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CONVERSION FACTORS:

SI TO U, S. CUSTOMARY UNITS

Convert from
degree Kelvin

metre

metre <sec

netre® -sec™l

Newton
Pascal

rev-sec™ !

To

degree Fahrenheit

inch
inch sec-l
centistoke
pound
pound-inch™

rev-min-l

2

Multiply By

tp = tg (1.8) -
39.370079
39.370079

1 x 10°
0.22480894
1.45037743 X 10~

60

459.67
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INTRODUCTION

Diagnostic methods for determining the health of gas turbine engines
include the use of o0il contamination monitors as important indicators of
the condition of lubricant wetted components such as gears and bearings.
Two devices used extensively are (a) in-line chip detectors and (b) the
emission spectrometer. The chip detector is used to detect a rapidly
progressing failure before it becomes catastrophic while the emission
spectrometer is used as part of the Joint 0il Analysis Program (JOAP)
which involves monitoring and trending contamination levels. The
magnetic wear debris which normally actuate a chip detector are generally
large particulates above 200 micrometres in major dimension (reference 1)
while emission spectrometric analysis (SOA) has been shown to be effective
in detecting very small particles below eight micrometres (reference 2).
Data from SOA is normally used in the JOAP for tracking the health of an
engine or component by observing the change in the concentration levels
of many elements with time. Using this time scaled trending technique,
JOAP has had considerable success in detecting impending failures in
engine components. The failures are generally indicated by increases in
the iron concentration level. This is consistent with the fact that most
critical load bearing surfaces in gas turbine engine gearboxes
and helicopter transmissions are made of hardened steels.

There is a large range (above eight micrometres and below 200 micro-
micrometres) of wear particle sizes in which chip detectors and SOA are
generally ineffective (reference 2). 'Also, there is considerable evidence
that abnormally wearing components are detectable by measuring, with
respect to time, the amount and variations in size distribution of wear
particles within this size range. Therefore, a need exists to develop a
device which is capable of detecting failures, in a timely manner, by ob-
serving particle size distributions and contamination levels in this range.
Accordingly, the Navy initiated a program in FY72 to develop an airborne
real time version of a laboratory device known as the Analytical Ferrograph.
This device is capable of separating microscopic size magnetic wear particles
according to size. A development model of one unit known as the Real Time
(R.T.) Ferrograph was delivered to the Naval Air Propulsion Center (NAPC)
for evaluation. Reference 3 describes the functions of the unit. The
purpose of this report is to document the evaluation of the unit with res-
pect to oil filtration level on a bench tester. Oil filtration level was
considered an important parameter for defining the applicability of the
R.T. Ferrograph, since oil filtration level varies widely from one engine
to another. For comparative purposes, other oil monitors were also used in
the same system and included: (a) an X-ray fluorescence unit, (b) a light
scattering/attenuation device, (c) emission spectrometric oil analysis,
(d) a particle counter, and (e) the Analytical Ferrograph. This work was
authorized by NAVAIR AIRTASK AO3P0000/052B/6F41-432-301.
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1. The R.T. Ferrograph, as presently configured, is effective in de-
tecting rolling element bearing fatigue and disc scoring type failures
if the nominal oil filtration level is above 40 micrometres. At filtra-
tion levels finer than 40 micrometres, the R.T. Ferrograph is ineffective,
At the 40 micrometre filtration level, its effectiveness is marginal.

2. Under conditions when the R.T. Ferrograph is an effective failure de-
tector, it correlates well with the other diagnostic methods.

3. The ratio of the concentration of small wear particles to that of the
large wear particles has proven to be a poor index or measure of the severity
of wear. A function of the difference between large and small particle
concentrations is more effective.

4, The sensitivity of the Severity Index, (ALZ - Asz), is affected by the
volume of oil flow through the system and by the differences in the rates
of generation of large and small particles. Therefore, in applying the
R.T. Ferrograph, the oil volume sampled should be matched to the wear
generating characteristics of the machinery being monitored.

5. The preponderence (99 percent) of wear particle generation resulting
from disc scoring and rolling element bearing fatigue spalling is in the
size range from two micrometres to 25 micrometres.

6. Comparison of the oil contamination diagnostic methods shows the
bench-type light scattering/attenuation method and SOA to be effective
over the widest filtration range.

RECOMMENDATIONS

Further development of the R.T. Ferrograph is recommended with
emphasis on incorporating features which allow for a variable oil volume
sampling rate. In this manner the sensitivity of the R.T. Ferrograph may
be adjusted to suit the wear generating characteristics of the equipment
being monitored.

DESCRIPTION

Test Equipment

1. All testing was conducted utilizing the Geared Roller Test Machine
(GRTM) , Mechanical Technology, Inc. (MTI) Model No. 201. The GRTM is
designed such that the outside diameters of two test rollers in contact
are loaded against each other and are operated, each at a different
peripheral velocity, so that both sliding and rolling take place at
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the same time. The amount of sliding and rolling can be varied over

a wide range. An overall view and a close-up of the test section of
the GRTM are shown in Figures 1 and 2, respectively. In addition,
the test section is shown schematically in Figure 3. The test rollers
are mounted on two parallel shafts (refer to Figure 3) on a 0.0762m

(3 inch) center distance and the shafts are geared together. Each
test roller is 0.0762m (3 inch) in diameter with a 0.3556m (14 inch)
crown radius. Power input is through the lower shaft, the upper

shaft being driven by the lower shaft through phasing gears. These
gears may be any one of a number of ratios (1.0, 1.07, 1.14, 1.22,
1.50, 1.73, 2.0 or 3.5) to produce a wide range of controlled sliding
and rolling velocities at the contact point depending on the input
speed of the lower shaft. The lower shaft is electric motor driven
through a set of pulleys. The shaft speed can be varied from 8.1 rps
(485 rpm) to 105 rps (6300 rpm) depending on the pulley ratio selected.
A given combination of pulley ratio and phasing gear ratio represents
one operating point. Each operating point may be used to closely sim-
ulate the rolling/sliding conditions which occur at one point along
the actual tooth profile of -a gear (Note: sliding and rolling vary
from point to point on a gear tooth).

2. The rolling and sliding velocities are defined as shown in Figure 4.
Figure 4 shows that the rolling velocity, V,, is defined as the sum of
the tangential velocities of the upper and lower rollers. The sliding
velocity, VS' is defined as the absolute value of the difference of
these two velocities., The slide-to-roll ratio is defined as the slid~
ing velocity divided by the rolling velocity. Pure rolling exists
when the sliding velocity is zero. A set of special elliptical phas-
ing gears were available whose gear ratio varied from 0 to 1.5, With
the use of these gears, the test rollers experienced varying rolling/
sliding conditions similar to those experienced by a gear tooth con-
tact.

3. The two test rollers are loaded against each other in "nutcracker"
fashion., The upper and lower frames of the machine (see Figure 1) are
fastened together at one end by a hinge pin. For operation, the upper
frame is pivoted downward to bring the rollers into contact and the
phasing gears into mesh. The load is applied to the free end of the
upper frame through a lever arrangement which is actuated by a pneumatic
rotochamber. The actual load is determined by a calibrated load cell.
The maximum contact or Hertz stress that the tes: rollers experience
varies with applied load as shown in Figure 5. The housing serves as a
controlled temperature oil reservoir. Heat is provided by a 2000 watt -
115V immersion heater which is controlled by a thermoswitch. The test
rollers are jet lubricated with the jet directed at the outlet of the
roller contact area.

4. The GRTM was modified to allow for the testing of bearings in
rolling contact fatigue. The modification involved removal of the
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upper shaft and phasing gears. The test specimen on the lower shaft
was replaced by a bearing and housing as shown in Figure 6. An adapter
was mounted on the shaft to achieve the proper interference fit with
the bearing bore. Rotation of the bearing 0.D. was prevented by the
use of set screws which fit into small ground holes on the bearing 0.D.
(See Figure 6). A radial load is applied to the bearing housing and
transmitted to the bearing by means of the same "nutcracker" arrange-
ment previously described.

5. A displacement type vibration pick-up is mounted on the loading
arm. This instrument acts as a failure sensor and can be set to
terminate the test on either a test roller or bearing at various stages
of failure.

Test Materials

6. The test rollers used on the GRTM during the series of disc scoring
tests were made of SAE 4720H steel. This is a carburized case hardened
steel with a case hardness of 62 R, and a core hardness of 40 . The
surface roughness of the rollers is 0.46~0.56 micrometres (18-22 micro-
inches) centerline average (CLA).

7. The test bearings used were SKF type NJ212 roller bearings (double

flanged outer ring, and single flanged inner ring) modified, by remov-

ing eight of the sixteen roller elements, in order to decrease the load
capacity and life, thereby accelerating the bearing failure.

8. The lubricant used in the system was an oil qualified under the
aircraft gas turbine engine lubricant specification MIL~L-23699B.

0il Monitors

9. Two of the o0il monitors used during the course of this program, the
R.T. Ferrograph and the United Technologies Research Center X-ray Wear
Metal Monitor, were placed in the GRTM oil system as shown schematically
in Figure 7. The R.T. Ferrograph, as shown in Figure 8, had its own
recirculating oil loop. Bench style lubricant condition monitors

(SOA, Analytical Ferrograph and light scattering/attenuation device)

were also utilized to analyze samples of the oil from the GRTM oil system.
These oil monitors are described as follows:

Real Time (R.T.) Ferrograph

10. The R.T. Ferrograph is an engine mountable device designed to operate
in a test cell environment. It is a variation of a laboratory device
known as the Analytical Ferrograph. The R.T. Ferrograph functions by
precipitating, from a sample of oil, iron wear particles continuously
along a glass tube according to particle size. Readings, which are
dependent upon the amount of light transmittance, are taken at both the
small particle end and the large particle end of the tube. Both readings
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are felt to be necessary to determine trends in wear behavior. Details
of the operation of the R.T. Ferrograph are as described in reference 3
and summarized as follows. The R.T. Ferrograph system consists of
three assemblies;i.e. the Real Time Ferrograph, (Trans-Sonics Type
7081) , the Pump Unit (Type 7083), and the Control/Indicator (Type 7082).

This particular system was developed for mounting on an engine oil tank
in a test cell.

11. The operation of the R.T. Ferrograph is shown schematically in
Figure 9. 0Oil is drawn from a reservoir or oil tank and pumped to the
inlet. From there the o0il travels through the precipitator tube,
through a sample reservoir and out the oil return line. A vent line
from the unit to the oil reservoir or tank relieves the system of any
flow reversal once the pump stops.

12. The optical system of the R.T. Ferrograph consists of a series

of six fiber optic bundles. A light is passed through three of the
fiber optic bundles and focused through the precipitator tube to three
other fiber optic bundles directly opposite and then carried to the
photo resistor bank. The fiber optic bundles are positioned at three
points along the precipitator tube and the tube itself is positioned
within a highly divergent field gradient magnet. The reference fiber
optic is placed outside the magnetic field and is used to adjust lamp
voltage so as to maintain a constant electrical resistance through the
sensing photoresistors; i.e. this adjusts the voltage to negate any
oil color effects. The other two fiber optic bundles are focused down=-
stream in the tube in areas where large (greater than two micrometres)
and small particles are precipitated. These particles cause a decrease
in the intensity of the light which is proportional to the percentage
area of the tube which is covered by particles. The readout is a
digital representation of the percentage area covered at each pre-
cipitation station and is displayed on the Control/Indicator. The
percentage area covered at the large particle location is symbolized
by A;, and that of the small particle location by Ag. These two out-
puts can be used in several ways for failure analysis and trending,
the details of which will be discussed in the "Discussion" section of
this report. .

13, Within the precipitator tube housing, the oil flows by gravity
feed to the precipitator tube. The overall R.T. Ferrograph oil
sampling system recycles automatically whenevexr ".1 of the oil in the
R.T., Ferrograph reservoir has drained out an¢ .. air bubble passes
across the reference photo resistor. This change in light intensity
causes a pulse which shuts off the electromagnet and recycles the pump
unit. This process cleans the precipitator tube of any particulates
and recharges the system reservoir. After operating in this manner
for 30 seconds the sensor is reactivated,
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Analytical Ferrograph

14, The Analytical Ferrograph is a laboratory device, developed by
Foxboro/Trans-Sonics, which is used to precipitate wear particles con-
tained in an oil sample. The wear particles are precipitated according
to size on a specially coated glass slide by means of a highly divergent
magnetic field similar to that of the R.T. Ferrograph. This resulting
slide is called a Ferrogram. A microscopic examination of the Ferrogram
is used to help determine the wear mechanism by which the particulates
were generated. This examination reveals the nature of the particles;
e.g. material type and type of wear (reference 4). The most heavily
precipitated portion of a Ferrogram is the area where the o0il sample
begins to deposit onto the slide. An analysis of the density and height
of this "entry area" shows that these variables are closely related to
the severity of the wear regime of the system from which the sample was
obtained. :

General Electric Oil Monitor (GEOM)

15. The GEOM is a bench mounted device which is used to analyze a small
0il sample (usually 20 milliliters) by means of the scatter and atten-
uation of a beam of light passing through the sample. The light scatter-
ing output is related to the particulate concentrations in the sample
while the attenuation is related to the color and degradation of the oil.
Figure 10 shows a diagram of the sensor. The light source is a beam of
highly concentrated infrared radiation. Directly opposite the light
source (180°) is the attenuation photodiode, and at 90° from the source
the scatter photodiode.

16. The GEOM outputs are scatter, attenuation, and a reference calibrar~
tion check. They are read on a dial meter and are controlled by a meter
selector switch. Prior to operation of the system a calibration is re-
quired with clean unused oil of the type being monitored. This calibra-
tion is set by zero and span potentiometers, located inside the rear of the
control box. To operate the monitor an oil sample is either poured into
the sensor assembly or the assembly placed in an oil tank, and the test
button is depressed after which the reading for the particular channel
being observed is indicated on the meter dial.

United Technologies Research Center (UTRC) X-ray Wear Metal Monitor

17. The UTRC X-ray Wear Metal Monitor is an in-line X-ray fluorescence
system and operates as shown in Figure 1ll. As oil flows through the
sensor chamber, two radioactive isotope sources (plutonium 238; 30
millicuries) irradiate it with X-rxays through transparent windows. As
the oil is bombarded by these X~-rays there is a movement of electrons
from the inner (K) shell of the iron atom which causes a shift in
electrons from the outer shells to fill in the voids. This motion is
accompanied by the emission of secondary X-rays or photons (fluorescence)
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which are characteristic of the excited material, e.g. iron. This
activity is sensed by an argon/methane gas filled proportional counter
which yields an output in the form of millivolt analog pulses. These
pulses are then put through a signal processer, which contains the
logic and gating circuitry to convert the pulses to digital form for
analysis of concentration of the iron in parts per million. Additional
details concerning this device can be obtained from reference 5.

Royco Particle Counter

18. A Royco Particle Counter was also used during this test program to
determine the number of particles in a specific volume of oil following
various degrees of filtration. The Royco Instruments, Liquidborne
particle counter, Model 345 (counter), Model 342 (adsorption and scatter
sensor) is a laboratory instrument. This instrument gauges the size of
particles going through a 400 micrometre sample cell by means of the
scatter and attenuation of a very sharply defined beam of light focused
through the sample cell. A photodiode is used as the light sensor on
each channel. As a particle passes the light beam, the photodiodes
sense a reduction in light and generate a signal pulse. The amplitude
of this pulse is related to particle size while the duration is propor-
tional to particle length. The particle counter then takes a running
average of the concentration of particles in the various predetermined
size ranges and displays the output on a digital screen. The system is
sensitive to particles from two micrometres in diameter to 400 micro-
metres in diameter in concentrations up to 100,000 per 100 cubic cen-
timetres. An internal calibration allows the detection circuit to
correct for color variations in the sample being analyzed.

19. sSample analysis is performed by first subjecting the test sample to
a vacuum. This process reduces the quantity of air in the test sample,
i.e., air will cause erroneous readings since the bubbles can deflect
light. Afterwards the oil is poured into a sample holder on the sensor
and pumped past the optical system.

METHOD OF TEST

1. Disc scoring tests and rolling element bearing fatigue tests were
conducted in order to simulate both gear and bearing type failures. Three
series of disc scoring tests and one series of rolling element bearing
fatigue tests were conducted and are described as follows:

2, Disc Scoring Tests

a. Test Series 1l: The purpose of this test series was to determine

the response of the R.T. Ferrograph with time by using slide=to-roll ratio
as a parameter. As the slide-to-roll ratio increases, the severity of
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wear increases and the wear particle size distribution is also expected
to change. Therefore, the R.T. Ferrograph's ability to reflect differ-
ences in wear particle size distributions and the magnitude of the wear
can be evaluated., The test conditions were:

(1) Load - 4741 N (1066 1bs)
(2) Max. Hertz Stress 1.73 GPa (248 KSI)
(3) One test run at each of the following speed conditions:

Slide-to-roll ratio

IvA - VBI Va (lawer roller), Vp (upper roller),
. LT m/s (inch/sec) m/s (inch/sec)
Va * Vg
0 3.49 (137.4) 3,49 (137.4)
0.1 3.49 (137.4) 4.25 (167.5)
0.2 3.49 (137.4) 5.27 (207,5)
0.27 3.49 (137.4) 5.91 (232.5)
0.33 3.49 (137.4) 7.05 (277.6)

(4) Lubrication - jet

(5) No filtration was used

(6) Test duration: Four hours or until scoring, which ever
occurs first

(7) 0Oil monitors used: R.T. Ferrograph and SOA

b. Test Series 2: This test was originally intended to evaluate
the effect of filtration on the R.T. Ferrograph effectiveness using
elliptical drive gears so that the test disc would experience a vary-
ing slide-to-roll ratio. This varying slide-to-roll ratio was intend-
ed to closely simulate gear tooth action. However, only a baseline
test using no filtration was run. Continued testing was cancelled be-
cause the baseline test was too time consuming. The filtration tests
were then run using a constant slide-to-roll ratio and are described
in "Test Series 3". The results of the baseline test for Test Series 2
are of interest and are reported herein. The test conditions for the
one test conducted were:

(1) Load - 26980 N (6066 1lbs)

(2) Maximum Hertz Stress - 3.05 GPa (442 KSI)

(3) Slide-to-~roll ratio - 0,0 to 0.2

(4) Speed of drive gear - 91.6 rps (875 rpm)

(5) Filtration - none

(6) Lubrication - jet

(7) Test duration - until scoring failure occured

(8) 0il Monitors used; R.T. Ferrograph, SOA, UTRC X-ray, GEOM
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c. Test Series 3: This test series was to determine the effect
of oil filtration on the detectability of scoring type failures. Test
conditions were:

(1) Load - 4741 N (1066 1lbs) until failure; reduced to 2518 N :

(566 lbs) after failure :
(2) Hertz Stress 1.73 GPa (248 KSI) to failure

1.38 GPa (201 KSI) after failure

(3) Slide-to-roll ratio - 0.33
(4) Vg (Velocity of upper roller) = 7.05 m/sec (277.6 inches/sec)
(5) Vp (Velocity of lower roller) = 3.49 m/sec (137.4 inches/sec)
(6) Filtration level: one test was run at each of the

following nominal levels:

No filtration : |
75 micrometres :
40 micrometres
25 micrometres
10 micrometres

(7) Lubrication - jet

(8) Test duration - The roller discs were run at 4741 N (1066 1lbs)
until a scoring failure occurred., The load was then reduced
to 2518 N (566 1bs) for five minutes after which the 4741 N
(1066 1b) load was reapplied. This process was followed until
three scoring events occurred. ,

(9) Oil Monitors: R.T. Ferrograph, SOA, GEOM, and during
selected tests Royco Particle Counter, Analytical Ferrograph

(10) At the completion of each of the scoring tests the oil in
the system was recirculated for five minutes through each succes-
ively finer filter than that with which the test was conducted.
Readings on the applicable o0il monitors were obtained at each
filtration increment. This series is referred to as a
"recirculating oil series" throughout the text of this report.

3. Rolling Element Bearing Fatigue Tests: This test series was run to
' determine the effect of filtration on the detectability of bearing contact
‘fatigue type failures. Test conditions were:

S

a. Load - 18085 N (4066 1bs) prior to fatigue spall
! - 4741 N (566 1lbs) after spall
j - Note: generation of a fatigue spall was accelerated by
etching the inner race of the test bearing.
E b. Speed - 549.8 rps (520 rpm)
! C. One test was run at each of the nominal filtration levels
f No filtration
75 micrometre
- ! 40 micrometre
§ 25 micrometre
- 10 micrometre

- "
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d, Test duration - The test bearings were run at the 18085 N
(4066 1b) load until an initial spalling failure occurred. Testing was
then continued at a reduced load of 4741 N (566 1lbs) in oxder to avoid ex-
cessive vibration. The test bearing was examined everxy four hours to
determine the extent to which the damage had propagated, The test was
terminated whenever the spall had progressed halfway around the inner
raceway or until machine vibrations were excessive, Typical initial and
final fatigue spalls are shown in Figure 12,

e. Oil Monitors: R.T. Ferrograph, SOA, UTRC X-ray, GEOM and during
selected tests the Royco Particle Counter and the Analytical Ferrograph.

f. Recirculating oil series = performed at the completion of each
test.

4, During the entire phase of each test series the bulk oil temperature
in the system sump was maintained at 310,9°c (100°F).

DISCUSSION AND ANALYSIS OF RESULTS

1. This section is divided into eight major sub-headings. The first sub-
heading is concerned with the interpretation of the outputs of the R.T.

Ferrograph. The second two sub-headings are concerned with the discussion
of the results of the test series as described in the "Method of Test" E
section. The remaining major sub-headings discuss and analyze various 3
aspects of the data for comparison and correlation. 2

Discussion of R.T. Ferrograph Outputs

2, The outputs of the R.T. Ferrograph unit are digital representations

of the percentage area covered with particles at two locations on the
precipitator tube. These outputs are denoted as AL for percentage large
area covered (particles greater than 2 micrometres), and A, for per-
centage small area covered. For simplicity in the monitoring of machinery
it is desirable to combine the outputs (A; and Ag) of the R.T. Ferrograph
in some manner into one index which will be indicative of the wear or
failure in progress. Currently, three such indices have been suggested:

AL
A a. SIL = XS; This index indicates the severity of wear as the ratio
{ of large to small particles. It was thought that the
b sudden disproportionate increase in the number of large
v, particles would indicate an abnormal wear mode.

b. SI; = Ap, (Ap = Ag); This index indicates the severity of wear
as the difference between the output values of large
and small particles weighted by the output value of
the large particles, Again any sudden disproportionate
increase in large particle count indicates a severe
wear regime.

LR
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c. SI3 = (A2 - Ag?) = (A, + Ag) (Ap, - Ag); This index indicates
the severity of wear as weighted by both the sum and
difference of the particle size distribution. It may
also be viewed as SI3 plus a weighting factor for
variations in the small particle distributions, i.e.
SI2 + Ag (A, - Ag).

3. A majority of the figures in this report are presented in terms of
SI; as it was preferred at the time the figures were prepared. SI3 has
since evolved as the preferred index due to its greater sensitivity.

The Disc Scoring Test Series

4. As stated in the "Method of Test Section" the purpose of this series
of tests was to determine the ability of the R.T. Ferrograph to dis-
tinguish among various levels of wear and different particle size dis-
tributions. Five tests were run each at different levels of slide-to-roll
ratio (0.0, 0.1, 0.2, 0.27, 0.33). The severity of wear increases with
increasing slide-to~-roll ratio. This test series was run at a load of
4741 N (1066 lbs). No filter was used in any of these tests. Each test
was run either for four hours or until scoring occurred on the discs.
The results are shown in Figure 13 for the two Severity Indices SI and
SI3 and for the SOA. It can be seen that there is a clear and direct
relationship between the R.T. Ferrograph response and the wear severity
levels.: In the three cases where no failures occurred the R.T.
Ferrograph readings increased slightly and then leveled off indicating

a normal-wear condition. The initial increase in output is a reflection
of break-in wear during which the surface asperities are being sheared
off. The two cases in which a failure occurred showed a continuously
increasing R.T. Ferrograph output with time as reflected by the two
severity indices and SOA. The R.T. Ferrograph output and the rate of
increase of this output was higher for the more severe operating conditions.
The R.T. Ferrograph severity indices also correlated well with the con-
centrations of iron in the system as determined by SOA. The severity
index SI; is shown plotted in fiqure 14. Unlike the other two indices,
SI; shows no clear trends with time and with slide-to-roll ratio. How-
ever, examination of figure 14 shows that after a period of running (for
example at the 1.5 hour mark) the SI, index decreases with increasing
slide=-to-roll ratio. One can infer from this that the small particles
are being generated at a proportionately higher rate than the large
particles as the severity of wear increases. The data generated in this
test series is given in Appendix A.

5. A second type of test was run using elliptical phasing gears (Test
Series 2). The test discs were subjected to sinusoidally varying
accelerations and decelerations with a maximum slide-to-roll ratio of
0.20. This phasing simulates the operation of a gear under a constant

11
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load (stress). Data from this test were obtained for the R.T,
Ferrograph, SOA, GEOM, and the UTRC X-ray unit. The outputs of these
units are plotted, in Figure 15, for comparison in effectiveness. As
can be seen, all of the oil monitors reacted in the same manner by
increasing slowly during the test and rapidly as failure was reached.
The increase in the outputs of the oil monitors was high as scoring
failure occurred for all except the GEOM which exhibited a relatively
shallow increase. (Only the scatter channel data was used for the
GEOM since a linear regression analysis showed a correlation coefficient
of 0.99 on a comparison of the scatter and attenuation). The data are
presented in Appendix B for the oil monitors concerned.

6. The trend in aircraft turbine engines is towards finer filtration
in the lubrication system as shown in Figure 1. This also indicates
that the operating environment of an oil monitoring failure detection
device will vary, i.e. the number and size of particulates will be
different from engine to engine. In order to determine the effects

of finer filtration on the ability of the oil monitors to detect an
abnormal wear situation, a series of disc scoring tests were performed
with steel mesh filters having nominal ratings of 10, 25, 40 and 75
micrometres installed in the GRTM lubrication system. One additional
test was run without filtration.

7. The results of the test series are presented in Figure 17. Each
test was normalized with respect to running time for ease of comparison
in identifying wear trends. A "recirculating oil series" as described
in "Method of Test" section was run at the end of each test and is shown
in the second half of each graph in Figure 17.

8. At the "no filter", 75 micrometre, and 40 micrometre filter levels
the GEOM and SOA showed an abnormal (high) wear condition. The R.T.
Ferrograph shows similar trends with the "no filter" and 75 micrometre
conditions but at the 40 micrometre level it shows an initial increase
and then a decrease in severity level. This suggests that while an
initially significant concentration of particles was generated, the rate
of filtration was greater than the rate of wear generation. During the
25 micrometre and 10 micrometre filtration tests the GEOM, SOA and the
R.T. Ferrograph (SI;) show gradual increases but these are rather in-
significant considering the magnitudes of the outputs of these oil
monitors at the other filtration levels. These data would again tend to
prove that the filtration rate was greater than or equal to the wear
generation rate. Appendix C contains the detailed data generated during
this test series.

9. 0il samples obtained from the sump of the test system were submitted
for a particle count analysis, Figure 18 shows the wear particle distri-
bution for the disc scoring series. All of these counts are normalized
with respect to clean unused MIL-L-23699B from the same iot as was used
for this test series. Figure 18 indicates that the majority of wear
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particles generated are in the 2-10 micron range. The second largest
group of particles are in the 10-25 micron range. These two groups
taken together constitute over 99 percent of all particles generated.
Therefore, the overwhelming majority of particles generated from a
scoring type of wear process are below 25 microns in size. An
apparant anomaly in Figure 18 is that in some cases, particle sizes
(in ranges larger than 25 micrometres) were recorded which were con-
siderably larger than the size for which the corresponding filter was
rated. The number of particles in such cases are considered only a
trace amount compared to the total number of particles below 25 micro-
metres in size and the readings are possibly attributable to errors in
recording equipment and/or the agglomeration of small particles into
apparent larger particles. Figure 18 shows that use of the 10 or 25
micrometre filter did not substantially reduce the number of particles
in the 2-10 micrometre range but did for the 10-25 micrometre range. ]
This fact taken together with the previous data (Figure 17) showing that
the R.T. Ferrograph could not detect failures using 10 and 25 micron
filters indicates that the R.T. Ferrograph is: (a) not capable of
detecting particles in the 2-10 micron range and, (b) is most sensitive
at detecting particles in the 10-25 micrometre range. On the other
hand Figure 17 shows that the GEOM and the SOA do show a gradual in-
crease in reading during the 10 and 25 micrometre filtration series in-
dicating a better responsiveness than the R.T. Ferrograph to particles
in the 2-10 micrometre ranage.

Bearing Fatigue Tests

10. As described in the Method of Test Section, a series of five tests
were run with double flanged outer race, single flanged inner race,
sixty millimetre bore roller bearings (SKF NJ212). These bearings had
eight of the sixteen roller elements removed and the inner raceway
etched to accelerate the failure. After the initial failure (fatigue
spall) the damage was allowed to propagate halfway around the inner
raceway to insure a high level of particle contamination.

1l. The data generated during these bearing fatigue tests are presented
in Figure 19. The arrows indicate when initial spall failure took
place. In the "no filter" case, the bearing failed due to excessive

cage wear rather than fatigue spalling. The R.T. Ferrograph results show
no indication of failure at the 40 micrometre level or below. At the 75
micrometre and the no filter levels the increasing trend in reading

level indicates a failure in progress. On the other hand both the GEOM
and the SOA show increasing wear trends with time at all filtration levels
except for the ten micrometre level. It can also be seen in Figure 19
that the recirculation test results indicate a reduction in reading with
decreasing filter rating for all the monitors. However, the effect is
most dramatic with the R.T. Ferrograph.

13
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12, The UTRC X-ray wear metal monitor was run only in the case in
which no filter was used and therefore the results are not shown in
Figure 19. Comparison of it with the other monitors is shown in
Figure 20. All of the oil monitors show the same trends, indicating

a high initial increase and then leveling off. However, the PPM level
of iron indicated by the X-ray unit was much lower than that of the
emission spectrometer.

13. Again as in the scoring tests the preponderance of wear particles

are in the 2-10 and 10-25 micrometre range as shown in Figure 21, Unlike
the scoring tests, the ten micrometre filter was able to trap particles in
the 2-10 micrometre range. This was perhaps due to the fagt that the bear-
ing tests ran much longer which allowed the filter sufficient time to
"plug up" with larger particles and effectively become a finer filter,
Also unlike the scoring tests, there appears to be no relationship

between the response of the R,T. Ferrograph and the particle size
distribution. For example in the case of the 75 and 40 micrometre

filter tests where the particle count distributions are very similar,

the R.T. Ferrograph responds (see Figure 19) positively to the 75
micrometre test and negatively to the 40 micrometre test. On the other
hand the GEOM and SOA show a positive response in all cases where the
particle count is high in the 2-10 and 10-25 micrometre ranges and a
negative response when the particle count is low in these ranges. 1In
addition the bearing test results on the GEOM and SOA detectors are
consistent with those in the scoring tests.

14, Appendix D tabulates the data generated during the Bearing
Fatigue Tests.

Summary of the Effectiveness of the 0Oil Monitors at Various Filtration
Levels

15. The data presented thus far was reviewed for each monitor and a
subjective judgement was made to determine the effectiveness of each
monitor at the various levels of filtration. These results are given

in Table I for both the disc scoring and bearing fatigue tests. 1If

a monitor was not evaluated at a particular filtration level, an N,T.
(Not Tested) is indicated in the table. "Marginal" indicates that

the data showed a possible, but not clearly definable, trend towards
indicating a failure. The tests run at the coarser level of filtration
show all of the oil monitors clearly indicating a failure. As the

level of filtration becomes finer, the ability of all of the oil monitors
lessens as shown in Table I, Also Table I shows that the GEOM and the
SOA are effective over the widest filtration range. The R.T. Ferrograph
is ineffective below the 40 micrometre filtration level.

Comparison of Various Severity of Wear Indices

16. Three Severity Indices described earlier were compared for a re-
presentative disc scoring test, namely the test in which the 75 micrometre

14
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filter was used. The values of Ap, Ag, SI;, SI, and SI3 are given

in Appendix C and SIj, SI2, SI3 are plotted graphically in Figure 22.
It can be seen that the SI] ratio is a poor indicator of failure be-
cause at extremely low values of Ay and Ag where very little particle
generation is taking place, large values in severity index occur, which
falsely indicates a failure. This confirms the results obtained in
Figure 14 where SI; is plotted for various slide-to-roll ratio tests.
Figure 22 shows that the other two indices performed well in indicat-
ing the first scoring failure. SI; and SI3 both show an initial in-
crease, a leveling off and then a slight decrease.

Effects of Oil Volume on the Outputs (A;, AND Ag) of the R.T. Ferrograph

17. The data generated during all of the tests shows that at filtration
levels of less than 40 micrometres the R.T. Ferrograph outputs and
severity Indices are not sufficiently large or sensitive to indicate a
failure or abnormal wear. This problem may possibly be resolved by
passing a larger volume of oil through the R.T. Ferrograph and con-
sequently depositing an increased number of both large and small
particles. Data has been generated to show the relationship between the
oil volume passed through the R.T. Ferrograph and the outputs of the
R.T. Ferrograph. Figure 23 shows that increasing the oil volume sig-
nificantly increases the magnitudes of the outputs Ar, and Ag, It can
also be seen that this relationship is linear (a linear regression
analysis yields a correlation coefficient of 0.99 for all cases). The
effects of oil filtration on the output magnitude can therefore be com-
pensated for by increasing the oil sample volume. The data in Figure

23 was generated using the oil remaining after the completion of the 25
micrometre filtration test for both disc scoring and bearing fatigue tests.

Effects of O0il Volume on the Sensitivity of the R.T. Ferrograph
Severity Index

18. Figure 23 shows that the relationship between the percentage area
covered for both the large and small particles and oil volume passed
through the R.T. Ferrograph is linear. These relationships can there-
fore be expressed as follows:

Ar, = mp, Vo + by, Equation (1) E
Ag = mg Vo + bg Equation (2)
where mp, = is slope of the line for large particles

mg = is slope of the line for small particles

A; = Percent area covered - Large particles

Ag = Percent area covered - Small particles

by, = constant (A;, intercept)

bg = constant (Ag intercept)

Vo = Volume of 0il passed through R.T. Ferrograph.

15
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19. The Severity Index (SI3) is defined as: ]
SI3 = Ap? - Ag? ]
then substituting equations (1) and (2) yields ;
SI3 = (mg Vo)2 = (mg vo)2 Equation (3).
The assumption was made that by = bg = 0 since the
R.T. Ferrograph autozero cycle does this automatically at the start of
each cycle. The sensitivity of this Severity Index with respect to
oil volume can be characterized by taking the derivative of Equation (3)
with respect to Vo. This yields

v

d_(SIy) = 2 Vo (mL2 - msz) Equation (4)

d Vo g
The sensitivity of this Severity Index is therefore dependent upon the
difference of the squares of the rates of increase of the R.T.
Ferrograph outputs, Ar and Ag, and on the quantlty of 0il passed through
the system. The effect of the parameter (mp,“ - mg ) with respect to
SI3 per unit volume of oil is shown graphically in Figure 24, The lines
in Figure 24 for (mL - msz) = 0.110 and (mL2 - msz) 0.097 are for the
rolling element bearing fatigue and disc scoring test data presented in
Figure 23. Figure 24 illustrates that the sensitivity of the Severity
Index (SI3) can be adjusted with variations in oil volume to accomodate
the operating characteristics of the equlpment being monitored. For
example it can be seen that if (mL2 - mg 2) = 0 then the Severity Index
(8I3) is insensitive since the rates of change in percent area covered
per unit volume of oil between large and small particles are equal. As
the parameter (mL2 - mg2) increases, then the rate of change of SI3 per
unit volume of o0il increases more rapidly with increasing volume of oil
flow. It should be noted that for a normal wear regime, the parameter
(mL - mg ) will remain essentially constant and as a system progresses
towards failure it will increase. Therefore, for any particular system,
the o0il volume selected should be in a sensitivity range which will
indicate changes in the Severity Index (SI3) without severely affect-
ing the repeatability of the reading. For example, helicopter trans-
missions are expected to generate many more large particles than small
particles in a manner such that (mL2 - mg?) is a large number. In this
case it is desirable to use a small volume of oil to compensate for 3
the high sensitivity of the Severity Index (SI3). Conversely if the
equipment generates particles such that (mL2 - msz) is small, then a
large volume of oil is desirable in order to obtain sufficient sensitivity
to provide an adequate measure of the wear in the system being monitor-
ed, In addition, if the filtration level used in a particular system
is so fine that (mL2 - mg 2) js very close to or equal to zero then an
increase in o0il volume, no matter how large, will not influence the
Severity Index (SI3).

Correlation of the R.T. Ferrograph with the Analytical Ferrograph

20. The Analytical Ferrograph, as previously described, is a laboratory
device which is used to precipitate wear particles, from an oil sample,
onto a glass slide (Ferrogram) for microscopic examination. The area at

16
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which the particles are first deposited onto the Ferrogram is an im=
portant parameter for wear indication and is analogous to the Ap, out-
put of the R.T. Ferrograph. For comparative purposes, Ferrograms

were produced from oil samples obtained during the disc scoring and
rolling element bearing fatigue tests conducted at the 75 micrometre
filtration levels. In addition, Farrograms were produced for each

of the recirculating series after the tests. Comparisons were then
made for the A; (R.T. Ferrograph output) and the height of the entry
deposit on a Ferrogram for readings and samples obtained simultaneously.
Figure 25 shows a comparison of the results obtained in .the disc test
and Figure 26 shows a comparison of the results obtained in the bear-
ing tests. These figures show a good correlation of trends between the
R.T. Ferrograph A; output and the entry deposit height. This lends
confidence to the ability of the R.T. Ferrograph to accurately reflect
characteristics of the Analytical Ferrograph.

17
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LIST OF SYMBOLS AND ABBREVIATIONS USED IN TEXT
Symbol/Abbreviations
Ap - R.T..Ferrograph output - percent area
covered at large particle position of
the precipitator tube
Ag = R.T. Ferrograph output - percent area
covered at small particle position of the
precipitator tube
GEOM - General Electric 0il Monitor
GRTM - Geared Roller Test Machine
SI; - Severity of Wear Index = f&
fig
SI, = Severity of Wear Index = Ap (AL - As)
SI, - Severity of Wear Index = AL2 - Asz
SOA - Spectrometric 0il Analysis by
: Emission Spectrometer
UTRC X-ray - United Technologies Research Center

X-ray Wear Metal Monitor
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Figure 4. DEFINITION OF VELOCITY TERMS FOR GRTM

UPPER ROLLER

fe

LOWER ROLLER

e

VB = Tangential Velocity of Upper Rollers

;
- Vp = Tangential Velocity of Lower Roller
Vo *+ Vg = R = Rolling Velocity
IVA - VB| = § = Sliding Velocity

s
R = Slide-To-Roll Ratio
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Figure 5. APPLIED TEST ROLLER LOAD VS.
MAXIMUM HERTZ STRESS FOR GRTM
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Figure 9. INTERNAL OIL FLOW & OPTICAL SYSTEM OF AT
‘ FERROGRAPH '
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FIGURE 14: COMPARISON OF THE R.T. FERROGRAPH SEVERITY INDEX (SI]) FOR
VARIOUS SLIDE-TO-ROLL RATIOS ON THE GRTM
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OIL FILTER-NOMINAL MICROMETRE RATING

FIGURE 16. NOMINAL MICROMETRE RATING FOR VARIOUS
: ENGINE OIL FILTERS
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FIGURE 17. OIL MONITOR READINGS VS PERCENT
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NAPC-PE-2

FIGURE 19. OIL MONITOR READINGS VS PERCENT
RUNNING TIME FOR THE BEARING TEST SERIES
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NAPC-PE-2
TABLE I

EFFECTIVENESS OF THE OIL MONITORS AT VARIOUS FILTRATION LEVELS

A. Bearing Fatigue

Filtration Level (Micrometre

Monitor Rone 5 40 25 10
R. T. Ferrograph Sat.| Sat.|Unsat{Unsat{Unsat,
SOA Sat.| Sat.| Sat. |Unsat{Unsat| E
GEOM Sat.| Sat.| Sat.| Sat.|Unsat, ;
UTRC X-ray Sat. |N.T. |Unsatd N.T.|N.T. 3

it

B. Disc Scoring

Filtration Level (Mircrometre]

Monitor 75 25 10
R. T. Ferrograph |Sat. |Sat. M Unsat JUnsat 4

SOA Sat. [Sat. [Sat. | M M

GEOM Sat. [Sat. [Sat. | M M

UTRC X-ray Sat. |[N.T..[IH.T. N.T. K.T.
3. : LEGEND: Sat. - Satisfactory

i Unsat. - Unsatisfactory

N.T. Not Tested

M Marginal

45
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NAPC-PE=-2
APPENDIX A

DISC SCORING TEST SERIES

Load 4741 N (1066 1lbs)
No Filtration
Vp (Tangential Velocity of Lower Roller) = 3.49 m/sec (137.4 ips)

Elapsed

Time Slide/Roll R.T. FERROGRAPH

(Hrs.) Ratio Ar, Ag SI) SI2 SI3
0.0 0.33 1.7 0.3 5.7 2.4 2.8
0.5 0.33 52,0 15,0 3.5 1924.0 2479.0
1.0 0.33 63.0 22.0 2.9 2583.0 3485.0
1.5* 0.33 74.5 32.8 2.3 3107.0 4474.0
0.0 0.27 3.2 1.3 2.46 6.1 8.6
0.5 0.27 40.0 13,5 2.96 1060.0 1418.0
1.0 0.27 45,3 17.0 2.66 1282.0 1763.0
1.5 0.27 51.1 23.6 2,17 1405.0 2054.0
2.0 0.27 58.5 28.8 2.03 1738.0 2593.0
2.5 0.27 62.1 32.8 1.89 1820.0 2781.0
3.0% 0.27 70.9 35.8 1.98 2489.0 3745.0
0.0 0.20 0.7 =~0.4 -1.75 Q.8 Q.3
0.5 0.20 24.5 8.2 2,99 399.4 533,0
1.0 0.20 26.7 9.5 2.80 459.2 622.4
1.5 0,20 26.9 10.2 2.60 449.2 619.6
2.0 0.20 25.0 9.7 2.60 382,5 530.9
2.5 0.20 23.0 8.9 2.60 324.3 449.8
3.9 0.20 21.4 8.7 2,50 271.8 382.3
3.5 0,20 21.0 8.4 2.50 264.6 370.4
4,0%* 0.20 19.0 7.8 2.40 212.8 300.2
0.0 0.10 0,7 0.2 3.50 0.4 Q.5
0.5 0.10 10.1 2R 3.70 74.7 94,7
1.0 0.10 11.9 3.7 3.20 97.6 127.9
1.5 0.10 13.7 4.4 3,10 127.4 168.3
2.0 0.10 13.5 4.8 2.80 117.5 159.2
2.5 0.10 13.0 4.8 2,70 106.6 146.0
3.0 0.10 14.2 5.3 2,70 126.4 173.6
3.5 0.10 14.3 5.2 2,75 130.1 177.5
4.,0" 0.10 14.2 5.6 2.50  182.1 170.3
0.0 0.0 3.2 0.5 6.40 8.6 10.0
0.5 0.0 12.7 3.0 4,23 123.,2 152.3
1.0 0.0 13.0 3.8 3.42 119.6 154.6
1.5 0.0 16.0 4.0 4,00 192.0 240.0
2.0 0.0 18.0 4.8 3,75 237.6 301.0
2.5 0.0 18.7 5.9 3.17 239.4 314.9
3.0 0,0 17.5 5.5 3.18 210.0 276.0
3.5 0.0 15.9 5.5 2,89 165.4 222.6
4,00* 0.0 14.8 5.1 2,90 143.6 193.0
* Scored at end of test

**No scoring

A-1

SOA

PPM (Fe)

18

100

24

49

75
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NAPC-PE-2
| APPENDIX B
ELLIPTICAL GEAR TEST
Load to 26980 N (6066 1bs)
No Filtration
Slide/Roll Ratio - sinusoidally varied between 0 and 0.2
Wp (rotational velocity of driving gear) - 91.6 rxps (875 rpm)
Elapsed UTRC
Time R.T. FERROGRAPH GEOM SOA X-RAY
(Hrs.) A Ag SIy SI2 SIj Scatter Attentuation PPM(Fe) PPM(Fe)
0.0 0.5 =-0.1 =5.00 0.06 0.24 18 10 5 1.6
1.2 = - = = - 36 17 10 0.93
2.1 5.8 2.9 2,00 16.8 25,2 45 20 9 7.6
3.2 5.3 3.3 1.61 10.6 17,2 43 22 10 6.0
4.1 5.0 2.5 2.00 12.5 18.8 42 21 10 7.0
4.5 2,1 2.7 0.78 1.3 =2.9 42 20 10 8.0
5.0 5.0 3.2 1.56 9.0 14.8 45 20 10 8.1
5.6 B 33 XT3 N30T 22106 45 20 11 5.5
6.3 Ss1 3.0 170 ‘1057 17.0 45 21 < 11 5.6
6.6 5.4 2.8 "1.93 14.1 21.3 48 22 11 6.8
7.3 5.6 2.7 2,07 16.2 24.1 50 22 14 6.5
7.7 S.7. 3.3 173 13,7 @ 21.6 50 22 12 8.3
8.0 5.4 3.1 174 12.4 19.6 50 23 12 5.0
8.3 553 2.8 1.89 13.3 20.1 50 24 12 10.7
8.6 S« 3.1 1.65 10.2 16.4 50 25 14 8.9
8.9 5.0 3.4 1.47 8,0 13.4 50 26 13 - ;
9.2 Sv5. 3¢5 1957 THIN0T 1800 55 28 15 8.5
9.4 6.5 4.3 1.51 14.3 23.8 60 30 15 13.8
9.8 7.1 4.5 1.58 18,5 30.2 70 40 16 8.2
10.1 7.8 5,2 1.500 20,3 33.8 80 50 18 12.9
10.5 12,5 7.4 1.65 63.8 101.5 85 60 22 15.8
10.6# 13,9 8.1 1.72 80.6 127.6 920 65 29 23.8

* Scored at end of test

B-1
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load: 4741 N (1066 lbs) to scoring, 2518 N (566 lbs) for 5 minutes after scoring

APPENDIX C

DISC SCORING TEST SERIES

then reload to 4741 N (1066 1lbs).

Va (Tangential Velocity of Lower Roller) = 3.49 m/sec (137.4 ips)

Filter Rating:

Elapsed
Time

(Hrs.)

MNNH:"OOO
OO ®OMEWOW®D®O
N
<=
L]
[

FILTER RATING
CuM)
75
40
25
10

No filter

R.T. FERROGRAPH

GEOM

NAPC-PE-2

SOA

Scatter Attentuation PPM(Fe)

Ag SI SI2 SIy

il = - = 0
6.5 1.9 77.4 118.8 23
11.8 1.8 208.6 323.0 42
13.8 2.0 360.4 544.0 55
14.3 1.9 346.9 529.9 55
13.4 1.9 323.8 491.3 60
14.5 1.9 333.6 513.4 70

FILTRATION SERIES

14.4 1.8 279.4 437.8
12.6 1.9 266.6 407.7
15.2 1.6 224.5 364.3

4.3 1.1 2.4 4.6 50

Cc~1

-2
16
36
40

50

S5
60

41

1

20

28

22

Event

b AN b it B sl

Scoring




NAPC-PE-2

APPENDIX C

DISC SCORING TEST SERIES

Load: 4741 N (1066 1lbs) to scoring, 2518 N (566 lbs) for 5 minutes after scoring
then reload to 4741 N (1066 1lbs).

Va (Tangential Velocity of Lower Roller) = 3.49 m/sec (137.4 ips)

Filter Rating: 75 Micrometre

Elazsed
Tine R.T. FERROGRAPH GEOM SOA Scoring |
(Hrs.) A Ag SIy SI2 SIj Scatter Attentuation PPM(Fe) Event ;
|
0.0 0:7 0.0 1.0 0.4 0.5 20 7 4 |
0.4 34,6 19.7 1,8 515.5 809.1 105 85 * |
0.6 37.8 21.7 1.7 608.6 958.0 130 110 44 |
0.9 39.9 24.3 1.6 622.4 1001.5 140 125 * |
1.3 39.1 24.9 1.6 555,2 908.8 155 130 52 * |
; FILTRATION SERIES |
FILTER RATING
(um) . . |
40 30.6 19.3 1.6 345.8 563.9 145 125 44 |
25 25.0 18,3 1.4 167.5 290,1 140 125 45
10 10.0 8,6 1.2 14.0  26.0 100 20 32

B o

P
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4741 N (1066 1lbs) to scoring, 2518 N (566 lbs) for 5 minutes after scoring

APPENDIX C

DISC SCORING TEST SERIES

then reload to 4741 N (1066 1lbs).

Filter Rating:

40 Micrometre

R.T. FERROGRAPH

NAPC~PE-2

Va (Tangential Velocity of Lower Roller) = 3.49 m/sec (137.4 ips)

SOA

Elapsed
Time
(Brs.) Ay,
0.0 0.3
0.7 22,5
1.7 24.3
1'9
2.1 24.7
2.7 22.8
3.0 21.9
3.3 21.6
3.8 19.6
4.4 19.0
FILTER RATING
"4ll)
25 19.0
10 10.8

As

-0.7
16.0
18,2

19,1

16.8
16.3
15.3
15.0

SI2

0.3
146.3
148,2

138.3
125.4
111.7
114.5
84,3
76,0

FILTRATION SERIES

SIy

-0.4
250.3
259,.3

245.3
220.6
197.4
200.9
150.1
136.0

10
55
80

85
85
85
80
85
85

76.0
10.8

136.0
20.6

C=3

80
85

42
65

65
70
70
70
65
75

65
70

Scatter Attentuation PPM(Fe)

29
46

45

44

48
45




NAPC-PE-2
APPENDIX C

DISC SCORING TEST SERIES

Load: 4741 N (1066 lbs) to scoring, 2518 N (566 1lbs) for 5 minutes after scoring

then reload to 4741 N (1066 1lbs).
V, (Tangential Velocity of Lower Roller) = 3,49 m/sec (137.4 ips)

Filter Rating: 25 Micrometre

Elapsed
Time R.T. FERROGRAPH GEOM SOA Scoring
(Hxs.) Ap Ag SI SI2 SI; Scatter Attentuation PPM(Fe) Event
0.0 3.0 1.1 2.7 5.7 7.8 20 7 5
0.6 4.2 3.0 1.4 5.0 8.6 22 10
0.9 3.9 3.2 1.2 2.7 5.0 22 10 6
1.4 4.5 4.0 1.1 2.3 4.3 25 14 8 *
1.5 .
1.8 7.8 5.3 1.5 19.5 32.8 29 17 10
2.3 7.9 6,3 1.3 12.6 22,7 35 20
2.3 8,6 6.9 1.3 14.6 26.4 32 22 11 *
FILTRATION SERIES
FILTER RATING
(M)
10 4.9 4.2 1,2 3.4 6.4 30 20 12




NAPC~PE~2
APPENDIX C
DISC SCORING TEST SERIES

Load: 4741 N (1066 lbs) to scoring, 2518 N (566 lbs) for 5 minutes after scoring
then reload to 4741 N (1066 lbs)., . -
V, (Tangential Velocity of Lower Roller) = 3.49 m/sec (137.4 ips)

Filter Rating: )0 Micrometre

Elapsed

Time R.T. FERROGRAPH GEOM SOA Scoring
(Hrs.) Ap Ag SI; SI2 SI3 Scatter Attentuation PPM(Fe) Event

0.0 -1.0 =-1,2 0.8 +0.2 =-0.4 4 0 1

0.6 6.6 5.5 1.2 7.3 13,3 35 25 %

0.6 7.6 6.5 1.2 8.4 15.5 33 24 13

1.3 9.1 7.6 1,2 13,7 25.1 34 25 16 *

1.6 9.9 8.2 1.2 16.8 30.8 37 23

1.6 8.9 7.2 1.2 15.1 27.4 26 20 16 o

C=5
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APPENDIX D

BEARING TEST SERIES

Load: 18085 N (4066 lbs) Prior to fatigue spall
: 4741 N (566 lbs) After spall

Speed: 549.8 rps (5250 rpm)

Filter Rating: No Filter

’i
|
|
|
|
|

CRES IR

Zlapsed
Tine R.T. FERROGRAPH
(drs.) Ar Ag SI; SI2 SsI3 Scatter Attentuation PPM(Fe)
0.0 3.3 1,4 2.4 6.3 8.9 3
0.2 61.2 32.0 1.9 1787.0 2721.4 95
0.5 68.0 40.0 1.7 1904.0 3024.0 100
FILTRATION SERIES
FILTER RATING
() .
75 55.0 33.1 1.7 1204.5 1929.4 125
40 . 52.8 31.6 1.7 1119.4 1789.3 125
235 - 19,4 13,3 1.5 118.3 .199.5 100
1o 9.4 6.6 1.4 26.3 44.8 65

Note: No spalling occurxed. Failure resulted from excessive cage wear.

D=1
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NAPC-PE-2
APPENDIX D
BEARING TEST SERIES 4
Zocd: 18085 N (4066 lbs) Prior to fatigue spall '
4741 N (566 1lbs) After spall
Speed: 549.8 rps (5250 rpm)
i
filter Rating: 75 Micrometre 1
%
Zlapsed 3
Tine R.T. FERROGRAPH GEOM SOA ]
(drs.) Ap Ag SI) SI2 SIj Scatter Attentuation PPM(Fe)
0,0 -0,3 0.2 =-1.5- 0.15 0.05 0 (o} 1
0.5 10.6 3.7 2.9 73.1 98.7 17 7 ;
0.9 22,2 8.9 2.5 295.3 413.6 22 10 6 4
; 1.4 30.7 10.7 2.9 614.0 828.0 27 14
{ 2.1 36,3 12.5 2.9 863.9 1161.4 26 16 : 9
! 2.4 37.0 12.8 2.9 895.4 1205.2 32 16 1
3.1 18.0 8.0 2.3 180.0 260.0 28 16 9
3.4 24.2 10.6 2.3 329.1 .473.3 33 18
| 4.0 27.9 13.3 2,3 435.2 B21.1 36 20 7
4.7* 32.1 12.4 2.6 632.4 876.7 45 25
’ 4,7 32.4 13.8 2.4 602.6 859.3 50 28 15 4
S.1 24.6 10.8 2.3 339.5 488,.5 28 16 13 ,
5.6 40,7 21.4 1.9 785.5 1198.5 34 22 17 i
6.0 51.1 24.8 2.1 1343.9 1996.2 37 20
6.5 54.1 26.6 2.0 1487.8 2219.3 39 23 19
7.0 52.1 26.3 2.0 1344.2 2022.7 43 26
7.5 52.1 26,7 2.0 1323.3 2001.5 45 28 20
8.0 49,5 25.7 1.9 1178.1 1789.8 45 28
8.6 46,6 25.8 1.8 969.3 1505.9 55 33 28
FILTRATION SERIES
FILTER RATING
(M)
40 36.5 21.0 1.7 565,.8 891.3 50 34 25
4 ‘ 25 31.0 19.6 1.6 353.4 576.8 55 33 24
= . 10 5.7 B 4.8 54.6 90.7 44 28 10
Et
AY *Bearing initial fatigue spall




NAPC-PE-2
APPENDIX D

BEARING TEST SERIES

load: 18085 N (4066 lbs) Prior to fatigue spall
4741 N (566 lbs) After spall

Speed: 549.8 rps (5250 rpm)

Filter Rating: 40 Micrometre
: Elapsed
Time R.T. FERROGRAPH GEOM SOA
(drs.) Ay, Ag SI SI2 SIj Scatter Attentuation PPM(Fe)

0.0 0.0 0.0 - 0.0 0.0 7 1 3
1.5* 12,7 6.5 2.0 78.7 119.0 13 : 7 .5
2.3 7.7 3.6 2.1 31.6 46.3 16 7 5
2,9 6.8 4.1 1.7 18.4 29.4 13 8 4
3.8 5.0 3.1 1.6 9.5 15.4 14 9 5
4.9 ‘5,0 2.3 2.2 13.5 197 15 10 6
5.9 4.6 2.3 2.0 10.6 15.9 16 10 6
6.6 8.0 4.4 1.8 28.8 44.6 21 15 8
7.6 11.1 6.1 1.8 55.5 86,0 32 21 8
8.5 8.4 5.1 1.7 27.7 44.6 29 21 '8
9.5 - 10,0 5.6 1.8 44.0 68.6 35 24 9
10.2 20.5 8.6 2.4 244.0 346.3 39 23 11

FILTER BY-~PASS
11.1 20.0 8.6 2,3 228.0 326.0 60 36 16
12.0 16.5 8.6 1.9 130.4 198.3 65 41 17
£ 12.6 9.0 4.0 2.3 45,0 65.0 50 30 3
13.6 13,7 6.6 2.1 97.3 144.1 60 36 12
14.3 11.2 7.0 1.6 47.0 76.4 70 39 _ 14

FILTRATION SERIES
3 FILTER RATING
] . (M)

40 . 18,0 9,5 1.9 153.0 233.8 75 44 14
10 5.0 4.3 1.2 3.5 6.5 65 40 16

*Bearing initial fatigue spall
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APPENDIX .D
BEARING TEST SERIES
load: 18085 N (4066 1lbs) Prior to fatigue spall
4741 N (566 1lbs) After spall
|
Speed: 549.8 rps (5250 rpm)
Filter Rating: 25 Micrometre
, Zlazsed
i Tine R.T. FERROGRAPH GEOM SOA SOA
(drs.) Ap Ag sIy SI2 SI3 Scatter Attentuation PPM(Fe) PPM(a
(1) (2)
0.1 2.4 1.7 1.4 1.7 2.9 20 8 4 4
0.8 7.3 4.6 1.6 19.7 32.1 22 11 - -
1.9* 3.6 2.5 1.2 1.5 2.8 42 20 1 7
1.9 4.2 1.3 3.2 12.2 16.0 42 20 8 5
2.1 5.3 3.0 1.8 12:2 19,1 50 25 - 8
2.9 4.8 3.7 1.3 5.3 9.4 55 28 12 9
3.6 11.5 7.6 1.5 44.9 74.5 90 55 10 16
E | FILTRATION SERIES ‘
- FILTER RATING ‘
i (uM)
“ 10 7.4 sl 2.0 27.3 41.1 45 26 21
3 : *Bearing initial fatigue spall
] |
3 3 3 NOTES: (1) SOA reading "suspect" because the samples were lost and then found
Y : after an inquiry.
' i . (2) Duplicate samples submitted.

i i
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Scatter Attentuation PPM(Fe)
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