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Abstract: - The windage power loss in gear transmission systems at high speeds can be significant and must be
taken into account at the design stage in order to optimize the geometrical shape of the gear’s bodies to improve
the mechanical efficiency. The main objective of this work is, first, to propose a design of a two-dimensional
geometry of the spur gear using the commercial Computational Fluid Dynamics (CFD) Fluent 6.3.26 which
enable us to detect the pressure and viscous moments due to the aerodynamic drag of the teeth in the air-
lubricant mixture. In addition, a parametric study concerning the influence of the geometrical shape of teeth and
the lubricant on the evolution of the windage power losses on the gear teeth is carried out.
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1 Background

1.1 Introduction

Gear transmission sets are systems used for
transmitting power, i.e. starting from a power
provided by the external medium (generally an
electric motor), gear can transmit power to a
receiver. This power transmission cannot be
achieved without losses or dissipation of heat within
the transmission. Among these losses we can
distinguish those by friction resulting from contact
between teeth in mesh which constitute a major
source of dissipation at low rotational speeds
(Chaari et al., 2010). The other important loss is
that caused by churning which represents the power
lost because of the compression of the air-lubricant
mixture around teeth roots during meshing. The
third power loss is that induced by windage (WPL),
which corresponds to the power lost because of the
aerodynamic trail of the teeth in the air-lubricant
mixture. It is assumed that the WPL control the
total efficiency of the system in the case of high
operating speeds. So, these power losses must be
taken into account by designers in order to optimize
the geometrical shape of the gears with the principal
objective which is the reduction of the energy losses
and the improvement of the mechanical efficiency.
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In this paper we will be interested in the windage
power component of the total power loss.

1.2 Previous work

If we focus on windage power losses, few research
works were developed. Townsend and Dudley
(Townsend et al., 1992) proposed two equations
according to the teeth geometry (spur gear or helical
gear), to calculate the WPL of a gear set. In their
approaches, the power loss is proportional to the
cube number of rotational speed and the
quintuplicate of the gear diameter. Indeed, for the
spur gears, the power losses depend on parameters
associated with the operating conditions and the
geometry of the gears, but for the helical gears,
the power loss breaks up into two parts, one
related to teeth and the other with the sides of
gears.

Anderson (Neil et al., 1980) established a formula
for pinion-gear system, rotating in a gearbox
containing a mixture air-oil.

In addition, Dawson (Dawson, 1984) (Dawson,
1988) led a series of experiments on large diameters
gears for a maximum number of rotational speeds
not exceeding 750 rpm. He proposed two equations
in which one took into account the air conditions
surrounding the teeth (the kinematic viscosity of the
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lubricant). Moreover, according to Dawson, the loss
generated by a gearbox corresponds almost to the
sum of the losses of each gear taken individually
(error lower than 3%).

Using the same methodology of Dawson, Diab
(Diab et al.,2004) developed a test rig specifically to
measure the WPL. He showed that this kind of loss
is over-estimated by using the formulas of Dawson.
In addition, Diab developed two theoretical
approaches: the first one is based on a dimensional
analysis of the various significant factors allowing
the establishment of an expression of the total drag
moment as function of the most influencing
parameters of the system. The other one is based on
the circulation of the fluid on the periphery and the
sides of the wheels. These theoretical approaches
were in agreement with his experimental work.
However, the expression of the power losses given
by Diab does not take into account of the state of
mesh, and then the component resulting from the
churning of the air or the mixture air-oil in the tooth
root. This parameter was treated by Seetharaman
(Seetharaman, 2009) in his computation of the WPL
for a gear pair (considering lubrication with
injection).

In another way, by wusing a commercial
computational fluid dynamics code (CFD), Al-Shibl
(Al-Shibl, 2007) developed a two-dimensional
model of a spur gear which enabled him to compute
the WPL on the periphery for a single spur gear
rotating in the air, the losses on the sides are
recovered by using the formula of Townsend (Al-
Shibl, 2007). Eastwick and Johnson (Eastwick,
2008) supplied an extensive review of studies on
gear windage to conclude that the general solution
for reducing power loss due to windage has not yet
been well-established.

2 Methodology

In this paper, we are interested in the quantifications
of the WPL for spur gears, by using the commercial
computational fluid dynamics software "Fluent".
Such numerical codes became very attractive tools
for the prediction of the fluid flow in many fields of
engineering since they can be considered as a true
"numerical experiment”. A parametric study will be
made in order to put in evidence their influence on
the WPL.

2.1 Numerical method
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2.1.1 Governing equations

The fundamental equations of the fluid mechanics
for instance, the conservation equations of mass and
momentum, can be written as follows (Fluent, 2006)
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In equation (2), (A) is the convective term, (B)
represent the pressure effect, (C) the diffusion term
and (D) the effect of gravity (negligible term in our
case).

Simulations were based on the RSM (Reynolds
Stress Model) mathematical model of turbulence.
The exact transport equations for the transport of the

(A)

Reynolds stresses pu:u'j may be written as follows

(Fluent, 2006):
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In equation 3, (1) is the local time derivation, (2)
represent the convection term (Cjj), (3) the turbulent
diffusion(Dr.,;j), (4) the molecular diffusion(Dy,;),
(5) the stress production (Pj), (6) is the buoyancy
production (Gjj), (7) the pressure strain (¢j), (8)
represent the term of dissipation (gj), (9) the
production by system rotation (F;) and (10) is the
user-defined source term.

Of the various terms in these exact equations, Cij,
Dy, Pyj, and Fj; do not require any modelling.
However, Dr,i;, G, §j, and € need to be modelled
to close the equations.
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Dr,ij can be modeled by the generalized gradient-

diffusion model of Daly and Harlow (Daly

et al., 1970):

D C 0 k u'kul 8u;u'j 4
i T s o, P & ox “4)

However, this equation can result in numerical
instabilities, so it has been simplified in Fluent to
use a scalar turbulent diffusivity as follows (Lien,
1994):

o iau;u;

DL,ij =
X, | o OX,

(%)
where 44, is the turbulent viscosity, and o, =0.82.

By default in Fluent, The classical approach to
model the pressure-strain term ¢j; is to consider the
following decomposition (Fluent, 2006):

by =y, + 0, 04 (6)
where ¢, is the slow pressure-strain term, also

known as the return-to-isotropy term, ¢. ,is called

ii,2
the rapid pressure-strain term, and d)ij »1s the wall-

reflection term.
The slow pressure-strain term, ¢
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with C,= 1.8

The rapid pressure-strain term, ¢

i ,1s modelled as
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where C,=0.60, P, F;, G;, and C; are defined

ij > ij ij°

as in Equation (3), P:%Pkk,GzéGkk , and
1

c=-C,.
5

The wall-reflection term, ¢.; , is responsible for the

ij,® ?
redistribution of normal stresses near the wall. It
tends to damp the normal stress perpendicular to the
wall, while enhancing the stresses parallel to the

wall. This term is modelled as :
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where C,=0.5, C,=0.3, n, is the X_component

of the unit normal to the wall, d is the normal
3

4
distance to the wall, and C, = —- | where CH =0.09
K

and k=0.4187 is the von Karman constant.

2.1.2 CFD code presentation

The CFD software Fluent is widely used in the
aircraft and automobile industry. It offers an
interactive interface which facilitates its use. Indeed,
Fluent models by the finite volume method different
kinds of flows in complex configurations.
Moreover, Fluent simulates all the fluid flows,
compressible or incompressible, involving complex
physical phenomenon such as the turbulence, heat
transfer, and chemical reactions. Like any CFD
software, it is composed of three key elements: pre-
processor, processor and the post-processor
(figurel) (Fedala, 2007).

Input ngg—pmcessor H Processor Hposl—prccessor T Output ‘

Fig.1 Graphical representation of CFD software

The pre-processor Gambit: It is used to build the
geometry of the model and to subdivide it into small
control volumes or cells, all of these elementary
volumes constitutes the mesh. Also, it allows the
definition of the boundary condition of the model
(wall, periodicity, symmetry...), specify the type of
the material (fluid and solid) and to create several
kinds of mesh depending on the geometry. It
generates msh files used by Fluent.

The processor Fluent 6.3.26: allows to define the
numerical operating conditions (rotational speed,
pressure, periodicity condition) in which the
simulation is performed, as well as the specification
of the boundary conditions. It makes possible to
choose the iterative process, by offering several
numerical schemes for the spatial and temporal
discretization and for the pressure velocity coupling.
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The discretized equations are solved and described
as:  convection — diffusion = sources — loss. For
incompressible fluids, the computations are done in
relative pressure. The finite volume method is used,
this method has the advantage of being
conservative, i.e. that all the outflow of a control
volume enters in the neighbouring volumes. The
computation steps are as follows:

- Integration of the continuous equations on each
volume of control. Ostrogradski theorem is used to
transform some volume integrals into surface
integrals.

- Discretization in space and time (for non-
permanent flows) of the equations: substitution of
partial derivatives by approximations with finite
difference method and then transformation of the
system of equations into algebraic system.

- Resolution of the algebraic system by iterative
process, using an algorithm to correct the pressure
and the velocity components in order to ensure the
conservation of mass. A graphical interface makes
possible the control of the residual values according
to the iteration count.

The post-processor: allows viewing geometry, mesh
field, and results i.e. the static pressure
cartographies, relative  velocities and the
temperature fields. The post processor allows
plotting the results as profiles and streamlines.

2.2 Geometry of the system

In order to measure WPL of the gear, 4 spur gear
having the characteristics given in table 1 are
considered:

designation Teeth Thickness | Module | Pressure | Addendum
number of gear [mm] angle [°] | modification
[mm]

Gear n°1

120 40 1 20 0
Gear n°2

25 40 8 20 0
Gear n°3

25 40 8 20 0.5
Gear n°4

25 40 1 20 0

Tablel. Geometrical characteristics of the studied

gears

There gears are rotating in a cylindrical gearbox
containing a lubricant as presented in figure 2.
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Lubticant

Peripherz] shroud

Fig.2 Scheme of the modelled gear

2.2.1 Meshing

A two dimensional model of the gear is developed.
It enables us to detect the lost moments caused by
the aerodynamic trail of the teeth in the lubricant
inside the gearbox. In order to reduce computation
times, a sector corresponding to two teeth is
considered (figure 3) and modelled by Gambit.
Periodicity condition allows us to find the total
pressure and viscous moments on the gear
periphery. The coordinates of the teeth are
recovered by a suitable program (Fluent, 2006). The
points defining the teeth geometry are then inserted
in Gambit.

Shroud
N iy gl
Y 7 Y
% i/ 3 ff Fluid
kY 3
1 : 3
v v 7
“s. " St”
Gear

Fig.3 Design model with Gambit

Fig.4 Mesh
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An unstructured triangular mesh is adopted (figure
4). A size function is used to create a refinement
around the gear teeth and peripheral shroud. This
choice of meshing allows the minimization of the
total number of element in order to have a
reasonable computing time. The number of cells is
20942.
2.2.2 Boundary conditions and discretization
scheme

Table 2, 3 and figure 5 present the boundary
conditions considered for the simulations.

Peripheral shroud Stationary
wall
Gear teeth Rotating
wall
Limits of the gear Periodic
Free space Fluid

Table2. Boundary condition in the pre-processor
Gambit

Periodic

'\ ]
ey

N
Fluid /
Gear teeth

Fig.5 Boundary conditions of the model

Solver Implicit

Space 2D

Time Steady

Velocity formulation Absolute

Viscous model RSM

(Reynolds stress
model)

Options Enhanced wall

treatment

Table3. Boundary conditions in Fluent

Table 4 present the adopted discretization schema:

Pressure velocity SIMPLE
coupling
Pressure Presto

E-ISSN: 2224-3429

163

Fakher Chaari, Manel Ben Romdhane,
Walid Baccar, Taher Fakhfakh,
Mohamed Haddar

Momentum Second order upwind
Turbulent Kinetic Second order upwind
Energy

Turbulent Dissipation Second order upwind
Rate

Reynolds Stresses Second order upwind

Table4. discretization parameters

2.3 Computation of the windage power loss
The total WPL can be computed using the following
formula:
For peripheral WPL (Diab et al.,2004):
1
Prerip = ECmpafRs (11)
where Pis the fluid density [kg/m3], “ the
rotational speed [rd/s] and R=D/2 the gear outer
radius (m).
The adimensioned torque moment Cm can be
expressed by (Seetharaman, 2009):
B Tm

" 0.57p0’r*h (12)
with Tm [Nm] is the torque given by Fluent, ri: the
gear inner radius [m] and h the thickness of gear
edge [m].
For WPL on gear sides (Seetharaman, 2009):

3 5
P.iges =15000 N (13)
1000 ) \ 2.54
where N is the shaft speed [rpm].
The total WPL is then recovered by:
P = Pperip + Psides (14)

3 Results and discussion

3.1 Influence of mesh density

In order to observe the influence of mesh on the
quality and the convergence of the solution, we
implemented three types of mesh densities were
implemented: the first one with 4704 cells, the
second with 12074 cells and the third with 13637
cells (Figure 6). The objective is to select the
suitable type of mesh that offers both a good quality
of solution with reasonable computation time.
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Mesh 1 (4704 Mesh 2 (12074 Mesh 3
cells) cells) (13637cells)

Fig.6 Representation of the three mesh densities

Considering gear no. 1 with distance of 1mm to the
gearbox, the air as a fluid in the free space, and
using the RSM turbulence model, the total windage
power loss is computed with the three mesh types
and represented in figure 7.

50

prys + Mesh1l

401 A Mesh2 |

35+ +  Mesh3 1

30+

25r

WPL

20+

15+

10+

02 04 06 08 1 12 14 16 18 2

N(rom)

x 10°

Fig.7 Total windage power loss for the three
types of mesh

Figure 8 shows the static pressure cartographies for
the three types of mesh density for a rotational
speed of 20000 rpm.

— - 1050
s
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e
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[
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Mesh 3 (13637 cells)

Fig.8 Static pressure cartographies for the three
types of mesh densities

It is noticed that the simulated static pressure
profiles are almost identical which leads to an
identical windage power loss induced by the effect
of pressure and viscosity. The mesh density affects
the computing time and the number of iterations
needed for the convergence of the solution. For
example, when the rotational speed is 20000 rpm:

-For mesh type 1 (Meshl) the convergence is
reached after 5925 iterations,
-For mesh type 2 (Mesh2)
reached after 10339 iterations,
-For mesh type 3 (Mesh3)
reached after 10742 iterations,

the convergence is

the convergence is

Quality
of solution
»~

Results independent of the
mesh

M1

Type of mesh+ Time

calculation

Fig.9 Evolution of the quality of the solution
according to the type of mesh and computation time

We have noticed that from mesh type 2 the quality
of the solution remain constant (figure 9). So for all
the simulations, mesh type 2 will be used because it
meets the required criteria. This type of mesh is
characterized by a refinement near the gear teeth in
order to reduce the loss of information in areas with
a high pressure gradients and speeds.

In figure 8 (Mesh 2), the pressure gradients increase
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from 115 Pa to 815 Pa when going from the root
diameter to the outside diameter of the gear. This
difference in pressure induces the creation of
aerodynamic drag forces, i.e. the moments of drag
due to the effect of pressure and viscosity. This
resistive torque to the movement of the gear causes
the windage power losses which tend to increase
with the gear rotational speeds.

of velocity
vectors

zonel

Fig.10 Relative velocity cartographies for the mesh
type 2 with a rotational speed of 20000 rpm

Figure 10 shows the relative velocity cartographies
for the mesh type 2 when the rotational speed is
20000 rpm. Three significant zones can be
distinguished in the velocity profiles:

-Zone 1: in this tooth edge the velocity vectors
remain tangent to the teeth outer diameter. The same
direction is observed in the free space between teeth
and gearbox.

-Zone 2: concerns the opposite edge in which a
separation of the velocity vectors is observed. In this
zone was also observed a high pressure gradient as
show in figure 8

-Zone 3: situated in the inter teeth space. The
velocity vectors present a vortex shape.

3.2 Influence of the number of the teeth

In order to observe the influence of the number of
the teeth on the evolution of the windage power
loss, we carried out two simulations. The first one
with a gear n°1 (120 teeth) and the second one with
gear n°4 (25 teeth). Figure 11 shows the total
windage power loss for the two gears.

We noticed that the power losses for the gear n°4
are very weak for all the rotational speed compared
with those of the gear n°1. This fact is explained by
the increase of the active surfaces being opposed to
the air flow and consequently amplification of the
power loss.

For a rotational speed of 20000 rpm, the static
pressure cartographies for the two types of gears are
given in figure 12.
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Fig.11 Peripheral (A) and total windage power loss
(B) for the gear n°1 and n°4

Increasing the number of the teeth causes a
significant change of the pressure starting from the
root diameter of the gear to the outside diameter.
This variation is as follows:

-For the gear n°1 (120 teeth): 115 Pato 815 Pa,
-For the gear n°4 (25 teeth): 18.9 Pato 174 Pa,
This increase induces a significant variation of
pressure gradients at the tip of the tooth gear.

e
Im.m B15Ps

Fig.12 Comparison between the static pressure
cartographies for two types of gear:
Z=25 teeth (a) and Z=120 teeth (b)
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3.3 Influence of the module change

To implement the influence of the gear module on
static pressure cartographies and on the WPL, two
simulations are performed with gear n°4 (m=I1mm)
and gear n°2 (m=8 mm).

2000
A Gear 4
1800 (-
16001 +  Gear2
1400
1200 /
/
g 1000} /
/
800 A
/
600 S/
yd
400+ e
T
200+ -
e
o N el a ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
N(rpm) X 10
1600 T
A Gear 4
1400 - N
+  Gear2
1200 B
_, 1000} B
a
B
S 800+
(7]
2
=3
g 600 /
z
400} yd
200+ //
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
N(rpm) X 10

Fig.13 The total windage power losses for the gears
n°4 and n°2

Changing the gear module from 2 mm to 8§ mm
results in a substantial increase of the total power
loss (figure 13). This change is induced by the
extension of the height of teeth (the distance
between the root diameter of the gear and its outside
diameter), that explains why the peripheral losses
are rather enormous compared to those on the side
losses.

-B-

Fig.14 Comparison between the static pressure
cartographies for two types of gear : m=1 mm(a)
and m=8 mm(b)
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Figure 14 shows the static pressure cartographies for
the two module cases

The increase of the inter-teeth free space due to
module increase induces a significant variation of
the pressure. This variation passes:

-For the gear n°4: from 150 Pa to 629 Pa,

-For the gear n°2: from 1180 Pa to 9560 Pa,

3.4 Influence of the lubrication in the
gearbox

In the gearbox of gear transmission, the fluid around
the gear can be a mixture of air and vapor of oil
made up of droplets of various sizes, its density will
depend on the voluminal oil concentration in the air.
An equivalent density of the oil-air mixture can be
expressed as function of the density of each fluid.
For a 3% ratio air-oil, the equivalent density and

viscosity can be determined by (Neil et al., 1980):

_(Dp+(34.25)p,,
e 35.25

_ D+ (425,
s 35.25

(14)

Figure 15 shows an important increase of the power
loss when air is changed to air-oil mixture for the
gear n°l. As an example, for a rotating speed of
20000 rpm, the losses grow from 50 to 700W. This
rise in the power loss is explained by the existence
of a strong pressure gradient (figure 16) between the
gear teeth which is about 15300 Pa for the air-oil
mixture, while it does not exceed 699 Pa in the case
of the gear rotating in the air.

700

A air

+  mixture air-oil

500 - B

z /
= /
300} Va |
/
//
200} ,// |
,'//'
100 A |
‘4/—/
- M&x
ol Ry e ; ; .
0 02 04 06 08 1 12 14 16 18 2
N(rpm) 4

Fig.15 The windage power losses of the gear teeth
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e
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Fig.16 Comparison between the static pressure
cartographies of simulation on the gear for two
types of lubrication: (a) mixture air-oil and (b) air

3.5 Influence of the addendum modification
on the gear teeth

In this section the influence of an addendum
modification on the power losses is scrutinized.
Figure 17 shows the change of the addendum factor
from 0 to 0.5 when using gears n°2 and n°3.

Gear with addendum modification

Gear without addendum modification /

Fig.17 Comparison of the geometry of the gear
teeth with and without addendum modification

The change of the addendum modification presents
three principal interests (Fedala, 2007):

-The increase of the bending resistance by
increasing the section of embedding,

-The optimization of the specific slips to decrease

2000 T T T T T T T T T 7

Gear 2 (x=0)

1800} +

A Gear 3 (x=0.5)

1600+

1400+
1200+
-
Q 1000
=
800+
600 -
400+

200+

Qd-
0

N(rpm)

erosion on the small gear of the gears transmission
-Ensuring a fixed distance between centres,
Figure 18. Windage power losses of the gear teeth
for both cases of addendum modification
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The addendum modification of gear teeth induces a
light increase in the total power loss at high speed.
This increase is due primarily to a variation of the
pressure gradients between the outside diameter of
the teeth and the gear box when making an
addendum modification of 0.5, as shown in figure
18. For a rotational speed of 20000 rpm, the static
pressure cartographies for the two types of gears are
given in figure 19. It noticed higher gradients of
pressure around the teeth outer diameter.

. e ——— L
I N IM L 3360P2 j:““-r

o s e \ - / '; $380P2
7090Pa

A\

\ 3970P2 \
e \\\ 41202
‘\ 2330P2

7 \ . 3580ea

(b)

(@)

20
\
I —n {- 1180Pa
i

Figure 19. Comparison between of static pressure
cartographies simulated on a gear for both cases of
addendum modification: x=0 (a) and x=0.5(b)
(2000rpm)

4 Conclusion

The windage power loss due to the effect of
aerodynamic trail of the teeth in the air-lubricant
mixture is a very complex phenomenon which
involves several aspects (rotational speed, the shape
of tooth, lubrication, the number of tooth, the
module). In order to study the influence of each
parameter on the amount of power loss, we
proceeded to the resolution of the equilibrium
equations of the assessment associated with the
studied system. As the analytical solution is almost
impossible especially in the turbulent case, where
the equations are nonlinear, we adopted a numerical
resolution. To this effect, the finite volume method
was used with a two-dimensional model of a spur
gear. The computations were carried out using the
computation fluid dynamics code Fluent "6.3.26 ".
As results the viscous moment used to compute the
windage power loss. It is also possible to plot the
cartographies of pressure and velocity field. The
main remarks can be summarized as flows:
-Increasing the rotational speed of the gear has a
prevalent influence on the growth of moment and
consequently on the power loss. This power lost
induced a reduction in the efficiency of the gears.
-The presence of the teeth is the principal source of
the increase of the pressure gradients especially on
the inter-teeth space. This rise induces the increase
of the effect of the aerodynamic trail which
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amplifies the resistance of the surrounding fluid
against the rotation of the gear.

-Gear lubrication type has an important influence on
the windage power loss.

Future work will focus on a three dimensional
model of the gear set. The objective will be the
shape optimization of the gear body in order to
minimize the windage power loss.
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