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SltlDY OF HELICOPTER GEAR LUBRICATION 

Introduction 

This ia a report of work done at Shell Development Company under a 
contract with the ü. S. Navy, relating to the study of helicopter gear lubri- 
cation. It is a final report of the work done at the Emeryville laboratories. 

The approach used in this project to the study of helicopter gear 
lubrication consists in a etudy of the types of failure that have occurred In 
helicopter transmissions in the field, and an attempt to learn the causes of 
such failures on a theoretical end experimental basis. The overall objectives 
of the werk, however, are not limited to solutions of gear lubrication problems 
of existing helicopter tranamissiocs, but also aim at developing information 
useful to future transmission designs and, in part, applicable to other gear 
systems. 

From discussions with Navy personnel, and as a result of a visit to 
Navy helicopter overhaul facilities, it was concluded that the principal mode 
of helicopter transmission gear failure was pitting. Accordingly, appreciable 
effort was made to learn something about the gear tooth contact conditions and 
mechanisms that lead to this type of failure. 

The lubrication of helicopter gears is not different, in principle, 
from the lubrication of other geared systems, and it ia possible to apply the 
technology which has been previously developed to the problem. At the same 
time, it is important to consider the particular values of the variables which 
are present in helicopter gears, so that the research can be applied specifi- 
cally to the problems at hand. For this reason, the work in this report 
includes not only analysis of involute gears in general, but includes in 
particular, a study of 8/10 pitch stub tooth gears of 22-1/2° pressure angle, 
and a comparison of these gears with full depth gears. This is because the 
stub tooth gears have been specified in the gear boxes of helicopters used by 
the contracting agency, and are therefore of special interest. Similarly, the 
lubricants used in all the experimental work reported here have been chosen 
because they are the lubricants which are used in helicopters. 

Instead of attempting to study the problem in the full scale equip- 
ment, the approach was to study laboratory test gears in a gear test machine 
with vÄiich we already had gained a good deal of experience. Concurrently with 
this study, a new Rotary Contact Simulator, using steel disk specimens was 
applied to the problem. Conditions of a gear tooth vary from point to point 
along the tooth surface, so that a gear represents a composite of a large 
number of adjacent contact conditions. In one sense, this is an advantage for 
study, because in a single test a gear can produce a range of phenomena for 
interpretation. It is not necessary to explore the range of conditions on a 
gear tooth point by ?cint to discover important or interesting phenomena; by 
the mechanism of failure, the important areas call attention to themselves. 
In another sense, however, the succession of adjacent conditions along the 
gear tooth makes study difficult, because no large area of homogeneous damage 
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can be studied. Conditions existing at a single line of contact are not the 
same as conditions on the neighboring lines, so it is difficult to assess the 
character of the damage in many cases, or trace its origin. In this important 
respect the Rotary Contact Simulator adds to the power of observation of any- 
one studying gear contacts. A pair of metal disks is brought into contact at 
the same rpa as the gears being simulated, with the appropriate radii of 
curvature and load, so that all important parameters existing at a contact 
point on a pair of gear teeth are duplicated continuously around the entire 
circumference of the disks. A more coisplete discussion of this matter is 
presented in a later section, but it is important to appreciate, at this point, 
the fact that the disks in the Rotary Contact Slsilator actually recreate the 
conditions at the point of Interest in  the gears, and do this in such a way 
that an appreciable area of surface is produced which shows the effects of the 
contact conditions, free of interference from, or influence ty, the adjoining 
conditions. 

The portion of the work under the general heading of theoretical 
calculations covers a number of subjects, which will be reviewed briefly here. 
It is usefuJ., in the study of gears, to keep track of the stresses produced in 
the metal by the applied loads. The  stress in a contacting pair of gear teeth 
is essentially a Herts stress, produced by the flattening of two curved surfaces 
in contact. The Hertz equation is strictly applicable for the contact of two 
cylinders, but can be regarded as a close approximation for two involutes. 
In this report a method is presented for calculating the Hertz stress in gears, 
based on the Herts equation, but so arranged that the stress distribution is 
easily seen. This is based on the development c f a simple parameter, X, which 
represents the travel of the contact point along the line of action. In order- 
to calculate Hertz stress, it is necessary to know the farce between two gear 
teeth, and this depends, not only on the total force being transmitted from 
one gear to the other, but also on the number of teeth sharing in the load 
transmission, and on the manner in which they share the load. In order to 
facilitate these considerations on a general level, curves were developed by 
means of which the load sharing regions can be found with respect to the 
parameter X, By neans of these curves, together with the curves for calculat- 
ing Hertz stress, it is possible to obtain a clear picture of the Hertz stress 
distribution on gear teeth, and to estimate the effect of each variable on the 
stress. For full depth teeth it is possible to construct these curves inde- 
pendently of diametral pitch, so that they can be applied to all gears at the 
chosen pressure angle (20° in this case). Since the helicopter gear box data 
are taken from a system in vhich stub tooth gears are used, with a 22-1/2° 
pressure angle, a separate set of curves had to be calculated. Unfortunately, 
in the Fellows Stub tooth system, it was not possible to make the curves 
independent of diametral pitch, so the curves apply only to 8/10 pitch gears. 

The method of visualizing and calculating Hertz stresses for gears 
suggests a stress criterion for gear design which is also presented in this 
report. Briefly, this criterion is based on the concept of "balanced" stresses. 
The region of the gear tooth affected by loads carried in single-tooth contact 
is stressed more highly than the regions inanediately adjacent to it. However, 
due to the geometry of an involute, the stresses may reach very high values in 
the regions near the beginning and end of double tooth contact, if the loads 
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are carried at either very low or very high values of X. Since the region of 
single-tooth contact establishes a stress level not readily subject to modifi- 
cation, it is good engineering practice to avoid stresses on other parts of 
the tooth which are excessive with respect to this level. The stress calcula- 
tion method developed, as described above, is readily applicable to this 
problem, and it has been used to show that for any gear ratio there is a 
minimum number of teeth vdiich must be present in the gears to avoid overstress. 
This differs for full depth teeth and stub teeth, so calculations have been 
made for both systems, and comparisons are presented. 

A comparison is also presented of the stresses present in a full 
depth gear tooth and a stub tooth, with respect to the location and magnitude 
of maviTmini stress. Stub teeth, while offering several advantages, suffer 
from the fact that the maximum stress arises at a point of higher sliding 
velocity than in full depth gears. This fact, although its importance is not 
assessed, should be considered in any study of gear tooth damage. 

Much effort has been given to the analysis of gears because it is 
important that details of stress and energy input at the contact be known if 
one is to establish a cause-and-effect relationship between contact severity 
and surface damage. Thus, a consideration of the magnitude and cyclic nature 
of the contact stresses, alo-ig with observations of surface failure, led to 
the foraulation of a fatigu'i-scoring hypothesis. This hypothesis has been 
confirmed in laboratory tests, find it has been extended to include the 
mechanism of pitting. The hypothesis has also been useful in clarifying the 
complex phenomenon of break-in, and in guiding the design of laboratory 
experiments. In the following work, fatigue, scoring, pitting, and break-in 
are all discussed, along with their interactions, and with relation to the 
contact conditions that bring them into effect. 

Analysis of Gears 

The geometry of a particular pair of gears has an effect on the load 
carried by the individual teeth, on the variation in load as the contact moves 
along the tooth face, and on the stress experienced by the gear tooth surface 
as the load passes over it. In this section an analysis will be presented 
showing how the surface stress varies at a known tooth load for various spur 
gear pairs, and how the tooth load is affected by load sharing. The analysis 
has been applied to full depth gears of 20° pressure angle, and to stub tooth 
gears of 8/10 diametral pitch and 22-1/2° pressure angle. This information is 
needed for rational comparison of gear distress for different systems. Some 
details of gear acti-m will be presented first to establish a basis for the 
analysis. 

Gear Geometry 

Figure 1 shows the essential mathematical elements in a mating pair 
of spur gears. The line of centers is vertical in the figure. About two 
points, 0 and 0', on this line are drawn the base circles of two gears. A 
common tangent to these base circles is the line of action, AB, drawn with a 
20° pressure angle, a. Later in this section, gears with a 22-1/2 degree 
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pressure angle are considered. The intersection of the line of centers and 
the line of action is the pitch point P, and one can iniuglne a tangent pair 
of pitch circles running through this point. They have not been drawn because 
they would add very little to the present discussion, and their inclusion 
would only crovd the diagram. The addendum circles, which establish the 
height of the teeth, are shown. 

For clarity a pair of involutes in contact is shown in contact at an 
arbitrary point C along the line of action. This represents the contact of a 
pair of teeth. The driver in this diagram has been drawn smaller than the 
driven member of the pair, but the discussion to follow does not rely on this 
fact, and indeed, the identities of driver and driven, rather than pinion and 
gear are to be maintained. Contact begins at point D on the line of action 
where the addendum circle of the driven gear crosses the line of action. 
Contact ends at point E, where the addendum circle of the driving gear crosses 
the line of action. 

Contact points can be visualized as entering the line of action at A 
and travelling toward E with uniform velocity and spacing. The spacing 
between contact points is equal to the circumference of either base circle 
divided by the corresponding number of teeth. This parameter must obviously 
be the same for each of the mating gears of a pair, and is given by the 
expression 

Ä_  it x PD x cos o; ,., 

When this expression is written in the form 

^ = ^jf^ (2) 

where 

AS « the distance along the line of action between contact points 
PD = pitch diameter 

PD x cos a = base circle diameter 
a = pressure angle 
N = number of teeth 

DP = diametral pitch = N/PD 

it is evident that AS is the same for all gears of a single-diametral pitch 
and presste angle. 

The distance between the start of the line of action and the contact 
point can be divided by the length of the line of action to obtain the non- 
dimensional parameter X. 

X=i. (5) 
AB J 
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This parameter is useful in the development of corves for Hertz stress and for 
the presentation of information on load sharing, and will therefore he used 
throughout this work. 

The fractional distance between two adjacent points of contact is 

^C-i (4) 
AB 

vhere AB is defined in Figure 1 and equals AP + PB . 

ÄP » ^l1 sin a 

so that 

PB « ^ sin a 

2^3 
M " (PDj. + PDs) sin a 

or  from (2) 

ZÄ 
2K COS a 

DPCPDi + PDs) sin a 

or 

,„  2« cot a 
^ " 77—I~M— • Ni + Ng 

A graph of tÄ for 20° full depth gears is presented in Figure 2. 
graph for 22-1/2° stub tooth gears is presented in Figure 3. 

(5) 

(6) 

(7) 

(8) 

(9) 

A similar 

Load Sharing 

The design of a set of gears that will run smoothly requires that 
each pair of teeth approaching mesh accept a portion of the load before the 
preceding teeth in the mesh release the entire load. This "overlap" comes 
about automatically for most reasonable gear ratios and numbers of teeth, and 
it results in load sharing among the teeth for a portion of the mesh cycle. 
In the usual case the load is carried alternately in single and double-tooth 
contact, but under some conditions the number of contacts can get higher. 
This fact is important in the calculation of Hertz stresses on the gear teeth. 
In order to calculate the stress, one must know the load on the pair of teeth 
being examined. This may be the total load being transmitted by one gear to 
the other, or it may be a fraction of this load, in the neighborhood of 50^. 
For the test gears used in this research program (to be described in greater 
detail in the section on gear tests,) the load sharing schedule is shown in 
Figure k.    This curve shows the percentage of the total transmitted load carried 
by a tooth as a function of X. Between X » 0 and X = .1, the tooth has not 
entered contact, so the load is zero. At X « .1, the tooth enters contact, and 
the load on it increases abruptly to kvfi of the total transmitted load. From 
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this point to X = .3555 "the load increases uniformly to 60^ of the transmitted 
load. It then jumps to 100^ as the tooth goes into single-tooth contact. Ihe 
load remains 100/!. until double-tooth contact is reestablished at X = ,5&11, 
and then the load drops back to 60^. The load then decreases uniformly to kOft 
at X = .8551 and then drops to zero as the tDoth goes out of contact. This 
curve is obtained by calculating the values of X at vhich the transitions take 
place, and plotting the percent loads as measured by strain gages on a actual 
gear. These curves are idealized, and apply for speeds up to a few thousand 
rpm; at higher speeds dynamic effects such as tooth vibration begin to 
complicate the picture. 

A general set of curves like that in Figure h cannot be presented, 
but at least the points where contact starts and stops, and where single-tooth 
contact starts and stops can be calculated. Figures 5 through 11 represent 
the calculated values of X where these events take place over a range of gear 
ratios from 1:5 to 3:1, for full depth gears having up to 50 teeth. The test 
gears have nearly a 1:1 ratio, so we can compare the curves in Figure h with 
that in Figure 8 to see the correspondence. According to Figure of a 1:1 
gear set with 18 teeth on each member (the test gears hove 17 and~19, 
respectively) starts contact at X = .15. Single-tooth contact begins at X = .59 
and ends at X = .61. Contact ends at X = .87. These values are comparable to 
the values listed above for the transition points of the 17:19 system. When 
the curves are presented in this form the diametral pitch is not specified, so 
the curves apply to gears of all diametral pitches. 

Contact begins in a spur gear at the point where the addendum of the 
driven member first crosses the line of action. At a point AX ahead of this 
on the line of action, a contact point is already in existence, where the full 
transmitted load is being carried. At the same moment as contact is beginning 
for one tooth, then double-tooth contact is beginning for the preceding tooth, 
at a position along the line of action X + AX. Similarly, contact ends where 
the addendum circle of the driver crosses the line of action, and double-tooth 
contact ends at a value AX ahead of the end of contact. When this method of 
calculation is used, all the correct contacts are predicted, but seme additional 
contscts are predicted which are only of mathematical interest, but which 
cannot exist in the actual gears. No contact can occur on the line of action 
for negative values of X, even though mathematically it is possible to predict 
such contacts. For clarity of presentation the curves are shown extending into 
the negative area, but they are shewn dashed, to indicate that such values are 
not real. At the point where the calculated curve goes below zero or over one, 
the actual curve has a discontinuity of slope, and continues along the zero or 
one axis. At this point the corresponding curve for start or end of single- 
tooth contact has a sudden change of slope also. It is impossible for the 
limits of single-tooth contact to lie beyond the start or end of contact, but 
it is possible to calculate values for the curves which make them lie outside. 
Such curves are shown dotted, to indicate that they are of purely mathematical 
interest. 

The areas of real contact have been shaded, to distinguish them from 
areas where no contact can take place. The areas of single-tooth contact are 
shaded differently from those of double-tooth contact. Figures 12 through 19 
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are similarly developed for stub tooth gears of 8/10 diametral pitch and 
22-1/2° pressure ax«le. Unfortunately, it is not possible to develop a single 
set of curves fcr all pitches, so it was chosen to present a single set vblch 
apply to the helicopter design being considered specifically in this study. 

It should be pointed out that Figures 5 through 11 apply to all full 
depth gears of 20° pressure angle, regardless of diametral pitch. Figures 12 
through 19 are specific to stub-tooth gears of 8/10 pitch and 22-1/2* pressure 
angle. 

Herts Stress 

Hie stress at the point of contact is related to the transmitted 
force per unit vidth of tooth, the radii of curvature of the teeth at the 
contact point, and the properties of the gear material. The actual stress can 
be closely approximated by calculating the stress between two contacting 
parallel cylinders having radii equal to the radii of curvature of the teeth 
at the point in question. The Hertz equation is used for this: 

(10) 

«here 

a « Hertz stress 
£ = modulus of elasticity 
F « normal force 
v = vidth of teeth or cylinders over which force acts 
r « radius of curvature . 

It should be noted that AC is the radius of curvature of the driver tooth at 
C, while BC is the radius of curvature of the driven tooth. 

AC + BC - r! + rg = PI^ g ?DZ sin a (11) 

where PD » pitch diameter. 

VitU this equation we can now derive an expression for the Hertz 
stress at the middle of the line of action (X « .5). Note that this is not 
the pitch point except for a 1:1 gear ratio. The Hertz equation applies: 

(12) a.s » MQ V w [r!  rs 

But at X ■ .5 

ri - ^ = Z^IZ (15) 
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and applying equation (11) 

?Di •>• PDg . ^ 

Substituting (14) into (12) we obtain 

(IM 

'- = -^[wrri. 
H 

PDs) sin a (15) 

If ve now take the gear ratio as 

n = PD, (16) 

we obtain 

^.s = .^10 \-  [pDl(1 + n) sina 

If we introduce the value 

E = 29 x 106 psi for steel and a = 20°, and reduce the expression, 

(17) 

we obtain 

VPDxd + n) Vv 
(18) 

which can be written as 

o.s = K, \J'- 

where 

K, = 10.887 x l^3 

VPDid + n) 

(19) 

(20) 

Figure 20 is a fanily of curves for Kx for a range of gear ratios and pinion 
dianeters. One can see from the curves that for a given pinion size the stresses 
become lover as the gear becomes larger. Also, smaller pinions at constant 
gear ratio result in higher stresses. 

The Hertz stresses just calculated exist at the middle of the line 
of action. A single curve can be developed to relate stresses at all other 
points on the line of action to those at the middle. The development is 
presented here. If we designate the stress at some arbitrary value of X as 
av, then from (10), (1^) and (15), 

a.5 " .Ul8-u'EF! 
_   2   +   2  j 

v w I
TX  + ra + ri + r2| 

(21) 
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vMch siajplifies to 

0.5 Unra 

Upon substitution of X = 

vöiere rj. refers to driver, regardless of vbether it is pinion or gear, and 

(22) 

(23) 

1 -X = 12. 
ri + Tz 

vhich can be obtained from the defining equation (5) one obtains 

5^      1 

a.s " 2V x(l - x) ' 

(24) 

(25) 

Far ccmvenience this ratio is defined as F x* 

A plot of this relation appears in Figure 21. This curve is 
synmetrical, passing through unity at X = .5, and reaching very high values at 
values of X approaching zero or one. This curve applies to all diametral 
pitches and all pressure angles for full depth and steel-tooth gears. 

The following important observations should be noted. The minimn 
stress level for a given force occurs at Z = .5. The stress at other points 
is simply related to the X = .5 value. The curves in Figure 20 indicate how 
stresses generally vary from one gear system to another. Figure 21 shows how 
the stress varies along any tooth for a given tooth load. The product of these 
tvo relations allows the actual stress at any point to be determined. However, 
not every point along the line of action receives the same load. The total 
transmitted load of the gearset must be multiplied by a function varying 
between zero and one to find the actual tooth load. Contact generally does 
not begin at X = 0, so the load function is zero up to a certain value of X. 
Similarly, since contact generally ends before X » 1, the load function drops 
to zero above certain values of X. While the minimum value of Fx occurs at 
X = .5, the point X = .5 may not come within the range of X where load is 
carried. 

As shown in equation (15)^ the Hertz stress is related to the 
pressure angle. For the helicopter gears this angle is 22-1/2°, so Figure 20 
does net apply. If we introduce the value a = 22-1/2 we obtain 

°.5 - Wf [p-DKr^ 
10.29C x 103 ff 

a-5 = ^Dxd + n) V * 

n) sin a 

i 
(26) 

(27) 

vihich can be written as a.5 »Kg \J- .    Figure 22 can be used to aid in the 
calculation of 0.5 from this equation. 
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"Balanced Stress" Criterion 

From the Hertz stress and load sharing calculation techniques 
developed in the two preceding sections it is possible to nake a farther 
development which nay be of value in understanding of gear design and distress. 
The load which appears on a gear tooth in the neighborhood of the pitch line 
is produced by single-tooth contact. The resultant Hertz stress is higher than 
that in the adjacent double-tooth contact regions, for the sane transmitted 
lead. This is illustrated in Figure 2h.    From the shape of the Fx vs X curve, 
it can be seen that for values of X below a certain limit, or above a certain 
limit, the Hertz stress will rise to a level equal to the maximum which exists 
in the single-tooth contact zone. Stresses in excess of this level may be 
expected to produce damage before the pitch-line area is damaged, particularly 
since the sliding velocity at points removed from the vicinity of the pitch 
line is higher than near the pitch line. Because of the nature of the curve, 
it is possible for very high values of stress to develop if extreme values of 
X come into the load carrying region. 

Based on this line of reasoning, it is possible to establish a 
criterion, that a gear is well designed only if the Hertz stresses in addendum 
and dedendum regions are limited to "reasonable" values with respect to the 
stresses in the single-tooth contact zone. What constitutes a reasonable value 
cannot be established on the basis of available evidence, but an arbitrary cri- 
terion may be established, and explored in relation to gear failure data to see 
whether any similarity between the criterion and failure results exists. The 
criterion which has been chosen here, for simplicity, is 

Es > m £d (29) 

where 

2S = maximum Hertz stress in single-tooth contact 
2^ = maximum Hertz stress in double-tooth contact 
m = constant of proportionality. 

That is, the Hertz stress in double teeth contact should never be permitted tc 
exceed m times the maximum sicgle-tocth contact Hertz stress. In this study 
m has been allowed to vary over a range, but for simplicity in the development, 
we shall fix the value at m = 1. In later paragraphs we shall show the conse- 
quences of varying m. The ratio of Hertz stress ax a given transmitted load 
with and without load sharing is s!2f  if one adopts the assumption that load is 
shared eoually by the two contacts. Figure 23 shows a curve of 

Fx and vr2 . 

The point representing the first contact must occur en the lower curve. As the 
gears rotate, the point coves to the right, and then jumps abruptly to the 
upper curve when single teeth contact tegins. The value of X where the maximum 
stress occurs in double-teeth contact is designated X^, and the point where the 
maximum stress cccurs in single-teeth contact is designated X£. Cur criterion 
is that 
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\Aiera F^ is the value of Fx at X = X^. Since 

(30) 

^d = 2Vxd(l - Xd) (31) 

and 

^s ,s 2VXS(1 -Xs) 

ve can obtain by substitution, 
1 

2i2YAü{l-Xd 2Vxs(l - Xs) 

(32) 

(33) 

or 

z^ci -Xd) >xs(i -xs). (5^) 

If we vrite this as an equality, we define a curve separating the acceptable 
values of X^ and Xs from the unacceptable or "forbidden" values under the 
criterion. 

2X3(1 - Xd) = Xs(l - Xs). 

Solving this equation for Xd we obtain 

(35) 

"d 
1 i Vl - 2XS(1 -Xs) 

(56) 

A plot of this equation on an X^ vs Xs plane is shoxn in Figore 25. Any point 
lying on or between the curves satisfies the inequality in (3^). Thcs values 
lying outside this region are "forbidden". 

We most now determine which gears produce contacts lying in these tvc 
regions. This depends on load sharing infomation obtainable from the curves 
in Figures 5 through 19. If we are dealing with full depth gears, the curves 
in Figures 5 through 11 are used, and the resultirg information is applicable 
to gears of all diametral pitches, and 20° pressure angle. For 8/10 pitch 
22-1/2" pressure angle stub tooth gears. Figures 12 through 19 are used, and 
the information applies to this gear geometry only. Values of X^ are obtained 
from the "Start of Contact" curves (double tooth), and Xs from the curves 
indicating the start of single-tooth contact, for each gear ratio and each 
number of teeth. Thus, a point on the X^ vs Xs plane represents a certain gear 
ratio with a certain number of teeth in the gear. If we plot such curves for 
the 20° full depth gears, at constant gear ratio we obtain Figure 26. The 
portions of these curves lying between the two limit curves represent "permis- 
sible gearsets, and those lying outside this region, are "forbidden" by the 
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criterion. The intersection of each of these curves with the limit of the 
forbidden region establishes the limiting number of teeth at that gear ratio 
which will satisfy the balanced stress criterion. Another set of curves can be 
drawn through the curves for various gear ratios, in which the number of teeth 
in the gear remains constant for each curve. Ulis is also shown in Figure 26. 
From this figure one can obtain the limiting number of teeth required for a 
permissible gear, and construct a curve of number of teeth vs gear ratio. This 
is shown in Figure 27. Tbis  curve goes through a mini mm for a 1:1 gear ratio, 
and is synrsetrical for step-up and step-down gearing. This curve shows that 
for a 1:1 gearset the miniraim number of teeth required to keep the TTminain stress 
down to the level existing during single-tooth contact is 13 teeth. For gears 
having 1:2 or 2:1 ratios, the minimum number of teeth rises to 5^. The number 
of teeth required for 3:1 and 1:3 was not obtained because the curves were 
difficult to interpret in that region, due to crowding. However, by extrapola- 
tion, one can estimate that approximately 50 teeth are required. 

Figure 28 is a plot of Xs vs Xd for the 8/10 pitch stub tooth heli- 
copter gears, with a 22-1/2° pressure angle, constructed from Figures12 through 
lg. For moderate sized teeth, such as are being considered here, the second 
number in the diametral pitch designation is two high«' than the first. The 
fact that there is a constant difference, rather than a constant ratio, means 
that the teeth of differing diametral pitches have not only differing size, bit 
also differing shape. Therefore, it is not possible to represent all the 
different diametral pitches by one set of curves. The 8/10 pitch gears are 
presented in these calculations, because this is the pitch used in a particular 
helicopter transmission of interest, and because it serves as an illustration 
of the difference from full depth gearing. Figure 28 is analogous to Figure 26, 
except that the curves are more crowded so it is not practical to draw in the 
curves of constant numbers of teeth, which were shown in red in Figure 26. 

It can be seen from Figure 28 that the curves cross into the "forbidden 
region" over a very narrow range of X^ from about .06 to about .06. The tech- 
nique for finding the limiting number of teeth for these gears was therefore 
different from that used with the full depth gears. A family of curves for the 
start of contact was plotted, as shown in Figure 29. On this curve, a line 
was drawn thraigh the values of X vdiere the curves in Figure 23 enter the 
"forbidden region". This line is labelled m = 1. (The meaning of the line 
labelled a « .8 '.all be explained presently.) The points where this line 
crosses the curves establishes the minimum number of teeth at each gear ratio 
required to avoid the forbidden region. When these points are plotted against 
gear ratio, one obtains the left half of Figure 30. The right half is drawn 
from considerations of symmetry. The actual construction vould entail drawing 
the curves similar to those in Figure 29 for the end contact, and drawing a line 
across in the region of X, = .93« 

As mentioned earlier, the condition that the maximum stress at the 
start or end of contact shall not exceed the caxicua in the region of single- 
tooth contact is arbitrary. It is likely that ccnpariscns of these carves with 
gear failure data, if they do reveal that this approach is valid, may indicate 
that some other ratio of stresses is a more appropriate limit. The criterion of 
equal stresses was taken for simplicity in the development, by setting m = 1 in 

the expression 
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This led to the equation 

^1 - yl -2XS(1 -X3) (58) 

which is plotted in Figure 25. If we solve the problem \diile allowing m to 
remain general, we obtain the equation 

Y       1 t VI - an^ad -Xs) (39) 

which fonns a family of curves with m as a parameter, as shown in Figure 31. 
These curves are synaetrical In X^ and Xg, with large values of m making the 
curves approach the Xs axis, and scall values making them approach the X^ axis. 

The curves are separated into tvo groups by a degenerate set of curves 
for the value m = .707, which form two intersecting straight lines. It is 
obvious that X. can never exceed Xs for a real pair of gears, and therefore 
none of the curves for values of m < . 707 can have any real significance. This 
means that in any set of fears \Aiich will operate, the stress at the start or 
end of contact must always equal at least .707 times the aaxiaum stress in the 
region of single-tooth contact. Any effort to decrease it further would 
prevent load sharing, which is essential to the smooth transfer of the load 
from one contacting tooth pair to the next. 

We can omit from the figure those portions -which do not permit load 
sharing, and if we also realize the syraaetry of the system, we can omit half 
the remainder, to obtain Figure 32. V/e may now superimpose the curves of Xs vs 
X^ frco Figures 26 and 28 on Figure 32 to obtain the limiting number of teeth 
for various values of m, in the full depth gears, and in the stub tooth system. 

It is not necessary for our purposes here to go through the actual 
mechanics of this process. Figures 33. 3^ and $5 give the results, with which 
we can make several valuable comparisons. Figure 33 shcus, for n = 1, the 
difference in the number of teeth required for full depth gears and for 3/10 
pitch gears at various ratios  The fact that full depth gears require acre 
teeth to meet the balanced stress criterion is obvious. Figure ^ shews the 
effect, for full depth gears, of varying the value of m. The range from m = .8 
to 2 is covered. The difference between the curve for m = .8 and m = 1 is 
substantial. At a 1:1.5 ratio, the m = .8 curve requires that the gears have 
about twice as many teeth. In this region, in other words, reductions in the 
stress at start or end of contact are obtained at fairly high cost, in number 
of teeth. On the other hand, permitting the value of m to go to 2 dees net 
permit much saving in the number of teeth required, tut it dees permit high 
stresses to d.velcp. It thus appears that values of m in the neighberhced of 
1 may be the most practical to adopt. Figure 35 shows the variation in the sanse 
curves for the 8/10 pitch gears. For these gears the effect of going from 
m = ltom = .8is snail in the neighberhced of 1:1 gear ratio, but becomes 
larger as other ratios are considered. Ihe difference between m = 1 and n = 2 
is not great. It appears here, as in the consideration of full depth gears, 
that a value of m = 1 cannot be far from the best practical value. 

S-13926 



14 

Analysis of Helicopter Gear Mechanics 

Speed 

Latoratory gear tests have been conducted at 10C0, 1600, 3200., 6400, 
awl 12,800 rpm, in order to reveal any speed dependent variations of ioportant 
phenomena. Ihe speeds of various components in the transmission of a typical 
helicopter gear hex are krown, and a comparison with test gear speeds is 
therefore possible. Since there are differences in gear geometry, a direct 
correspondence over the entire tooth profile of sliding and rolling velocities 
between the two systems does not exist; Urt it is still important to make 
comparisons as well as is reasonably possible. 

The helicopter transmission we are concerned with includes two 
series-coupled planetary stages, in which the sun of the first stage is 
normally driven at 1690 rpm. The planet cage of the first stage drives the 
sun of the second stage at 599 rpm. The ring gears in both stages are fixed. 
Since the geometry of a planetary transmission is somewhat more complex than 
that of a spur gear pair, these figures cannot be compared directly with the 
speeds which would exist if the sun and planet gear of the same number of 
teeth were in mesh as spur gears. A relationship vhich makes such a comparison 
possible may be derived as follows: 

The peripheral speed of the pitch circle of the sun gear is given by 

Hs^s . (57) 
2 

Since the planet gears are rolling with the sane surface velocity vihere they 
mesh with the sun gear, and zero surface velocity where they mesh the 
stationary rirg gear, their center line speed is 

"V- (38) 

The angular velocity of a planet gear can be obtained from 

= ^s^s ^ PDp ^ us PDg 
P   4   T 2     2 PDp * {'3] 

The angular velocity with which the cage rotates is given by 

C 
usPDg    PDS + PDp (40) 

If an observer turns with the planetary cage, he sees the sun gear rotating at 
a speed equal to the difference between the actual sun speed «.nd the cage 
speed. He regards the center of each planet gear as stationary in his frame 
of reference, so he can consider the sun and any planet to be a pair of spur 
gears in mesh. The effective speed of the sun gear, then, is 
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U) Seff "= ws *• "c = Us - ^s 
PD s 

2"  PDg   +  Füp 
= w. 1 - 2ipn 

PDs 
+ PDp) 

{hi) 

or 

U) 
seff 
U) 

= 1 - > 
s 2(1 + PDp/PD8) 

(^2) 

In other words, tbs effective speed of the sun gear, considered as a aember of 
a spur gear pair is less than its actual speed ty the ratio above. In order to 
similate the relations between the sun and any planet, a test gear rig should 
be operated at correspondingly reduced speed. Since this "speed factor" depends 
only on the ratio of pitch diameters, and therefore on the gear ratio, it is 
useful to calculate it for a range of gear ratios for future reference. Figure 
^6 is a plot of the Effective Sun Speed Fictor as a function of gear ratio 
over a range of gear ratios from 0.1 to 10. The curve approaches 0.5 for very 
small ratios and 1 for very large ones. 

For the transmission under consideration here, the ratio of planet 
gear diameter to sun gear diameter is .4118. This corresponds to an effective 
sun speed factor of .6458. Therefore, the first stage sun effective speed is 

1690 rpm x 0.6458 » 1091 rpnu 

The sun gear is in mesh with planet gears with a gear ratio of 

so the effective speed of the planet gears is 

2.429 x 1091 = 2650 rpm. 

The speed of the sun gear in the second stage is 599 rpm, or .3544 x the speed 
in the first stage. Thus the effective speeds in the second stage are 

Sun:    1091 x .5544 a 3Ö6.6 rpm 

Planet: 2650 x .3544 = 959.2 rpm. 

Thus, we fiai that the speed range involved in the helicopter transmission 
gears that are pitting is from a speed well below the laboratory test speeds 
to a speed which comes into the lower portion of the test range. 

Load and Stress 

In an earlier section of this report a method was presented for calcu- 
lation of Hertz stresses in gears, and by which the influence of various 
Parameters can be easily visualized. This method will now be applied to the 
appropriate gears in the helicopter transmission being examined in this study, 
and to our test gears. The helicopter gears can be analyzed by means of the 
load sharing and Hertz stress curves calculated for 8/10 diametral pitch 
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stub-tooth gears with 22-1/2° pressure angle. The test gears can be analyzed 
by the use of the curves for standard depth gears of 20c pressure angle. 

Figure 37 shows the power profile for the helicopter in terms of the 
percent of operating time spent at each power level. The calculations which 
follow will be based on the maximum power of 705 hp, which is developed 10v- of 
the time. The highest stress developed is much more influential than any lower 
stress on the failure. The helicopter develops 625 hp 40^ of the time, and 
this operating point is also of interest because operation at lower stresses 
than the maximum may be beneficial, rather than harmful, under seme conditions, 
as will be shown in a later section. 

The sun gear in the first stage operates at 1690 rpm. This corresponds 
to a torque of 2,190 Ib-ft, at 705 hp. The sun gear pitch radius is 5.1975 
inches. At this radius the tangetial force summation transmitted to the planet 
gears is 

There are four planet gears in the first stage, so the force per planet is 

^j^- = 2050 lb. 

The calculations for the second stage mast take into account the torque multi- 
plication of the first stage and the larger number of planet gears. This will 
be considered later. 

The gears have a pressure angle of 22-1/2° so the transmitted force 
along the line of action corresponding to the above tangetial force summation 
is 

2050 
cos 22-1/2°' = ^O It. 

The gears have a face width of 1-1/2 inches. Therefore, the force per unit 
width (F/W) is 

I * rF = im lb/inch- 
Figure 22 provides a means of finding the Hertz stress at the middle of the 
line of action for these gears. This stress is 

where Ka = 10.293 x IG3 

■V'PDid + n) 
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and can either be calculated or taken from the graph. Since the planet gear 
has a pitch diameter of PDj. = 2.625, and the sun gear has a pitch diameter of 
PDg m 6.375, one can calculate 

- ^ • 6tM •ZASS6 • 
From these figures one obtains 

10.293 x 103 

1(2 = V2.625 (1 + 2.U286) = ^51- 

Therefore, 

a .5 - Kg^yl = 3^31 Vl^ö = 132,500 psi . 

Fran the above figure the Hertz stress at any point on the line of 
action can be calculated by use of Figure 21, and with a knowledge of the 
values of X at idiich loads are picked up and shared by the teeth. This latter 
information is contained in Figure 18, which gives the following information: 

Contact begins .5^57 
Single-tooth contact begins .657^ 
Pitch linea) .7003 
Single-tooth contact ends .756^- 

If these points are applied to Figure 23 we obtain Figure 36. The values of 
abscissa in Figure 36 can now be nsaltiplied by the value of Hertz stress ax 
the middle of the line of action, calculated above, to obtain the solid curve 
in Figure 40. The dashed curve, \Jhich represents the Hertz stress distribu- 
tion for the second stage, was obtained from the first curve. The torque 
multiplication through the first stage is 

Ist Stage Sun rpm  1690 rpm  „ CJ^Q,- 
2nd Stage Sun rpm ^ 599 rpm ' <i-D0^5 * 

The transmitted load per planet gear in the second stage if»  increased in this 
ratio, and decreased in the ratio of 4/9, which is the ratio of the number of 
planet gears in the first stage to the rm^ci in the second stage. The net 
increase in transmitted load ptsr gear in the second stage is therefore 

2.66995 x V9 « 1.1864 . 

The Hertz stress is therefore increased in the ratio of 

Vl.l864 « 1.0893 • 

a) Listed for completeness only, this information is not pertinent to the 
present discussion. 
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The load sharing among gear teeth occurs in what is referred to by 
stress analysists as a statically indeterminate system. This means that from 
ordinary calculations it is not possible to calculate the percentage of load 
carried by each tooth. The division depends on the relative flexibility of the 
teeth and gear hub, regarded as a mechanical structure. Measurements on the 
test gears indicate that the load is not shared equally by the contact, as 
shown in Figure h,  and it is reasonable to expect that in the helicopter gears 
the load sharing is likewise not equal. However, since no exact load sharing 
information is available for the helicopter gears, it has been assumed that the 
sharing is JOf- to each contact. In order to keep all calculations on the same 
basis, the approximation will be introduced in the consideration of test gears, 
that the load sharing is also on an equal basis. 

One other approximation must be mentioned here, briefly, although the 
degree of error introduced by it cannot presently be assessed. In the above 
calculations it has been assumed that all planet gears share the load equally. 
While this is certainly true on the average, it must be realized that the same 
conditions of static indeterminacy apply to the load sharing among gears, as to 
load sharing among teeth. In a statically indeterminate system the load carry- 
ing member which is aost rigid carries the largest load. Whether a gear is 
stiffer vdaen in single-tooth contact or in double-tooth contact has not been 
determined in this study, and the answer is not immediately obvious. However, 
it is known that the stiffness of any gear set goes through maxima and minima 
during rotation. If it should happen that all the planet gears are phased in 
such a vay that one [IBPI  is passing through its maximum stiffness vihile all the 
others are passing tlrough their minima, then this gear would be more heavily 
loaded than our calculations ;'>how, during that portion of the revolution for 
which that ccudition continued to exist. While this is an extreme condition, 
admitted^, the phasing of the gears to provide that they all pass through their 
maxim'i^ and minimum stiffness together is also an extreme condition, which is 
probably never realized in practice. This fact would probably tend to make the 
leads on the teeth in their stiffest position statistically higher than those 
calculated by taking an a/erage over the number of gears, and the loads in 
their most compliant position statistically lower. 

Test gears are operated over a wide range of loads, and it is not 
appropriate to put forth a "power spectrum curve" as for the helicopter gears. 
Loads in the testing program are governed by the requirements of certain 
standard tests and the reaction of the lubricants to various load conditions. 
The load level may vary from practically zero to the full capacity of the test 
rig. Loads are applied by adjusting a scale load, called the "beam load". The 
corresponding transmitted load on the gears is 17.7 x beam load. Hertz stress 
curves for 10-lb be.— load and 20-lb beam load are presented in Figure ^1. Ihe 
development of these curves follows a procedure similar to that for the heli- 
copter gears. 

The Hertz stress at the middle of the line of action is obtained with 
the aid of Figure 20. At 10-lb beam load the transmitted load is 177 lb. This 
is applied to 0.1-inch face width of the gear tooth, so that F/W = 1770 lb/in. 
Since the gears do not fall exactly on one of the curves, it is convenient to 
calculate the value of Ki from the expression 
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10.867 x 103 

Ki = 

'Äere 

and 

so 

1 " \?D1{1 + n) 

n = TI « 1.1177 
17 

PDi = 2.8533 in 

10.807 x IQ3 

Ai = V2.3333 x 2.1177 = lM'6 ' 

The ratio of Hertz stress at arty point along the line of action to that at the 
midpoint is obtained frcsa Figure 23, acidified ty the lead sharing infonsation 
obtainable approximately frcsa. Figure 8^ vhich applies exactly for 1:1 gears. 
Since our gears are not exactly 1:1, we shall 'ose infonration calculated 
specifically far this case. 

Contact begins .1021 
Single-tooth contact beings .3556 
Pitch linea) .^722 
Single-tooth contact ends .5817 
Contact ends .8352 

When these figures are applied to Figure 23, one obtains Figure 59. hSoltiply- 
iDg the values in Figure 39 by 

Ki vF/'rf , 

\iiere 

VF/W*» h2.l , 

produces the solid curve in Figure hi.    The dashed curve is produced by multi- 
plying by the value of 

WW = 59.5 , 

^diich corresponds to 20-lb beam load. 

This calculation assumes that durirg load sharing the load is taken. 
equally by the two contacts. Figure hi  based en experimental data obtained 
prior to this project, shows that the actual load on the gear teeth ranges 

al Listed for coapleteness only. 
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fraa kO  tc 607, However, since it is desired zc  cc=pare the data for the test 
gears with that for helicopter gears, for -which no such ccnparacle data are 
available, it was decided to place all calculations on a comcn "basis ty intro- 
ducing the approximation for the test gears vhich was necessar-y for the 
helicopter gea^s. The actual Iced division is not seriously different fron 
that yhich has been assuaed. 

Comparison of Stub-tocth Characteristics With Full Perth Teeth 

Figure 42 shows the significant points along the line of action on 
a curve of Fx vs X for the helicopter sun-planet pair. Figure 4-3 shews the 
saoie inforaation, together with the saae information for a similar gear pair 
having c D? full depth teeth instead cf stub teeth. In addition, information 
is presented shewing the relation cf stress during load sharing to that in 
single-tooth contact. All labels whicn are drawn below the curves pertain tc 
3/10 teeth, vhile all those above toe curves are for o D? gears. The location 
of the arrowheads indicates the shifting cf operating stress fron the lower 
curve tc the upper, and back again. 

In the 8/10 DP gears, contact begins later at X = .56cC. Single- 
tooth contact begins earlier at X = .6266, and ends later at X = .776?. Con- 
tact ends earlier at X = .6573- It is evident from this that the maxi mm Hertz 
stress reached en the tooth is slightly higher fcr the 6/10 gears. Further, 
since sliding velocity is proportional to (X - Xpitch line)^ -^ -s clear that 
the slidicg velocity in the 8/10 gears is appreciably higher at tl  ;ir point of 
maxiam stress than the velocity in the 6 D? gears at their point of maximum 
stress. Thus, although the stub tooth operates with reduced sliding velocity 
at the tip of the addendum (end of contact) and provides increased tooth 
strength and rigidity, it results in increased slidirg; velocity at the point 
of maximum stress. This increase in contact severity occurs near the middle cf 
the tooth profile, which is, of course, the region in which pitting damage has 
often occurred in the field. It may te that the use of stub teeth postpones 
addendum scoring, but it oust inpese an increased pitting burden upon the 
middle region cf the tooth face. 

Snur Gear Tests - Equirment and Procedure 

All spur gear tests were carried cut in this program by the use of 
a high speed spür gear machine, which uses sets cf standardized test gears as 
specimens. A pair cf these gears in mesh is shown in Figure 4~. Figure ^5 
is a photograph cf this machine. The machine uses the usual four-square 
principle to introduce torque into a clos'rU leep, sc that large power levels 
can be transmitted by the test gears without the need fcr erpendirg large 
amounts of power in operating the machine. This spur gear machine, however, 
uses a somewhat unusual method of introducing the torque (lead), which it will 
be worthwhile to describe. 

The gearir.g system is shown diagramatically in Figure ->6. Power 
input takes place through the shaft at the tacji cf the machine, through a 
timing belt. The test gears are mounted on the two shafts which emerge 
through the front of the assembly into the test chamber. The 17-tooth gear 
is mounted on a shaft which is colinear •sLth  the power input shaft, and the 
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19-tooth gear shaft is gear driven free the pewer input shaft. The vcver  flcv 
tetween the 17-tooth gear shaft and the pewer input shaft takes place through 
a stub-shaft vihich is supported in a rciler-tearing ocunted carriage. IMs 
stub shaft is coupled into the loop by two gears of unevjual dianeter. When 
the isachine is in the unloaded position these gears are sinxly in nesh with 
their eating gears. Leading of the gears is accoraplished by rctaticg the 
carriage about the axis of the input shaft and 17-tooth gear shaft. This 
causes the stub shaft and its gears to roll on their sating gears. Since the 
stub shaft vith its gears are assenbled into a rigid system, they try to 
rotate as a unit. However, the fact that the two gears on the stub rhaft are 
of different size causes then to try to rotate by different ancunts. This 
results in the introduction of deflections into ail the shafts in the leep, 
and the developoent of torsion in the shafta. The carriage is deflected by a 
cable, vhich can be seen in Figure 45, having a spring scale in it. The lead 
can be applied or changed while the machine is in operation, and can be 
observed at all times on the spring scale, ,-ny changes in lead vhich are 
caused by wear in the gear teeth can ta noted and cccpensated for. The pro- 
vision of a Deans of load adjustment during running of the sachine is an 
advantage which oany four-square rigs do net have. 

Lubricant is punped at the rate of 10 cc per second through an 
inlet line at the top of the test chamber, and it flows into the gear aesh 
from above. The effect of varying the lubricant flow rate and inlet position 
has been studied previously, and this configuration and flow rate cave teen 
selected as standard conditions for tests. The effectiveness cf lubrication 
is a function cf flow rate, and for low flow rates, increases in lubricant 
flow iaprove the perfencance of the gear/lubricant systanu At scDe flow rater 
below 10 cc per second, the curve flattens so that further increases in flew 
rate produce little additional benefit. The rate of 1C cc per second was 
chosen because it is high enough to xake  the tests insensitive to reiner varia- 
tions in flow rate. 

This sachine can be operated at test pinion speeds freu 80C rpc to 
50,000 rpcu The speed range is selected by installation of appropriate drive 
pulley ratios between the drive aotcr and the input power shaft. With any cne 
pulley set installed, the speed can then be adjusted by controlling the DC driv? 
aotcr. 

Test gears are 6 D?, having 17 and 19 teeth, respectively, ill = 
pinion, 19 = gear), race width is 1/—inch. The use cf an odd, non-integral 
tooth ratio results in "hunting tooth'' action. This neans that each tooth c: 
the pinion contacts e^ch tooth of the gear in the course cf a test, and the 
results tend to be "averaged out". The effects cf nir.or errors ir. the teeth 
are thus distributed, so that each tooth presents essentially the sane picture 
ac the others. This  is in contrast to the other nachines, in which there is 
no hunting tooth action, and '-here ail the oeeth have to be inspected f-r an 
assessoent to be aade of the daaage. The presence of hunting teeth action iiay 
have ratifications in the interpretation of the data «hich will :e referred tc 
later. 
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In all the tests ccrducted in this prrgraa, the gears vere  run with 
an axial cffset in the acuntisg, sc that only a pcrticn cf the face width »■as 
used in each test. This is accczxlished by inserticn cf rrecisicn 3^.de spacers 
en the shafts Jilcng with the gears, sc that either the pinicn cr the gear is 
acved axially 0.1$0" with respect to its caie. This res-ults in an effective 
face width cf enly C. 1''. This practice has three advantages in this prcgran: 

1. Ihe strength cf the teeth recains the sar.e, tut the fence 
req-uirei tc prcduce a certain force per unit width decreases. Thus, tests 

-  >,-•- a 
overload. 

gn stress can "be ccncucted without dange: '_ i.       L\-\ h breakage cr machine 

2. Ihe nusber cf tests vhich can ce run en each gear is doubled. 

3. .r. band cf netal renains down the niddle of each tooth vhich has 
net been effected by the tests, so it is possible tc cenpare the iarsged cr 
wem surfaces with fresh s-urfaces en the sane teeth. 

5y using the cffset gear ztcuntirg, and by usirg the front and baci of each toctn, 
it is possible tc ccrduct four separate tests on each gear pair. 

.-.fter passing ever the gears, ".he cil is returned tc a sure by 
gravity. Cil frcn the su=p is circulated by a gear purp thrcugh a heater and 
a coder, -hich are adjusted tc bring the test cil tenxerature tc the desired 

r =11 rf th^c: -ii tU-J. -L these tests,  the tenperat'ure was i--'r. 

«ca--Carrying -aoe.city .ests 

.3 cesimeo tc cetermne nc 
lead a pair ef standard gears can sustain at a given speed wi- 

ne cencuct ci sucn a test,  tne gears are ncunteu m 
ve ninutes at no lead with lubricatien b\* the test 

a reading ef 

ain fer five ninutes.^ loads are increased i 

lanage ireni scenng. J.: 

the naehine and ren fer 
lubricant as described above.  Ihe lead is then increased t 
- lb on the scale ('•* 1'z  "bean lead") 
"e-d. a^d "'^e ce"1"^ ^^e 

i^y-T^Z* ^— *- -fc-y-e ~ "■ 

—-lb lead seecs and ren fer five ninutes at each leai stec. At the end 
each five ninute runniiut eeried "he pears are unleaded bv releasing the 

nsien en >vi 

'tn pmeen ane gesr is caue ae eacn step we 

. •"   - T- C — i^ ' 

» V.» - ■ c p 

The IC I eese schedule is clotted fer a tveical esse ir. Figures 5^ and 5-. 
luring ehe insteetien, tne gear and cinien are raied with resoect te tne 
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.-.ddeaduni ani ieieni-jn axe rated separately, essentially ~y the r-le that a zer: 
rating indicates that no damage cf the zyze  irdicated has ccc-^rred, and fcr 
each -onit of ratirg increase, 20^- cf the area is affected. Thus, a rating cf 
five indicates that the entire area is covered ty the type cf iezags  listed. 
The severity cf da rage can vary, and scc£ recognition cf this is nace in the 
ratings hy increasing the nuzihers slightly if the darage is hea'-.', or decreas- 
ing then if the dasage is light. This nust necessarily be done in a qualitativ- 
nanner and one anst regard the ratings as descriptive, rather than quantitative, 
In this research prcgran, all the gear ratirgs vere done hy the sane person, 
sc there is little likelihccc of personal variations affecting the res-alts. 

The load carryicg capacity tests are generally continued until the 
first evidence of scorirg of the addendun cf the pinion teeth is chserved. 7n; 
loed carrying capacity value assigned to the oil is the load Just prior to 
that at 'Jhich the first scorir^ v&s  observed. 

Constant Lead Tests 

Tests were conducted on soce cf the lubricants in -«hich the stepvise 
increasing loading schedule was not used, but instead, a certain constant lead 
was applied to the gears after they were brought up to speed. The tine 
required at constant load for either scorirg or pitting danage to occur is 
recorded. 

Vhile the load carryirg capacity test is based en the assunpticn 
that a lubricant has a certain "breaking strergth" cr score lead, the constant 
load test is based on the sssunption that the lead carrying capacity cf the 
oil depends on the load-tine history t-ircugh which the systen has passed. 
This test stardardizes this history at a constant lead, and the test is ccn- 
tixrued at this load -until the gears fail, or until it is clear that failure is 
net going to occur. Tests nay last fron 1 ninute to nan;-' hcurs. 

In actual preparation for a test, the steps are identical tc those 
followed in an ICC test. Gears are ncunted in the sane way, and the lutricant 
is brought to the tes; tecperature. The gear nachine is then brought up to 
the test speed and held constant during any cne test. The load is then atpliei 
by neans cf the loading scale, b.t instead of the stepvise increasing leading 
schedule, a single load is applied, and this is held until = failure is 
observed. In order tc detect failure, the test is interrupted after five 
cinutes, after twenty-five ninotes, and every half-hour thereafter. In each 
inspection, the sane •ocedure and rating systen is used as in the ICC test. 

Figure 53 shows the schedule cf the Constant Trod test in ctcpariso: 
with the ICC test. Inspections are indicated fcr both tests by the snail 
plusses. The curcles indicate scoring. Cn szce  of the tests, sctring die no- 

cccur within the linits cf the test period, and this was indicate! by an arrr 
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Break-In Tests 

It was fcuxd, with sooe of the lubricants, that higher loads could be 
sustained after a treak-in period. Several explcratcry tests were conducted in 
an effort tc determine how the hreak-in could best be measured. These efforts 
included running LCC type tests with longer times at each step, and various 
ways of bringing the load up in steps tc the level at ^Aich constant load tests 
could then be run. By the latter part of the program a particular type of 
treak-iii test was fcxmd which proved to give useful and interesting infcnaation. 
In this procedure, the loading steps frcaa an LCC test were duplicated, but at 
a load one or two steps below the score load, the test was continued at 
constant lead for a period of time froca a few minutes to several hours. 
Following this period of running, the load was then raised one step, and the 
test was continued until the gears scored. The load program for this type of 
test is shown in Figure 5^ together with an LCC test, -Aich is shown for 
ccmparlson. At each speed, several break-in tests were conducted in rfiich the 
time spent at the "break-in" load was varied, and the time to failure at the 
"failure load" was measured. The results of these tests are presented in 
Figures 61 through 71. 

Spur Gear Results 

Gear tests were run on several oils and over a range of speeds, as 
shown in the followii^ chart. The oils were selected primarily because of 
their applicability to helicopter gearbox lubrication. The lubricants will be 
designated by their Mil Spec, cumbers only: 

1000 rpa | 1603 rpm | 3200 rpn  | 6^X rpc ! 12,^00 rpa 

MIL-L-73CÖ C T LCC^ CLb5 i LCC 
f 

MIL^-78Gc D LCC LCC CL LCC 

MIL-L-78CC E LCC CL LCC CL BI cT LCC 31 CL LCC CL 

. MIL-L-212tO 
! Grade (2) 

LCC BI LCC CL 
El 

LC€ CL 
BI 

LCC CL 
51 

a) LCC 
b) CL 
c) BI 

Lead Carrying Capacity Test. 
Corjstant Lead Test. 
Break-in Test. 

The nctations in tbe boxes indicate that tests of the type indicated were 
conducted for that lubricant at the speed indicated. The first tests were 
cocducted en a MIL-L-TS08 C lubricant tut the prcgran. was shifted to a idCB D 
lubricant as seen as it was obtained, since this was considered tc be cf 
greater interest. During the second half cf the program, a MIL-L-7cCc £ 
lubricant was fully explored, and finally the MII-L-2126C was investigated as 
fully as tiae permitted. A ixdificaticn cf the gear machine was required to 
permit running at speeds belcv l600 rpn, and this was made late in the program, 
so that only the HIL-L-2163 was studied at 1CCC rpc It vculd have teen 
useful tc study the 7603 D and E lubricants at lower speeds also, but the 
information relating tc the speed ranges of the heliccpter transmissions was 
not received early enough tc permit this. 
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Load Carrylag Capacity Tests 

Figure hi is a typical load carrying capacity curve for a adneral oil. 
It has been included here to illustrate the nature of such a curve, and to show 
^at adght he expected of the curves developed in this program if the speed 
range were extended. In the low speed range scaring hecoaes difficult or 
impossible, because, with lav sliding velocities, the contact tenperatures 
cannot approach the melting teaperature of the metal. The curve therefore goes 
up very steeply in this range. The data in this program essentially cover the 
medium speed range, which is characterized by a decreasing load carrying 
capacity with increasing speed. The high speed range is characterized by an 
upturn in the curve; this was not reached for the oils studied in this program, 
for i&ich the data are presented in Figures 48 through 52. The load carrying 
capacity of the MIL-L-7806 C oil was measured at only two speeds before the 
testing of this oil was discontimed. The data are shown in Figure 46, i&ere 
it can be seen that it is approximately 530 i 35 at 3200 rpm, and 45o* 35 at 
6400 rpm. The spread in the data represents a difference of one load step 
\bich is at the level of reproducibility of the test equipment. The slope of 
the straight line representing these data is such that a reduction of one load 
step, 70.7 lb transmitted load, occurs for a doubling of the speed. Figure 49 
shows the data for load carrying capacity vs speed for a MIL-L-7806 D oil, for 
a range of speed from I600 rpm to 12,600 rpa. The load carrying capacity 
varies from approximately 600 lb transmitted load at l600 rpm to approximately 
150 lb transmitted load at 12,800 rpou The slope of the line corresponds to 
140 lb transmitted load per doubling of the speed. Figure 50 shows the data 
for a MIL-4.-7806E oil. The scatter in the data here is greater than with the 
other oils, and in fact, it is so great that one could reasonably arew a line 
through the data parallel to the speed axis, as though the load carrying 
capacity were independent of speed, vith a value of 360 lb transmit ted load. 
However, the measurement at 1600 rpa was duplicated, and all other data 
indicate that the load carrying capacity must drop with increasing speed in 
this range. The line representing the data has been drawn with . slope corre- 
sponding to 110 lb transmitted load per speed doubling. The data for 
MIL-L-2126O (Grade 2) are shown in Figure 51. The load carryirg capacity at 
1000 rpm is 780 lb transmitted load, and this drops to approximately 210 lb at 
6400 rpm. The slope of this curve corresponds to 220 lb per speed doubling. 
These curves are showa together in Figure 32, \txTe it can be seen that 
MIL-L-78oe C has the highest load carrying capacity and the least drop-off 
with speed of the lubricants tested. MI1~L-21260 (Grade 2) has the lowest 
load carrying capacity over most of the speed range, and the highest, slope. 
Therefore, this lubricant exceeds the others in load carrying capacity at 
speeds below l600 rpc, which is the range of interest in the helicopter gears. 
This fact is ia^ortant; oils should not be judged for service in one speed 
range on the basis of experience in another speed range. 

Constant Load Tests 

Data for Constant Load tests for HIL-L~78c6 C oil with gears nmning 
at 3200 rpm are shown in Figure 55. Scaring of the pinion addendum is 
represented by circular data points, t&ile gear addendum scoring is represented 
by diamonds. The gear addendum generally scores earlier, a fact w*iich is 
evident in this graph, and liiich is observable in most of the data obtained. 
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A straight line has been drawn through the data points with a slope correspond- 
ing to a decrease of about 2U.7 lb transmitted load per doubling of life. This 
slope is not great, and it is difficult to deteraine accurately, because of the 
fact that the changes in score load are of the order of the reproducibility of 
the equipoent. The load carrying capacity froa the previously described tests 
is shown on this graph as a dashed line. 

Figures 56 through 58 show the data obtained for MIL-L-7808 D oil at 
1600 rpo through 12,900 rpo. The curve at 6UO0 rpc is based on the largest 
nunber of tests, and it is considered reliable. At 12,300 rpo, only one test 
was conducted, and the curve was drawn with the same slope as at 6400 rpo. The 
data at l600 rpo are not sufficient in themselves to justify the curve which 
has been drawn chrough than, but in connection with the other data, it is 
considered reasonable to draw such a curve. Again, the slope has been matched 
to that obtained for 6400 rpa. No data were obtained at 3200 rpo for this oil. 
and therefore, a curve for this oil at this speed zaust be obtained by estima- 
tion from the other oils. The family of curves for this oil is shown in 
Figure 59. The curve for 6400 rpo has been drawn as a solid line, to indicate 
its greater reliability than the others. The other curves have been drawn as 
dashed lines, to indicate their dependence en the farmer. 

Break-In Tests 

Figure 60 shows the effects of eight different tests on MIL-L-7808 E 
oil at l600 rpn, including three LCC tests, and five constant load tests. The 
load schedule is shown here, on a load vs time plane. The lead carrying 
capacit; test appears as a staircase, with the failure point at its end. In 
this case, one test produced a failure at 350 lb transmitted load, and two 
tests indicated a score load of 640 lb tranaaitted load. Constant load tests 
at 490 lb and 530 lb both produced itaaediate scoring. Further constant load 
tests at 350 lb and 420 lb did not produce scoring in a period of 3^0 minutes. 
This behavior tends to discredit the single score load determination at 350 lb 
and add additional confidence in the duplicate points at 640 lb. This fact is 
specifically mentioned, because the curve in Figure 50 of score load vs speed 
has been drawn to favor the 640 lb value. 

These data are not vholly consistent with the constant load vs life 
concept, since constant loads above about 450 lb produced iaaediate failure, 
ybile  those "below did not produce failure in six hours of running. Thus, one 
cannot easily construct a relationship between life and load. On the other 
hand, one can see that the standard LCC value is repeatatly higher than the 
constant load the gears can sustain. Inasmuch as the LCC test inherently 
provides a lareak-in schedule, by virtue of the stepwise running at increasing 
loads, it appears logical to look into the effect of break-in en the gear-oil 
perfcraance in a more general way. 

Figure 6l presents data obtained with the saae oil at 5200 rpm. The 
LCC test staircase" can be seen at the left, ending at 350 lb transmitted 
load. A constant load test at this level produced icmediate scaring. One 
constant load test one step lower, at 520 lb also produced iaaediate scaring, 
ybile another did not produce scaring after 240 hours. A constant load test 
at 280 lb did not produce scaring after ^60 hours. This indicates that the 
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liadt of load carrying capacity for constant loads lies at about 320 lb.    Belov 
this level the gears appear to be able to run indefinitely without daoege. 
This infonaation, in itself, does not particularly suggeui mich break-in 
sensitivity, since the lisLt for constant load lies at approxioately the saoe 
level as the standard LCC value. However, as an exploratory test, a load of 
l80 lb tranaadttcd load was applied for 65 ainutes, followed by stepwise 
increasing leads in increnents of half the value used in the LCC test, or 35 
lb transadtted load per step. The initial load was selected because it was 
well below that \iu.ch in constant load tests had not produced daaage. This 
loading prograa is shown in the figure, and it can be seen that it resulted 
in an increase in score load to 630 lb ifcich is alxoost double the standard 
LCC value. 

At 6400 rpn, as show in Figure 62 various efforts were made to 
discover the interrelation between the LCC test, the behavior at constant load, 
and the effect of break-in. A standard LCC test resulted in a value of 330 lb. 
Constant load tests indicated that a liwrit exists at about I80 lb, as shown 
by the fact that at this level the transition occurs between ianediate scaring 
and Indefinite life (tests out to 6 hours). Only one constant load test, at 
about 1^5 lb resulted in a aeasureable life, thirty-five sdnutes. These data, 
again, do not support the construction of constant load vs life curves. Two 
tests were conducted starting at 70.7 lb transnitted load, and increasing in 
flve-aimte steps equal to half the standard LCC value, or 33 lb per step. 
These resulted in failures at 320 lb and 390 lb, t&ich bracket the standard 
LCC value. A test which started at 33 lb, and increased in 17-1/2 lb steps 
resulted in a failure load of kQO lb, which is the highest load carried by 
this oil at this speed. A test in vhich constant loads of 110 lb and IhO lb 
for one hour each, followed by increasing loads in 35-lb steps of five minutes 
each resulted in a failure at 423 lb. Thus, certain kinds of break-in 
procedure definitely have the effect of increasing the load at tftich the gears 
score. However, one test also indicated that there is a fatigue sensitivity 
involved in these effects. In this test, the load was increased along a 
"staircase" with steps of 33 lb, starting at 70.7 lb, with five minutes at each 
step. At 260 lb the load was sustained for 210 minutes. A* 320 lb the load 
was sustained for 130 minutes. The load was then increased to 330 lb, and 
failure resulted after thirty aixutes. The fact that failure occurred after 
a delay indicates that there is a time dependence of scoring, even in the 
presence of lreak-in. This is probably a fatigue effect, as discussed else- 
ybere in this report. 

Figure 63 shows LCC and break-in test data for a MIL-L-21260 (Grade 
2) oil at 1000 rpo. The LCC test program is shown, ending in scaring failure 
at 830 lb transmitted load. The other data show the effect of break-in at a 
load two steps below the score load. The load was increased along the ncraal 
LCC "staircase" up to 707 lb transmitted load, and then held at this level for 
various lengths of time, after which it was increased one load step, to 771 lb. 
Ti& tests were continued to failure at this level. It can be seen that running 
at the "break-in* load for 120 mimtes resulted in survival of the gears at tha 
"failure" level for 30 minutes.4) Increasing the time at the "break-in" level 

al "Break-in level" shall be defined as that constant load one step belov the 
test to failure. "Failure level" shall be defined as that constant load 
at iMch the gears are operated after break-in, until they fail. 
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to just under 200 minutes resulted in very large increases in life at the next 
load step. These results are plotted in Figure 6? where it is shown that there 
appears to be a IB^-HMMI in the beneficial effect of running at the break-in load. 
However, since no data were obtained at this speed for the decreasing side of 
the curve, this has been shown as a dashed curve, merely to suggest its presence. 
Data for other speeds will be show presently to support this. 

Figure 64 shows the data for a MIL-L-21260 (Grade 2) oil at l600 rpuu 
Three LCC tests are shown in \4iich score loads of 530 lb, 705, e^d 780 lb were 
obtained. Constant load tests at 620 and 703 lb resulted in failure as scon as 
the load was applied. The gears were not run for even one five-ainute period. 
Ho constant load tests were conducted at lighter loads as with the previous oils; 
instead the effect of treak in was investigated. In each test, the schedule of 
the load carrying capacity test was followed up to 370 lb. This load was 
sustained for various lengths of time, as shown in the graph, and then raised 
to 630 lb. In four of the tests, failure occurred at this level after delays 
which ranged fron five minutes to over 300 minutes. Figure 68 shows the rela- 
tion of time spent running at 566 lb to time survived at 630 lb. The first 
point on the curve is obtained from one of the LCC tests, in which the normal 
schedule provides 3 minutes at 366 lb, and in t^ich failure resulted during the 
next load step. The last point on the curve was obtained by running the test 
at 366 lb until failure occurred, which corresponds to zero minutes at the next 
load level. It can be seen that a very high mnxiam exists in the curve. In 
the neighborhood of 75 to 100 minutes at 566 lb, the time to failure at 630 lb 
goes to a very high raaximim. 

In seme of the tests, the load was raised to a level still higher than 
630 lb before failure resulted. Figure 6k.    These testj cannot be plotted 
exactly on Figure 68 since the time to failure was not reached at the failure 
load. However, one can see that these tests represent points arrived at by the 
gears without failure. The data are consistent with the curve drawn in Figure 66 
and are shown on the graph as arrows, pointing in the direction where the points 
saust lie. 

Figure 63 shows the break-in data for MI1-L-21260 (Grade 2) at 3200 
rpo, and an LCC test. The score load obtained from the LCC test was ^30 lb 
transmitted load. A constant load test at 330 lb resulted in scaring during the 
first five minutes. Several, somewhat random loading schedules were also tried, 
resulting in a range of loads from 320 to 423 lb. Since there is always some 
scatter in gear data of this type, it is difficult to be certain that the 
differences are due to the variables. However, certain notable differences 
should be pointed cut. Point C was reached by doubling the time spent at each 
load step of an otherwise normal LCC test. This resulted in a reduction in 
score load of one step. However, when the time spent at the preceding step, 
280 lb was extended to thirty minutes, it became possible to run for 210 minutes 
at 350 lb, without damage, and even to go up to point E before scoring occurred. 
In one test, the initial load of 175 lb was held for thirty minutes, and then 
the load was increased in small steps until 320 lb was reached. At this level 
the test was continued until scoring occurred at point D. Point F was reached 
by following the same schedule up to 280 lb, and holding this level for l80 
minutes. The schedule shown after that was followed up to point F, v&ich lies 
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off the graph to the right, at 690 sdrutes. Thua, in the tests temiaating in 
points E and F, the gears were able to operate for long periods at 350 lb 
without failure, %4iile in other tests failures occurred at lover levels or at 
this level in short tiaes. 

Figure 66 sfaovs the treak-in data and an LCC test for the sane oil at 
61*00 rpo. In this scries the tests were organized around the idea of aeasuriiig 
the effect of operation at one load, saaevb&t below the level of an LCC score 
load, on the survival at the next higher load step. Two LCC tests were con- 
ducted, as shown, resulting in score loads of 280 lb and 353 lb. A single 
constant load test at 280 lb showed that sane break-in was necessary for 
survival at this load. The gears scored within the first five ninutes. Loads 
were raised along a "staircase" schedule to 210 lb and held at this level for 
various lengths of tine before being raised to the next level of 280 lb. The 
survival tines at 280 lb go through a naximuM in the neighborhood of 100 
ninutes Ireak-in, but this naximm is not as high as those noted at 1000 rpm 
and 1600 rpo. Ihe curve in Figure 69 shows the relation between break-in tine 
at 212 lb and survival tine at 285 lb. In one test the load was not raised tc 
285 lb and the gears were run until failure at the break-in load. This took 
5ltO ninutes at that load. This point is plotted as having zero survival tine 
at 283 lb. 

If the curves of survival tine vs break-in time are grouped together. 
Figure 70 is obtained. It appears frcm these data that the peak shifts tc the 
left and drops as the speed increases. The nunber of revolutions in a given 
tine is proportiaoal to the speed, so this nay be a factor which nay tend to 
cfbine these curves into can.    If one plots the data in terms of nunber of 
revolutions of break-in vs number of revolutions survived at the next higher 
load step, one obtains Figure 71. It can be seen that the data for 1000 rpm 
and l600 rpm can be reasonably well represented hy one curve, vhich has a very 
high peak at about 200,000 revolutions. The data for 6400 rpm definitely fall 
on a different curve, «hose peak falls at about 600,000 revolutions and is ouch 
lower. This nay nean that the data divide into two groups: the low-speed 
range, represented by the 1000-1600 rpm curve, and a high-speed range, repre- 
sented by the 6^00 rpm curve. However, the speed separation between 1000 rpm 
and l600 rpm is not great, and the natural scatter in the data may mask the 
difference between two curves far these two speeds. If this is the case, then 
a family of curves with speed as a correlating parameter nost likely is 
necessary to represent this effect. It is unfortunate that data in this form 
at 3200 rpm were not obtained, because this would probably resolve this 
question. 

Rotary Contact Siaulatcr Tests 

This machine makes it possible to simulate with mathematical pre- 
cision the contact conditions existing at any selected point in a pair of 
gears. It does this by revolving against each other a pair of disks having 
the same radii of curvature as the radii of curvature of the gear teeth at the 
point in question. A pair of such simulator specimens is shown in Figure 72 
in the same relation to each other as they would have if mounted in the machine. 
Each of these specimens would be gripped along its hub by a collet, and 
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revolved about its axis at a predetenniiied speed. This produces a coablnation 
of rollisg and sliding at the contact point \idch duplicates that existing at 
the point between gear teeth being simulated. Lubricant is punped in a stream 
over the disks. 

Before going further into the mechanical construction details of 
this machine, let us explore the basis for simulation so that the validity of 
this approach will be clear, and so some differentiation between this end other 
rigs can be pointed out. In the contact point between two gear teeth the 
conditions can be thought of as falling into two categories: imposed and 
dependent. The imposed conditions are those which are determined from without 
either by the person operating the gears or by the designer of the gears. 
Imposed conditions include environment temperature, load, speed, radius of 
curvature, surface finish, etc. Dependent conditions are those vfeich arise as 
a result of the action or interaction of the imposed conditions. These would 
include lubricant film thickness, surface temperature, wear rate, and so on. 

It can be seen that if all the imposed conditions of a set of gears 
were duplicated exactly, then all the dependent conditions would naturally 
arrange themselves to duplicate those of the gears. This  is true, even though 
the experimenter does not understand the mechanisms fully which lead to the 
dependent conditions, and it includes even those dependent conditions the 
experimenter may be unaware of. This is an essential point to be appreciated 
in the study of any system which is not fully understocd. This makes it 
possible to discover facts about the system from observation of the simulating 
system without having to question vtoat mysterious parameters may have been 
upset in the process of creating the sinailation. 

At this poüit one may ask why one bothers to similate gears at all, 
when the actual gears are available for study, and can be examined for the 
same effects which have been so carefully reproduced in the disks. There are 
several answers to this. The contact conditions along the surface of a gear 
tooth are different at all points. Sliding goes from a high positive value 
at one end of the tooth to a high negative value at the other, passing through 
zero at the pitch line. The Hertz stress goes through a minimnm at the middle 
of the line of action, with respect to a fixed tooth load, but the tooth load 
is not constant over the whole tooth, since it is affected by load sharing. 
Thus, each element of the tooth surface exists in a complex gradient of 
several variables. In order to understand how the running of the gear has 
affected the tooth surface, the experimenter should have a large enough sample 
of homogeneous surface to examine with confidence. In a gearset, rigorously 
speaking, he b&s none. If one neglects the gradients, and examines a small 
region, one is still farced to draw conclusions about a very small region and 
generalize from them. Some effects, such as pitting and cracking, are statis- 
tical in nature. If one subjects a large area to identical conditions, one 
sees that bits of damage occur here and there. But if one has a very tiny 
section out of the area to examine, one may or may not look at a bit of damage 
in any given case. It would be very difficult for even a trained observer to 
state, for example, that certain conditions generally lead to cracking, if he 
had to reach this conclusion by observing small pieces of surface, which 
occasionally contained cracks. The Contact Simulator creates a hoocgeneous 
sample of surface entirely around the disk which exhibits the characteristics 
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It is easy to recognize effects of the point cm the gear tooth under study. 
when they are produced in this way. 

A second factor is the ease of observation. Gear teeth are difficult 
to observe with a aicroscope, especially lAen the gears are still ocunted in 
the test rig, because of problenss of controUirsg the lighticg, and because the 
surfaces are curved at a disadvantageous angle and scoevhat oasked by other 
teeth. The fact that disk specimens can be observed ncnaally, or at acy desired 
angle, and can be illuainated with relative ease aakes the accurate classifica- 
tion of surface effects auch easier. Under the category of observation, one 
might include photography. As will be sjown later, a jaetbod of photography of 
the disks is available which reveals surface irregularities very plainly. This 
technique has been valuable in determining the type of damage on the disks. 
IMs aethod is inapplicable to gears. 

A third advantage of the use of the contact siaulatcr is the elimina- 
tion of the effects of gear geccetry errors. In any gear, there are errors such 
as eccentricity, involute profile error and tooth spacing error. These errors 
have been reduced to a practical ainigaan in our test gears, but they can never 
be lÄolly eliminated. In addition, elastic tooth deflections under load cause 
changes in the relation of the surfaces entering contact, so that interference 
may result. It is easier to make a pair of disks accurately than a pair of 
gears, because the surface is a simple cylinder. Eccentricity is sore serious 
if it occurs in the Rotary Contact Simulator than in the Gear machine, because 
it changes the shaft-to-shaft distance during each revolution. This requires 
the acceleration of the mass of the carriage through läiich the loading is 
applied, and this could result in fairly high forces being superimposed on the 
load. The advantage of the Contact Simulator is that these errors can be 
reduced to negligible proportions with care, vhile the production of gears 
without errors is practically impossible, aiJ the elimination of tooth deflec- 
tions is actually impossible. 

Mathematical Basis of Simulation 

«s mentioned earlier, if all the imposed conditions existing in gears 
are matched, the dependent conditions must also be matched. The catching of 
some of the iu^osed conditions is intuitively obvious; the lubricant cempositien 
and bulk temperature oust be the same in the two systems, and the metallurgy of 
the specimens must be the same. It is fairly obvious that if the radii of 
curvature and load are matched, the Hertz stress and contact width will also 
aatcb. But ^iiat conditions must be met in order that sliding velocity, rollirg 
velocity, time of contact, time out of contact, contact frequency, are aatched? 

The movement of surfaces of two gear teeth can be analyzed in terms 
of the diagram in Figure 1, with certain modifications. Figure 73 has been 
derived from Figure 1 to facilitate the discussion \Aiich follows. Since ve are 
now interested in the details of movement of the surfaces in the neighborhood 
of the contact point, the base circles and addendum circles have been eliminated 
from the figure. The same arbitrary contact point, C, has been retained and 
attention is directed to the movement of the driven gear. Tho line CC is 
revolving with the angular velocity of the driven gear, so the velocity of the 
end of the line, 0, is given by 
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Ü2 = CCcfe . 

Ulis velocity vector is at right angles to the line CC, and can I« resolved 
into ccnponents along the line of action, and Eorsal to it, as showi. Angle 
DCE can easily be shown to te  equal to a, and triangle DCE is sindlar to triangle 
BOC. Oce can tiierefore write 

CC 

DE 

BC 

CD 

CB 
(a) 

or 

HE CD 

CE 
(b) 

But CD is the velocity of a contact point alcrg the line of action, which is the 
saas as the tangential velocity of a point on the tase circle, which is given 
by 

CD = UBOB 

so we can substitute in (b) above to obtain 

(c) 

Of   rs    CI 

Iherefare, 

(d) 

(e) 

By sirilar logic one can show that the ccnpoEent of velocity on the driver 
norcal to the line of action is 

UiTi . (f) 

The cccpcnent of velocity of the driver along the line of action aaist be 
identically equal to üü in order that the two involutes reiaaln in contact. 

At this point we make a critically important ctservation: 

Tae ccnponents of velocity normal to the line of action of the 
surfaces in contact are identical to the surface speeds of disks having the 
sane angular velocities as the gears, ard having the same radii of curvature, 
respectively, as the teeth have at the point of contact. 

Fran this point on, it is simple to deaonstrate simuation of gears by disks. 
The sliding velocity at point C is equal to toe difference in velocity normal 
to the line of action between the two sjfaces, and this is given by 

V_ = «»era - wiri . s 
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If we now picture a pair of disks in contact, having radii Tx  and r2,  and 
revolving with angular velocities uj. and u&,  we can see that the saae sliding 
velocity is produced. The rolling velocity of each disk is sinrTmrly equal to 
the rolling velocity of the corresponding point cm the gear tooth. 

In achieving sloulation the farces oust also be aatched; it follows 
that with identical radii of curvature arising from the above argueaent, the 
Hertz stresses and contact width are also simulated. With equal contact width 
and equal velocities the tiaes of contact aust also be equal. Since the tine 
required for a full revolution of a disk is identical to that required for the 
revolution of the corresponding gear, the time out of contact for corresponding 
points in the two systeas is also identical. This consideration could be 
important in the study of EP fils fanaation and destruction, since such filos 
depend upon reaction rates and tiaes. 

MechanicaT Systcn 

Ihe Rotary Contact Systea can best be described as consisting cf 
several interrelated sub-systsss: 

Basic aachine 
Hydraulic drive systea 
Speed control systcn 
Friction aeasuting systea 
Test lubricant circulation systcn 

The basic Machine consists of a pair of hydraulic aotcrs, driving 
through a pair of 10/1 ratio gearboxes to a pair of shafts vhich are arranged 
to hold a pair of specinens in the relation shown in Figure 72. Of this pair cf 
drive trains, one is designated the "Driving Side" and the other the "Driven 
Side". The notors, gearboxes and shafts are identical on the two sides, but 
there are inportant differences in the oounting of these units to the base of 
the aachine. The driving side assembly is attached to the foundation of the 
imchine ty bearings directly below the specinen axis, so that rotation of the 
entire carriage is possible, advancing the specimen toward the axis of the other 
speciaen. A piston, advanced by air pressure, operates on the carriage to pro- 
duce the rotation Just described so that controlled loads between the specimens 
can be produced. 

The driven side assembly is mounted to the base of the oacoine tnrcugn 
bearings %faich are coaxial with the axis of the speciaen. The friction torque 
produced as the specimens are brought together and rotated causes the driven 
side carriage to deflect against a spring, so that the friction measuring 
system is actuated. The rotation of the driven side carriage operates a linear 
differential transformer, whose output is amplified and recorded. 

Tbe hydraulic drive system consists of an electric motor driviag a 
pair of variable volume positive displacement pumps. One pump delivers flow 
to the driving side hydraulic mo*ar, froci \&ich it is returned at low pressure 
to a sump. The other pump delivers flow to the driven side hydraulic motor, 
after vfcich it flows through a manually controlled back-pressure valve, through 
a large diameter coil of steel tubing to a water-cooled heat exchanger asd to 
the sump. The same sump feeds both systems. The volume rate cf the punps is 

S-13926 



individually contrclled trj operation cf a poeuaatic actor valve topworis, which 
strokes a control rod ia the top of the pjsp. It is uesired that the hydraujic 
connections to the driving and driven carriages net interfere vith the accuracy 
of loading cr of friction aaeasuroreut, so special arrangecents of the tubing 
were necessary. On the driving side, the hydraulic fluid is delivered to the 
aotor through long runs of slender steel tubing, with loops added at every turn 
to increase flexibility. The fluid return free the aotcr to the suap was aade 
thrcugh flezible plastic iopregnated cloth tubing. On the driven side, the 
hydraulic fluid vas delivered to the aotor through coils of tubing --Mch were 
designed to produce part cf the spring force against which friction is aeasured. 
IVD coils of opposite rotation were used, to cancel Bourdon effects, \diich wculd 
cthervise introduce errors into the friction Beasureoent with changes in 
pressure. The low pressure return line, described above as a large diaaeter 
coil of steel tubing, acts as a spring in conjunction with the delivery lines 
to facilitate the torque oeasureaent. Ho precautions were taken to cancel 
Bourdon effects "because the pressure is low in this line, and the error froia 
this is considered neglibible. 

The speed control systea operates froa two zagnetic pulse counters 
acunted at the ends of the driving and driven shafts. Each shaft carries with 
it a rcn-oagnetic disk with six steel pins, so that six pulses per revolution 
are produced. These pulses are counted and displayed on a pair cf electronic 
pulse counters. The counting interval used ir one second. The speed is given 
by 

revolutions  £c sec/ain _ , 
^^ '  second    6 counts/rev 

= 1C i counts . 

Pulses free the sase counters are also fed into a t'JO-chanael "Ratio Speed 
Control" lidch is an adaptation of a Shell designed Ratio Flow Control ^Äich 
had been developed for another purpose. In this systea, an oscillator was 
adjusted to produce a frequency in the neighborhood cf the poise rate frca 
either the driving cr driven side, whichever was higher. The inconrirg pulse 
rate vas cenpared electronically with the oscillator frequency, and any devia- 
tion fron the desired ratio produced an error voltage. This voltage was con- 
verted to a pneuinatic signal, which caused a change in the position of the 
corresponding notor valve topworks on the puap, so that a correction in speed 
resulted. The desired ratio of oscillatcr frequency to pulse rate is 
separately adjustable for the driving and the driven side. 

In any test, it is necessary that the specisen with the higher 
peripheral speed be ncunted on the driving side, and the one with the lower 
peripheral speed te  acunted on the driven side. Vhen the machine is started 
up at no load, the control systea brings the two shafts to the desired speeds; 
the hydraulic systea is required to develop enough power to overccae the 
friction in the actors, seals and gearboxes. When a load is applied between 
the speciaens, the one vith the higher peripheral speed "begins to deliver 
power to the one whose peripheral speed is lower. This requires the control 
system to readjust, TAich it can do quickly. However, at sense load level, the 
driving disk is able to deliver enough power to the driven disk to overcciae alj 
the friction in the systea. At this pcint, the demands on the driven-side 
hydraulic aotor cecoae nil, and the electronic speed control systea no longer 
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has the ability to reduce the speed on that side. Ibe teadeixy, then, is for 
the driven side to increase in speed until the disks are rolling, and of course, 
the test is invalidated. In this state the driven side rotor acts as a puisp. 
To prevent this, a special hack pressure valve is installed in the outlet line 
of the driven side hydraulic aotor, as previously aenticned. This valve is 
adjusted to produce a pressure drop, so that the total power requireaent for 
operation of the driven side is increased to a level beyond the ability of the 
driving side disk to deliver by friction, so that seme power is always required 
fraa the driven side hydraulic pusp. As long as the driven side pu^p is 
delivering power to the systm, the digital speed control can control the speed. 

The friction Measuring systeg operates frca the reaction of the 
driven side assenhly to friction at the disk contact. This asseohly is acunted 
on anti-friction bearings on the axis of rotation of the speci'aen. Ibe 
hydraulic inlet and outlet tubes are arranged to act as springs, so that the 
tcrqae developed by the friction force prodaces a rotation of Ihe entire 
assenhly. A differential transforaer converts this notion to an electrical 
signal, %bich is aaplified and displayed on a recorder. 

Certain difficulties with the operation of this system interfered 
with the accuracy of the data, so the systes was not used in this study, except 
to allow the operator of the aachine to aonitor the friction as the tests were 
conducted. Ihe difficulties apparently stenaed fraa distortion in the i&achine 
base and the transducer supports due to the loading farces of the tests, and 
free theroal effects. 

The lubricant circulation systea included an electric aotor-driven 
gear pusap, which delivered oil under pressure to two jets pointed toward the 
disks. Lubricant flows over the disks, and is retained within a chaaber 
aounted around the disks. This chamber has coving parts and seals which cause 
the oil to be collected without undue waste, without interference with the 
aovefflent of the driving side carriage in loading, or the driven side carriage 
in friction aeasuraaent. Fran the bottom of this chamber the oil flows thrcugh 
a filter, which removes aetal particles and into a vacuum chamber, ccntainirg 
a number of trays. Air, wnich is entrained in the oil in contact with the 
disks and in the  test chamber, is removed as the oil flows by gravity over the 
trays. This chaaber, with a conical bottom, is acunted directly over the 
lubricant pump. Since the deaeration chamber is under vacuum, a gravity feed 
is necessary. An electric heater and a water cooled heat exhanger are inserted 
in the line between the punp end the test chaaber, to naintain the lubricant at 
the desired temperature. 

One of the oil jets delivers a stream of approximately 25 cc/sec 
directly from above into the space liiere the disks are approaching contact. 
The lubricant flow rate has not been precisely measured, and it probably varies 
scoe^iat with oils of different viscosity. However, experience with this and 
other systems has indicated that the response to increasing lubricant flow rate 
is such that once an abundance is present, additional amounts do not aake a 
significant difference. The disks (or gears), operating at a certain load ace 
speed, and with a lubricant of a certain viscosity, develop an oil film of a 
certain thickness. Any lubricant beyond that required to aaiatain the oil 
film mist flow around the test specimens, and have no effect except ccclir,g. 
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Mith respect tc coclizg,  it «as .ouad is previous wcri that the oil jet "was 
insufficient, even with fiov rates cf tvo cr tiree tiaes tbe present one, to 
ccci the disks. It appeared that this was caused, basically ty the sacs fact 
T&ich «as just described: high flcv rates of oil introduced froa above canrct 
pass through the contact zone. Ibe cetal surface eoerging free the contact 
zone is coated with a very thin layer of oil, and because cf the centrifugal 
force field, there is no opportunity for the surplus oil froa tbe streaa above 
to wet and cool the surfaces. As a result, the teqperature of the disis rises 
tc values rfiich affect the properties of the setal. To cotabat this problen, a 
secondary oil Jet was installed, pointing upward into tbe region liiere tbe netal 
surfaces are eoerging free the contact zone. This provides cociirg directly en 
the surfaces lüch are carrying the heat cut of the contact zone, and proved 
quite effective in eliminating tbe problea. 

Zxperiaental Procedure and Results 

The first step in perfor-iing a test on the Rotary Contact Sisulatcr 
*" - ^«^.^^-Ä-isg -tag proper speclsess tö u^. Xhis is done by detersining the 
radius of curvature cf the gear tooth to be sinilated at the point of interest. 
For this purpose tbe gages shown in Figure 7-r were ised. The larger of the two 
gages is designed to be used with CUT stardard 19-tccth test gear, and the 
soaller case is used with tbe IT-tooth gear. The outer ria of each gage is 
eccentrically ncunted on the hub ard can be rotated on it. One can acunt a 
gage alongside the gear of interest ard rotate the ria until the surface of the 
ria lines up with tbe area of interest en the tooth. This establishes the 
distance froa tbe center of tbe gear tc tbe point on tbe tooth, which is 
Eonatonically related to the radius of curvature. The gages are therefore 
calibrated directly in radius of curvature, which can be read froa the side. 

Cnce the radius cf curvature of either aeiber of the pair is inown, 
the other can be calculated froa the equation 

r2 = 1.C26 - T1 

which applies only tc the test gears. Rotary Contact Sisulatcr specimens are 
then selected froia an assortaent, which nest nearly approxiaate the values 
obtained above. Ihe available sizes are listed below in pairs, along with 
notations irdic»tirjg any special significance of certain pairs. In this prograa, 
practically all the work was done with pairs having radii of .JZC-.326  and 
.3C0-.226. This arose froa the observation that one of the leading probleos 
with helicopter gears was pitting. A photograph of a helicopter gear tooth 
vhich -as sutndtted to us as an example of this is shewn in Figure 73. Cur 
gear tests were therefore conducted in a aanner designed tc produce siailar 
pittirg, if possible. This was not entirely successful, but in scae instances 
our test gears developed pits as shown in Figure 76. In this case, the pit was 
lecated at a radius of curvature on the pinion cf .700", which correspcids tc a 
radius of .326" on the gear. Ihe gears had been run at a transaitted load of 
177 lb, ard 6-00 rpa with HII-L-7SC5 D oil. 
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Pinion Gear 

Start of Contact .1(A7 .921 

.200 .826 

.300 .726 

Start of SiBgle-Tooth 
Contact .36W .661 

.400 .626 

Pitch Line .48^5 .5^2 

.500 .526 

End of Single-Tooth 
Contact .5968 .^29 

.600 .k26 

.700 .326 

.800 .226 

End of Contact .8569 .169 

The speed cf operation of the Rotery Contact Sizulatcr vas cetcbed to 
that-cf the gear sachire. The disi: rcpresentirg the piniCi: tjddeoiun '».tia 
operated aw 6^00 rpa, 'dfcile the gecr dedctd'jia siaulatcr disk vas operated at a 
speed of 17A5 x 6k» = 5726 rpa. The diak vith the highPT peripheral speed in 
this case is the pinion siaulatcr disk, so it was oounted on 12» driving side, 
and the gear siaulatar disk was aounted on the driven side of the aachine. 

Scsae eccentricity is alvays present between the aounting shack and 
the test surfaces of the disks themselves. There is also scce eccentricity 
present in the collets ^uLch held the disks, and the shafts ard bearii^s thss- 
selves. In mounting the disks, it is necessary to check vith dial indicators 
reading to 0.0001", and to rotate the dirks within their collets to a position 
in idhich the eccentricity is ainiMzed. 

Die lutricant is eirctilated and larcught up to tensperature, and then 
the shafts are brought up to speed. Load is applied hy application of air 
pressure to a loading cylinder ^düch has already been described. Pressures are 
controlled by regulators and read froB laboratory test gages. The radial force 
developed between two specimens is proportional to the pressure in the leading 
cylinder and has by calculatisan and calibration been shown to be very close to 

F = 30 P (psi) . 

In order to apply the correct load for siaulation, it is necessary to 
PTTMBHTW» the actual load existing in the gear sachise and the Rotary Contact 
Sisulator. As pointed out earlier, parts of the contact in a set of gear teeth 
are in single-tooth contact, and part in double. For the test gears, the 
fraction of the transmitted load being carried by a pinion tooth vs X is shown 
in Figure k.    At a radius of curvature of .f, 

S~13926 



At X = .68 the contact carries 55> of the transodtted lesad. Sisce  the dacage 
had cccurred at a transnitted lead of 177 It, the actual tooth load at that 
point was 53^' x 177 = 9^ lh. Since the gears are operated with an effective 
face width of 0.10', this correspcrjds to a lead per unit width of 9^0 lb/in. 
The disks are operated with a contact width of .250",  idiich would indicate that 
the force between then ought to he 2-1/2 tiaes as high as en the gears, or 235 
It. Hevever, earlier werk with the high-speed gear aachine has showr that for 
mineral oil, for speeds rarging frcn 1X0 to 10,CCC rpn, the factor to convert 
sccre-liaited leads frcn 0.1" to 0.25" varies froa 1.25 to 1.6, with 1.4 being 
a reasonable average value. !Ie inforaation is available at the present tiee to 
explain 'Ay this effect exists, ard several hypotheses have teen proposed. In 
the absence of tetter data, we are forced to use the ezperiaental data avail- 
able, so the factor of 1.4 will be used to relate leads carried at .25" face 
width to these at .i". The load reqiired  for sisulation is therefore 94 x 1.4 

Each of the lubricants used in the sprr pear tests was also run in the 
Rotary Contact Simlater. Several of the tests T-erc started with a break-in period 
-if free 15-50 Ein at very light lead, after ^öiich the lead was raised to 1C5 lb. 
Inspection of the disks after this load revealed so daaage, after which the 
load was increased to 150 lb. This resulted in a type of dasage ^iiich has 
typified the results of study on the Rotary Contact Siaulator, and which are 
shown photographically in Figure 77 through 79« These figures require sex« 
in^oiprcvccim fcr c full uricroter-irc. Fi.-jrc 7? io en cnlercencnt of e 
pcrtion of a deden&js siiailatcr speciiaen. Ihe illusination is so arrarged that 
the saccth, work surface appears dark and the depressions are ilium rated. 
Cracks can te seen on the dark bacigrcund, across the direction of sliding, 
and parallel to the axis of the speciaen. Cn one side of the contact zone the 
contact pressure *«as apparently heavier, probably as a result of a saall anxxsnt 
of sdsalignaent of this specicen with the addendum simulator. Cn this side the 
iaaage- '^caae heavier, and pits were forned al'ong the edges of the cracks. The 
observation that the pits developed fros the cracks is supported by the fact 
that the pits appear in lines across the contact surface and are in line with 
cracks. Figure 79 is a photograph of the sane specinen taken with a special 
caaera. This camera uses a special combination of a knife-edge slit and aevinr 
linkages to develop an inage en the fila which, in effect, is the "unrolied" 
surface of the specisen. This produces a phot<^raph in which all portions are 
uniformly lighted and in focus. Furtherscre, the lighting can te controlled in 
such a way that defects are eayhasized. In this case the worn surface was 
illuainated in such a way that it appears bright and the pits and cracks are 
^ar*' Figure 77 is a similar photograph of the addendum simulator, showing a 
multitude of short scored streaks. 

The significance sf the evidence shown in these photographs will be 
aore fully developed in a later section, tut at this point it must be taken 
up briefly tecause the choice of further experiaents hinges cn it. 
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Previcus Mark had led to a hypothesis that scoring in gear teeth was 
related to fatigue effects. It had been found that scaring and gear pitticg 
were represented ty curves of the type shown in Figures 55 through 39« 
Difficulty in the inspection of gear teeth, particularly in the dedendua, aade 
the investigation of this hypothesis difficult. Ibe evidence in the current 
study is a asajor advance because it establishes a connection between cracking 
of the dedendua, ^lich is presuoably a fatigue effect and scaring of the 
addmtaia. It is believed that the increase in friction v&ich results from the 
cracks causes the contact teaperature to go up. producing scaring. 

Pits of the type obeerved in the helicopter gears aid in a few of air 
tests gears are believed to be an extension of fatigue cracking. During each 
revolution the teeth undergo bending stresses, Herta; stresses, and probably 
also high theraal stresses, i&ich being cyclical, can cause cracks to develop 
and propagate. When cracks develop it is likely that scsae of thai will start 
beneath the surface because it is known that the nmriTara shear stress develops 
soae distance below the surface (hard naterials fail in shear). The continued 
propegation of a crack can isolate a fragoent fraa the parent metal and leave a 
pit. Inaauch as pits are induced by cracks and the fatigue-scoring hypothesis 
indicates that scaring is frequently also produced or hastened by cracks, it 
appeared that we could profitably continue the investigation of crack-induced 
scaring as a means of learning about pitting. At the same time, scaring is a 
form of daaage of gear teeth \toxch. aust also be protected against, and therefor 
tfcether or not one eventually solves the pitting problen by this approach, the 
inforoation on scaring tfcich is developed has potential value. 

At this point we can return fron the digression on scaring and give 
our attention again to the test results. Tests were cccducted at 3200 rpm wita 
HIL-L-7806 C oil for positions of the pinion tooth with radii of O.US", 0.7", 
and 0.8". The first of these is at the pitch line and the other two are on the 
addenduou In the pitch line sisulation the specimens were able to sustain load, 
up to 2360 lb radial load on l/^" face width without damage. At the next load 
step, 2410 lb, the gear sinulator specimen developed very fine, evenly distri- 
buted pits over its surface. The pinion was also thsis affected bit to a lesser 
degree. TlKi loading schedule in this test was sirdlar to a spur gear load 
carrying capacity test. A second pitch line simulation follows this, in 'Aich 
this treak-in schedule was followed: 

15 simtes 52.5 lb load 
5 105 
5 157.5 
5 210 

Following this, the disks were run at a load of 2kl0 lb for five minutes with- 
out daaage. After an additional k3 simtes of running at this load, very fine 
pitting tegan to appear on the pinion simulator. After another 15 to 30 
minutes this had increased on the pinion sioulator and appeared also on the 
gear simulator. This test was continued for a total of 155 minutes at the 2^10 
lb load, during %4iich the pitting continued to :icrease in severity on toth 
specimens but was more severe on the pinion simulator. 
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using the previously developed relation that a decrease in contact 
width frcD .25" to .1" decreases the load carrying capacity ty a factor of about 
1.4, one can calculate that the above load is equivalent to a transmitted load 
on the test gears of 1720 lb. 
for tva reasons: 

Such a test could not have been run on the gears 

1. Ihe required beam load of 97-^ lb is beyond the capacity of the 
gear machine. 

2. Scoring of other portions of the gear teeth would have farced the 
termination of the tests at such lower loads. 

Ihcse tests demonstrated that pitting can be produced in a short time in the 
neighborhood of the pitch line by sufficiently high loads vfaich, however, cannot 
be applied to the test gears. This suggests an esperimental approach for the 
study of pitch line pitting which can be conducted on the Rotary Contact 
SisBilator, but not on test gears. It is possible to operate pitch line simula- 
tions at high loads and high speeds so that the time required to produce pitting 
is reduced to practical values for laboratory study. This approach has not been 
used because other areas of very strong interest dominated the program. 

The above tests also demonstrated that the damage did not occur 
instantaneously, but required an induction period of approximately 45 minutes 
at a load of 2410 lb. Ihis confirms the argument that such pits are produced 
by metal fatigue. 

from the above tests it may be seen that MIL-L-7808 C does not show 
a very strong treak-in sensitivity. Damage occurred at the same load in a test 
with only nodest break-in as in a test which followed the entire LCC type 
schedule. The fact that the specimens survived longer at a given load in the 
constant-load type test than in the LCC type indicates, on the other haad, that 
the stepwise loading schedule of the LCC test may have been producing some 
fatigue damage. 

Four tests were cade to simulate the pinion addenium at .3" radius, 
with a loading schedule comparable to that used in the spcTr gear LCC tests and 
with the same oil and at the same speed as in the previous tests. The results 
are tabulated here: 

Force     L, . , , „ 
Q ,    c  .    Equivalent Gear Eetween^Specimens  J       ^ 

at Failure, lb ' 

Loading 
i Pressure, psi 

Equivalent 
Transmitted Lead, lb 

14 

14 

10-1/2 

7 

420 

420 

315 

210 

500 

300 

225 

150 

69Ö Uniform damage 
69Ö Uniform damage 

524 Slight nonuniform 

349 Very noramiform 
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The noramifaraity referred to in the above table describes the fact that the 
daoage did not extend entirely across the contact width. In the last test the 
daaage occupied only a narrow bank on the edge of the contact path. The degree 
of variation in stress across the contact is not known, but the dependence of 
failure load on this nonuniforalty is obvious, and is to be expected. When the 
equivalent transnitted loads are plotted on a graph of LCC vs score load 
obtained for spur gears at this speed. Figure 80 is obtained. It can I» seen 
that the two failures at 698 lb tranfloitted load are well above the curve, 
while the one at 3^0 lb is in agreenent with it. The point at 5^9 lb falls 
well below the curve. 

Thus, the load-carrying capacity for disks Irackets the load-carrying 
capacity curve obtained for gears; the actual values for the disks correlate 
with the uniformty of loading, «hen the unifomLty of loading was poor, the 
value obtained falls below the curve, and vbaa. the uniformity Is good, the 
values are above the curve. A slight amount of ncnumfonaity was present in 
the test i&ich produced a load-carrying capacity thich agrees with the curve. 
This suggests that the load-carrying capacity of gears may also be affected by 
the uniformity of loading, and tLat the curve is drawn from data for which sane 
non-unifarmity existed. This reasoning is consistent with cur knowledge about 
the rating of gear3 inlaad-carryljcg capacity tests. The first trace of scoring 
on the addendum of the pinion Is used to assign the score load. Any non- 
unifarmity across the tooth face or around the pinion on various teeth would 
toad to lower the load at which traces of scaring occur. Such mm mi famities 
have been observed. 

In each of the tests listed in the above table, the observation of 
scaring on the addendum siaulator coincided with the observation of axaally 
aligned crack-like defects on the used surface of the dedendum sinailator. In 
those cases where the scoring was non-uniform, the cracks were seen to extend 
only over that portion of the specimen as had contacted the scored portion of 
the addendum simulator as illustrated in Figures 77 through 79» 

One test was conducted with specimens lAich simulated the contact 
conditions at a radius of curvature of .7" on the pinion. The load schedule 
followed the LCC schedule approximately up to a load of 377 lb and then up to 
hSO lb in load steps vhich were oalntained for approximately twenty minutes 
each. No damage to either disk was observed in this test. This indicates a 
difference in the severity of contact between positions with radii of .7" and 
.8". 

A total of 9 tests were conducted with MIL-L-7808 D at 6^00 rpm. One 
was at a pinion radius of .&*.    The pinion Simulator scored at the first lead 
step of 52.5 lb- within the first five minutes. The gear tooth dedendum 
simulator exhibited cracks at the same time. The test was continued for ten 
■ore minutes at the same load with no substantial change in the appearance of 
the specimens. This score load is substantially below that obtained in gear 
tests. 
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The other eight tests were conducted to simulate .T" pinion tooth 
radius. The score loads ranged frca 153 Ih down to 105 lb, corresponding to 
212 lb down to ill lb transmitted load in the gears. The highest value obtained 
still fell belov the curve of spur gear load-carrying capacity vs speed for 
this oil. 

The  tests with MIL-L-TÖCÖ E were conäucted at 6400 rpm and 12,600 
rpm. In the first such test, at 6400 rpm, the point similated was at a pinion 
radius of .7". This test produced a high wear rate* scoring of the addesadum 
sinulator at a load of 105 lb and craclcs on the dedendum similator. This is 
equivalent to a transmitted load on the gears of 142 lb. By comparison with 
Figure 50, it can be seen that this point falls well below the load carrying 
capacity of the test gears at this speed. 

Die next test was performed in the same manner, but the dedendum 
simulator specimen was ground down .013" on the diameter, to remove any metal 
^diich might have previously been cracked during the manufacture of the speci- 
men, and then heat treated in a furnace for 2 hours at 350oF to remove ai^y 
residual stresses ^ilch sight have teen introduced in the regrinding operation. 
The results of this test essentially duplicated those of the previous one, 
indicating strongly that the cracking and pitting are not due to residual 
stresses from grinding and that these defects are not present in the unused 
specimens. 

In two tests, loads were applied much more gradually than in those 
just described. In the first of these, no scoring damage occurred at all even 
though the load was raised to 3^5 lb, equivalent to a transnitted load on the 
gears of 465 lb. In the second test, the load was raised to about the sane 
level at ^bich slight scaring of the addendum sisuletor was observed. A few 
cracks of the dedendum similator were observed at this stage of the test, as 
well. The test was continued to a load of 5Ö5 lb, equivalent to 790 lb 
transmitted load on the gears at which the scoring on the addendum simulator 
had become prominent, and the dedendum simulator had become pitted. These 
results are shown in relation to the load carrying capacity curve for this 
oil for spur gears in Figure 8l. 

If these data are compared to the break-in data for this oil, shown 
in Figure 62, it can be seen that the first onset of scoring on the contact 
simulator occurs at an equivalent transmitted load ^hich is approximately the 
same as that reached by the gears with suitable break-in. 

One test at 6400 rpm which simulated the contact at a pinion radius 
of curvature of .8" gave essentially the same results as those at .7" radius. 
This indicates that for this lubricant the difference in severity between 
these two positions on the gear tooth is not substantial. 

Four tests were conducted at 12,800 rpm siimlating the contact at a 
pinion radius of curvature of .3". In three of these tests the first load 
step was sufficient to cause scoring of the addendum simulator and cracking 
of the dedendum simulator. This is equivalent to a load of 52.5 lb, which is 
equivalent to a transmitted spur gear load of 67 lb. In the fourth test, the 
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first load step was reduced to 15 lb »Auch corresponds to 25 transmitted load 
on the gears. Even at this light load the addenchaa simulator scored in the 
first five aimtes of running. In Figure 50 it can be seen that the spur gear 
load carrying capacity decreases rapidly with speed and this qualitative fact 
has been substantiated with the contact simulator, but the actual value of the 
curve at 12,800 is well above the equivalent load level at %iiich the similator 
specimens were damaged. The cause of this discrepancy is not known. 

On MIL-L-21260 (Grade 2) oil, three tests were conducted at l600 rpo, 
and six at 6400 rpo. All tests were in simulation of the contact at a radius 
of curvature en the pinion tooth of .8". The tests at 1600 rpo were essentially | 
similar to the spur gear break-in testa, shown in Figure 6k.    In these tests 
the load was increased in steps of 15 lb (25 lb spur gear transmitted load 
equivalent) with ten minutes at each load step. When a load of 2Ö5 lb (^75 lb 
spur gear transmitted load equivalent) was reached, the tests were continued 
at this level for lengths of tine %4iich varied from 419 minutes to 1030 minutes, 
with inspections every 30 to 60 minutes. Rust was found deposited on the 
dedendum simulator after the second lead step of the test in each case. Ihis 
rust persisted until the end of each test. The addendum simulator became 
polished in each of these tests as though through the abrasive action \tdch 
one might ezpect from the rust. Scaring occurred  in each of the  tests at about 
the lo.d level at vhich the constant load portion of the tests began, but 
apparently the nurt was able to reduce this to almost invisible traces. In 
one of the tests, after about 500 minutes, chevron-shaped cracks, with their 
points away from the direction of rotation and from the direction of sliding, 
appeared on the dedendum simulator; this was follows in about 120 minutes by 
complete scoring of the addendum simulator. In each of the tests, the dedendum 
simulator became gradually covered with snail pits as the constant load portion 
of the test continued. In two of the tests the chevrcn-shaped cracks did not 
appear, and the sudden catastrophic scoring did not occur. 

In the load carrying capacity type tests conducted at 6400 rpm with 
MIL-L-21260, it was found that the addendum simulator scored at loads from 
30 lb ($0 lb spur gear transmitted load equivalent) to 135 lb (224 lb spur 
gear transmitted load equivalent). The higher score load just cited agrees 
well wji th the spur gear score load vs speed curve taken from Figure 51J as 
shown in Figure 32. Since the maximum score load one obtains is probably the 
correct one, it is reasonable to suppose that sane sort of disturbances in 
the othei- tests may have caused the specimens to score earlier. On the other 
hand, it is possible that the gears may have become slightly scored earlier 
than y&£ noticed. Disk specimens are much to be preferred for the observation 
of snail, elusive effects since they are much easier to evaluate, as discussed 
earlier. Rust deposits on the dedendum simulator frequently appeared at a 
load level of about 30 lb, and cracks or pits generally occurred just prior 
to scoring, or were discovered at t'oe same inspection as scoring. 

Some Incidental Observations on Rust 

In many of the Rotary Contact Simulator tests deposits of rusty 
material were observed on the specimens. These deposits were heaviest on the 
gear dedendum simulators, but they also appeared occasionally on the pinion 
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addendna sixaulators. Deposits en the addendua siailatars generally were thinner 
asd were visible primrily in the spaces between the grindirg narks, as thcugh 
rubbed in by the action of the addendum simulator. These observations were made 
in tests of MIL-L-7808 D and £ at 6400 rpm with addendum simulators having a 
radius of .T". Such deposits were also observed in tests of MIL-L-21260 oil 
at l600 rpc and 6400 rpa with an addendum simulator radius of .6". These 
deposits were visible both to the naked eye and through the microscope when 
illuminated try incandescent light, but they became nearly invisible -ander 
fluorescent light. Under the latter condition, the deposits appear trans- 
parent and blue-black in color. 

Organic solvents have been found not to recove the deposit vfaich 
rules out the usual gums and varnishes which often form fron lubricants. Dilute 
hydrochloric acid dissolves the deposit readily. The deposit is toe thin to 
be removed by scraping for chesiical analysis and it was found that an electron 
microprobe cculd not analyze it. 

The most telling test was that of dissolving the deposit in oxalic 
acid and adding a weak solution of sodium ferrocyanide as an indicator. Oxalic 
acid dissolves iron rust but is not a good solvent for iron. Therefore, it was 
expected that i'* the material was rast, that this acid would rencve it 
selectively. However, it was found that to ccnpletely eliminate the solution 
of iron, cathodic protection could be applied. A positive indication by the 
sodium ferrocyanide is shown by the appearance of a blue color when it is 
added to the test solution. Since the cathodic protection prevents the direct 
solution of iron firom the steel, the only source of iron is in the deposit 
which has been dissolved. It was found that the deposit did, indeed, produce 
the blue color whereas an unused specimen, tested in the same way, did not. 

The technique of the test may usefully be described here. The 
specimen was placed on a grounded metal block, such as a vee-block. A short 
length of platinum wire was adjusted, so that less than one millimeter gap 
appeared between the specimen and the end of the wire. A battery with about 
three volts potential was connected between the platinum wire and the vee-block 
with the positive connection on the platinum. A drop of oxalic acid was then 
allowed to run down the platinum wire to the gap between it and the specimen. 
This was held in the gap by surface tension and it completed the electrical 
circuit. The evolution of bubbles within the drop could be observed and this 
served as an indication that current was flowing through the circuit. After 
approximately half a minute, the drop was then removed with a dropper and 
transferred to a white porcelain dish where the indicator solution was added, 
xjay change in color was clearly visible against the white background. 

The series of tests described do not prove conclusively that the 
deposit is actually iron ruct. However, it is quite clear that it is a 
compound of iron, and most likely it is red iron oxide. The significance of 
the formation of this material in the contact zone of operating gears has not 
been established. Since no wear rate measurements are available, it is not 
possible to state whether this phenomenon is accompanied by an increase in 
wear, in comparison to those conditions in which no such deposite is formed. 
However, the polished appearance of seme of the surfaces suggests that wear 
may be appreciable. 
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Such deposits had not, previously been observed on the surfaces of 
gear teeth tested under similar conditions, so special effort was made during 
subsequent test to observe any evidence of rust colored deposits en the teeth. 
It vas found that these deposits do occur tut on the gears there are so many 
distracting roughness elenents due to original grinding marks, abrasion and 
scoring, that it had gone undetected before. Furtherncre, the rust appears to 
be generated under scoe operating conditions, but not all. In the tests with 
MIL-I/-7806 D and E referred to above, the deposits occurred at radii of .7" an 
not at .8". IMs means that only certain parts of the contact zone on a gear 
tooth prodi.es this material. 

Further vork is needed to determine whether this is an important 
effect frco the standpoint of gear operation. If it develops that such an 
abrasiva material as this can be continuously produced in the contact zone of 
gear teeth, and that this has an influence on the vear rate, then pessitly the 
specifications on such MIL-SPEC lubricants ought to be reviewed to determine 
viiether this effect can be insured against. 

Discussion 

The results of Rotary Contact Simulator Tests have agreed reasonably 
well 'ith the values of score load obtained directly frcsa spur gears in a 
number of instances, and have disagreed in certain cases. The fact that 
agreement has not been exact in all cases is not surprising since all distur- 
bances tend to lower the failure load. Only when the gears and the disks usei 
in testing a certain lubricant are perfectly sade and perfectly aligned can 
one expect toth to reach the sa^e ultimate failure point. Since this ideal is 
not possible, it is to be expected that in various cases one or the other of 
the systems will give higher score loads. 

Hie valuable observation from these experiments has been, however, 
the degree to which trends in effects have been reproduced in the two systems, 
and the degree to which the Rotary Contact Simulator has been instrumental in 
the discovery of effects which were not previously observed in the gears. For 
example, in facilitating the observation of cracks and pits on the dedendum 
simulator specimens, the Rotary Contact Simulator has performed a function 
which was not possible with the gears alone. The observations are a subject 
of considerable importance to this entire project, and it will be taken up in 
greater detail here. 

Fatigue-scoring hypothesis: 

It has been known for seme time that the failure patterns of gears 
is not completely consistent with the assumption that each oil possesses a 
unique "score load" beyond which the lubricant cannot protect the gear tooth 
surfaces. Data which were obtained prior to this project on the high-speed 
gear machine had indicated that certain lucricants, when tested at constant 
load on the spur gear machine, permitted failure to occur after a delay perioc 
even though the loads were below those obtained from the formal Load-Carrying 
Capacity Test. Furthermore, it was also known that the lubricant could be 
made to carry load for short periods above those obtained ftrom load-carrying 
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capacity tests. These cbservaticns, tcgether with the fact that data plotted 
in the fcrc of lead vs tize to failure, fell reasonably close to straight lines 
on log-linear plots (Figure 57) sugges-: that a fatigue aechanisa is sccehov 
ccapled to the aechanisn of scoring. Ihe hypothesis is therefore proposed, that 
scorirg can ccne as a result of an increase in the severity of contact conditions 
accorpanying the sudden appearance of fatigue cracks or pits en one of the sur- 
faces of the contacting pair. This wculd explain the appearance of scoring 
after a delay period, and it 'would explain the fact that io the original data 
of this type, toth scoring and pitting type failures were correlated "by the 
sane curves. 

In order to understand hov the appearance of cracks or pits aight 
participate in the scoring phencsencn, let us first exanine the scoring 
phencoenon itself. If the load in the contact zone is gradually increased, as 
in a load carrying capacity test, the lubricant filn tecones thinner, and the 
aocunt of energy generated in the sliding process goes up. This results in a 
higher contact tenperature, 'which tends to lover the viscosity of the  lubricant, 
resulting in a tendency toward a still thinner lubricant film. Ultiisately, a 
load level is reached at 'which the zetal  asperities begin to contact each other, 
resulting in a further increase in contact tenperature. At some level, the 
increase in temperature becoaes suddenly very large; it can exceed the melting 
point of the metal, and v/hen this happens the surfaces are said to have scored. 
The throwing off of molten particles of metal, and the welding and tearing of 
the surfaces as a result of slidirg produces a type of surface which can be 
readily identified as a scored surface by a trained observer. 

We propose that this simple view of scoring can be cocqplicated by- 
fatigue. Fatigue in gears can be qualitatively understood if we realize that 
each time a gear tooth goes through mesh, it is subjected to a variety of 
stresses. Ihe stresses come from various sources. It can be shown that vtien 
a Herts stress distribution is developed, a maxioum shear stress must also 
develop a short distance below the surface. In the presence of tangential 
stress at the surface in addition to the Hertz stress, the shear stress 

because liard aaterials, like the case-hardened gears, fail in shear. In addi- 
tion to the stresses just mentioned, tensile and compressive stresses in the 
tooth surfaces are developed in each load cycle from the bending of the teeth. 
Finally, it has been suggested by some investigators that the high temperatures 
which develop in the contact zone contribute thermal stresses to the total 
picture. Without attempting to analyze the development and interaction of these 
stresses, which oust obviously be very complex, one can readily agree that there 
are sufficient cyclical stresses present to make fatigue effects probable. If 
a pair of gear teeth are operating at a load hi^n enough to induce fatigue 
effects, but not high enough to produce outright scoring, then one might 
expect that after some delay period, cracks or pits would develop. These would 
sufficiently change the coefficient of friction to make scoring much more likely 
than it was in their absence. 

There is considerable evidence in the Rotary Contact Simulator data 
that this actually happens. In all tests where scoring was observed on the 
addendum simulator, there were associated cracks, or rows of pits present on 
the dedendum simulator. In those cases where the loading was uneven, due to 
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misaligrjDent cf the  specinens, scoriDg 'was produced on the mere highly leaded 
side of the adderdun similatcr speciaen and crackicg/pitting daoage was confined 
to that portion cf the contact zone on the dedendum siaulatcr ^diich had been 
running against the scored portion of the addendvaa siaulatcr. 

Further evidence cf a relationship between cracking and scoring 
consists of the observation that a line on the dedendun siaulator contacts a 
certain distance on the circumference of the addendun siaulator as they pass 
through contact together. The distance contacted depends on ths load and on 
the relative rotative speeds. This was calculated, and it has been found that 
the length of the scored streaks on a typical addendum simulator specimen 
agrees approximately with the distance contacted by a line element of the 
dedendum simulator. Thus, in some cases at least, it is believed that scoring 
say be fatigue induced. 

EP agents are added to lubricants to increase score leads. The 
addition of extreme pressure agents to the lubricant produces surface films on 
the metal ^diich have lower friction than the metal asperities thenselves, ard 
they thus put off scoring to higher loads. Iheir ability to do this is 
generally evaluated in short term tests, similar to the load carrying capacity 
test. However, lubricants in service are generally called upon to provide 
their protection for long periods, for which even the constant load tests are 
only a short approximation. In this case, EP agents by virtue of the higher 
loads that they allow nay accelerate cracking. What is one to expect of an EP 
agent vbich is so effective that in spite of the advent of fatigue cracks, it 
can still prevent scoring? Since cracks, once formed tend to grow and produce 
pits, it ought to be expected that such effective EP agents as these would 
prevent scoring, but allow instead pitting to develop in long-term service. 

Two other areas may be discussed briefly. VJhen gears are constructed 
according to the stub-tooth proportions, as are the helicopter gears we are 
familiar with, the regions of high-sliding velocity are eliminated and the ten- 
dency to score is thus reduced. However, the high stress region near the pitch 
line, where the loads are carried in single-tooth contact is still present, so 
the effect of operating at high loads for long periods ought to produce pits. 
In addition, helicopter gears generally operate at fairly low speeds where the 
contact energy is usually not sufficient to produce scoring. One should, 
therefore, expect that damage would occur in the form of pits. 

It has been reasonably demonstrated that scoring, under the conditions 
of this test program, is related to the development of fatigue cracks. By 
investigating fatigue effects through the medium of scoring, we have been able 
to accomplish a great saving of time. Furthermore, it is believed that the 
study of scoring is important in its own right. The requirement that gear 
boxes carry higher and higher loads in the future, and the use of turbine 
drives both indicate the trend to more severe conditions. Increases in speed 
have been shown here to be acconqpanied by reductions in load carrying capacity 
for every lubricant tested. The fact that scoring is not a current problem 
does not, in itself, guarantee that increases in speed and load can be made 
without scoring failures. 
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Sc far in this disc^ssicn •«e have ceen ccrxemed with the relaticn 
between fatigue and scoring. Ccnsiierabie infonsatisr, has also been develcred 
here to indicate that scce sort of break-in schedule is highly beneficial in 
prote^ing the gears free danage in operation. It has been shown, fur'-herder e, 
that an optis^a break-in exists, at least, within the franererk of cur iicited 
tesx prcgras. Less than the required aacunt of break-in results in early sccr- 
ing of the gears, while a break-in schedule 'Äich is ^cc lorg can begin to 
produce dacage in itself. 

It is believed that break-in involves a sort of "cccpetition" between 
two effects. Break-in, by its very nature, takes advantage of the high stresses 
produced by the irregularities in *he nev surfaces to produce localized high 
wear. To provide raTiras?. advantage, the break-in schedule should be long 
eso'jgh to reduce the roughness to a practical nrfniaun, without exceedirg the 
stress level at which fatigue cracks begin to be produced. Concurrently, with 
the beneficial effects of break-in, there is the likelihood of the occurrence 
of fatigue dacage. 

In the tests which have been conducted here, the really meaningful 
break-in tests are those for which the results have been plotted in Figures 
6? through 71. Here, the survival tijse of the gearset at a fairly high load 
is related to the time spent by the gearset breaking in at a load one test-step 
lower. The survival time of the gears at the "failure" load goes through a 
ram'Trsm as the tise spent at the "break-in" load is varied. The time required 
at the break-in load to produce the aaxlnazn survival time at the failure load 
cay be referred to as the optimm break-in time. If less than the optimum 
break-in time is provided, :t appears that insufficient reduction of asperities 
has occurred. This effect may be considered to continue, at least to the 
optimum, and perhaps beyond, since there is no reason to believe that the 
beneficial wear ends at this point. However, the second effect, fatigue, is 
a function of the break-in program, also. If contact conditions remain constant, 
during the operation of the gears, one might argue that the effect of fatigue 
accumulates at a fairly uniform rate, until the surfaces fail. However, the 
rate at which the fatigue effects accumulate is not only a function of load, 
cut is also a function of surface roughness. High surface roughness increases 
the tangential friction force present on the surfaces which in turn increases 
the maximum shear stress developed within the metal, hfcreover, the higher 
frictional heating raises the contact temperature which may change the activity 
of the EP agents, and also any pro-fatigue effect they have. As a result, the 
damaging effect of fatigue during the break-in load probably accumulates at a 
decreasing rate. The interaction of a break-in wear process which is improving 
matters with time and a break-in fatigue process, which is steadily making 
matters worse, results in the production of a maximum in the survival time at 
the failure lead in these tests. These data are not directly applicable to 
helicopter gear practice, without further study. They arose in a test program 
in which they were not fully expected and therefore the information is not 
fully developed nor fully underst'-od. It is extremely likely, however, that 
by the further exploration of this avenue of research much can be learned about 
the properties of lubricants and the safe loading of gears. The development of 
break-in schedules for new gears, based on laboratory data, must eventually 
provide gears which have a better chance of survival without pitting than the 
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present gears. The unlerstanding of the way in which varicos load schedules, 
including shock leads, or other jacaaentary overloads may affect the life 
expectancy of gears should also te useful in aachine design. 

With the atove hackground scce  further observations on the casplexity 
of studying gear pitting oay he tiscful. To avoid latcratory rjns ^Aich last 
for aonths it was necessary to operate at loads \&ich accelerate dacage. The 
effect of operation at higher loads is to produce fatigue in fever load cycles, 
and therefore sooner, hut it also changes the nanifestation of danage. At 
light loads, tAen cracks develop they cay net produce scoring because the loads 
are not high enough to produce very high contact taaperatures. This is 
particularly true for the helicopter stub-tooth gears, -where the regions of 
highest sliding velocity have been eliminated. Therefore, after saall cracks 
have been produced, these gears may contiuue to operate until the cracks have 
grown sufficiently to allow pieces of xaetal to drop out of the tccxh surfaces, 
producing pits, ^t higher loads, there is increased likelihood that the cracks 
will produce scoring. 

In laboratory tests with full-depth gears, operation at both high 
load and high speed to accelerate fatigue, results in scoring because each of 
these factors brings the contact closer to the scoring linit, and it takes 
only a snail additional energy input to cause scoring. The additional energy 
cooes from an increase in friction at the contact due to the sudden appearance 
of a surface crack. 

Thus, lidle latcratory tests produced scorirg, it is the these of 
this argueoent that the scoring resulted free cracks (in these tests) \Aiich, 
in another systesa, would have propegated and ultimately caused pits. Since 
scoring and pitting arose frca the sace cause (cracks), we can, with care and 
alertness to the cooplerities of th3 phenccena, use certain kinds of sccre- 
limitcd tests to study fatigue pitting in the laboratory. 

Sense final cccanents on laboratory tests can now be made. The phrase 
"care and alertness" above is not used casually. Valid laboratory work of 
this kind requires detailed and literally nicroscopic examinations of the test 
surfaces so that incipient changes may te detected before they becoce confused 
with other events; it requires cross-checking of observations in at least two 
systems, in this work the gear machine and the simulator, to avoid isolated 
peculiarities of special systems; and it requires the support of a careful 
analysis of the mechanics of contacts so that what is discovered in laboratory 
tests will have a rational foundation for translation to practical systems. 
The latter requirement is the principle purpose of the analysis of gears 
presented in this work. The analysis provides a language to relate latoratory 
and field observations; while it should be useful to designers of gear systems, 
it is not in itself a guide to gear design. 

Sumnsary and Conclusions 

1. An analysis has been presented that allows one to calculate the 
Hertz Slxess for a gear contact point at the middle of the line of action by 
a simple expression. This stress value has been called a,5.    The Hertz Stress 
at any other point, o^, is shown to be related to a. 5 by a parameter X, which 
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is the fracticual distaüce traveled ny the contact point frcn the teginning of 
the line of action at the läse circle of the driver tc the em of the line of 
action. The occurrence of single-tooth and dcuhle-tcoth contact can also te 
expressed in terns of the parazseter, X. Ttrcugh use of the ratio, o^/a. sg ard 
the parameter, X, Euch of the ccc^lex nechanics of involute gears can te 
reduced to relatively simple forms. Generalized curves have "been developed tc 
show the relationship between Kertz Stress, gear ratio, and pitch diaoeter for 
any involute gearset of a given pressure angle. TVD sets of these curves are 
given, one for 20; and one for 22-1/2° pressure angle. 

2. A study of the relationships revealed try the above analysis sug- 
gested that one ni-ht establish a balanced stress criterion that would avoid 
the use of those ^earsets havirg regions of particularly severe contact stress. 
Such regions can occur near the beginning or end of double-tooth contact for 
certain choices of gear ratio and nuuber of teeth. Since slidicg speed is also 
high in these regions, it is preferred that the naxirur. stress in dcuble-tcoth 
contact should te not ixre than the stress in sirgle-tccth contact, a region of 
relatively low sliding velocity. The ratio ^f rsa-ximnn double-tooth contact 
stress to maximm single-tccth contact stress has been called m, and plots are 
presented vhich shcv the relation tetween gear ratio and nrim'n3.nn rrmafcer of 
teeth for values of an ranging frcn l/»/2, a theoretical mininna for load sharing, 
to 2. 'Diese values bracket the practical range of interest. 

3. Spur gear experisents consisted of load-carrying capacity tests, 
constant load tests, and break-in tests. From the first two of these a hypothesis 
relating fatigue to scoring 'was evolved. This hypothesis states that scoring 
may result from an increase in contact severity arising from the sudden appear- 
ance of fatigue cracks in the contact zone. IMs would explain the appearance 
of scoring after a delay period, and it also explains why scoring and pitting 
type failures can sccetimes be correlated by the same load vs time curve. The 
break-in tests suggested that two competing mechanisms are in operation during 
the early period of gear running. On the one hand, break-in operation reduces 
surface roughness and thereby reduces both surface stress and surface tempera- 
ture. These effects, in turn, allow higher loads to be carried for longer 
periods in subsequent operations. On the other hand, fatigue cycles are 
accumulaticg during break-in, and moreover they are accumulating over a high 
stress (rough) period. The consequences of this stress history will shorten 
the useful life in subsequent operations. Data are presented which show how 
these two mechanisms, operating together, result in an optimum break-in for 
Eaximum service life. 

k.    The Rotary Contact Simulator makes it possible to exactly simulate 
the contact conditions existing at any selected point in a pair of gears. More- 
over, it creates a hcmcgenecus sample of surface entirely around the disk which 
exhibits the characteristics of a single element (Hertz area) on the gear tooth 
under study. In contrast, each element of a gear tooth exists in a complex 
gradient of several variables, and any particular element of interest is avail- 
able as only a very small sample. This availability of a relatively large 
sample on the simulator lends appreciable power to observations of phenomena 
with broad statistical backgrounds, ^uch as fatigue. Through the use of the 
simulator, the fatigue-scoring hypothesis was confirmed in detail; and an 
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extension of the bypothesis, that ia, in the absence of scoring, cracis will 
degenerate to pits, was also observed. 

5- Incidental to the sain stream of the werk was the observation on 
the siaulator that traces of rust are produced on the working surfaces under 
scoe operating conditions. Careful searching for rust on the gears revealed 
that it was present in that system too, although its presence in gears would 
not have been detected without guidance frcm the simulator. This observation 
was not persued with further experiments, although the in^lications for gear 
lubrication and wear are probably quite significant. 

S-I5926 Figures 1 through 82 follow 
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Flmre 5.   LOCATION OF ONE-TOOTH AND TWO-TOOTH CONTACT 
ALONG LINE OF ACTION FOR 1:3 GEAR RATIO, PINION DRIVING 
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Figure 6.   LOCATION OF ONE-TOOTH AND TWO-TOOTH CONTACT 
ALONG LINE OF ACTION FOR 1:2 GEAR RATIO, PINION DRIVING 
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Figure 7.   LOCATION OF ONE-TOOTH AND TWO-TOOTH CONTACT 
ALONG LINE OF ACTION FOR 1:1.5 GEAR RATIO. PINION DRIVING 
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Figure 11. LOCATION OF ONE-TOOTH AND TWO-TOOTH CONTACT 
ALONG LINE OF ACTION FOR 3:1 GEAR RATIO, GEAR DRIVING 
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Figure 12.   LOCATION OF ONE-TOOTH AND TWO-TOOTH CONTACT 
ALONG LINE OF ACTION FOR 1:3 GEAR RATIO, PINION DRIVING 
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Figure 13.   LOCATION OF ONE-TOOTH AND TWO-TOOTH CONTACT 
ALONG LINE OF ACTION FOR 1:2 GEAR RATIO, PINION DRIVING 
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Figure 14.   LOCATION OF ONE-TOOTH AND TWO-TOOTH CONTACT 
ALONG LINE OF ACTION FOR 1:1.5 GEAR RATIO, PINION DRIVING 
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Figure 18.   LOCATION OF ONE-TOOTH AND TWO-TOOTH CONTACT 
ALONG LINE OF ACTION FOR 2.43:1 GEAR RATIO. GEAR DRIVING 
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Figure 19.   LOCATION OF ONE-TOOTH AND TWO-TOOTH CONTACT 
ALONG LINE OF ACTION FOR 3:1 GEAR RATIO, GEAR DRIVING 
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Figure 20.   HERTZ STRESS FOR 20° PRESSURE ANGLE SPUR GEARS 
FOR CONTACT AT THE MIDPOINT OF THE LINE OF ACTION 

S-13926 
59005 



~   3 
x 
i 

X 
-> 

X 

Wpfifc ifefe & |aU Pisgietral 
PitphE i acid iP ressure Angles 

0.2 0.4 0.6 0.8 1.0 

X = 

Figure 21. RATIO OF SPUR GEAR HERTZ STRESS AT ANY 
POINT TO THAT AT MIDPOINT OF LINE OF ACTION 

S-13926 
59005 



12,000 

-s 

10,000 

8000 

6000 

£ 
4000 

2000 

10 15 
,Pinion Pitch Diameter, inches 

Figure 22.   HERTZ STRESS FOR SPUR GEARS WITH 22 V PRESSURE 
ANGLE FOR CONTACT AT THE MIDPOINT OF THE LINE OF ACTION 

25 

S-13926 
59926 



u 
ID 

U. 

a> 
c 
Z 
10 

to 

T3 
10 
o 
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Figure 27.   MINIMUM NUMBER OF TEETH REQUIRED 
BY BALANCED STRESS CRITERION FOR m=l 
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Figure 28.   CURVES FOR CONSTANT GEAR RATIO COMPARED 
TO FORBIDDEN REGION FOR m = 1 
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Figure 29.   CURVES FOR START OF CONTACT COMPARED 
TO LIMITING VALUES OF XH FOR TWO VALUES OF m 
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Figure 30.   MINIMUM NUMBER OF TEETH REQUIRED IN GEAR 
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Figure 31.   PLOT OF EQUATION DEFINING ''FORBIDDEN REGION* 
FOR SEVERAL VALUES OF m 
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Figure 32.   USEFUL PORTION OF FIGURE 31 
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Figure 33.   COMPARISON OF MINIMUM NUMBER OF TEETH 
REQUIRED FOR BALANCED STRESS WITH m = 1  BETWEEN 
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Figure 35.   COMPARISON OF MINIMUM NUMBER OF TEETH 
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Figure 42.   SIGNIFICANT POINTS ALONG  Fx CURVE FOR 
SUN/PLANET PAIR IN HELICOPTER TRANSMISSION 
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Figure 43.   COMPARISON OF CONTACT STRESS CONDITIONS 
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Figure 44.    PAIR OF STANDARD TEST GEARS 
SHOWN FULL SIZE 
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Figure 45.   HIGH SPEED SPUR GEAR TEST MACHINE 
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Figure 67.   SPUR GEAR BREAK-IN DATA FOR 
MIL-L-21260 (GRADE 2) OIL AT 1000 rpm 
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Figure 68.   SPUR GEAR BREAK'IN DATA FOR 
MIL-L-21260 (GRADE 2) OIL AT 1600 rpm 
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Figure 69.   SPUR GEAR BREAKMN DATA FOR 
MIL-L-21260 (GRADE 2) OIL AT 6400 rpm 

600 

S-13926 
59926 



1 000 rpm 

1 600 rpm 

\ 

200 400 600 
Time Run at Break'In Load, minutes 

Figure 70.   COMPARISON OF BREAK'IN DATA FOR MIL-L-21260 
(GRADE 2) OIL AT THREE SPEEDS 
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Figure 72.   ROTARY CONTACT SIMULATOR SPECIMENS 
SHOWN FULL SIZE AND IN TEST POSITION 
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Driver 
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Figure 73.   GEAR GEOMETRY DIAGRAM 
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Figure 74.   GAGES FOR DETERMINING RADII OF 
CURVATURE OF GEAR AND PINION TEETH 
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Figure 75.   PITTED HELICOPTER GEAR TOOTH 
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Pit 

Figure 76.   PITTED PINION ADDENDUM 
8X Magnification 
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Figure 77.   ROTARY CONTACT SIMULATOR TEST SPECIMEN 
SIMULATING PINION ADDENDUM 

(Surface Unrolled by Special  Photographic Technique) 
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Figure 78.   WORN SURFACE OF ROTARY CONTACT 
SIMULATOR SPECIMEN SIMULATING 

GEAR DEDENDUM 
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Figure 79.   WORN SURFACE OF ROTARY CONTACT IS 
SIMULATOR SPECIMEN SIMULATING 

GEAR DEDENDUM 
(Surface Unrolled by Special  "'hotographic Technique) 
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