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1.0 INTRODUCTION

The intent of this contract was to develop an instrument capable

of measuring the concentration of ferromagnetic wear debris in

the lubricant of a jet engine. The instrument was to be an on-

line device that would operate satisfactorily in an airborne en-

vironment.

A previous contract (#N00140-73-C-l065) had already demonstrated

the test cell feasibility. However, it was felt that difficulties

might be encountered when utilizing the original debris sensing

technique (optical) in a truly operational environment. Diffi-

culties expected were high ambient temperatures (rather than high

oil temperature) and second phase air entrainment in the oil. The

development was thus broken into two clearly identifiable parts.

FirstIV, tle dC, l.opmnent of a satisfactory debris sensor; secondly,

the confi-,urat ion antid assembly of one system suitable for airborne

evaluation.

The fol owjiu' sect ions will discuss the effort expended in order

to achieve thuse goals.

2.0 I)FBRIS SFNSOR i).VEIItWM NT

As iienttionied in the Ilt roduct ion, potential difficulties with the

optical sJ i- tclnique necessitated the investigation of alter-

native ht tod. Tho: invest igated fell into the following cate-

!;or i es:

i'f in' pI)tti aIl (2.1)

Resist ivw (2.2)

1 ndct iv c (2.3)

Hi!l' F efI- t (2.4)

G-11) 1c it iv( (2. 5)
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2. 1 Refined Optical.

This effort was devoted to evaluating tile possibility of

improving the optical sensing method to eliminate its

sensitivity to ambient temperature and second phase gases

in tile oil.

"hermoelectric devices are commercially available that will

generate a differential temperature of 65 0 C. Since opteo-

electronic devices (photodiodes, photoresistors, etc.) have

a maximum operating temperature around 85 0 C, it is feasible

to thermally protect the device to the MIL specification

requirements of 150 C (i.e., 85 + 65). Thus, while it

appeared that an optical sensing system could be designed to

operate at 1.500C, no way could be devised to protect the

sensors from the 200°C soakback condition; particularly in

a no-power situation. The maximum storage temperature of the

opt ica I sensors varies between 105 C and 125 0 C.

Second phase gases in Liquids have the effect of scattLrinig

away amnbieM t light such as to significantlv increase the

at tenuation of light transmitted through the fluid. Since

Jet 'ngine Ilubricants carry significant and variable amounts

of gas through the lube system, it would be desirable to

desin a sensing system that would not be affected by this

phO11t)hcnmln 1t1. Pre I iminary experiments were conducted to evalIoat'

the ft, asibi I ity of utilizing a reflecte'd I ight scheme rather

t han the convent ional transmitted light. The results showed

thIt the conept was viable but that the system was still

akf tCCI ed by S'ld phase gases. Hlowever, with til use' of a

'e,0t L re I M1111 d'anne , it is felt that a sat isfactory sy'stm

co I I he d, . ' ed.

Th., illv(':et ip,t ion of opt ical systems wjs Cart ii led at this

point pnding t he results of tiet other concept analvso's.



It appeared that a satisfactory optical sensor system would

be complex at best, with some operational or installation

restrictions to avoid damaging soakback effects.

2.2 Resistive

This concept involved making the wear debris a resistive

component in an electronic circuit. An interdigital grid,

essentially the same as that used in the capacitive sensor

(see Appendix A) was to be used without the protective insula-

tion Laver. it was theorized that deposited debris would

reduce the impedance of the grid in proportion to the quantity

of debris. Unfortunately, it was found that the resistivity

of the contact between the particles and the grid was very

variable and non-repetitive. In some instances, one particle

would reduce the grid resistivity from open circuit to 100 ohms,

while on other occasions, complete particle average would only

reduce the resistivity to 1000 ohms. This quality of data

rendered the concept of no value, and the investigation was

terminuatetd.

2.3 Induct ive

Th. proposall here was to precipitate the wear debris inside

an indUt ive coil; the ferromagnetic debris would increase the

inductance of the coil, thus enabling a quantitative measure-

meul

A ti I was constrtcted that could indeed detect the presence

o individual particles down to 1 milligram (,500 tm). 11owever,

dtepo-its of pat icles, individual ly less than 20 jim, that

wehtd I milligram or more, were apparentl y undtectable.

'hil thc ditference in response between indtlvi dual large

pi- ic-,s iand clusters of smaller particles was not clearlyI
I



understood, it was apparent that an inductive measurement

of these smaller particles was not feasible.

2.4 Htall Effect Sensor

A Hall effect sensor is a solid-state device that detects

tile presence and strength of magnetic fields. The intent

here was to use such a device to monitor the changes in the

projected magnetic field of the precipitating magnets due to

the precipitated debris. This idea did not proceed beyond

the paper stage. It became clear that Hall effect crystals

are subject to extreme temperature coefficients, and maximum

tcmpk-rature limitations. This renders the device of no value

for gas turbine oriented components.

2.5 Capacitive

This proved to be the more fruitfull area of study, and a

capacitive device was ultimately selected for field develop-

ment.

Figures 1 and 2 in Appendix A show a schematic representation

of the capacitor. It is a monoplanar capacitor, with the

individual plates forming an interdigital pattern. The plates

are insulated by a thin layer of high dielectric material such

that the capacitor never becomes a resistor during the depo-

sition of conductive debris. An important point to note is

that the debris is not sensed due to a change in the capacitive

dielectric as in conventional capacitiye sensors. Since the

majority of wear particles are electricall.y conductive, the

(.ffect is to mo(lif the capacitors plate geometry.

1.1) [ :NSTR(M\ENT ilIIIOIPMENT

The fl lowing basic giidel ins were used in the development of tli

ist rlml ,- ti
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" Since the application was airborne, the minimization of

weight and space was a priority.

* The ability to obtain a reading from the instrument by the

aircraft ground crew while in the power off mode was a

requirement.

* For the engine mounted sensor, MIL-STD-810C was used as a

design guide for environmental constraints.

" For the complete system, MIL-STD-461 was used as a design

guide for susceptibility to electromagnetic interference.

By its fundamental nature, the ferrographic separation demands that

an on-line instrument be cyclical. That is, a particle separation

and measurement phase must be undertaken and then followed by a

recvcling phase. This prerequisite of the design demands that both

the electronics aind mechanical package are considerably more

sophisticateid than1 a conventional passive instrument. The type of

controls that are required are the ability to mechancially flush

tle sensing cl I and electrically calibrate the electronics. Figure

I displays the sv, tem logic diagram used in the final design. In

addition to t ie ahOV cont rol functions, memory registers and high

level atal- ci rcauitrv are included. The airborne version, the

subject of this report, used electromechanical registers such

that lilt' ground crew could ascertain the last instrument reading

prior to engIine shutdown.

Fi gIuLre 2 i s a schematic diagram of the fluid logic circuit for the

in.t rlilLt sensors. The pressure regulator prey ides i oa' t roI lcd I lOW!

during the precipitation cycle while tLhe solenoid valve opens to

ena c, tlt' s'ns iag cell to be flushed at the end of each cycle.

Thet following sabsect ions will expand on pertinent individual

complnonts within the' svst em.

3l
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3.1 Magnetic Circuit

Figure 3 shows the design of the precipitation magnet circuit

along with the coils used to null the field during the flush

cycle. This concept of magnet circuit design was found to

be preferable to a conventional electromagnet for several

reasons:

* The normal duty cycle for the magnetic field is typically

98 percent on, and 2 percent off. For an electromagnet,

this is essentially continuous duty. Therefore, reversing

the role of the electrical coils considerably reduces the

power consumption.

0 Having high power densities in the interconnecting cable

during the short flush cycle does not impact the signal

transmission during the precipitation cycle.

* Since the reverse mode has at most a 5 percent duty cycle,

this enables a substantial lowering of the weight of coil

copper.

It must be noted that it is the availability of samarium-cobalt

alloy magnets that enables this concept to be practical. These

magnets have a maximum operating temperature in excess of 200 0 C

and fully recover from the imposed flux reversal during the

flush cycle. Figure 4 displays the effectivity of the nulling

coils as the current is increased. It can be seen that the

flux density returns to the exact starting value once the

nulling current is removed. Figure 5 relates the coil voltage,

and thus temperature, to repetitive cvcling. The worst case

situation is selected, i.e., 16 prcent duty cycle and 150°C

ambient temperature. It can be seen that the maximum coil

temperature stabilizes at 233 C which is within tolerable limits

for class I1 magnet wire.

8
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3.2 Pressure Regulator

Since the sensing head is designed to be installed directly

into the aircraft engine high pressure lube system, it must

have some means of controlling the flow rate of lubricant.

Figure 2 displays the fluid logic circuit of the sensing

head. it consists of three primary components.

0 The precipitator cell, which houses the capacitive

sensor along with the magnet circuit described in the

previous section.

* The pressure regulator, which controls the fluid flow

during the precipitation cycle. This regulator must keep

the flow rate constant at any given temperature regardless

of the differential pressure across the sensing head. The

pressure regulator achieved this by using the differential

pressure across a fixed re;7trictor to move a bellows

diaphragm and needle valve assembly, i.e., a single

stage unbalanced regulator. The 20 psi pressure relief

valve protects the bellows from overpressure due to startup

surges or air entrainment surges. It should be noted that

the fixed restrictor is of a friction type rather than an

orifice. This is done to ensure that the flow characteris-

tics of temperature match those of the precipitation cell.

The relationship must be that the flow rate is proportional

to the inverse of the viscosity. The temperature measure-

ment at the restrictor enables the electronics to directly

calculate the flow rate as a function of temperature and

the known viscosity relationship with temperature for that

oil.

* The final component is the solenoid valve. This valve

will open during the flush portion of the instruments'

12



cycle and thus provides a bypass for the pressure

regulator. This increase in flow rate simultaneous

with the nulling of the magnetic field flushes all

the debris out of the precipitation cell.

4.0 PRINCIPLE OF OPERATION

The on-line ferrograph is a cyclical device. It undertakes a

measurement over a period of time that automatically varies from

30 seconds to 30 minutes, depending on debris concentration and

operating temperature. At the end of each cycle, three parameters

are measured:

* Large particle reading (L).

* Small particle reading (S).

* Total concentration of debris (C).

The units of large and small particle reading measurements are

arbitrary; the relevance of the information being the deviation from

pre-established norms for that lubricating system. The significance

of the L and S readings may be interpreted as follows: if at cycle

end S is equal to zero and L has a finite value, all the particles

are greater than 5 jim in major dimension. If at cycle end L is

equal to S, all particles are less than 2 pm in major dimension.

Both of the above instances are the extremes of possible particle

distributions; fluid systems normally operate between these two

limits. The units of concentration are parts per million ferromagnetic

or strongly paramagnetic debris within the fluid sample. The value of

concentration is derived by relating the sum of large and small read-

ings (L and S) to the volume of sample.

To undertake a debris concentration measurement, two iidividual

parameters must be known; the quantity of debris and the volume of

flui.d from which the debris was extracted. Since the fluid pressure

13



is internally regulated, the flow rate of fluid through the sensor

is a known function of temperature, thus volume of fluid is deter-

mined by a combined time and temperature measurement. The quantity

of precipitated debris is determined by a capacitive measurement.

Interdigital capacitors (see Appendix A) are placed above the

magnet poles. The debris is deposited onto these grids which, in

effect, increases their capacitance. Tile change in capacitance is

converted to a voltage signal within the electronics package.

Changes in fluid dielectric and zero drift are compensated by a

reference grid and auto zero circuits. The dynamic concentration

range of the instrument is 1 to 100 ppm. System linearity is main-

tained by measuring the volume of fluid required to precipitate a

fixed quantity of debris. Consequently, it will be notice'd that

the sum of the large particle and small particle readings is always

a constant on any one range. It is the difference between the two

readings (L - S) that is indicative of the relative severity of tile

wear mode.

If the actual concentration of debris falls b.low 1.0 pmta, the

instrument will revert to a secondar' operoting mode . Patlher than

perform a fixed quantitv of debris incasurement, ti ie nst rnUrent will

provide large and small particle readings baser en a ixCI Volume of

oil; the fixed volume of oil being 20 mls. In this evet t, the con-

centration readings will remain at 1.0 ppm.

The wear analyzer provides 0 - 10 VI)C analog outilt.ts proport ioni I

to each of the three measurements, i.e., wear partice C'OllrOLtr1aM ion1,

large particles, and small particles.

5() CONCLUS IONS

TIe completel iy assembled system was ext ensively tes t ed At FOxho ro

Trans-Sonics prior to shipment to Naval Air Pro1ls ion ( Cc tTr,

Trenton, New Jersey. It was found to be responslive to viri iat ions

in particle concentration in the oil throughout tie oper.at ing

14



temperature range (10 - 150 C) and differential pressure range

(30 - 200 psi). The system has been tested according to the

prescribed Military Specification and was found to be satisfactory.

Testing included the vibration and ambient temperature portions of

MIL-STD-810C for the sensor, and MIL-STD-461 (Items CSOI, CS03,

CS06, and radiated susceptibility to 5 V/m) for electromagnetic

interference.

Testing was conducted using lubricating oil complying with MIL-L-23699.

Free metal rubbing and severe sliding wear particles were used through-

out the testing and development of the instrument. Since the capaci-

tance sensor grids are spaced 6.25 Pm apart, the instrument becomes

progressively more sensitive to particles greater than that dimension.

The sensor was, however, calibrated for particles in the size range

I - 0 om. The theoretical decrease in sensitivity below 6.25 urm is

virtually eliminated in practice by the tendency of the magnetic sep-

aration to cause the particles to link together and form chains on the

sensor surface.

Calibration of the instrument to particle concentration was achieved

by cross correlation with the D.R. Ferrograph, Emmission Spectrometer,

and a gravimetric mass measurement.

Figures 6 and 7 display dimensional prints of the sensor and electronics

and the instrument specifications are presented in Appendix B. These

specifications include operating condition and instrument performance

at those conditions.

Since the original shipment (1978), extensive development work has been

continued on a land-based system (using internal funds). The current

state of the product shows significant improvement in accuracy and

capability that reflects this effort. Specifically, the improvements

are as follows:



a) Accuracy has been improved by approximately 40%.

b) The large and small particle data has been manipulated

to provide a reading proportional to the percentage of

large particles present.

c) Both the concentration and percent large analog outputs

are latched at the previous completed cycle value. This

provides continuous rather than intermittent data.

d) An adjustable high concentration alarm module has been

incorporated into the instrument.

It is hoped that this newer technology may be applied to differ(, nt

Military programs in the future.

16
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tnitry Numbter, Do not fill in

IDEA DISCLOSURE

TITLEOF IEA AS ing;le P lane Capac itive2 Sensor

ORIGNATR(S K oderic Bowen, Robert A. ilaizard DET 084

FIELU' IDEA Capa(ettiVO Sensing of Fluids or Particles aL a Solid/Fluid IntLerfaice

SKETCH AND DESCRIPTION (EMPHASIZE NOVEL FEATURES AND BENEFITS) PLEASE USE INK
(STATE WHAT NEED IT SATISFIES) Use reverse side of viis stIt ojr

attach additional sheets as re'.uired

'hii: di;closure discusses the developmentI of a capacitive sensor at Foxboro /Trans-Son ic s,lia

khiriilog thle Iteriod 1 September 1976 to thle present.

'Al I VILIWT: The c-apacitive' Sensingj Of fluids or particles it: a sol id/flUid itrae

An': 'aricle.s being part, of at fluid medium may themseives be solids or seconld-phAise fluids.

A a h l 11 C;ip);seit iVe sens-ing techIniques, use is miade of either thle coniductivi Lv or
dii rent die*letrit, cons-tant of the fluid or particles aIs co11Maed WithI tiledeeti
c'0l;t an~t (It ;I rt'0-LI1 urene md uln. Covetiolly1, it is, Lt ele inl tic tr ic 1i Leli

ank' 'lieh CdIpi iV' lyeplteLS duek to Fluid Or palrticu late prsew ewente p)1Int e
thlit Cki'nat LiLts theL se'IlS ing teclIIiri Lue. Ii the current deig, owe'ver, thle Caipacitor_

I'l it lit LI. 'n1e so1 1 id/f 1.i od inlterfaIce 0111 boV hth capac itor p1 ;stis bein)g part ui a Si nije

pi' iwa5 . stir lice. hnc partitnlate SenIsing is condJUCted Outside tie c.yaC i tor pl ate
ii A ra lhe r7 t an be tween the p1lat Les.

I a I s V.ivs two7 ('incepItui I des.-;ig, bo)0th ot)f WIch ha I 1ve been '1 evil .:i: i II, awl pOV~d
It ti k-(- d L te t i t Ilk, 1)IlOSCenCe I t-SCCOnd-plesse,( water in oil 0 11Met 1 1 i partL i CIv

i111had Chisiges1 inl diel~ectric Of the fluiid mediumi.

a1 1 111 I 'Ir.. itt i It'd 'ies i pu1s iif setiio rs ba sedI 0ii t lieu ii. Cj It !;I ' i;jI

!;lI IilL k Icald tetgOf have COnl1 il aw'ed thek deLViCe''S cail ItV. 1 .~w knev c is
'atitI L' piiet'ltIe o)f se-onid-phase? part ici is in ITk In d , ti inc

1w vt slae~ by pr ior Solparat ionl of the part L I ets oiitu t it ew'no s1urlaCe
1.1 i ion ln.l V h achievedl gravimetricallv , mai;netLi( al ly, etcL. Any prior

it Toll it uscd neced n1ot be a part of this patent.

11.a nt .1 that. .1 des ign feaotnre tlt h),'S enI,sbledi theprcic *illiiio
'li t i. thle aI'i iLtv to produce ext remnei' nairrow it all ic Iila-u aiuii ti

1, ili) . CoinneqJUent I "V, oneC can genlerate Siif Ii I' inklt eap)i 1 1nc in
.1 ' ' ' ' a 1 fa ih I I" Fo -' ns mt-Iid iv idui II

,i-Iitis llai die e t ic-I) and approxila- '0 piiuOfarILIS ill
I III (d eI Lk- r c 9)

Su'jJu UI1LS) .. .. ..... .... .... . . . . . . . .. DATE... . . .

V.JIN'ISS: READ AND UNDERSTOOD:. i.- ............ DATE. .1 .10 I7S

SEND TO DEPT 187
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CONDUCTIVE PLATE A THNISL IG

CONDUCTIVE PLATE B zCRMC
NON-CONDUCTIVE
SUBSTRATE (GLASS
OR CERAMIC)

FIGURE 1A

GROWN~ OXIDE
LAYER

CONDUCTIVE PLATE A NON-CONDUCTIVE
SUBSTRATE (GLASS

CONDUCTIVE PLATE B OR-CERAMIC)/

FIGURE lB
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AIRBORNE ON LINE FERROGRAPH

SPECIFICATION DATA SHEET

ELECTRONIC

Power Input: Connector MS3106A lOSL-3S(C), 115 VAC, 400 Hz, per MIL-S-708

Max VA - 180 (during 5 second flush cycle)

Output Signals: Connector MS3106A 16S-IP

Large Particle Reading 0 - 10 VDC

Small Particle Reading 0 - 10 VDC

K/V (Wear Particle Concentration) 0 - 10 VDC

V = Sample Volume

Y = Maximum Permissible Value of V

K = Constant (for 0 - 100 Scale Output)

End of Cycle Signal: Open Collector Transistor

Display: Two Digit Mechanical - K/V (Last Full Cycle)

Range Switch: 10 position

Varies Y (Maximum Permissible Value of V)

1 position y =

Relationship Between Range Positions:

P (n + 1) = 50 + 0 (n)

or

Q(n) = 2-P (n+l) - 100

whiere

Q(n) = K/V @ Range n

and

P(n+l) = K/V @ Range n + I

MECHANICAL

Required Oil Pressure: 30 - 200 psi

InLet Port: Swagelok 1/4" (O.D.) tube fitting (P/N SS-400-I-4ST)

Outlet Port: Swagelok 1/4" (O.D.) tube fitting (P/N SS-400-1-8ST)

Dimensions: 7091-1 Sensing Head
Envelope Dimensions: 2.75" x 5.63" x 4.5"
Weight: 2-1/2 lbs.

7092-1 Electronics Package
Envelope Dimensions: 10" x 6" x 2"
Weight: 2 lbs

Interconnection Cable
Length: 25 feet
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OPERATING CONDITIONS

These conditions will be tabulated separately for sensor with cable and the

wear analyzer.

SENSOR (7093-1):

Normal Storage &
Operating Operative Transport

Influence Conditions Limits Limits

Position Insensitive to
Orientation

Ambient Temperature 0 to 1500C -40 to 150 0 C -40 to 2000 C

Sample Fluid Temperature 10 to 1500C (1) -40 to 150 0 C N/A

Relative Humidity 0 to 100% 0 to 100% 0 to 100%

Sample Fluid Viscosity 2.5 to 100 Cs N/A N/A

Sample Fluid MIL-L-23699 N/A N/A
MIL-L-5606
SAE type oils

Sample Fluid Dielectric 2 to 4 N/A N/A

Ambient Pressure 0 to 200 KPa 0 to 200 KPa 0 to 200 KPa

Sample Fluid Pressure
Differential 250 to 1300 KPa 0 to 1400 KPa N/A

Maximum Fluid Pressure 1400 KPa 1400 KPa N/A

Electromagnetic
Interference:
Radiated susceptibility
@ 27 - 512 MHz 5 V/m max. 20 V/m max. N/A

Vibration MIL-STD-810C MIL-STD-810C N/A
Cat.b.l/F,L Cat.b.l/F,L

(1) These temperatures are related to the sample fluid viscosity; that is,
the temperature range may be limited by viscosity considerations.
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1WEAR ANALYZER (7092-1):

Normal Storage &
Operating Operative Transport

Influence Conditions Limits Limits

Ambient Temperature -40 to 500 C -40 to 550 C -40 to 850 C

Relative Humidity 0 to 95% 0 to 100% 0 to 100%
no condensate no condensate

Ambient Pressure 0 to 110 KPa 0 to 110 KPa 0 to 110 KPa

Environmental Contaminants CES 278
Class B

Supply Voltage Rated ±10% Rated ±10% N/A

Supply Frequency Rated ±5% 0 to 450 Hz N/A

Output Load (0 to 10 VDC) 5K Q min 2K Q min N/A

Electromagnetic
Interference:

a) Radiated
Susceptibility
(27-512 MHz) 5 V/m max 20 V/m max N/A

b) Conducted
Susceptibility
(power line):

MIL-STD-461/CSOl
30 Hiz to 50 KHz 3 volts rms 3 volts rms N/A

MIL-STD-461/CS03
50 KHz to 400 MHz I volt rms I volt rms N/A

MIL-STD-461/CS06
spike voltage 100 volts 100 volts N/A

Vibration CES 278
Level II
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PERFORMANCE SPECIFICATIONS

The primary measurement undertaken by the instrument is the con-

centration of wear debris in a fluid system. The units of concen-

tration may be defined as parts per million (gravimetric) of ferro-

magnetic (or strongly paramagnetic) debris in the fluid; the size

range of the measurable debris being 0.5 wm to 250 pm in major

dimension.

The system life expectancy is 100,000 hours minimum, with a 30,000

mean time between failure (M.T.B.F.).

Tabulated on the next page are required performance specifications

with regard to the actual measurements. The following section

tabulates the actual reference and operating conditions. Apply

the greater of ppm of % of reading in the Table (see next page).
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CONCENTRATION

Function 
Operating

a) Range (ppm) I to 100 ppm

b) Resolution 1 ppm display

0.1 ppm (10 Mv)
analog output

c) Accuracy ±0.5 ppm
or
±15% of reading

d) Repeatability at 
0.5 ppm or 10% of

Fixed Concentration 
reading, bandwidth

For (b), (c) and (d) above, the analog electrical 
output is

100 mV per 1 ppm.
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