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ABSTRACT:

Results from the tests on a high—speed back—to-back stand (vt = 70 m/sec = 13725 fi/min) show the influence of the
separation of lubrication and cooling oil supply on the gear temperatures (scuffing load capacity) and efficiency. The
gear mesh is only given a minimum oil flow rate necessary for lubrication of the working tooth flanks. Cooling is
provided by spraying oil onto the inner surfaces of the rims. This leads to a reduction of the total oil flow rate of up to
60% compared to the currently recommended flow rates. In spite of the reduced total oil flow rate the temperature level -
of the gears can be kept low and the efficiency slightly increases due to reduced hydraulic losses in the gear mesh. —
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1 Introduction

Theoretical analyses and experimental tests /2,3/
with oil-jet lubricated gears have shown that the
actual delivered oil flow rate is considerably
higher than necessary to maintain a load carrying,
elasto~-hydrodynamic oil film. Exceesive oil flow
rates cause a reduction in efficiency, especially in
high-speed gears with a pitch line velocity of v, =
200 m/sec (= 40000 ft/min) the load-independent
losses ("hydraulic losses™ due to lubricant, see
/14/) rise considerably. Too low oil flow rates on
the other hand cause an unacceptable temperature
rise of the working tooth flanks, since the fric-
tional heat produced in the gear mesh is insuf-
ficiently carried away by the oil.

The considerations of reducing the oil flow rate
and keeping constant gear mesh temperatures lead to
a separation of the oil supply into a lubricating
and a cooling oil supply. In doing so, the mesh ie
only given a minimum oil flow rate necessary for
lubrication of the working tooth flanks. The gears
are cooled outside the mesh area by oil that is
sprayed onto the inner surfaces of the gear rims on
both sides of the gears.

The goals of the investigations in /1/ consisted
of determining the influences of the separation of
lubricating and cooling oil supply on the pinion and
wheel temperatures, on the power losses, and on the
wear of a single-stage helical gearset as a function
of load and pitch line velocity. It was to be shown
how and to what extent the total oil supply can be
reduced.

2 Background

an overview of the actual situation concerning
"Separatiocn of lubricating and cooling oil supply of
high duty gears" is given by a literature research
/4/ as well as the explanations in /f1/. It was
proved that up to now no experimental investigations
have been done as to this subject and that the
theoretical knowledge, too, is insufficient.

Prof. Dr.-Ing. K. Langenbeck is Head of the "Institut fur Maschinen-
konstruktion und Getriebebau" at the University of Stuttgart, Germany.
Dr.-Ing. J. Greiner was Scientific Employee at this Institute and is
presently working as Staff Engineer at the Cincinnati Gear Company,
Cincinnati, Chio.

0il jet lubrication is usually used for gears
with pitch line velocities of v, > 30 m/sec (= 6000
ft/min). The oil jet lubrication variants common in
research and industry basically vary in position of
the nozzles and their spray direction into the gear
mesh. As shown in Fig. 1 they can be classified as
follows:

Oil~-jet is directed towards the pitch
point perpendicular to the center line.
Oil-jet is directed towards the gear
center.

Oil-jet is directed towards the gear
mesh respectively towards the face pa-
rallel to the axis of the gears.
Centrifugal lubrication;

Fling-off cooling.

Variant A:
Variant B:

Variant C:
Variant D:

For gears for industrial usage basically variants
aAl, A2, Al+A2 as well as Bl, B2, Bl+B2 are used. In
literature /5/ you generally find the statement that
as to the lubrication "Spraying into the engaging
mesh" (A1,Bl) and as to cooling "Spraying intoc the
disengaging mesh" (A2,B2) should be preferred.
However, several experimental investigations with
pitch line velocities up to v, = 100 m/sec (= 20000
ft/min) have shown, that the gear bulk temperatures
are considerably higher (lower scuffing load capa-
city) when spraying into the disengaging mesh. On
the other hand temperature measurements at veloci-
ties in the range of 100 to 200 m/sec (= 20000 to
40000 ft/min) support the statement that A2 is with
regard to cooling more appropriate than Al.

At pitch line velocities of more than 100 m/sec
(= 20000 ft/min) frequently both variants are
combined (A1+A2,B1+B2). The o0il flow sprayed into
the engaging mesh has to be kept as low as possible
because of hydraulic losses, so that only the lubri-
cation is guaranteed, while much more oil is sprayed
into the disengaging mesh for cooling. It is a com-
mon fear that at these velocities the o©il sprayed
into the disengaging mesh will be immediately
rejected by the approaching tooth flanks. The oil
film thickness on the tooth flanks will be reduced
due to the extremely high centrifugal forces till
the next tooth engagement occurs, which can lead to
insufficient lubrication conditions. It is a general
opinion that the cooling effect is much better when
o0il is sprayed into the disengaging mesh, because
there is a higher temperature difference between the
"hot™ flanks coming out of the mesh and the oil that
is sprayed in.
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A+C B+C

The extremely fast running but relatively low
loaded flanks in aviation gears can (according to
/9/) even be operated without "direct"™ lubrication
of the gear mesh, because the o0il mist caused by the
horizontal spraying of oil on web and rim is suffi-
cient for lubrication. This, however has to be que~
stioned for very wide gears.

With a separate cooling oil supply the question

of the minimum lubricating oil flow necessary for an
operational lubrication becomes very important. In
industry the determination of the lubricating oil
flow rate is done by taking into consideration the
expected power losses and the heat balance of the
gear box /8,9,12/, the face width /8,10,11/ and the
EHD-Theory /2,13/. To be able to compare the dif-
ferent recommendations as to the amount of the
lubricating oil flow rate, the operating conditions
of a single-helical gearset were set up in Table 1.
Table 2 shows the calculated results.
The recommendations regarding the heat balance of
the gear box show coneiderably higher oil flow
rates. This is mainly due to the very small per-
mitted temperature difference between oil inlet and
oil outlet. A doubling of the allowed temperature
difference would cause a halving of the oil flow
rate and thus less hydraulic losses.

When calculating the lubricating oil flow rate by
regarding the face width one is on the safe side
because of experiences made with slowly running
gears.

The according to /2,13/ calculated minimum oil
flow rates cannot be conesidered ae recommendations,
since the frictional heat in the gear mesh can no
longer be dissipated. The idea of cocling the gears
by spraying oil on the faces requires the deter-
mination of the optimum of sufficient lubrication
while minimizing the hydraulic losses and dissi-~

li\\; -'; pation of the frictional heat.
;\\\\‘\\\‘[
3 Experimental Equipment
3.1 Back-to-Back Test Stand, Test Gears -
Fig. 1: Injection Variants A,B,C,D with and without Fig. 3 schematically shows the back-to-back test N

separated cooling oil supply

For separate supply of lubricating and cooling
©il, combinations of injection variants Al, A2 and
C2 as well as Bl, B2 and C2 would be well suited
(see Fig. 1). For lubrication the oil is sprayed
either directly into the mesh or radially onto the
gears. Cooling is provided from oil sprayed onto the
inner surfaces of the gear rims.

Dudley/Richardz /9/ mention in their final con-
clusions that spraying of cooling cil onto the faces
of the gears is a procedure especially used for avi-
ation gears with thin rims and webs (see Fig. 2).

Gear Body in
Light-weight Design

Pipe with
Nozzie

Fig. 2: Lubrication of aviation gears acc. to /f9/

2

stand with the experimental arrangement for the
temperature and efficiency investigations. Fig. 4
shows the operable test stand in the gear lab.
Basically the test stand corresponds to a design
which has been reported several times in literature
/1,2/. Table 3 shows the technical data of the two
different test gearsets. Profile B is designed for
balanced sliding at tooth root and tip, while the
sliding velocity at the tip of the pinion of profile
E is approximately 16 % higher than at the wheel.
Since the tests did not show significant differ-
ences in the following only the results with profile
B will be discussed.

3.2 Positions of Nozzles

Fig. 5 shows the view of the test gear box with
the pipework for the separate supply of lubricating
and cooling oil without gear cover. At the end of
the pipe of the lubricating oil supply of the gear
mesh a spray-head with 3 solid stream nozzles is
mounted. It distributes the oil egqually along the
whole width of the gear mesh. The axes of the
nozzles in the spray~head are directed towards the
pitch point perpendicular to the center line.

Two oil distributors outside the housing gua-
rantee an equal distribution of the cooling oil onto
the inner surfaces of the gear rims. The axes of
these solid stream nozzles point on the fillet
radius between the web and the rim. The two in-
jection variants RAl+C2 and A2+C2 are realized by
corresponding choice of the rotation direction.

3.3 Measuring Equipment

In the back-to-back test stand two torgue-meters
are mounted for measuring the transmitted power and
the power losses (see Fig. 3). The temperatures of

the gears and the oil temperaturea'f)clﬂ m‘ems
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Transmitted Power P kw 1000
Permitted temperature difference
between oil inlet and oil outlet ad K 15
! Outside surface of housing A m2 0.5
: Number of teeth on pinion/wheel z1/z2 - 31/47
‘ Face width b mm 40
} Pitch line velocity Ve m/sec 60
? Helix angle : deg. 10
‘ Tooth flank surface roughness R, pm 2.5
L Characteristic Values of Mineral 0il:
| Specific heat capacity c = 2000 Wsecf(kgK)
‘ Density p = 850 kg/m
!
! Table 1: Operating conditions of single-helical gearset
!
|
l
j
! Reference ; Source Equation; Recomqm. Comments
' Reference Value Standard Value for v,
f in l1/min
b— Niemann /12/ . .
Gear Mesh Losses P, V; = 40,8+ (P;/al) 10.2 - Py = 3.76 kW ; V, for full
— Temperature Difference with compensation of P, by the oil
. between 0il Inlet and PvzzP-((0.1/21/cosﬁ)+0.03/(vt+2))
0il Outlet a4l
4
| Niemann ; Winter /8/ .
‘ 1. Face Width b wmin = 0-08..0.1 1/{min-mm) 3.2-4.0 | - Estimation
! 2. Power Losses P, \'IZ = (P, - P}/ (cop-al) 17.4 - at complete dissipation of P,
! Heat Dissipation P, by the oil
‘ due to Convection Py = 0.8...1.2 kii/m® = 0.6 kW
| P, = 0.8 % of P = 8 kW
|
; Dudley ; Richardz /9/ .
Transmitted Power P V, = 1.27 1l/min per 100 kW of P 12.7 - generous supply at up to 10 °C
V; = 0.64 l/min per 100 kW of P 6.4 - normal supply al up to 24 °¢C
' V; = 0.42 1l/min per 100 kW of P 4.2 - lean supply a® up to 38 °C
j V, = 0.32 1/min per 100 kW of P 3.2 ~ gtarvation supply al > 38 °C
; Shell /10/
| 1. Transmitted Power P - Diagram - 23.0 - friction coeff. u, = 0.06 ;
i . allow. temp. rise ad= B °C
| 2. Face Width b V, = 0.55 ... 0.8 1/{min-cm) 2.2-3.2 | - for high-speed gears
| V, = 1.6 1/({min-cm) 6.4
|
‘ Mobil /11/ .
Face Width b Vv, =0.5 ... 1 1/(min-cm) 2.0-4.0
Ohlendorf /13/ .
Tooth Flank Roughness Vomin = 2-b-vt-(Rp1+Rp2)/104 1.44 = Ry + Rp = 2:(0.6:R,) = 3 ym
Schober /f2/ .
EHD-Theory Vomin = 2°bev,-h;/10% > 0.09 |- h; >0.18 um
-
Table 2: Minimum oil flow rate for sufficient lubrication
——
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|  Gear Temperatures |  TestGears Slave Gears T
[ Power Loss
pKRa f
@ D.C. Motor
y ; - Reveolution
VKRQ Counter
24 F, I Control Box I
|
P ] 2 Torque
2™ Speed
T ? ‘} Control Panel
F; - i
\oxy - -
Heater Temperature I
. Y Z— Device
Ofl Supply D
Unit Cm e
D = Manometric Switch
F, , = Thermometer
V::: = Valve i *
Cooling Water
Fig. 3:

Schematic view of test arrangement for temperature and power loss neasurements

T

Fig. 4: Back-to-Back Test Stand in the Gear Lab

T Fs

Fig. 5:

Positions of nozzles at separation of lu-
brication and cooling oil supply (Injection
variants A1,Al1+C2,A2,R2+C2)
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