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DISCLAIMERS

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized
documents,

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government
procurement operation, the US Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished, or in any way supplied the said drawings, specifi-
cations, or other data is not to be regarded by implication or otherwise
as in any manner licensing the holder or any other person or corporation,
or conveying any rights or permission, to manufacture, use, or sell any
patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorse-
ment or approval of the use of such commercial hardware or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the
originator,
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The object of this program was to design, develop, fabricate, and
test an in-line metallic debris sensor/monitor for recirculating
lubricating oil systems, the rate of buildup of the metallic debris
being a function of the degradation of oil-wetted components.

The design was based on a changing capacitor configuration to achieve
retention of particles and stability of readout in varying flight
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SUMMARY

The object of this program was to design, develop, and test an in-line
metallic debris monitor for recirculating lubricating oil systems. The
monitor was based on the removal of metallic debris by the action of
centrifugal oil flow and filter screening, deposition cf the debris in
the annulus of a capacitor, and subsequent measurement of the change of
capacitance compared to a reference capacitor of identical dimensions.
The unit was found to respond to magnetic and nonmagnetic metallic debris
and to changes in the rate of deposition of the debris. The principle

of operation of the monitor is sound.

Difficulty with temperature drift was traced to unsymmetrical grounding
of the monitor and reference capacitors. This condition can be corrected

readily in any future work.



FOREWORD

This program was carried out for the Eustis Directorate, U.S. Army Air
Mobility Research and Development Laboratory under Contract DAAJ02-71-
C-0018, Task 1F162203A43405. The electronic design portion of the pro-
gram was conducted by Mr. Ramie Thompson of the Applied Physics Laboratory
of the Franklin Institute Research Laboratories. Mr. Meyer Salomonsky

of the Eustis Directorate served as Technical Monitor for the program

and supplied useful information and encouragement. .
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INTRODUCTION

Oil-lubricated surfaces, such as gears and bearings in a mechanical
system, ordinarly fail through surface fatigue. The mechanism of

failure appears to be the introduction of microcracks in the load-
supporting surfaces because of the cyclic load application. The micro-
crack structure spreads across and into the surface, and, eventuaily,
portions of the surface which are bounded by the cracks are lifted from
the part and are carried away by the lubricating oil. The surface por-
tions which are removed have a flake-like appearance and are larger in
size than normal wear particles which are simply abraded from the sur-
faces. Further surface disintegration occurs as the walls of the pit
left by the lost material are broken down, and additional pits are formed.
The process continues until the part is weakened structurally and fails,
or until frictional forces are excessive and the system must be shut down.

A typical graph of metal content as a function of running time for a
lubrication system is shown in Figure 1. It is convenient to refer to
point C as the initial failure point, since surface fatigue and spalling
begin at this point. The rate at which metal is generated by the system
is reflected by the increase in metal content of the oil after the initial
failure point. The rate of increase of metal content 1is generally at
least double the rate of increase during normal operation of the system,
and the increased rate results from the metal flakes being removed from
the fatigued surfaces. With additional time, the breakdown of the sur-
faces accelerates, and the rate of increase of metal content in the oil
becomes even larger until failure is reached.

AB WEAR IN

B8C NORMAL OPERATION E
CD METAL INCREASE AFTER INITIAL FAILURE AT POINT C

OE RAPID BUILOUP TO END OF USEFUL LIFE AT POINT E

METAL CONTENT —»

TIME ——»

Figure 1. Metal Content vs. Time.
1
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Analysis of lubricating oil from a mechanical system to determine the
metal content might reasonably be expected to show when the system has
reached the initial failure point. The Spectrographic Oil Analysis
Program (SOAP) was instituted for this purpose. Since SOAP analyses
require removal of an oll sample from the system and submission of the
sample to a laboratory for testing, an undesirable time lag occurs
between the taking of the sample and the receipt and interpretation of
the analysis. A sensor which could be installed in-line in a recirculat-
ing o1l lubrication system to show the amount of metal particles in the
system and the rate at which metal particles were being generated would
eliminate the need for taking and submitting samples and would also
eliminate the need for plotting the analytical results agsinst time

to deternine the rate of increase. It was the objective of this progran
to design, develop, and evaluate such a sensor.
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DESIGN CONCEPT

PERFORMANCE REQUIREMENTS OF SENSOR

The following performance characteristics were desired for an operational
in-line metallic debris sensor:

1. Must bhe sensitive to changes in the total amount and rate
of generation of metallic particles both magnetic and non-
magnetic, over a time span of 30 to 60 minutes.

2. Must be temperature insensitive, or must be easily compensated
for temperature effects.

3. Must be insensitive to changes in flight attitude, o: must
stabilize rapidly to original readings upon return to level
flight.

4, Must be small and lightweight.

5. Must present minimum restriction to fluid flow.

6. Must operate reliably in a vibration environment.

7. Must operate from aircraft electrical power source, and,
in the event of power failure, must retain the last readings

of total debris and rate of debris generation.

CONCEPTUAL DESIGN

The approach used to design and develop the metallic debris sensor
included two observations from previous test and development work in
hydraulic and fuel systems. Experience in testing hydraulic filters

has shown that a properly designed filter housing separates particulate
matter from the hydraulic fluid by cyclone action. When fluid was intro-
duced into the filter housing through a port exactly tangent to the cur-
vature of the filter bowl, the particles were separated from the fluid
and settled to the bottom of the filter bowl. Furthermore, the circular
flow tended to wash the filter surface, causing particles which had been
trapped there to be removed and settle in the filter bowl. Other test
work on fuel system fuel level indicators had shown that capacitance
probes could be used as fuel level indicators, even with electrically
conductive materials, if one of the capacitor elements was coated wit'.
polytetrafluoroethylene. A sensor housing which used the cyclone and
filter washing action to separate particles which, in turn, would settle
into an annular capacitor where the quantity could be measured, would
serve two purposes. First, since the particles would be removed from
the fluid, the unit would act as a filter; second, the particles, on
settling into the annular capacitor, would cause a capacitance change
which would allow the unit to act as a sensor of particulate quantity.



In the concept drawing of Figure 2, lubricating oil enters the sensor
chamber tangentially, thus setting up the cyclone and washing action.
The separated particulate material settles into the annulus at the
chamber bc.tom while the oil passes through the fine screen, and then
through the outlet and through an annulus at the edge of the outlet
port. The protected plate that forms the common wall between the two
annuli is coated with polytetrafluoroethylene. The metallic debris
that settles in the outer annulus alters the effective plate area of
the capacitor formed by the outer plate and the protected plate. The
capacitor formed by the inner plate and the protected plate has clean
oil flowing through it and, suitably trimmed to compensate for the
smaller plate area, serves as a reference capacitor.

The difference in capacitance for the two annular capacitors should
then be only the result of the metal deposited in the outer capacitor,
since any changes induced by temperature or water content in the oil
should be equal for both capacitors.

The difference in capacitance could be determined by making the collecting
and reference capacitors part of a bridge circuit. The bridge output
would be proportional to the quantity of debris collected, and, in theory
at least, the output signal could be differentiated to give the rate of
debris collection. 1In practice, direct differentiation of the signal
would cover too short a time span, so the difference between the amount
collected at one point in time and the amount collected at some later

time would be used to give the rate of collection.
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Figure 2. Concept Drawing, Metallic Debris Sensor.



FINAL DESIGN

CAPACITORS

The arrangement of the capacitors in the concept design made it extremely
difficult to bring electrical leads to the capacitor plates. In addition,
it was realized that the porting arrangement would make it more difficult
to mount the sensor. For ease of manufacture and maintenance, it was
decided to use two capacitors of identical dimensions, one of which would
collect the particles and one of which would be downstream from the filter
screen. The downstream capacitor would allow oil to flow through it and
would be the reference capacitor. No large amount of trimming would be
required for this configuration, since the plate areas of both capacitors
would be very nearly identical.

In order to arrive at dimensions for the collector capacitor, calculations
were made of the quantity of metal which the sensor might reasonably be
required to collect. Data for the calculations were taken from previous
bearing test data. Analysis of the lubricating oil (MIL-L-7808) from

the bearing tests gave an average of 150 milligrams per liter or 150 ppm
of metal contaminant near the end of useful bearing life. The contaminant,
for purposes of calculation, was assumed to be steel with a density of
7.83 grams per cubic centimeter. Assuming a system nearing the end of
useful life and having an 0il volume of 4 gallons, the total weight

and volume of debris at a concentration of 150 milligrams per liter is
shown in the following calculations:

Total weight of steel debris

4 gal,
.2633 gal./l

x 1.50 gm/1 = 2.2701 gm
Volume of steel in 2.2701 gm

2.2701 gn x 0.61 in.>/em® | 1egs 4o 3
7.83 gm/cm3

The capacitor should, then, be capable of collecting .017685 cubic inch
of steel without overfilling.

The volumes of annular capacitors having a height of 1.00 inch and a
plate separation of .010 inch were calculated for different plate radii
by using the following equation:

2 2
vannulus Ul (rl N tZ)
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vhere v = volume of capacitor, 1n?
annulus

=
"

height of capacitor, in.
r. = diameter of outer plate, in.

r, = diameter of Inner plate, in.

Table I shows the capacitor volume for different radii and shows the
degree to which the capacitor would be filled by .017685 cubic inch of
steel debris. 1In calculating the degree of filling, nc correction has
been made for packing of the debris. 1In practice, the volume of steel
debris would be the same, but since it would not pack to its full density,
the height of the debris in the annulus would be greater than that cal-
culated. A 75- to 77-percent degree of filling was selected, since the
radii involved were not too large and the remaining 23 to 25 percent
seemed sufficient to account for the packing of the debris.

TABLE I. CAPACITOR VOLUME AND PLATE RADII
— —_— |

\ 3 ‘

" (in.) ) (in.) Vannulus (In%) 2 Fill
.260 .250 .016022 110.04
.270 .260 .016650 106.21
.280 .270 .017278 102,35
.290 .280 .017907 98.76
. 300 .290 .018535 95.41
.310 .300 .019163 92.29
.320 .310 .019792 89.35
.330 .320 .020420 86.61
.340 .330 .021048 84.02
. 350 .340 .021676 81.59
.360 . 350 .022305 79.29
.370 .360 .022933 77.12
.380 .370 .023561 75.06
.390 .380 .024190 73.11
.hoo .390 .024818 71.26
Ao .400 .025446 69.50
L1420 410 .026075 67.82
.430 420 .026703 66.23

A test capacitor was prepared for the purpose of measuring the change in
capacitance incurred with different amounts of metal particles, the magni-
tude of the capacitor output, and the effect of excitation frequency on
capacitor sensitivity. The capacitor was constructed by mounting hollow
stainless steel cylinders concentrically as the capacitor plates in a
black phenolic housing. The inner cylinder was coated with polytetra-
fluoroethylene before mounting. The capacitor dimensions used were:



Plate height 1.000 inch
Diameter, outer plate .750 inch
Diameter, inner plate .730 inch

The 1.000-inch height was later modified by beveling the top portion of
both cylindrical plates. The parallel portion of the plates after bevel-
ing was 0.784 inch in height. The gap before coating the inner plate
with polytetrafluoroethylene was 0.10 inch.

Calculations of the probable electrical performance of the test capacity
were made for the capacitor with a 0.0035-inch coating of polytetrafluoro-
ethylene on the inner plate and a 0.0065-inch gap which would be filled with
oil. The overall capacitance of the sensor, filled with oil but contain-
ing no debris, was approximated by considering the total capacitance to

be the result of the series combination of the capacitances of the coating
layer and the gap. Thus,

% ¢

C = ———
u C° + Ct

(1)

where Cu = the sensor capacitance without debris
CO = the o0il filled gap capacitance

Ct = the coating capacitance

The capacitance variation as particles fill the gap was derived by con-
sideration of Figure 3, which represents a parallel plate capacity analogy
with metal particles filling the gap to
a height x. If electrical field fring-
ing is neglected, the total capacitance
between plates A and B can be written
as the parallel combination of the
capacitance of the portion of the coat-
ing covered by metal debris, C¢ (x/h),
with the series capacitances of the
remaining oil-filled gap, C, (1-x/h),
and the remaining part of the coating,
C, (1-x/h). Thus,

Co (1-x/h) C, (1-x/h)
(1-x/h) (C0+Ct)

METAL

C(x/h) = Ct(X/h) +
PARTICLES

(2)

Figure 3. Parallel Plate

where Cand C_ are as before, Capacitor Analogy.



C(x/h) is the capacitance of sensor partly filled with
debris

x/h 1is the fraction of the total height of the sensor
occupied by debris.

By rearranging equation (2) and substituting from equation (1), a simpli-
fied expression for the partly filled capacitor is obtained.

Cx/h) = €, [1+ (x/h) (€ /C )] &)

Using a parallel plate approximation for the cvlindricel capacitors and
the dimensions given earlier, a value of 243 puf was calculated for C_.
Similarly, a value of 62.3c uuf, where € is the dielectric constant o
the oil relative to vacuum, was calculated for C . Consideration of
the calculated values of C_ and C_, when appliedoin equation (3), shows
that the percentage change in capgcitance will be approximately double
the percentage change in the height of the deposited debris, provided
that ¢ is near a numerical value of 2. The relative dielectric constant
for MIL-L-7808 lubricating oil is near this value. From these calcula-
tions, it is apparent that the capacitance changes will be magnified as
debris settles in the capacitor. In the foregoing calculations, the
packing phenomenon for the metallic particles has been ignored.

The performance of the experimental test capacitor was evaluated under
simulated conditions by filling it with MIL-L-7808 o0il, to which vary-
ing quantities of carbonyl iron in the particle size range of 2 to 5
microns were added. The capacitance was measured as a function of the
weight of carbonyl iron added to the oil. At high concentrations of
carbonyl iron, difficulty was encountered, in that a thick slurry was
formed which would not flow readily into the capacitor annulus. The
capacitance of the oil-filled unit with no particles settled in the
annulus was 146 uuf. This result was essentially independent of the
excitation frequency; the excitation frequency selected for further use,
based solely on convenience, was 1000 Hz. The results of the experiment
are shown in Table II. The total change in capacitance is in the region
of 80 to 100 uuf.

The capacitor was cleaned overnight in an ultrasonic cleaner after the
conclusion of the experiment. The air-filled capacitance of the unit
was 61 uuf compared to a pretest value of 58 uuf. .The capacitance of
the unit filled with 1.2 grams of dry carbonyl iron was 220 uuf.

The basic dimensions and performance of the capacitor were good and were
retained as the basis for the capacitors to be made for the in-line unit.
The gap dimension was increased to 0.013 inch in the final configuration
to allow larger particles to enter the annulus.
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TABLE IT. CHANGE OF SENSOR CAPACITANCE

Total Grams of Carbony) Capacitance

Iron Mixed With the 0il (upf) Notes
0.0 146
0.1 148.5
0.3 158
0.5 176
0.7 183
0.7 196 After stirring and settling

for 5 minutes

0.7 203 20 minutes settling
0.9 212
1.1 217 20 minutes settling
1.3 222 20 minutes settling
1.8 232 | hour settling
2,2 233 0.5 hour settling
2.5 239 20 minutes settling
2.9 242 20 minutes settling*
3.1 242 0.5 hour settling*
3.3 242 0.5 hour settling*

*Filling was a sticky paste.

SENSOR

The prototype sensor for in-line use consisted of three main parts:

1. Housing
2. Monitor and reference capacitors
3. Filter screen

A drawing of the sensor assembly is shown in Figure 4.

During operation, oil enters the sensor through the inlet tangentially.

The centrifugal action so induced serves to separate particles from the
fluid and to wash particles from the filter assembly. The separated
particles fall into the annulus of the monitor capacitor at the bottom

of the filter chamber, where they bring about a change in capacitance of
the monitor capacitor. The oil, together with small normal wear particles,
passes through the filter to the outlet port, but a portion of the flow

is diverted through the annulus of the reference capacitor. The flow
through the annulus enters the collector groove and combines with the

main outlet flow. Provision was made to install an orifice between the

10




ELECTRICAL CONNECTOR
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_—— REFERENCE CAPACITOR

o coLLECToR —=FF=T | :]
GROOVE |
—— GROOVE DRAIN
HOUSING HEAD —}»
LI

POSSIBLE ORIFICE - -=— OUTLET PORT
LOCATION

L
"]
s |
L)

——

v

INLET PORT

-s——— HOUSING B80DY

FILTER ASSEMBLY

S MONITOR CAPACH OR

RETAINING PLUG—L d
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Figure 4, Sensor Assembly Diagram.
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outlet and the filter (as shown in Figure 4) {f it became necessary, in
order to increase flow through the reference capaciter. The sensor
assembly was designed sn that the parts, including the capacitors, could
be removed for cleaning or servicing without disconiecting the housing
head from the lines.

Figures 5 and 6 show the sensor housing and an exploded view of the sensor
with dummy, all-aluminum capacitors. Figure 7 shows the actual monitor
and reference capacitors in black phenolic plastic mounts. The weight

of the sensor in the form shown is 2.7 pounds, which could be further
reduced by using thinner housing walls and capacitor retaining plugs.

Since it was expected that the filter screen size would have an effect
on the pressure drop, across the sensor, three filter screens with the
following opening sizes were prepared:

50 microns (325 mesh)
135 microns (100 mesh)
215 microns ( 60 mesh)

The screens were silver soldered to a slotted, stainless-steel, cylindri-
cal screen support.

READOUT UNIT

The signal processing and display electronics consisted of a bridge cir-
cuit and a servo loop in a portable carrying case. The readout from the
unit is by means of two meters which show the total amount of debris
collected in the monitor capacitor and the difference in the amount
collected between a given reading time and the reading time immediately
preceding it.

The bridge circuit was evolved from the following equation governing
bridge circuit response:

22 _ (x/h) (Ct/co)

v, 2 (2 + (x/h) (Ct/CO)

where Vo = output voltage
V = excitation voltage
x/h = fraction of capacitor filled with debris
C, = coating material capacitance

C = oil layer capacitance

12
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The response of a typical bridge circuit is in Figure 8., At values of
(x/h) (C./Co) greater than 1, the output will be approximately linear,
but values of (x/h) (Ct/C ) of less than 1 will give readings which will
indicate a lessening derivative (rate of accumulation) for equal incre-
ments in debris. Since the value of C./C, is near 2 for the sensor
capacitor, the value for the fraction filled (x/h), which would be the
minimum for linearity, is about 50 percent. In practice, maximum meter
deflection for the meter measuring the amount of debris collected was
obtained for an x/h value of .13 or an (x/h) (C./C,) value of about .26.
In this narrower range, the deviation from linearity ts minimized, and
the derivative should be uniform for the same increments of debris.

The bridge circuit which was developed for the readout unit is shown in
Figure 9. The oscillator, on the far left of the figure, generates about
20 volts peak-to-peak at 1100 Hz. All operational amplifiers were Fair-
child 741 units with the base wiring as shown in the inset. Bridge out-
put varied from O to 15 volts dc, depending on the degree of filling of
the monitor capacitor.

The display portion of the readout unit is shown in block diagram form

in Figure 10. The amplified dc signal from the capacitance bridge is

used to drive a servomotor, which in turn drives a feedback potentiometer,
The potentiometer output is compared to the bridge signal at the opera-
tional amplifier, and the servomotor continues to drive the feedback
potentiometer until the signals balance. The feedback potentiometer
signal 1s also displayed on the totalizer meter to show the amount of
debris in the annulus of the monitoring capacitor. The signal from the
feedback potentiometer continues to be shown on the totalizer meter until
there is, again, a change in signal from the bridge. By removing the
28-volt dc driving power from the servomotor, the bridge output signal

is effectively locked into the potentiometer. During operation, the
28-volt dc servomotor power is removed from the servomotors until they
are activated by push-button switches. When the differential indicator
switch is depressed, the previous reading from the bridge circuit which

is locked in the totalizer potentiometer is compared to the current read-
ing of the bridge circuit, and the servomotor attached to the differential
potentiometer drives until the difference signal is balanced. The poten-
tiometer reading i1a displayed on the differential meter. Since the
difference can be either positive or negative, the meter reads both
positive and negative. Depressing the second switch updates the totalizer
loop by activating its servomotor as explained before. The wiring sche-
matic for the servo loop is shown in Figure 11. The complete sensor and
readout unit is shown in Figure 12,

16
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TEST PROGRAM

FLOW TESTS

In order to conduct tests of flow as a function of differential pressure
across the in-line sensor, and to test the sensor for particle removal
efficiency, the apparatus shown in Figure 13 was constructed. During oper-
tion, the oil to be passed through the test sensor was placed in the
mechanically stirred sump (A), which had a sight level indicator, heaters,
and a vent valve. A charge of contaminant could be added to the sump and
dispersed in the oil, or, for simple flow versus pressure drop tests, the
oil alone was used. The sump was then pressurized from the nitrogen

tank (B),and the oil was forced through the test sensor (E) at a flow rate
determined by the sump pressure. Pressure gages (D), upstream and down-
stream from the sensor, were used to determine pressure drop. The oil

was caught in the receiving tank (G) which rested on a load cell (F).

By plotting the output of the load cell as a function of time on an X-Y
recorder, the flow rate was determined.

Tests were first performed on the in-line sensor to determine the pressure
drop across the sensor as a function of flow rate. The sensor, with

dummy capacitors, was tested without a filter screen, with a 135-micron
screen, and with a 50-micron screen. The 250-micron screen was not

tested since it was felt that the particle-removal efficlency of a screen
of such size would not be sufficient. The results of flow tests at 140°F
with MIL-L-7808 oil are shown in Figure 14. The average of three tests

was plotted The curves indicate that there is only a slight difference

in the pressure-flow relationship for the different filter screens and

that most of the pressure drop is caused by the sensor housing and fittings
Figure 15 shows the results of tests at 140°F and at 250°F with the two
different screen sizes. The difference in the pressure-flow relationship
between the two temperatures is slight; this must result from the fact that
the change of viscosity of MIL-L-7808 is less than 6 centistckes over the
temperature range indicated.

REMOVAL EFFICIENCY TESTS

The operation of the sensor is based on the removing of metal particles
from the fluid and the settling of particles in the annulus of the

monitor capacitor. Tests were conducted to determine how well the sensor
could carry out the particle removal function. Various quantities of iron
filings were added to MIL-L-7808 oil in the stirred sump, and the oil was
passed through the sensor. The quantity of debris remaining in the sump
and tubing upstream from the sensor was measured, and the quantity of
debris in the annulus of the monitor capacity was also measured. Debris
quantity was determined by filtering the oi] residues through preweighed
filters, washing and drying the filters and collected debris with petrol-
eum ether, and, finally, drying and weighing the filter with the collected
debris. It was found that errors were incurred largely as a result of the

2.2
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(A) STIRRED AND HEATED SUMP WITH SIGHT
GAGE AND VENT VALVE

(D )PRESSURE
GAGE

(G) RECEIVING

(C) VACUUM PUMP TANK

(B) NITROGEN TANX AND REGULATOR
{E) SENSOR UNDER

TEST

(F) LOAD CELL

Figure 13. Flow Test Apparatus.

inability to wash the remaining particles completely from the sump.

Thus, in some tests, particles remained in inaccessible places in the

sump and caused lower particle-removal efficiency results to be calculated.
During a later run, some or all of these particles would be swept out and
caught by the sensor, thus causing artificially high particle removal
efficiency results.

Efficiency of removal i{s calculated from the following:

Weight of Metal in Detector
Weight Added - Weight Remaining Upstream

x 100 = Efficiency

The first test series was carried out using iron filings which were
unsized. The 135-micron filter screen was used in the sensor, and 2.00
grams of the iron filings was added to the sump. The test results are
shown in Table III.

A second test series was conducted using iron filings in the following

four size ranges: 44 to 73 wmicrons, 73 to 145 microns, 145 to 177 microns,
and 177 to 297 microns. The tests were conducted as noted before, but

the quantity remaining in the tank was not determined. The omission of

the quantity of particles remaining was dictated by the loss of oil

during each determination. Between one pint and one quart of oil remained

23
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— 20 PSI 4}1 40 PS| ———»

O 50-MICRON SCREEN j (o)

A 135-MICRON SCREEN
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Figure 14. Flow vs. Differential Pressure, Different Screens 140°F.
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Figure 15. Flow vs. Differential Pressure, Effect of Temperature.
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TABLE III. PARTICLE REMOVAL EFFICIENCY — UNSIZED IRON FILINGS

Flow

Weight of Fllings Weight Remaining Weight in Rate
Added (gm) Upstream (gm) Detector (gm) Efficiency (%) (gpm)
2.00 1.48 .42 81 3.2*%
2.00 .60 1.03 74 3.2%
2.00 .62 1.01 73 3.2*
2.00 1.06 .84 89 3.2%
2.00 L7h .96 76 4, grx
2.00 .99 1.01 100 4, 5xx

*Oriving pressure, 20 psi
**Driving pressure, 40 psi

in the sump and was lost in each determination because the oil had to be
diluted with petroleum ether prior to filtering. Further, smaller quanti-
ties of iron particles were used, and the inaccuracies involved in rinsing
the small quantities of particles from the sump would be nearly as great
as the inaccuracy involved in ignoring them. As noted before, removal

of the particles from the tank was usually incomplete, and the high and
low efficiency calculations resulted. The 50-micron filter screen was
used in the sensor for this test series. A single 3.2-gpm flow rate was

used. The test results are shown in Table IV.

26
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TABLE IV. PARTICLE REMOVAL EFFICIENCY—SIZED IRON PARTICLES
Size Range Quantity Added Quantity Collected Removal Efficliency
(Microns) (gm) (gm) (%)
by to 73 .200 AN 55.6
.100 110 110.0
.200 A7k 87.0
.100 .102 102.0
.200 AN 85.5
Average 88.0
73 to 149 .100 .099 99.0
.200 175 87.5
.300 . 229 76.2
.100 .096 96.0
.200 143 7.5
.300 .236 78.5
.200 BLY 73.5
.300 . 254 84.7
Average 83.4
149 to 177 .100 .079 79.0
.200 .188 93.9
.300 .270 90.0
.100 .095 95.0
.200 . 184 92.0
.300 .280 93.3
Average 90.5
177 to 297 .100 .098 98.0
.200 .152 76.0
.100 104 104.0
.200 .189 94.5
Average 93.1

The overall average removal efficiency is 87.9 percent, with the smaller
particle size ranges having a somewhat lower efficiency and the larger
ranges having a higher efficiency, as indicated.
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TESTS WITH SIZED MAGNETIC AND NONMAGNETIC PARTICLES

Iron and lead filings were separated into four size ranges by sieving
the filings. It was originally intended to achieve particle sizes by
a settling technique,but it was found that the particles could not be
properly separated from the oil through which they were settled.

This made it difficult to place the particles in the monitor capacitor.
The following size separations were used:

1. 44 to 73 microns

2. 73 to 145 micro=-
3. 145 to 177 microns
4, 177 to 297 microns

At least three tests were made with each of the different size ranges,
with iron as the magnetic particles and lead as the nonmagnetic parti-
cles. During a test run, a known weight of particulate material was
allowed to settle into the annulus of the monitor capacitor,which was
filled with MIL-L-7808 oil. The reference capacitor was also filled
with MIL-L-7808 oil, but no particulate matter was placed in it. Both
totalizer meter and difference meter readings were taken after each
addition of particles. The results of the totallizer readings are shown
in Figures 16 through 19.

The result obtained with lead particles is roughly one-half of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>