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ABSTRACT

A gear tooth temperature analysis was performed using a finite ele-
ment method combined with a calculated heat input, calculated oil jet im-
pingement depth, and estimated heat transfer coefficients. Experimental
measurements of gear tooth average surface temperatures and instantaneous
surface temperatures were made with a fast respounse infrared radiometric
microscope. Tncreased oil jet pressure had a significant effect on hoth
average and peak surface temperatures at both high load and speeds. In-
ereasing the speed at comstant load and increasing the load at constant
speed causes a significant rise in average and peak surface temperatures
of gear teeth. The oil jet pressure required for adequate cooling at high
speed and load conditions must be high enough to get full depth penetration
of the teeth. Calculated and experimental results were in good agreement
with high oil jet penetration but showed poor agreement with low oil jet

penetration depth.
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NOMENCLATURE
Hertzian contact width, m (in.)
specific heat, J/kg K (Btu/lb 7F)
0il jet impingement depth, m (in.)
effective face width, m (in.)
friction coefficient
heat transfer coefficient for lubricated flank of gear, W/hr m? K
(Btu/hr ft2 OF)

heat transfer coefficient sides of gear, W/hr m2 K (Btu/hr ft2 OF)

heat transfer coefficient for unlubricated flank of gear, W/hr m2 X

(Btu/hr £t °F)

heat conversion factor

IR microscope constant

line of action lemgth, m (in.)
module

number of teeth

radiance

diametral pitch module (in_l)

heat flux, W/hr (Btu/hr)

total heat generated, W/hr (Btu/hr)
rolling velocity, m/sec (ft/sec)

IR microscope measured, Volts

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

sliding velocity, m/sec (ft/sec)

normal tooth load, N (1b)



Wt tangential tooth load, N (1lb)

o 0il jet angle from radial degrees

B temperature coefficient of wiscosity

81 dimensionless impingement depth, diPd’ m2 (in.)
€ emissivity

1) rotation angle revolutions

QS temperature, K (OF)

Qw gear votation angle from tip of tooth to impingement point, rad
K thermal conductivity, W/m K (Btu/ft 0F)

A partition constant

vy dimensionless oil jet velocity

P density, kg/m3 (1b/in3)

01,2 involute radius ef curvature, m (in.)

)] contact angle, rad

o angular velocity, rad/sec

INTRODQCTION
There are several methods of lubricating and cooling gear teeth.

These are splash lubrication, drip feed, air/oil mist, and pressurized oil
jet flow. The method of successful lubrication usually depends on the op-
erating conditions. TFor gears operzting at moderate to high speed (above
5000 rpm) the pressurized oil jet becomes necessary to provide adequate
lubrication and cocling and. o prevent scoring of the gear tooth surfaces.
Scoring is a result of having a too thin elastohydrodynamic (EHD) oil film.
This thin EHD film is usually caused by inadequate cooling rather than in-
sufficient lubricant. *

0f the three primary modes of gear tooth failure, scoring is the most

common and the most difficult to analyze. A considerable amount of work has
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been done over the past four decades to produce quantitative analysis pro-
cedures to evaluate the risk of scoripg in lubricated gear drives [1,2].
For the first 30 years of this time period most of the concentrated effort
had to do with developing a procedure to evaluate the incipient onset of

the scoring phenomenon. It has only been in the last decadg of 80, ghat a
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concentrated effort has been provided to evaluate the contfibﬁtién of the-
gear tooth bulk temperature on the scoring phenemonon ané to égfeéﬁine ié;
contribution in bringing about the onset of this failure mode [3,4].

A computer program was developed using a finite element analysis to
predict gear tooth temperatures [5,6]. However, this program did not in-
clude the effects of oil jet cooling and oil jet impingement depth., It used
an average surface heat transfer coefficient for surface temperature calcu-
lation based on the best information available at that time.

In order to have a better method for predicting gear tooth tempera-
ture, it is necessary to have an analysis that allows for the use of a heat
tranfer coefficient for oil jet cooling coupled with a coefficient for air/
0il mist cooling for that part of the time that each condition exists. Once
the analysis can make use of these different coefficients it can be combined
with a method that determines the cil jet impingement depth to give a more
complete gear temperature analysis program. However, both the oil jet and
air/oil mist heat transfer coefficients are unknowns and must be determined
experimentally.

The objectives of the work reported herein were to (a) further develop
the gear temperature analysis computer program of [5,6] incorporating dif-
ferent heat transfer coefficients for air/oil and oil jet cocling, (b) com-
bine that program with a program developed to determine the impingement

depths, and (c} experimentally measure gear tooth temperatures to compare



with those predicted using the improved analysis.
APPARATUS ANQ PROCEDURE
Gear Test %pparatus
Gear tooth temperature measurements were made using the NASA gear test

rig (Fig. 1). This test rig uses the four square prln¢1p1e of applylng the
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PR

test gear load so that the 1nput drive needs only £o ‘ovércome the fr;ctlonal
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losses in the system. The rig is described more fully in [7] The.belt
driven test rig can be operated at several fixed speeds by changlng puileys
The operating speeds for the test reported herein were 2500, 7500, and

10 000 rpm.

The gear surface temperatures were measured with a fast response infra-
red radiometric (IR) microscope (Fig. 2) that uses a liquid nitrogen cooled
detector. The TR microscope can measure transient temperatures up to 20 000
Hertz. All radiance measurements were made with a 1X lens that has a focal
length 5f approximately 23 c¢m (9 in.) and a viewing spot size of 0.05 cm
(0.020 in.) diameter. The test gear cover, viewing port and lubricaticn
jet as shown in Fig. 3 was used with %he IR microscope.

Test Gears

Dimension of the test gears are shown in Table 1. All gears had a
nominal surface finish on the tooth flank of 0.406 micrometer (16 pin.) rms
and a standard 20° involute profile without tip relief. The test gears
were manufactured from consumable electrode wvacuum melted (CVM) AIST 9316.
The gears were case carburized and hardened to a Rockwell G hardness of 60
before final grinding of the finished gear.

Test Lubricant
The test gears were lubricated with a single batch of synthetic par-

t ¥

affinic oil. The physical properties of the oil are summarized in Table 2.



Five percent of an extreme pressure additive, designated Lubrizol 5002 (par-
tial chemical analysis, Table II), wag added to the lubricant.
Test Procgedure
After the test gears were cleaned to remove the presevative, they were

agssembled on the test rig. The test gears were run in a full face load con-
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dition on the 0.635 cm (0.250 in.) face width. The Eésfs&%efeqédﬁ'éf foqf“
speeds, 2500, 6000, 7500, and 10 000 rpm; three tangential loads of 1895
N/em (1083 1b/in.), 3736 W/ em (2135 1b/im.), and 5903 N/cm (3373 1b/in.);
five oil jet pressures of 96x104 N/mg (140 psi), 69><104 N/m? (100 psi),
61x10* N/mP (60 psi), 27x10% Nim® (40 psi), and 14x10" N/m® (20 psi); and
two oil jet diameters of 0.04 em (0.016 in.), 0.08 em (0.032 in.). Inlet
0il temperature was constant at 308 X (950'F). At each speed the lowest
load was first applied with the maximum oil jet pressure. At this load the
0oil jet pressure was reduced in steps to the lowest pressure before the next
load was applied. The oil jet was pointing in a radial direction and hitting
the unloaded side of the gear tooth as it came out of the mesh zone. The
0.08 cm (0.032 in.) diameter jet is the size typically used in many applica-
tions for the maximum power conditions used herein., The 0.04-cm (0.0l6-in.)
diameter jet was used to determine what cooling conditions could be obtained
with considerably less o0il flow and good oil jet impingement depth. The
temperature was measured by the TR scope at a location approximately 160°
away from the mesh =zone.

The IR scope operates in two modes. 1In the DC mode of operation the
average surface temperature of the gear tooth was read out on the meter sup-
plied with the IR scope. The scope was calibrated prior to running the

tests to determine the emissivity of the gear tooth surface.



Iin the AC mode of operation a voltage that varies with surface radiance

according to the equation
AV = Ke AN (1)

was measured from two signals on a dual trace cathode ray oscillosc;pe (CRO}.
One signal was from the IR scope directly while the second signal was fil-
tered through a variable bandzpass filter to remove the éO miliiéoit higﬁ~
freq;ency noise. At the lower loads and at the high oil jet pressures the
signal to noise ratio was approximately one.

A 1X lens which had a focal length of 23 em (9 in.) was used with the
IR microscope and looked at a 0.05 cm (0.02 in.) diameter spot. The gear
tooth surface was viewed by the TR scope‘as it passed in front of the lens.
The tip of the tooth is seen first, the view then goes down the tooth sur-
face until it is interrupted by the next tooth.

GEAR TEMPERATURE ANALYSIS

A gear tooth temperature analysis was developed in [5,6] to calculate
the gear tooth temperature profile using a finite element analysis, This
analysis uses a finite element mesh as shown in Fig. 4 and calculates iso-
therms on the gear tooth. However, the following are required to be deter-
mined or calculated before the program can calculate effective temperatures:
(a) the frictional heat input at the gear tooth working surface, (b) the dif-
ferent heat transfer coefficients for the various gear todth surfaces and
cooling methods, and (c) the oil jet penetration onto the gear tooth flank.

The frictional heat input to the gear tooth working surface can be
calculated using the following analysis, The instantareous heat generated
per unit area, per unit time due to the sliding of the two gear teeth is

given by



v | f|we, - wp
L A e i e L
LY R bJ @

where
W= Wt/Fe cos @

Since W, Vs, and £ are functions of the mesh point location, the g will

S kY

vary through the meshing qycle. The £ wvaried from app;oxiﬁgiély 0.02 to
0.07 for the cases evaluated., The heat generated will be divided between
ﬁﬁe gear and pinion and may not be equal withdrawn by each so6 that a parti-
tioning function A 1is used. The heat withdrawn by the gear and pinion
will then be

q; = Aq 4, = (1 - A)q (3)
For the test gears used in this paper A is assumed to be 0.5 so that

1 = q, @)

once the instantaneous heat flux to the gear surface is determined, the
total time average heat flow per revolution can be calculated by the follow-
ing equation from [6]

bwiAq _ bub(l - Mg

q = ==
i V121r V227r

(3}

where Vl and V, are the gear and -pinion rolling velocities. Substituting

2

equation (2) into equation (5) gives

7% T Ty P17 2’| ,
substituting
’ W, W N
- =L 2__1 =
A= 0.5, nl = o (D1 Nz’ and Vl u)lpl

gives
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)
for the time average heat flux. Using this expression, the instantaneous
heat flux may be calculated at any position along the line of action by sub-
stituting the instantaneous prefile radius, giving the heat input to the

gear tooth surface at that location. Substituting LA - p for p where

1 v 2
LA = pl + p2 and using instantaneous notation equation (7) becomes
B LR | (E:A___p_; -

The heat transfer coefficients shown in Fig. 5 for the sides, topland
and flanks of the gear teeth are different because of the different cooling
regions. Also, the coefficient for the two flanks will be different depend-
ing on whether they are cooled by the o0il jet hitting the surface or if they
are air cooled when no jet cooling is present. The heat transfer coefficient
for the sides of the gear teeth hS can be estimated by the method of {91 .

for a rotating disk by

h, = Nu "ﬁ (9)

for air Nu = 0.5. However, the amount of o0il mist present will have a con-
siderable effect on this coefficient. The gear toott flanks not cooled by
the o0il jet will have a heat transfer coefficient ht for air or air/oeil
mist. Since there is no data available to determine this coefficient, an
estimate somewhere between an air-cooled disk and jet cooling will be used
until something better is developed experimentally.

‘The heat transfer cocfficient hj for the tooth face and the tooth‘ﬁip

that is jet cooled may be calculated from [4,8] using the following
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is a dimensionless factoy given in [4,8]. cCurve fitting the

where Yot

data from [8] gives

2

q = 0.98 - 0.32 y + 0.06 v~ - 0.004 y3 (11)

tot

where
Y = po (12)

Using the above method for calculating the oil jet heat tramsfer coefficient
gives results that are much too high. This is because the, actual thickness
of the o0il film conducting heat away from the tooth surface is much thinner
than those calculated by the above method. For the results presented in
this paper, an oil jet heat transfer coefficient was assumed that would give
more realistic results. For future work, a more realistic oil jet heat
transfer coefficient will be determined based on experimental results re-
ported in this paper and from future Eestingo

The oil jet penetration onéﬁ the'gear tooth flank can be determined by
the method of {10,11]. . However, a more accurate analysis is being developed
B§ the authors using a new kinematic}radial model instead of the vectorial

model used in [10]. The new model gives the oil jet impingement depth for

radially directed jet as

e
5 - vj Q#N + 2)cos o (13)
i !
Using the above equation with a known jet velocity, the angle of rotation is
assumed and must be iterated until the angle of rotation and impingement

point coincide, since qb is a function of Si and «. A more usual case
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is when a specified design depth 61 is required and the jet velocity is
calculated using a known 51 and q@. Equation (13) is rearranged as
45,
_ i
vj %D(N + 2)cos o

(14)

Once the heat generation and the oil jet impingement depth have been

L
2 f

calculated, the heat transfer coefficients are either calculated or esti-
mated. Then, the finite element analysis is used to calculate the temper-
ature profile of the gear teeth. The finite element model has 108 nodes
with triangular elements. The computer program calculates a steady state
temperature at all 108 nodes and prints out these temperatures. The pro-
gram also plots temperature isobars on the gear tooth profile and lists
the temperatures of the isobars.
RESULTS AND DISCUSSION
Experimental Results

Transient and average gear tooth surface temperatures were measured
using a fast response infrared (IR) radiometric microscope. The gear tooth
temperatures were measured at four speeds, three loads, five oil jet pres-
sures, and two o0il jet diameters. The test gears were 3.2 module (8 pitch},
8.89 cm (3.5 in.) pitch diameter with a 0.64~cm (0.25-in.) face width.

Figure 6(a) is a typical transient measurement of a gear tooth surface
at 7500 rpm, 5903 N/cm (3373 1b/in.) tangential load and 14><104 N/m2
(20 psi) oil jet pressure with a 0.04l-cm (0.016-in.) diameter orifice.
The change in surface temperature from the gear tooth tip to a point just
below the pitch line was 32 K (58O F}. The pitch line where pure rolling
occurs can be seen by the slight dip in temperature. The highest tempera-
ture is below the pitch line where the combination of high load with some

sliding occurs,
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Figure 6(b) is the same load, speed and oil jet size condition but with

4

an 0il jet pressure of 97x10 N/m? (140 psi) which reduces the maximum tem-
perature difference to 12 K (220 F) with the peak temperature still occur-
ring below the pitch line. The average surface temperature for these con-

2
ditions was 423 K (302° F) and 391 K (244° F) for the Lax10™ N/m", (20 psi),

and 97)(104 N/m? (140 psi) oil pressure, respectively. Figdfé?7 ;slfypigg¥
of what happens when scoring occurs. Here the peak temperature is at the
tip of the gear tooth and has reached a maximum temperature of 508 K

(4550 F) or 75 K above the average surface temperature of 433 K (3200 F).
Scoring temperatures as high as 603 K (626D F) were measured during the
high-load, high-~speed tests with reduced o0il jet pressure or orifice size.
These temperatures would be somewhat lower than those at the contact point
since they were measured 160 degrees away from the contact and after oil jet
cooling. The scoring conditions occurred only at the 10 000 rpm test condi-
tion with intermediate loads and full or less oil jet impingement depths.

Figure 8(a)-is a plot of gear tooth ayerage surface temperature (solid
line) with the high and low temperatures included (dotted lines) versus oil
jet pressure for three speed, an oil-jet diameter of 0.04 em (0.016 in.) and
a load of 5903 N/cm (3373 1b/in.).

The high load and high speed with the small jet size could not be run
except at the highest pressure because of scoring. From these plots, the
effect of different speed at constant load and the effect of o0il jet pres-
sure on both average surface temperature and temperature variations can be
seen. The increased speed causes a higher surface temperature and higher
temperature variations. The oil jet pressure also has a greater effect at

the higher speed. The maximum oil pressure needed for a speed is also seen
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by the leveling of the curve at the lower speeds where increased oil pres-
sure causes very little improvement ip cooling.

Figure 8(b) is the same type plot as Fig. 8(a) except the load is
. 3736 N/em (2135 1b/in.). The curve for 5000 and 2500 rpm are nearly iden-
tical. The effect of 0il jet pressure is considerably reduced because of
the lower load. Here the maximum change in average surface temperature is
35 K and the maximum surface temperature difference is 45 K at the 13.8X104
N/m? (20 psi) oil jet pressure,

Figure 8(c) is a plot of gear tooth average surface temperature versus
oil jet pressure with diéferent loads at a speed of 7500 rpm. This figure
shows the effect of load and oil jet pressure on gear tooth temperature at
constant speed.

Figure 9 is a plot'éf-lgad versus gear tooth average surface tempera-
ture for the 7500 rpm poﬁdition and three o0il jet pressures. The effect of
load and oil jef pressure on gear tooth surface temperature is clearly seen.
Increasing the pressure from 14)(104 N(m? (20 psi) to 97><104 N/m? (140 psi)
has about the same effect as reducing the leoad from 6000 to 2000 N/cm.

Figures 10(a) and (b) are plots ;f average surface temperatures with
temperature variaticns and bulk gear temperature, respectively, versus oil
jet pressure for three loads at 10 000 rpm and an oil jet size of 0.08 cm
(0.032 in,). With the larger oil jet size the temperatures are reduced
considerably from those for the smaller jet size. The bulk temptrature of
the gear does not increase as much as the average surface temperature. At
the lower load and high jet pressure the surface and bulk temperatures are

nearly identical,
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Analytical Results

Calculations were made using the analytical program to examine the ef-
fects of calculated heat inputs from the experimental test cases and esti-
mated heat transfer coefficients. The differential temperature profiles
are shown in Figs. 11 through 14. The differential profiles in t?esg fig-
ures are the temperature difference between the inlet coolfng.5il‘%ﬁa the
actual gear tooth temperatures.

Matching the analytical predictions with the experimental results is
difficult because of different physical conditions existing in the program
input and the experiment. The analysis and the tests were planned whereby
heat removal was on the working face of the gear tooth. The analysis was
completed before the tests were conducted. 3Initial testing result in oil
splashing on the infrared microscope wviewing port which prevented meaning-
ful IR temperature measurements. In order to prevent this condition from
occurring, the oil jet was directed at the back side of the tooth resulting
in cooling of the unloaded side of the gear tooth.

Referring to ¥ig. 11{a) the conditions were 10 000 rpm with a tangen-
tial tooth load of 5903 N/cem (3373 1b/in.) and an impingement depth of zero.
This means that the gear had impingement on the topland only. The lowest
level of temperature difference in the gear tooth is 35 X (63O F) at the tip
of the tooth. The hot spot is just below the pitch line and is 122 K
(200O ¥) above the oil jet temperature. This gives an awverage surface tem-
perature above o¢il jet temperature of approximately 79 K (1420 F). The
lowest temperature is much cooler than that of similar experimental condi-
tions. However, the hot -spot is only a little cooler than the experimental
data which indicates better oil cooling is assumed for the analysis than

that obtained experimentally.
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Figure 11(b) is a gear tooth temperature profile for the same condi-
tions as Fig. li(a) except that the 0?1 jet impingement is 87.5 percent of
the tooth depth. Here the minimum temperature difference is at the tooth
tip of 9 K (i6O F) and the highest temperature difference just below the
pitch line is 31 K (56O F). This is somewhat cooler than a similar experi-
mental case as shown in Fig. 10 where the temperature difference for the’

maximum temperature is 63 K (1130 F) and the minimum is 49 K'(QSO_ES._ﬂghg

difference between the maximum and minimum temperature is 22 K (4@0 ) ?E%
the amalytical and 14 K (250 F) for the experimental. Here thé analytical
and experimental are not extremely different indicating a close cheoice for
the analytical oil jet cooling.

Figure 12(a) is the analytical gear tooth temperature for operating
conditions of 7500 rpm, a tooth load of 5903 N/em (3373 1b/in.) , and an
impingement depth of zero or topland cooling only. Here the lowest temper-
ature difference is also at the tooth tip and is 27 K (490 F) and the hot
spot is below the pitch point and is 96 K (1730 ). A similar test condi-
tion is shown in Fig. 8(a) when a small jet diameter was used and the mini-
mum and maximum temperature differences were 101 K (1820 F) and 133 K
(239O F), respectively. Here again the minimum temperature for the analyti-
cal case is much cooler while the maximum temperature is somewhat closer to
that for the experimental case.

Figure 12(b) is the tooth temperature profile for the same conditicns
as Fig., 12(a) except that the oil jet impingement depth is 87.5 percent of
the tooth depth. Here the minimum temperature difference betwecn oil jet
and gear is 7 K (130 F) at the tip and the maximum temperature difference
below the pitch point is 24 X (430 F). The simllar test condition is shown

in Fig. 8(a) where the minimum and maximum temperatures were 51 X (920 F)
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and 68 K (1220 F) above the oil jet temperature, respectively. As a result,
at the lower speed the analytical oil jet cooling is more than that obtained
experimentally.

Figure 13(a) is the analytical results for an operating condition of
7500 rpm, a tangential tooth load of 1835 N/cm (1083 lb/in.)' and an im-
pingement depth of zero, The minimum temperature difference betweéh(££e oil

AP
jet apd tooth temperature is at the tooth tip and is 16 K (290 ) Whiie the
maximum temperature of 50 K (900 ¥) is below the pitch point. The similar
test conditions shown in Fig. 8(c¢) give z minimum temperature difference of
67 K (121O F) and a maximum temperature differemce of 120 K (2160 F) be-
tween o0il jet and gear tooth temperatures. The temperature difference be-
tween the analytical and experimental case is still considerably different
at this lower load and speed.

Figure 13(b) is the same condition as Fig. 13(a) except for the oil jet
impingement depth of 87.5 percent of the tooth depth, The minimum and wmax-
imum oil jet to gear tooth temperatures of 4 K (70 F) and 12 X (220 F) are
considerably cooler than the experimental minimum and maximum oil jet to

gear tooth temperature of 38 K (680 F) and 47 K (850 ¥), respectively,

shoyn in Fig. 8(c). |

Considering the differences.in the analytical ané experimental methods
of cooling the gear teeth and the estimation used to obtain heat transfer
coefficients, the difference between the analytical and experimental results

are not unreasonable. Additional work with experimental and analytical gear

tooth cooling should resolve these differences without much difficulty.
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SUMMARY OF RESULTS

A gear tooth temperature analysis was performed using a finite‘elgpent
method combined with a calculated heat input, a calculated oil jet impinge-
ment depth and estimated heat transfer coefficients for the -different parts
of the gear tooth that are oil cooled and air coo%eq. \Expeg%g@pga% mea-
surements of gear tooth average surface temperature and gear tooth instan-
taneous surface temperature were made with a fast réspogse,ziﬁfgéféé\fgdio—
metric microscope. The following results were obtained.

1. Increased oil pressure has a significant effect on both average sux-

face temperature and peak surface temperature at loads above 1895 N/cm (1083

1b/in.) and speeds of 10 000 and 7500 xpm.

2. Increased speed from 5000 to 10 000 rpm at constant load and increased

load at constant speed causes a significant rise in the average surface tem-
perature and the instantaneous peak surface temperatures on the gear teeth.

3. The oil jet pressure required to provide the best cooling for gears
is the pressure required to obtain full gear toéth penetration depth.

4. Calculated results for gear tooth temperatures were reasonably close
to experimental results for high oil jet penetration depths but was signif-
;cantly different for low oil jet penetration depths.
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TABLE 1. -~ SPUR GEAR DATA

[Gear tolerance ﬁer ASMA class 12.]

Numberofteeth . . ., . . . . . . . . . . . . e e 28
Diametral Piteh . . . . . . s i e e e e e, 8
| Circular pitch, em @n.j. . . . . . [ R 0.9975 (0.3927)
Whole depth, €m (.}, . o 0 vy v v i e e e e e ... 0.762 (0.300)
Addendum, em (). . . .. . ... AU 0.318 (0.125)
Chordal tooth thickness reference, cm (in.) . . . . .. ... . 0.485 (0.191)
Pressureangle, deg . ... ... ... .... e e e s e e e S ... 20
Pitch diameter, cm @n.) . . . . . e e e 3... B.890 (3.500):
Outside diameter, cm (n.). . . . . . . e e e e e .. 9.525 (3.750)
Root fillet, em (in.}, . . .. ... . e e e e 0.102 t00.152 (0.04 to 0.06)
Measurement over pins, cm (in.), . .. .. ... 9.603 to 9.630.(3.7807 to 3,7915)
Pin diameter, em {in.) . . . . . .. ... .. SR .. 0.549 (0.218)
Backlash reference, em (in.), .. ... .. e i .. 0.0254 (0.010)
Tip relief, em @n.) . . . ... .. .. R e e e e e e R 0.00

TABLE 2. - LUBRICANT PROPERTIES

Property . .Synthetic
’ paraffiﬂic oil
plus additives®

Kinematic viscosity, c'mlz/sec (cs) at:

244K (-20°9) 2500x10~2 (2500)

311 K (100° F) 31.6x1072 (31.6)

372 K (210° F) : 5.7x1072 (5.7}

477 K (400° F) 2.0x1072 (2,0)
Flash point, K CF) 508 (455)
Fire point, X CF) - 533 (500)
Pour point, K CF) 219 (-65)
Specific gravify 0.8285
Vapor pressure at 311 K (1000 ), 0.1

mm Hg (or torr)
Specific heat at 311 K (100° ), 676 (0.523)

3/ ke)®) (Bta/@b)CE) .- .

aAdditive, Lubrizsol 5002 (5 percent volume): phosphorus,
0.03 percent volume; sulfur, 0.93 percent volume.
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Figure 1, - NASA Lewis Research Center's gear fatigue iest apparatus,

ORIGINAL ppgE
OF POOR QUALITY



—In Sh
MICROSCOPE // DETECTOR

UNIT / AND SYNCHRONOUS
] COOLING DEMODULATOR
SYSTEM CIRCUITRY—
| OPERATOR ELECTRONIC CONTROL UNIT/
\ CEYEPIECE - PREAMP bl
\ \ INFRARED ! AC -
\ \ CHANNEL * / S1GNAL ol AMD . >
AR
. \
E\" ) QUTPUT l \
METER !
| A__[cHoPPRR \
TR ENERGY TO OUTPUT
‘ xq_-*//—lmwsm& RECORDER -
VISIBLEN OPT! CAL ELEMENT
CHANNEL ~ 7 4 L -—wr+visiLe
LyIstBLE | ¢ ENERGY
ENERGY —T _ —TARGET

=== SPECIMEN

Figure 2, - Simplified functional diagram, infrared radiometric microscope,
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Figure 3, - Test setup for measuring dynamic gear tooth
surface temperature,
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(a) 14x10% N/m? {20 psi}, 0.05 Vidiv.

) 69104 N/m? {100 psi), 0.02 V/div.

Figure 6, - |. R. microscope measurements of
gear tooth surface temperature, speed;
7500 rpm load 5903 Nfcm (3373 ibfin. ) inlet
ofl temperature 308 K (95° F) cil jet diam-
eter 0.04 cm {0.016 in. ).

ALNYND ¥o0d 40
Sl 39vd TYNIDIO

Figure 7. - I.R. microscope measurements of
gear teeth scoring temperature Q. 5 V/div
speed 10 000 rpm load 5903 N/cm (3373 Ivfin. )
inlet olf temperature 308 K (95° F) oil jet
diameter 0.04 cm 0. 016 in. ).
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Figure 8. - L R. microscope measurements of gear surface tem-
perature versus oil jet pressure, inlet oil temperature 308 X
{950 F), oil jet diameter 0.04 cm (0. 016 in. ).
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Figure 9. - L R. microscope measurement of gear average surface
temperature versus load for three ol jet pressures, speed 7500
rpm, oil jet diameter 0. 04 cm (0. 016 in, ) inlet oil temperature
308 K {95° ),
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Figure 10. ~ 1. R. microscope and thermocouple measurement of
gear temperature versus oil jet pressure for three loads, speed
10000 rpm, oil jet diameter 0.08 cm (0.032in.). Inlet oil
308 K (95° F.
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Figure 13. - Calculated gear tooth temperatures, speed 500 rp?1, load 1895 Nfcm
(1083 Ibfin. ).
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