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feasible engine-faIlure warning system based on the detection of boluses

of charge In the engine exhaust of jet eng i nes. Such a warning system

could result in a dramatic reduction in jet aircraft accident rates,

especially single-engine aircraft rates since this system could predict

a catastrophic engine faIlure hours ahead of its actual occurrence. The

development effort has been hindered , h~~ever, by the lack of a proven

theory of boiu~ formation and an uncertaInty as to the precise meaning

0 of data gathered with ion probes. It is sincerely hoped that this work

will illuminate both of these areas.

I would like to express my deep appreciation to my thesis advisor ,

( Major Robert P. Couch, who has gIven lnva~uable advice and assistance.

His ingenuous equipment design and concepts were invaluable in making

the discoveries which are reported in this thesis. He was the orig inator
0 

of the designs for the particle separator and the Gaussian cylinder

wh ich were keys to the success of thls research.

Additionally, I would like to thank my son and my wife for their

understénding and acceptance of the time and attention that I could not

giv, to them.° And finally, a note of appreciation Is due to Mrs. Van

Hoang for the moral support of her and her four children , Vietnamese 
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Abstrac t

Explod i ng wires were used to simulate jet-engine gas-path
- j  

•

microdistresses . The phys ical processes involved in the formation of

boluses of charge in a f lowstream were investigated and the amounts of

bolus charge produced under various conditions were measured. ion-

probe responses were concurrently recorded . The results of the Investi-

gation were used to construct a theory of bolus formation.

Large negative boluses of charge were produced by the injection of

hot metal particles into a flowstream . Smaller positive bol uses were

produced by heating a wire to a temperature near Its melting point.

Ion-probe responses were shown to be very misleading when used as a

sole source of information as to the charge in a bolus. It is recoin—

mended that immediate attention be given to the detection of negative

boluses of charge in a Jet engi ne exhaust since negative boluses would
• 0 most probably be produced by the more severe (very hot particles)

microdistress which could l ead to catastrophic engine failure.
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- I. introduction

~~~~~~und

A gis—path microdistress Is defined as any localized event along

the gas-path of a Jet engine that causes any combination of hot metal

particles , metal ions, free electrons, and/or plasma to be Injected

into the flowstream . An example of a microdistress would be a rubb i ng

turbine-blade tip or ~~hot spot in a burner can. Although a micro-

distress is in itially localized , it can increase in severity with

engine operation time and eventually result in either component failure

or catastPophic engine failure . It has been found that microdistresses

C) cause the formation of bol uses of charge In the exhaust of a jet

engine .

The prediction of impending jet-engine gas-path failures by the

detection and interpretation of these bol uses of charge has received

increasing interest during the past five years. The firs t recorded

observation that made this possibility man i fest occurred on November 17,

1970 (Ref 2:2). Captain Robert Vopalensky, while taking current-voltage 0
traces from a probe inserted into the exhaust of a Jet engine in order

to determine plasma dens ity , noted the appearance of some large-

amplitude spikes on hIs traces. The number of spikes observed per unit

time increased with each succeeding measurement throughout the day. On

C) 1
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the following day, a second-stage turbine blade experienced a fatigue

failure (Ref 3:516—517).

Since this observation , a number of i nvestigations of the phenomenon

have taken place. The Air Force Aero Propulsion Laboratory (AFAPL) has

00 pubi lihed seven techn i cal reports on the subject, the Air Force Flight

Dynamics Laboratory two, and the Air Force Avion i cs Laboratory one

(Ref 8t3—lO). Additiona lly, there have been four related masters theses

• 
(Ref 3, 4 , 7, 9) authored by past students of the Air Force Institute of

Tec+inOloqy and a fifth one (Ref 1) wh i ch Is concurrently being written

• 

0 
with this thesis. However, It is the conclusion of the authors of the

most recent AFAPL report that the electrostatic (ion) probe technique

for the prediction of jet-engine failures has not yet demonstrated the

effectiveness or reliability necessary for advanced development (Ref 8:17).

( ) This conclusion was reached because of inconsistenc i es in engine test

results and an inability to either develop a consistent theory of probe

operation or to i dentify probe signa l types.

• More basIc to the problem , however, is both the lack of a clear

determination of bolus composition and the lack of a proven theory of

boius formation. It is not known with certainty whether the eng ine-

exhaust boluses which are be i ng detected are composed of particles ,

ions, or combinations of the two. And since the response of an ion

probe is differen t in each case, there will probably continue to be

Inconsistenc i es in engine test data until the question of composition is

resolved. But even if engine test results can be shown to be consistent,

C) 2

00

0 

00 

_ _ _ _ _ _ _ _ _



P~ a proven theory of boi us formation is needed before the ion-probe

technique can be selectively predictive in distinguishing between

different types of gas-path component failures .

‘e ~ak~’n
Purpose

The purpose of this thesis is to develop a theory of bolus forma-

tlon and to demonstrate the vary ing responses of ion probes to boluses
k’

of different composition . It is intended to augment current jet-eng i ne

f ield investigations with results obta ined under controlled laboratory
- 

-

conditions . Hopefully, these results will l ead to a better understanding

of the bolus—formation phenomenon and a clearer Ins i ght of how to use

this phenomenon to predict Jet engine failures .

Approach

Exploding wires were used for the simulation of Jet-eng i ne gas-path

microdistresses. This simulation was used to investigate the physical

processes involved in bolus formation and to measure the amounts of

bolus charge produced under various coflditions. Ion-probe responses -

were concurrently recorded. The results of the investigation were then

used to construct a theory of bolus formation, and they form the basis

for recommended changes to current jet-engine ion-probe i nvestigation

technIques .

Organ izat ion
- - -un

This thesis is an experhnenta l thesis. Therefore, the equipment

wh i ch was used will first be descr i bed in detail. A theory chapter

3
(
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follows the equipment description. Although It is titled Theory,

Chapter III contains both theory and explanation because the detailed

diSCussion of the - topics it contains is a necessary prerequisite for the

complete comprehension of the chapter that fol lows which contains the

experimental results .

Chapter IV contains a detailed account of the experimenta l results

which lead to the formulation of a theory of negative bolus formatIon.

It also discusses Ion-probe responses and measurement of bolus charge.

An evaluation is made of the thermionic-emiss ion model wh i ch Is proposed

to explaIn how particles become positively charged. In the last chapter,

the conclusions are summarized and reconmiendations are made.

C)
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II. Equipment

The purpose of this section Is to provide a detailed descriptIon

of the construction and operation of the laboratory equipment . The

three types of equipmen t employed, categorized by usage, are the f low-

stream components , the exploding wire circuit elements, and the measure-

ment equipment. Fig. 1 , page 6, is a photograph of the flowstream

components and capacitive discharge circuit.

Flows tream Components

The three main flowstream components, shown in Fig. 2, page 7, are

the exp1od in;~w 1 re chamber , the particle separator, and the Gaussian

cylinder. Pressurized air is supplied by a Worthington type-YB-2 feather-

valve compressor capable of delivering 100 psi at a 500-cfm flow rate.

C’ It is fitted with a Lectrodryer type—BZ electric dryer. The air is

filtered with a 0.90-micron-pore paper filter Just prior to enter ing

the stagnation chamber. Ai r pressure In the stagnation chamber Is

measured by a mercury manometer. After leav ing the stagnation chamber

the air flows through the exploding—wire chamber, the particle separator,

and the Gaussian cylinder In that order. The sections are connected

with 2-in, pieces of rubber hose and metal clamps and are electrically

Isolated from each other.

The purpose of the exploding-wire chamber is to inject a pocket of

hot metal particles, Ions , and plasma into the flowstream. This pocket

then flows through the particle separator which electricall y discharges

(~;
0 -~~~‘~-I 4
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7 and separates particles . The Gaussian cylinder is then used to measure

the excess charge created in the pocket. An electr ically - i solated ion

probe is inserted Into the Gaussian cylinder in order to determine its

response in comparison with that of the cylinder.

Explod i nq-Wire Chamber. The f irst component downstream from the

discharge end of the stagnation chamber is the exploding—w i re chamber.

It is constructed from a 1-shaped copper—pipe fitting with a 7/8-in.-

inside diameter. Referenc ing Fig. 2, page 7, the flow-through portion

of the fitting is used to channel the flowstream from the stagnation

chamber to the partic le separator. The perpendicular portion or neck

is used as a portal for inserting the explod i ng-wire into the flowstream.

Referencing Fig. 3, page 9, the wire to be exploded is held in the f low-

C) 
stream by two 3-3/4-in. size-lO copper-wire supports. These two supports

are held securely by a mach i ned laminated—phenolic stopper that is

inserted into the neck of the copper fitting. The stopper is held in

place by an 1-shaped clamp which is secured to the neck of the copper

fitting by a 1/b-in. —long bolt. The object of the des i gn is easy access

for wire changes between f rings .

Each of the two slze-lO copper-wire supports Is held in place in

the stopper by a setscrew. One i nch of insulation remains on each of

the two copper supports and is used as a sleeve for the portion that Is 
—

routed through the stopper. The setscrews allow the supports to be

held securely at any des i red height.

Tb. tips of the supports tha t are Inserted into the chamber are

8
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filed off flat , notched, and positioned 12 mm apart. The wire to be

exploded is placed across the tips in the notches. Each end of the wire

Is bent so that It lies flat along the surface of its support and is

held in place by a 5/l 6-in.-long , l/4—In .-diameter sleeve that ii

tightened with a setscrew. The two ends of the copper supports that

extend outside the chamber are the connection points for the capacitive

discharge circuit.

Particle Separator. After exiting the exploding-wi re chamber, the

air flap, enters the particle separator . Referenci ng FI g. 4, page 12,

the particle separator is a closed metal box wh i ch contains an electri-

cally- isolated turbine blade. The air flow enters the front of the box,

imp i nges on the turb i ne blade , and then flows out the rear. The particle

(
~) 

separator was des i gned to~slmulate the separation whi ch takes place

within a jet engine. Thdlarger particles strike the blade and/or the

ins ide surface of the box and either richochet a number of times prior

to exiting or do not exit at all. The purpose of the design Is to allow

as many partIcles as possible to electrically d~scharge against the

metal surfaces.

The sides of the box are constructed of l/8-ln.-thick brass. It s

3-1/2 in. wide, 4-1/2 in. long, and Ii In. high with a 3/8~In.~wIde brsss

flange soldered to both th, tap and the bottom. The top of the box is

a l/8—in.-thick aluminum plate which ii bolted to the top flange with

10 screws. The bottom of the bo* is constructed from 3/8-in.-thick

laminated phenolic in order to keep the turbine blad. electrically

10
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isolatsd from the meta l portion of the box. The outside of the bottom
p

of the box Is covered with aluminum foi l in order to make the particle

separator a compl.tely-enclosed metal chamber.

The air flow enters the box through a 2-In.-iong, 7/8-in.—dlameter

brass pipe which Is centered on the front face. The flow exi ts the box

through a second pipe with the same dimensions centered on the rear face

of the box, 3/4 in. from the top. Air flow Mach values m&ntloned In

this report are measured at this exit.

The turbine ’blade is fastened to the laminated-phenol Ic bottom,

1/2 in. from the front face of the box. It is aligned along the center-

l ine of the entrance and exit pipes with its concave surface facing the

front of the box. Two l-In.-Iong metal bars clamp a flange on the tip

of the blade securely to the bottom of the box. The forward bar Is

( held In place with a screw. The rear bar Is held in place by a bolt

which protrudes through the bottom of the box to the outsid . This bolt

is used as the electrical pickup point for sensIng turbine blade signals.

During experImentation, the partlcl. s.p.rator is placed in an aluminum-

foil-covered cardboard box. Th, aluminum foil ii grounded, shielding

the partIcle s.parator.from stray electrical pIckup.

Gaussian Cylinder. After ex ting the particl, separator, th. flow-

stream enters the Gaussian cylinder. Its purpose Is to al low the bolus

of charge produc.d by the partIcl, separator to be measured. The 68 in .

long Gaussian cylinder is constructed f rom three sections of 7~in.-

diametir galvanized pipe. A circular plate wI th a 2-In.—long, 7/a_in.~

() 
.
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7 diameter copper lnf low pipe protrud i ng from Its center Is soldered onto

the front of the cylhid~r. ~The rear of the cylinder remains completely

- - open.

An electrically - Insulated 1-56 ion probe of the type described by

11111 (Ref 8:101) is mounted In the side of the Gaussian cylinder . its

shaft is centered across the copper Inf low pipe , 2 In. to the rear of

the pipe In the Interior of the Gaussian cylinder , its function Is to

allow Ion-probe and Gaussian-cylinder signals to be compared, thereby

gaining more information about both the compositIon of boluses and Ion

probe responses under varying conditions. -
During experimentation , the Gauss ian cylinder s covered with a

layer of newspaper and a layer of aluminum foil. The aluminum foil is

grounded in order to shield the cylinder and the probe from stray

) electr ical pickup.

Exp loding~Wire Circuit Elements

Th ree Sprague CP7OEIDJ1O6X lO-microfarad capacitors are connected

in parallel and charged with a Nuclear Research Corporation 1452-A 2500-v

power supply. Vol tages above 1200 v are measured by a SensitIve Research

instrumen t Corporation Model ESD electrostatic voltmeter. Below 1200 v,

a Systron Donner Model 7000A dig ital voltmeter is used

Referenc i ng Fig I , page 6, the termWais of the capacitors are

connected together with two strips , each consisting of six parallel

size-lb copper wires This desi gn was used in lieu of larger single

0 w ires In order to reduce the i nductance of the discharge circuit. One

j fl 13
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7 side of the capacitor bank is connected to one of the two exploding-w i re

t supports through a copper throw switch and two i-in.—lengths of size-I6

copper wire.- The other side Is connected to the other exploding-w t re

support through a current shunt and two 2-in. -lengths of size-iD copper
- wfre. The current shunt, not shown In FIg. 1 , Is a shielded tubular

shunt of the type described by Park (Ref 13:198- 199). The resistance

element of the shunt Is a 17.5-cm- long tube of type-304 stainless steel

with an outsi de diameter of 0.625 In. and a 0.020 in. wail thickness.

Using the handbook resistivity value of 72 microhm-cm for stainless

steel , the cal culated resistance is 19.5 mllil ohm s .

Both a low resistance and a low inductance in the external circuit

are mportant design factors. The lower the resistance, the higher the

partition of energy to the explod ing—wire. And the lower the inductance,

() 
the shorter will be the time period of the discharge. Referencing Fig. 

0

5a, page 18, the ringing frequency of the circuit, measured by shorting

out the exploding-wire supports wIth size-lO copper wire and discharging

the capacitor, Is 50 klliihertz. The discharge time for the first pulse

of current -to a wire whIch Is being exploded is 15 microseconds.

Measurement Equipment

Measurements were recorded on Polaroid film with two Tektronix 7904

oscilloscopes. One Is equipped wi th a 7870 time base and the other with

a 7392 dual time base. Each oscilloscope has two 7 AI6A amplifiers

0 

- 
WhICh measure a signa l across a resistance of 1 megohm. Each oscillo-

scope also has a C-51 camera and a C-50/C-70 roil film back which uses

Polaroid typ.-47 film.

00 

00



7 0 Signals from the particle-separator box and turbine blade are

routed to one oscilloscope with two lengths of RG-62A coaxial cable.

Signals from the Gaussian cylinder and ion probe are routed to the other

oscilloscope with two additiona l lengths of RG-62A coaxial cable. Both

oscilloscopes are simultaneously triggered externally with a loop of

wire around the negative termina l of the discharge circuit.

Limitat ions

Nichrome V wire is the only type wire used in this research because

its composition was the closest match available to that of high-tempera-

ture gas-path-component alloys. These alloys contain various combinations

of nickel , chromium, and cobalt. Nlchrome V wire , however, does not

• contain cobalt and it is not known what effect its addition would have

on the results.

Two different diameters of wire were used: 0.0100 in. and 0.0179 in.

The capacitive discharge system is limi ted to 91. Joules by the voltage

rating of the capacitors. This is enough energy to partially vaporize

the smaller-diameter wire , but only melt the larger one.

Although the air compressor was equipped with a dryer, it was not

functioning properly throughout the entire period of this research.

Consequently, the magn i tude of variations in results due to fluctuations

in water-vapor content of the flowstream are unknown. In addition , the

air compressor system became contaminated with oil during the latter

portIon of this research. This contami nation , which could not be con-

trolled, altered the experimental results significantly. It is discussed

In detail In Section IV .

() 15
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III. Theory
r

This section provides a discussion of explod i ng—w i re theory which

is augmented with oscilloscope photographs of the current waveform of

the capacitive discharge circuit used in this research. An interpreta-

tion of oscilloscope signals f rom the particle separator is g iven , and

the calculation of boi us charge is explained.

Exploding Wire Theory

Microdistresses were simulated by exploding Nichrome-V wires which

are composed of 80 percent nickel and 20 percent chromi um. When a wire

is exploded, It creates a pocket of hot meta l particles , ions , and

plasma in vary ing combinations depending upon the mass of the wire , the
- 

energy deposi ted In that mass, and the circuit discharge time . When - 
00

() energy is delivered to the wire by a capacitive discharge , the wire must

be the highest resistance elemen t in the circuit. Through Ohmic heating ,

the temperature is rapidly ra I sed through its phase points , its melting

point , and its vaporIzation point. Once vaporization begins , usually

- within a few microseconds after the start of the capacitive discharge,

the wire is converted from a conducting l iquid to a metallic vapor

(Ref 14:519). If the vol tage remaining on the capac i tor at this point

is high enough to electrically break down the metal vapor, current flow

continues uninterrupted , if , however, there Is insufficient vol tage to

trigger a breakdown , the current will rapidly decrease to zero. As

the metall ic— vapor cylinder expands outward and the density decreases,

-
~ 
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the voltage requ i red for breakdown becomes lower. if the required

breakdown voltage becomes less than the voltage remaining on the

0 
- capacitor, a restrike occurs and current again flows.

Fig. 5, page 18, shows a sequence of oscilloscope photographs of

the waveform of the voltage across the current shunt. Fig. 5a shows

the decreasing oscillatory waveform of the discharge circuit when the

explod i ng-wire is shorted out with a length of size-iD wire . Fig. 5b

shows the waveform when a 12-rn length of O.OlOO-in.-diameter wire is

Just barely melted with a 750-v discharge. Fig. 5c shows an 1100-v

discha rge. The small dip in the first hump indica tes that vapori zation

Is taking place . The falling of the waveform to zero followed by the

formation of a second small hump indicates that a restrike has taken
— 

place. Fig. 5d shows a 1200-v discharge during which vaporization takes

( ) p lace , but with -sufficient voltage remain ing on the capac i tor that a

restrike occurs before the current drops to zero . Fig. 5e shows

vaporization taking place earlier at 1500-v, and with more energy

remaining on the capacitor. Fig. 5f shows vaporization occurring even

earl ier with a 2000-v discharge and with much more energy remaining on

- 
the capacitor. The negat ive portion of the curve indicates that the

circu it Is begInning to resume its oscillatory characteristic. The peak

of 32 v across the l9.5-milllohm shunt resistance element represents a

• peak currant of 1640 amps.

!artic le—Separator Signal interpretation

The particle separator described in Section II , page 10, cons ists

o
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5a. 500-v Capac i tor Discharge . 5b. 750-v Capacitor Discharge.

mu
5c. 1100-v Capacitor 5d. 1200-v Capac i tor Discharge.

Discharge.

ml.
5.. 1500-v Capacitor 5f. 2000-v Capacitor Discharge .

* 
Discharge.

C)
Fig. 5 Explod i ng—Wire Current Waveforms for 0.010—In.-

Diameter Nichrome-V Wire. Five Volts and 5 Micro-
seconds per Divis ion . Thirty Microfarad Capac i tor.

4 
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00 
of an electrically- i solated turbine blade mounted’ in a closed metal box.

~ IF’ Si gnals from the box and the blade are simu l taneously measured across

l-megohm resistors by a dual-trace oscilloscope . Fig. 6a below is a

photograph of these signals resulting from the explosion of a 12-rn-long,

0.Ol~-in.-diameter, Nichrome wire with a 1000-v discharge and a Mach-i

— 

, flowstream exit veloc i ty. Both oscilloscope voltage scales are 5-v per

cm and the time scale is 500 microseconds per cm. The top trace is that

of the box, the bottom that of the blade.

6a. Particle Separator. 6b. GaussIan Cylinder.
- 

Top, Box. Bottom, Blade.

Fig. 6 Oscilloscope Signals from the Explos ion of 5.1. mg of
O .OiOO-In.-Diameter Nichrame-V Wire with a 1000-v
Capaci tor Discha rge 

. 
-

The blade signa l shows an Initial slight negative dip followed by

a large positive peak. This is caused by a leading negative charge

being sensed by the blade followed by a positive particle discharge.

(
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Mirrored in time with the pos tive blade discharge is a negative boxr
peak. Electrons flow from ground to neutralize the positivel y-charged

-

- particles striking the blade. This causes a posItIve blade signal

but because the box Is s imul taneously gaining negative charge, a

negative charge is induced on its outer surface. Thi s. Induced negative

- 
- 

‘ charge flows to ground , causing the box Signal. It should be noted

that charge transfer between the particles and the inside surface of

the box Is not detected . This transfer results only in the rearrange-

ment of charge that is already wI thin the box and does not cause more

-
~ charge to enter.

The box trace also shows a l eading Induced negative charge followed

by an Induced positive charge. Note that the initial Induced negative

point on the blade trace lags the initial negathve point on the box

( ‘) - 
trace because the b lade is further down the flowstream than the entrance

to the box. The box trace begins to go pos~tive after 4 milliseconds .

This ind icates that a negative charge is leaving the box. Fig. 6b,

- page 19, Is a photograph of the Gaussian cylinde r response during the

same shot. At the 4-millisecond point, the Gaussian-cylinder waveform

shows a negative bolus entering the cylinder. This is the same bolus

that Is leaving the particle separator In FIg. 6a, Then, Fi g. 6b shows
0 

, the bolus beginning to leave the Gaussian cylinder after 65 mlileseconds.

Particie discharges can therefore be distingu ished from induced

signals in the particle separator by comparing the box and blade signals.

A particle discharge is sensed as two,waveforms being mirrored in time

- 
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but of the opposi te sIgn . An i nduced si gnal is sensed as bei ng delayed

-
- in time and possibly ’ different in magn i tude, but of the same sign .

Bolus Charge Calculat ion

Fig. 6b, page 19, is an oscilloscope photograph from which the

excess charge conta i ned in the bo l us can be calculated. As it enters

the Gaussian cylinder , the bolus i nduces an equal amount of charge on

the cylinders surface. This charge flows to ground through a l-megohm

resistor in the oscilloscope, resulting in the waveform shown. The

I 
tnta l charge Q can be calculated by measuring the area under the curve

with a planemeter. A unit square of area on the photograph has the

-~ un i ts of volt seconds. Howeve r
- - V • IR (1)

-
~~~~ and since R — io6 

~~~ 
00

() i — i o 6v (2)

:: - l0 ’V 

0

Q —  lO”Vt (Ii)

-~ - Therefore, if the val ues for the voltage V and the time t correspond-

ing to 1 unit square of area on the phot ograp h are substituted into

• 
-~

- equation (4) , the bolus charge can be computed by multiplying the right

side of the equation by th. measured area.

- - 4
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IV . !!.~J.~~nt~! 
Results

The purpose of this section is to provide a detailed description ,

discussion, and evaluation of the experimental results. There were three

main areas of investigation: bolus formation, Ion-probe response, and

bolus charge.

Bolus Formation

The formation of both negatively and positively charged boluses

were investigated. Negatively charged boiuses were created by the

inJection of hot metal particles into the flowstream. An investigation

of their formation was considered to be of prima ry importance since a

microdistress such as a turb ine—blade rub which could lead to catastrophic

engine failure would also inject hot metal particles into the flowstream.

( ) The understanding of n.gatlve-bolus formation therefore appeared to be a

key to the prediction of impend i ng jet-engine failures , and therefore

the major portion of th. Investigative effort was made in this area.

PosIt v~ly charged boluses were created by heating wires to t
empera-

tures approaching their melting points. However, ties did not permit a

- full Investigation of their mechanIsm of formation.

~~~~~~~ Solus Formation. Figs. is and lb. page 23, show waveforms

resulting Vram the .*ploslon of 5.4 eq of 0.0l00-ln.-dlameter Nichrome-V

wire. FIg. 7. shows the particle separator sIgnals. The top trace is

frem the box, the bottom from the turbine blade. They show initial

- -1~ induced oscillations followed by a very large positive particle discharge.

0 22
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7a. Particle Separator. lb. Top, Gauss ian Cylinder .
Top, Box. Bottom, Blade. Bottom, ion Probe.

Fig. 7 OscI l loscope Signals from the Explosion of 5.4
mg of O.OlOO-ln.-Diameter Nichrome-V Wire with
a 2500-v Capaci tor Discharge

The very large positive particle discharge was the most prominent

feature of all Nlchrcme-V—w i re-explosion particle-separator signals.( )
From this evidence, it was concluded that when a pocket contains hot

metal particles , the particles are positively charged.

There Is oniy a slight excess negative charge contained in the

pocket prior to its entry into the particle separator. This was con-

firmed by placing a small Gaussian cylinder between the explos ive chamber

and the particle separator. It is not until the particle discharge

0 
- occurs that the negative bolus is created. This can be seen very clearly

in Fig. 8a, page 24. During this shot, the box and blade are elec tr i

cally bonded together so that the resultin g waveform represents the net

charg e entering or leaving the part icle—separator.

Fig. 8a shows an init i al negative charge entering fo l lowed by a

H o  23
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positive charge. When the particles , the carriers of the positive

c hr ge, discharge against the blade the waveform goes very negative.

This Indicates that negative charge is flowing into the particle-

separator through the turbine blade in order to neutralize the positively

charged particles. The waveform then goes posItIve, Indicating that the

negative bolus which has been created is leaving the particle-separator .

H 

‘

(j 8a. Particle Separator. 8b. Gaussian Cylinder

Fig. 8 Oscilloscope Signals from the Explos ion of 5.4
mg of O.OlOO-in.-Diameter Nichronie-V Wire with
a 2000-v Discharge. The Box and Blade are
Electrically Bonded Together

The exit of the negative bolus is confirmed in Fig. 8b, the Gaussian

cylinder trace. it shows a negative bolus entering 3 milliseconds

after the wire is exploded. From this evidence, it is concluded that

the mechanism for the creation of a negative bolus of charge Is either

the electrica l discharge or separation of the positively-charged metal

particles from the pocket. The mechanism for charging the particles is

24

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _  -~~--~~~~~~~~~ - - - -~~~—

I~-~:~ 
- - ‘ T ’  - 

- -  - 

- 
-



r suspected to be thermlon c emission of electrons. An evaluation of this
— 

hypothesis is given under the subsect ion titled Evaluation which begins

on page 37.

Gas-Path Microdistress Theory of Bolus Formation. The following

theory Is suggested by the results described in the preceeding subsection :

When a micr od lst ress injects hot metal par t icles i nto a flaws tream,

these particles are posItIvely charged, possibly by thermionic emIssion.

A pocket - is created which might be elec trically neutral i f measured

intoto, but is in actuality microscopical ly composed of separated

positively charged particles and negatively charged ions. - The pocket

follows the flowstream until it is deflected by the first turbine blade

or guIde vane that it encounters. Her., the Ions and very small parti-

c les continue to follow the flowstrea., but the larger particles are

only partially deflected because of their inertia. These larger

particles then strik, metal flowstremu components as they pass through

succeeding stages of turbine blades, electrically dischargi ng on contac t .

I The remova l of either th. pos tlv. charg. on the particles or the

particles themselves is the mechanism for the creation of the negative

bolus of charge En the exhaust of a Jet engine.

Positive Solus Forustion. Smell positIve boluses of charg. were

created by heating a wire wI th a capacitive dIscharge. Fig. 9, page

2~, shows the waveforms resu lting from the heating of a 0.0100-in.-

diameter Illchroms-V wi re wi th a 600-v discha rge. Th, wire can be melted

0 25
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wi th a 650-v discharge. The basic particle-separator configuration
• was used with an exit veloci ty of Mach 1.

9a. Particle Separator. 9b. Top, Gaussian Cylinder.
iop, Box. Bottom, Blade. Bottom, Ion Probe.

Fig. 9 Positive Bol us Waveforms

- - The top trace In Fig. 9a is from the particle-separator box. The

00 

bottom trace is from the particle—separator turbine blade. Both show

positive waveforms, indicating that no large particle discharge is

occurring. The top trace of Fig. 9b is that of the Gaussian cylinder
0 

which shows a positive i2-nanocoulomb bolus of charge. The top scale

is 200 my per cm and the bottom scale is 20 my per cm. The bottom

trace is that of the ion probe which also has a positive waveform.

Time did not permit an investigation of the mechanism for positive

bolus creation. However, both the rapid oxi dation of the hot metal

surface or the emission of positively charged metal ions are possible

candidates . The oxWation of a metal surface increases with temperature.

26
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k And if negative oxygen ions were to be drawn from the air to the metal

sur face, a positive excess charge would be left in the air. The emission

of positively charged metal ions would add positive charge to the gas

St ream.

Regardless of the mechanisr., however, this gives insight into the

creation of positive boluses of charge within an engine. A microdistress

which would cause the overheati ng of a surface wIthout the i njecti on of

metal particles into the fiowstream could result in the creation of a

positive bolus of charge.

Boluses from Copper and Carbon. A shot with copper wire resulted

in the same particle-separator and Gaussian—cylinder waveforms that had

been obtained with Nlchrome-V wire . However, a shot with carbon pencil

- lead resulted in the waveforms shown in Fig. 10 below.
( —~

lOa. Particle Separa tor. lob. Gaussian Cylinder.
Top, Box. Bottom
Blade . -

Fig. 10 Oscilloscope Signals from the Explosion of
Carbon Penc i l Lead
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~uii The carbon pencil lead was 0.5 nm in diameter. Fig. lOa shows a

small negative particle discharge to the turbine blade. Fig. lOb shows -

that the resulting bolus was negative. These results ind i cate that

carbon particles may become negatively charged if they are present

during a microdistress. Experimentation with carbon was not continued

si nce time did not permit. Therefore, a theory to explain this result

is not proposed. It should be noted, however, that carbon (pencil lead)

did not produce a signifIcant amount of excess charge and hence, it Is

expected that soot boluses would not be highiy charged.

ion-Probe Response

1 )  

U 

-

11.. Top, Gaussian Cylinder. lib. Top, Ion Probe.
Bottom, Ion Probe. Botton, Gaussian
No Steel Wool. Cylinder. Steel

Wool I n Box.

Fig. ii Comparison of Normal Ion-Probe and
Gaussian Cylinder Responses
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- 
- Normal Ion-Probe Response. The bottom trace of Fig. lla , page 28,

shows the typical ion-probe response to a negative bolus entering the

Gaussian-cylinder at an exit velocity of Mach I from the particle

separator. The capacitor voltage was 2000 v and 5.4 mg of 0.0100-in.-

diameter Nichrome-V wire was exploded. The top trace of Fig. Ha shows

the corresponding Gaussian cylinder response. The top vol tage scale is

2 V and the bottom scale is 200 millivolts. Note that although the

excess of charge of the bolus is clearly negative as indicated by the

Gaussian— cylinder response; the ion-probe response shows a small leading

negative signa l followed by a 1arge~area positive signal. - In the

absence of the Gaussian-cylinder information , one would probably

Interpret the ion—probe response as sensing a positively charged bolus .

The difference between the two responses can be explained if the negative

bolus still contains very small positively charged particles that were

not separated by the particle-separator. Apparently this is the case,

00 

since placing steel wool in the. particle separator for better separation

results in the ion-probe signa ’ shown in the top trace of Fig. lib. In

this shot, 5.4 milligrams of O.O100-in. -diameter Nichrome- V wire was

exploded with a 2200 v discharge. The bottom trace Is the correspond i ng

Gaussian—cy l i nder signal. Note that in this case there is a very large

init ial negative peak that decays rapidly into a shallow positive peak.

The waveform of the ion-probe here approximates the derivat i ve of the

G ussian cylinder waveform as it should for an i nduced signal. F rom

- - thi s evidence, It must be concluded that when charged particles are

0 29
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present In a bolus , Induced ion-probe signals are masked by particle

discharge signals.

Contamina ted ion-Probe Response. The reversal of the norma l

response was experienced after the ion-probe surface became contam i nated

with exploding—wire combustion products. The surface contamination

occurred as a result of unintentiona l contamination of the flowstream

components with oil from the air compressor.

M
00 

- 12a. Top, Gauss ian Cy l inder. l2b. Top, Gaussian Cylinder.
Bot tom, ion Probe. Bottom, Ion Probe.

-~ Contaminated Probe. Clean Probe

00 

Fig. 12 Responses of an Exploding-Wi re—Combustion-
Product-Contaminated Ion Probe and a Clean
Ion Probe

The two photographs in Fig. 12 show the ion-probe and Gaussian-

cylinder signals from two successive explosions of 5.li mg of 0.0100-in.-

diameter Nichrome-V wire at 2200 v . Stee l wool was not used in the

particle-separator and the flawstr.an, exit velocity was Mach 1. The

n 30
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bottom trace of Fig. l2a shows the response of the contaminated probe.

There are smell positively charged particles in the bolus , yet the

contaminated probe shows a large area negative discharge. The bottom

trace of Fig. llib shows the probe response after its surface has been

cleaned wIth acetone. The response is normal .

It should be noted that the Gaussian-cylinder responses show a

- 
decrease in bolus charge between the uncontaminated and contam i nated

- shots. There are two possible explanations : either the positively

— charged particles become even more positively charged with surface

contact with the contaminated probe or negative Ions are discharg i ng

to the surface of the probe. It is believed that the partial discharge

of the negative bolus to the combustion-product contam i nated surface

- of the probe is the. more likely explanation .

( ) Ion-probe signal distortion of a second type was also discovered

• during the period of oil contamination . When the surface of the probe

was rubbed with an oil-contaminated paper filter taken from the entrance

of the stagnation chamber upstream from the explos ion chamber, the

positive large area portion of the probes waveform was eliminated .

Both photographs in Fig. 13, page 32, were taken during the

explos ion of 5.4 mg of 0.OlOO-in.-diameter Nichrome-V wire with a 2000 v

: discharge . Steel wool was not used in the particle separator and the

.xlt velocity was Mach 1. The top trace in Fig. 13 a shows the Ion-

probe response after its surface was rubbed with the oil-contaminated

filter pap r. This resul ted In the elimination of the large area portion

H 
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of the norma l probe signal. The top trace of Fig. l3b shows the

response of the probe after its surface was cleaned with acetone. The

response is normal. Oil contamination apparently prevents charged

_

- 

a-

i3a. Top, Ion Probe. l3b. Top, Ion Probe.
Bottom, Gaussian Cylind- Bottom, Gaussian
er. Contaminated Probe. Cylinder. Clean Probe.

I
Fig. 13 Responses of an Oil-Contaminated Ion

Probe and a Clean Ion Probe

particles from discharging to the surface of the probe. Note that the

waveform of the contaminated probe response in Fig. l3a looks very

simi 1cr to the response of a probe to a bolus which Is formed with •

steel wool In the particle separator such as shown in the top trace of

- 
- Fig. llb , page 28. When steel wool is used v i rtually all of the

particle discharge has been eliminated because the particles themselves

have bean separated from the bolus much more efficiently by the steel

wool.

1)
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I Measurement of Bolus Charge

Results. A series of shots was taken with O.OlOO-ln.—diameter

Nichraine-V wire in order to measure the amount of charge produced

versus capacitor voltage. The capacitor discharge voltage was varied

00 between 800 v and 2400 v. The particle-separator exIt veloc i ty was

Mach 1. An average of 5.Ii mg was exploded in each shot. The basic

turbine—blade and box configuration of the particle-separator was used
00 

without steel wool. The bottom curve in Fig. 15, page 38, shows the

resulting nanocoulomb—versus-voltage plot.

After the series of measurements was made, the air- compressor

system and the apparatus became contami nated with oil , caus i ng large

decreases in resulting boius charges. But when grade- 3 coarse steel 00

wool was placed in the particle separator behind the blade and in the
-

. 

- exit pIpe, the resulting boluses were even larger than had been

previously created . After plac i ng clean steel wool in the box, the

first shot would always cause a very large bolus. But the second and

th i rd shots with the same steel wool would result n boluses that were

much reduced in charge. Succeeding shots would produce boluses with

only approximately half the charge contai ned in the bolus created with

the f i rst  shot. Two possible causes of the bolus char ge reduction were

the contamination of the steel wool by the oil I tself or contami nation

by exp loding-w i re combustion products whIch were present as a result

of the oil contam i nation . The first possibilIty was checked by allowing

the air to flow through clean steel wool for three cycles prior to

~: 33
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( maki ng a shot. This did not cause a reduction in bolus charge. The

second possibility was contemplated after noting that the exploding—

wire supports were often covered with a sooty deposit fol lowing a shot.

Discoloration of the steel wool in the exit-pipe was also observed at

00 the same time. A series of shots was taken after changing only the

exit pipe wool i~ the particle separator. This resulted in the same

• phenomenon of a very large bolus of charge for the first shot and a

large decrease in charge during succeeding shots. It was therefore

concluded that the presence of oil during the wire explosion caused

contam i nation of the steel wool with combustion products.
- The decrease In charge resulting from the two types of conta.ina-

tion, oil and combustion-product , resulted from two different mechanisms

as was pointed out in the subsection titled Contam hiated Ion-Probe Response

• (~
) which begins on page 28. The oil coating on the metal surfaces ins ide

the particle-separator simple prevented the particles from discharging

- 1 as efficiently. When steel wool was not used, the negative bolus still

00 

contained fine posItively charged particles. However, with the use of

steel wool , virtually all of these particles were remoVed Therefore

the increase in boi us charge with the use of steel wool is the result

of a better particle discharge and separation efficiency . The use of

steel wool remedied the reduction in effIciency caused by the failure

of the small particles to discharge against the oil-contaminated

ins ide surfac es of the particle separator.

This explanation, however, does not account for the reduction in

- 
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charge In succeeding shots using the same wool . The negative bolus

is created by the elimination of the positive charge carried by the

particles . Whether elimination occurs through electrica l dIscharge or

particle separation should make no difference. Therefore, i f all the
particl es are being separa ted w ith steel wool, some other mechan i sm

which affec ts the negative ions in the bolus must be responsible for

the charge reduction. It is therefore believed that the combustion-

product contaminatIon causes a partial discharge of the negative bolus

itse lf. This hyp othesis is streng thened by the observat io .~ of a

combusti on-prod uc t cont aminated probe described on pages 30 and 31.

• 0 
- 

. After th. contamination effec ts were fully explored , runs with

0.0100-In. and 0.0179—In.-diameter wlres were made with steel wool In

the particle separa tor . At each capacI tor discharge voltage, three

( )  shot; were made. Fresh steel wool was placed in the particle-separator

exit pipe for the f ir st shot of ech series of three shots. The

succeeding two shots were made with the same wool. The ion-probe

and Gauss lan— cyflnder responses recorded in two of these three-

shot series are shown in Fig 14, page 36 The lef t voltage

scale value shown at the top of each photograph refers to the Gaussian-

cyli nder trace which Is on th. bottom. The right vol tage scale value

refers to the top trace, that of the Ion probe. The abjectly, of

these shots was to plot a maximun and minlmue charge-versus-voltage

curve for eaCh diameter wire using stesi wool and compare them with the

resu lts of a previous series of shot s which was made before the oIl

contamination occurred. It was hypothesized that th, curve obtained
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l4a. Firs t Shot, 5.4 mg. lied. Firs t Shot , 16 mg.
385 nanocoulcmbs. 340 nanocouloths.

00 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.

l1.b. Second Shot, 5.4 mg. l4e. Second Shot, 16 mg.
155 nanocouiombs. . 240 nanocoulombs .

N..
l4c. Third Shot, 5.4 mg. 14f. Thi rd Shot, 16 mg.

1115 nanocoulombs. 220 nanocoulombs.

Fig. 14 Oscilloscope Signals from Two 3-Shot Series with 5.4 mg
of 0.0100-In, and 16 mg Cr 0.0l79-in.-Diameter Nichrome-V
Wire. Top Trace is Ion Probe. Bottom Trace is Gaussian

(

00 Cylinder. Capacitor Discharge 2500 v for 0.0100-in, and
2300 v for O.0i79-ln.-Diameter Wires .
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using the first-sho t values with steel wool should approximate the

00 

maxImum bolus charge atta i nable since all the particles were being

- separated and the combustion-product contamination would not be present

to discharge the negative bolus. The other curves should have the same

shape, but lower values , and would represent lower charge-separation

efficienc i es. Figures 15 and 16 on pages 38 and 39 show the resulting

curves. The top two curves in each figure are the results of the shots

with steel wool. The bottom curve in each figure is a series without

steel wool . For the 0.0i00—in.-diameter wire , the series without steel

wool was taken before the oil contamination problem occurred. All shots

with the O.0l79—in.-diameter wire were taken after the oil contami nation.

Note that the maximum charge va l ues with steel wool were always obtai ned

on the first shot for the high discharge voltages, and the minimum

() charge val ues occurred predominantly but not solely on the th i rd shot.

Eval uation. In order to compare the amount of charge observed

with that expected from the thermionic emission model developed in

Append x B, it is necessary to make estimates of the average particle

size, emission time , and temperature.

00 Baker and Warcha l (Ref 2:218) found that when 0.060-in, and

O.030-in.-diameter zirconium wires were exploded, the largest diame ter

particles were obtained at the lowest temperatures and were init ially

1.33 tImes the wire dIameter. At higher energies, approx imately 100

mIcrons was the smallest average diameter obtained . AssumIng that these

va lues are reasonable for Nlchroms-V wire, 300-micron-dIameter particles

0
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1000

Data Points
- a First Shot with Steel Wool

£ Second Shot with Steel Wool 
00

~ Third Shot with Steel Wool C

* Sepcr~te Series

U)

00 d O ’  
00

0
U)

a)

0)
a)
Z 1 1

900 1300 1700 2100 2500
Capicator Voltage, volts

0 
Fig. 15 Negative Boius Charge Vs.

~~ Discharge Voltag, for 5.4 mg
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could be expected from 0.0100-in.-diameter wl re and 500 micron diameter

particles could be expected from 0.0179 in. diameter wire at lower

temperatures just above the melting point.

An average emission time can be approx i mated from the observation

that molten metal droplets splatter onto the turbine blade In the parti-

cle separator. From Fig. 7a, page 23, the peak particle discharge to

the turb i ne blade occurs after 1.25 mIlliseconds has elapsed . A reason-

able temperature estimate would be 2000°K which lies between the melting

points of nickel and chromi um.

- - Using these three estimates, assum ing that 300—micron and 500-micron-

diameter particles emit electrons for 1.25 milliseconds at 2000°K,

Figures 19 and 20, pages 54 and 55, show that 75 and 125 nanocoulombs

would be the maximum charge expected from thermionic emission of
- ) exploded 0.0100-in, and 0.0179-in.--d i ameter Nichrome-V wires , respectively.

This is a much higher value, however, than the I to 5 nanocoulombs that

have been measured at discharge vol tages which will just barely melt

the wire. But when one checks the maximum possible charge on the

assemblage of particles given by Figures 17 and 18, pages 50 and 51, 1.1

and 2 n nocoulaats are the maximum possible for 300-mIcron and 500-mIcron-

dIameter particle assenbiages. This agrees very well with the val ues

. of charge actually measured at the lower temperatures. Therefore,

corona discharge probably limits the amount of charge on a parti~ le at

the lower temperatures before it can attain that va lue expected from

thensionic emission.
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C” To account for the maximum charge va l ues of 385 and 460 nanocouloinbs

wh i ch have been measured at the highest discharge vol tages for 0.0100-in.

and 0.0l79-in.-diameter wires , one must enter Figures 17 and 18 with an

assumed average particle size on the order of 20 microns . With this

assumed particle size, the graphs predict that 200 and 575 nanocou l ombs

of charge are the maximum va l ues possible without corona discharge.

In order to get the observed maximums of 385 and 460 nanocoulombs, the

average particle diameter would have to be slightly less than 20 microns

for 0.0100—In.—diameter wire and slightly more for 0.0l79-ln.-dlameter

wire. This is reasonable since the 0.0100-ln.-diameter wires were heated

to hotter temperatures and therefore smaller particles could be expected.

Additionally, it should be noted that the maximum-charge-versus-diameter

curves on pages 50 and 51 are not linear. The presence of a very few

() small particles would cause an assemblage to be able to hold more charge

than that va lue indicated for the average diameter. Therefore, if a

number of particles with less than 10 microns diameter were present ,

the same maximum charge values could be attained with an average

assemblage diameter greater than 20 microns .

At the higher temperatures, the charge is also limited by corona

discharge. To check the charge expected from therm ionic emission -
against the maximum possible due to carona dIscharge, a conservative

assumptIon is made that at 2800°K a 20-micron—diameter particle assemblage

emi ts during the second half of the 15-microsecond clrcuir discharge

time. Fig. 19, page 54, predicts that 22,500 nanocoulombs would be

produced from thermionic emission . This value is probably high because

111
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of the assu mption In the ca lculations discussed in Appendix 8 that the

emitting material s grounded and therefor. electrons are replaced as
00 

they are emitted. There are only 9 couiombs of charge available from

str ipping an electron from the outer shell of each atom in 5.4 milli-

grams of 0.OlOO-in .-’diameter Nichrome-V wire. But even though the

22.500 nanocoulomb value is high , It Is still far above the 200 nanocoulon*,

limit predicted for 0.OlOO-ln.-diameter wire due to corona discharge.

It is concl uded that the va lues of bolus charge measured dur i ng this

research are well below the va lues that are possible by thermionic

emission and are on the order of the max imum possible on a particle due

to corona discharge. Therefore, thermionic emission is a possible

explanation for the observed positive charge on the particles.
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V. Conclusions and Recontnendations 
-

The purpose of this section is to suninarize the mportant conclu-

sions which have been reached and to make reconwnendations for changes

to the current jet-engine monl tori ”g procedures based upon the results

of this research.

Conclusions

Negative Bolus Formation Theory. The following theory is suggested

by the experimental results: When a microdistress injects metal parti-

cles Into a flowstream , these particles are positively charged, possibly

from thermionic emission of electrons from their surfaces. A pocket is

created ~~ich might be electrically neutral If measured intoto , but IS

microscopically composed of separated positively charged particles and
( 1~

negatively charged ions. The pocket follows the flowstream until it

Is deflected by the first turb i ne blade or guide vane that it encounters.

Here, the ions and very small particles continue to follow the flowstream,

but the larger particles are only partially deflected because of their

Inertia. These larger particles st ke metal flowstream components as

they pass through succeedi ng stages of turbine blades , electrically

discharging on contact. Th. removal of either the positive charge on

the particles or the particles themselves k the mechan i sm for the

creation of a negatIve bolus of charge in the exhaust of a Jet eng i ne.

Positive Solus Formation. Positive boluses of charge were created

by heating a wire to a temperature near its melting point. However,

(_) - 43

00 

~~~~~~~~~~~~~~~ - -—- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -



I

(- the resulting charge was an order of magnitude smaller than the charge

created in a negative bolus by exploding the same length of wire .

Time did not permit an Investigation of the mechani sm for the formation

of positive boluses . Regardless of the mechan ism, however, this

Information is useful as insight into the creation of positive boluses

of charge within a jet engine. A microdistress which would cause the

overheating of a surface without the injection of metal particles into

the flowstream would result in the creation of a posItive bolus of

charge.

Ion-Probe Response. The response of an ion probe can be very

unreliable. When particles are contained in a bolus , thei r discharge

to the ion probe surface will mask the ion i nduced waveform. Oil

contamination of an ion-probe has been shown to inhibit part icle

( ) charge transfer. Contamination by exp lod i ng-wire combust ion products

is believed to have caused negative- ion discharge to a probe surface .

Therefore, when used as a sole source of information , an ion probe can

give very misleading information as to the actua l charge in a bolus .

However , when used in conjunction with a Gaussian cylinder as was done

in this research , it can prov i de reliable information about the particle

content of a bolus .

Reconirnendations

.1
Ion-Probe Eguipeent Augmentation. ion—probe - responses have been

shown to be very misl.adin~ when they are the sole source of information .

-
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It is therefore recommended that the ion probes which are currently

used to mon i tor Jet engines be augmented by additional equipment based

on the Gaussian-cylinder pr.nciple. A number of designs would be

possible. The most obvious would be to place a large electrically -

00 insulated cylinder beh i nd the eng ine. A second possibility would be

to electrically-insulate the tail pipe and use it as a Gaussian cylinder.

A third possibi l i ty would be to spray or place an electr ical ly insulated

conducting surface on the ins ide of the tal l  pipe. A fourth possibi l i ty

might be to place a number of rings of e lectr ica l ly- iso lated buttons

- -
~ 

on the inside of the tail pipe and connect them together for use as one

-4 - sensor.

The Importance of Negat ive~Bolus Detection. This research has

shown that r.egative boluses indicate the presence of hot meta l part icles .

- ) Since hot metal particles would most probably be produced by a micro-

distress which would result in catastrophic engine failure , immediate

- 
- attention should be given to negative— bolus detection .

Hardware des i gned on the Gaussian—cylinder concept could be used

to detect negative boluses . A coincidence circuit  could be designed to

accept the inputs of an ion probe and a Gaussian cylinder. It would

t r i gge r  on the synchron i zed receipt of a large leading negative cylinder

si gnal and a positive probe signal. To insure reliability, however , a

study of ion-probe signa l distortion due to surface contamination by jet

engine exhaust may have to be performed.
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Appendix A

Max i mum Charge of a Small Particle

The atmospheric breakdown potenti al at sea level is approximately

3 v/micron (Ref 11:44). This is true , however, only for a uniform

f i e l d  such as exists between two flat plates . In order to achi eve break-

down, electrons must be able to accelerate sufficiently within their

mean free paths to ion i ze air molecules . Since the field between two

parallel plates is uniform , the acceleration is the same at any point

in the field. The field of a spherica l body, however, decreases in pro—

portion to the square of the distance from its center. And the smaller

the body , the greater its curvature and the more rapidly the elect ric

field intens i ty decreases within the distance of a mean free path of an

electron from its surface. Lapple (Ref 11:26) has calculated the

positive-corona threshold limits for spherIcal particles . The va l ues

range from 250 v/micron for 10-micron-diameter particles to 9 v/micron

for 1000—micron-diameter particles . Us i ng l apple ’s values , Figures 17

and 18, pages 50 and 51 , give the maximum charge versus particle size

for 0.0100-in, and 0.0179-in.-diameter wires . Fig. 17 assumes the

complete conversion of 5.4 rug 0.OlOO-in.-diameter wire into spherica l

particles of a single diameter and gives the maximum theoretical charge

on the assemblage. Fig. 18 makes the same assumption for 16 mg of

O.0l79-in.-diameter wire .
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~~~~. The values for the maximum charge Q for a particle of rad i us r are

calculated from the formula

I —

where I Is the maximum field strength given by Lapple , and e
~ 

8.845 x

io
.l2 

F/m.
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— Appendix B

Thermionic Emission

The purpose of this appendix is to calculate a theoretIcal order-

of-magni tude maximum for the amount of charge possible from thermionic

emission of electrons from the surface of an assemblage of meta)

particles formed during the wire explos ions of this research.

Electrons are thermion ically emitted from a surface when it is

heated. The Richardson-Dushman equation gives an expression for the

resulting current density J as

J — AT~e ’~~
1 (6)

j where the constant A and the work function • for nicke l and chromium are

given in Table I below. A weighted average for the constant A has been

computed for Nichrome-V wire. I s the temperature in degrees Kelvin

and kT is the electron temperature in electron volts (cv) where 1 cv

equals 11 ,600 degrees Kelvin (Ref 10:267).

Table I

Richardson-Dushman Equation Constants

Metal A(amp/cm2 OK2) $ cv Melt Pt. Vapor Pt.

Ni 30 4.6 1726 3005

Cr 48 4.6 2130 2945

.8 NI + .2 Cr 33.6 4.6 1670 3000 Eat. 

4~:- , . 
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C When a wire is exploded , the In itial temperature of the resulting

particles can vary between the melting and boiling points of the wire .

The melt ing point of Nich rome-V wire given by the Dr i ver-Harris Company

is approximately 1610 •K, which is close to the melting point of Ni

(Ref 6:12). The vaporization temperature was not available. However ,

assuming that it approxImates the vapor i zation temperature of Ni , initial

particle temperatures In the range from 1700 °K to 3000 •K are possible.

Figures 19 and 20, pages 54 and 55, show the theoretical currents

predicted by the Richardson Dushman equation for 0.0100-in, and 0.0179—In. -

diameter Nichrome”V wires in the temperature range of 1700 K to 3000 °K.

These curves assume an average exploded mass of 5.4 mg for 0.0100-In.

wires and 16 mg for O.Ol79~in.-diameter wires and that the entire mass

is converted to spherical droplets of the same diameter. The current

densi ty J in the Richardson Dushman equation has been multi plied by the

total surface area of the assemblage of sperical particles in order to

obtain the current which is plotted in Figures 19 and 20.

it shouid be noted that in the derivation of the Richardson-

Dushman equation , it was assumed that the emitted electrons were

•1 instantaneously replaced th the metal by other electrons f rom ground.

This is obv iously not the case for Isolated particles . The emission

of electrons from a particle wIthout replacement would cause an i ncrease

In the height of th. potential well wi th a resulting decrease In the

emiss i on current densi ty. This effect has not been compensated for in

the charts and would cause a decrease In the calculated charge.
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1~
C To use the charts to compute the maximum possible charge f rom

thermionic emission , an average temperature, an average partic le size ,

and an average emission time mus t be assumed. The current is deter-

mined from the chart by entering with the temperature and particle size.

The charge is then computed by multiplyin g the current by the emission
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