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Abstract — This study focuses on the phenomenon of oil trapping in the tooth spaces of spur gears.
It presents the first obtained results in order to provide an estimation of the power losses due to the
compression of the oil trapped between the inter teeth meshing spaces in a high-speed transmission for
internal and external spur gears. It first allows, to model the inter teeth spaces at any time and offers limits
for the trapped fluid volume and axial and radial discharge surfaces. The discretization impact result is
discussed.Then, the influence of certain design and operating parameters such as module, pressure angle,
addendum modification coefficient and rotational speed on these discharge surfaces and trapped volume is

presented.
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1 Introduction

In gear transmissions, tooth lubrication is necessary
to cool surfaces. However, during the meshing of high-
speed gears, the trapping loss is the term used to depict
the fluid which is successively compressed and expanded
in the inter-teeth spaces giving rise to significant heating
and power.

Several studies on gears try to prevent their deteriora-
tion, to improve performance and minimize power losses.
These may be due to frictions (friction loss) [1] or in
relation to ambient air via the ventilation phenomenon
called aerodynamic losses (windage loss) [2] or in con-
nection with lubricant that depends on the type of lu-
brication, this is the case of losses by churning (churning
loss) or by trapping fluid between gear teeth at high ro-
tational speeds (trapping loss). Several studies have been
interested in churning losses as [3], and researches in this
case are even more advanced and models are proposed to
calculate the churning losses [4]. But there are only few
available published studies on the modeling of oil trapping
between mating gears.

This study focuses on trapping phenomenon and con-
tributes to the understanding of what happens between
the teeth at high speeds while trying to give an estimation
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of the power loss due to the compression of the trapped
fluid.

Previous studies have shown an increase in pressure
and temperature of the fluid between gear teeth [5]. Also,
the noise generated by the fluid trapped in gears at high
speed, was noticed by Smith [6]. This noise due to trap-
ping for the case of air was confirmed by Houjoh et al. [7].
The study of gear losses (overall and for different loss
types such as friction, windage and trapping) was treated
by Diab et al. [8,9]. The three types of losses were com-
pared under different operating conditions. At low-speed
friction losses are the most important while windage and
trapping losses are very low. At high speed, the last ones
become significant. Hohn et al. [10] proposed a model of
gear tooth profile referred by low loss gear. These mod-
els reduce friction loss by changing design parameters of
tooth profiles. Three types of modified gear profiles were
tested by Magalhaes et al. [11].

To contribute in the gear deterioration solving prob-
lems and the performance improvement, there is a need
for highlighting what happens in the inter tooth during
meshing. To meet this need, a numerical model is devel-
oped to calculate the control volume of the trapped fluid
in the inter tooth and determine the surfaces limiting this
volume depending on the rotational angle. The numeri-
cal model allows checking the influence of some design
and operating parameters on inter tooth. In the field of
pumps, the example of the gear pump BARNES that uses
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Nomenclature

Center distance [mm]

b Face width [mm]

c Gear clearance between tooth
tip and wheel root [mm]

ha The addendum coefficient

hf The deddendum coefficient

m Module [mm)]

M Point on the involute

Npt Number of points on the involute

Nps Number of equal angles Af

Ral Outer radius of the pinion [mm]

Ra2 Outer radius of the gear [mm)]

Pe (ze,ye) Point of the starting meshing

Ps Point of the end meshing

rb Base radius [mm]

D Pitch radius [mm]

Sa Axial leak surface [mm?]

Srl Radial leak surface (left) [mm?]

Sr2 Radial leak surface (right) [mm?]

1% Initial fluid volume [mm?]

v Outlet fluid volume [mm?]
Addendum modification coefficient [mm)]
Pressure angle [deg]

Al Angle between two positions [°]

small radial holes which convey the trapped fluid to the
discharge port, allows avoiding the problem of entrapment
and increasing the fluid pressure in the inter teeth.

Some works such as Concli [12], Mauz [13] and
Seetharaman [14] were also interested in power losses in
gears; they separated the terms depending on the load and
others independent of load. Concerning no load losses,
some are due to compression of the fluid trapped between
the gear teeth. To estimate these losses, Concli tried to
calculate the compressed fluid volume. The limits of this
volume of fluid proposed by Concli consider the nearest
distance between one side of the vertices of a tooth and
the other side as one of the sides. The novelty of the
present work is that it offers the closest side between the
flanks of inter teeth.

This contribution is divided in three steps. The first
one is dedicated to the study of geometry and will permit
the description of the gear geometry during meshing and
determine the limits of control volume of the trapped fluid
as well as its free boundaries. It will be limited to cases
of involute gear for external and internal spur gears.

The second step will show the influence of the dis-
cretization fineness on the obtained results.

The third step is devoted to the determination of the
design such as module, pressure angle, addendum modi-
fication coefficient and operating parameters influencing
the trapping phenomenon.

Fig. 1. Trapping oil phenomenon.

Table 1. Gear 1.

Tn m o« x b (mm)
Pinon 100 10 20° 0.2 100
wheel 200 10 20° -0.2 100

2 Description of trapping phenomenon

The Figure 1, where the direction of rotation is shown,
presents meshing steps in a gear transmission between a
pinion and a wheel.

To simplify the problem, it will be assumed that, ini-
tially, the pinion deddendum before engagement with a
tooth of the wheel is filled with fluid and have a vol-
ume V. (In fact, for high speeds, this assumption could
not be valid, but it will affect the results only at the be-
ginning of meshing. However, it is more relevant to see
what happens near the middle of meshing, and therefore,
the obtained results will not be influenced by this as-
sumption). As meshing progresses, the volume V' of the
fluid in the cavity is seen to decrease by a volume wv.
The difference (V — v) (for an incompressible fluid: e.g.
oil) flows to another inter tooth (radially) and outwardly
(axially). Then, the wheel tooth begins to leave the pinion
inter tooth, a vacuum is created within the cavity and the
fluid that may be made of oil, air or a mixture of both,
penetrates until separation, on recess. Some of the fluid is
expelled by the tooth during compression flows, the other
part escapes to another pinion inter tooth.

3 Geometric study

The study is limited to the case of gears whose teeth
are the involutes. The points describing the profile of the
tooth flank are given by equation (1).

x = % x cos (tan (t) —t)
) 1
y = coT:Zt) x sin (tan (t) — t) @

where:

rb: base circle radius, M: a point on the involute of
coordinates (z,y), Figure 2;

I: the tangent at the base circle and passing through
M, Figure 2;

t: angle between OM and OL

The data used in this paper are selected from [15],
Table 1, or from [8], Table 2, with the aim to compare
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Table 2. Gear 2.

T m o T
Pinon 152 4 20° O
wheel 152 4 20° O

b (mm)
30 or 60 or 100
30 or 60 or 100

Table 3. Internal gear 3.

. m «a x b(mm)
Pinon 100 10 20° O 100
Internal wheel 200 10 20° O 100

M,y

Fig. 2. Involute curve outward from the base circle.

the results with what is published. Table 3 corresponds
to internal gear geometry.

3.1 Angle and time of the tooth-meshing

The meshing time depends on rotational speed: while
the speed is high, meshing time is very short.

To determine the overlap time during meshing (from
approach to recess), the priority is to find the angle of ap-
proach. This angle may be determined by the intersection
between the two outside or addendum circles according to
the radii of the two outer circles (Fig. 3) and for internal
gear (Fig. 4).

The coordinates of Pe approach point and Ps recess
point are respectively (ze,ye) and (xs ,ys):

R =22 +y%  RYL =22+ (a—vy.)

Then 5 )
R, = R?ﬂ Y, +(a—ye)
and
RaQ - Ril + a2 - 2aye
So

_ —\/R R22+a2)2 )

— (Ril —Riz +a?)
Ye = 2a

with R,1: Outer radius of the pinion;
R, : Outer radius of the gear.

Y
2
Ra2
Pe Ps
Rat
X
o1

Fig. 3. Starting and end meshing: gear 1.

Pe P=

0z

Fig. 4. Starting and end meshing: internal gear 3.

And the coordinate origin is O;.
For internal gear

B 7R22+a2)2
- _\/R — 4az

_ (Ra,l— a,2+a2)
Ye = 2a

The approach angle is given by:

meshing ang = 2tan~" <—E> (4)
Ye

It is found that this angle depends on gear geometry
(outer radii and center distance), whereas the approach
time depends on geometry and rotational speed.

For a fixed pitch radius, if the module is increased the
teeth number is automatically reduced and the outer ra-
dius is increased, increasing the approach angle and con-
sequently the time of approach.

It should be also noted that for internal gears meshing
angle is more important and causes a higher engagement
time.

Table 4 presents the result angle and time meshing.
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Table 4. Angle and time meshing.

Speed Meshing Time
pinion (rpm) angle (deg) meshing (s)
3000 57 0.1815
Gear 1 5000 57 0.1089
module = 10 10000 57 0.0544
20000 57 0.0272
3000 41 0.1307
Gear 1 5000 41 0.0784
module = 5 10000 41 0.0392
20000 41 0.0196
3000 26 0.0828
5000 26 0.0497
Gear 2 10000 26 0.0248
20000 26 0.0124
3000 100 0.3213
Internal 5000 100 0.1928
gear 3 10000 100 0.0964
20000 100 0.0482
0
)
160
"
120 1
L — ‘
Z“’M
w& ]
80 4
0
2
| | | | | |
0 4 A 0 A L]

X(mm)

Fig. 5. Pinion and gear positions.

3.2 Leak surfaces and trapped volumes

Figure 5 presents pinion and gear positions for gear 1.

The pinion centre is (0,0) and the wheel one is (0,a)
where a is the centre distance.

To study the behaviour of the trapped fluid, the at-
tention has to be paid closely to what happens between
the teeth. Therefore, and to simplify, the focus will be
limited to one inter tooth during meshing. Rotating this
inter tooth (Fig. 6) around the pinion and wheel axes,
their positions are versus rotational angle (Fig. 8).

The initial position which corresponds to the tooth po-
sition of the symmetrical wheel with respect to the y-axis
is then taken.

The initial theoretical position is symmetrical with re-
spect to the y-axis of inter tooth. In reality the inter tooth
linked to the pinion assumed driving touches on one side
of the wheel tooth according to the direction of rotation.
A correction of this position is taken into account.

The control volume and leak surfaces, radial and axial,
are presented (Figs. 8 and 9).

The radial leak surfaces are between the tooth profile
and that of the deddendum. To simplify, it was decided to
consider the smallest distance between the profiles. The
axial leak surface corresponds to the yellow surface on
Figure 9. The axial leak surfaces are numerically inte-
grated. Concerning the trapped volume fluid, it corre-
sponds to the values taken by the axial leak surface mul-
tiplied by gear face width for cylindrical spur gears.

Results of radial leak surfaces Sr! and Sr2 and axial
(for gear 1 and 2 and internal gears) are shown in the
(Figs. 10 and 11).

For spur-gears case study, the first minimum distances
between the flanks of inter tooth are calculated numeri-
cally, then they are multiplied by the face width to ob-
tain the radial leak surfaces Sr! and Sr2. The minimum
distances calculated are used to determinate the points
on tooth profiles and limit the portions of tooth pro-
files in contact with the fluid. These portions are numeri-
cally controlled and together form a polygon. Axial leaks
surfaces Sa are obtained by numerical integration of the

polygon.

4 Discretization influence

The discretization impact on obtained results for ra-
dial leak surfaces and on the variation of the trapped
fluid volume is analysed. The first factor is the number of
points taken on each teeth flank (Npt). The higher this
number is, the finer mesh is. The second factor is the
number of positions obtained by dividing the approach
angle into a number of equal angles Af (Nps).

Presented results are for the gear 1, Nps and Npt and
chosen as follows:

— Npt takes the values of 10, 100, 200, 500, 1000 and
2000 with fixed Nps at 40.

— Nps takes the values 20, 40, 80, 160, 320 and 640 with
Npt fixed (Npt = 1000).

The results obtained for Sri, Sr2 and the volume Vare
presented in Figures 12 and 13.

From a 1000 number of points on each flank profile
the axial and radial leak surfaces curves stabilize (without
visual disturbances. . .).

Concerning the number of positions the axial and ra-
dial leak surfaces with the data mentioned above were
calculated and the influence on the geometry was anal-
ysed (Fig. 14).

The computing time for 640 positions and with the
data above is about 35 min while this time is only 5 min
with 20 positions.

By increasing the number of positions (by dividing the
approach angle a higher) the axial leaks surfaces curves
present weak variations in amplitude but with different
steps.

It can be said that the number of Af does not have
much influence on the axial and radial leaks surfaces
curves.
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Fig. 11. Trapped volume (axial leak surfaces *b).

5 Module influence on the leak surfaces
and control volume

The results obtained in Figure 15 are for gear 1 with
different modules. It is known that when the module is
reduced the number of teeth increases and the inter tooth
decreases. It is confirmed by shown results. It must be also
taken into account during the power loss calculations that
the trapping phenomenon is repeated as many times as
the number of teeth on the pinion for each revolution. It
is also noticed that in the vicinity of the angle 0 (degree),
the axial leak surfaces are distinctly different unlike the
radial leak surfaces.

6 Influence of the addendum modification
coefficient on the leak surfaces and control
volume

The data for Figure 16 are the characteristics of gear 1
with the addendum modification coefficients for the pin-
ion and the wheel (+0.2 and —0.2), (+0.4 and —0.4) and
(4+0.6 and —0.6) and the center distance fixed. From these

results it can be concluded that when the addendum mod-
ification coefficient is increased, the axial leak surfaces de-
crease. Concerning the radial leak surfaces, they are less
influenced.

7 Pressure angle influence on the leak
surfaces and control volume

The pressure angle influence is presented in Figure 17.
The pressure angle does not influence the results on the
radial leak surfaces. On the contrary, the axial leak sur-
faces increase when the pressure angle decreases.

8 Influence of the addendum reduction
coefficient (K*m) on the leak surfaces
and control volume

Table 5 shows the values of ha, hf and c for different
values of K, where: ha is the addendum coefficient, Af is
the deddendum coefficient and c is gear clearance between
tooth tip and wheel root.
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Fig. 14. Axial leak surfaces, gear 1, Nps = 20 and 640.

Figure 18 shows that the addendum reduction coeffi-
cient only influences the axial leak surface. This is com-
patible with the fact that, (K *m) controls the gear clear-
ance between the tooth tip and wheel root.

9 Face width influence on the leak
surfaces and control volume

In order to underline the influence of the face width
b on the leak surfaces and control volume, different val-
ues were given to the face width b and the results are
presented in Figure 19. The radial leak surfaces and con-
trol volume increase when the face width increases. This
result is confirmed by references [8, 14].

Discussion

Srl and Sr2 are therefore proportional to the face
width, as shown in Figure 19. The face width does not
intervene in Sa calculation but the volume control is ob-
tained by multiplying Sa by face-width (for spur gears).
This may explain the fact that by increasing face width,
the volume increases; but axial surfaces of discharges re-
main constant. Therefore, a large amount of fluid is com-
pressed and it will have more power losses by trapping
phenomenon. This conclusion is already confirmed by pre-
vious studies references [8,14].

It is clear that the compression of a given volume
of fluid pushes the fluid to escape from the control area
through leak surfaces. This pressure will be greater if the
leak surfaces are smaller.

To determine the volume control, Seetharaman and
Kahraman [14] used analytical formula (some approxi-
mations have been made). They gave average values of
the varying volume control function of time or rotation
angle. In the present study, numerical calculation of ge-
ometry variation of meshing is shown.

10 Conclusion

This study targeted the numerical modeling to sim-
ulate the oil trapping between the inter teeth during
meshing of internal and external spur gear. To meet this
need a program was developed.

Modeling allowed identifying the volume of trapped
fluid and knowing at every time its free borders and those
in contact with teeth.

Afterwards, a study of the impact of the discretiza-
tion was carried out and showed the importance of the
number of points taken on each tooth profile. Finally, the
influence of design parameters of gears as module, pres-
sure angle and addendum modification coefficient on the
radial and axial leak surfaces was presented. In the design
parameters, the module is the critical factor influencing
result.

Then, it was shown that the rotational speed as an
operating parameter clearly influences the approach time.
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