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SUMMARY

The probiems and fal'ures occurrinc with the operation cf Ligh speed gears
are discyssed. The gearing lesses assoclated with high speed gearing such as
tooth mesh fricticn, bez-ing friction, churning, and windage are discussed with
various ways shown to heip reduce tnese losses and thereby improve efficiency.

Several different methods of o011 jet iubrication for high speed gearing
are given such as into mesn, out of mesh, and radial jet lubricatior. The
experiments and anaiytical resulits for the various methods of o1l jet lubrica-
tion are shown with the strengths and weaknesses of each method discussed.

The analyticzi and experimental results of gear lubrication and cooling
at various test conditions are presented. These results show the very definite
need of improvea methods of gear cooling at high speed and high load conditions.

INTRODUCTION

There are many applications where gears must operate at high speeds
>50 m/s {10 000 fpm) and sometimes at high tooth locading. Some of these appli-
cations incluce turbine powered ship propulsion, surface effect ships, turbo-
prop, V/STIOL aircraft, and geared turbofans. There 1s very 1ittle information
avallable on lubrication and cooiing methods, or methods to determine the power
Insses and lubricition requirements for gears operating at these high power
conditions. Many high speed gear sets today are operating at load conditions
below those that couid be obtained with better cooling methods. Also many gear
boxes could operate at better efficiencies with improved lubrication and

cooling methods.



There are several methods used for lubrication and cooling gears. Some
of these methods i1nclude splash lubricc:ion, drip feed, grease, oil mist, and
low or moderate pressurized ol jet flow Some gear boxes are operated with a
given lubrica‘ion method such as low pressure oil jets with into mesh and/or
out of mesk simply because it has worked in the past and no effort has been
made to improve the system for better efficiency or higher power rating.

For gears operating at low speeds and low loads the lubricatton method 1is
not critical since very 1ittle heat is generated Under these conditions the
gears require lubrication but very little cooling. When the heat input to the
gear teeth is increased by high speed and high power conditions then the major-
ity of the lubricant must be usec¢ for cooling the gear teeth. When inadequate
cooling 1s supplied to the gear teeth several things may happen. The gear
teeth can suffer what is called micropitting or grey staining (fig. 1, ref. 1)
which 1s caused by nsufficieni o1l f1im between the teeth. The gears can have
early fatigue spalls (fig. 2, ref. 2) resulting from reduced hardness caused by
a temperature rise of the gear teeth above the gear tempering temperature. The
gears can fail by scoring (fig. 3, ref. 3) as a result of a loss of the elasto-
hydrodynamic EHD or extreme pressure EP boundary film. The gears can also fatl
by tooth breakage as a result of reduced strength when the teeii: are overheated
and lose their hardness. The objective of the work reported herein 1s to show
the gear designer the various lubrication methods that are used in gearing and
what can be expected with each method, and to provide the gear designer with
methods to reduce gear losses and thereby reduce heating and improve efficiency.

NOMENCLATURE
A bearing area, cm2 (1n2)
a addendum, mm (in)

B backlash, mm (in)



specific heat, cal/sqg °C (Btu/1b °F)

basic static capacity, N (1b)

root diameter, mm (1in}

gear diameter, mm (1in)

impingement depth, mm (1in)

tearing mean diameter, mm (1in)

face width, mm (in)

bearing axial load, N (1b)

bearing load, N (1b)

bearing radial load, N (1b)

static equivalent load, N (1b)

friction factor viscosity

friction factor load

bearing clearance, mm {in)

distarce from impingement point to center 1ine of gears, mm (in)
toott. module, mm

bearing friction torque, N-m (1b-in)
bearing load friction torque, N-m (1b-in)
bearing viscous friction torque, N-m (1b-in)
gear ratio

speed, rpm

power loss, kW

diametrial pitch, 1/in

o011 jet pressure, N/cm (1b-in)

heat loss, cal/min (Btu/min)

pitch radius, mm (in)

radius to oil jet impingement, mm (in)



r gear outside rauius, mm (1in)

S 011 jet orrset, mn (1in)

AT o1l temperature rise, °C (°F)

v velocity, mm/sec (in/sec’

v gear pitch line velocity, m/sec (ft/sec)
v 011 jet velocity, m/sec (ft/sec)

w oil fiow, g/min (1b/in)

Greek symbols

a bearing contact angle, degrees
B oil jet angle, radians
Y nondimensional impingement depth = di/whole depth
6 gear rotation angle for oil jet in tooth space, radians
A gearbox space function 1=free space, 0.6-0.7 for large enclosure, 0.5-0.6

for fitted gear case
M viscosity, reyns
v Tubricant viscosity, centistokes
¢ o1l mixture function 1.0=011 free atmosphere
¢ gear pressure angle, radians
W gear rotational speed, radians/sec

POWER LOSSES

There are four main areas of losses in high speed gears. These losses
can be controlied for the most part by careful Jesign and construction. The
losses consist of bearing losses, tooth friction losses, o1l churning losses,
and gear windage losses. Bearing losses may account for about half of the
losses particularly when fluid film bearings are used. However, when long 1ife
is a requirement, the fluid film bearing 1s thc best choice. An approximate
method for the friction torque in a fluld fi1m bearing is shown in *he follow-

ing equation from reference 4.
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My = pArv/h (1)
Rolling contact bearings have considerably less friction loss when prop-
erly lubricated and will generally have a much shorter 1ife than a fiuid film
bearing. However, rolling element bearings should have sufficient 1ife fof
many applications. The friction torque for rolling element bearin,. may be

estimated by the following equations from reference 5.

The friction torque due to the applied load is

= 0.9 Fa cot o - 0.1 Fr or FB = Fr if larger

My = i Fgdy (2)

Fa

y
F
whiere f] =2 <;§) , 2 =0.001, y =0.33

s

for 30 angle contact bearings and f] = 0.0003 for -oller bhzarings. The vis-

cous friction torque may be estimated by

M = 1.42x10-5 f (v N)Z/3 d3
v [ ] m
(3)

-3
M_ = 3.492107° f_d 3 v N < 2000

for ball bearings fo values range from 3 to 4. Bearing computer programs
have been developed that give more accurate results for bearing torque,
{refs. 6 and 7).

The tooth friction joss is probably the Towest loss in the gear system
when the gears are adequately lubricated. There is vary l1ittle that can be
done tn rednce gear tooth friction loss once adequate lubrication has been
provided. Some Tubricants will have a Tittle less friction loss than others.
Srme gears w11l have more or less tooth friction loss because of the type of

design mainly because of *"= different s1iding conditions. For instance, high



contact ratio spur gears generally have more sliiding and, hence, more losses
than standard contact ratio gears. However, since this 1s a small part of the
overall loss, 1t generaliy has little effect on the total loss.

Windage losses can account for a large part of the total gear box losses
in high speed gears because of the high pitch 1ine velocities. Some of this
windage lose can be reduced by careful designs. For instance, 1t was shown in
reference 8 that axtal holes in a gear web can significantly increase the wind-
age iosses. Also 1t was shown that placing a shield on the ends of the gear
teeth, to prevent the air circulating irto the teeth, reduced the windage
losses by a large percentage. The windage losses in a gear box with the smooth
sides of the box located approximately 1 in from the gear and the inside diam-
eter 0.6 in from the teeth, reduced the windage loss to approximately one-half
that for open gears. The pumping loss of the air at the entrance of the mesh
accounts for some losses and can be reduced by reducing the pressure in the
gear box which also reduces other windage losses. An equation for approximat-
ing the windage loss in gears was given in reference 8 as shown in the follow-
ing equation.

Sides Periphery

P - N2'9(0.16 D3.9 S 02'9 F0.75 M1.15 —20'

) x 10 3.\ (4)
Churning losscs are caused by the gear striking, pumping, or otherwise
moving the lubricant around in the gear box. It is very important in high
speed gear boxes to get the lubricant to perform its lubrication and cooling
function and then get i1t out of the way. Shrouds are sometimes used in gear
boxes to direct the lubricant oil away from the gears. If too much lubricant
1s allowed to enter the gear mesh, excessive losses will occur from o1l being

trapped 1n the gear teeth and being pumped out of the mesh in the axial direc-

tien. 1In spur gear application this i, more critical than helical gears. This
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is one reason why most gear designers prefer helical gears for high speed gear-
ing. Even with helical gearing, however considerable power loss cccurs with
too much 011 getting into the gear mesh. Some spur gear designs have a groove
in the center of the axial length of the gear to reduce pumping losses in the
mesh. This is also done in some very wide hkelical gear applications.
LUBRICATION AND COOLING METHODS

There are many high to moderately loaded high speed gears operating today
with o011 jet lubrication using 30 to 50 psig oil pressure to lubricate the
gears. This type of low pressure system does not do a good job of cooling the
gears in a high speed gear drive and will only allow the gears to operate at a
muderate load. In a low pressure oll jet system the oil Jet can only penetrate
a small distance into the tooth space. This resuits in cooling of the tips of
the gear teeth only. This causes the gear tooth temperature to be higher than
that obtained with a better system, such as high pressure radial oil jet.
Figure 4(a) 15 a calculated temperature profile of a gear tooth cooled with low
pressure operating at a moderate speed and high load reference 9. When the
speed is increased at this load condition and low pressure lubrication, failure
of the gears will generally occur. Figure 4(b) shows how the gear tooth tem-
peratures are reduced when the o%i1 jet pressure is increased to obtain good
impingement depth.

OUT OF MESH JET LUBRICATION

A large number of gears are lubricated with Tow pressure o1l jets into
mesh or out of mesh or both. In the out of mesh lubrication method the oil
Jet has a very modest impingement depth. This is i1lustrated in fiqure §
which shows the analytical results for impingement depth on the pinion using

the following equation from refeiyence 10.

(5)
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Figure 6 is a high speed photograph of an o1l jet at the out of mesh con-
dition. In order to get the maximum impingement depth for the out of mesh
condition care must be exercised t. get the proper oil jet location. The anal-
ysis indicates that the pinion can be completely missed by a very small change
in offset distance from the intersection of the outside diameter of the gear
and pinion or from a small change in the jet angle. For maxiinum impingement
depth in most cases the oil1 jet should be directed at the intersection of the
two outside diameters at an angle that will intersect the pitch point of the
gear and pinion (ref. 10). For lsrge gear ratios it 1s probably better to
favor the pinion to get a better cooling balance. Reference 11 gives an ana-
lytical method for out of mesh jet lubrication for gears with modified center
distance and/or addendums. Reference 11 also gives the impingement depth
results for varfous o1l jet offsets and o1l Jet angles. Figure 7 shows the .
analytical results for the out of mesh jet lubrication for various oil tet
angles.

INTO MESH JET LUBRICATION

Into mesh 011 Jet Tubrication is often used as a means of getting oil to
the gear tooth surfaces at a good iwpingement depth when the o1l system is
operating at a low pressure. This method is effective because it uses the
gear tooth velocity moving with the o011 jet velocity as shown in figure 8.
References 12 and 13 give equations for the o011 jet impingement depth for into
mesh Jubrication. When the jet velocity is less than the gear velocity, the
01l impinges on the backside of the teeth as shown in figure 9. wWhen the jet
velocity is greater than the gear velocity, the oi1 will impinge on the front
of the gear tooth. This is shown in figure 8. The optimum impingement depth
for into mesh lubrication was shown in references 12 and 13 to occur when the }
011 jet velocity and gear velocity are equal. The equation for o011 jet
impingement depth at the opimum velocity is given by the following equation.

8



d, =1/P, = a Vj = w_Rsec 8 (6)

i d q
When into mesh lubrication is used with high speed gears care must be taken to
avold excessive 011 being trapped in the gear teeth. This trapping can cause
various problems such as loss of efficiencies, high loads on the teeth, high
noise, and even gear failure under some conditions. In many cases the bulk of
the cooling 011 is supplied to the out of mesh location with only a small
percentage for lubrication supplied to the into mesh position reference 14.
However, there 1s usually sufficient o011 film remaining on the gear tooth for
good lubrication when adequate cooling is provided at the out of mesh locattion.
In some cases where 1t is difficult to keep the oil out of the into-mesh zone,
a circumferential groove will be cut into the center of one of the gears to
break up the length of the teeth; thereby, reducing the trapping losses. This
groove reduces the axial lengt* -equired to pump the oil by at least one-half.
RADIAL JET LUBRICATION

when the o1l jet is directed radially inward the best impingement depth
15 obtained. Since gear tooth cooling %s a maximum when the o011 jet impinges
on the face of the tooth, the radial o1l jet offers the best method of gear
lubricatior, and cooling. Fiqure 10 s a high speed photograrh of the ;ad1a1
directed o011 jet and shows the o1l jet penetrating the tooth space just before
impingement on the gear tooth flank. The o011 pressure here is sufficient to
aliow the o011 jet to impinge on the gear tooth a 1ittle more than half way
down the working depth of the gear tooth. The maximum cooling is obtained
when the 011 pressure is sufficient to cause the o1l jet to reach an impinge-
ment depth equal to the full working depth of the tooth. However adequate
cooling can often be obtained with impingement depth just below the pitch line.
When radial jet lubrication is used the o011 %ot should be located near the out
of mesh position with the jet directed radially at the center of the gear and
pinion. In a speed reducer the pinion wili receive cooling on the loaded side

9



of the tooth while the gear will be ccoled on the backface ut the tooth. When
the gear set is a speed iIncreaser, the pinion will recelve cool’nz on the back-
face of the tooth and the gear on the loaded side. Experiments have shown
(ref. 9) that good cooling of the gear or pinion can be obtained when elther
the loaded flank or unloaded flank of the gear tooth is cooled. Figure 11
shows the effect of 011 Jet pressure and 1oad on gear tooth temperature using
radial o1l jet cooling on the back flank of the gear tooth. The temperature
was measured on the loaded flank of the gear tooth. This figure very clearly
shows that good cooling is obtained when cooling the back flank of the tooth.

the following equations from references 9 and 15 gives the impingement
depth on the tooth flank for various speeds and 011 jet pressures for a radial
directed o1l jet.

_1.5708 + 2 tan ¢ + B/2

dy = Ny (7)
Pd ——— + tan &
2977\/Ap

The vectorial model used to calculate the radial impingemer.t depth is shown in

figure 12. The analysis and experimental results for a radial directed oil
jet are shown in figure 13. When the impingement depth for a given gear oper-
ating condition is known or desired then ihe pressure required to obtain that

‘mpingement depth is given by the following equation.

d1 P, N

d 'd
bp = T 8
2977 [E t s + (2 - d1Pd) tan ca

(8)

When the o1) jet velocity equals the gear velocity the 0%l jet will usu-
ally impinge to a ue *th approximately equal to the full working depth and
provide very good cooling for the gear teeth. For standard gear tooth geometry
the pressure required to obtain this velocity may be approximated by the fol-

lowing eyration where V 1is the m/sec (ft/sec) and ap s in N/cmz (pst)

10
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Using the above equation for gear operating at a pitch line velocity of
150 m/s (500 ft/s) the oil jet pressure required for full depth impingement
would be approrimately 1014 N/cm2 (1480 pst). This pressure is much higher
than the oil jet pressure used in most high speed gear boxes operating at 150
to 300 m/s (500 to 1000 ft/s). These gear boxes must operate at reduced loads
because for the 1imited cooling available. It should be understood that the
011 Jet size must be reduced at these high pressures to 1imit the o1l flow to
that required for good cooling. Using the minimum orifice s’ 1.02 mm
(0.04 in) specified by many gear designs would give an oil r.ow of approxi-
mately 1.3 gpm per orifice which may be too much ot1 for most applications.
However if the orifice size 1s reduced to 0.5 mm (0.02 in) then the o311 flow
is only 0.33 gpm or 1/4 of that for the larger orifice. 1In order to 1imit
orifice plugging the c1i should be filtered through a 5 or 10 um filter. It i<
much better for botn the gears and bearings to fiiter the o1l through a 5 um
or better filter. The finer filteration will also improve the gear and bearing
Tife.

COOLING REQUIREMENTS

This amount of lubricating fluid required for cooling of gears and bear-
ings may be determined by estimating the power loss for gears, bearings etc.,
ard then using an appropriate temperature risc in the 011, the required o1l
flow can be determined. The following equation can be used to determine the
011 flow in a given gear system. Assume 2000 hp is transmitted in a gear set
with one mesh and two sets of bearings. The losses per mesh in a well designed

spur or helical gearbox should be no more than 0.5 percent with the losses
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equaliy divided between the gears and bezrings. The oil therefore must absorl
0.005 x 2000 or 10 hp, which is 424.4 Btu/min. Assuming a 50 °F temperatwre
rise, the total oil flow required woulé be,

W = Q/cpAT = 424.4/0.6 x 50 = 14.2 lb/mir (10)
with equa’ flow to the gears and bearings of 7.1 1lb/=sin. If the gear set is
less efficient than the above then more o1l flow would be required.

SUMMARY AND CONCLUSIONS

There are several tvpes of losses in gezrbox systems that shouild be evalin-
ated in a high speed gear design. These losses Include the gear tooth silding
and friction, the windage of the air flcwing around the gears, the churring
losses of the o1l being pumped or accelerated by the gears and the bearing
losses of rolling element or fiid fiim bearings. 6Good gesign practices car
reduce the effect of these losses.

The gears may be lubricated by one or more of severai methods. For high
speed gears the pressure 211 jet is definitely required to provide od cooi-
ing. 011 jets may be directec into mesh, out of mesh, or in a radlai direction
at various o011 jet pressures. However, for ths maximum cooiing and lubricatiion
of the gear set the o1l jet should be directed radialiy at the gear and pinion
near the out of mesh position. This wil' provide good cooling and iubricatior
an keep the o1l from ente-*ng into mesh zone “ere excessive 105S€S MY OCLLT.
The conclusions may be summarized as foll ws.

(1) Gearbox efficiency for high speed gearing can be improved bv carefy’
attention to reducing wincage and churning losses.

(2) The best method for Tubrication and cooling of high speed gezring is
a high pressure 01l jet at the out of mesh position directed racially at ithe
gear and pinion with sufficient velocity or pressure to ‘mpinge on the toctth

flank well below the pitch 1ine.

12



{3) uhen the abeve conditions are performed, high speed gears can operate

4t constderable higher power levels than the majority of high speed gearboxes

are operating at today.

.
)
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Figure 10. - Radial jet lubrication 5000 RPM ail jet pressure 2INicme 30 PSI,
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discussed. The analytical and experimental results of gear lubrication and
cooling at various test conditions are presented. These results show the very
definite need of improved methods of gear cooling at high speed and high load
conditions.

17. Koy Worde (Suggested by Author(s) 18. Distribution Statement

Gears; Lubrication; High speed gears; Unclassified - unlimited
Cooling; Friction; Efficiency STAR Category 37

19. Security Classi{. (of this report) 20. Security Classif. (of this page) 21. No. of pages 22. Price*
Unclassified Unclassified

*ror sale by the National Technical information Service, Springfield, Virginia 22161



	0001A02.JPG
	0001A02.TIF
	0001A03.TIF
	0001A04.TIF
	0001A05.TIF
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF
	0001A13.TIF
	0001A14.TIF
	0001B01.TIF
	0001B02.JPG
	0001B02.TIF
	0001B03.JPG
	0001B03.TIF
	0001B04.JPG
	0001B04.TIF
	0001B05.JPG
	0001B05.TIF
	0001B06.JPG
	0001B06.TIF
	0001B07.JPG
	0001B08.JPG
	0001B09.TIF
	0001B10.TIF
	0001B11.TIF



