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Dennis P; Townsend
Lewis Research Center
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Abstract

Elastohydrodynamic principles affecting the
lubrication of transmission components are pre-
sented and discussed. Surface temperature of the
transmission bearings and gears affect elastohydro-
dynamic film thickness. Traction forces and slid-
ing as well as the inlet temperature determine sur-
face temperatures. High contact ratio gears cause
increased sliding and may run at higher surface
temperatures. Component life is a function of the
ratio of elastohydrodynamic film thickness to com-
posite surface roughness., Lubricant starvation
reduces elastohydrodynamic film thickness and in-
creases surface temperatures.. Methods are pre-
sented which allow for the application of elasto-
hydrodynamic principles to transmission design in
order to increase system life and reliability.

Notation
E elastic modulus, ib/in.2
B equivalent elastic modulus, 1b/in.2
e exponent, 2.718
f friction coefficient
G dimensionless material parameter, ol
Hoin dimensionless film parameter, h/R
hmin EHD film thickness, in. or uin.
P pressure in contact zone, 1b/in.Z
Q speed factor
R equivalent radius, in.
iRl’z radius of contacting rollers, in.
U dimensionless speed parameter,
_uo(Ul + U)E'R
Ul,z taggential velocity of rolling contadt,
in, /sec
Vg siiding velocity, ft/min
W dimensionless load parameter, W'/E'R
W load per unit width, 1b/in.
X distance along the line of action, in.
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z . length of line of action, in.

a pressure viscosity'coeffiéient, in,2/1b

ﬁ ratio of ceﬁtral film thickness.'

) Poisson ratio .

6 gear pressure angie, deg

A EHD film to_roughness parameter

M lubricant viscosity at contact pressure,
1b-sec/in.2

Ho lubricant visco§it¥ at atmospheric pres-
sure, lb-sec/in,

g - composite surface roughness, rms pin,

01,2 surface.roﬁghness of contacting surfaces,
rms pin,

Qp : film thickness reduction factor

¥ inlet boundary

® rotational speed, rad/sec

The lubrication of a helicopter transmission
is a complex problem involving many technical
areas, These include fluid hydrodynamics, mate-
rials, lubricant technology, metrology, surface
chemistry, heat transfer, and kinematics, Under
adverse conditions, gears may fail from scoring,
pitting, wear or tooth breakage. Scoring and wear
may be caused from inadequate lubrication or ex-
cessive load and is generally a short life failure,
Gear tooth superficial pitting may occur early
fram insufficient elastohydrodynamic film; under
proper lubrication however, the gear would operate
a long time without a surface fatigue spall. To
have long life operation in gear systems, adequate
elastohydrodynamic films must be present to prevent
metal-to-metal contact or, if this is not possible,
a boundary lubrication additive will be needed
which protects the rubbing surfaces from scoring
and wear. In most gear applications, a combination
of elastohydrodynamic and boundary lubrication
exists.

In contrast to gears, rolling-element bearings
and ball bearings will fail due either to surface
fatigue spalling or wear, Elastohydrodynamic lub-
rication directly affects bearing life and perform-
ance, As a result, lubricant selection becomes of
prime importance to transmission operation and
reliability. Since operating temperature directly
affects lubricant viscosity and thus elastohydro-
dynamic lubrication, careful consideration must be



given to heat generation and o0il cooling, In view
of the aforementioned, it is the objective of this
paper to describe and discuss some of the param-
eters which affect the lubrication of bearings and-
gears in a transmission system,

What is Elastohydrodynamic Lubrication

Elastohydrodynamic lubrication (EHD) is the
separation of two loaded rolling or sliding sur-
faces by a thin film of lubricant a few micro-
inches thick. EHD lubrication combines the hydro-
dynamic properties of the lubricant with the elas-
tic properties of the material, When two noncon-
forming lubricated surfaces roll or slide over
each other, the lubricant is drawn into the contact
area. The contact area is elastically deformed and
the contact pressure increases the viscosity sev-
eral orders of magnitude. This increase of vis-
cosity with pressure is commonly represented as

Ho= e (1)

where W, 1is the atmospheric viscosity and o 1is
the pressure-viscosity coefficient, and P 1is the
contact pressure. This increase in viscosity
prevents the lubricant from being squeezed out of
the contact area and also prevents the mating sur-
faces from coming into contact. The load is thus
transmitted from one element to the other through
the lubricant film.

The first EHD film thickness_equation was
developed by A. N. Grubin in 19491 for highly
loaded elastic cylinders in contact. This model
which was for line contact did not consider side
leakage. The deflection under EHD conditions was
assumed the same as for dry contact. The assump-
tion is reasonably valid for low speed operation
but at high speeds the contact' geometry of the
bodies is changed.

The Grubin model was later modified.2 For
line contact used in gearing and roller bearings,
the minimum film thickness at the trailing edge of
the contact zone is expressed as

40651 0.0350.43
w013

This equation when presented in dimensionless form
is given as

lo(vi+v5)]% 7 (2)

hyip = 1.6

0.6,0.7
_CL._UO.__ (3)
w0.13

Hpin = 1.6
Hmin is the dimensionless film thickness equal to
bpin/R, G is the material parameter, equal to oE';
W 1is the load parameter, equal to W'/E'R; and
U is the speed parameter; u (Vy+Vy)/E'R. The
equivalent elastic properties of two cylinders of
the same material E' equals to E/(1 - &°).
D. Dawson further modified this for line contactd
as follows:

2.65 0-540.76 (2)

Hpin = Wo.-13

X-Ray measurements of film thickness? indicates
that the exponent for W will be considerably
larger for loads over 200 000 psi maximum Hertz
stress,

Until just recently, the effects of side leak-
age were not considered and the solutions for the
EHD film were based on two dimensional analysis.

In point contact such as ball bearings, consider-
able reduction of the EHD film .occurs at the edge
because of side leakage, An analytical program
has been completed which calculates the effect of
side leakage in a three dimensional analysis of
the point contact.

Geometry Considerations

Contact geometry of gears and bearings can be
represented by two contacting cylinders. The
geometric similarity outside the contact zone is
not of importance. '

When using contacting cylinders to approxi-
mate the contact of machine elements, it is useful
to introduce the concept of an equivalent cylinder.
It is assumed that the undeformed cylinders are
separated by a minimum. film thickness hyiy
(fig. 1). A cylinder with equivalent radius R
on a flat surface and with the samé minimum film
thickness is shown in Fig. 1(b). The equivalent
radius is

Rle

Ry + R

If Ry and Ry lie on the same side of the com-
mon tangent, then

R (5)

R
R = ___Eﬁg_ (8)
R -R

The tangential velocities are
U = o Ry (7
Up = 0oy ®)

The geometry of an involute gear contact is
shown in Fig. 2. Contact at distance X from the
pitch point can be represented by two cylinders
rotating at the angular velocity of the wheels,
Equivalent radius, from Eq. (5), is

sin 6 + sin -
- (B ) (B, 6 - X) ©)
(Rl + Rz) sin 6

Contact speeds from Eqs. (7) and (8) are

U, = (R1 sin @ + x)ml (10)
U, = (R2 sin 6 - X)“’a (1)

Temperature Effects

When calculating the EHD film thickness, it is



often found that the calculated film is adequate
for metal separation. However, in many applica-
tions, wear and metal contact is found to occur
under actual operation conditions. The primary
reason for this is the temperature used to deter-
mine inlet oil viscosity and pressure viscosity
coefficient for film thickness calculations. The
EHD film thickness is dependent on the inlet condi-
~tions of the lubricant only and is generally not
dependent on what takes place in the contact zone.
This was shown by Dyson® when he shows the film
thickness of two rollers under pure rolling and
under rolling with sliding conditions (fig. 3).
The sliding reduces the traction between the two
rollers but does not reduce the EHD film thickness
more than a few percent.

Cheng7 has developed a method for improving
the EHD film thickness calculations for high
speeds. He has shown that, at high speeds, heating
of the lubricant occurs at the inlet region and can
considerably reduce the EHD film thickness. Fig-
ure 4 is a plot of the film reduction factor ¢
versus the speed factor Q. This film reduction
factor, however, is rarely applied to gearing
since gears generally do not operate at a speed
that would show any appreciable effect from inlet
heating, This curve does show, however, the im-
portance of knowing the correct inlet oil tempera-
ture. This inlet oil temperature can be assumed to
be the same as the metal surface temperature enter-
ing the contact zone and not necessarily the inlet
oil temperature to the bearing or gear.

Effect of Lubricant Traction

In designing a transmission system, tempera-
tures of bearings and gears must be determined
analytically. To analytically determine the sur-
face temperature, the traction force (or an equiv-
alent friction coefficient) must be known. This
traction force is dependent on the viscosity in the
contact zone which changes considerably with slid-
ing speed and load. As the contact zone undergoes
sliding and increased temperature, the viscosity is
reduced, Nay'lor8 presents a plot of friction
against sliding speed (fig. 5) to show how the
friction changes with increased sliding speed and
possible reasons for this change. Data from sev-
eral investigators_have shown similar curves.®
Niemann and Stobel™ conducted a study of the fric-
tion coefficient for gears and found that the coef-
ficient was the same over the full surface of the
gear tooth. They also arrived at a method of cal-
culating gear tooth friction using test data for a
given lubricant. Figure 6 is a plot of measured
and calculated gear tooth friction coefficient.
However, for most of the reported values of fric-
tion coefficient for rolling and sliding contacts,
the speed and loads are much less than actual con-
ditions used in practice. For this reason, the
friction coefficient in practice is usually lower
for gearing than that shown. As an example, if the
efficiency of a gear box with several tooth con-
tacts is considered to be 98 percent, then the
friction coefficient would have to be less than
. those usually given to match the losses in each
gear tooth contact.

Once this coefficient of friction or viscos-
ity of the lubricant in the contact zone is deter-
mined, the temperature of the surface can be cal-
culated. This is done by calculating a heat input
fram friction coefficient, load and sliding veloc-
ity. A heat transfer program would then be used
that determines the-heat input to the gear and

lubricant which would give the metal surface tem-

perature., Since the sliding velocity increases

from the pitch point to the end of tooth contact,

it would be expected that the higher temperature
would be at the ends of tooth contact. A. Gub
calculated the temperature in the gear tooth con-
tact under light load and showed a 20° F tempera-
ture rise from pitch point to the end of tooth
contact.

High~contact ratio gearing is currently being
considered for advanced transmission application
for reasons such as noise reduction, improved load
distribution and increased gear mesh capacity.
Figure 7 is a plot showing the effect of pressure
angle on sliding and addendum for high-contact
ratio gearing. The increased addendum for the
higher pressure angle gears give higher sliding
conditions at reduced loads. Since the higher
sliding may increase the gear surface temperature,
which has more effect on EHD film thickness than
load, the high-contact ratio gearing may suffer
from decreased EHD film thickness.

If an insufficient amount of lubricant
reaches the contacting surfaces increased surface
temperature will occur because of poor cooling.
Accordingly, the EHD film will also be reduced
because_of lubricant starvation as illustrated in
Fig. 8. Lubricant starvation can also occur
even when generous amounts of lubricant are present
but are not reaching the contacting surfaces. As
a result, under some conditions of high-speed and
load, more than one oil jet .should be used to pro-
vide good cooling of the gear surfaces,

The same lubrication principles applicable to
gearing are also agplicable to rolling-element
bearings. Harrisl®s 1% pas expandef t{e rolling-
elements bearing analysis of Jones S5-17 44 include
elastohydrodynamic effects in rolling-element bear-
ings. The analysis allows for the calculation of
traction and bearing temperature. Additionally,
life predictions are modified based upon elasto-
hydrodynamic effects. While approximations of
bearing heat generation and temperature can be
obtained by assuming a constant coefficient of
frictionlgtlghe inner and outer race contacts,
research 2 has shown that friction coefficients
vary significantly with load, speed, and tempera-
ture in addition to the type of lubricant used and
bearing geometry. As a result, bearing tempera-
tures must be predicted using elastohydrodynamic
theory in conjunction with calculations of the
bearing dynamics.

_ Effect on Life
Surface topography is important to the EHD

Jubrication process. EHD theory is based on the
assumption of perfectly smooth surfaces, that is,



ac i lon of surfece asperities. Actuslly,
cf 2 s this is mouv thz camse, An EUD Tiilm cf
seve mi licntha of an inch can be considered

;lgh;y lcaaed rol11ng elements in s
However the calcu

onbactlng elements, If this
LlSuS, surface asperity contact, surface
distress {in the form of surface glazing and pit-
ting), &nd surfece smearing or deformation can
occur, Extanded cperation under these conditions
can result in nigh wear, excessive vibration, and
seizure of mating components. A surface-roughness
‘critericon for determining the extent of asperity
contact is based upon the ratio of film thickness
to & composite surface roughness, The film param-
eter A is ’

h .
A= min (lz)
. g
where composite roughness o 1is
1/2 )
o = (Gl + 02) / (15)

are the rms roughness ol the two
surfaces in contect, Iigure 9 is a plot, based
upen experlmental deta, of percent of complete
asperity or surface separation .(percent Jnlm) as a
function of film paremeter A, At values of less
than 1, surface smearing or deformation, accom-
panied by weer, will occur. When A 1is between

1 and 1.5, surfece distress can occur. For values
between 1.5 and 3, some surface glazing occurs. At

.and o3 and o

velues of 5 or greater, minimal wear can be ex=
pected,

investigators have shown that improved

ish of the gear teeth will give conslic-

rovement in btoth scoring®y and fatigus

z,%*+ The reason surface {inish improve the

igue 1ife of a geer oet is that it gives an

ase in A wnich in turn affects the Hertz

s in the contect zone, The larger A velus
s lower avergge subsurface shearing stress

thnu is directiy related to fatigue life (life is

inversely proportional to ‘the ninth power of

e by
- ES W e

o3
i
F

stress). Valuss of A will of course also in-
crease with increases in viscosity, pressure vis-

cosity ccefficient and/or speed.

Tallianzz and Sku:cka.a‘j studied the effect of
values ¢cf A on reolier-element bearing life. Fig-
ure iC is & composite curve of these date showing
relative lifle as a function of A. For most bear-
ing applications A is generally between 1.5 to
2.0. l!lowever, in most gear applications A is
Zeneralily less than 1.5. Under these conditions,
boundery lubrication becomes important due to

surface asperity interaction. As a result,
extreme-pressure additives in the lubricant can
significantly increase the load carrying capacity
of gears, The extreme-pressure additives in the
lubriceting fluid form a film on the surfaces by

chemicel reaction, adsorption, and/or chemisorption.

These boundary films can be less than 1 uin. to
several microinches thick.24

the &g e ica of elastchydredynsinic princi-
ples to heli transmission design ardt analysis
is a rather n cneept, - Usually, gzer se le»tion
and design were tesed wpon Block'sé® critical tem-
perature theory., Bearing selection and tns;gn ware
vased upon load acity end 1ife predictions
" rather than considering the lubricent &nd cperative

environment,
liminary le;
ror purposes of

The dzsimner, after meking his pre-
sats, can select a ludricant and asssume
his eleastohydrodynamnic csicula-
vions an cil inlet temperature to the geear and
bearing components, 3Based upon this oil tempera-
ture &and the respecitive lcading and speed of each
of the components, first order EHD czlculations
can be made. These first order approximaticns can
aid in recognizing thicse components which may be
potential probilems., Decisions such as changing the
lubricant type or oil iniet temperature can be
made. Design or component criteria such as com-
ponent geometry, surface finish, and steel can also
be changed. As these changes are made, additional
ElD calculaticons will aid in the design refinement.
Further, system design to meintain proper oil tem-
peratures can be determined with resscneble assur-
ance Lhat the cil will sdeqguately perform its
elastony drodynamlc function.

Concl"ding Renerics

The application of elastb.yarc“.na**c tech-
nology can give tne transmission desigrer the
opportunity to increase the load cepscity and im-
prove the iife and rsliability of helicopter trens-
mission systems, An analyticel progrexm shouid ode

-conducted fomw each transmissicn syster that will
optimize the su‘face finish, il inlei vembaruture

may be

12 A

Lvirl ui\.

ness, e
tion can be cb 8
perature, Waer
v1ded surface

OJer*ng the suzd
EES film
on can be cot
However,

In gears anrd besrings operating av high speeds
and loads, special care should be used to prevent
starvation of the contecting surfaces which would
result in wear and an over temperature ccnditions
and eventuel system failure.
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a.

Figure 1. - Relationship between two cylindefs with a lub-
ricant film between them, a, and mode! of an equivalent
cylinder, b (ref. 2). '

RySIN 8- X

F_igure 2. - Involute gears in contact, a, and equivalent cylinders, b (ref, 2).
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Figure 5. - Plot of friction against sliding speed (ref. 8).
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Figure 6. - Application of friction test data on spur gears (ref. 10).



E-7408

~ INCREASED ‘ADDENDUM, IN.

120

.02

Vg -HIGH CONTACT
£ R
. 100— = 3300
=
_E
.080'—53100
(=]
.
=
. 060— » 2900
=
=)
—
]
- 040— 2 7700
=2
=
— = 2500
=
ol— 2300LL , D .
4 16 8 20 2 .2 % 28

PRESSURE ANGLE

Flgure7 - Effect of mcreased addendum on maxumum slldmg veloc-
ity for high contact ratio gear and maximum slsdmg_velomty for .
standard gear without increased addendum.

i I N A | | |
0 1 2 3 a5 6 7
POSITION OF INLET BOUNDARY..FROM CENTER OF CONTACT, ¥
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