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FOREWORD

This report was writtengby Vernon Peckham
Phll Jessen and Richard Vogele uclear.
€ WOTrK reported was performed durlng the period
starting July 31, 1962 and ending May 31, 1963,
Previous reports on work performed on thls contract
include monthly progress letter reports.

This work was a sequel to that performed during
the first five months of 1962 under Phase I of the
contract. The previous effort was reported in TCREC
Technical Report 62-91 of 1 May 1963 entitled,
"Investigation of the Feasibillty of an Alrcraft-0il
Analysis System for Operational Use in the Field",
Phase I,

Acknowledgement 1s made of the asslstance of the
personnel of the Overhaul and Repair Base, U, S. Navy,
Pensacola, Florida, for providing oll analyslis data i
and oll samples. Mr. Leonard Bartone and Lt., L.
Remillard, both of USATRECOM, gave many helpful sug-
gestlions 1n regard to the work and also assisted 1n
procurlng oll samples.
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SUMMARY

N\

Atomic absorption spectrometry and neutron
actlivation analyslis were chosen from the many methods
avallable as the best for possible development into
field measurement equipment for the analyslis of metal
content 1n oll., The spectrometry method appears to
be the more suiltable of the two using present-day
techniques,

Statistical studies of the R1820-86 engine oil
analysls data were continued and showed that further
work on evaluation of the data 1s needed in order to
prove the merlits of the o0ll analysis program,

An experimental in-flight detector was designed.
Further work 1s needed to improve the temperature
stablility of the circult. Actual running tests are
needed to prove its application and usefulness as in
in-fllght warning device,
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CONCLUSIONS

‘Since the contract work was directed princlpally
in the two areas of equlipment and data analysis, the
conclusions arlsing from completion of the work are
likewlse separated, In a manner of speaking, the work
on statistlcal data was almed at proving the need for
equipment, but as 1s pointed out 1n the followlng
paragraph, the need was not emphaslized or diminished
as a result of the statistical studies,

The statlstical studies of the R1820-86 did not
prove that oll analysls 1s a good cr a bad method of
detectling inciplent fallure in alrcraft engines, The
principal reason for the lack of assignment of worth
to the method 1s what may be called the missing
"controlled experiment" in obtaining data and relating
the data to engine conditlon. In attempting to deter-
mine the reliabllity of an experiment, an examination
of the experimental techniques used must show that no
factors are entering in which will cause the results
to be 1n error. Such an examination was not possible
prior to the statlistical studles performed under this
contract, so the results must be regarded with skepti-
clsm but only because the initial data available are
in doubt.

The work on evaluatlion of equipment for oll analy-
sls work in the field showed that the atomic absorption
spectrometer 1s the best available method using present-
day techniques. This method has only the principal
drawback of an inabllity to detect aluminum, which may
be important for some types of lubricated mechanlsms.
Portabllity and faclility of measurement are easily
obtained with the equipment necessary for this method.
By using automatic referencing cilrcuits, a spectrometer
can be made which requires less than 15 minutes for an
analysls of five to six elements 1n one oil sample,



RECOMMENDATIONS

Since the beneflits to be galned from a success-
ful o1l analysis program are great both in terms of
economics and, 1n the extreme, of human lives, it 1is
recommended that further effort be directed toward
the study of existing oll analysis data and the ac-
cumulation of new data. The principal necessity for
the studles 1s the establlshment of a set of conditions
wlth regard to metal content or trends which will al-
low a more reliable estimate of engine condition. 1In
the accumulation of data in the future, i1t 1s recom-
mended that controlled experiments be run with engines
containing known defects so that deflnlte relation-
ships between metal content and faulty parts can be
established.

The continuation of an oil analysls program at
the first or second echelon of maintenance will requlre
the use of a fleld measurement system as outlined in
this report, It is recommended that the equipment bve
developed and tested in field use as the next step in
the program.

The experimental in-flight detector should be
tested 1n controlled experiments in the field. Further
work should be considered on the in-flight clrcult,
with the end purpose of developlng a temperature-stable
prototype.




DISCUSSION

INTRODUCTION

Thé background of the need for an oll analysis
program will be briefly stated here for the benefit
of readers not previously famillar wlth the program,

The overhaul of alrcraft engines and other com-
ponents at specifled time 1lntervals 1s a long-standing
practice, It has been recognized that the efficiency
of this method 1s not high because of the large per-
centage of overhauls on components whlch dlsplay no
discrepancles when disassembled, It 1s then evident
that the overhaul procedure would become more effl-
clent 1f a rellable system for detecting inciplent
fallure could be devised, The effectiveness of the
system would be apparent by the lengthened overhaul
lifetime. The added bonus of removing components
from service which have discrepancies before those dis-
crepancles cause a disaster 1s an outcome which in
itself makes the system worthwhile,

Of the several techniquzs envisioned as holdlng
incipient fallure detectlion possibllities, oll analysis
was considered to be the most promising, Over a per-
lod of years, the use of filters 1n lubricating oil
systems in engines had become standard. The filters
served to remove from the oill, particles which would
disrupt engine operation by causing excessive wear, 1if
not direct stoppage. After some experience, 1t become
evlident that the amount of metal particles trapped by
the filters could be directly correlated to englne wear
or parts breakdown. It was also seen that the mal-
function was in a highly progressive state before the
particles appeared of sufficlent slize to be trapped by
a fillter. To investigate the relationship between
metal particles in oll and englne condition for the
advantage of detecting incipient fallure, oll analysis
programs were initiated. The U, S. Army established
an oil analysls laboratory at Ft. Rucker, Alabama, and
the U, S. Navy placed a similar facllity in operation
at Naval Air Statlon, Pensacola, Florida. Various
civilian agencles, such as the Denver and Rlio Grande
Western Rallroad Co., also established oil analysis
laboratories.




After the oll analysls laboratorles had been 1in
operation for a time, 1t was decided that if fileld
faclilitlies were available, the usefulness of the pro-
gram would be conslderably improved because of the
inability of one base facility to serve a continental
and intercontinental service uslng thousands of alr-
craft, An outcome of thls declislon was the need for
a feasliblllty study of chemlcal and physlcal analysis
equipment for application to fleld use; the work on
thils contract served to that end.

The purpose of the work reported herein was two-
fo0ld in nature, Primary was the experimental 1lnvestl-
gation of oll analysls technlques which might be applled
in the development of in-the-fleld equlipment to be used
in the Army aviation maintenance programs at the first
and second echelons, A secondary obJectlive was the
deslgn of an experimental in-flight system intended to
glve a contlnual Indicatlion of gross oll contamlnation.

The prelude to thils program was a 5-month effort
which was Phase I of the contract. Durlng Phase I,
data were accumulated from oll analysls laboratories
for the purpose of performing statlstical analyses on
wear rate and on threshold values of metal contaminatlon
in oll from alrcraft power mechanisms, The collected
data were tabulated on IBM cards and analyzed wlth the
help of an IBM-1620 data processing system. The out-
come of the statlistlcal portlon of Phase I was a set
of data related to the confldence with which one can
view the results of oll analysls using set threshold
values, Reasonable confldence was shown for copper,
sllver, aluminum, chromium and l1ron as engine condil-
tion 1indicators. Any metal, when treated as a unit,
and sums of metals falled to glve a good confldence
number, In addition to the data analysis, a study was
made of the various methods and apparatus which could
be used to measure o0ll contaminatlion, The purpose was
that of determining those systems which mlight be feasible
for alrcraft maintenance at the flrst and second echelons.
The techniques studied included vapor phase (chro-
matography, flame spectrophotometry (emission and absorp-
tion), radio frequency mass spectrometry, time-of-flight
mass spectrometry, and neutron actlvation analysis., The
outcome of this work was a recommendation that the
techniques of absorption spectrometry and neutron




activation analysls be further lnvestigated since they
were deemed to hold the most promlse for an analytical
device which could be adapted to field use,.

‘As further effort during Phase I, the groundwork
was lald for the design of an experimental in-flight
system, Calculatlons were made of the sensitlivity of
a pickup coll to metal particles 1n the colls 1nductive
field.

Proceeding from the work of Phase I, Phase II
commenced wlth experimental investigations of the two
analysls methods as selected, Further statistical
studies were completed and the experimental in-flight
device was deslgned and constructed, The following
sections are a report of the work and outcomes 1n
these areas,

OIL ANALYSIS TECHNIQUES

As stated in the introduction, two systems
atomic absorption spectrometry and neutron activation
analysis — were selected from the many considered
durlng Phase I for further experimental investigation
wlth the end purpose of determining thelr adaptability
to fleld use, Both techniques were studied and used
experimentally to the extent posslble 1n evaluation
of their possiblilities, This section 1is devoted to a
report of the work accomplished and experimental results
along with estimates of field-use system complexity
based on avalillable technology.

1. Atomlc Absorption Spectrometry

Atomic absorption spectrometry 1s based on the
principle that atoms in the ground state absorb light
at frequencies which are characteristically emitted by
those same atoms when in an excited or ionlzed state,.
Research and development 1n this fleld has been under
way for many years, and considerable information 1is
avallable 1n literature on the basic principles and
relative usefulness of the method in defecting various
.elements.l Very 1little, if any, of the previous re-
ported work has been directed toward the use of atomilc
absorption as a tool for use in the fileld., Other
types of spectrometry, however, have been used in

-6-




portable laboratorlies under severe fleld condlitilons,
so the extenslon of avallable techniques in absorption
to the Army maintenance problem seemed to offer no
difficulties,

Baslcally, the equlipment needed for a measure-
ment setup conslsts of a light source, an optical lens
arrangement, an atomlizer-burner, and a monochromator
with photomultipller amplifler at the output. The
11ght source 1s speclal 1n that 1t 1s a gas-filled
discharge tube with a hollow cathode, The cathode
1s 1lined with the high-purlty metal which 1s to be
analyzed and emits strong spectral lines characteristic
of that metal when voltage 1s applied and dlscharge
initiated, For the use of ultraviolet lines, the lamp
1s constructed with a high-transmittance quartz window
at the end, The light from the lamp 1s passed through
the flame of the atomlzer-burners and on to the input
8lit of the monochromator., The monochromator ls ad-
Justed to the correct wavelength, and amplitude of the
spectral line 1s read out as a voltage from the photo-
multipllier tube., Figure 1 is a sketch of the basic
setup Just described and lllustrates the light paths
In better detall.

The purpose of the atomizer-burner 1s that of
obtalning dlsassoclated atoms of the element to be
analyzed from the sample carrying the atoms, In the
typical unit, the atomlzer sprays the solutlon 1into the
flame 1in very fine droplets., The flame ralses the
temperature high enough so that the solute 1ls vaporlzed
and the metalllic atoms are dlsassoclated from their
chemically attached lons of the solution.

Since the path of the light from the hollow-
cathode sources 1s In the flame, the number of atoms
present which are absorbing the light 1s reflected in
the output of the monochromator by a proportlonately
lower voltage. The output indicator can be callbrated
in terms of percent absorption or, as might be more
practical in this case, in parts per million (ppm) of
contaminant in the sample.

The work completéd in the evaluation of atomic
absorption spectrometry consisted of experimental
determination of sensitivitles of five elements of




pertinent interest in water solutlions, oil sample
testing, effects of metal particles on results, and
the 1nitial deslgn of a semiautomatic system for use
in the fleld,

The atomic-absorption spectrometer purchased for
evaluation was the Jarrell-Ash Company Model #82-010
Ebert Spectrometer. Thls instrument 1s equipped with
25 micron entrance and exlt slits manual wavelength
adjustment, multipass flame attachment, and a Beckman
triple-burner flame unit. All components are mounted
on a rigid bar to ensure proper allgnment. Five
hollow cathode lamps (iron, copper, nickel, chromium
and magnesium) were obtalned for the experiments as
being representative of metals normally found in
contaminated oll.

The results of analysis of water solutions of
iron, copper, nickel and magnesium can be seen in
Figures 2, 3, 4 and 5, respectively. The apparent
sensltivity of the method to these elements 1is:

Element Sensitivity in PPM
Iron 2

Copper 1

Nickel i-2

Magnesium 1

Chromium 1s not llisted 1n the sensitivity table because
it apparently requires a more sensitive amplifiler circult
in the output than was available for these tests.
Previous repgrts indicate difficulty in the detection
of chromium <, It should also be noted that the same
workers report sensitilvitles to the elements listed
above one order of magnitude better. That is, in lab-
oratories using especlally callbrated and referenced
measurements, it 1s not uncommon to measure as low as
0.1 ppm concentrations of i1ron, copper and nickel with
2 to 3 percent accuracy., Such sensitlivities are not
necessary in oll analysis work because the danger level
or thresholds normally run from 8 to 35 ppm depending
on the type of metal or engine. Rellable sensitivitles
of 1 to 5 ppm for most metals will provide sufficiently
accurate oll analyses.
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Followlng the testing of water solutlons, oil
samples obtained from Ft. Rucker, Alabama, and NAS,
Pensacola, were tested, Twenty-four samples contalnling
various amounts of contamlnants were first dlluted with
xylene to decrease vliscoslty so that proper atomization
would occur 1n the Beckman burner, The oll samples as
recelved had been previously tested by the service 0ll
Analysls Laboratorles so that calibration and cross-
check Information was avallable., The results of
analyzing the oll samples are shown in Figures 6, 7,

8, and 9, The curves show the output voltage measured
versus the metal content as observed by the service
measurements, For the most part, good correlation 1s
observed between voltage readings and contaminatlion
level, An exception to this 1s magnesium, as seen in
Pigure 9, The scattered observatlons here are belleved
to be due to the presence of aluminum which 1s found

in some quantlty in most samples, The influence of
aluminum on the determination of magneslium has been
used by some researchers as a method of detecting
aluminum, which 1s not detectable 1n atomlc absorption
using normal methods. Slince magnesium and aluminum

are used in the construction of some englnes, simplified
measurements of oil from these englnes are not readlly
obtalned,. -

The applicatlion of atomic absorptlion spectrom-
etry to oll analysis 1n the fleld places the follow-
ing requirements on the equipment:

1, It must be portable and self
contalned, with immunity to
environmental condltions,

2. Simpliclty of operatlion and
calibration must be such as to
requlre only a baslcally tralned
operator,

3. The complete analysls of a sample
for its metal content must take a
minimum of time. Fifteen minutes
or less 1s preferred,

4., Reliability of indication must be
kept at a high level.




With the above-listed points in mind, a pre-
liminary feasliblllity model of an atomic absorption
spectrometer for field use was designed., Although
the system hdas not been developed or proven as such,
the intent of the deslgn was principally to show that
with exlsting techniques and components the device
would be feasible., A functlonal layout of the fleld
spectrometer is shown 1n Flgure 10, Referring to the
diagram, operations for a sample analysls would be
as follows:

The sample 1s introduced into metering
pump, P;. The pump lInjects a given vol-
ume of sample into a magnetic stirring
unit, Mj. Metering pump Po Injects a
controlled volume of solvent, the pur-
pose of which 1s to adjust the vicosity
of the sample prior to atomization in

the burner, Mixlng 1s carried on for a
few seconds to assure a uniform solution.
The mixture 1s then transferred to the
metering pump, P3, whlch transfers a con-
trolled volume to the burner aspiration
cup, Ci. Metering pump, Py, Injects a
controlled volume of a known standard into
C1, mixing in the cup belng forced by a
magnetlic mixer, Mo,

The spectrophotometer described herein (see
Figure 10) utilizes six hollow cathode lamps (L1
through L6)., Each of these lamps emanates a specific
wavelength of light which 1s sultable for detection
of one of the desired elements (copper, silver, nickel,
chromium, iron and the known standard), The lamps are
dlsposed radlally with thelr light outputs belng dir-
ected toward a common point., A quartz prism, Ql, 1s
placed at thlis common point., The prism is rotated at
a constant veloclty, so that 1llght 1s successively
selected from each of the six lamps,- The prism directs
the light output from each lamp along a common path
through the flame generated by burner Bl. The burner
i1s fired by an oxygen acetylene mixture, The burner
aspirates the prepared sample from the aspiration cup,
Cl. The 1light from the lamps passes through the flame,
and the light from each lamp 1s absorbed by an amount
proportional to the concentration of the kind of atoms
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having the characteristic wavelength equal to that of
the lamp radlation,

A second rotating prism, Q2, 1s mechanically
coupled to prism Q1. Q2 1ls used to direct the light
that passes through the flame through a filter (or
grating), Gl through G6, which passes only the light
from the lamp at which prism Ql 1s almed. This fillter
prevents light from the flame from impinging on the
light detector, A mlirror system dlrects the light
from any of the gratings to a slingle photomultiplier
light detector.

The lamps are energlzed by a 480 cycle per
second alternatling current., This causes thelr light
output to be modulated at thls frequency. The elec-
trical output of the photomultlplier l1ls passed through
a 480 cycle per second filter., Light interference
from exclted atoms, the flame light output, or any
light leakage 1s thus ellmlnated, since all of these
light sources are essentially constant (unmodulated)
in nature,

The output from the filter is directed to a
synchronous detector, The detector 1s synchronized
with rotation of the prisms. The output for each lamp
position 1s thus always directed to the same one of
si1x output channels, Each of these six electrilcal
outputs will represent relative concentration of one of
the six elements, Since one of these 1s of known con-
centration, comparison of each of the other five outputs
to the known output will yileld concentration data for
each of the five unknown elements.

The major varlables that wilill effect system
accuracy are: lamp output lntenslty, flame temperature
and physical stabllity, and transfer function (gain)
of the photomultipliler. )

The lamps have been shown to be stable over
relatively long periods.2 Significant changes (due
to lamp intensity change) 1n calibration would not be
expected to occur more frequently than every 3 to 6
months in normal use.

The majority of flame varlables are slow relative

=iliils=




to the rate at which the lamps are switched, Flame
variabllity will affect the known 1n the same way 1t
affects the unknowns (if the flame temperature is
held above a known minimum). The method of compari-
son to a known sample thus effectively elimlnates
flame varlabllity effects.

The same rationale as that for flame varlability
applled to photomultiplier variability. The var-
abillty 1n the photomultiplier 1s relatively slow.
Since all of the light outputs are detected by the same
photomultliplier, the known wlll be affected by the same
ratlo as would the unknowns, effectively eliminating
photomultiplier variablility.

The absorption spectrometer Jjust described meets
the requirements for portablility because 1t would
occupy a volume approximately 3 feet by 5 feet by 6
feet and would have a total welght near 400 pounds.
These flgures include the spectrometer with electronic
power and gas supplles but do not include a primary
source of power such as a motor-generator unit, A
complete system would easlly be transported by a small
enclosed truck.

2. Neutron Activatlon Analysls

Neutron actlivation analysls was the second
method chosen for detalled study of 1ts potential ap-
plication for performing oll analyses in the fileld.
This method 1s based on the principle that neutron
bombardment of various elements creates unstable isotopes
which decay to a stable form, releasing particles or
energy of various forms, By measuring the energy con-
tent of the decay particles, correlation can be made to
a particular element; the number of particles released
with a given energy 1s related to the number of atoms
of the element which was radiated with neutrons.

Gamma radiation, 1n particular, 1s the most use-
ful form of the decay products. For the problem of
0ll analysis, the elements of interest and the gamma
energy assoclated with their activation are shown in
Table 1. Also listed in Table 1 are relative flgures
of merlit related to the sensitivity of the activation
of the elements,
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TABLE I
NEUTRON ACTIVATION ANALYSIS
REACTION PRODUCTS AND FIGURES OF MERIT FOR
OIL CONTAMINANTS

Figure Or

Element Gamma Radlation Energy in Mev Merit*

Copper 0.51 540 |
Aluminum 0.84, 1,02 68

Stlver 0.44, 0,62 510

Chromium 1,44 179

Iron 0.84, 1.81, 2,13 2%

Tin 0.51

Nickel 0.025,0.056 u8

*The flgure of merit 1s calculated from an approxi-
mate equation related to the radlation product half-life,
percent abundance, sensitivity of the element to neutron
reaction (¢), and parts per million threshold of the oil
contaminant, Thls equation 1s

(PPM Threshold) (¢) (% Abundance)
F of M =

(Product half-life)

The equlpment necessary for a neutron activation
analysis system 1s shown in Figure 11, It 1ncludes a
neutron generator wlth control unit and power suppliles,
a transfer system, and an output device. One of the
principal advantages of this method 1s that no sample
preparatlion would be necessary to run an analysls. The
0ll as removed from an englne would be placed 1n a
polyethylene cup 1in a position close to the generator,
After radiation, the transfer system moves the sample
cup to the crystal detector, and the gamma rays emltted
by the sample are counted and sorted with respect to
energy and stored in a memory in the pulse height
analyzer, The slze and welght of the system are such
that the system would easlly fit on a small truck.

The operation of the neutron generator 1lmposes a

health hazard on nearby personnel; therefore, for any
field system, consideratlion must be glven to radiation
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shielding. Several materials which will moderate
high energy neutrons and lessen the hazard can be
used; but for a transportable system, the bulk
becomes appreciable. Distance 1s probably the best
shleld because the 1lntensity reduces by a factor of
the square of the dlistance from the source. As such,
the system can be made so that the operator controls
the measurements from a removable control panel at a
distance from the truck. One hundred feet is a safe
distance frog an unshielded neutron generator with an
output of 107 neutrons per second.

The evaluation of neutron activatlion analysis
congsisted of a series of experiments to determine first
the activation spectra of the individual metal contami-
nants in small amounts and then the spectra of a
combination of these metals in proportions likely to
be found in a typical o1l sample.

Data taken from the activation of copper, iron,
chromium, and aluminum are shown in Flgures 12, 13,
14 and 15, respectively. The data were taken uséng
a generator with an output of approximately 8x10
neutrons per second, an irradiation time of 30 seconds,
a transfer time of 30 seconds and a counting time from
4 to 10 minutes, depending on the half-life of the
element radlated. Further experiments were run using
samples containing known amounts of several contami-
nants. The results were not readily analyzed because
the separation and identification of the contaminants
from the data obtained were difficult. The inter-
ferences between the activatlons of several metals and
carbon, silicon, and oxygen which occur naturally
caused the output records to yleld no significant data.
There recently have been developed technigues for the
reduction of the output data from activation which will
separate the wanted from the interfering information.
The use of the fact that most of the activated elements
have different half-lives 1is one method which appears
promising. Equipment is available which will permit
oll analysis to be accomplished rapidly and accurately.

At the present time, a comparison of neutron
activatlion analysls and absorption spectrometry shows
that neutron activation analysis 1s a method which 1is
more automatic and requires no sample preparation.
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Atomlc absorption cannot be used to detect aluminum,
one of the more important condition indicators for
some englnes. Neutron activation analysis 1s more
expensive, but the next few years wlll likely show a
drop in costs because of new technlques now being
developed,

STATISTICAL STUDY OF OIL ANALYSIS DATA

During Phase I, a study was made of oll analysils
data taken at the 01l Analysls lLaboratory, NAS,
Pensacola, Florlida, Thils study was contlnued durlng
Phase II for the purpose of amplifying Phase I results
and of examlning the data 1iIn greater detall, The
original data cards at Pensacola were photographed on
microfllm for use at Colorado Springs and included oil
analysis from many engilne types. The R1820-86 engilne
used in the T-28 aircraft had been analyzed more
thoroughly than the others, so 1t was selected for the
study.

The englnes were dlvided 1lnto three major groups
and sequentially numbered within each group. The first
group contalned histories of engines which had records
of no dilscrepancles, the second group contained histories
of engines with dlscrepancies and the third group con-
tained histories of engines which experienced cata-
strophic fallures. Having been separated, the data were
then punched on IBM cards in the followlng format:

Card Columns Informatlon Contained

1-2 Engine ldentificatlion number,

5-7 ILast three digits of the englne
number,

11-16 Number of hours since last engine
overhaul.
Decimal point 1n column 15.

19-23 Number of hours since last oll change.
Declmal point in column 22,

26-28 PPM of copper found in oll
Decimal point in column 28,

31-33 PPM of silver found in oil.
Decimal point 1n column 32.

36-38 PPM of nickel found in oil.

Decimal point in column 38,
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4343 PPM of iron found in oil.
Decimal point in column 43,

4Le-48 PPM of chromlium found in oil.
Decimal point in column 48,
51-53 PPM of silicon found 1n oll,.
' Decimal polnt in column 53,
56-58 PPM of tin found in oill,
Decimal point in column 58,
61-63 PPM of aluminum found in oll.
Decimal point in column 63.
66-68 Identification number of oill

analysis chart or sheet,

Group 1 (no discrepancies)
numbered 0-399

Group 2 (discrepancies)
numbered 600-999

Group 3 (catastrophic failures)
numbered 400-499

71-72 Sequential numbers of oll analysils
' within a card or sheet,

The analysis began with the evaluation of the
current "U.,S.Navy Threshold Values'" of metal content in
oll. We first asked: "Is the threshold value a good
indicator in determining the condition of an alreraft
engine, and how sensitive 1s this value?" Threshold
values and the data were sorted by groups and by whether
the ppm value was above or below the threshold values
for each of the metals except sillicon. Figures 16
through 22 contaln these contingency tables. Examlnation
of these tables indlicated that the threshold values would
not have detected the majority of the "bad" engines,
groups 2 and 3, except in the case of nickel. However,
even 1n this case, we would have had to overhaul the
ma jority of the "good" engines, group 1, to detect the
58% of the faulty ones.

To digress for a moment, the economics of the oill
analysis procedure must also be considered, For example,
using the oil analysis Navy threshold value for copper,
we would have detected 10.5% of the bad englnes and
needlessly overhauled 5.9% of the good engines, Whether
or not the ability to detect as little as 10% of the bad
englnes 1s of value must be welghed agalnst the objectives
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of the program and the cost of needlessly examining
the good englnes., At any rate, these percentages
are given in Figures 16 through 22 to aid in the
evaluation of the Navy threshold concept. This pre-
liminary examination ralsed the question of whether
there even existed a threshold number based on oil
analyslis alone that could improve the detection of
englne faillure.

Frequency distributions in terms of percent of
total count for each of the metals for groups based
on ppm readings were constructed, See Flgures 23
through 29. If high metal content in the oil 1is
indicative of englne fallure,* one would expect group
2 to have a large number of observations at high metal
content and group 1 to have relatlvely few observations
at hlgh metal content, Examlnation of these frequency
diagrams did not indlcate a threshold number that would
separate the groups; 1n fact, a statlstlcal test **
Indicated that no significant differences existed be-
tween the distributlion of group 1 and the distribution
of group 2 or group 3.

The posslbilllity of the oll sample's contalning
two or more hlgh metal readings as indicative of
engine fallure was investlgated, A random selectlon
of observatlions of alumlnum versus 1lron was plotted
(see Figure 30) and indicated no relationship to
engline fallure. Plots of the total sum of all the
metal readings versus the three different groups also
showed no relationship with engine fallure,

At thls point the varilable time, hours since over-
haul, was 1ntroduced, It was felt that possibly high
amounts of metal were belng deposited in the oill during
the "break-in" period of the engine, and after this
initial period high metal readings would be indicative

* Based primarily on the frequency of the oll analysls,
one can only assume that a part fallure would add metal
to oll over a relatively long period of time,

*%* Chi Square Goodness of Fit Test.
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of englne failure, The metal content for each of

\ the groups was averaged over 25 hour intervals and
graphed. Flgures 31, 32, and 33 show graphs of 1lron,
nickel and copper. The graphs of iron and copper
show a general decrease of metal content with time
after overhaul, which was anticipated; but, un-
fortunately, groups 2 and 3 dld not appear to differ
significantly from group 1, Hence, the lntroduction
of the variable time did not help to separate the
"good" engines from the "bad" ones.

The last investligation dealt wlth the calcula-
tion of wear rate and time to fallure. It was sug-
gested that the wear rate could be computed from the
rate at which the metal was belng deposited in the
oll, and from thls rate the time to threshold or
failure could be calculated, Between each o0ll analysis,
the rate of metal 1ncrease, only 1f 1t increased
(lncrease 1n metal content between oll changes divided
by the time between oll changes), and the time 1t would
take to reach the Navy threshold number were computed.
The time to faillure 1s computed from the followling

equation:
_ (T —P2) Ah
P, -P,
2 1
I
where

H 1s the hours to failure
T 1s the threshold level
P, 1s ppm before Po

P» is ppm reading

Ah 1s hours of engine operation between
P; and Po

Cumulative frequency diagrams of time to fallure by
groups are plotted and appear in Figures 4 and 5. It

was heped that the "bad" engines, groups 2 and 3, would
show large frequencles for short time to fallure and

that the "good" englnes, group 1, would have longer times
to fallure, but this was not found to be true,

Before strong conclusions are made concerning the
outcome of thilis study on oll analysls, the varlabilities
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0of the original data must be investigated, With

few exceptions, very little information was found

on data cards regarding engline condition at the

time of overhaul. Although an attempt was made to
correlate the notes on the cards with the condition
of the englnes' oll-wetted parts, it cannot be sald
with certalnty that even falr results were obtalned
when englnes were labeled as elther "good" or "bad",
As a result, the outcome of the statistical work must
be downgraded 1n 1ts true worth lnsofar as establish-
Ing the merits of oll analysis as an inciplent fallure
detection method 1s concerned,

EXPERIMENTAL IN-FLIGHT DETECTOR

The purpose of the development work on an ex-
perimental in-flight detector was that of establlishing
the feaslbllity of monltoring continuously the metal
particle content of an engline as a supplement to
ground-based malntenance procedures. An 1n-flight
detector would be of value 1n glving an early warning
of an 1nclpient fallure. In most aircraft lubrica-
tion systems in use today, magnetic cllp detectors
are installed to glve an lndication of the heavy bulld-
up of metal (iron) particles in the oill. These detec-
tors do not glve a linear indlcatlon of the build-up,
ner will they provide warnlng of a severe malfunction
untll Just seconds before the englne stops operating.
The experimental lIn-flight detector 1s intended to
give a linear output related to metal content (prin-
cipally iron) in the oll so that, in many cases, 15 to
30 minutes of time will be galned before engine wrap-up.

The clrcult of the experlimental in-flight de-
tector 1s shown in Figure 36, It utilizes a grid-
quenched superregenerative osclllator, the feedback
of which 1s controlled by the detector coil induct
ance, The detector coll 1s tuned to a frequency
slightly lower than the osclllator frequency. Particles
of iron 1n the near vicinlty of the coll cause the de-
tector i1mpedance to decrease; hence more feedback 1s
avallable to the oscillator and the output voltage
Increases,
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The superregeneration 1s achieved by applylng
a square wave to the grid of the oscillator tube,
6CWL4, alternately raising and lowering the gain of
the tube. When the grid voltage 1is hligh, the tube
starts to oscillate, the output rising exponentially
from the clrcuit noise level, After reaching a
detectable nonsaturated level, the gain of the tube
is reduced to zero and the output declines exponent-
ially. The amplltude of the oscillator output is
proportional to the oll contamination level. A free-
running multivibrator suppllies the grid queiiching
waveform,

The osclllator output 1s envelope-detected, am-
plified, filtered and stretched to give a direct
current at the output terminals., A meter across the
output will read approximately 5 volts for a con-
tamination level of iron of 500 ppm, The nominal
no-contamination level is approximately 0.5 volt.

Packaging of the circuit hinged on the use of
printed circult boards for the majority of inter-
connections. Two boards were made, one holding the
power supply and the other the principal circuitry,.

A slotted container was made to hold the printed
circuit boards' external power supply connectlons,
detector cable and output meter connections,.

The development of this configuration was
stralghtforward and offered no difficult design prob-
lems., Of particular interest 1s the excellent mech-
anical stabilility achieved with this packaging method.
Although not required for this experimental model,
the circult lends 1tself to mechanical stability
through the use of plotting in the internal spaces
of the package. The temperature stabllity of the
circuit 1s not good at this stage of development, It
1s expected that future development will improve this
feature,
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> 14 PPM
< 14 PPM

Total

= 12 PPM
< 12 PPM

Total

=z 16 PPM
< 16 PPM

Total

FIGURE 16

COPPER
U.S. Navy Threshold Value = 14 PPM
Group 1 Groups 2 3
Observed | % of Total | Observed | % of Total
18 5.9 24 10.5
289 94.1 205 89.5
307 229
Group 1 Groups 2 3
Observed | % of Total | Observed | % of Total
b7 15.3 59 25.8
260 84.7 170 Th.2
307 229
Group 1 Groups 2 3
Observed % of Total Observed % of Total
5 1.6 9 3.9
302 - 98.4 220 96.1
307 229

B




FIGURE 17
SILVER

U.S. Navy Threshold Value = 3 PPM

Group 1 Groups 2 and 3
Observed | % of Total | Observed | % of Total
= 3 PPM 7 2.3 18 7.9
< 3 PPM 300 : 97.7 211 g2.1
Total 307 229
Group 1 Groups 2 and 3
Observed % of Total Observed | % of Total
2.5 PPM 8 2.6 19 8.3
2.5 PPM 299 97 .4 210 91 7
Total 307 229
Group 1 Groups 2 and 3
Observed | % of Total Observed | % of Total
> 7 PPM 3 1 15 6.6
< 7 PPM 304 99 214 ol .k
Total 307 229
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> 8 PPM’

< 8 PPM
Total

> 7 PPM
< 7 PPM

Total

= 9 PPM
< 9 PPM

Total

FIGURE 18

NICKEL

U.S. Navy Threshold Value = 8 PPM

Group 1 Groups 2 and 3
Observed | % of Total | Observed | % of Total
187 60.9 133 58.1
120 39.1 96 41.9

307 229
Group 1 Groups 2 and 3
Observed | % of Total Observed | % of Total
273 88.9 198 86.5
34 11.1 31 13.5
307 229
Group 1 Groups 2 and 3
Observed | % of Total | Observed | % of Total
87 28.3 65 28.4
220 T1.7 164 71.6
307 229
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FIGURE 19
CHROMIUM

U.S. Navy Threshold Value = 10 PPM

Group 1 Groups 2 and 3
Observed | % of Total Observed | % of Total
> 10 PPM 8 2.6 12 5.2
< 10 PPM 299 97.4 217 94.8
Total 307 229
Group 1 Groups 2 and 3
Observed | % of Total Observed | % of Total
> 9 PPM 14 4.6 14 6.1
< 9 PPM 293 95.4 215 93.9
Total 307 229
Group 1 Groups 2 and 3
Observed % of Total Observed % of Total
=2 11 PPM 4 1.3 7 3.1
< 11 PPM 303 98.7 222 96.9
Total 307 229
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FIGURE o0
IRON

U.S. Navy Threshold Value = 35 PPM

Group 1 Groups 2 and 3
Observed | % of Total | Observed| % of Total
> 35 PPM 53 17.3 54 23.6
< 35 PPM 254 82.7 175 76.4
Total 307 7 229
Group 1 Groups 2 and 3
Observed | % of Total| Observed| % of Total
=2 31 PPM o4 30.6 98 42,8
< 31 PPM 213 _ 69.4 131 5T7.2
Total 307 229
Group 1 Groups 2 and 3
Observed | % of Total Observed % of Total
=2 39 PPM 20 6.5 30 13.1
< 39 PPM 287 93.5 199 86.9
Total 307 229
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> 20 PPM
< 20 PPM

Total

> 18 PPM
< 18 PPM

Total

> 22 PPM
< 22 PPM

Total

FIGURE 21

U.S. Navy Threshold Value =

TIN

20 PPM

Group 1 Groups 2 and 3
Observed { % of Total| Observed| % of Total
17 Sia3 14 6.1
290 94.5 215 93.9

307 229
Group 1 Groups 2 and 3
Observed l % of Total| Observed| % of Total
20 6.5 15 6.5
287 93.5 214 93.5
307 229
Group 1 Groups 2 and 3
Observed | % of Total Observed| % of Total
10 3.3 9 ‘ 3.9
297 96.7 220 | 96.1
307 229 -

_lo_




FIGURE 22

ALUMINUM

U.S. Navy Threshold Value = 8 PPM

= 8 PPM
< 8 PPM

Total

=z 7 PPM
< 7 PPM

Total

> 9 PPM
< 9 PPM

Total

Group 1 Groups 2 and 3
Observed | % of Total Observed| % of Total
49 15.9 45 19.6
258 84.1 184 80.4

307 229
Group 1 Groups 2 and 3
Observed % of Total Observed % of Total
90 29.3 84 36.7
217 I 70.7 145 63.3
307 229
Group 1 | Groups 2 and 3
Observed | % of Total Observed | % of Total
27 8.8 28 12.2
280 91.2 201 87.8
307 229 7
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DISTRIBUTION

U. S. Army Test and Evaluation Command

U. S. Army Infantry Center

U. S. Army Command and General Staff College

Army War College

U. S. Army Arctic Test Board

U. S. Army Armor Board

U. S. Army Aviation Test Board

Aviation Test Office, Edwards AFB

U. S. Army Polar Research and Development Center

Deputy Chief of Staff for Logistics, D/A

The Research Analysis Corporation

Army Research Office, Durham

Office of Chief of RkD, D/A

Naval Air Test Center

Army Research Office, D/A

U. S. Army Aviation School

Deputy Chief of Staff for Military Operations, D/A

U. S. Army Combat Developments Command
Quartermaster Agency

U. S. Army Quartermaster School

U. S. Army Combat Developments Command
Transportation Agency

. Army Transportation Board

. Army Aviation and Surface Materiel Command

Army Transportation Center and Fort Eustis

. Army Transportation Research Command

. Army Tri-Service Project Officer (MCLATS)

. Army Transportation School

. Army Airborne, Electronics and Special
Warfare Board

Office of the United States Army Attache
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U. S. Army Research and Development Group (Europe)

Air Proving Ground Center, Eglin AFB

Air University Library, Maxwell AFB

Air Force Systems Command, Wright-Patterson AFB
Chief of Naval Operations

Bureau of Naval Weapons

U. S. Naval Postgraduate School

U. S. Marine Corps

Marine Corps Schools
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Marine Corps Liaison Officer,
U. S. Army Transportation School

U. S. Coast Guard

National Aviation Facilities Experimental Center

NASA-LRC, Langley Station

Manned Spacecraft Center, NASA

- Ames Research Center, NASA

Lewis Research Center, NASA

NASA Representative, Scientific and Technical
Information Facility

U. S. Government Printing Office

Defense Documentation Center

Human Resources Research Office

S. Patent Office

Strike Command

Army Mobility Command

Army Materiel Command

Army Limited War Laboratory

Army Combat Developments Engineering Command

Army Combat Developments Command
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