1

pb

Z b

0

Z E

A

FNðx; yÞ
Fb

� Vgðx; yÞ
Vb

dx dy ð11Þ

Niemann and Winter [7] also proposed a gear loss factor that is
shown in the following equation:

HNie
V ¼ ð1þuÞπ

z1

1
cos βb

ϵα
1
ϵα

�1þð2k20þ2k0þ1Þϵα
� �

ð12Þ

Buckingham [8] also introduced a formula for the efficiency of a
meshing gear pair. A gear loss factor (Eq. (13)) can also be derived
from this approach:

HBuc
V ¼ ð1þuÞπ

z1

1
cos βb

ϵα 2k20�2k0þ1
� �

ð13Þ

Velex et al. which did no a priori assumption on tooth load
distribution by using generalized displacements, in order to
calculate the efficiency of a meshing gear pair, obtained a closed
form solution for the efficiency of a meshing gear pair (constant
coefficient of friction was assumed), as presented in Eqs. (14)–(16).

ρ¼ 1�μ � ð1þuÞ � π
z1

� 1
cosβb

� ϵα � ΛðμÞ ð14Þ

with

ΛðμÞ ¼ 2k20�2k0þ1

1�μ �
tanαt � ð2k0�1Þ� π

z1
ϵα � ð2k20�2k0þ1Þ

cosβb

0
B@

1
CA

ð15Þ

where

k0 ¼
z1

2π � ϵα � u
ra2
rp2

� �2 1
cosα2

t
�1

 !1=2

� tanαt

0
@

1
A ð16Þ

It turns out that Eq. (13) suggested by Buckingham is an
approximation of the one suggested by Velex and Ville [9] when
the coefficient of friction μ{1.

Nomenclature

a axis distance (mm)
b tooth face width (m)
HV gear loss factor (–)
li length of contact of a tooth (mm)
m module (m)
p0 Hertz pressure (centre of the contact) (MPa)
pb transverse pitch (mm)
Ra arithmetic average roughness of pinion and gear ðμmÞ
TL torque loss (Nm)
u gear ratio ðz2=z1Þ (–)

vt pitch line velocity (m/s)
x addendum modification (–)
z number of teeth (–)
α pressure angle
αp piezoviscosity
β helix angle
ϵα transverse contact ratio (–)
ϵβ overlap contact ratio (–)
νoil oil kinematic viscosity at operating oil sump tempera-

ture (mm2/s)
μmZ coefficient of friction on meshing gears (–)

PV = PVZ0 + PVZP + PVL + PVD + PVX

no-load losses

load dependent losses

power loss gears bearings auxiliaryseals

Fig. 1. Power loss contributions [3].
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