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ABSTRACT

Several details of the mechanism of gear lubrication are
still in doubt in spite of many decades of study of this
subject. The focus of our work is the investigation of the
mechanism by which oil' temperature variations affect
gear idle rattle, which requires an understanding of the
distributions of lubricant and heat within a gearbox. This
paper presents the findings of a study of lubricant flow in
a simple model gearbox by means of CFD
(Computational Fluid Dynamics) and its validation by a
series of tests on a spur gear rig. The commercial CFD
code Fluent is used to simulate the splash flow of
lubricant, using the techniques of dynamic meshing and
VOF (Volume of Fluid). Our model takes into account
the effects on the distribution of gear lubricant of
lubricant level and physical properties as well as
rotational speed. The results demonstrate that the flow
patterns are strongly influenced by all these variables.
The predictions are validated by high-speed flow
visualisations  using  high-resolution imaging in
conjunction with a pulsed Cu-vapour laser light source
and powerful white light source. The simulated fluid
flows are in good qualitative agreement with the
experimental visualisation.

INTRODUCTION

In most engineering applications in automotive and wind
energy industries, gear lubrication is crucial for power
transmission to maintain performance, durability and
reduce power losses during all phases of gearbox
operation [1-3]. Numerous experimental investigations
have been carried out for many years. For example,
Hoéhn et al. [3] have experimentally investigated the
effects immersion level of lubrication on power loss, bulk
temperature and scuffing load carrying capacity in a
back-to-back FZG gear system. Luke and Olver [4] have
studied the churning loss by measuring the churning
torques against different speeds, lubricants and
temperatures for a range of single gear. More recently,
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analytical and numerical approaches on the subject
have also been developed. Diab et al. [5] have
analytically studied the pumping effect of lubricant in a
spur and helical test gear rig by solving discretised flow
equations. Their studies indicated power losses resulting
from lubricant pumping effect are dependent on angular
velocity. Moshammer et al. [6] have predicted the flow
pattern of lubricant around a test rig with single rotating
gear by using the CFD commercial code Fluent.
However, the scenario of lubricating meshed gears is
much more complicated due to the different rotation
direction of the two gears, the small-scale flow in the
meshing zone and multiphase nature of the flow in
splash-lubricated gears.

In this paper, we have applied VOF multiphase flow
model and dynamic meshing to simulate the fluid flow
during dip (splash) lubrication within a mating gear box.
The simulation is validated by experimental results. The
work is presented as follows. First we explain the
experimental set-up. Subsequently, we give a brief
summary of the chosen numerical method. In the final
two sections we present the main body of our results
along with discussion and conclusions.

EXPERIMENTAL APPARATUS

Table 1 The properties of lubricant and air

Lubricant Air
Kinematic Viscosity 34.9 (40°C) 16.6 (40°C)
(mm%s) 7.2(100°C)  22.9 (100°C)
Viscosity Index 141 -
Density (kg/m°) 871 (15°C) 1.1966 (22°C)
Colour Red -

The main apparatus of experimental system includes
0.75 kW DC power supply, test rig, high speed video
camera, halogen light, data acquisition system and a
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pulsed Cu-vapour laser. The lubricant used in the
experiment is Shell® Donax TA automatic transmission
fluid at the room temperature of 22°C. The physical
properties of the working fluids - lubricant and air - are
given in Table 1. The configuration of the facilities is
shown in Figure 1. The experiment was carried out in
Optical Engineering Laboratory at Loughborough
University, UK.
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Figure 1 The configuration of the experiment. ®: C
power supply, @: test rig, ®: high speed video
camera, @: halogen light, ®: data acquisition
system and ®: pulsed Cu-vapour laser

TEST RIG

The overall dimensions of test rig are 300 mm height,
200 mm width and 100 mm depth. The wall thickness is
20 mm and bottom base is 40 mm. The detail dimension
is shown in Figure 2. The priority of the design is to
maximise the amount of transparent wall area for flow
visualisation without jeopardising the mechanical
strength of the system. The material of top frame,
bottom base and back plate is carbon steel for
maintaining the stiffness of rig. The front and side walls
are made of Perspex® which is also used to make a top
cover. The gear assembly is bolted carefully to avoid
cracking of the Perspex® window. The rotating elements
are a pair of standard commercial standard duty spur
gears manufactured by HPC Gears Ltd, UK. The
specification of gears is displayed in Table 2. The
diameter of the parallel shafts is 25 mm. SKF deep
groove ball bearings and cylindrical roller bearings were
used in the high speed / low torque application of this
non-loaded test rig.

HIGH SPEED VIDEO CAMERA

The lubricant flows were imaged by means of a Photron
FASTCAM ultima APX-RX high speed video camera
(HSVC) operating with an acquisition rate of 3,000
frames per second (fps) achieving full frame
1,024x1,024-pixels resolution. This frame rate was
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found to be sufficient to capture of all significant flow
details for the range of angular velocity of 34 - 126 rad/s
chosen for our experiments.
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Figure 2 The sketch of section view of test rig, the
units are mm.

LIGHTING SYSTEM

The lighting is a key feature when filming fluid flow of
gear lubrication. A 1 kW halogen lamp in side
illumination was found to provide sufficient light for
adequate contrast in many tests. In cases where sharp
image contrast was required to reveal intricate flow
detail at small scales a pulsed Cu-vapour laser system
LS20-50 manufactured by Oxford Lasers Ltd, UK was
used. The system was operating at a wavelength of
510.6 nm (green), producing a nominal output power of
20 Watt. The flash duration of each laser pulse is 25 ns
and the frequency and phase are synchronised with the
shutter of the high-speed camera.

Table 2 Geometry of gears

Wheel Pinion

Number of teeth 40 20
PCD (mm) 120 60
Face width (mm) 30 30
Module (mm) 3 3
Pressure angle (degrees) 20 20
Material Steel (214M15/045M15)
Backlash (um, measured) 323 (average)
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NUMERICAL APPROACH

The flows of lubricant and air inside the gearbox are
driven by the rotation of the gears. The resulting fluid
motion is a two-phase flow in an enclosure with
stationary walls and two internal moving boundaries.
The purpose of our investigation is (i) to resolve the flow
patterns within the lubricant bath at the bottom of the
gearbox, (i) to identify regions of lubricant spray
formation and (iii) to study the influence of speed of
driving gear, immersion depth and viscosity of oil on the
fluid flow of gear lubrication. The multiphase flow
algorithm most suited to this task is the Volume of Fluid
model. Dynamic meshing was used to enable the
simulation of the motion of the gear pair, which is
complicated by the fact that the solid boundaries rotate
in opposite sense. The geometry of the gear pair
including tooth involute profile was defined in
SolidEdge®. This geometry was meshed using the
commercial pre-processor Gambit®. The CFD model
was run in the commercial CFD code Fluent® 6.3.26.
The general approach to CFD modelling within this code
is described extensively in the Fluent® User's Guide [7].
Because of limitations imposed by the available
computational resource — Intel® Core™2 Duo processor
at clock speed of 2.16 GHz — the flow was modelled
using a two-dimensional solver.

VOLUME OF FLUID (VOF) MULTIPHASE MODEL

The VOF multiphase model, developed by Hirt and
Nichols [8], is a fractional volume of fluid method to track
free surfaces of two or more immiscible fluid regions.
The model has been reviewed by Scardovelli and
Zaleski [9] and Hewitt and Reeks [10] who claim VOF as
a useful tool for investigating interfacial regime in
multiphase flows. Recently, Léhner et al [11] proved the
robustness of VOF technique for predicting the free
surface flow using unstructured grid. Moshammer et al
[6] has successfully simulated the oil distribution around
a single rotating gear by using VOF model.

For the lubricant-air system in our gearbox, the method
involves the solution of two transport equations: the
momentum equation to compute the fluid motion and a
volume fraction equation to resolve the distribution of the
phases within the computational domain. The location of
the interface between two immiscible fluids, such as
lubricant and air can be determined from the distribution
of volume fraction within the computational domain,
since control volumes occupied only by lubricant or air
have a volume fraction of 0 or 1, respectively. Fluid
properties within each control volume are computed on a
volume-fraction-averaged basis, i.e., density, viscosity,
are calculated as
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where ¢ stands for the property of fluid and the

volume fraction. The sum of volume fractions , and ,is
of course unity: ,+ ,=1.

DYNAMIC MESH MODEL

To cope with the intermeshing of the rotating gears it is
necessary to select the dynamic mesh model in Fluent.
The meshes in the vicinity of the gear pair are updated
to follow the rotating motion at each time step by
marking cells on the basis of cell skewness and
maximum length scales. Computational cells are
agglomerated and/or created when certain skewness or
size criteria are violated, thus the mesh is automatically
adapted to fit the boundary motion and be sufficiently
smooth for computational stability.

The quality of initial mesh is crucial to the simulation
result. After its generation it is inspected for skewness in
Gambit. The size function was applied to obtain a very
fine computational grid in vicinity of moving gear teeth -
particularly in the zone where the gear pair mated -
compared with the grid in the far field. The deforming
zone (computational domain) is filled by more than
132,000 triangular cells. Figure 3 illustrates the initial
two-dimensional mesh concept. The inset in Figure 3(a)
shows the magnified dashed region in Figure 3(b). To
obtain stable iterations with the dynamic mesh model,
the cell skewness of the initial mesh should not exceed
0.7.

(b)

Figure 3 The gearbox geometry with meshes.
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