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13.  Abstract (cent. ) 

As required by the contract,  6 complete systems were supplied 

for the 2 1/2 ton truck and 6 systems for  the jeep.    These jysterrs 

included all installatiun and plumbing hardware required to meant ihe 

device in the vehicle.    In addition to the sensor systems 20 additional 

replaceable wear elements were supplied for use in fiela testing. 
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A. Introduction 

Tfais report describes the effovt and results of an engiceefing 

study of parti culate oil contamination and the development,   design and 

testing of ?. device for indicating the cumulative damage potential of 

contandnated engine lubricant.     The work has bt-en performed under 

Ü,S.   Army  Contract No.   DAAE07-71-C-0241  initiated 24 June  J971. 

This report is tit? final report summarizing the program effort aad 

cigniScant resuits. 

l.i Objective 

The overall objective of this program is the development 

of a diagn*70ti: device to provide an indication of cumulative damage 

potential cf ccntam.nat'Sd engine lubricant.      The device is   responsive 

to accumalatad particle concentration (due to metallic,   dust and 

foreign parficle Ingestion from the environment) through the use of 

metallic  elements  exposed to erosive flow and corrosive action 01 

lubricating o:l.     The  same basi^ device   - with minor modificatious   - 

is applicabiS to both the  M151A2 1/4 toa truck engine and the M35A2 2 1/2 

ton truck engine.   Both devices employ bistable electronic circuitry to provide 

<*. go/no-go indication to the vehicle  operator in the cab. 

The program was   specifically designed to achieve the 

following; 

(a) Determine  the operating conditions,   con- 

tamination levels and distributions,   and 

physical limiiations pertaining to the 

abrasive damage indicator. 

(b) Develop  sensor  and indicator concepts 

compatible with the above characterisvics. 
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(c) Construct a test loop to simulate the 

engine lubrication system. 

(d) Test the  sensor under contaminated 

and clean lubricant conditions to 

establish feasibility. 

(e) Design,   build and install prototype 

systems on the 1/4 and 2 1/2 ton »rucks. 

(f) Complete a preliminary  test program 

to ensure compatibility with vehicles. 

1.2   Background 

The military employs a  great many internal  combustion 

engines of various  types in a wide variety of vehicles and applications. 

Ivfany,   if not most applications  entail adverse operating  conditions  and 

at the same time demand highly reliable  service.     It is therefore 

necessary tc maintain these engines: 

(a) to assure their availability;     and 

(b) to estimate the available  running time 

or  "life" before  maintenance or 

replacement is   required. 

Faced with a declining  supply of skilled maintenance 

personnel and increasingly  complex equipment,   field maintenance has 

become increi;singly difiicult.      To counter  this  the military has turned 

to the deve^pment of "self diagnostic"  equipment. 

Eventually,   self diagnostic  capability would be  desirable 

for entire vehicles and progress is being made in tnis  direction       For 

^^^^itltl^^UMMxMm^^^miLiiMi^iJiaiMi&tJlS^iLli 



the engine itself,   it happens that a large majority of field failures can 

he traced to relatively simple and,   if properly identified,   easily 

remedied malfunctions of the fuel,   coolant,   ignition or lubrication 

systems.     The effort presented in this  report has been directed at 

the development of an indicator which id  sensitive to abnormally high 

levels of particulate contaminant in the lubricating oil and provides warning 

to the operator in time to permit remedial action before catastrophic failure. 

This device is particularly suited to military vehicles 

because of the wide variety of operating conditions.      Under these 

variable operating conditions,   the rate of oil contamination can vary 

considerably and there is considerable incentive to match the oil and 

filter change interval tc the actual oil  condition. 

1. 3        Scope of Effort 

The  scope of this program includes the development of 

a sensor and indicator system to provide warning of excessive 

particulate contaminant buildup in the engine lubricant of the M151A2 

1/4 ton truck engine and the M35AZ 2 1/2 ton truck engine.    As a result of 

this program, typical contaminant levels and distributions have been 

established.    The development feasibility has been proven for a device 

sensitive to particulate contamination.    Prototype sensor and indicator 

systems have been designed and fabricated.    The major tasks completed 

during this program include: 

1.3. 1 Quantitative  Problem Definition 

This task provided the background information 

required for effective design and testing of the contaminant sensor and 

indicator  system. 

It included an extensive survey of recent 

literature   to quantify the effect of lubricant contamination on internal 
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combustion engine wear.     The survey included chemical contamination 

as well as particulate contamination.     Typical wear rates were 

determined as were contaminant particle size distributions and methods 

of determining lubricant condition. 

This  effort included contact with persons in 

the lubrication and filter industries to utilize their practical experience 

with laboratory and full  scale testing. 

Specific quantitative information regarding the 

actual vehicles to be used and their operating conditions was obtained 

directly from military and civilian personnel  closely associated with 

the equipment and from pertinent military manuals. 

This background information is presented in 

detail in Section 2. 

1. 3. 2 Concept Evaluation 

This task was  directed at developing,   refining 

and evaluating the basic abrasive damage indicator concept originally 

proposed.      Based on the detailed information gathered in the first 

task,   several variations of the abrasive indicator concept were con- 

ceived and analyzed.      Preliminary testing established feasibility and 

indicated a prelered design.     Section 3 describes the original concept 

and its  refinements. 

1. 3.3 Experimental   Facility and  Evaluation 

Considerable  effort was  expended to develop a 

special test facility to  simulate the conditions  in an  -ni-ernal combustion 

engine  lubrication  system and permit tlie  control ol  critical variables. 

The test facility was built in the   Foster-Miller  laboratory. 
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An extensive test program was  run to establish 

concept feasibility and deternune the effect of the variation 6f several 

parameters on the performance of the sensor.     The details of the test 

program and th.   pertinent results are repott-d in Section 4, 

1,3.4 Prototype Indicator  Design    . 

Prototype sensor and indicator systems were 

designed for the jeep and diescl engine based on the  results of the 

flow test program.      The design presented in Section  5,   included wear 

elements,   sensor body,   mounting hardware and indicator  system. 

1. 3. 5 Prototype  Testing and Installation 

In this  task described in Section 6 the prototype 

devices were  subjected to the appropriate  environmental and vibration 

test programs.     One of each unit was installed on the appropriate 

vehicles to insure compatibility and noninterference with the other 

functions of the vehicle. 

1.3.6 Cost  Evaluation 

Estimates of production  cost were made for 

both the diesel truck version and jeep version of the oil life indicator 

system in lots  oi  100  and  1000.      These are presented in Section  7  and 

will facilitate  the  evaluation of the overall value of the device and its» 

cost effectiveness. 

-5- 
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2. Quantitative Problem Definition 

An extensive investigation was  required to provide the back- 

ground information required fur effective design and testing of the 
: contaminant sensor and indicator system.      This investigation provided 

the quantitative information on the abrasive contaminant of lubricating 

oil in general and the operating  characteristics of the  specific vehicles 

under consideration. 

Detailed definition of the problem required investigation of two 

^ major areas: 

(a) lubrication degradation and contamination 

(b) specifications of the particular vehicles and 

their operating conditions 

The first area required an extensive literature  search in the area 

of internal combustion engine lubrication and wear.      Considerable 

information was  also available from personnel associated with the 

major oil companies and filter manufacturers. 

Details of the vehicle  specifications,   physical limitations  and 

typical operating conditions  were gathered  from operators manuals, 

repair manuals and parts manuals available  from the  U. S.   Army. 

Also very helpful was the first hand experience and opinions of 

'military and civilian personnel  familiar  with  the  day-to-day operation 

and maintenance of the vehicles being considered. 

Details of the problem definition  task are presented in the 

following   sections. 

2. 1 Lubricant  Degradation and  Contamination 

The results of a  careful  survey of engine  lubrication and 

-6- 

■üüiiiii rätßt\tiii'\ii)\\'\ ' i   "'' '   i"' '   "•'"rVii T" «'Wtfn 



wear   are presented in this  section.     Chemical and mechanical con- 

taminants are  reviewed first,   typical engine wear  rales under normal 

and abnormal operating conditions are discussed followed by a pre- 

sentation of the meihods of monitoring a lubrication system to deter- 

mine when oil has been exhausted. 

2.1.1 Chemical and Mechanical Contaminants 

Chemical contaminants normally found in internal 

combustion engine lubricants are  rust,   soap,   algae,   solvents,   detergents, 

acids,   bases,   salts and the inhibitor and dispersant packages originally 

added to the oil.      Theae may  all be identitied by chemical and  spertro- 

graphic analysis of an oil  sample.     It has been suggested thai acids 

alone do not promote chemical corrosion,   but when acids and peroxides 

appear  simultaneously,   corrosive wear increases  rapidly.      The peroxides 

seem to react with the metal to form oxides which react with the 

acids to form salts.     It is  generally agreed that while the formation 

of varnish and sludge is a chemical process,   gross metal removal is 

primarily a mechanical wearing process. 

Mechanical contaminants  form the insoluble 

content of the oil,   made up of minute particles of foreign matter  that 

enter  small  clearances in bearings  and other  moving parts.      These 

particles   cause the abrasive wear of piston  rings,   cams,   lifters  and 

bearings.      The majority of these particles  are  composed of amorphous 

carbonaceous matter,   silica,   alumina,   irou and iron oxides.     Other 

metal oxides  also appear in various  concentrations which depend on 

the design of the engine,   the materials used,   and any malfunctions 

which may be occurring. 

This   contaminating matter arises  from various 

sources; 

-7- 
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(1) airborne dust which passes first the air 

filier and then the piston rings, 

(2) hard carbon produced in the combustion 

chamber, 

(3) metal particles abraded during the wear 

process which subsequently react with 

the air and oil chemistry. 

Table 7, excerpted from Reference    (1)*,   shows the results of chemical 

and purticle  size analyses of the contents of three types of oil filters. 

Three  centrifugal  filters and three metal edge filters were obtained 

from compression-ignition engines and threes paper  '--lament type filters 

from various gasoline  engines.     The values  reported a.re the average 

values for each of the three filter-engine combinations.     Three of each 

filter-engine combination were inspected and the average values  reported. 

Z. 1.2 Effect of Particulate  Contamination on Engine 
Wear 

The  effect of abrasive  contaminant on I. C. 

engine life has been  extensively investigated by engire and  component 

manufacturers,   oil companies and filter manufacturers.^''   '   '   * 

Three basic types of test programs are 

employed for determining these effects,   each with advantages and 

limitations. 

('i       Accelerated  Testing   - add high  con- 

centrations to the lubricant and the intake 

air  to cauye  ranid wear.      The wear is 

determined  by  disassembly  of the  engine. 

Numbers in parentheses  refer to   references  list in the  Bibliography, 

-8- 
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(2) Field  Fleet Testing   -  Utilize vehicles 

operating under similar controlled con- 

ditions to compare  various filtration 

techniques or lubricant chemistries. 

Disassembly and comparison of similar 

components is  required. 

(3) Radioactive  Tracer  Testing   - use radio- 

active tracers in ihe weaving elements 

to accurately measure even low wear 

rates with  small quaiviitiea of abrasive. 

The wear  may be monitored  continuously 

without dismantling  the engine.      This 

technique  appears  to he  the  most 

satisfactory to date. 

The  results of the various  studies   stern 

frequently inconorstent ana occasionally  contradictory.      Depending on 

the details of the  test setup   - the engine materials,   the lubricant, 

the filter and the  contaminant ese-3   - the  results  can  very  considerably. 

It does  appear  that  several  general  conclasions  may be  drawn and 

indeed are  rtther widely accepted.      These  are: 

J The primary contributor to abrasive 

engine  wear is   silica. 

2. There is  a  threshold  concentration for 

silica above  which wear  increases   rapidly. 

3. There is  a particular  particle   size   range 

which may be  considered most  critical. 

Silica  (SiO~) has  long  been  accepted  aü  a 

primary  contributor  to engine wear.     A  major  component of road dust. 

-10- 
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it enters the engine in relatively la:ge sizes with the intake air,   is 

partially ground by the piston rings and makes its way to the sump 

where it remains  suspended in the oil      The  standardized air fine 

cleaner test dust used by the filter  manufacturers  to evaluate their 

products is  almost 70 percent silica as  shown in  Table II, 

Piston ring wear  rates with a typical 6 cylinder 

valve-in-head test engine were on the order of 0.2 to 0.5 mg per 

hour pei   ring under normal operating conditions.      The addition of 

standardized sir cleaner test dust in a concentraHon of C. 3 grams 

per J000 cubic feet of air increases the wear'rate by a factor of 

100. * '    The results of the experimental  study are shown in  Figure  1. 

This  concentraticr. is typical of that entering an engine during a dust 

storm through an ef/icient paper filier.      Calculations indicate that 

a specific weight of abrasive adued to crankcase oil causes about 

10 times the wear of an equivalent weight oL airborne abrasive,   eince 

the major portion of airborne abrasive blows oat the exhaust. 

In general,   a  silica  concentration in excess of 

15 parts per million causes accelerated wear of engine parts.      The 

wear rate is  related to the tottl vsar metal content of the  lubricating 

oil.      Wear metals include iron,   lead,   copper,   chromium,   aluminur.i, 

nickel,   silver and tin.      Typical concentrations  of these metals in 
(7) 

diesel  e&pine lubricant are: 

Iron 

Lead 

Copper 

Chromium 

Aluminum 

Nickel 

Silver 

Tin 

< 60 ppm 

< 10 ppm 

< 15 ppm 

< JO ppm 

< 5 ppm 

< 1   p?m 

< . 1  ppm 

< 1  ppm 

-11- 
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TABLE II  -  CHEMICAL .ANALYSES AND PARTICLFi SIZE 

DISTRIBUTION OF AC  FINE TEST DUST 

Ila Chemical Analysis of AC   Fine  Test Dust 

- ^WFi-v 7 .^i-WJI^« 

SiO- 

Percent by Weight 

67-69 

Fe203 3-5 

A1203 

CaO 

15-17 

2-4 

MgO 0.5-1. 5 

Total Alkalis 3-5 

* Ignition Loss 2-3 

lib  Particle Size  Distribution of Dust 

Size,   microns 

Ü-5 

Percent of Total Weight 

39+2 

5-10 18  + 3 

10-20 16  + 3 

20-40 18  + 3 

40-80 9  + 3 

1  micron   =    0.000039 in. *     material  lost during  analysis 
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.As  the  si'icon content Df ihe lubricant increases, 

the '-otal wear metal conteni iiicreases   "is  shoArn in  Mgure Z,      From 

tHis  curve,   the detrimental effect of silica is  evident.      The  15-20 ppm 
•'7) tnreshcld range was  reported by Faul  Fritna* ' of Mobil Oil to apply- 

to automatic transmissions and gearboxes as well as T. C.   engines. 

Similar phenomena are   reported for  railroad diesel engines which 

ingest braking sand through the intake manifold.      The  threshold ?t 

which wear increases  rapidly is  20 ppm for  this application. (8) 

The  size of the  silica particles  strongly 

influences the rate of abrasive wear.      The variation in wear  rate 
(3  r') with abrasive particle  size has been  studied in considerable depth. v ' "■' 

Watson,   et.   al, y      established relative wear  rates  for various particle 

size fractions of the  standard test dust in the lubricating oil.      The 

results of the wear after 30 minutes of operation are presented in 

I'igure  3a.     Maximum wear io indicated for test dust particles  of 

21, 5 micros diameter.      This   result is  similar  i.o  similar tests in 

which  the dust was airborne as   shown in   Figure  3b. 

This data is presented in tabular  form for  the 

wetted and airborne contaminant in  Table III and iV. 

Cther papers  report higher wear  rates in the 
(5) 

5-10 micron  range than in the   10-20 micron  range^    but this is 

traceable  to different piston  ring and bearing materials, 

In  general  particle  .sizes  less than  5 microns 

do not ca-a&e  significant wear.      Particles  of diameters  greater  than 

20 micron are easily trapped by  oil filters  and therefore are not 

available  for  abrasiv; action.      The most critical  range  of particle 

size lies  between  6 anJ 20  microns. 
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2. Z        Vehicle Specifications and Operating  Conditions 

The details of the multifuel engine and jeep engine 

lubrication systems and normal operating conditions were required to 

provide the background for the design and testing of the oil abrasive 

content sensors.      These details were gathered  from the appropriate 

military manuals and military personnel.      The information on the 

multifuel engine lubrication  system was found primarily in the  "Trouble 
(9) Shooting Manual,   LDS-465-1   Multifuel Engine"1  ' published by  Con- 

tinental Aviation and Engineering  Corporation.      The jeep lubrication 

system was described in army Manual  TM9-2805-213-34,     Information 

excerpted from these  sources  is  presented in the  following  sections. 

2.2. 1 Lubrication System   - Multifuel  Engine (9) 

The multifuel engine incorporates k full-pressure 

lubrication  system.      The design of the oil pan,   in conjunction with a 

scavenger pump system,   ensures a continuous  supply of oil to the 

pressure  pump. 

Filtration of the  oil is  accomplished b/ two 

replaceable-element-type filters.     A  coolant jacketed pil cooler is 

provided to perform two  functions.      The first is  to transfer heat from ' 

the  coolant io the lubricating oil to  speed the warmup of the  lubricating 

oil during  starts.      The  second is  to maintain the  lubricating oil 

temperatures at an acceptable  level during normal operation. 

Schematics of the rnultifuel  engine lubrication 

system as  obtained from References  9 and  10  arei reproduced directly 

in  Figures  4 and  5.      Detailed  specifications  of the lubrication  system 

are presented in  Table  V. 
i 

2. 2. 2 Lubrication  System   -  1/4. Ton   Truck  Engine 

Positive,   full-pressure' lubrication is  provided 
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Figure 4   -  M35A2  Engine  Lubrication System Diagram (Ref 9) 
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Figure  5   -  M35A2  Diesel  Engine Oil  Flow Circuit  Diagram.   (Ref  10) 

-21- 

MHüJBMa^ütot. >j"ifrf- —■-'— -^ .A^..t. . 



TABI E V   - MzbAZ  LUBRICATION SYSTEM 

Lubrication Oil Specification 

+32°  to  +120 6F 

-10"  to  + -WF 

-65c  to   +    0oF 

OE 30 {MIL-L-2104) 

OE 10 (MIL-L-2i04) 

OES       (MIL-L-10295) 

Normal  Oil Pressure 

at idle  speed 

at operating speed 

Oil  Pump 

Type 

Capacity 

Oil   Filter 

Oil  Capacity 

10 psi min 

50-65 psi at 2800  RPM 
(measured in  crankcase main gallery) 

Gear pump with internal pressure 
relief at  125 psi 

22 gpm at 2800  RPM 

full flow  replaceable  cartridge type 

22  quart  total 

Oil  Passage 

approx.   3/4" diameter 

-22- 
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by a gea/-type oil pump.     A  spring - loaded relief valve in the pump 

limits  th«  maximum pressure in the system.      The  cii is picked up 

from the  sump and is pumped through a  short passage in the block 

to the full flow filter.     The filter also has  a  relief to pert.at bypassing 

if the .element becomes clogged.      From the filter,   oil flows to the 

center main bearing,   camshaft,   and the  rest of the  engine,   as  shown 

in  Figure  6 whicu is  reproduced directly from Reference   11. 

The  specifications for thf  lubrication  system 

are pregsated ir:  Table VI. 

c> 3        Summary of Background luvestif^tion 

Based on the investigation of internal  combustion engine 

lubricant contamination the following conclusions may be drawn. 

(1) Silica is  the primary  contributor  to 

abrasive  engine wear. 

(2) Wear increases  rapidly AS  the  concentration 

of Silica  rices  above a threshold of 15-20  opm. 

(3) The  5-2Ö  micron  range is  the critical   abrasive 

particle  size. 

(4) Standard air  cleaner  test dust provides  a 

suitable  contaminant for the  concept evaluation 

testing. 

The  lubrication system specifications  for  the   1/4 ton 

and 2  1/2 ton trucks  are  summarized in  Table  V and  Table  VI.      The 

oil pump flow rates  for both systems  were  considered adequate to 

permit sampling of a  small portion of flow from the pump in parallel 

with the  engine lubrication  system.     Parallel  sampling for the 

mm 
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Figure  6   -  Ml51A   Jeep  Engine   Lubrication System 

-  Oil   Flew Diagram   - Ref (11) 
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TABLE VI - MlBlAl   - LUBRICATION SYSTEM 

Lubrication Oil Specificaticmg 

32c - 120CF 

-IC - 40'F 

-65°   -      C0F 

OE 30 (MIL-L-2104) 

OE 10 {MIL-L-2104) 

OES       (MIL»L-10295) 

Normal Oil Pressure 

at idle   -   15-30  psi 

at operating   - 35   - 45 psi 
full pressure lube,   system 

Oil  Pump 

Type 

Capacity 

Oil   Filter 

Oil Capacity 

Gear with integral pressure relief 
valva 

6. 3 gpm at 4000  RPM 

full flow disposable cannister 

5 quart sump 

Oil Passages 

approx.   7/16"   iiameter 

-25- 
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r 
prototype sensor systems iasurec the availability of pressure sufficient 

tc produce oil velocities  capable of causing a  significart rate of abrasive 

wear.      Placing the  sensor in  series with the lubrication system would 

have  reduced the pressure drop available  for accelerating the oil to 

a small fraction of the  system pressure and thus not permitted the 

velocities  required to produce  the abrasive wear. 

For the ultimate  system either parallel  sampling or a 

full flow series  approach may be employed with appropriatt modification 

of ihe pump characteristic. 

' 
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3. Abrasive Oil Contaminant Indicator Concept 

3. 1        Deacription of Overall Concept 

The abrasive oil contaminant indicator employs a thin 

metallic element which is inserted in a convenient location in an oil 

line and erodes under the abrasive action of the solid particles 

suspended in the lubricant flow.      The erosion rate is influenced by 

the particle size,   material,   shape and velocity, and the total erosion 

is  related to running time. 

The parameters which result in erosion of the element 

are  similar to those aftectiiig engine wear.      With proper design the 

element can provide an analog of the  engine w^ar and indicate when 

contaminated oil is producing excessive wear. 

The wear is  sensed in this  concept by an increase in the 

electrical resistance of the  element caused by the decrease in the  cross 

sectional area of the conducting path.     An electronic circuit senses 

resistance increases above  a threshold and activates a warning 

indicator  light. 

3. 2        Geometrical Design of Wear Element 

To achieve wear of the metallic path,   impact of particles 

against the wear  element is  required.      Calculations based on impaction 

efficiency theory,   described in  references   12 and  13,   indicate  that 

for  the particles of interest in this  study a wire with  radius less 

than 4 mils would be  required to produce  even a 0. 2 percent per hour 

change in cross   sectional area.      Smaller wire diameters  are not 

feaoible because of strength  requirements,   so  sharp edge wear has 

been employed. 

Conducting paths  must be deposited at the  edge of non- 

conducting  substrate materials.      The  substrate  supplies  the mechanica? 

-27- 



support for the extremely thin metallic path  required to sense r/ear 

due to particle impact. 

Various  configurations  such as cylinder,";,   rectangular 

prisms and sharp edges were envisioned as  shown in  Figure 7,     In 

order to maximize the wear  rate,   high velocity is  required immediately 

adjacent to the wear  surface.      This will minimize the boundary layer 

thickness and increase the fluid shear at the wear  surface. 

I 

The flow patterns around th* three favored geometries 

are  shown in  Figure 7.      For the cylindrical case,   the fluid velocity 

ideally varies from zero at the  stagnation points  shown to twice 

free-stream velocity at the upper and lower  sections.      For the  square 

cross  section the velocity varies from zero at the  stagnation points 

to theoretically infinite velocity at the cornsrs.      For the sharp edge 

the velocity is approximately equal to the freestream value. 

Eased on flow velocity and manufacturing considerations 

a rectangular' prism geometry was  selected with the  conducting path 

along one edge only rather than across  the entire surface.      The 

configuration  selected is   shown in  Figure 8. 

Calculations presented in Appendix C indicate  relatively 

low impaction efficiency even for the  rectangular prism,   consequently 

low wear rates were anticipated.      The element configuration must 

result in significant resistance  changes due to this wear.      Thus  an 

extremely small cross  sectional area of the conducting path is 

required.      The paths employed in the test program were narrow, since 

imyaction occurs  only at the very edge, and thin to minimize the 

cross  sectional area. 

3.3 Material Selection 

Having  selected a promising geometry for the wear 

element,   suitable materials are required for both the  substrate and the 
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Figure  7   •  Potential  Wear  Element  Conf'gurafions 
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conducting path.     Also required is a process  for intimately bonding 

the path to the substrate material. 

The following sections discuss the considerations in the 

selection of the materials and the bonding process. 

3. 3. 1 Conducting Path 

The properties  required of a conducting path 

material may be summarized as: 

(a) electrically conducting 

(b) abradable 

(c) readily available at low cost 

(d) chemically  stable  (non-corrosive) 

Most metals   satisfy the first three  requirements 

in varying degrees and the nobler metals  satisfy the latter as well. 

There was  considerable question regarding the desired hardness 

characteristics.     It is  obvious  that an extremely hard material will 

abrade at an extremely low rate and probably not be  satisfactory. 

On the other hand,   a soft material may tend to smear under the 

action of the hard particles  rather than be  removed.      The most 

satisfactory material would fall between these extreme cases. 

In order to  compare the performance of 

several possible materials, a test loop was built and a test program 

run.      The conducting materials tested included nickel,   chromium, 

silver and gold.      Based on the tests  described in Section 4,   gold was 

selected as the most satisfactory path material. 

mma mmm ■ j&äaal 



3. 3. 2 Substrate Material« 

Substrate materials must he: 

(a) electrically nonconductive 

(b) compatible with the conducting path 

material and bonding process 

) easily fabricated in the desired shape 

(d) dense with fine grain  structure to 

yield a smooth surface 

(e) compatible with the lubiicating medium 

In addition to the above characteristics,   the 

substrate materials must possess  suitable abrasion characteristics. 

An easily abradable  substrate will permit more  rapid removal of the 

conducting path material as the  substrate itself is worn.     An extremely 

hard  substrate will reduce the conducting path  removal rate by 

resisting the abrasive action and providing   support for the weaker 

path material. 

Several substrate materials were tested during 

the experimental program described in Section 4.      These include 

delrin,   high density alumina,   quartz and flint glass. 

Bonding  Process 

In order to produce  suitable wear  elements 

it was necessary to  choose a process  that would intimately bond the 

conducting material to the  substrate in  such a way that chipping, 

peeling or flaking would not occur. 

-32. 
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A*r.ong the processes considered were vacuum 

deposition, mechanical sputtering and a photo resistive proceste which, 

involves mechanical sputtering followed by a photo-etching process. 

Mechanical sputtering onto a masked surface 

was  selected for the initial  elements because oi the molecular nature 

of the bond and the  relatively low cost in small quantities/     Uniformity 

between samples is difficult to control with sputtering because of 

variations in the masking process.     Sputtering time may be adjusted 

for small batches to compensate  for the masking variations.    : The 

sputtering process proved quite  satisfactory for the wear elements  : 

for our test program and prototype  sensors. 

For larger quantities  the photo  resistive process 

is  recommended.      The photo resistive process involves; viniform 

sputtering ot one face of the element and then selective  removal of 

portions of the  sputtered layer using a photo etch process.     Higher  set 

up costs would be   offset;   in large quantities  and the quality and 

uniformity of -the  conducting path is expected to be  superior. 

-33- 
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4- Flow Loop  Facility and  Test Program 

A flow loop was designed and built to  simulate the flow of 

lubricant   - both clean and contaminated   - in internal  combustion 

engines.      The flow loop and test program were developed to: 

(a) determine concept feasibility 

(b) select wear path material 

(c) select substrate  material 

(d) optimize flow geometry. 

A description of the flo'^ facility,   the test program and the 

pertinent program results are presented in the following  sections. 

4. 1        Oil  Flow  Facility 

The  flow loop is  designed to   simulate  the  flow of 

lubricant in an internal  combustion  engine.      Since  the  tests  include 

oil  that is  heavily contaminated with abrasive  particles,   careful 

selection of the test loop components was   required.     It was  necessary 

to insure that the components were not destroyed by  *he abrasive and 

also that the abrasive particles  were not unnecessarily  degraded by 

the  action of the pump. 

In order  to  permit testing  over  a wide  range  of operating 

conditions  it is  necessary  to independertly vary the  oil  flow  rate, 

pressure and temperature.      In  addition to varying the parameters it 

was important to maintain close  control over tlxem as well. 

The  facility  employed is   shown  schematically  in   Figure  9 

and photographically m  F,:gure   10. 
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Ths heart of the  system is  a  Robbing an^  Myer.'  Moyno 

pump Model 2L3 with a capacity of up to 6 gallons per minute.     The 

Moyno is a positive UisplaceTiient pump which employs  a  cteel  ro^or 

and a rubber stator to push fluids at a unnorm discharge  rate without 

pulses.     The unique design peimi*:^ the pumping of solid particles 

with a minimum of degradation to the pjrmp  cr the pcrticles. 

In operatior,   a Moyno pump may be  compared to a 

precision screw conveyor.     As tht- rotor tvrns u-it'airt  the stator, 

cavities are /ormed which progress toward the diecharge end of the 

pump carrying the material being handled. 

The Moyno Pump is driven by a Dayton  1/2 HP Adjustable 

Speed  Drive  Unit through pulleys and a timing belt which prc-vide  a 

6.65 to  i.O  speed reduction throughout the operating  range of 705 

to 4230  RFM.      Flow rates up to 6.0  gpm were achieved at pressures 

ranging from zero to  55 psi. 

From the pvmp the  flow passes  through one  of two 

parallel paths to the element test section.     One of the paths is direct 

while the other includes  a standard military throwavay canister type 

automotive oil filter.      Two valves determine the oil flow path.      For 

contaminated flow tests the filter is excluded fron'  the loop.      For 

periodic filtering of the  contaminant from the lubricant ur for  o'itrol 

tests with clean oil,   the valve positions are changed and all flow 

passes through the filter. 

In the wear  clement test section,   several  elements  were 

installed in  series  in  the lubricant flow and exposed to the abrasive 

action of the  stream.      Electrical  connections  permitied monitoring of 

the electrical resistance of the elemems during operation.      From 

the test section the flow passes  through a   Fischer and Portor flow- 

meter  of JO  gpm  capacity  and  then through an Astrodyne  oil-air  heat 

exchanger  equipped with a thermostatically  ccutrolled fan, 
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A custom built 10 quart stainless  steel sump accepts 

flow from the heat excLaager and provides a slight positive pressure 

at the inlet to the pomp.      Tte sunp is designed to minimize the 

settling out of the abra«we particles during operation.      The conical 

shape directs the  solid particles  into the pump inlet and the jet of 

return oil is directed so as to scour the  side walls.      The  sump is 

wrapped with heating tapes and insulated to provide temperature control 

of the oil.     An Alien Bradley temperature controller activates either 

the heating tapes or the cooling fan when the   sump temperature is 

not within the allowable range. 

The loop wae. designed to minimize the degradation and 

sedimentation of the p2rt.icala^e contaminant during operation.     Sampling 

valves have been included to permit periodic  evaluation of the lubricant 

and the cortaminanfc. 

The oil used in the test loop was  Valovoline in both 

10W and 30W ranges.     It couforms to the military  specifications  for 

vehicular applications. 

4, 2        Test Preparation and Procedures 

Prior to the full  scale test program,   preliminary tests 

were  run to evaluate tb*; performance of ehe test loop.      Dunn"' this 

period the behavior of the lubricant,   the abrasive  contaminant and 

the test loop components  were monitored to provide an indication of 

expected behavior. 

During  these  preliminary  tests,   chemical analyses  and 

particle analyse» were employed to monitor the degradatjon of the 

particles and the wear of syslern components.     Analysts,   Incorporated 

of  Linden,   N. J.   provided  chemical  and particle  size  analysis  of th» 

oil  samples  forwarded to them throughout the preliminary test program. 

These analyses indicated that the degradaaon of system components 
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was negligible during typical testing periods.      The only wear metal to 

increase in concentration during testing was  copper.      This  copper 

was traceable to the tubing lines and did not affect the performance of 

the test facility or of the abrasive indicators because of its  softness. 

The particle  size analyses  remained virtually identical 

in the  5-10 micron and  10-25 micron ranges during typical testing 

periods.     Operating periods as long as   24 hours produced particle 

count changes of less than 5 percent in these  ranges.     In the larger 

particle size ranges  (i, e.   greater than  25 micron) the number of 

particles increased by as much as a factor of three in a 24 hour 

period.     Since this increase was not accompanied by a similar increase 

in wear metal concentrations it was attributed to wear of the  rubber 

pump  stator   - the only  component likely to produce non-metallic 

particles.      The total volume of these particles was  small ai.d did 

not affect pump performance during the  entire test program,. 

Wear tests using  simple element geometries were 

performed to verify the conclusions of the particle  size analysis, 

A  series of carefully controlled experiments  established the  "effective 

abrasive life" of the contaminant under a wide variety of flow and 

temperature conditions. 

To determine the  "effective abrasive  life" a wear 

sensor was inserted in the  fluid stream and the  resistance monitored. 

The equivalent of 15 ppm of abrasive was  added to the lubricant and 

the  resultant wear  -nonitored through electrical  resistance  changes. 

Typically the  rate  of wear  decreased after  a  few hours.      The 

addition of fresh abrasive  to  the  lubricant invr.riably   reproduced  the 

initial  wear   rate. 

The  effects  of maintaining  fresh contaminant in  ih* 

lubricant is demonstrated graphically in   Figure  11   and  12.      Figure  il 

shows the increase in wear path resistance over a  26 hcur period for 
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two types of elemüats ^itb fresh contaminant added only ac the 

beginning of the period.      The decay in wear  rate during the test 

period is  evident.      For both elements the increase in resistance 

during the first four hours of operation was approximately equal to 

the total increase in resistance realized during the  subsequent 

22 hours. 

Figure  12 contrasts the effect of periodic filtration of 

the oil and renewal of the contaminant on the wear characteristics 

using another type of element.      The magnitude of the resistance 

level of the elements of figures  11  and 12 varies widely but the 

trends are quite similar.     In  Figure  12 the decrease in wear  rate 

after only a few hours of operation and the return to this wear  rate 

upon renewal of the contaminant point out the necessity for frequent 

renewal. 

These  results indicate that the "effective abrasive life" 

of the contaminant may be only a few hours.     Since particle counts 

do not indicate major  size degradation of the particles over a few 

hours,   the reduced abrasive action must be attributed to  smoothing 

of the  roi'gh edges  end rounding of the particles. 

In an internal combustion engine,   abrasive particles 

are continuously ingested with the incoming air and collected by the 

lubricant.      Fresh abrasive particles are  continuously being added to 

the  system.     Only when the oil filter is bypassed do the  same 

particles pass   repeatedly through the  system. 

To simulate this  condition in our test program,   the 

lubricant zs  filtered completely every two hours and fresh contaminant 

added in the appropriate amount.      This procedure produced a lubricant 

with contaminant concentratior  and abrasive characteristics that 

remain constant with time. 
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The limited test program did not pertnii testing a wide 

range of contaminant types and concentrations.     AC Air Filter  Test 

Dust with chemical composition and particle size distribution as 

shown in Table II provided an inexpensive,   mdely accepted con ■ 
tanünant,   typical of that found in service.      The concentratior used 

in all teets wa& 15 ppm of contaminant by weight.     Since only 66 

percent of the test dust is  silica,   this provides a 10 ppm silica 

content.     Although somewhat lower than the 15-20 ppm threshold 

level commonly accepted,   this level did produce measurable wear 

of the test elements.      The lower concentration was chosen to provide 

a conservative indication of the maximum sensitivity of the device. 

It is a simple matter to reduce the sensitivity of the wear elements 

and sense only higher abrasive concentrations. 

4. 3        Detailed  Test Program and Results 

An experimental program was developed to evaluate 

the feasibility of the proposed abrasive damage indicator concept 

and determine wear element and sensor designs which are sensitive 

to lubricant contaminant.      The  scope of this program was too limited 

to produce sensor elements which are  'xalibrated" in terms  of 

typical operating hours and contaminant levels.     Rather,   sensor 

element designs have been developed which definitely prove the 

feasibility of monitoring the abrasive acdon of particulate contaminant 

in lubricating oil with relatively  simple and inexpensive  sensor elements. 

The test program required several  stages of develop- 

ment to include  consideration of all aspects of the design.     The 

overall program is  outlined in  Table  VII.      The details  of each test 

sequence are discussed in the following  sections in sufficient depth 

to indicate the  rationale for the  selection of the  subsequent modification. 
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The results of the experimental investigation are 

summarized: 

(a) the  conducting wear path material  requires 

support from an electrically nonconducting 

substrate 

(b) glass  substrates provide acceptable wear 

resistance and surface finish 

(c) significant abrasive wear occurs only at 

the extreme edge,   therefore maximum 
sensitivity requires narrow path width 

(d) gold conducting paths provide a satisfactory 

combination of corrosion resistance and 

wear 

(e) to achieve desired  sensitivity  the entire 

length of path providing the resistance must 

be exposed to the abrasive action of the oil. 

The decision process and the  resulting wear element 

design are discussed in the following  sections. 

4. 3. 1 Wire Abrasive Sensors 

Preliminary calculations  of impact efficiency, 

presented in Appendix C indicate that a wire diameter less than five 

mils is  required to produce   resistance  changes  of 0. 04 percent per 

hour. Wire of this diameter is  not available commercially and 

net practical for manufacture.      This is particularly true for the low 

strengths  associated with the  soft metals   required for abrasion 

sensitivity.      The wire could not  supply the  strength required to 

resist the forces  produced by the following oil. 
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In order to provide a rough check on the 

validity of this assertion,   wear elements were fabricated from five 

mil wires of gold,   silver and several soft metal alloys.     The five 

roil wire was the finest available in the desired materials. 

The wire elements were  suspended across the 

lubricant flow and subjected to heavily   contaminant fluid at velocities 

typical of those attainable in I. C.   engine lubrication systems. 

Despite the heavily contaminated fluid and 

the high flow velocity,   no abrasive wear was detected visually or 

by resistance measurements,   even after the  equivalent of 3000 miles 

of high speed operation.      This  series of tests,   employing fine wires 

from a range of soft materials,   verified the theoretical prediction 

that wires  suspended across the flow are not sufficiently sensitive 

to abrasion to detect the presence of abrasive particles. 

4. 3. 2 Rectangular Alumina Substrates 

To provide a substrate to  support the con- 

ducting path,   rectangular prisms were  ground from high density 

alumina.     A . 030" wide nickel conducting path was  deposited along 

one edge.     Metallic  end caps were bonded to the ends of chese 

elements with doped epoxy to provide attachment points  for  electrical 

measurements.     A  sketch of the initial  rectangular  elements is  shown 

in  Figure  13. 

The  elements  tested in the  oil flow  loop 

included  several wear path thicknesses.      Results obtained were 

extremely unpredictable.      Frequently,   wear  rates   -  as  measured 

by resistance  changes   - were initially high and decreased  sharply 

after a  short period of testing.     Careful  examination of the  surface 

characteristics provided an explanation of the  inconsistent behavior. 

The high density alumina provided a  surface which is extremely 
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s rough relative to «.h«> thickress of the conüx;cting path.     Variationa 

I in thfc  surface finish between speciments,   produced significantly 

| variable initial resistance levels for supposedly identical pieces. 

The  rough surface characteristics  result in vrear  rates which are high 

iniiially but decay   rapjaly as the "high spots" are easily aüvaded, 

leaving the reniairing conducting material in the valley?,   inaccessible 

to the abrasive particles.     These tests indicated tbe need for an 

extremely smooth surface on the wear element, 

i 

4.3.3 Glass  Substrates 

I 
1 Glass was  tested as a substrate material 

I because cf its  low cost ar.d extremely smooth surface characteiisties 

I when grouud and polished.      Both quartz and flint glass were tested 

to provide a comparison of the behavior of hard and  soft substrate 

materials. 

Nickel was  sputtered along one edge . 030" 
" -5 wide and  1000 A (10       cm. ) thick.     A  range of velocities were tested 

to determine the velocity required to produce  reliable wear 

charactenctics. 

These  tests indicated that the \ve?r  threshold 

velocity for  the nickel-glass  elements is  on  thi order  of -iO  fest per 

second.     _At this  velocity there was  visual indication of abrasive 

action but no  significcut increase in the  resistance level.      At 

velocities  above  40  feet pei   second  the  weai   is  clearly  evidenced 

by increased  resistance   as   shown in   Figure   11.        There was  no 

significant difference between  the behavior  of the quartz  and flint 

glass  substrate materials. 

Microscopic examination of the abraded 

elements indicated that the wear of the conducting path waa rot 

uniform across  the  full  .030''  width of the  nickel  strip but  rather 

-48- 

iMÜ 



p- f 

concentrated in a baud ipproiiimately . 007" wide at the edge of the 

subst.-aie.      To increase th« sensitivity of the elements,   the width 

of the  cor-ucting  strip v-as  redvxcd «-c . CIO" for subsccuent tests. 

4. 3.4 Cuarta Substrates   - Marrow Wear P^tltg 

Narrow conductiag paths,   .010" wine,   were 

sputtered onto qvui^tz substrates.     B-5th nickei and chromium were 

tried as »vear path materials tc evaluate the effect of we?.r path 

h^rdne^s on abrasion caaractoristics for a given substrate material. 

The  chromium on quartz   elements  showed nc 

wear whatsoever.     Chromium is apparently sufficiently hard to com- 

pletely resist the abrasive action of the  contaminant.     The mckcl on 

quartz elemerts  lid fhow visible indication of *ear although the 

increase m resistance was not a» great as desired.      This trend 

indicates that softer conducting wear path materials are desirable. 

The  reduction in wear path width seemed 

adequate \viiL tLe nicke?,   indicating abrasive action across the entire 

path width.     Sinct   the ends of the element are not exposed to the 

fluid flow,   wear is  concentrated at the center of the path length. 

To increase the  sensitivitv,   wear must take place alonfc  the  entire 

high resistance portion of the conducting path.      To this  end the wear 

path geometry was  altered so that virtually all path resistance was 

contributed by the portion of length exposed to abrasive action. 

4. 3. 5 Quartz  Substrates   -  Gold  Paths 

Gold was   selected as  a  conducting  path material 

because of its   relative  softness  and its  resistance  to  corrosive action. 

j To  check the effect of a  reduction in  conducting  path length on 

j sensitivity,   two  modified wear  path geometries  were  tested.      They are 

shown in Figure 14, Calculations pased on the area and length of the 

conducting path indicate that the wide portions provide only 30 percent 

of the total electrical  resistance.     Virtually all the measurable 
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(a)     Short  Wear  Strip 

Flow  Path 

(b)   Long   Wear  Strip 

Figure   14 Modified ^eaj^_Pat_h  Geometries 
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resistance of the path is attributable to the narrow strip in the center. 

Consequentlv an increase 'r t'le resistance of the narrow strip 

signiücantly affects tne overall i:»j»istanc«; of the conducting path. 

If the narrow portion of the wear path extended beyond the fluid 

boundarieö as o the previous  conligur^tiona.   an increase in the 

resistance at the center would produce a smeller percentage change in 

the total  resistance.      Figure 15 indicates how ths abrasive wear is 

localized at the most  sensitive portion of the conducting strip. 

The tests produced extremely promisiog 

results.      Th*' gold strip exhibited significant wear at a flow velocity- 

past the  wea.  path of 40 feet per second.     Wear was concentreted 

at the center and the modified path geometry amplified tue  effect of 

the reoistance change at the narrow strip. 

Based on these tests the maximum sensitivity 

is achieved when  the narrow strip extends to the eages  of the flow 

path but does not extend beyond the flow.     Sensitivity is  reduced if 

the narrow strip does not rover the full width of the flow stream. 

A typical wear  characteristic for tnis preferred 

element design  is    preoented on  Figure  16.     Note the relatively 

uniform wear  rate and the absence of any measurable wear during 

ths extended filtration period. 
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5. Prototype Indicator Design 

Based on the positive  results of the  experimental program, 

prototypes of an abrasive oil contaminant indicator were designed and 

fabricated.     Two completely different  sensor bodies y.re  required to 

meet the  requirements of the  1/4 ton and 2  1/2 ton trucks.      These 

bodies house wear elements  that are identical.      The rlcctrorics in 

the vehicles which process the  signal from the wear  element and 

provide the warning  signal are also identical  for both applications. 

The following  sections  discuss  the  general design  considerations, 

the particulars  of the design of the  sensor body  for both the  1/4 ton 

and 2  1/2 ton trucks,   the  specifications  of the  wear  elements  and the 

design details of the electronic  circuit. 

5. 1        General Design Considerations 

The  test program indicated a minimura threshold velocity 

is  required to produce  reliable abrasive  wear  and that the  rate 

increased  as  the velocity increased above this  threshold level.      The 

increase in wear  rate is  effectively an increase  in the  sensitivity 

of the  device  and therefore   is  desirable. 

To provide  the maximum velocity,   both  sensor bodjes 

are  designed to   sample  the  lubricant flow from the  main  stream at 

the  highest pressure  available.      This  occurs  upstream of the  filter 

and therefore  includes  unfiltered oil.      The   sampled oil  Is  directed 

past the  wear  surface  of the  element  and back  to  the   sump with  re- 

strictions  necessary  to provide  identical  flow velocities  past the wear 

elements  and therefore  similar  sensitivities  for the  two  applications. 

Thus  the  primary  function of the  sensor  body is  to direct a  small 

flow of the unfiltered  lubricant from the  main  stream,   past the  wear 

element,   and back  to  the  oil  sump.      The  sensor body  must also 

provide access  to the  element for   changes,   provide  the  electrical  signal 

to the  electronics  and minimize  the possibility of an  external  oil  leak. 
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It must be stressed that the  sensor bodies presented 

herein.,   with their external oil  lines,   are for concept evaluation 

purposes and testing only.     If an abrasive oil contaminant indicator 

is adopted for general use,   the  elements will be mounted uirectly 

into oil passages in the engine block or the filter housing. 

5' 2        1/4  Ton  Truck Sensor  Body 

Photographs of the disassembled sensor body for the 

1/4 ton truck application ar«  presented in   Figure 17.     The body is 

mounted between the  standard cartridge filter and the engine on the oil 

filter adapter as  shown in  Figure  18.      The long hollow bolt clamps 

the  sensor to the adapter but permits  rotation to facilitate positioning 

of the oil  return line.     Oil enters the filter from the engine through 

tne off center hole in the  sensor.     At this point,   a small portion of 

the oil bypasses the filter,  washes past the wear element,   ar 1 returns 

divectly to the  sump through the  line  from the  side  of the  sensor body. 

The balance of the oil returns from the filter to the engine through 

the hollow "bolt" which also serves to mount the oil filter. 

The sensor body is  easily disassembled on the vehicle 

to provide access to the wear element fox   required changes as  shown 

in  Figure  19.     Sealing between the  sensor and the adapter as  veil as 

between the parts of the  sensor is  effectively accomplished with O-rings. 

The  37  to 42 psi pressure available from the pump on 

the  1/4 ton truck is  more  than adequate  to nrovide oil velocities  on 

the order of 40   feet per  second.     A  .115" didneter orifice in the 

return line  restricts the. flow rate to  1. 5 gallons per minute,   less 

than 25 percent of the total pump output.      This  flow rate could be 

reduced by employing  still  smaller passages in the  sensor. 
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Figure   18     Sensor  Installed or:  1/4   Ton   Truck 
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Fisjure  19     Sensor   Disassembled on  1/4  Ton  Truck 

For  Wear  Element  Change 



Electrical signals are  carried to the indicator box in 

the  cab through 16 gage  standed wire conductors.     Epoxy is used to 

bond the lead into the element and seal effectively against external 

oil leakage. 

5,3        2  1/Z  Ton  Truck Sensor   Body 

The 2  1/2 ton truck sensor body is  shown disassembled 

in  Figure 20.     The short pipe nipple screws directly into an existing 

hole in the oil filter housing assembly, mounts as  shown in  Figure 21, 

and bypasses a small portion of the unfiltered oil from upstream of 

the filters.     This nipple provides both the passage for the oil and the 

mounting for the sensor.     The  125 psi oil pressure available at this 

location will produce excessively high oil velocity at the wear element 

if the element provides the only restriction to flow,     A 0, i25" 

diameter orifice located in the return line has been sized to provide 

the  same 40 feet per  second fluid velocity past the element as achieved 

in the 1/4 ton truck sensor.     Since the  critical passage dimensions 

are identical in the two applications the total flow is the  same,   1. S 

gallons per minute. 

The  sensor body provides   easy acress to the wear 

element through a  removable  cover   sealed by a Vellumoid gasket 

as  shown in  Figure  22.      The  electrical  signal is transmitted by the 

two conductor' lead,   potted in  epoxy,   through the  side of the device. 

5, 4        Wear  Element Design 

The details of the wear  element design are presented 

in  Figure 23,     Identical elements  are  employed in the  1/4 ton  and 

2  1/2 ton truck systems. 

Rectangular quartz prisms,   ground and polished on two 

sides,   are used as  the  substrate.     A molecular layer of tin is 

sputtered directly to the  substrate to improve the adhesion of the 
o 

9000 A gold layer forming the conducting path.     The length of 
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Figure 20    Disassembled 2  1/2  Ton Truck Sensor 
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Figure 21     2  1/2  Ton  Truck Sensor Installed on Vehicle 

Figurs  22    Sensor  Disassembled for Wear Element Chang^ 
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spattering Urne is adjusted to yield path resistance,   end to end,   of 
! 

eight ohms. 

End caps of .005" tin sheet provide electrical contacts 

at either end of the element that will provide reliable resistance 

readings.     These end caps are bonded to the substrate using a heavily 

doped epoxy which insures low resistance electrical contact with the 

gold.     The end caps overlap the conducting gold path to provide good 

contact and offer protection against mechanical damage. 

5. 5       Indicator System 

The indicator box and a diagram of the electronic circuit 

are shown in Figure 24. 

The electronics  employs a bridge circuit connected to a 

high gain,   high common mode rejection comparator.      This produces 

a  signal which is  sensitive to  a wear element resistance change of 

0.01  percent,   stable over a wide range of temperatures and input 

voltages. 

The careful application of low precision electronic 

componentä has kept the cost of the indicator box to a minimum, 

connectors are the single largest cost item. 

The 
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Push to 
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v'a) Indicator Light Box 
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. I MFD 
100 VDC 

+ 24V 

(b)   Electrical Scdematic of Electronic Circuit 

Figure 24 - Indicator System for Oil Life Indicator 

I 
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6. TestinE of Prototype Units 

The abrasive damage indicator prototype units were subjected 

to rigorous testing to assure reliable operation under the adverse 

conditions of military use.      The test program included functional 

«valuation in the laöoratorr,   environmental testing and limited 

vehicular testing. 

^- i        Functional Laboratory Evaluation 

Before insiallation on the vehicles one each of the 

prototype units were subjected to preliminary testing under ike easily 

controlled conditions of the laboratory test facility.     The tests assured 

leak tightness and electrical continuity under a wide variety of operating 

temperatures and pressures. 

Of particular interest were the epoxy seals on the 

electrical leads and th<>ir behavior under the action of high temperature 

lubricating oil at high pressure.      This preliminary evaluation indicated 

satisfactory beha^dor. 

6. 2        fEnvironmental Test Program 

Environmental tests were  conducted on the  sensor 

prototypes and the indicator system in the  Foster-Miller   Laboratory 

and the  Acton Environmental  Testing  Laboratories  in Acton, Mass.      Tests 

felt most critical were  run both with and without oil in the sensor. 

6. 2. 1 High  Temperature  Testing 

The  sensor and indicator were  soaked for 

several houre  at  1650F in a  small high temperature  chamber in the 

Foster-Miller Laboratcry.      Temperature   sensitivity of the elements 

and the  electionics was less  than 2 percent of the  resistance measured. 
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Simulation cf a worn element triggered the indicator circuit throughout 

the temperature range. 

6. 2. 2 Low Temperature Testing 

The sensor and indicator system were cooled 

to  -65 *F by soaking in a mixture of dry ice and acetone.     Again the 

device functioned adequately with temperature sensitivity not measurable 

with our instrumentation.     No temperature compensation will be required 

to produce satisiactory operation over the fall range of temperatures. 

6.2. Vibration Testing 

The indicator systems were mounted en a 

shaker table std subjected to vibration at frequencies from 5-500 cps 

at a constant load of 2-1/2 '»g1 p",     A photograph of both sensor units 

and their indicator boxes mounted on the shaker table is shown in 

Figure 25. 

The devices performed satisfactorily throughout 

the entire frequency range with no false signals indicating malfmictions 

in the sensor or electronic package. 

The frequency range and "g" loading is  as 

per MIL-STD-SIOB for equipment of this type installed on ground 

vehicles. 

6.2.4 Shock 

Both sensor designs and their indicators were 

mounted on a shock table and subjected to loads of 20  "g1 s" for  18 

milliseconds in ^.hree directions.      This  represents the normal shock 

test for equipment installed in ground vehicles.     Operation of .he 
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Figure    25     Oil  life Indicator  Systems  Mounted for  Vibration   Tests 
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devices 'was noirm«! after being subject to 3 skocks i» eacK plauc.     A 

75 "g",   11 millisecond shock,   considered to reprssy.t collision con- 

ditions produced no adverse effects. 

6. 3        Vehicular Testing 

The appropriate sensors and indicators were installed, 

on the M35A2 2 1/2 ton truck and the Ml 5142 1/4 ton iruck supplied 

by USAT/.CGM.     The censor on the jeep is ir'Stalleti beneath the oil 

filter cartridge on tu«? filter housing.     On the diesel truck,,   the sensor 

may be screwed directly into an existing tapped hole in the oil filter 

housing.     Photographs oi the installations are presented in Figure 18 

and  Figure 21.     For both vehicles,   the indicator box is mounted in 

the cab of the vehicle beneath the dashboard.     Detailed installadou 

instructions  are presented for each vehicle in Appendix A and B. 

The vehicular testing was limited to observing no 

malfunction during 20 miles of driving under the limited range of 

operating conditions to be encountered on the local highways.      Tbe 

destructive nature of the abrasive prohibited  simulation of operation 

with heavily  contaminated lubricant. 

Operation cf the abrasive damage indicator  systems  for 

both vehicles was as anticipated under normal driving conditions. 
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7. Production Cost Estimates 

The final prototype units as supplied to USA TACOM cost $105.92 

and $73.42 each for the 1/4 ton truck and 2 1/2 ton truck engine re- 

spectively.     These costs are in quantities of 6 and are exclusive of the 

wear elements.     The breakdown of cost is as follows: 

(a) Electrical System Components 
Jeep 
21.42 

Truck 
21.42 

(b) Plumbing Lines and  Fittings 6.00 10.50 

(c) Machined Parts for Sensor 73.50 36. 50 

id) Assembly and  Testing 5.00 
$105. 92 

5.00 

$73. 42 

Estimated costs for the devices in a quantity   of 100 is  as 

follows; 

(a) Electrical System 
Jeep 

14.25 
Truck 
14.25 

(b) Plumbing 5.60 8.80 

(c) Machined Parts 10.80 7. 10 

(<f) Assembly and  Testing 3.00 

$33.65 

3.00 

$33. 15 

The abovt  costs indicate major  savings  in the  cost of the machined 

parts.     No major design changes have been considered  since quantities 

even up to  1000  are not  sufficient to warrant  redesign for  stamping or 

die casting.      The major manufacturing method is tape controlled 

milling.      The above  costs include the cost of the tape.   Cost in the 

ultimate  application would be less than  shown above due to modification 

of existing castings. 



Estitnatecl costs fox- the devices in a quantity cf 1000 are as 

follows.     These costs reflect additional savings due to quantity 

discounts on purchased parts,   economies  of handling and amortization 

of the control tape co^t over the additional units. 

(a)        Klectrical System 
Jeep 
9.46 

Yruck 
9.46 

(b) Plumbinj" 3. JO 5.00 

(c) Machined Parts 

(d) Assembly and Testing 

£.40 

1. 50 

$18.46 

3. 55 

1. 50 

$19.01 

The wear elements are identical for both tbe jeep and the 

diesel truck application.     Their cost is $J5. 00 each in small quantities 

for which the  sputtering process is employed.      For larger quantities 

and for increased uniformity a photo etch process is  recommended. 

Estimates of the costs for both processes are as follows: 

Mechanical sputtering 

Photo Etching Process 

100 

13.00 

1000 

6.00 

Plus $1200  engineering cost to optimize the process. 

10,000 

2   -3,00 

6.00   - 8.00* , 3. 0C   -4.00       . bO   - 2,00 

The low unit cost for the large quantities using the photo 

etching process  reflects  considerable automation.     In these quantities 

the material and process costs are small compared to the cost of 

handling of the pieces.     One wear element for a wide range of 

applications will permit economies of automation and thus minimize 

tht'  cost of the wear elements. 



8. Conclusions and Recommendations 

An abrasive contaminant indicator has been developed which is 

sensitive to contaminant of the type and concentration felt to be critical 

in internal combustion engine lubrication systems.      The wear element 

responds to the abrasive content of the oil over a period of time by 

an increase in electrical resistance of a conducting strip.     An 

electrical circuit triggers a warning light when the abrasive action 

exceeds predetermined limits.      These sensors have been applied to 

the lubrication systems on the M35A2 21/2 ton truck and the Ml 51A 1/4 ton 

The feasibility of the abrasive damage indicator concept has 

been e .tablished.     The testing of the prototype sensor elements in the 

laboratory and the preliminary vehicular testing were not sufficient 

to produce calibrated versions of the abrasive damage indicators 

Prior to extensive field testing a more detailed laboratory 

investigation to optimize the wear element design is  required.      This 

program should: 

true 

fa) optimize wear element production techniques to 

insure  repeatability and minimize cost 

(b) determine the variation in wear element per- 

formance under identical conditions 

(c) determine the effect of variation in operating 

conditions   - velocity,   temperature,   viscosity I 

contaminant type and level,  dead storage - on the performance 

of the  wear  element. 

Having completed this investigation a  full  scale test program 

should be undertaken involving installation on a number of vehicles 

under typical operating  conditions. 
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APPENDIX A 

INSTALLATION INSTRUCTIONS  - OIL LIFE INDICATOR   - 

1/4  TON TRUCK 

Remove oil filter and filter nut in center of oil filter housing. 

Place element housing on filter housing and secure with 

adapter bolt (short end up).     Do not tighten adapter bolt and 

be sure "O" ring is properly located between filter housing 

and element housing. 

Assemble special bulkhead fitting to short leg of oil  return 

tube and hand tighten only.     Remove front wheel from 

passenger side of vehicle.     Rotate element housing to position 

elbow fitting at   approximately  11  o'clock position and insert 

long leg of oil return tube into elbow so that oil return tube 

hangs down toward oil pan. 

From inside passenger whe^lwell,   position oil return tube and 

bulkhead fitting on oil  pan    and mark location of 4 mounting holes. 

Drill four    7/64n mounting holes as marked and one  3/8" 

dia.   hole in center of the 4 mounting holes.      Use heavily 

greased magnetized drill bit to prevent metal chips from 

entering oil pan. 

Mount special bulkhead fitting and cork gasket on oil pan and 

secure with 4 sheet metal screws  and lock washers  supplied. 

Insert oil  return tube into bulkhead fitting and then into 

element housing.      Position element housing fo    best tube 

routing and tighten  element housing adapter bolt.      Tighten oil 

return tube fittings and replace fxont wheel. 
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6. Hun wires and connector neatly up to horn and inside harness 

retaining straps.     Run packer connector thru grommet along 

with windshield washer hose.     Replace oil filter. 

7. Remove 4 slotted head screws on instrument panel and pull 

panel forward. Disconnect speedometer cable behind panel 

for more working room. 

8. Remove back from indicator light box,   and secure to dashboard 

using the two screws already in dash.     Secure indicator light 

box to back cover. 

9. Drill or punch  1" dia.   hole in firewall  between vehicle 

identification tag and harness nut as  seen from engine 

compartment. j ^    p, j- 

Harness 
Nut 

ORD 1167937 

U.S.   37502 

10. Route indicator light cable tinder dashboard and over the hole 

in firewall.     Push connector thru hole and connect to make 

end from element housing.     Lisert grommet in hole. 

11. Disconnect wire from "BAT-GEN" gauge and plug in the 

adapter   tee to the gauge.      Plag in both sensor wire and 

original wire into adapter tee. 

Replace  speedometer  cable and  attach instrument panel back 

to dashboard. 



INSTRUCTIONS FOR REPLACING SENSOR ELEMENT 

1. Remove oil fitter.     Remove 3 socket head capscrews on 

element housing and lift off top of housing. 

2. Carefully remove sensihg element by pushing it against spring 

and lifting up.     Observe the location of the stripe on the 

element and notice that it faces toward the adapter bolt and 

is near the top surface of the housing. 

3. Replace the element with a new one and inStall in exactly   ! 

the same position as the old' one.     For check purposes,   a 

red dot on the element should line up with a red dot on the 

housing next to the element chamber. 

4. Bs sure "O" ring seal is still in element cover and replace 

element cover with the 3 capscrews.! Replace oil filter and 

tighten. 
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APPENDIX B 

INSTALLATION INSTRUCTIONS  - OIL LIFE INDICATOR   - TRUCK 

1. Remove 3/8 NPT pipe plug from oil filter housing and install 
: element housing assembly.     Tighten assembly and stop when 

elbow tube lltting is on right side and pointing down at 

approximately 45°, 

2. On opposite side of block,   remove 1" NPT pipe plug located just 

above oil pan and install oil return plug as supplied.     Tighten 

elbow in plug until it points  straight down. 

3. Connect steel oil tube between element housing and oil return 

plug.     Oil tube is routed under oil pan.     End of tube having 

the 45° bend connects to element housing.     Attach tube support 

brackets and secure to nearest oil pan bolt.      (Some additional 

bending or modification may be necessary. ) 

G"   I 

1 4. To the left of the steering column drill a 3/4" dia.   hole and 

two 5/32" dia.   holes as shown below. 

0 
43/64 

iRemove back of indicator light box and secure to dashboard 

just to the left of the Instrument panel using the 2 available 

screws.     Secure indicator box to its back. 

Route indicator box cable down and under dash box and mount 

male  cable connector in drilled holes using two 6-32  screws  and 

nuts. 
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Route cable from element housing neatly to^/urd firewall and tape 

where necessary.     Connect cable at bulkhead and bring free 

lead from connector along top of firewall to lf-.rge grommet 

located to the left of the valve cover.     Push wire thru grouimet 

into cab of truck. 

P.emove the 4 screws holding the instrnmeot panel aud puü the 

panel forward.     Splice the packer conjiector tee wire ioto the 

"BAT-GEN" wire and plug in the wire coming through the 

grommet. 

Replace instrument panel and secure any loose wires with tape 

or clamps. 

SENSOR ELEMENT REPLACEMENT INSTRUCTIONS 

Remove 4 screws on sensor housing cover and remove cover 

and gaskd. 

Remove element by pushing it against spring and lifting up. 

Observe the location of the  stripe on the element and notice that 

it faces away frcßi the elbow fitting and is near the top surface 

of the housing. 

Replace the elernent with a new one and install in exactly the 

same position as  the old one.      For  check purposes,   a red dot 

on the element should line up with a red dot on the housing next 

to the element chamber. 

Replace the gasket,   cover and 4 screwp.      Tighten securely. 



APPENDIX C 

ESTIMATE OF PARTICLE IMPACTION AND WEAR RATE 

The r&te of wear produced by particles impacting a surface is 

dependent on two phenomenon  - the rate of particle impact and the 

amount of material removed per particle impact.     The mechanism 

of particle impact is well understood and the theories have been 

applied extensively to the capture of particles by fibrous filters, 

screens and liquid scrubbers.     The wear,   or amount of material 

removed b/ each impacting particle is more difficult to quantify. 

There is no satisfactory theory for determining the amount of material 

removed.     There is not even sufficient knowledge to compute the 

force pushing the particle against the target surface after impact. 

In fact,   very  limited theories indicate that the particle may be lifted 

away from the target. 

In the following paragraphs  the basic phenomena of impaction 

and wear will be presented as they apply  to a wire placed across  a 

flow stream.     Existing theory is presented for the calculation of 

impaction efficiencies and  simple models have been proposed for 

estimating tbe wear.      Based on these  approximations,   order of 

magnitude estimates  of wear  rates h&ve been made and conclusions 

drawn regarding more favorable target geometries, 

C. 1        Particle  Impact (Ref 14) 

Particles are transported close to a target by the fluid  stream 

where upon one or more of a number  of short-range mechanisms 

act to accomplish the actual impaction.      The importance of these 

short-range  forces  varies with the  size and velocity of the particle; 

the  size of the target and the presence of electrostatic,   gravitational 

or  thermal attractive or  repulsive forces. 
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C. 1.1      Collection Mechanisms 

The basic short-range mechanisms affecting impaction 

are inertial impaction,   interception,   diffusion,   and electrostatic forces 

a. Inertial Impaction 

In the flow past an obstacle placed normal to 

the fluid stream,   the streamlines  spread around the body,   as shown 

in  Figure C-la.     The particles having inertia cannot follow the 

streamlines and some of them impact the obstacle.     The mechanism 

of inertial impaction assumes that the particles have mass but no 

size. 

b. Interception 

In this  case the particles are: assumed to have 

size but no mass.     The particles follow the streamlines around the 

body.     If the streamline on which the particle lies approaches closer 

than d/2 to the target,   as  shown in  Figure  C-lb,   the particle will 

touch  the target. 

The interception mechanism becomes most 

effective when the  ratio of ilit particle diameter to the target diameter 

is  close  to  unity. 

c. Diffusion 

Very  small particles,   in the  submicron size 

range are  rarely collected by impaction or interception.      The particles 

follow the streamlines around the body.     However,   superimposed on 

this  streamline path is  a random,   zigzag   motion of the particles, 

called  Brownian motion,   which is  caused by irregular bombardment 

by gas  molecules.      This  Brownian motion results in some deposition 
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Particle Path 
Fluid Streamlines 

(a)   Inertial Impaction 

Particle - diameter  d 

Particle 

(b)   Interception 

Figure C-l    Particle Impact 
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of particles on the collector surface,   as the particle,   following the 

fluid streamlines^   passes close to the target.     This is called diffusion. 

d. Electronic   Forces 

Static,   dynamic,   and induced electronic forces 

between particles and the target can result in collection.     These forces 

are relatively weak in a liquid except for surface-active fine emulsions, 

C. 1.2      The Predominant Collection Mechanisms 

From these four basic types,   it was determined that 

iusrtial impaction and interception would bs the two predominant 

mechanisms for the particle and target size  range,   and for the flow 

velocities of interest. 

The theory of capture by inertial impaction and 

interception is described in the following paragraphs. 

a. Inertial Impc-ction 

The inertial impaction process is described 

in terms  of an inertial impaction efficiency,   *], defined as  the fraction 

of particles which can be  collected from a  normal  cross-sectional 

area of the gas  stream equal to the frontal or projected area of the 

target.     If the particles are uniformly distributed in the gas   stream, 

it is  seen from Figure  C-la that this   same  TJ    can be  expressed in 

terms of the limiting trajectory of the particle which will just touch 

the target.      Thus, 

ylimit 

ar.d 
( 

D/2 

ylimit 1 
-DTT-) 

for  a  cylinder 

for a sphere 

(C-I) 

(C-2) 
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Various investigators over the last twenty 

years have devoted considerable analytical effort to determine this 

limiting trajectory and consequently the impaction efficiency.     The 

basic Navier-Stokes equations are nonlinear and cannot be solved 

analytically in closed form#for flow around ?. single collector,   such 

as a cylinder or a sphere.     The relative velocity between the particle 

and the fluid being low,   and the particle diameter small.   Stokes law 

has been utilized to calculate the drag force on the particle.     Under 

these conditions,   the equations of motion of the smaller particle may 

be written down explicitly in terms of the fluid /low pattera around the 

larger sphere.     After these equations are reduced conventionally to 

dimensionless  form,   the equations  of motion are shown to depend 

upon two characteristic dimensionless groups,   i.e.,   the inertial 

impaction parameter  fr,   and the Reynolds number of the target ReD. 

These are defined as 

and 

*   = 
C (P    - Pf) dV 

18    D 

Re 
P. V    D 

D 

(C-3) 

(C-4) 

where 

C =   the Cunningham correction factor for molecular mean free 

path (1.00 in the present case) 

p  ,   p   =   the densities  of the particle and the fluid 

V =   the relative upstream velocity of the undisturbed 

fluid with  respect to a  stationary target 

(i =   the viscosity of the fluid 

d,   D    =   the particle and target diameters 
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The equations of mction have been solved by 

making various aoproxhnations depending on the Reynolds number. 

Re..,  past the collector.     The classical methods^    '     ' have con- 

sidered purely potentu -  and purely viscous flows.     Iteration formulae 
(17) 

have been developed^    ' for predicting flows of intermediate Reynolds 

numbers.     A differential analyzer was utili^d by Langmuir and 
(16) (lc0 Blodgett^    /,   and digital computers by  Fonda and Hernev      ,   Pearcy 
(18) and Hill1    '.     Fonda and Hern*: have solved the complete equations 

without making approximations and their results compare very well 

with the earlier solutionb obtained by Langmuir and Blodgett^    '     '. 

Figure    C-2  shows  the variation of the inertial 

impaction efficiency,   rjj,   with the inertial impaction parameter,  y  , 

for cylinders.     Theoretical curves for both viscous  (low ReD) and 

potential  (high Re^.) flows have been provided,   and experimental data 

shown for comparison. 

The curves  show that a high value of T)-. is 

associated with a high value of ¥.      This means  that for a given 

particle  size   d,   and for  given fluid properties,   a high relative 

velocity V    or a small  collector diameter  D is  required to obtain 

a high impaction efficiency. 

For the  range of parameters of interest in 

the present study the iiertial impaction efficiency may be determined 

from Equations  (C-3) and  (C-4) and  Figure  C-2. 

-4 2      4 Let:       (p   -pj    =    10       lb  sec  /in 

d =    Kty =    0.4 x  10 "3 inches 

D =    5 mils =    5 x 10      inches 

=    40 fps 
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Figure C-2   Inertial Impaction Efficiency versus    Inertial 

Impaction Parameter ^ for a Cylindrical Target 
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|i =   .21 x 10 

C =    1.0 

"•* Ife 3ec 

ft2 

From Equation C-4, Re =    100 

from (C-3), ♦=   0.06 

and from Figure C-2, ^<1.0 percent. 

b. Interception 

The impaction efficiency for interception is 

easily estimated.     Reference to Figure C-lb indicates that the stream- 

line carrying the particle must pass within one particle radius of the 

cylindrical target for contact to occur.      Thus only the particles in 

the very center of the flow will impact the target.     The efficiency of 
(15) interception as an impact phenomena may be expres8edv     ' as: 

TJ =     1    +-£- 1 

'int r   D 1   + d/D ^    2 ~ if d «   D 

For a given particle  size the interception 

efficiency is improved oy decreasing the target diameter. 

present  study 

For   the parameters of interest in the 

Tj ~    ,    d     .    ,    0.4 x  10"3 in    _    ,, Ti, .    -    2 —-   -'    2   5  -    16 percent 
5 x 10'3 in 

(15) 
may be determined 

Int "   D 

The  combined impaction efficiency therefore 

r/. ^ .  t = 1   -  (1   - TJ.      )  (1   - T?     ) ~   16 perc 
'imp + mt x imp'  v int' — r mp 

ent 
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C. 2       Material Removal Kate 

In order to establish order of magnitude estimates of material 

removal rates due to particle impact it is necessary to establish an 

"abrasive energy" for a given particle.     Assume that abrasive energy 

is either: 

(a) inertial energy 

Ej =    Iß MV2 

=    1  x 10 "9 in lbs 

for the particle  sizes and velocities of interest,   or, 

(b) the product of drag force times  sliding distance 

ED<3TrndVD 

10 x 10 "9 in lbs 

It appears therefore that an upper limit on particle abrasive 
-8 -2 energy is  10      inch pounds   (or  10       dyne cm in more convenient 

units). 

Since gold has a hardness of 60 kg/mm ,   the maximum 

volume of material  removed by one particle is:   (Ref,   20). 

k E 
AV   = Ü     _      ,       ]n-14        3 —   -    .3x10 cm 
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T 

where 

i   D 

s': abrasive constant-=   2; x 10' 

= ' abrasive energy (calculated above) 

p ; =   hardness of material =   60 kg/nan 

To establish wear rate estimates the total number of impacting 

particles must be determined. 

From figure C-3 
" ■ ; ., 1 . 

' 1 

NrCVTjLDt' 

where 

=   concentration of particles 

V 

=   velocity of flow 

=   impaction efficiency 

LD =   projectial area öf wire      i 

t =   time 

! I 

Also from  Figure  C-3 the  change in ^rea of the targfet may 

be estimated 

■a A   i-   N A   V 
A LA 

:
=     C V T> L D t. (A V) 

L IT D2/4 
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Figure C-3   Detail of Target Wear 
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% 1 

AA /hr =   4 x; 10* 

e.g.   0.04 percent change/hour. 

To calculate the wear rate at the surface we assume that all 

wear occurs uniformiy on the front side of the target 

.*.   AD = AA 
D t* 4000 A/hour 

0 -- 

This is a very upper limit for wear.     H,   as is more likely 

Ej =    10'9 in lbs then 

AA 
A =   0.004 in  1  hour 

and A D =    400 A/hour 

These calculations predict extremely low wear  rates for 

cylindrical targets of practical dimensions.      They point out the necessity 

of a conducting path with a cross  sectional area of the  same order as 

the wear rate.      For this  reason conducting wear paths   supported by 

a non conducting substrate material were considered. 

^ 

'i 

■3 

l 
I 
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