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Introduction

Sufficient lubricant supply to all machine elements in geared
transmissions is required for reliable operation. Depending
on the speed, usually a small amount of lubricant is sufficient
for lubricant film formation, whereas most of the lubricant
is needed for cool- ing. As lubricant is kept in motion, lubri-
cation always involves hydraulic losses. For oil lubrication
at high speeds, the hydraulic losses can share a remarkable
amount of the overall power losses of geared transmissions.
Injection lubrication is a common way of lubrication particu-
larly in high-speed transmissions, which currently attracts
high attention in terms of e-mobility applications. Injection
lubrication usually involves far less hydraulic power losses
compared to dip lubrication and allows direct oil supply to
individual machine elements as well as effective cooling and
filtration by external oil supply units.

In general, no-load gear losses and oil distribution can be
observed by experimental setups. Through the years, sev-
eral experimental studies on injection-lubricated gears were
conducted (Refs.20-22). The observed relations on the no-
load loss with regard to the gear geometry, injection volume
and injection speed were partially converted into empirical
equations.

According to Mauz (Ref.21), the no-load power loss of
injection-lubricated gears can be categorized as impulse,
squeezing and windage power loss:

Pro= Proo] + Proos + Preow (1)

The impulse power loss P;g, occurs when injected oil
impinges on the tooth flanks of the gears. Based on Aiura et
al. (Ref.4), Mauz (Ref.21) derived a simplified approach for
the impulse loss torque T;qfor gear pairs with a circumfer-
ential speed of v,<60m/s:

Ti6oi=Ci T p V- (vtvw) 2
G variant coefficient -
p density kg/m’
v,  circumferential speed m/s
Tw pitch radius mm
V,, oilinjection volume rate 1/min
Vi injection speed m/s

Note that the impulse power loss can take negative values
in case of a larger injection speed than circumferential speed.

The squeezing power loss Py¢s occurs when oil is squeezed
out of the gear meshing zone in both axial and radial direc-
tion. Mauz (Ref.21) derived an equation for the squeezing
loss torque Tiqos for gear pairs with a circumferential speed
of vt<60m/s:

- 3
Tyo0s=Ci-4.12:p 1 V7,075 1,125 p025 g 025 (ULU)UVZS ( ]/I;lzzo )°~° (3)

G variant coefficient -

Tw pitch radius mm

v,  circumferential speed m/s

b tooth width mm

v kinematic viscosity mm?®/s

h. tooth height mm

p density kg/m’
V,, oilinjection volume rate 1/min

Uin injection speed m/s

m, normal module mm

o reference viscosity mm?®/s

h,,  reference tooth height mm

Note that the squeezing power loss is neglected if the injec-
tion speed is opposite the direction of the circumferential
speed (Ref. 21).

The windage power loss Pigow is caused by a secondary
medium —mostly air. For low circumferential speeds, the
windage power loss shares a marginal percentage in compar-
ison to the impulse and squeezing power loss.

The empirical equations of Mauz (Ref. 21) are easily appli-
cable, which made them part of modern gear calculation
programs for geared transmissions (e.g., Ref. 11). However,
its range of application and transferability to industrial oper-
ating conditions is usually limited and many mechanisms are
simplified.

Literature Review
The application of CFD (computational fluid dynamics)
methods to geared transmissions provides more detailed in-
sights into the oil flow and no-load losses (Ref. 8). CFD meth-
ods are flexible and easily applicable, have no limitations
with regard to gear geometry and housing shape and can
describe physical phenomena very accurately (Refs. 18-19).

Many CFD studies of geared transmissions have focused
on dip lubrication. Thereby, besides finite volume (FV)-
based methods, smoothed particle hydrodynamics (SPH)
methods are also used. An overview of literature was given by
the authors in (Refs. 17-19). Selected studies are summarized
in the following.

Concli et al. (Refs.5-7, 13) carried out many numerical
studies on the oil flow and churning loss of dip-lubricated
spur and planetary gears by using the FV-based CFD method.
The results with respect to the gear churning loss are in good
agreement with the experimental measurements. In addition
to that, a specific mesh-handling technique was introduced,
which is specially designed for gear meshing problems
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allowing a reduction of the computing
time by over 90% (Ref. 7).

Liu et al. (Refs.18-19) applied a
three-dimensional =~ FV-based CFD
model to investigate the oil flow and the
churning power loss of a dip-lubricated
single-stage spur gearbox. The results
for both oil distribution and churning
loss torque agree very well with both
high- speed camera recordings and
loss torque measurements. The studies
show that the FV method is very suit-
able for predicting the oil flow and the
no-load loss in geared transmissions.

Besides FV-based CFD meth-
ods, particle-based CFD methods,
i.e.—smoothed particle hydrody-
namics (SPH)—have been applied
to geared transmissions. SPH is a
Lagrangian and mesh-free method in
which the medium is represented by
discrete fluid elements, the motion in
space and time of which is calculated
through a set of equations developed
by Monaghan (Ref.23). In comparison
to conventional CFD methods, SPH can
easily handle free surface flows without
much modeling effort due to its mesh-
free nature.

Emmer (Ref.9) was one of the first
people to explore the potential of SPH
for the simulation of oil flow in gear-
boxes. He investigated the oil flow as
well as the churning losses of a dip-
lubricated single gear and gear pair. The
findings show that the application of
SPH to gearboxes requires fundamental
optimization to obtain physically plau-
sible results on the oil flow and churn-
ing losses.

Liu et al. (Ref. 17) set up a SPH-based
simulation model to investigate the oil
flow and the churning loss of a dip-
lubricated spur gear pair in a test
gearbox. The model was studied by
varying the gear speed, lubricant vis-
cosity and oil sump temperature. The
authors point out that, besides the
great potential of SPH further opti-
mizations on current SPH, codes are
required for good predictions of oil
flow and no-load gear loss in geared
transmissions.

As indicated above, many CFD
studies on dip-lubricated geared
transmissions have been performed.
However, there are very few numeri-
cal studies on injection lubrication.

Arisawa et al. (Refs.1-3) investigated
the impulse and windage loss of an
injection-lubricated bevel gear pair for
an aircraft by CFD simulation and loss
measurements. They set up a three-
dimensional, two-phase FV-based CFD
model with a so-called porous body
approach to illustrate the gear mesh-
ing. The focus of the study was the influ-
ence of the shroud of bevel gears on
the no-load gear loss. The results show
that the CFD simulations are quantita-
tively in good agreement with the mea-
surements. It was found that the gear
impulse loss takes the greatest part of
the no-load gear losses, whereas the
windage loss only shares a very small
percentage. It was revealed that, by
introducing shrouds, the no-load gear
loss could be reduced by up to 36%
compared to unshrouded gears. The
authors also point out that by observing
the oil flow by CFD, it was possible to
design spur gear trains of the gearbox
in a manner that prevents stagnation of
oil inside the gearbox when the aircraft
changes attitude.

Fondelli et al. (Ref.10) studied the
impulse loss of a single high-speed spur
gear pair with injection lubrication
numerically. They applied an FV-based
CFD model with a local mesh refine-
ment feature. This meshing technique
allowed acceptable computing time.
The simulation model captured the oil
set into motion as well as the droplet
and ligament formation by the breakup
of the jet. It was shown that the pressure
distribution on the teeth flank result-
ing from the oil jet impact contributes
significantly to the resistance torque.
The influence of the shear forces was

evaluated as negligible.

The brief literature review shows that
many CFD studies have analyzed the
oil flow and no-load loss of dip-lubri-
cated geared transmissions. Only very
few numerical studies have focused
on injection lubrication. Within the
framework of this paper, an FV-based
CFD model of a single-stage injection-
lubricated test gearbox of the FZG gear
test rig was built to investigate the influ-
ence of the injection volume, oil viscos-
ity and gear speed on the oil supply and
distribution. The results also include a
comparison of the simulated no-load
gear losses with empirical calculations.

Object of Investigation and
Operating Conditions
The object of investigation is the FZG
no-load power loss test rig. It fea-
tures the same test gearbox geometry
as the test rigs used by the authors in
(Refs.17-19). The FZG no-load power
loss test rig was specifically designed
for experimental investigations on the
oil flow and no-load loss of gears.

FZG no-load power loss test rig. The
mechanical layout of the FZG no-load
power loss test rig is shown (Fig. 1, left).
It consists of four main parts: the elec-
tric engine, the intermediate gearbox,
the loss torque meter and the test gear-
box. The test gearbox is planned to be
adapted for injection lubrication simi-
lar to the manner shown (Fig. 1, right.

Thetestrighasalreadybeen described
(Ref. 18). The main parts are repeated
below. The speed of the electric engine
is transmitted through the intermedi-
ate gearbox and the pinion shaft to the
test gearbox. The no-load loss caused

Electric —
enging

Intermediate —
gearbox

Loss torque ———————|
meter

Test wheal i ]

Test gearbox, —

Test pinion — oil

drainage

- Injection nozzle

Test Oil

pinion drainage

Figure 1
gearbox (right).

Mechanical layout of the FZG no-load power loss gear test rig (left); injection-lubricated test
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by the test gearbox is measured by the
loss torque meter on the pinion shaft
and includes the gear losses as well as
the losses of the four bearings and two
seals. In order to minimize the losses
from bearings and to obtain a clear
view of the oil flow from the front, small
needle bearings are installed. The front
cover was made of transparent acryl
glass in order to obtain a clear view
of the oil flow. The considered torque
meter has a measuring range of 10 Nm
and a measuring error of +0.1%.

The injection lubrication of the test
gearbox is planned to be adopted
from other FZG gear test rigs (Figure
1, right). The injection nozzle is placed
just above the gear meshing zone. The
injection nozzle has an oval shape
(12mm long, 1.5mm wide) so that the
oil can be injected over the width of the
gears. A PLC control cabinet controls
the oil temperature in the oil supply
unit as well as the oil injection volume.
The injected oil can flow back to the oil
supply unit through the two oil drain-
age holes (@24 mm) at the bottom of the
two side walls of the test gearbox.

Test gears. As used previously
(Refs. 17-19), the well-known test gears

of FZG type C-PT are considered. The
geometric data for both the pinion and
the wheel are listed in Table 1.

Lubricants. The mineral oils FVA3
and FVA2 (Ref. 16) with viscosity grades
of ISO VG 100 and ISO VG32 are con-
sidered. Table 2 gives an overview of the
main properties of these lubricants.

Operating conditions. The operat-
ing conditions were selected based on
the empirical equations for the no-load
loss introduced in section 1. A set of 12
parameters was chosen. The consid-
ered influencing parameters include
three circumferential speeds, two oil
injection volume rates and two oil
injection velocities. The oil temperature
is set to 40°C. Table 3 gives an overview
on the operating conditions.

Numerical Model
The numerical model is implemented
and solved in the commercial CFD soft-
ware Ansys Fluent 18.0.

Governing Equations.
The behavior of fluids can be descripted
with conservation equations (Ref.12).
Based on the Euler equations of motion,
the momentum conservation equa-

Table1 Geometry of CPT-type gears

ainmm zy, ':1": ain® xr"!:r:1n bl;fn':‘ d::':nm
Pinion (1) 16 0.182 82.5
Wheel (2) o135 24 45 20.0 0.171 14 118.4

Table 2 Properties of the considered mineral oils

Kinematic viscosity at| Kinematic viscosity at . o
oil a0°C, 100°C, Denstyat 15.C,
v(40°C) in mm?/s v(100°C) in mm?/s p (15°C) in kg/m
FVA3 95.0 10.7 864
FVA2 32.0 54 855

Table3 Considered operating conditions

Rotational |Circumferential | . . . . .
Parameter speed of speed at the S;IILT:*:\ZC:::: B'Ie':ée;t"?: oil
number pinion n, in | pitch circle v, in V.. in U/mi P P ol
rpm m/s ot INI/MIN m/s
1 FVA3
2 2.1
2 130 0.5 FVA2
3 4 42 FVA3
4 ) FVA2
5 FVA3
2 2.1
6 FVA2
7 522 2.0 ) - FVA3
8 ) FVA2
9 FVA3
2 2.1
10 2166 8.3 FVA2
1 4 42 FVA3
12 ) FVA2
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tions can be extended with mass and
energy conservation equations to form
a system of partial differential equa-
tions of the second order. An overview
on the Navier-Stokes equations and tur-
bulence modelling can be found in the
previous work of the authors (Ref. 18).

In this study, due to no-load operat-
ing conditions, thermal influences are
neglected and therefore the energy con-
servation equation is not considered; a
k-¢ turbulence model consisting of two
coupled transport equations is used.
The fluid is considered as Newtonian
fluid.

Finite volume method. In order to
find an analytical solution for the gov-
erning equations, a decoupling of the
conservation equations would be nec-
essary. Reynolds or Prandtl numbers
were introduced for solving simple
problems. For complex applications,
no analytical solution can be found and
numerical solutions are required. One
of the most common methods for prac-
tical applications for fluid mechanics is
the finite volume (FV) method (Ref. 14).
Thereby, the calculation domain is dis-
cretized with finite volumes. The accu-
racy of numerical solutions generally
increases with the fineness of the grid
and discretization order. In each finite
volume, the Lipschitz constancy must
be fulfilled.

By integrating the conservation
equations on the finite volumes, the
divergence term is transformed into a
surface integral:

w1+ V- f(u(x, ) =0 @

o Q%u(x, 0dQ+ [50,f(1) -ndS=0 )

These surface integrals can easily be
determined by Gauss quadrature, so
that partial differential equations (in
time and space) are converted into a
set of linear equations, which can be
solved efficiently. The FV method is
widely used because of its conservation
character.

Volume of fluid method. For oil flow
simulations with two media, a two-
phase model is necessary. The most
common model for immiscible fluids
is the Volume of Fluid (VoF) method.
It is based on a scalar fraction function
C, which is defined as the integral of
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a fluid’s characteristic function in the
finite volume (Ref. 15). If a finite volume
is “empty” (e.g. 0% oil), the value of C
is zero; when the finite volume is “full”
(e.g. 100% oil), C equals 1; and when
there is a fluid interface in the cell, C
is between 0 and 1. The normal direc-
tion of the fluid interface is at the posi-
tion where the value of C changes most
rapidly. Each finite volume includes the
volume fraction of every fluid (e.g. oil
and air), while the fluids share a single
set of momentum equations. It means
that fluid variables are calculated by the
average of the volume fraction of the
fluids in the finite volume, whereas the
averaged properties are then used to
solve a single set of conservation equa-
tions in each volume. The resolution of
the regarded fluids depends on the size
of the finite volumes.

Geometry and mesh. The conserva-
tion equations are solved iteratively
on finite volumes during calculation.
The mesh of the injection-lubricated
test gearbox (Fig.2, right) essentially
consists of five domains: the pinion
domain; the wheel domain; the outer
domain; the oil injection domain; and
the remeshing domain. The entire
model represents a negative model of
the test gearbox. Due to the symme-
try of the test gearbox, the simulation
model was reduced to one-half by set-
ting the middle plane of the test gearbox
to a “symmetry” boundary condition.
As the general test gearbox configura-
tion has also been considered by the
authors in (Refs. 18-19), some parts are
repeated to improve readability.

The mesh of each single domain is
connected with the other domains as
shown (Fig.2). The mesh of the pinion
and wheel domain is discretized with
inflation layers and does not undergo
any mesh deformation. During the sim-
ulation, the meshes of the pin- ion and
wheel domain rotate inside the gear-
box domain at predefined rotational
speeds. The outer domain mainly con-
sists of tetrahedral elements and does
not undergo any mesh deformation.
The elements at the boundary walls of
the gearbox are defined as “walls” An
oval-shaped oil injection domain is
modeled at the position between the
injection nozzle and the gear meshing
zone. The oil injection volume rate is

defined as an “inlet” by a predefined oil
inlet speed at the top of the oval shaped
oil injection domain. The oil drain-
ages at the bottom of two sidewalls are
defined by two round planes, which are
set as the “outflow.” The domain of the
remeshing zone fills the cavity between
the outer domain and the pinion and
wheel domain. During operation, the
meshing zone of the pinion and wheel
is a transient area that changes for
every gear meshing position. Thus, the
remeshing zone consists of a deform-
able meshing structure that changes
with every time step of the rotating pin-
ion and wheel domain.

The domain of the remeshing zone
is discretized with deformable prism
elements that deform and stretch with
every time step of the rotating pinion
and wheel domain. When the mesh
quality, e.g. — skewness and orthogonal
quality, falls below a predefined mini-
mum mesh quality, the affected ele-
ments are reconstructed. This remesh-
ing process is numerically expensive;
thus, only the area affected by the
rotating and meshing gears is assigned
as the remeshing domain. During a
numerical analysis, bad element qual-
ity and numerical singularities in the
very small gap between the tooth flanks,
i.e. gear backlash have to be avoided.

Therefore, the very small gap between
the tooth flanks is enlarged by scaling
the pinion and the wheel to 98% of their
actual size. This is currently required for
all FV-based CFD simulations of mesh-
ing gears. The scaling is not expected to
significantly influence the oil distribu-
tion and the impulse loss.

For the simulation series, 40 cores of
a high-performance computing clus-
ter were used as hardware. A grid with
about 0.68M elements was applied
to the mesh model, which results in
an average element size between 1.0-
1.5mm?®. The time step size was set to
0.1° rotation of pinion. A local conver-
gence criterion of 10”° was used for all
equations. These settings result in a cal-
culation time of about 8-12 h for a sin-
gle rotation of the pinion.

A grid sensibility analysis has been
performed with different element types.
The object of investigation was the no-
load loss torque of both gears. In a first
step, the half model was discretized with
tetrahedral elements. Thereby, the ele-
ment number was varied from 0.62 M to
1.79M. In a second step, the half model
was mainly discretized with prism ele-
ments, which were extruded from a pla-
nar area. Thereby, the element number
was increased from 0.28 M to 0.71 M. In
both cases, the maximum change of the

Entire mesh model

Remeshing

domain

Dil inlet

Outer wall

0il flow domain

Outer domr.'in
Symmetry wall

0il outlet

Figure2 Mesh model of the injection-lubricated test gearbox; entire mesh model (top left); outer domain
and oil injection domain (top right); remeshing domain (bottom left); pinion and wheel domain

(bottom right).
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no-load loss torque was less than 5 %.
The oil distribution could be dissolved
best with the highest element number.
For a similar element number, the com-
puting time of the tetrahedral model
was about three times longer than for
the prism model. That is mainly due to
the higher effort for the remeshing of
tetrahedral elements. The tetrahedral
model requires stretching and recon-
\ RAY /2P ] struction of all effected elements in
' the remeshing zone, whereas for the
prism model only the symmetry wall of
the remeshing model is stretched and
rebuilt. For reasons of computing time,
the prism model with 0.68M elements
isused.

FVA3, vi=05m/s, FVAZ, vi=05m/s, FVAZ, vi=05m/s, FVAZ, vi=05m/s,
Vi,=2.1m/s,t=0500s v =21 m/s,t=0500s5  v;;=4.2 m/5,t=0500s wv;,=4.2 m/s,t=0500s

o 00 80

"

i The no-load loss torque of the gears
FVA3,v=20m/s,  FVAZ v=20m/s, FVA3, v=2.0m/s, FVAZ, v=2.0m/s, is derived by the sum of the product
vig=21my/s,t=0144s v, =21m/s,t=0.144s5  v,=42 m/s5,t=0144s5 v,=42 m/s,t=0.144s of fluid pressure integrated over each

finite volume on the circumferential
gear surfaces multiplied with the cor-
responding distance to the axis center.
> Y i - = This results in the overall gear no-load

loss torque consisting of the impulse,

FVA3, v=83m/s, FVAZ, v=83 m/s, va v H%mfs i-w;z v=83m/s, ) dwindase | .
Vip=21m/s,t=0053s  v,=21m/s,t=0053s  v,=42m/s, t=0.053s v,=42m/s, t=0053s squeezing and windage loss portion.
Figure 3 Simulated oil distributions after one rotation of the pinion (front view). Results

Results on the oil distribution and the
no-load power loss of the injection-
lubricated test gearbox are presented
based on the operating conditions
shown in Table 3.

Oil distribution. Figures 3 and 4
show the simulated oil distributions in

@
{
front and isometric views, respectively.

FVA3,v=0.5m/s, FVA2,v,=0.5m/s, FVA3,v,=0.5m/s, FVA2,v,=0.5m/s, Thereby, the current oil volume frac-
v,=2.1m/s,t=0500s5 v,=2.1m/5,1t=05005 v =42m/st=05005 v,=42m/st=0500s tion obtained from the CFD simulation
The left and right two columns of

Figure 3 and Figure 4 correspond to

tion speed v;, and the circumferential

speed v, is superordinate compared to

is illustrated. All results correspond to

i
o the oil injection speeds v;, of 2.1m/s
the influence of the oil viscosity (FVA3

a time, when one pinion rotation after
the first oil contact has finished. This
already results in an almost quasi-sta-
tionary oil distribution and loss torque.

FVA3,v,=2.0m/s, FVA2,v=20m/s, FVA3,v=2.0m/s, FVAZ,v=2.0m/s, and 4.2m/s, respectively, whereas the
vi.=2.1m/fs,t=0144s5 v;;=2.1m/fs5,t=0144s v, =42m/s5t=0144s v, =42m/s5t=0.144s three rows relate to the circumferen-
tial speeds v, of 0.5m/s, 2.0m/s and
8.3m/s. The influence of the oil injec-

\"‘% "‘\,:\,ﬁ and FVA2), which can be observed by

= e comparing the first and second and the
FVA3,v,=83m/s, FVAZ, v,=8.3m/s, FVA3,v,=83 m/s, FVA2,v,=83 m/s, third and fourth columns, respectively.
V=21 m/s,t=0053s  v,=21m/s,t=00535 v,=42m/s,t=0053s v, =42 m/s t=0053 s The current oil volume inside the

- - I - - _, gearbox decreases with increasing
Figure4 Simulated oil distributions after one rotation of the pinion (isometric view).
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circumferential speed v, This is due
to the fact that less oil has entered the
gearbox after one rotation of the pinion
in total. The amount of oil leaving the
meshing zone after each gear engage-
ment decreases with increasing v, due
to the shorter cycle time. This and the
increase in the centrifugal force with
increasing v, resultin more dispersed oil
flows with increasing v;. For v,=8.3m/s
and v;,=2.1m/s, the dispersed oil drop-
lets cannot even be resolved properly
by the considered mesh size of the CFD
model.

When the oil injection speed v, is
higher than the circumferential speed
v, there is a considerable amount of
oil dragged in the axial direction and
the oil tracks in radial direction after
leaving the meshing zone are recog-
nizable. The higher v;, compared to v,
the clearer this observation becomes.
For v,=0.5m/s and v,,=4.2m/s, even a
damming effect can be observed above
the gear meshing zone. The ratio of v,
and v;, has a strong effect on the axial
and radial squeezing of oil.

In comparison to the circumferen-
tial and injection speed, the influence
of the oil viscosity (FVA3, FVA2) on
the oil distribution is subordinate. For
the higher viscous FVA3, pronounced
oil tracks gradually swinging off the
teeth tend to occur. This is due to the
higher resistance to shear stress, which
also explains that the oil tracks stick
to the gear teeth (cf. v,=0.5m/s and
Vi»=2.1m/s for FVA2 and FVA3). For the
less viscous FVA2, the oil rather appears
as small and dispersed oil droplets.

No-load power loss. This section
shows the simulation results on the
no-load power losses with respect to
the results on the oil distribution in the
previous section. Each simulated value
is averaged over 270° pinion rotation,
i.e.—12 gear engagements, and rep-
resents the overall gear no-load power
loss including the impulse, squeezing
and windage portion. The dissolved
no-load power loss (not shown) shows
maxima when tooth flanks are orien-
tated perpendicular to the injection
direction.

Figure 5 shows the CFD simulation
results, which are classified into the
empirical results according to Mauz
(Ref.21) (cf. Egs. 2 and 3). The results

v=95 mmi/s (FVA3)
O---v,=2.1m/s
S m—uv,=42mis
4

6

CFD CFD

01 2 3 4 5 6 7 8 9
v, in mis

v=32 mm¥s (FVAZ)
O---v,=2.1m's

v, inmis

Figure5 Comparison of no-load power loss between CFD simulation and empirical equations of Mauz

(Ref. 21).

are in very good accordance. Note that
windage power loss is not explicitly
considered in the empirical equations;
its portion is considered to be very
small for the considered circumferen-
tial speeds.

As seen for the oil distribution, the
influence of the circumferential speed
v.and the oil injection speed v;,is super-
ordinate compared to the influence of
the oil viscosity (FVA3 and FVA2). In
the following, the results are discussed
in groups of the circumferential speeds
v,={0.5, 2.0, 8.3} m/s.

For v,=0.5m/s, the oil injection speed
Vi is greater than the circumferential
speed v. Hence, the oil jet exerts an
acceleration torque on the gears, which
increases when v;,, becomes increasingly
larger than v, This results in a negative
no-load power loss, which is however
very small.

For v,=2.0m/s, when the oil injection
speed v;,, almost equals the circumfer-
ential speed v, the no-load power loss
is also very small. When v;,is increased
to 4.2m/s, the oil jet again exerts an
acceleration torque resulting in a nega-
tive no-load power loss.

For v,=8.3m/s, which clearly exceeds
the oil injection speed v;, the injected
oil is accelerated to the speed of the
tooth flanks, which results in a larger
no-load power loss. It rises with v;, due
to the increasing amount of oil to be
accelerated.

In comparison to the circumferential
speed v, and oil injection speed v;, the
influence of the oil viscosity is subordi-
nate. This finding is consistent with the
empirical equations of Mauz (Ref.21),
as the influence of oil viscosity on the
squeezing power loss is relatively small

(Eq. 3) and the impulse power loss is
independent of the oil viscosity (Eq. 2).

It should be noted that the no-load
power loss caused by injection lubrica-
tion is only a small fraction of that cre-
ated by dip lubrication (Ref. 19).

Conclusion

In this study, a finite volume CFD simu-
lation model of a single-stage injection-
lubricated test gearbox was applied to
investigate its oil flow and no-load pow-
er loss. The results provide physically
plausible information on the oil supply
and its distribution. The simultaneous-
ly simulated no-load losses show very
good accordance with empirical equa-
tions. It is proved that the CFD method
has developed into valuable tools for
studying injection-lubricated gearbox-
es. In the next step, the presented test
rig will be adapted for injection lubrica-
tion so that the simulation results can
be validated by measurement of the no-
load loss torque and oil distribution.
Future work will focus on the impact
of various influencing factors like gear
geometry, gearbox housing and high-
speed regimes. PTE

For more information. Questions
or comments regarding this paper?
Contact Hua Liu at liu@fzg mw.tum.de.
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