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Preface

This thesis is part of an ongoing effort to develop a system which

can reliably pred ict jet engine gas—path failures. When the system be-

comes fully operational, the jet engine repair cost will be significantly

reduced and in some cases may save an entire aircraft. This study was

the first attempt to consolidate the complete analog signal processing

into one un it and include a logic circu it to analyze the signals to J I
determine excess wear of gas—path components which indicates a pending

failure.

Tape recorded signals from probes installed in TF41 tailpipes were

used to design the system called the jet engine gas—path wear rate

monitor~. The personnel of Detroit Diesel Allison Division, especially

$ Mr. C. Hill and Mr. T. l.arkin, were very helpful in providing these tape

recorded signals.

The prototype models of the system were built by Mr. W. Lindsay and

his staff at the Air Force Flight Dynamics Laboratory . I would like to

thank them for their help.

I would also like to thank Major R. P. Couch of the Aeronautical

System Division for his assistance and information on jet engine per-

formance.

Finally, I would like to thank my wife for her understanding and

patience during my tour at AFIT. ~~~~~~~~~~~~~~~~~~~~~ 
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A jet engine gas—path wear r a t e  monitor  has been designed and

tes t ed . The monitor observes g.ts—path component rubbing , cha f f ing ,

burning , or erosion by measuring the electrostatic charge in the en gtne

exhaust.  This system cont inuou sly moni tors  the exhaust during engine

operation and per iod ica l ly  checks the t o ta l  metal  content in the exhaust

to determ ine  t he’ deter to r~it ion r a t e’ of gas—path components. The design

of the m on i to r  is based on 40O~ hours of o.~r 1v ( 1972 —19 7 5)  TF6 I • ‘c—

t rost a t i c  count da ta  and on 2000 hours of ‘cent ~na1og tape zec ~~i-ded

data produe ed by TF41 eng in i’s undergoing sev ci• ~‘ d Is t r es c’s •

This thesis dese r ibes the theory and ~pc ra t  ion of L he’ ~:c.tr rate

monitor • First the design and Instal tat ion of the’ opt m ired pro~~ s is

presented . Next the theory  and operat ion of the ana l og and d i g i t a l

c ircuits  in the wear r a t e’ moni to r  is  discussed . C i r c u i t  d t a g r .~~s a re’

given for  all of the’ el cc’ t ron Ic components ot the mont t ot  • Then t he

techni ques for adapting the monitor to engines other than the’ TF4 1

turbofan engine are p resent e’d . Fi~~~i I y , test dat  a is g i~’en in which t he

monitor shoved excessive wear in a TF4 1 engin e’ on which i t  was being

tested at the AF ’APL. This excessive wear condition occurred a f t e r  more

than 100 hours of stable wear eperat ion.

vi
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ELECTRONIC ANALYS IS OF ELECTROSTATIC

PULSES TO DETECT IMMI NENT

JET ENGINE GAS-PATH FA iLU R E

I. Introduction

The early detection of a pending failure of a je t  eng ine’ can r educe

the high cost of repa i r ing  j e’ engines • The t vp tea I e’c~5 t of over h a u l i n g

one engine varies between $80 ,00() and ~~t~
) , Oc)O; however , much of the ’ c ost

could be avoided by reducing secondary damage through early det ect Ion .

The combination of reducing the repair cost f .~r engines that fail and ex-

tend ing the rout toe overhau l cy c les  by e’a r 1 v t a I lu re  de’ t ee  ion ecu let r e’ V -

duce si gnif t c •~nt  lv the annua l  j e t  eng ine re’pa Ir  cost. The early f~ t lure’

predict ion capab i l i t y  of e’l cc t ro s ta t  Ic probes has boon proven (R et  s

5) , but electronic analy sis  Is needed to g iv e ’ the ear l i e s t  possible’ warning

and to increase r e l i a b i l i ty .  The uni t  tha t combines the e l e c t ro s t a t i c

probes and the elec t ron ic  analy sis  Is called a j et  ong in~ g a s — p a t h  wea r

rate monitor.

This thesis discusses the design of the optimized probes , th e’ basic

theory of operation 0 the wear r a t e  monitor , the analog si gna l p rocessor

and monitor logic in the e lec t ron ics , and the  app l i ca t i o n  of the  wear r at e

monitor . Only a brief discussion is presented of the background of tht’

electrostat ic  probes and the source of the e l e ct r o s t at i c  charge . An in—

depth exp lanation of the source of the e lec tr os ta t i c  charges and of

par t icular  relat ionshi ps used in processing the signals Is g iven in the

referenced m a t e r i a l .  In addition , there have been 21 other reports  or

papers written on electrostat ic signals as l is ted in Reference ~

t 1
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Background

In 1970 Capt Vopa l enaky d i scov e red  a large increase ’ In e lec tro s t .e t Ic

charge in the exhaust prior to a second stage hi gh pressure t u r b i n e  blade

fa t igue  f a i l u r e  in a J57 j e t  eng ine. FIgure 3. shows the ’ increasing

number ot eli ’et rostat  Ic’ d i s c h a r ge  pulses he’ measured on a probe p laced in

the exhaust (Ref 1 :3 7—40 ) . Figure 2 shows the ea r ly  type  probe ’ that  was

used to measure these e le ct r o s t at i c  charges , and Fi gu re’ 3 shows the

p lacem ent  of the  probe’ in the tail p ipe of the je ’t eng ine ’ (Re f ~ : 1— V~

Bee’ause ’ of the’ I mp o rt a n c e  of t h i s  d i se ’overv • the  A i r  For ce’ has Spent

over $1 m i l l  ion to de te rmine’ the  ex a ct  sout cc’ of the ele ’c t rOst  at Ic ’

charges and to opt imize  the det ect  ion of these’ charges . P r a t t  & W h i t n e y

Det roi t  Diesel A l l  ison D i v i s i o n , Ce’ne ’ra 1 Elec t r Ic , A er e n a ut  ic~e 1 Svst  em

Divis ion , and the  Air  Force Wri ght  i~e ’ronaut  I cal  Labo r at  ot ics have’

collected abou t 10 .000 hours ot dat a  c o n ta i n i n g  the ’  count r a t e  ct pu l ses

on many je t  eng ines us log sing le  ~nd du~i 1 probes s len t Let t o t he’ cue in

Figure 2. Eighteen of these eng ine’s f ai l ed  d u r in g  data  c~’ i i  ect ion

T~e1ve of these engine f a i lu r e ’s were preceded by an increase  of at  least

a f ac to r  of ten in the pu l se’ count r at e’ t n d i c at  ing a i~redict 1on cap ab i l -

i ty  of 67 percen t .  However , there ’ were three Increase ’s i n count r a t e

when no f a i l u r e’ occurred I ntl ic~t t  tug a r el ishi I ttv ci 80 percent  . The

average warn ing  t ime’ befor e  the  f a i l u r e s  was t ou r  h~ ut s  (Ref ~)

Mc Donnell Douglas Research Lat ’orat  or (es did an ex tens iv e ’ at ud v of

the nature  of e le c t ro st a t ic si gna ls .  They d i s cew e ’re ’d tha t the  sig n al s

are pockets of charge e’me’rg tng from the’ eng ine. The pockets come f rom

both metal  e’rro a lon/hurntng and hi gh speed rubbing , which g ive  o f f  charged

metal l ic  par t ic les  surrounded by an ton cloud t h a t  n e ’ut r a l ir e s  t h e  charge

of the par t icles . As the pai t icles f low through the engine , the p a r t i c l e s  0

2
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Figure 2. l~.ootroetatic probe used h~ ~FFDL in J~7 engine to~ta
(Ref 2i .3) .

(a) (b)

Oscilloscope

(0)
I

Figure 3. Simplifi ed oirouits for electrostatic probes s (a) circuit
usod to determine ourrent-vo1ta~e charActeristics, (h) circuit used $
to monitor pulse sh apes, and (a) examples of type. of te.t rocoi~ a
obtained (Ref ~s3).
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strike parts of the engine and loose their charge. The ion cloud is

swept along with the exhaust gases and leaves the engine as a charged

pocket (Ref 2:33—77). Subsequent laboratory studies at the Air Force

Institute of Technology (AFIT) confirmed that both metal errosion and

rubbing cause these pockets of charge (Ref 4).

After the source of the charges was known, two graduate students at

AFIT optimized the detection of these charges (Ref a 4 and 5). The final

design consist of two probes shown in Figures 4 and 5. The first probe

has b ’en called ‘he PRION probe for patch ring ion probe because of Its

shape. The PRION probe consist of three 4 inch wide pieces of circuit

board mater ial epox ied around the inside surface of the tailpipe just

behind the core of the engine forming a ring. The probe is located in

the tailpipe where the cool air joins the engine exhaust SO it is not

subjected to high temperatures. Since the ring probe encircles the ex-

haust, it can detect all the charge leav ing the engine.

The second probe is called the TRION probe for triangular ion probe.

The TRION probe is a triangle made of high temperature (HASTELLOY—X) wire

with the ver tices near the tailpipe walls and is placed 10 inches beh ind

the ring probe. The 10 inch separation provides a time difference in the

signals from the two probes to increase detection reliability. The TRION

probe is placed down stream because it removes charge from the exhaust.

The triangle design of the TRION probe places the wire in the exhaust

path to provide direct coupling of the charge to the wire, thus giving

larger “spikes” of current than from the PRION probe. These “spikes”

give an increase in detection capability over the use of the PRION probe

alone. The amplitude of the voltage signal to be used from both probes

can be varied by changing the input resistance of the electronic

7
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circuits, since both probes have been ver i f ied  to behave as current

sources for termina ting res istances less than 200 k~ (Ref P r i v a t e

Communication with Major R. P. Couch/ASD).

Scope

This thesis is directed toward electronically normalizing and

quantifying the signals from the TRION and PRION probes. This electronic

process provides stable trending data during normal engine operation and

an automated warning of impending component failure when an eng ine is

undergoing severe gas—path distress. Probes were installed in several

TP41 turbofan jet engines, and all design and testing of the  electronics

were done on these engines. Adaption of this jet engine gas-path wear

rate monitor to other engines may be possible as ~xp laIiii’d in the

App lication and Conclusions section.

Approach

Detroit Diesel Allison Division of General Motors Corporat ion tape

recorded the signals from the TRION and PRION probes on the TF41 turbofan 2

jet engines they were testing at Indianapolis . These recordings were

used to design the electronic circuit to give a uniform wear rate indica-

tion for a good engine under all operating conditions tha t were simulated

on a teat stand. After a prototype model was constructed and tested w i t h

recorded data, the model was then tested on a TF41 engine being run at

the Air Force Aero Propulsion Laboratory at Wright—Patterson Air Force

Ease. Eight pre—production prototypes are currently being fabricated .

The original design of the wear rate monitor has flexibility in

alignment and in observing the signal processing of the electronics.

I

9
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After several types of engines have been analysed and the alignment of

the electronics finalized , a sintplier and compac t produc t ion uni t can be

made.
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I I .  Probes
(

The probes in the wear ra te  monitor are used to detect the electro—

static charge in a jet  engine exhaust .  The two probes used in the TF4 1

engine are the TRION probe and the PRION probe. The two probes are de—

• scribed in this sec t ion . A photograph of the probes as seen from the

tailpipe is given in Figure 6; the electrical connection to these probes

is shown in Figure 5; and the physical dimensions and supporting hardware

is given in Appendix C.

TRION

The TRION grid probe is designed to give direct  coup ling of the

electrostat ic  charge to the e lec t ron ic  c i rcui t  and to give more un i fo rm

coverage of the exhaust cross section than the rod probe in Figure 2 .

The t r iangular  design of the TRION probe wi th  the ver t ices  at the edge

of the exhaust was mathematically determined to give the best average of

distance to all points in the exhaust (using a three region model) with-

out going to a more comp lex design. The addi t ional  coverage g iven by more

complex designs did not j u s t i f y  the addit ional  drag presented to the

exhaust and the problems involved in construc t ing the probe. The maximum

drag expected from the TRION probe at fu l l  thrust  (14 ,000 pounds) is

abou t 40 pounds (Ref 6:21) . The probe is made of 3/32 inch HASTELLOY—X

wire which is desi gned to have an “ i n f i n i t e” f a t igue  l i f e  with a safe ty

factor of 3 when operated continuously at 1250°F and ful l  thrust

(called intermediate power) on the TF41 eng ine .

-

• 
The direct coup ling of the electrostatic charge to the TRION probe is

due to the ~~ose proximity of the probe to the charge. Since the TRION

11



V V - ~~~VV ~~~~~~~~~~~~~~~~~~ 
~~~~~•

( - :

S.,.

~‘~~ui’e ~. m~. i~~~ :: —
. . • .•t   • . .~~~~~ ~ ~~~~~ ~~~.

)~ t~tt ’  ~~~~~~~ •‘:~ .‘. .  .1 ~~~~~~~~~~~~~~~~~ ~ .
.

- • •~~ ~~~~~~~~~~~

2 ft lon~. 

~~ •~ :••~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~V•~~VV V 

__•VV ~V • V •



- V~~~~~~~~~~~~ VSV ~~ V V~ ___~ V_~__~ ~~~~~~~~~~

probe is in the exhaust path , the charge tha t is coup led to the probe is

removed from the exhaust and goes through the termination resistor to

ground (the main bod y of the engine) . The voltage developed across the

termination resistor is used by the electronic c i rcui t .  Because net

charge is actually removed from the exhaust , t he TRION probe is placed

after  the PRION probe .

The TRION probe is supported by 5/8 inch eyelet bolts mounted in the

center of three 1—1/4 inch phenolic insulative bolts.  The cool air

from the turbofan stream cools the wire enough at the vert ices to prevent

damage to the phenolic bolts. Electrical connecti~ n is mad e to th e TRION

probe by connecting a wire on the outside of the tailpipe to one of the V

eyelet bolts.

PRION

The PRION probe is made of three patches of circuit board material

placed so tha t they almost encircle the inside of the tailp ipe near the

core of the engine . As the charge in the exhaust goes through the tail-

pipe , there is an opposite polari ty charge following along on the inside

surface of the tailpipe . As this surface charge crosses the PRION probe ,

a current flows through the termination resistor developing a voltage

across the resistor.

The three patches of the PRION probe are made of 1/16 inch sing le

sided circuit board material.  The patches are 4 inches wide to give

adequate detection of the charge, and 2 feet long to enclose most of the

tailpipe c ircumference. The patches are epoxied to the tailpipe near

the engine where the temperature does not reach 500°F (the temperature

13
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limit of the circuit board material) because of the cool air from the S

turbofan . Three bolts are placed through each patch and the tailpipe to

provide further support for the patches and to obtain electrical connec-

tion. The bolts are insulated from the tailpipe by phenolic washers.

The end bolts on adjacent patches are wired together on the outside of

the tailpipe to give a complete electrical enclosure of the tailpipe.

The electronic circuit is then connected to one of these bolts.

‘II f

14
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I I I .  Basic Theory

The basic function of the wear rate monitor is to measure electro-

static signals on the TRION and PRI ON probes, to process these signals to

obtain digital signals, and to compare these signals against some

predicted wear rate.  If one of the measured electrostatic signals exceeds

the predicted wear rate by a fac tor  of ten , an alarm is given to the

operator , and the engine on a test stand may be shut down automatically ,

if desired . The total charge leaving the engine can be related to the

amount of metal leaving . However , this monitor uses only re la t ive  charge

amounts because each type of metal has a d i f f e r e n t  charge re la t ionship.

The theory of the wear rate monitor can be better understood by

looking at the block diagram in Figure 7. The measurement circuits

determine the charge in the exhaust relat ing to the actual  wear of the

eng ine . The timing circuit  analyzes the engine operating condition and

varies the sample t ime to achieve normalizat ion of data for each sample.

The monitor logic determines if any measured data has exceeded a set

threshold within the sample interval and sends a print  command to the

printer at the end of each interval. If a threshold has been exceeded ,

the monitor logic sets an alarm.

The grid signal from the TRION probe and the ring signal from the

PRION probe in the je t  eng ine tailpipe are processed by the measurement

circuits. This processing determines the number of large charge pulses

and the relative amount of charge in these pulses . The outputs  of these

measurement circuits are digital and are stored accumulatively In the

monitor logic c ircuit.

15
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Figure 7. Block Diagram of Wear Rate Monitor.
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The tachometer on the low pressure turbine provides a frequency

modulated signal (NL ) for  the t iming c i r cu i t .  NL is used to generate

the predicted acceleration digital pulses (AC), and is combined with

the dc component of the grid signal to generate the predicted steady wear

pulses (SW) . If the engine is opera t ed so that  more wear is expected ,

the timing circuit  generates the AC and SW pulses at a fas te r  ra te .  These

pulses are stored in the monitor  logic . When the sum of the AC and SW

pulses equals 100, the pr int  logic in the monitor logic causes the pr in te r

to pr int  all the stOr .? d data. At the end of the p r in t  cycle , the pr in t

logic clears all the storage registers  and sends the “clear ” signal t o

the main logic in the monitor logic .

The main logic monitors the gr id and ring storage registers  in the

monitor logic to detec t either of two types of alarms and to detect  a

100 print  condition . The main log ic gives an immediate  type  a lar ~ when

a storage reg ister reaches 900 . The ocher type of alarm is based on any

storage register exceeding a preset value (70 for example) and g iv ing a

threshold alarm pulse on three consecutive samp le intervals.  The first 
V

threshold alarm pulse is stored in a four bit shift  register . The “clear ”

signal from the print logic mentioned above sh i f t s  this pulse one reg is-

ter. If another threshold pulse is received before the next “clear ”

signal , the pulse is stored and then shif ted . A f t e r  three sh i f t s , an

alarm is given which is called the three count alarm . If a threshold 
• -

pulse is missing , the registers are cleared by the print logic “clear”

signal and the shift count starts back at one.

A 100 print condition is when one of the measurement storage regis—

ters reaches an increment of 100. This condition causes the main logic

17
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to send a signal to the prin t logic to print the stored data , but not to

clear any of the storage registers. This 100 print condition is required

becuase the printer  used in this prototype version of the wear rate

monitor has columns to print only two digits for each storage register .

18

j



-,•.-~~ -S ~~~ 5• VVV ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
VV V S - S V V V _ _ _  V -S•VV~

IV. Analog Signal Processor

The analog signal processor converts the analog signals from the

probes and engine tachometer to digital form for use by the monitor

logic in engine wear analysis . The analog signal processor takes the

• grid signal from the TRION probe and the ring signal from the PRION

probe and converts them to digital signals representing the number and

size of the positive and negative electrostatic pulses , which indicate

the actual wear of the jet engine . The analog signal processor also

takes the FM signal from the low pressure turbine tachometer and the

dc level of the grid signal and converts them to digital signals that

represent the operating condition of the jet  engine . These digital

signals vary the sample interval of the monitor logic . This section gives

the basic operation of the measurement circuits and of the timing circuit .

The detailed operation of the wear rate monitor Is given in Appendix B.

The block diagram of the analog signal processor is shown in Figure 8, H

and the circuit diagrams are given in Appendix A.

Measurement Circuits

The grid iteasurement circuit processes the signal from the TRION

grid probe to determine the number of charge pulses and the amount of

V charge in both positive and negative pulses . The polarity of the pulses

in the pulse counter circuitry is determined by two multivibrators. A

positive pulse will trigger one multivibrator and block the other for

35 milliseconds. A negative pulse will trigger the second multivibra—

tor and block the f irst  one . Thus , the f i rs t  polarity to arrive at

the multivibrators will be transmitted to the output as one digital a

19 
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count of this polari ty (+GC or —CC ) . Blocking the other input prevents

fast bipolar pulses from being counted as two pulses. For pulses longer

— than 35 milliseconds, the mul t iv ibra tors  will not retr igger unt i l  the

signal level crosses a set threshold , thus preventing mul t i p le counting

of one pulse.

The amount of charge in a pulse is determined by the pulse area

above a set level driving a vol tage—to—frequency converter (V/F) for

positive pulses , and below a set level dr iv ing another V/F for  negative

pulses . The outputs  are di g i ta l  signals (+CA or —GA ) re la t ing to the

pulse area. These digital signals are relative measures of the charge F

content.

The ring measurement circuit  d i f f e r s  from the grid c i rcui t  onl y by

the f i r s t  stage gain and the integrator in the area processing . The size

of large pulses from the TRION when terminated in 50 k~ is ten volts

(i.e. 200 via) , which requires unity ga in by the f i r s t  stage for  optimum

signal processing. A large ring signal is onl y two volts ( i .e .  40 ia) ,

so a gain of five iu used to obtain optimum signal processing. The

optimum processing level is limited to ten volts because of the twelve

volts power supply.

The termination resistance of the ring circuit  is limited to 50 k~

because of the RC time constant of the ring termination resistor and PRION

probe capacitance. A larger resistor would give a larger voltage since

the probe acts as a current source , but the circuit  time constant would

f i l t e r  the signal too much and some high frequency informa t ion would be

lost.

‘

V
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An integrator is used in the ring measurement c i rcui t , because

the ring signal was determined to be the time derivat ive of the charge

flow rate. The grid signal has onl y a sl ight der iva t ive  e f f e c t .  Af t e r

integration of the ring signal, the grid and ring signals are similar .

However , there is enough difference to j u s t i f y  us ing  both probes to

monitor the charge in the exhaust .

The grid and ring signals d i f f e r  in the way the charge is coupled

onto the probes. The TRION probe is in the exhaust f low path so that

the net charge is coupled directly onto i t .  On the other hand , the PRION

probe encircles the tai lpipe and all the charge is coup led onto it

through electrostat ic induction . The coup ling to the PRJON probe is done

from the opposite polarity skin effect charge , w h i c h  f lows along the

tailpipe wall following the charge in the exhaust. The different coup ling

techniques tend to cause the TRION probe to he more responsive to charge

pulse amp litude and the PRION probe to be more responsive to total  charge

or pulse area . This fact  may mean tha t the f l i gh t  version of the wear

rate monitor could use four signature elements (± grid counts and ± r ing

area) to obtain adequate pulse recognition; however , at the present t im e

eight elements are being used (± grid area , ± grid count , ± ring area ,

and ± ring count).
The norma l charge in the exhaust is el iminated from anal ysis by

threshold adjustments to both the positive and negative voltage signals

in the count and area processing c i r c u i t r y . This normal charge in the

exhaust is caused primari ly by excess ions created in the  combustion

chamber when high nobil i ty electrons migrate to the wall s leaving an

excess positive charge in the exhaust gas. This normal charge appears

22
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as white noise to the measurement circuits, so the thresholds in the

measurement circuits are set above this noise level. Thus, the charge
V 

pulses anal yzed are primarily caused by rubbing , metal burn , errosion ,

or component chaff i. .n the jet engine gas—path.

Timing Circui t

The timing circuit  monitors the operation of the jet  engine and

generates digital pulses which vary the processing time of the monitor

logic in accordance with the expected wear (EXPW) . The engine ’s opera-

tion is monitored by observing the low pressure turbine tachometer (NI.)

and the dc level of the grid signal from the TRION probe. The dc level

relates to turbine inlet temperature and mass flow rate as shown in

Figure 9 , which in turn relates to engine thrust above 8500 pounds (Ref

5:21) . The frequency of NL (0 to 440 Hz on the TF41 tested) is prop er—

tional to the speed of the low pressure turbine .

The component of EXPW due to acceleration is obtained by demodulating

NL to produce a dc voltage (NL2) proportional to NL squared . The deriva-

tive of NL2 is then the acceleration and deceleration factor of EXPW.

The derivative signal is applied to a voltage—to—frequency converter

(V/F) whose output (AC) is sent to the monitor logic in digital form.

Since only large accelerat ions cause signif ican t wear , there is a

threshold adjustment to eliminate small or slow accelerations .

The other component of EXPW is “ thrust” (T) which is der ived from the

average value (dc component) of the grid signal and part of NL2 . The grid

signal is low pass filtered to obtain the de component (DC). NL2 is then

added to DC in such a manner tha t, at full speed of the engine and with

23
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14,000 pounds of thrust , the NL2 factor is one fifth the amplitude of DC.

This combined signal is applied to a V/F, and the digital output is

called steady wear (SW) wh ich may be though t of as a “hot section factor

count”.

The above relationship for EXPW can be shown by the following

equations:

t t t
EXPW I — ~J

(dNL2 /dt - 8)dt + ctSJ
’ 

(T — T )  dt (1)

T — DC + NL2 * 1/25 (2)

where 8 and T are thresholds. The c* in equation (1) is a relative term

and is unimportant since each sample interval data is compared to other

intervals. On the other hand , tS is adjusted under a variety of engine

running conditions to obtain a constant count independent of engine

thrust and acceleration for a “healthy” engine. The time between logic

analysis is shortened when the engine is operated at high thrust or

accelerated and decelerated many times. If the engine is operated so

the expected wear would be less, the time between logic analysis is

lengthened to allow the measurement circuits to accumulate counts. The

intent of this time variation is to remove the variations in the count

with different engine operating conditions. This time variation simpli-

fies both the trend ing process and the determination of when an engine

is beg inning to fail.

A six day trend of the positive signals (grid and ring) is shown in

- J Figure 10 for the TF41 tested , The inlet temperature varied from 40° to

73’F, and the engine was run through a mixture of three different test

cycles which produced dif fe ren t stress fac tors on the engine. The overall
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count stability for this period was 91%, based on the size of the count

staying within ±~ counts of the mean. The stability indicates the data

is reasonabl y normalized . However , a f l ight version of the wear ra te

monitor may require further normalizing parameters , such as “g” force.

The individual means and stabilities are shown on each plot.
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,
~

V

The monitor logic uses the ten dig ita l  signals from the analog signal

processor to produce printouts for manual engine wear analysis  and to per-

form internal analysis with an alarm given to indicate excess wear. The

main parts of the monitor logic are the storage registers which store the

ten digital  signals un t i l  they are analyzed , the pr in t  log ic which causes

the digital printer to print the stored data and then clears the stor age

registers, and the main logic whi ch pr imar i ly  analyzes the data to de te r—

mine excess wear. The basic operation of  these three main par ts  is dis-

cussed in t h is section , and th e detai led opera t ion is g iven in Appendix B.

A block diagram of the monitor logic is shown in Figu r~-. 11, and the c i r c u i t

diagrams are given in Appendix A.

Storage Registers

The storage registers store the digital signals from the analog

signal processor , until the print logic clears the registers , so the main

logic can analyze the data. The storage registers arc ten sets o f decade

counters to store the ten digital signals f rom the measurement c i r cu i t s

and timing circuit (+GC, —CC, +CA , —CA , +RC , —RC , +RA , -HA , AC , and SW).

The measurement storage registers have three decade counters to store up

to 999 count or area pulses , and an optional divide-by—ten input . The

optional input increases the storage capability by a factor of ten to 9999

pulses. The two timing storage registers have two decade counters each to

store up to 99 timing pulses of both acceleration (AC) and steady wear

(SW). The outputs of these storage registers are binary coded data (BCD) .

.29
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Print Logic

The print logic instructs the d i g i ta l  p r in t e r  to p r in t , and a lso

clears the storage units. The print ~ommand is derived f rom four  sources.

One source is the t iming storage r eg i s t e r s .  When the sum of AC and SW

timing pulses equals 100 , the pr in t  log ic sends out the  p r in t  command and

sets one side of an AND gate for  the “clear ” signa l .  A second source is

external timing, where the external input can be used d i r e c t ly  t o  t r i g g e r

t he print logic or can be counted down by 100 in t h e  same manner •is t he

in terna l  t iming pulses.  The th i rd  source th at  -au he sd ected is an

internal  clock tha t  w i l l  cause a p r i nt  and also set t h e  “~- le5 - i r” AN !) g . t t e

every minute , f i v e  minutes , or ten minu tes .  dn lv  one of th ese  t h r e e

sources can be chosen by the selector  switch S3 at .i par t  t cuL~r t ime .

The source normall y used i~ the AC and SW timing pulses;.

The fourth print command source is always connected to the print

logic. This source is the ma in logic which monitors the e ight  measurement

storage reg isters. When one of these s torage regis ters  reaches an incre-

ment of 100, the main logic sends a pulse to the p r in t  logic and inserts a

decima l between the zeroes on the p r in te r  of the data that  reached 100.

The decima l marks the double zeroes as being 100 instead of 0. The p r in t

logic uses the pulse from the ma in logic to generate a p r in t  command , but

does not set the “clear” ANT) gate. - :

The print  command simultaneously causes the p r in t e r  to p r in t  the dat a

stored in the two most s igni f icant  di g its of all  the storage un i t s  except

SW, and blocks the inputs to the storage registers. The inputs are

clamped to ground during pr int ing to prevent erroneous p r i n t — o u t s  due to

transitions at the instant of printing. After printing, the printer sends
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an end—of—print  (EOP) signal back to the pr in t  log ic. This signal

unclamps the inputs and will clear all the storage un i t s  if the “clear ”

AN D gate is set .

The following sample of three lines of pr in t is given to be t ter

explain the printed data and the 100 print command .

+RA -HA +RC -.RC +CA -GA +GC -CC AC

1 0 3 3 0 4 1 6  7 0 1 2 3 5 0 6 4 4  T

0 . 0 3 0 0 . 0 1 4  6 1 1 0 3 2 0 4 4 2  A

0 . 0 1 8 3 1 0 7  4 2 0 4 2 3 0 0 2 0  A

The bottom line is the f i r s t  print which was caused by a 100 pr int  com-

mand . The second line was caused by two simultaneous 100 print commands ,

while the top line was caused by one of the other three pr int  commands .

The 100 print lines are characterized by a decima l in the column that  had

100 counts and an “A” in the last column to indicate add. The f inal

print has a “T” in the last column to indicate total measurement.

The total count of pulses is the value in the total line (T) p lus

100 for each dec imal under that value . For instance , +RA has 10 p lus two

decimals or 210 , —HA has 33, +RC has 104, and —RC has 16. The total SW

count is obtained by subtracting the total AC count from 100 . In this

example , SW is 100 minu s 44 or 56 counts. The reason for this type of

display is to eliminate the comp lex circuitry needed to disp lay all the

information on two lines of pr int  with three digits for ez~ch channel of

data. The two digit d isplay causes l i t t le problem since the storage re-

gisters do not exceed 100 counts except when there is excess wear, in

which case the display helps to identify the excess wear condition . —
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Main Logic

The main logic in the wear ra te  monitor  observes the measurement

storage registers to detect  alarm condit ion s  and to detect  the 100 pr in t

condition which was discussed in the pr in t  log ic. The simp liest alarm

condit ion to detect  and yet most d :unag ing type is the 900 count alarm .

The main logic monitors the 900 digit on all the measurement storage

registers. When a register reaches 900, a flip—flop is set in the main

logic which turns on the alarm relay.  This  alarm stays on u n t i l  the

“clear ” pulse from the print  logic clears the storage reg isters and at

the same t ime resets the f l i p—f lop . When a 900 count alarm occurs , a

considerable amount of damage is being done to the engine.

The other type of alarm condi t ion  is the three count a larm , which

doc8 not require severe damage before  g iv ing  an alarm . The three count

alarm is based on getting a threshold alarm pulse between th ree  consecu-

tive “clear” pulses. The main logic monitors  a ce r t a in  d ig i t  on each

measurement storage register. This digit determines the threshold for

tha t reg ister. When one of the thresholds is reached , a threshold pulse

is sent to the three count alarm circuit. The digit on each storage

register can be independently set from 10 to 90 in increments of ten .

Analysis of measured data showed smaller increments are not necessary.

For a larger thre shold , the divide—b y—ten input in the storage reg ister

would be used , making the thresholds from 100 to 900.

The three count alarm circuit consist of four flip—flops and logic

gates. The threshold pulse sets the first flip—flop. Any additional

threshold pulses dur ing the samp le interva l have no effect on the flip—

flop. The “clear” pulse, wh ich clears the storage registers , clocks

the flip—flops which causes them to shift the set to the second flip—flop .
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If the two variable inputs to the alarm AND gate in the three count

alarm circuit are wired to S volts, this condition would give a one

count alarm, since the third input is permanently connected to the output

of the second flip—flop . The output of the alarm AND gate would then

turn on the alarm relay.

The next thr eshold pulse would set the first flip—flop again , and the

“clear” pulse would shift both sets one position . If the two Inputs to

the alarm AND gate are wired to the output of the third flip—flop , this

condition would give a two count alarm. A third threshold pulse and

“clear” pulse would shift the sets to the last three flip—flops. ThUS ,

a three count alarm would he given if one input of the alarm AND gate is

wired to the output  of the third flip—flop and the other input to the

fourth flip—flop.

The three count alarm is based on at least one threshold pulse he—

tween each “clear ” pulse. When two consecutive “clear ” pulses reach the

three count alarm circuit without a threshold pulse between the pulses,

the second “clear” pulse will clear all four flip—flops. Thus, the three

count alarm circuit is reset to zero, and the count would have to accumu-

late to the value set above before an alarm would he giveii .

The three count alarm configuration is normally wired in the three

count alarm circuit because of spurious signals. These spurious signals

can be cau sed by lightning, loose metal objects , or similar items . For

example, lightning has charged air assoc iated with it tha t could give one

high count and do no damage to the engine. If no damage is done , then an

alarm should not be given.

The spurious signal caused by a loose metal object is the signal

resulting from an object causing metal rubbing as it is expeled from the

.34
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engine. There may be minor damage caused by the object as it goes through

the engine; however, after the object is out there is no further deter-

ioration of the engine. If the damage to the engine is not minor , the 900

alarm would activate the alarm relay. If there is more deterioration ,

then the signal is not spurious and will be detected as a three count

alarm. -

On 11 October 1977 following the six day trend ing period discussed

previously in the timing circuit section, the engine had an apparent

distress condition.  Figure 12 shows the + grid count , + ring area , and

turbine vibration signals before , during , and a f t e r  the rubbing condi t ion.

The turbine vibration before 11 October had a mean of 1.5 mil ls , and

afterwards had a mean of 1.9 mills unt i l  eng ine shut—down on 20 October.

The compression and combustor vibrations did not change during this time

period indicating the distress was in the turbine section . Most of the

measurement circuit signals prior to this condition were less than 20

in count size. The —grid count and —ring area signals were almost

identical to the positive signals shown, and the other four wear rate

monitor signals followed the same trend but were less than half the

amplitude.

After the large count which was an alarm condition based on a 70

coun t size threshold , all the wear rate monitor signals increased by a

factor of about ten over the previous means. This factor is on the

border line of being an alarm condition , which ind icates the distress

condition was slight after the severe period on 1]. October. The turbine

vibration did not reach the alarm limit of 3.5 mills at any time during

the test.
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The exact damage to the engine is not known at this t ime .

A quick borescope examination on 14 October 1977 concluded there

was no major damage to the turbine section. However, there were

several parts of the turbine section that could not be viewed . A

complete engine tear—down will be done in Dec ember 1977 to determine

the condition of all the components in the engine. The results of

this tear—down are not available at this time.*

* Tear—down results will either be added as a supp lement to this thesis

or published separately when available.
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VI . Application and Conclusions

The jet  engine gas—path wear ra te monitor has been proven to give

early warning of a jet engine gas—path component failure on the TF41

engine. The wear rate monitor was designed and tested on the TF41 turbo—

fan jet engine. However, the monitor can be easily adapted to other

turbofan engines, straight turbojet engines, or other turbine engines.

This section will discuss how the wear rate monitor is presently being

app lied and what modifications in the probes are needed for other applica-

tions. For engines without a 440 Hz NL signal, the timing circuit section

of Appendix B gives the modifications needed in the analog signal

processor.

The wear rate monitor is designed for turbofan engines such as the

TF41, TF3O , and F100. These engines have cool a~r surrounding the hot

core exhaust which cools the TRION grid probe supports and the PRION

probe. The thrust on these three engines is different , so the terinina—

tion resistors of the measurement circuits would have to be changed to

yield an equivalent signal level of processing as given in the measure-

ment circuits section of Appendix B. The afterburner on the FlOO and

some models of the TF3O engines presents no problem since the probes can

be installed in front of the afterburner . This type of installation on

the FlOO engine is being tested at NASA Lewis Labora tor ies , Cl eveland ,

Ohio.

Adaption of the wear rate monitor to other turbofan and turbo—

je t engines is controlled by temperature considerations. After the

tempera ture limit is reached for the probes used in the present vers ion

of the wear ra te mon itor , other types of probes would have to be used .
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Since the presen t conf iguration of probes is an optimized design, the

other types of probes would be less reliable and give a shorter failure

warning time. One type of probe that might be used is the early version

rod probe shown in Figure 2. This rod probe reacts somewhat like the

TRION probe , and provides some warning time before a complete engine

fa ilure (Ref 4) -

Current app lication of the wear rate monitor is on endurance tests

of the TF41 engines at the Air Force Aero Propulsion Laboratory at Wright—

Patterson Air Force Base, Ohio , and Detroit Diesel Allison Division of

General Motors at Indianapolis, Indiana. Preparations are being made for

data collection on these wear rate monitors at the jet  eng ine overhaul

facility at Oklahoma City Air Logistic Center, Oklahoma, and for flight

testing of the system on an A—7 Corsair aircraft by the Navy Test

Group at Patuxent, Maryland.

After proper documentation and evaluation , many features on the

present version of the wear rate monitor used for internal analysis of

the monitor system will be eliminated. A simplier version of the system

will be available for ground maintenance, testing, and overhaul facili-

ties. The final app lication of the wear rate monitor would be in the

aircraft during flight. A very simplified and small version of the H

wear rate monitor would be connected to each engine in the aircraft to

give the pilot a yellow light when he had an alarm condition. With

average warning times of over four hours before engine failure, the pilot

could safely return the aircraft to the ground.
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Append ix A
V Wear Rate  Monitor and Circui t  Diagrams

All of the wear rate monitor diagrams are given in this Appendix .

The first drawing shows the front and back panels to illustrate the

- - location of the circuit boards and the BNC connectors. The next two

drawings give a block diagram of the entire system to explain the inter—

connection of the circuit boards. The block diagram of each circuit

board is nex t , and then the circuit diagrams . Following these diagrams 
-

~ -

is a listing of the wiring connections between the circuit boards and to

the printer. The last drawing in this section gives the integrated

circuit chips (IC ’s) used with all the pins labeled .
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Al]. boxed connections Co to BNC plugs on the back panel, i. e. INPUT

4onitor Logic In is connected to the respective 11W, CIN, SW, or AC.
The order from right to left of the circuit boarda is +R, ..R, +0,
-G, and Timing; and left to right of the printer columns is +RJL,
...RA, +RC, -RC, +GA, -GA, +GC, -GC, and AC.

CXY, AXY, and ACE connections on Board 3 and 14 go to the respective
printer column inputs. X is the digit and Y is the binary code
for that digit, only tw~ digits are printed for each input.

TIM Is connected to the wiper of S3 on the front panel.

~iAN is connected to S14 on the front panel.

TXY on Board 14 go to the first and second LED on the front panel. X is
the digit and I is the binary code for that digit.

T28 is also connected to PCSP.

MN]., 2, 3 go to binary 1 on sixth, fifth, and fourth LED respectively.

RLY goes to relay flIO-EI-X2-V52 (Potter & Bruxnfi eld) on the chassis.

MN and 900 connections on Board 5 go to the four Board 3’s.

RED is connected to red print input on the printer.

DCX is connected to the printer decimal input corresponding to Y11 or
YC]. column for ‘which 1100 or C100 is connected to 1100X or C100X, H
i.e. 11002 goes to +RA 1100, thus DC2 goes to column 2 (+R.A1).

l?~~, 5MM, and ].OMN go to S3 on -the front panel.

RI’ is connected to PCS.

!Y is connected to +~ volts.
PRINT goes to binary codes 2 and B inputs of column 21 on the printer.

PTC is connected to the print input of the printer.

P0 is connected to the internal position of S3 on the front panel.

EOP1 is connected to the End-Qf-Print signal from the printer.

EXT from the back pane]. is connected to Board 14 and to S3.

All other connectViona of the sane nazt~ are connected together.

Figure A-]3. Primary Wiring Connections.
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Figure A -114. IC’s used in the Wear Rate Monitor, except A-61400 voltage-
to.frequency converter. ( Continued next page)
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Figure A-114 (Continued). IC’s used in the Wear Rate Monitor.
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Append ix B

Operation of Wear Rate  Monitor

The imp lementation of the theory of the wear ra te  monitor is given

in this Appendix . The units discussed are the measu rement c ir cui ts , the

timing circuit , and the monitor logic. The reasons for particular signal

processing is g iven in the main bod y of the thesis. The signa l flow and

components mentioned in this section are shown in the block diagrams and

circuit diagrams in Appendix A.

Measurement Circuits

The measurement circuits process the electcostatic charge signals

from the jet engine exhaust to produce digital signals. There are two

completely independent circuits used , one for the grid signal and one for

the ring signal. The main parts of the measurement circuits are the input

termination resistor and amplifier , the count circuitry, and the area

circuitry .

The actual input to both amplifiers is high impedance , so the input

resistors determine the input termination resistance for the probes. The

input resistors terminate the probes so that the large charge pulses

develop ten volts on the output of the first stage of amplification . This

output is attenuated by a factor of five and sent out as the tape recorder

output on the back panel of the wear rate monitor . The nonattenuated out—

put in each circuit is sent to a two stage band pass filter with a

frequency response of 2 to 500 Hz.

The grid tape output , after proper adjustment for the large pulses ,

has a nominal noise level of 0.02 volts from a TF41 engine operating at
1
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14,000 pounds of thrust and many pulses up to 0.10 volts. The ring

tape output has a nominal noise level of 0.05 volts and pulses up to

0.25 volts. These measuiements are needed to d e t e rm ine the  termination

resistance to use when the wear rate monitor  1~ connected to eng ines

other than the TF4 1.

The tape recorded signal can be played back through the input

ampl i f iers .  The ring input a m p l i f i e r  has a ga in of f i ve , and the tape

output  is a t t enua ted  by a fac to r  of f i v e ;  t he re fo re , the amp li fi e r can be

used d iree t ly. However , the  gr id I n p ut  amp l i f i e r  has u n i t y  ga i n .  Thus

on tape playback , the  amp l i f i e r  feedback is swi tched to a Jarger resistor

to prov ide a gain of f ive .

The count processing c i r c u i t r y  determines the number of pulses g rea t er

- 

~- than a certain threshold for  both pos it ive and negat  lye p o l a r i t  y .  The

count processing cire~i t t r y  is driven by t he  second stage o t he  baI%d pnss

filter. The filtered signal Is sent to two compara to r s . One com p ar a t o r

compares the signal aga inst some positive voltage , wh i l e  the other com-

parator compares the  signal against some nega t ive  v o l ta g e .  This  ~‘ompart—

son sets the posi t ive  and nega t ive  count thr esh olds re spect ivel y.  For

the TF4 1 eng ine, the count threshold using a 100 lLz signal is set at

±0.4 volts  at the grid input  and ±0.~ volts at the ring i n p u t .  The two

outputs f rom the comparators go to two pos i t ive  edge t r i ggt ’rt ’d m u l t I —

vibrators , which have their outputs tied to the  opposi te  m u l t  (v ib r a to r

input logic . Thus , the 35 mill isecond outpu t  of e i t l w r  m u l  t iv i b i - a t o r  w i l l

block the other mul t ivih ra tc ’r input . The ou tpu ts  are sent t o  the  monitor

logic as either posit ive or negat ive count pulses  depending on the

comparator used .

61



V - - ~~~~~~~~~~~~~~~~ _ _  VVV ~~V V .V V~ V~~~~ • V V ~~~~~~~~~~~~~~~~~

The area c i r c u i t r y  generates dig it al  pulses that are related to the

electrosta t ic  pulse area greater than a certain level for  both pos i t ive

and negative pulses. The input to the area circuitry is an in tegra tor

amplifier drivei~ by the first stage of the band pass filter. This input

amplifier Is a buffer in the grid circuit. In the ring circuit the

integration t ime constant is 80 milliseconds. This integration factor

counteracta the derivative effect of the PRION probe so that the’ pulses

in the  gr i d  and r ing c i r c u i t s  appear similar in the  respeet - ive  area

processors. The integrator  output on the hack panel of the wear ra te

mon i t o r is conn ected to the r ing in teg r ator amp l i f i e r , sin ce the gr id

signa l is not a l tered by the in tegra tor  amp l i f ier .  The gr id  and r ing

integrator outputs are each sent to two cl i ppe r amp l i f i e r s .

One c l i pper ampl i f ie r  on iy passes signals  above a cer ta in  level ~et

by the input o f f s e t  ad jus tment , and the other clipper passes si gnais below

a set level. The outputs  of the c l ipper  amp li f i e rs  are sent to  f ixed

o f f se t  amp l i f i e r s, which are biased about 0. :i volts negative. The nega-

tive signal from the second clipper is inverted so that  both signals have

positive var ia t ions . The fixed negative offset voltage and the cli pper

amp lifier offset determine the reference voltage level. The gain adjust-

ment on the clipper amplifiers determine the threshold level of the signal

into the system that  wil l  cause the output of the f ixed offset amp l i f i e rs

to go posit ive.  These area thresholds are set at the same level as the

count thresholds above.

Afte r  the threshold is passed and a posit ive si gna l Is app lied t o  the

vol tage—to—frequency converter , the converter will start generating pulses .

The larger the signal and the longer the signa l Is positive , the larger
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will be the number of pulses generated . Thus , the c i rcui t  provides pulses

relative to the area of the signals  above the thresholds .

Timing Ci rcu i t

The timing circuit is composed of the stead y wear circuit and the

acceleration circuit. The steady wear circuit gets its main input from

the input amplifier of the grid measurement circuit and generates digital

pulses related to the thrust of the engine. The input signal is applied

to an amplifier with ~i gain of 20. This amplifier acts as a buffer to the

me. ;urement c i rcu i t  and a clipper to most of the large pulses. The output

signal is then applied to a low pass f i l t e r , which has a gain of a half ,

to obtain the dc component of the gric~ signal.

A small correction factor is added to this dc signal before It is

applied to the voltage—to—frequency converter. The resistive network

after the low pass filter adds the NL2 signal of the acceleration circuit

to the dc signal. At the output of this network , the dc signal is five

times larger than NL2 when the engine is running with 14,000 pounds of

thrust on a sea level static test stand .

The other part of the timing c i r c u i t  is the acceleration circuit ,

which uses the low pressure turbine tachometer signal (NL) to generate

digital pulses related to the acceleration and deceleration of the engine.

NL is app lied to a buffer amp lifier , which serves as a clipper amplifier

to remove amplitude variations from ML. ML is then sent to a band pass

filter which has a center frequency of 600 Hz for the TF4 1 tested . ML

varies from 100 Hz to 440 Hz when the engine is run from idle to full

speed. This frequency range on the band pass filter has a square law

response (double the frequency and the voltage out is four times as
I

large) as seen in Figure B—i.
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On eng ines where the maximum frequency of ML is not 440 Hz , the

capacitors in the band pass filter would have to be changed . For engines

where Nt only goes to 70 Hz , the two 0.007 ~if capacitors in the band pass

f ilter would be changed to 0.05 
~
f capacitors. For engines like the Fl00

which goes to 2253 Hz , the capacitors installed would be 1500 pf. After

the capacitors are changed , the maximum frequency should be app lied and

the 201(11 feedback resistor (R) in the next stage changed to give approxi-

mately 8 volts out at NL2 on the back panel (R = NL2) . ML is preferred .

but if it is not available, then the high pressure turbine tachometer

signal can be used .

The output of the band pass filter is sent through a diode and two

stages of low pass filtering. The signal at this point is a dc voltage

(NL2) related to the square of ML. NL2 is app lied to a driver ampl i f ie r

and to a derivative circuit .  The driver amplif ier  sends the NL2 signal

to an output connection on the back panel of the wear rate monitor and to

the additive network in the stead y wear circuit discussed above . The

derivative circuit is a high pass f i l t e r  that y ields the derivative, or

acceleration/deceleration , of NL2 .

The derivative of NL2 is then app lied to an o f f s e t  amp l i f ier . This

amplifier has a gain of ten and offsets the reference voltage to determine

the threshold of the size of acceleration that will go to the voltage—to—

frequency converter . The size of the acceleration above the threshold

determines how many acceleration pulses will be generated by the converter.

The size of the acceleration signal is determined by the amount of change

in NL2 and how fast this change occurs.
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Monitor Log~ic

The monitor logic stores the data from the previous circuits , con-

trols the digital  printer , and analyzes the stored data to detect excess

wear. The monitor logic has the storage registers , the print logic , and

the main log ic. The storage registers store the pulses from the measure-

ment circuits and the timing circuit. These storage registers are decade

counters which store up to ten pulses. At the tenth pulse, the counter

resets to zero and gives an overflow pulse. Two counters connected in

series can store up to 100 pulses . The inputs to the counters arc

amplifiers that can be c lamped to ground to prevent pulses from going to

the counters during the print  process , and thus prevent garbled pr in ts .

The print logic controls the digit~ l printer. The inputs to the

print logic are the acceleration (AC) and stead y wear (SW) pulses and the

100 print signal from the main logic . The AC and SW pulses are added in

an OR gate and counted down by two decade counters.  Thus for  every 100

pulses, there is one internal timing pulse. These two counters can also

be used to count down external pulses by 100 to generate an internal

timing pulse.

A front panel switch (S3) selects either this internal timing pulse ,

an external timing pulse which is not coun ted down , or an internal clock

pulse to be the system timing pulse. This timing pulse sets a flip—flop

to clamp the storage unit inputs as expla ined above, sets an AND gate for

the “clear” signal , and sends a signal to the printer to put a “T” in the

last column of the print to indicate a total measurement print. The

clamp signal triggers a uiultivibrator that sends a pulse to the printer

causing it to print . The 100 print s ignal from the main logic goes only V -

to the flip—flop to clamp the input signals and trigger the printer .

6f~ - -
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The clock pulses used as timing pulses come from the print logic.

An internal oscillator and count down decade counters are set to provide a

pulse every minute. This pulse is then counted down by five to give a

pulse every f ive minutes , and counted down by two more to give a pulse

every ten minutes. These three clock pulses are selectable by the front V

panel timing switch (S3) .

Another print command source is a front panel push button (S4) . This

push button provides a manual clear and reset for the entire wear rate

monitor . The push button shorts out an inverted input to the timing pulse

path , thu s causing a timing pulse which e f fec t s  the print logic as

explained above for the system timing pulse. There is also a manual print

button on the digital printer . However , this button only causes the

printer to print the stor ed dat ~ and does not effect the monitor logic .

At the end of the pr int ing process, the printer sends an end—of—print

(EOP ) signal to the print  logic. This signal resets the f l ip—flop  which

unclamps the inputs , and also goes to the “clear” AND gate. If the gate

is set , the EOP signal will go through the gate and clear all the storage

registers, and then rese~ the AND gate.

The main logic monitors the measurement storage registers to deter-

mine the 100 print condition and alarm conditions. The 100 print  condi-

tion occurs when one of the storage registers reaches a 100 increment.

The 100 pulse from the storage reg ister sets a f l ip—flop  which provides

a decimal signal to the printer for the column that reached 100. This

decimal signal is also sent through a NAND gate to t r igger the clamp

flip—flop , and thus produce the print command . The “clear” AND gate is

not set by the 100 print signal , so the storage registers will not be
(
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cleared by the EOP signal. However, the flip—flop s are cleared by the

V bV  EOP signal to release the decimal signal and the clamp signal.

There are two alarm conditions in the wear note monitor . The 900

alarm condition is determined by the 900 digit of the measurement storage

registers. When one of the registers produce a 900 signal , the signa l is

sent through a NAND gate to set a f l i p—f lop . The output of this f l ip—

flop is sent to an OR gate. This OR gate then turns on the alarm relay

whose contact leads are connected t.o the back panel of the wear rate

monitor as ALARM output. The contacts to this relay are normally open ,

but can k-asily be rewired to be normally closed . The OR gate also driv es

an inverter amplifier that causes the printer to print in red during an

alarm condition. The flip—flop, and thus the 900 alarm, is cleared by

the “clear” pulse from the print  logic .

( 
‘ The other alarm condition is the three count alarm , which has a

threshold pulse between three consecutive “clear” pulses. The threshold

is set in each measurement storage register . This set t ing can be varied

from 10 to 90 in increments of 10 by connecting the input leads of an

AND gate to one of the tens d-git in the storage register . If a larger

number is desired, the optional divide—by—ten input is wired in, so the

tens digits are ac tually hundreds digits , and the threshold is set from

100 to 900 in increments of 100.

The threshold pulses from the storage registers is sent through a

NAND gate to set the first of four flip—flops in the three count alarm

circuit. Once the flip—flop is set, the three coun t alarm circu it is

uneffected by more threshold pulses. The first flip—flop sets an AND

gate so tha t the “clear” pulse from the pr int log ic can pass through and
p.

clock (shif t) the four f l ip—flops. When this happens, the first flip—flop
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is reset and the second one is set. If another threshold pulse is

received , the first fl ip—flop is set again , and the nex t “clear” pulse

shifts both sets. At this point , the second and third f l ip—flops are

set. This setting and shifting will continue as long as a threshold

pulse is received before the “clear” pulse.

When a threshold signal is missing, the “clear” pulse will clear all

four flip—flops. This clear decision is made by an AND gate. The in—

puts to the AND gate are the “clear” pulse , the output of the second f lip—

flop and the inverted output of the first flip—flop. Thus the three

count alarm circuit is cleared when the first flip—flop is reset, the

second is set, and the “clear” pulse is generated in the print logic.

The three count alarm is given by an AND gate driving the other input

to the OR gate explained in the 900 alarm condition above and activating

the alarm relay. The inputs to the AN1) gate are two variable leads and

the fixed connection to the second flip—flop output . These leads can be

connected to five volts, which would give a one count alarm when the

second flip—flop is set. Both the leads could be connected to the

third flip—flop, which would give a two coun t alarm when the second and

third flip—flops are set. However, the most common connection is to have

one lead connected to the third flip—flop and the other to the fourth

flip—flop. This gives a three count alarm when three consecutive sets

have been made and shifted .

A minor func tion of the main logic is to clear the entire system

when it is turned on. This automatic clear is accomplished by a large

capacitor charging up to the supply voltage through a resistor . At half

voltage , a multiv-~brator is triggered . At the end of this pulse , a

(
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second multivibrator is triggered . The end of the second pulse then

clears the entire monitor logic .

The LED (light emitting diode) outputs on the wear rate monitor give

a continuous display of the timing pulse count and the number of threshold

alarm counts. The right two LED’s on the fron t panel display the timing

pulses accumulated in the timing pulse decade counters from 00 to 99.

The input to these LED ’s is the binary coded output of the 100 count down

decade counters. This display indicates at what portion of the timing

cycle the wear rate monitor is operating .

The lef t LED on the fron t panel will display “1” when the second

flip—flop in the three count alarm circuit is set indicating one alarm.

The second LED will disp lay “1” to indicate a two count alarm, and the

third LED indicates a three count alarm. The binary code “1” inputs to

these three LED ’s are connected to the respective flip—flop outputs in

the three count alarm circuit.
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Appendix C

TRION and PRION Probes

The physical size and installation informa t ion of the probes and

their supporting hardware is given in this Appendix. The f i r s t  drawing

gives the basic installation information , and the other two drawings

show the physical construction of the supporting bolt assemblies. All

— materials not labeled are noncorrosive materials such as aluminum or

cadmium plated steel. The TRION grid probe is made of 3/32 inch

HASTELLOY—X wire , and the PRION probe is math’ of 4 inches wide single

sided 1/16 inch circuit board material .  The TRION supporting bolt

assemblies are prevented from unscrewing by RTV rubber g lue app l ied

during installation. The PRION probe is epoxied in the ta i lpipe wi th

EPY 500 epoxy and then secured with the PRION support ing bolt assemblies .

(
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