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INTRODUCTION

The Turbine Engine Diagnostic Development (TEDD) Program began in
FY 1972 when the Naval Air Systems Command (NAVAIR, AIR—33O) authorized
the Naval Air Propulsion Test Center (NAPTC) to develop and demonstrate
turbine engine di~mo5tics by full—scale engine testing (reference 1).
During F? 1972 , NAPTC accomplished Phase 1 of the program , which con-
sisted of generating and testing a computer program which would track
a TF3O—P—408 engine operating at sea level conditions and output
diagr i osL ic  messages In real—time to the test cell operator . A unique
vibration monitoring system was used , as well as new type transducers
for oil quality and speed sensing.

In Phase II, the computer program was restructured , using new engine
operating mode recognition logic and provid ing for thermodynamic
performance analysis. New hardware items used included a radiation
pyrometer, internally mounted accelerometer and real—time graphic
display . The range of engine testing was extended to include sea level
ram conditions . The results of Phase II were reported in reference 2.

With the completion of Phase II in FY 1973, full—scale engine
testing was discontinued. However , a large quantity of data was
recorded for use in the follow—on software evaluations. It was planned
that follow—on TEDD sensor evaluations would be performed in conjunction
with other NAPTC engine test programs on a piggy—back basis. Reference 3
authorized NAPTC to continue the exploratory development effort in Task
Area W’F4l.433.3O1, Advanced Auxiliary/Equipment Systems, in accordance
with Work Unit Plan No. NAPTC—624 of June 1973. In TEDD Phase III, this
diagnostic development effort was continued in a number of hardware and
software areas where further development work was identified. These
areas were determined from Phase II test results, as well as from an
overall knowledge of future diagnostic requirements and the current
state—of—the—art.

SUMMARY

Since the TEDD Phase I I I  e f f o r t  addressed the development and
demonstration of diagnostic elements (sensors , software techniques)
rather  than a complete diagnostic system , this  summary is an i tem by
item description of these e f fo r t s .

A. Hardware

1. Turbine Inlet Temperature Sensor

Direct measurement of turbine inlet  temperature  in modern Navy
gas turbine engines Is not attempted due tn  the lack of durability of
sensors located In these reg ions of elevated temperature.  If such a
measurement was available, diagnostic capabili ty would be improved ,
particulary in the areas of gas path analysis9 hot section l I f e , and
overtemperature severity determination.

1
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b. In TEDD Phase III, NAPTC contracted with Tyco Laboratories
to develop a turbine inlet gas temperature probe based on the concept
of an incandescent immersed sapphire light pipe. The tip of the
sapphire, being Immersed in the hot gas, becomes incandescent and emits
light which 1~ tr ansmi tt ed  through the sapphire pipe itself to a
photosensor. Since the emission is directly related to the temperature
of the probe t i p, it is a good indication of that temperature. Sapphire
(Al 2 03) is one of the few materials that can be used in the high
t e m p e r a t ur e , .. -~ddizt ng ~uv tr o nm e nt  at the turbine inlet.

C .  A pro to typ e  prci~e was fabr ica ted  and tested in a burner
rig at ~ E~PTC . Alt :hc :gh the amount of tes t ing was limited , and the
rig temperatu re was limited to 700°C (1300 °F), the results were
encouraging. The h~ sic concept that sufficient light will be generated
by the probe tIp to allow accurate measurement of the temperature was
demonstrated , and some indication of mechanical integrity was obtained .
Total response time needs improvement, although the response of the
probe tip itself is good.

2. Ferrograph Oil Monitor — Iron in oil is one of the prime
indicators of problems in bearings and gears. To date, no airborne
device can quanti ta t ively identify the amount of iron in oil. The
Ferrograph is a device which precipitates magnetic particles from the
oil by size through the use of a variable magnetic field. It then
measures the optical density of the larger and smaller particles.
The ratio of particle densities is then computed and can be related
to the health of oil wetted components. NAPTC has contracted with
Trans—Sonics, Inc. to take the Ferrograph concept and develop a proto—
type real—time engine mountable unit for test cell evaluation. A
unit was delivered to NAPTC and evaluated on a bearing rig. Preliminary
analysis of the rig testing indicated the instrument is capable of
de tec ting incipient bearing failures related to fatigue spalling and
abnormal wear. Further evaluation of the unit is being made on a
running engine (TF34), and it is planned to develop an airborne unit
for flight evaluation.

3. Vibrating Cylinder Pressure Transducer

a. The vibrating cylinder pressure transducer (VCPT) is a
relatively new type of pneumatic pressure transducer which utilizes
natural vibration modes of a metal cylinder to generate a frequency
ou tpu t as a f unc tion of ap p lied pneumatic pressure. Its frequency—
modulated ou tpu t  makes i t  immune to noise and drift to which amplitude—
based transducers are susceptible

b . A VCPT manufac tured  by Hamilton Standard was evaluated at
NAPTC during TEDD Phase III .  The transducer evaluated is an absolute
pressure un i t  wi th  a range of 0—350 ,000 newtons/rn2 (0—50 psia) .
Unlike conventional transducers, the output  of the VCPT is a non—

2 
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linear function ot applied pneumatiL pressure. Therefore , the
measured pres~~ure 1; calculated t r o m  a ~na~iu f actu r e r  suppl ied  p - J ~ noinia1
which relates frequency ou tpu t  to the  applied pressure.  An adii t iona i
manufac tu re r  supplied temperature  c~ upensat ion polynomial is also
u ti l i zed  in the calculat ion.

c. ~e e va lu i t i o n  Coil S lStt- 1 OL 1 i n, r a t ~~r~ c u l i or ar  L- ’u5 and
instal .] t ion o~ a . 152 engine. L,~borj’ir oalibratJon : b f ~u e and
arter ~-hu engine t~ sr. deter~.~ined the r~~ n~~iuce~ accur~ cy to )C b e t t e r
than U.~~. [t I l t  ~~~ eju . The rep~~ - ~ L i t - -  f t~~c t r ir i s d u c e r , a f t e r  more
than 200 hours of on—engiae use, was loterm ined to be ~~ - ~ ~‘i thin the
uncertainty l~~a~ t ~f the aborat :’ -~‘~~- i  -‘-‘- &.‘~7% o1 ~e~~~ing).

4. Oil Debris Monitor — The K West oil -febris  nonitor  ut i l ized
during tne IEDI) Phase I and II tests e- i5 installed on a fF3~)—P—4l2A
engine undergoing aiterburner lighting tests. This device consists
of a polyester insulating screen interwoven with stainless steel con-
ductors. When conuuut ive  part icles are t :apped on the surf~~ e of the
screen, an electrical “short” occurs, causing a decrease in total
resistance ~~~L the sensor terminafa. j~~, u U f l it  ~ aa installec Ia tne
scavenge oil line for main bearings no, 4, 4 1/2, 5 and 6 on the
TF3O—P—412A engine for a total of 65 hours test time. There was no
change in the output reading during the test , indicating the Lntegrity
of the oil system components. This a~,rees with the results ~~ SOAP
samples for this engine. Thus, no unsatisfactory operation nas oeen
noted with the K West unit dur ing any of the TEDD phases, but it has
not been subjected to an engine problem situation where its eireutive—
ness could be evaluated.

5. Hot Section Analyzer

a. A Howell Instrument Computer Recorder ~zas installed on a
TF3O—P—412A engine which was undergoing a .150 hour ~rc ~~~~~~ cyclic
endurance test at NAPTC. This unit, also referred to :is ~i l ime
Temperature Recorder and Integrator (TTRI), has inputs of turbine
inlet temperature (indirectly measured) and high rotor speed , and
provides a cumulative Hot Section Factor Count based on the integrated
time—temperature exposure and the hot section metallurgical character-
istics of the engine. It also displays Hot Section Factor Time
(1015°C, 1900°F and above), time above i1’ i°C (.150 °F), total engine
time, and maximum temperature, and has three overremperature flags
and one overspeed flag. The unit performed ~~~~ -t aciorily throughout
the duration of the test.

b. This type of diagnostic a~~tiysl~ has the potential of
impacting maintenance philosophy , that is L~ perform maintenance “on—
condition” rather than at the current ixed time intervals. In ordet
to accomplish this, a correlation of Hot Section Factor Couri t~. and

3 
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hot section deterioration must be determined from a large sampling of
engines in fleet service. This unit, which is limited because of
the number of parameters measured , may not obtain sufficient inf or—
mation to generate a reliable correlation for hot section condition.
However, tijis approach , expanded ta include low cycle fatigue, thermal
shock and other hot section distress mechanisms, offers the potential
for s ignificant  improvement in engine maintenance philosophy.

6. ‘iihratiun An.~’. yae .

a. -~~e vibration analyzer ~as built by General Electric
Company , Biughamtzou, Nea York, fua t~ e TF34--GE—2 and subsequently
adapted for computer control. There was no problem in using it on
the TF3 J—P--408 u~ 1c e the system is e~ eily converted to any engine by
changins ~ itios arid limits.

b.  The analyzer contains signal processing electronics to
evaluate four classes of malfunctions in an engine.

( I )  Bearings

(2)  Mass unbalance

(3) Gears — local defect

(4) Gears — gross defect

c. Digital Comb Filter — tn the latter three processes, signal
extraction is done by the digital comb filter. The digital comb filter
is a time—averaging device of 256 discrete points. The time—averaging
feature  tends to cancel noise on the signal. The comb filter is
synchronized with a rotating member so that each of 256 points
examines the same point on a rota t ing member. The f i l te r  has responses
at its tuning frequency and integer multiples (harmonics) of it. Any
signals or noises which are not exactly integer multiples of the
tuning frequency will be rejected . The significance of this type of
f i l t e r ing  can be seen when a vibration signal from a gearbox is applied
to the f i l te r . This signal will consist of the sum of all gearbox
shaf t  and meshing vibrations. By tuning the f i l te r  to a gearshaft
frequency, only the sha f t  and its gear meshing vibration are passed
through the f i l t e r, since its frequency (number of teeth x shaf t
frequency) is a sha f t  harmonic .

d. Bearing Malfunct ion Processor — The bearing malfunct ion
discriminant processor evaluates the Impact Index of the acceleration
signal from a bearing housing. The Impact Index is a normalized
dimensionless quan t i t y  whose value is indicative of the incipient
bearing malfunction . The Impact Index value is one—half the ratio of
the peak signal level to its average level. An Impact Index for a

4 
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normal bearing will range from two ~o three and during spall initiation,
from three to four .  Au the spall increases in size (but is still
relatively sm~i1l), the Impact Index m a i  increase to eight t~. ten.
Beyond this , with increasing spail ~~ ae , the l.npact Index will t-crease
due 0 t~~-~ Lnct tse jn average accelerati- i. . The. Iapot.t Index
~isc:lmi.. t c~ jiorua L bearings is out a f inction aI a;Igiae ~
i.e., it ~ 11 reea~n t,etween Ltu e and our over the cn~ ire er,~,l.1c
operating ran :.~o, i X  0 }~ear ing w i t h  mai f l Ilo lon , the 1-- ~1act index may
increase by to to ‘0 -- ~~~cent with incrEasing engine speed . Fr:l1 scale
on *e ~nu~~~a r  i- -it Imp act  index  c f  10.

a. ~~~ s Uoi Jancf l~rOco ‘sor -- T 1’ ross ur .alo~ro:~ i~ -:-rIm inant
pror.o~~an r  ~s a narrow band t r -~c ing t i ~t - r  ~~:.oh oalecti~ al~ firers
vibr ~t ioo eric 

~-: associated w i  L~~ the mass ~nbaisrre of a o tu r  system.
ThE oU put is -~is~’layed as a disn1acuu~~n~. on a meter -o l lbr ~~ted f r o m
O to 1(0 p -~~~;e~it  t u J~ . -;ca le , where  i J~ scale is equal to 2.5. a l0 3m
(10 mils)  doc~~Le amplitude. f l u  signal is f i r s t  f i lt e red  to accept
Lrequenci~~ ~o tic - ;  l i z  to  400 Hz band . it is then filtered by the
~ii~tJ tal unb i.it er , which is tuned to eit. .or once pur fan or core
f r equency .  ilic output of the comb i_ lt _ r ;iua represents the acceleration
associated with tL e rotor mass unbalance . A double integration then
yields the displacement associated with the rotor  mass unbalance. lu
obtain a signal suitable for display, the displacement signal is
average detected and displayed on a r-~~t r ci l i b rat e d  to read peak—to—
peak values.

f. Local Gear Defect Processor — The local gear defect
discriminant processor evaluates the Tri 1 i c t  Index associated with a
given gear mesh vibration signature. Local defects on a gear consist
of spalled , deformed , or cracked teeth.

(1) A normal gear in mesh will generate a sinusoidal
vibration at the gear meshing frequency . When a local  detec t  is present
on a tooth of the gear, a transient v1hration will be generated each
time that tooth meshes. The level of the t ransient  will b~ considerably
higher than the normal meshes, This u-’re of signal can easily be
discriminated by an Impact Index measurement . L-ince , in practice, a
single gear mesh vibration is mixed with o the r  mesh v ibrat ions  and
noise , this mesh must be extracted from the total signal before  its
Impact Index can be evaluated .

(2) The gear discriminant is im b elted by tuning the
digital  comb f i l t e r  to the sha f t  f requency of the gear being analyzed.
At this  f r equency ,  only harmonics will be passed :hrough the comb
filter. The harmonic of interest will be the  nt~ ~-armonic corres-
ponding to the gear under analysis which h ’s  “n ” number of t ee th .
After  the gear mesh has been isolated , the s igna l  is evaluated for
its Impact Index and displayed.

5
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g. Gross Gear Defect Processe: — The gross gear defect dis—
criminant processor evaluates the modulation of gear mesh vibration
due to its shaft frequency. A gross gear defect includes misaligned ,
loose, or eccentric gears on a gearshaft.

(1) A normal gear in mesh will generate a sinusoidal
vibration due to its shaft frequency. When a gear has a gross defect,
the gear meshing vibration will be modulated by the gearshaft frequency.
Since t~iio  n gniil is ‘ oomall j  mixed wi th  other gear ne~th vibrations
and n i  ;.~~, ci ;o- tr~~~~ .~c gear mesh v ib ra t ion  s igna ture  mus t be
extrac t?d iron t h e  t o t~ v h~ ation si gnal

(2) The discriminant measurement is implemented by
tuning tI-it d~~~ t:ai c~ oh filter to the ge-irshaft frequency of interest.
This wili allow in~ -~ er multiples of the shaft frequency to pass
through Lhe filter while rejecting all other signals. The modulation
will be passed throu~,i~ the filter. The measurement which is then
made on the signal is the ratio of the modulation amplitude to the
carr ier ~~car mesh) amplitude yielding the modulation index, which
ranges from 0 to 100. This is a dimensionless parameter . To normalize
the ratio, an automatic gain control (AGC) is used. The AGC is a
variable gain amplifier that is electronically controlled to boost low
level signals up to levels that may be detected.

(3) The AC portion , which contains the modulation , is low
pass filtered to allow only the modulating frequency to pass. The low
pass filter is programable so that the filter cutoff may be set for
various gears and various engine power settings. The output of the low
pass filter is then peak detected and displayed on the output meter.

(4) The section of the analyzer of interest for this
phase of the TEDD program was the gross gear defect processor. The
analyzer gave unsatisfactory readings for the TEDD engine, and experi-
ments were conducted to determine why. Part of the problem was due to
the method of speed measurement.

(5) To provide a speed signal for the gear box experiments ,
the signal is taken from a tach generator mounted on the gear box. The
signal has modulation on it due to gear back lash and play in the gear
mesh, which looks like speed changes to the analyzer. A percent
modulation can be measured by comparing the period changes that occur
to a steady signal of the same frequency. In addition to the problems
from the modulated tachometer signal, additional filtering was
required to smooth the dl~,1ta1 comb filter output.

7. Speed Sensor — in conjunction with the vibration analyzer effort
in Phase III, a study of various methods of speed sensing was conducted.
The gear box mounted tach used on the TF3O proved to be insufficient for

6
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for vibrat ion  aiia1y ~ is due to gear  b a c k li s n  and p l ay ,  cr e a tin g  signal
modi latic’n. ~d e  priusry einphas~ s of this study was tl~~ determination
of s ,nt . t odui~~uion as a funct ur, of pickup locatl - .  l i e  L o c a t l )n s
i:r- -s~~~~t:~~. were the gear bc.~~, t1-~ iese ~~~~~ ann a ifrect sualt
pi Lo ip . ? 

~ lola passage teclini ~.o war , c . .  , and Li~1s
t e c ot . q - ,- 9L ~~~~ aCut 1~~~~~’] ~ lanoutatio~ J, -. act r -~t i . r~ t o i  i s e  w i t h
Lh: v 1~~r a L i c ’ t . * i l y z e ~

~~~. k : d i - t i o n  P v r u ~~ - L er — ide Selar r od :  iti . n “~r ’ m e L er s  used
cio f~ f :ai€ ft engine test irtg o r h i d  t -~ s t~~Ll ch~i c . -t et e ci s t i c s
W I L O r iu~ ‘c  ~u r t ~’~~r ir ~vt-~ c~ ~~~~~~~~ fl is ‘tt ~~se L I I  s t~~~~ a Idressed

a :t cu ia rl  the  1C~~Sr- ~ th e  ir ]u - C i c i : 1 - u l t .  ~‘i c i t ~si a w i t h
ot r~~ r u ;‘-rs of t~~u~~,i ion o- . i r rO t - r i  r i - a  •~~~~ t ’ti .:€‘lot  1 rit  sh 4  p between
s~~io~ai  :i ir c  and  n~~c i - e l oca t ion .  l , coit it ~ . ~!i~ s u t i :  t it  the
f lj ’o -  c- lou: be vies~~d ( i .e . ,  be l t uic the  r o d ~ , w  lock . cc fotw u-ri or
look ~~i~r ra~~ia t~ y r -

~ - a t t e d  in I ~~~~~~ nolso J -ToJe j ~ • tu icu~i .r  rr e tciod
o f r en o c i n g  tht 1015 w: .lcii  was i nv c - t  igatet i~, :he  use ot the
v i b r at i o n  ana l ;~r or  f i L t e r  c i rc1i~~i t to l ily - ye the  no i se .  The f i l t e r i n g
t e r r l t n  i ’j e a lso  shows promise  r impr o —~ n~ : l ~ n v r o u et e r  o u tp u t .

. In ternal  Accele~ c’neter — One of the reason-  v f l r a t i o n  m o n i t o r i n g
techniques are q u i t e  complex is the c um n u n i c a t i on  pa th  between the
vibration sources and the vibration p Jup. An accelerometer which is
not c lusely  coupled to the bear~ rig (or o t h e r  V i l I r a L i u l l  s o u r ce )  which
is to be diagnosed will pickup v ib ra tion  f r o m  o t h e r  sources . This
requires  the  anal yzer  to “sort out ” t h e  v ib ra t ions , making the
technique complex. Therefore , r e d u c t l u r  in analysis complexi ty
be realized if accelerometers  are d l ’ c  

~
ly mounted to the b e a r i r - ; :  o

be moni tored.  There are some conmion p :ohlems associated wi th  this
task that have been under design cor.-iideration for several years.
These problems are the environmental restrictions m the ~icce~ e . . meter ,
signal lead routes , and bearing housind accessirility, which places
res t r ic t ions  on the desi gn of the engine . The p rob l em of i i - . tr e i l i f e
for the accelerometer makes it necessary that it be accessible without
engine disassembly. One approach is to place the accelerometer at
the bearing through a “ d i p st i ik ” . This r e q u i r e s  a suitable engine
desi gn , but places the accelerometer ann lead in a posi t ion of access-
ibility. This approach is well suited to r lgi cirv mounted bearings ;
soft—mounted bearings (such as intershait b orings and other hearings
not rigidly mounted to the engine f rame) i~~r n :  conducive to close
coupled accessible accelerometer iristallar -ri~

B. Software

1. Data Smoothing Techniques — D u r i r t g  t h e  11 )1) l’hase II test
program , a limited moving average sni nor h in :- ‘ ech-iihua was used to impr-
the s t ab i l i t y  of the mode de tec t ion  r : t i ne  rid reduce the scatter in
the p e r f o r m a n c e  analysis  resu l t s .  T lio mov ing  averag :  techni que means

7 
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the parameter used in the diagnostic logic is the average of the last
n values of that parameter (n in TEDLS Phase II was adjustable between
1 and 4). This technique (for n > 1) will reduce the noise level of
the smoothed parameter and will reduce the rate of response. It was
recognized that further investigation was required in the area of
data smoothing, and especially the consideration of exponential
smoothing. Exponential smoothing is a - - id of estimating each new
parameter value in a time series of ~iata b y  letting the new smoothed
value be equal to a iraction (1 — 

~) 
ot the  previous smoothed value ,

plus a f ra c t ion  (a)  of he new parameter vilue . u is defined as the
weigh t  given to t h e  new c ar a r et i e r  value . A s t u d y  of data  smoothing
was made during TEDI) Phese ILl , usirtc, daLi recorded during Phase II
and also f r r n  another NAPTC engine :es: p i c ram. As a result of this
s tudy ,  it vas shown tha t  the export er  t i a l  smoothing technique is better
suited to TEDO app l ica t ions  than the  mcvi : ig  average technique.

2. Multiple Faul t Gas Path Analysis — The NAPTC stead y—sta te
performance analysis used in TEDD Phase II was designed to detect single -1
gas path performance faults. However , both single and multiple fault
conditions were tested and recorded. This actual test data , acquired
at known fault level conditions , provided a means of evaluating the
Hamilton Standard “Parameter Interrelationships” approach to multiple
fault steady—state performance analysis. During TEDD Phase III, NAPTC
contracted (Contract No. N00140—74—C—0582) with the Hamilton Standard
Division of United Technologies Corporation to apply and demonstrate
the~ r methods , using the TF3O—P—408 engine data recorded during Phase II -

~~

testing. The results of this program verify the capability of this
approach to identify and quantify single and multiple gas path per—
formance faults. A further study is being conducted by NAPTC in—house
to determine the sensitivity of this approach to “time series” data,
i.e ., continuous real—time s t eady—sta t e  performance analysis,

3. Diagnostics on Variable Geometry Engines — The need for the
capability to simulate the performance of a gas turbine engine with
variable geometry arose from the consideration of gas path analysis
as one element of a diagnostic package for a 1980—85 aircraft. During
the period from January 1974 through March 1975, a variable geometry 4-
engine cycle deck was developed at NAPTC. The first application of the
data from this cycle deck was to provide variable geometry data to
the Hamilton Standard Division of United Technology Corporation for
study using the parameter interrelationships method of gas path
analysis. The purpose of this study was to identify unique problem
areas associated with diagnosing variable geometry engines.
Additionally , this study identified critical instrumentation accuracy
requirements. This work was conducted under Contract  No. N00l40—
75—C—0049, from 1 April to 1 October 1975.

8
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ieri- tivi~~_ Study — The ability of diagnostic logic to
perform t t o  t e -  -~d task is limIted by the accuracy and/or repent—
abilL - -~~~ L i e  mn ttg data. T~ie characteristics of candidate
see - siot: he v:ewed wi th  respec t to their application , that is,
can tri -; .~~

i- i rie’form adequately for the logic using that parameter.
Scn, i - J~t i  ~~t ~i L~ s Ca a~ lish the relationship be tween sensor
formsric cr3 a dL~~ no~ tic logic requirements for that sensor.

~l? T i  -~ s- ’~s l r l j 1 t v  s t t - - ~v was oer~ oriDe-~ U t i l i Zi l I p the

~5— ’- r~~ 
n i i ~~ - - e. t~~- . - develop . d-i ri i~ fl-1 )b T’hase f. The

res I r s c - ~~ ~ 
-p i

~~~~~~~e be used r di-termine the sensor cha rac te r—
It-i T. I t ; d  t r  a ~iven eve I n ‘o : tt idence ~r t h e  ~a bath

ans i ~ - 
- .~ t .~ . A r t - t he r rispt- ct nt  ‘be - - t ~~~v considered t ri. sensor

cha~~- -~~e c - t c  - t~ reI f~ r tot section life ((POll t 
~~ion,

C1)N~ i~ ii -

1. LtiL ~~t i L  rig ~e~ t t g  of a prototype sapphire light pipe turbine inlet
temp t -t ar1 . sonsos h s  demonstrated the f e a s i b i l i ty  f the bas ic  concer t
to 7OD~

( . f ; .b~ ) ama has shown encouraging results with respect to
sensitie c~~, strength an-i potential time response.

2. Actalys~ s of data acquired on a bearing rig indicates that the engine
mour-~ ahie real time Ferrograph is capable of detecting abnormal wear and
bear~ ug F :LLete lii each case tested.

3. The vtb-i-ati rg cylinder pressure transducer operated satisfactorily
and is 5 : 1- r u  lo r t a the conventional diaphram—type transducer in terms of
accuracy, stability, repeatability and ease of operation. Its major
drawbacks i c  I t s  re la t ively  slow response and its sens i t iv i ty  to var i a -
tions in b O b  u position.

4. The K ~ie~ - t  oJI debris monitor has been installed on three TF3O engine
tests u i - I  has performed satisfactorily . However , it was not subjected to
an engine 1)11 s--stem fault situation where its effectiveness could he
evaluated .

5. The Howell Rot Section Analyzer (Time Temperature Recorder and Integ-
rator) operated satisfactorily on a TF3O—P—412A engine, hut  more extensiv’
operational experience would be necessary as an end item to verify the
potential iciiintenance benefits f or any particular engine. It should he
noted that i tie TTR&I does not record LCF cycles or LCF rupture inter-
actions nor has a correlation between TTR&1 output and hot section disrrt~~s
been developed.

6. installation of a filter before the automatic gain control success-
fully eliminated noise caused by the digital comb filter of the General
Electric vibration analyzer; however, at high engine speeds , gear gross

9
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defect experiments were still over limits due to frequency modulation on
the tachometer signal, indicating that blade passage speed data would be
satisfactory for use with the GE vibration analyzer.

7. Noise f i t  the radiat ion pyrometer  output  can be reduced by placing
the probe where it cannot view the flame.

8. Circuitry in Li i i  GE v ib r a t i on  ana lyzer  could be used to process and
analyze pyro mt~ter  r~~~n - is.

9. The problems of mounting internal accelerometers can be overcome if
they are addressed dur ing  in it i a l  engine desi gn. Where the bear ing is
soft mounted , there is a communicat ion r eblem between bear ing  and
acceleren~ tor tf the accelerometer is :iet c o u p led directl y to the bearing.

10. The exponential dat i smoo th ing  technique  is be t t e r  suited for
diagnostic system application than tbe moving average technique. To apply
exponential smoothing in a diagnostic system , it is necessary to have pre—
defined separa te  l ’s for stead y state and transient modes , depending on
the response and accuracy requirements for each parameter.

11. The capabi l i ty  of the Hamil ton  Standard mult ip le f a u l t  diagnostic
approach to identify and quantify single and multiple gas pa th perf ormance
faults has been verified .

12. The variable geometry cycle deck developed for diagnostics studies
on advanced engines is a very flexible deck with many potential uses in
addi t ion  to diagnostics , such as the study of the effects of advanced
technology on cycle performance , and the evaluation of perf ormance quo tes
in an engine development proposal.

13. When a non—d imensional technique is used for diagnosis , such as in
the TEDD Stead y State  Per formance  Analy sis , the r e p e a t a b i l i t y  of the data
is more important than the absolute accuracy of the data.

14. The TEDD tu rb ine  life computations are extremely sensitive to turbine
blade temperature error. Calculated erosieri life will be in error by 10%
for a 5.6°C (10°F) error in gas temperature while creep life shows 35%
error for  a 5.6 °C (10 °F) error  in gas t empera tu re .

15. High and low rotor  speeds (N2 and N 1) are the most sensi t ive para-
meter in the TEDD Steady State Performance analysis at the sea level static
condition studied.

RECOMMENDATIONS

1. Fur ther  development , test and evaluat ion of a sapphire  l ight  pi pe
turbine inlet  temperature sensor should be pursued to determine the sen-
sor ’s accuracy  and response c h a r a c t e r i s t i c s, and r i g  tes t ing  should be
extended up to the l imi t s  of the probe.

10



2. The real time Ferrograph shouid be further evaluated on running
engines lii -i e st  cell , and wc rk shoule continue ~ri develcp an airborne
unit.

d . A ic r  of possible  l ai i cr s  rn chanisms ~IrO. . Ia be iiru~~sti~ ated fLI t

engine ltn~ stcr ton life diagnostics , incl’id i. n J  cicep, low cycle fatit
ther is 1 ock an-I ~tOS ~n, ~ :eau~ e c~ rrent ar- -dvtieai ~~-rir o-i to-i do n t
prov i~Ic :eif Ii: ~Ci1t 5 curacy for success fu l  ~~Lriu1~~ tli 1 rnaintananct .

4. -Ic ii ! onal ~~~ rat Loll anal yzer raI”tis stiria ~d be done -~- i ii dot - that
t -N o r r ~~t i - i ’n~11 wi t h ess t h a ’~ fl . P X  T~ r - I l J - 1 t j l r t , to r~ eilve th

I . Stlo I i  of I I lit - -L~ t1 Ofl \‘- - ~~5LS ~~1.i:~ -~~~ c - m c i  lcst ;c , t -  u r o v i  L-
Va Le ge a L — g r o s s  eVDoliment r c - s i l~ s.

5. ~~ r u t~~re v i b r a t i o n  analy -~e.r iis~~, 3 blade puss~ go speed p ickup
should be used fo r  the high speed ro to r  and gear box experiment s .

6. Pyrometer development should be continued fo r  use in fu t u r e  eng ia r
Jiagrosti - systems , with careful considerat ion giver : to j iroper ~ i a ~~ernei ’
of the probe h i  new ent ine  de signs so as to inl::l:ri inaccurac~ es due to
reflected radiation.

7. If internally mounted accelerometers are used where the engine bearing
is soft mounted , they should be mounted directly on the bearing.

8. Exponential data smoothing should be considered for incorporatIon in
all future NAPIC diagnostic and general transient -: 1:3 reduction pr000 l- ru

9. Exponential data smoothing should be considered for use in future
diagnostic systems because of its ability to reduce signal noise  ~hile
maintaining adequate response characteristics.

10. A study should be made to determine the ~- its it :~~tv ~t the lia ti I tori
standard m u l t i p l e  fault diagnostic approach to real t Une data.

I ll. Investigation should be made of the H a mI l t o n  St ii:- .I a rd  m u l t i p l e  f a u l t
diagnostic approach as applied to an advanced variable geometry gas
turbine engine to determine the impact of variable ~c-~m etrv on the
analysis complexity, storage requirements , i-I l l  instrumen t tiofl - i - c u r a c v  /

r epea t ab i l i t y  charac te r i s t ics  r e q u i r e m e n t s .

DISCUSSION

A. Hardware 
-

1. Turbine Inlet Temperature Sensor

The ability to directl y measure turbine inlet tonperature would
be a very valuable diagnostic tool as well as being i -a-lu! as control

11
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parameter. i i i  i - P P  Phase  I i  N AE’ T L c- ’ntr -Icted with Tyco Laboratories to
i -vo l  op a i t  rJ l i i i -  i i i  el gas t e IIpt’ ra i e probe based on the concept of
an I I i e - t  o - e t t  immec se -~ i - i t u p i i i  re li ght p 1 - it .  The tip of the sapphire ,
being ~L i t  c s e - i  i~ t ie  hot  -

-
tO , 

- - r t S e S  ~ flc - i ’cS Ceflt  ari d emits l ight  which
i s  t r a n s m i t t~ I r n r o u - .~- - h - -  s a p p h i r e  p I p e  i t i ~e lf to a p~~a tn s e n s o r .  Since
e etnr- ,s t f l  is 1J t ~i t t  y related ~~- i the t e r : n er i t i t  I of the probe tip, it

is a g o t  m d  i - a t  i - c - - i t  t h a t  t o i p1- r a t : r€ - . ~ - l p l : c ir e  ~l2 03) is one of
to f e w  itt  1t - - r i ,j s - i l l  -c used I n  ~he high temperature , oxidizing

t T I tU’ lt IL ill fl 1 I L ~ L - l l t t .  h- -i Iie h s :r : sg t h  and  hardness of the
S L p - ~:~~it  I~ ~ i o o I d  - o u t i t t ~ I - - c- rn - t o  - , :r a t e  at  te-po ratur es up to 1371 °C

i\ -i - u -  - i-o- t’~- ( i - i i i  - i i  wJ:- t t r t i : a :d m d  t e s t e d  In  a bu rne r
a t  t A  - ~~- - unt ~- t  r e s t  i -  g w o s  li i i t e l , and the r ig

I i t ~~~ i ad to P’S ~C (I 3011’!-’) , ~he re: Its s-are encouraging .
- 10 5 I O i ~ I t  I I  t i  it ~- 1tl i r i l O l t  ! i g l - t  w i l l  cc ccnc- i- u t e d  by  the probe
tip t I  O j j , l k ~ o r 1 - - -

~~ 0-; 1 c I a  n r  - - ‘ the re --~ -r :rat r,- was demonstrated , and
- Mile l i t I - t i i :  - - r i ch  ~ :icn l ic~ - it -a was ob t a in , , . Tota l  response time

t i - i -do  u;; reI I - - ; mt a! t h1iii I r~ -o r - p u - s e  of the pr - l t e  ti p it~~olf is good.
Uil ’-i d e iol - p ~- -i ~- t t  e t t , t r t  i s  t u i  tho r - h cr t t ~ in re crenci- 4.

2. ~ ei l - 
~~ !t~~~±L

i i  tn oI v si~ h i s  long been rt- c- -tnl ze ’ ! as an effective method of
10 t - 

-
- fl~~ .~~ I I IO he-11 L I of ~~h, i ra’ oi l w- t t ail parts as -ds wri by the Spec—

t rom , t r U -  t ) i l  Ain i  I SIS I ntr o-- ( SO A P ) .  This appr mc - h r e q u i r e s  pe r iod ic
sarip lin g el the oil , the deliver y of the sample to an analyzer , and the
subseq it- t 1~~ O :-t ing ot the l f l a l \ - s j -  resi~lt~ to th e maintenance personne l

O S p ( - i l i -  t i l e  for t h a t  eng ine .  T h i s  appr at-h has at l ea st tv- ’ d r a w b a c k s :
( 1) sat i t i m l e s  o r -  Ld~ ‘ii -Is a f - ; n k -t i o n  of en g i n e  hours  r a t h e r  than  an
indicat i need or  ,it ;i Ivo i s and , ( 2 ) t i t ’ j im-  e lapsed  -t c ’ t -o n sampling
-and rc-pc -rt i tt c~t the anal v— u s re - - i l  s n il ’1- ex e€-d - ti re -ariallable to
perform eI tot i~~e ~ l-0-!’-Ut l ‘k nili n t ,-n ncc . - ;csl drawbacks ir k- inherant in
any n t - I -- i i l l  t i - - , Ohm — lu I l i l - ne a n a ly s i s  approach .  Chip di- t t’c t r s  are a
real t i m e -, a i r h r i i t - approach curren t ly b e ing  used which  are  l im i t ed  by
the la rg m- particl e size required to indicate an impending (? a l ready

r e s e n t)  i , i i  l u r e .  Atiotle - r real  t im e , -i rh tne approach has been f o r m u l a t e d
by ir utto - - S i t  U - i , Inc . iii iii zinp tIt€ ’i r Fern craiph c o n c e p t .  T i e  Ferrograp h
(Ii gu n -  2~ is a dev i ‘P whl ch preci p it ut s ’a—ignetic part 1::! t O from an oil
sample In i d~-p ‘~~ its t i  ‘ U I  ~~~~ size through the tot - of a variable density
m a g n e t ic  f i e l d .  I t  has been d e t e r m in e d  b y t r--mns— ~~1)ili(- -u t h a t  the progres-
sio n n i  mu i r  g - ~~r and H i r i n g  t i i l u i r ’ mechan~ --rns is dire c tl y related to
t he r a t - o t  J i l t  I t - i s o  a t  t i e  presitn ce of hti r gt - 1 part icles in the oil
( r e t  , - r , -i i  e • F i t - t’erroei aph c o n s e q u e n t  I t ‘pt i c i l  l y n o t - t i r e s  t he  d e n s i ty
of ti n ’ li p / b ?  ed large and sma l l pa r t i c l e s  - m d  I s  t h -r eh ~’ : tp i h l e  of in—
d U at  l ug  the Ilk ’ ,,‘flCC of ;i failure mechani sm , that is an incipient failure.

in ti 1 ,-u i t I s t m i e ~ ni t i- d ils be tw -e nr 2 - t i t i l  Iii microns in ma j r  dimension.

I :~ 
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NAPTC contracted wi th  Tran s—S u i i c s , Inc . under Con t ract  ~~J l r i 4 _ 7 3 _ ! 0~~
to take the Fe-rrograph concept and d : I J e l op  :1 ~- - o t o ty p e  re: l :io ngi
mountable systems for test c~ il evaluation. Referi-~’:o 5 Is tile F in a l
Report concerning this contract.

For r r u n v e n i e n l c e  of operation in a t 1 ’ot  e11 , the P -a l ‘j im- - (RT~
Ferrograph Svs em c- istn of thee-i- units: (1) FT Fe~ ‘1- ~’ra ; -

- ‘“  he
mounted on m r  eng ine  above the n i l  t i n 1-:: ~2)  a tip wh i --h i~ ne risi l ly
m o - i r t e ’ below th€ - - u k ;  and , (3 )  a Coi-tr -~ 

/ ndicat~ ’- d e si - t nn ~ d ta b” me- ott  - i —
on the  w a i l  of the  ac -at  ni l room so th ,  t th e -  ~nd - a ’ 1 n~ may t~~- v i  coed a:id
r ecorded  d i i i  j n g  ru ~~~nc op e r a t 4 on . The- RI I: r’- - r t o ~ ~ cg —-ra t--s by p a s s it : g
f ixed V(’- i If l t ’ i - f ’ h a -  e’~g ine ’s li ’h~ i c a t i n c :  i i  t t t r o u ~ - ’ a -c i p it a t o r  t-~be
located n the f i e l d  of an elec  r m n g n e - t .  ~~ U a oil f l , w —  -, lc- -w lv thorn ; ‘4h
the  tub , - i i ’  ° u , -’ l e ct  - umagr ;-  F ’s fiel d , t h I  wea r u r F t c l c~ a r- a d ‘pos i t ed
on the inside surface of the  tube. The inn ; e p lntic t o~ p rec i p i ’  Ite fir
and the  p a r t i c l e  s’1 ze grades connt inuun~ ly  as a : - actlc-n e’ it t-ante a~ tug

the tube.

In I , r i o r  to irld i l : c r e  the density of p intric ies of a I,c~~e c I e d  siz e, a

light beam is passed across the  t nbi - and t i t e  i t t i - : u t i o n  - I th e ~igh : I ’
measured. The light  is conducted f rom a common lamp ass-- ab ly  to tt iet

positions on the tube by means ef a t r i t i rc a t ed  f i b e r  o p ’i c  h - : : I € - . 1nt’

f i r s t  position is a reference and is  ex te rna l to the  m a g n e t i c  f i e l d .
Light crossing the tube is conducted hr a f i b e r  optic bundle to a r e f - - r o n --
photo resistor. If the  color of the cii changes fr1 —’ l j ht to uark , thi
lamp intensity is automatically increased ~ cu t l ; St  t !~~ intern ~tv ef lich?
reaching the photo resistor remains co ns tt - :t , indep— nden t of eel-c t • icli t
from the same lamp Is also conducted to two other p-~sitions on tF1
precipitation tube by branches of the t r i f u r c a t e d  f i t - er - ‘r ’t ic bundl e .

The second pos i t ion , close to the po int -where ‘he oil  e l : t - a : o  the  mag-
netic field , measures the deposi t  of F i t - l a rger  p a r t i ~~1es. These pa r ho c l - s
typically range from 2 up to 10 microns .  The l igh t  wi lc ” p m sses  up
through the tube is blocked by the presence of the opaqu t- aetal wea r
particles. The fractional area of the t igh t beam which is blocked by
the particles determines the precent---mge change of light intensity which
is measured by one of the sensing phnto resistors in the photo resistor
bank.

The sensing photo resistors are connected t integrated op e rat ionit
amplifiers located in the wall—mounted Contr o l/Indicator . The circui t s
are designed to generate a voltage linearly -ir-aportiona l to the percent
area of the light beam covered by the par ticlis . For medium to low
densities , the particles are deposited in a e ng !e layer and , therelo ne ,
the output voltage is l inearly porportiona l to  the  area of the  p a r t i c l e s
in the field of view. A third light beam is located where sm-tiler
particles , on the order of 0.5 microns are deposited.

1 3  
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At the start of an operating cycle , the pump is energized to circula te
oil from the engine through the oil passages of the Ferrograph, including
a small reservoir of approximately 10cc volume. During this time, an
automatic zero circuit adjusts each of the readout circuits to read zero
as ladle r 1 an the d it - i t a l  d i sp lays .  At the end of the f l u sh ing  cycle ,
~-tu l c h  lasts ap p r o x i m a t e ly  -t u e minute as determined by an internal  timing
circuit , the p ;;;p turn -u o:l, t h e  ven t line drains , and the oil in the
10cc reservoir begins to run  down through the preci pitation tube. The
speed w i th  un ich  the oil I lows through the  tube is determined by a
r e st r i c  tot and by the v i sc os i t y  of the o i l,  If ti i€ - oil viscosi ty is hi gh ,
the particles mi -,~r a t e  throu sh  the o i l  slowly under the inf luence of the
magnetic f i e l u , hut the ,j~ l f~ ows thio ;t i the r e s t r i c t o r  slowly in exactly
the same ratio so that Jie trajectory of the p a r t i c l e s  is nearly cons tan t
and independene of t empera tu re . As the  o i l  hea t s  up ,  the  v iscosi ty
decreases so tha t  the oil f lows more rap idly. However , the particles also
move f a s i e r  so that  the trajectory of the particles remains constant.
Therefore , the p~ rticles are precipitat ed itt app rox ima te ly  the same location
on tnt- prec i p i t a t i on ,  t ube  independent  of t empera tu re .

When dli ot the oil in the reservoir runs out, air passes the
reference poistion causing a sudden increase in the amount of light sensed
by th e reference photo resistor. This serves as a signal to turn the
f l u s h i n g  pump on and the system then au tomat ica l ly  recycles itself. At
normal operating oil temperatures of 121°C (250 °F), the system will
recycle approximately once every 10 minutes. At lower temperatures the
time increases in proportion to the viscosity.

The percent area covered by the particles at the end of each cycle
is proportional to the density of particles having a selected size. During
the flushing cycle the particles which have been precipitated are returned
to the engine ’s oil tank from which they came.

The ability of the engine mountable Ferrograph to detect bearing and
gear failures was evaluated by rig testing. Ten bearing tests were con-
ducted. Bearing failures were generated by loading the bearings such as
to achieve failures in (1) contact fatigue spalling; (2) wear leading to
contact fatigue spalling ; and (3) excessive wear. Tests were also
conducted to simulate various levels of rubbing wear experienced in gear
tooth contact using a test rig called the Geared Roller Test Machine (GRIM).
Data analysis indicated that the Ferrograph is capable of detecting
abnormal wear in each case tested .

Af ter rig testing , the unit was mounted on the TF34 engine to evaluate
its ability to function in a ti-st cell environment. Certain deficiencies
in the uni t  were revealed , the major  ones relating to false readings
obtained as a resul t  of oil aera t ion  and engine v ib ra t ions . Trans—Sonics
made f ixes  to the  un i t  to correct these deficiencies. Further testing
on the  TF34 was aborted because an engine oil leak caused oil seepage in to
the u n i t  and impaired its ability to make accurate readings. As a result ,
no re l iable  da ta  was t aken  d u r i n g  the engine test.
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3. Vibrating Cylinder Pressure Tranducer

a. Description

The vibrating cylinder pressure- transducer (VCPT) is a
relatively new type of transducer having some inherent advantages ovec
other types (reference 6). This diaphragmless pneumatic pressure tra~~ -—
ducer u t i l iz es  na tu ra l  vibration modes of a metal cy linder to generat~
a f—e quency & - tp- :F as a function of applied pneumatic :;reusure. ~ts
natural fr-equency—modulated output makes it immune to noise and drift
to which a mp l it c1e based t ransinicers  are suscept ib le .

The operating principles can be seer. from Figure 3 , where a sim-
plified eke-r h of the VCPT is shown. The vibrating nvlinder is eot~rgi2 

- -

by the driv ine coil e~ ectromagnet. The driving coil, in turn , is driver
by the eleetroric amplifier. The amplifier has a positive feedback loci ,
causing it to he inherentl y unstable and oscillatory . When the VCPT
amplifier is first turned on, electronic noise in the amplifier is
ampl i f i ed  and sent to the drive coil , causing minute , random e>c~ itat it -~

of the vibtating cylinder. The vibrating cylinder will, itt t u r n , oscill-:
at its natural frequency. This oscillation is picked—up by the sensing coil
and transmitted to the amplif ier , where fu r the r  amplif icat ion occurs .
Thus , the osciallation amplItude rapidly builds up un t i l  the limiting
value (set by amp l i f i e r  electronics)  is reached. The ou tpu t  of the
amplifier can be passed through a pulse shaping circuit and monitored on
a counter.  The natural  f requency of the vibrating cylinder is a functior.
of its wall tension. As the app lied pressure changes, the wall t- -nsion
varies , causing the natural frequency to change. In this way, the fre- aen.
output of the transducer is a function of applied pressure.

Two other factors also contribute to the wall tension of the cylinder :
the temperature and the gaseous composition of the app lied pre a-~ure
(reference 7). Temperature variations change the elastic modulus in-i
linear dimensions of the metal cy linder , causing a change in cylinder
f requency.  The e f f e c t s  of tempera ture  can be minimized by using low temp--
era ture  c o e f f i c i e n t  type metal alloys. In addi t ion , this  e f f e c t  can he
eliminated by monitoring the temperature of the cylinder via suitable
sensing elements imbedded inside the t ransducer  to provide proper compen—
sation to output  data . The e f f e c t  of gas composition is due to the
molecular wei ght of the gas species. As the cylinder vibrates near it;
natural frequency, the gas molecules will move with the cylinder wall ,
thereby adding mass to the cylinder. This effect wi ll v . iry  with difici
gas spec ies , being more significant with heavier molecules. This ef i e ct
can be minimized by making the cylinder wall thick. However , this flCct~s-

sitates a design compromise as the increased thickness adversely affects
the sensitivity of the transducer (reference 7).

Unlike conventional transducers , the frequency output of the VCPT is
a non—linear fuction of applied pneumatic pressure . The exact form of
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the  f u n c t i o t u  is a po lynomia l  curve . The coefficients of the polynomial
are determined fo r  e-ich t r ansduce r  th rough  individual  ca l ib ra t ions  and
apply ing computer  curve f i t t i n g  techni ques to the  new calibration data.
The temperature effect can he compencoted by varying the calibration
temperature and obtaining a family of temperature correction curves.

b. Test Results: ~ model PT—OSOS--1D transducer , manufactured
by Hamilton Standard was evaluated at NAP TC during TEDD Phase III. This
transducer is an absolute pressure u°it with a factory calibrated range
of 0—3 5 0 , 000 nov t ons/m 2 (0—50 p510 ’ . A [l pressures were calc-alated by a
v - )lynornial equation and r- °-’ni-ratu re n - a r r e c t~ on cunv e  supp lied b y the

~n u f ac t u re r .  The VCPT was f i rs t  c h e c k &  aga inat  a laboratory  pressure
scandard (-‘-0.07d of reading). ~fter calih:-ation , the transducer was
mounted on a 5—52 t-P~~lflE f o r  endurance  e-t a iu at i o n s . The VCPT was mounted
on the ccunpressor section of the eng ine and measured turbine discharge
pressure through an in—line air filter. During more than 200 hours of
engine t e s t i ng ,  t u e  Vt PT o u t p u t  was mon i to red  and checked against  other
standard  e ng i n e  i n s t r u m e nt a t i n :  measuring the same pressure  s t a t i on .
Finally ,  after the engine tests , the VCPT was again calibrated against
the same laboratory standard to determine any observable shifts in trans-
ducer characteristics. Throughout the entire test program , no adjust—
men ts were made on the VCPT.

During laboratory calibration che ks before (pre—cal) and after
(post—cal) the engine test , the transducer accuracy was determined to be —

better than 0.2% full scale. Shown in Figure 4 is a p lot of percent full
scale d i f fe rence  between the l abora to ry  s t anda rd  and the VCPT , versus
pressure. Referring to the Figure , it can be seen that the VCPT accuracy - 

-
based on manufacturer supplied coefficients is within that of the labora-~
tory standard for pressures up to approximately 240,000 newtons/rn2 (35 psia).
Although the VCPT readings were consistently lower , the lower reading of
the VCPT is probably due to the differences in gas composition between the
manufacturer ’s calibration air supply and that of NAPTC. This effect be-
comes more significant at higher pressures because more gas molecules
fill—up the cy linder volume, thereby adding significant “effective” mass
to the cylinder wall. However, it should he noted from Figure 4 that  the
repeatability of the transducer , even after more than 200 hours of
endurance testing, was well within the uncertainty limit of the laboratory
standard (±0.07% of reading). Thus, if polynomial coefficients were
used fo r  the calibration gas , an accuracy of better than ± 0 .07% would
be obtained .

During engine tests , the VCPT output was checked against an engine
control room gage (±1% full scale) and the N-\PTC computer data acquisi-
tion system (+0.3% full scale). All (calculated) VCPT pressures agreed
to well within the accuracy limit of the two instrumentation systems .

In summary, the following advantages and possible drawbacks relative
to convent ional  d i a p h r a g m — t y p e  t r a n s d u c e r s  can be concl uded f r om NAPTC
evaluations. First the advantages:
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(1) Ease OX operation: There were no cal ibrat ion adjustments
necessary throug hout the eng ine test  program.

(2) Accuracy and stability: Throughout the test, the (cal-
culated) prcs-,uI ci data from the VCPT agreed to well within the accuracy
range of the ~taia1ard engine instrumentation system. The transducer
performed 04 -i a l ly  wei l  at the end ot the p ro gram as in the beginning .
Its eval u~iu e u  u ;t i r a cv  was b e t t e r  than  0 .2 % fu l l  scale and is capable of
better than 0.117% - read ing  if gas composition differences are elimi-
nated or ~ompeo~~—i - ed.

~ ~ep eat~~~~l i ty : The rcneatabiiity oi the t ransducer  was
within the uncertainL~ e; of t h t -  laboratory standard .

Poss io ;e  drawn acks are as folLtws :

(1) Data - nclu&:tion complexity: The need for  polynomial eval-
uations and temperature compensation required the use of a computer for
real—time pressure readouts. However , linearization and temperature
compensation circuits have already been manufactured to provide direct
read—out pressure; this should remove this drawback of the transducer. —

(2) Response Time: The finite “fill” time necessary fo r  the
cylinder volume in the transducer inherently limits its response time.
For examp le, for the 350,000 newton/rn2 (50 psia) VCPT evaluated , the
manufac tu re r  has quoted a rise time of approximately 10 milliseconds.

(3) Sensit ivity to gas composition: For extreme accuracy appli—
cations claimed possible with the VCPT (better than 0.015% of fu l l
scale), the gas composition of the unknown pressure must be similar
to the calibration pressure source. For example, for an aircraft flying
from sea level to high altitude at 25°C (77°F) and meas;iring a pressure
of 350,000 newton/rn2 (50 psia), the accuracy of the VCPT could vary by
as much as 0.037%, using the same calibration. This is due to the
difference in relative humidity between sea level and high altitude.

4. Oil Debris Monitor

As previously d iscussed , the progression of oil system component
(gears and bearings) failures generate large metal particles in the oil.
In some diagnostic system applications it will be most cost effective t o
utilize a relatively small, lightweight , simplified real—time airborne
oil system monitor. The K West Model 0252 debris monitor Is a candidate
for this type of application.

This monitor utilizes a sensing grid woven i n  a unique pattern.
Transparent polyester filaments woich serve as insulators are interwoven
with stainless steel conductor. These elements are locked together
with a third small diameter , stainless steel wire which greatly Improves
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the contact surface when debris is imp inged  on the  g r i d  by the oil flow .
A properietary method of interconnecting each conductive strand of the
screen allows the de tec t ion  of c o n d u ct 4 - -~e debris as it shorts  out
adjacent wire pairs. ?~ solid cone at the downstream end of the screen
deflects oil through the screen. As debris collects along the surface
of the screen, the flow will gradually divert itself to the remaining
open area and thus , randomly distiib tre the debris over the entire area
of the sensor. Any debris that is electrically conductive (both ferrous
and not-i—ferrous) will be detected. The effective reduction of electrical
resistance as buildup ccu - ; is re aci  ou t  on the data system. Figure 5
shows t~-e equivalent cIrcuit.

This unit has been installed on th--e .- lF3 0--P—4 08 engine tests , TEDD
Phases I and II, and on a TY )—H-41 A ~ngine undergoing afterburner
l i g h t i n g  t e s t s .  The unit  was installed in the scavenge oil line fo r
ma in bea r ings  no. 4 , ~ 1/2 , 5 and 6 on the TF3O —P —4 l2A engine for a
to tal  of 65 hours tes t  t ime . There- was  no change in the o u t p u t  r ead ing
during the test .  Analysis of mat e r i a l  tound on the screen a f t e r
comp letion of the test  showed onl y a minu te  q u a n t i t y  of debris (2.0
milligrams) (7 x ioS ounces), consisting mostly of fine grit clay with
a few carbon particles and one long magnetic particle. Thus, no
unsatisfactory operation has been noted with the K West unit during any
of the TEDD phases , but it has not been subjected to an engine problem
situation where its effectiveness could be evaluated.

5. Hot Section Analyzer

An important element in any diagnostic system is the detection
of operational limit exceedances , especially overtemperatures and over—
speeds. When those parameters necessary to check these limit exceedances
are available, additional information about hot section component status
is available. When engine maintenance is to be performed “on—condition ”
rather than at fixed time intervals , it is necessary to utilize this
information to determine the need for hot section inspection or parts
replacement. Howell Instruments has developed a Computer Recorder which
attempts to interpret th is  i n f o r m a t i o n  and p r ;v id c- maintenance guidance.

A Howell Instrument H156A—l5 Computer Recorder (Figure 6) was in-
stalled on a [F30—P—412A engine which was undergoing a 150 hour accele-
rated cyclic endurance test at NAPTC. This unit , also referred to as a
Time Temperature Recorder and Integrator ( T T R I ) ,  has i npu t s  of tu rb ine
inlet temperature (Indirectly measured) and high rotor speed , and prov ides
a cumulative Hot Section Factor Count based on the integrated time—tempera—
t u r e  exposure  and the  hot  s e ct i o n  m e t a l l u r g i c a l  cha rac te r i s t i c s  of the
engine. It also displays Hot Section Factor Time (1015°C (1900°F )  and
above), time above 1177°C (2150 °F), total engine time , and maximum temp-
erature , and has three overternperature flags and one overspeed flag.
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The TF3 O—P—4 12A engine , wi th  113.1 hours since new, was received
from the Navdl A ir Rework Facil i ty , N o r f o l k , Vi rg in ia  (NARF NORVA )
following a coi:t~~~’te engine repair. The t o t a l  engine test  time at NAPTC
was 218.5 hours , of which 150 hours were c~oclic endurance running . Five
d i f f e r -s ot  cyc i - -a w~ re usee durlr~’ the endurance test. Test cycle
profiles were based on the mo~ i f i e d  Q u a l i f i  ~ tion test  of an F4 0l—PW—4 00
eng ine . To - dci  to the s- -v e r it y  of the test , the turbine inlet tempera-
ture was act~ 5st e-’i to oft a in  the maxir t im allowable value of 1177° C
(2 150 °F ) .  i~. de. rcttilt c the a-m,it~~t of distress itt the eng ine hot section ,
three p~- ei o-Jir ho t sec Lion e ~spec tions were made, and at the end at
t Oe test , a c r t n l t  etc engin” srtIo~~n and ar.olytical inspection was per—
fous eci at  NAR i - - td ’A . i~h~ - teSt pr—nn - als woe  reported on hr reference (8).

Th~ Howel l u n i t  was i n s t al l-  ~i sI t t. -r the first 10.5 hours of testing
and ‘ einained in use fo r  the d u r a t i o n  of the test. Readings were recorded
p e r i o d i~~a L L y  and fti ~ n st rument  wac zeroed out after each raading, except
for  engine time , which has no nx terna l  zero ad jus tment .  At the conclusion
of the test , the following totaJ readings were recorded :

Maximum feinperarure i231°C (2248°F)

Engine Hours 234.1

Hot Section Factor Count 241,704 uni ts

Hot Section Factor ‘lime 77. 5 ho urs

Time Over 1177°C (2150 °F) 21.4 hours

Overtemperature Flag A (1177 °C, 10 second delay) had been
tripped on 41 of the 53 readings  taken.

Over tenpera tu re  Flag B (1215°C , 10 second delay), Overtemperature
Flag C (1250°C, 10 second de l ay) ,  and the Overspeed Flag
(103.7 % N2) were not tripped .

It is seen that there was a very large amount of overtemperature
operation , mostly due to the high engine trim setting, but there were
no events extreme enough to tri p the B Flag.

The total engine time recorded (234.1 hours) was higher than the
actual engine opera ting time , during which the unit was installed
(207.6 hours). This problem was unique to this instal lat ion and test
program. The Howell unit counts engine time when the temperature reaches
a prede term ined level , in this case 200°C (392~F) turb ine inlet tempera-
ture , provided power Is on to the unit. During the test, the TF3O—P—4l2A
turbine inlet temperature was still between 290°C (555°F) and 315°C
(600°F) after completion of rundown, and power remained on. Since there
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were approximately 500 starts and shutdowns made, the extra time
amounted to a significant amount. This is not a problem in the field,
where there is no power to the unit when the engine is shut down, nor
did this invalidate any of the other data obtained during this test.

Figure 7 shows a plot of the Hot Section Factor (HSF) count versus
engine time (from Howell Unit). The relative temperature exposure
severity of d i f fe ren t  phases of the test can be seen from the different
rates of increase in HSF count. The times of hot section inspections
are indicated , along with the parts replaced . Reference 8 provides
more details on engine inspection and teardown results. The signif  i—
cance of a HSF count must be determined by correlating it with the nec -i
for maintenance action. This is done by comparing the count level with
actual engine hot section condition orer a large enough sample of engines.
This has not been established for the TF3O—P—412A engine.

In addition to being an indicator of hot section condition, this
type of unit has been found to provide other maintenance benefits when
used on the F—8/J57, revealing the existence of bad trim boxes,
incorrect trim procedure , short throttle rods, incorrectly wired
thermocouple harnesses, etc., and documenting overtemperature experi-
ences (reference 9).

Whatever the overall maintenance benefits of this type of unit, it
is necessarily limited , since it is a single parameter system. Future
hot section diagnostics should take more factors into account , such as
low cycle fatigue, thermal shock, and performance degradation. It is
no ted tha t Howell has developed a more soph istica ted system, called ,
Jet Engine Monitor (JEM), but this has not been fully evaluated yet.

6. Vibration Analyzer

Vibration analysis is an asset to a diagnost..c system. A vib-
ration analyzer coupled with well placed vibration transducers can
provide an indication of mechanical health not avail-able from other
sources as well as provide second source information to confirm other
analysis. The vibration analyzer used in the TEDD program is capable
of examining all areas of an engine, from the gearbox to the main
rotor bearings.

During the running of Phase I and Phase II of the Turbine Engine
Diagnostic Development program, the General Electric engine vibration
analyzer was used and found to give unsatisfactory readings for gear—
gross experiments (reference 2). To determine the reason for these
erroneous readings , the data f rom the TEDD prog ram was rerun and a
detailed analysis was performed on the vibrat ion ana lyzer  in Phase I I I .

The technique used to do gear—gross analysis is shown in the block
diagram of Figure 8. The tachometer signal is conditioned by multi—
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p l Ler—dividers to provide a clock signal for the digital comb filter
and the synchronous detector . lb•~ d i g i t al  comb f i l t e r , a 256 sect ion
re~~i tiOe enhancement  t~~lr e r , e x t r a c t s  the gear mesh f r e q u e n c y  of
iatt- est and i ts a ss oci a te d  h a r t - o i l - s .  If there are gross gear d e f e c t s ,
sues as a worn shaft or beariars or unbalance , the gear nesh frequency
wil l  be o.~tp1~~.u-~~ i s  ~ r t e d  by toe - c i c e  ocr revolu t ion  f r e q u e n c y  of the
gear .  lit  r cs i  t tte , t h t .~ s l~~~~ii W i .  a p i - e a r  as shown to Figure  8b. The
svntcllrt)n -e uj e L o c~~Qr I., t~-ed to ey t r a ct  the  modula t in~’ f requency . In
the s”nc o - ; t c l - ~ - - e ec  t - -- 

, the  gi - it- rtea~ frequer. cy or carrier frr~ uency is
teat - -ed and 00 1.- 7~ -~s’du1a~ ion is id t .  T1a o -~p H . ode of the modulation
is a l  in t l  st ion  (1 gre -c; efec

-citiallv . toe prcolccu with ~ ti - • -g :on  results was thought to be an
uris ~~ t - Ic tacoore t n  s n n a J~ ca tse ~

— ‘  l os  ~nt a n e e  ~s -;peed changes in the
gear cra~ i tue to bar r ash an .~ p1 o- ~ 

- tilt. gear mesh.

i~~is to r sio na l  p l a~ r esul ts  in a frequency modulated tachometer
s ign-  I that creates it  problem I t :  the  analyzer Nv causing rapid phase
shil .s t-h ro tg h~ the m ult i p l i e r— d i v i d e  - cir c u it s .  These c i r c u i t s  have a
aransient  :esp~ nse st i i i i c i en t  to t r i~~k an accele r -~t l - ; g engine;  however ,
they require a~ f i n i t e  amount of time to se t t le  to a phase locked con-
d i t ion .  In or~ er to do gear—gross a s i~ ’ sic , f ive mult i p l i e r  phase—
locked loops a~ e used to condi t ion the t achometer , and it was thought
that  the rapid phase s h i f t s  were p ropaga ted  th roug h the mul t ip l ie rs,
causing the detection circuit to s a t u r a t e.

To analyze the synchronous detector circuit , a signal f rom a func tion
generator was used for  both tachometer  and sensor inputs to insure that
the signal was stable. The multiplier circuits were set to one over one
ra t io  and the signal was traced through the various stages of condition-
ing. it was found that the detector showed modulation on the signal,
while there was none on the input. It was fcnind , at this pOiOt , that
there were some switching incongruities fr -n: the digital comb filter
that were being amplified by the autoc~at i c  gain control  used in the
synchronous detector.

The nature of the digital comb filte r is such that the switching
spikes are evident in the output but can be smoothed out with proper
filtering. The digital comb filter switches the input signal to a
series ot capacitors in sequence and at a r -  te determined by the
multiplier—divider settings. A simplified diagram is shown in Figure
9a and the resultant output in Figure 9b. The transitions between
capacitors is the noise tha t  was being passed t o  the synchronous
filters , generating erroneous gear—gross read ings.

~‘flien this noise was filtered out just betore the automatic gain
control , this produced satisfactory results on the synthetic signal.
The taped data from the TEDD program was then played into the analyzer.
The resul ts are presented in Table 1, along with the original readings
from the Phase II engine test. The first set of readings were taken
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at lower engine speed ~idle) with good correlation obtained for gear
local and much better results for gear—gross experiments. At the
hi gher engine speed (Intermediate), however , gear—gross experiments were
mostly over h al t s .  This problem i.s the result of much more f requency
niodu ’~j t ion  or th e  t achometer  signal , and/or poor communicat ion between
the ob jec t  being analyzed and the accelerometet- .

in addition t~~ the speed si gnal chang ing phase , the gear passage
req It r id ies w i l l  also be f requency  modulated and perhaps add to the

problems 0 0 0 0 t : - t e r o i  ii. the gear gross defects experiments. This
situatiar c m  be a n a l y- t e d  only  with an unmodulated tachometer s ignal.
.tdditional v i t t i - i t  ion ar l : . - a e r  : i i ~~l , air should be done with data that
has a t r e ometer  si gnal wi th  less than .8% modulation to resolve the
questic n of frequency modulation versu.-, lack of communication to provide
valid g e a r — g r o s s  *xper iment  resul ts .

7. Speed Sensor

In an attempt to improve the performance of the vibration
anal yzer  on overall gear defec t  experiments , an investigation was done
on various speed sensing techniques. It is believed that part of the
problem with the gear—gross defects is due to an unsteady tachometer
signal caused by torsional effects and gear meshing tolerances. It
is also possible that the various loads on the gear box are not steadily
applied and m a y  affect the rotation of the tachometer pad . There are
several p laces on an engine where speed data can be collected. These
include a gear box pad , the ro to r  s h a f t  It se l f  in a nose cone p ickup ,
or from a compressor or turbine stage. Below is a presentation of 2
data recorded and evaluated from tach pickups on the gear box, f rom a
gear reduction from the rotor shaft and directly from the shaft. Also
presented is the variation of a calibration signal, recorded and re-
produced , which can be used as an indication of the error introduced
by tape.

% Modulation

‘rach Calibration Signal .2

Shaft Pickup .2

Ni Pickup f rom TF—3 0
(Nose cone gear reduct ion)

Idle .4

In t e rmed ia t e  .6

N2 Pickup from TF—30 (Gearbox)

Idle .8

Intermediate 2.0
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i~t can 0 Se ~it c~~ tne r~ ii- uximat el y 2% jitter on the gear
bo x p i -~~op -~ L U i  51:ee i i . iii is ajno-utt is i n t ol e rab l e  fo r  ~‘ih ra tion

~ i t  .lyzec 1.xeer Lci€ . i t was 0 t oP (ii it variat ic’s to app r o~ in.at ely
i% could oe t u l e i  ~ ti ci o y  the  vj b r  , it i i u an a lyze r .

B ’~ t~~c t~~~~~~~igi i t .  ass Ii .1] y~.ed qualit L I - s t iveiy; however , it is
niouu ~~~r - -  i ,s t~ - - ~l t-~ a— e . en d~~t I con: the cear  r - -i~~ t ion ir .  the

c c i  0f Jic t a i , a . u  wou - d prove t a be sat is  ~.r c t o r v  f o r  the
~~~~~~~~~ .~er .

t~ .L~ 00. - r :  ~1 or 1w. it. - - 1 1 :  i: ion ana~~’ -:- ~ r use , a blade
a ~ ~ he  us.  t - c t :t~ 

h :• -~ s p . P i - 1 - -r ~iid gear oox experiments .

0. 
~~~~ 

t

~~.e solar  rudlat ja0 p r . ~~~r e ~~s used cO fb la .t r ase II pr oduced
:e~ :.t i L ~ 110L r r - q u red ~u r t h e r  .jrr ,-i l c o i a • To- read i ti c- s fr am the pyro—
m e t er s  t o &  peak aol  -~ - r ~~ice peak -~ ed h i-:1:~~r :sl r~ than ca~~c tla ted
gas ~U p C  r a t u r e .  A r t  sc t 1 a - s : op e  ‘w O S  -ad to lc~~k :-  t : t e  0 51

Slb aJ.~ t r ~~iu t h e  . .y i a.  ..er , m d  i t  so - - t e d  that , i~ additron to the
blan e passage signal , spurious spite .- w re seen by the t vrometer.
ASluc I t o  the noise problems , the aperture probe stiuw~ d a decreasing
blade temperature versus time for comparable cng iri e settings , ind icating
a p o o s i  0 S O t  ti~~ c it- .;itiott. When the - .‘r r :net er  was removed , a post
ca i i b i a t -n w a - ~ run  and a degra dation ass  n o t e d .  A t t e m p t s  to clean
the p r o h t~ l t p r e-i i t s  s e n s i t i v i t y  to some e x t e n t .  Upon shipment to
Solar , It -‘ac f und to be inoperative. Solar disassembled the probe
and found that the fiber optics had broken. There was also an oi~.v
deposit in the purge a~ r tube that indicated that possibly the purge
had It eee di r t y . This d id not seem te be a problem with the lens probe.
These pr~ biems , parLi~~u1ar ly the noise in t i e  t alog output signal, are
t h e  ones i nves t igated d u r i n g  th i s  I t -t as e of TEDD.

In 1 seri sm I ig per -r i t e  c r - ,’ ‘a i t h  I) t h o r  .t . a f a a  t u r e r s  ( i t  first primarily
with I ) t t i . t j i t  Diesel Al I soil , I) iv l s l rr of - er a  I M o t o r s , since they
had one of the early prob es ( l ev e l o p e l by  ‘ o l a r ) ,  it was found that
o t h e r s  had sees  the type 01. sier ia l o u t p u t  ob s e rv c i d u r i n g  the TEDD
pr -at-am, in  investcgat ions at o t t  r tacilities , using different in—
s t a I I a t i ~ - i i  l o a t ions , i t  was found Lho t -th e nc-ise could be reduced ,
or eliminated , by sh elding the probe t i - a  the flame. This has been
done by looking at the back side of the blade or radially to the blade
.in i choosing angles such that the prt he canno t rica the flame , either
dirt.s t I  01 th r o u g h  r e f le ct  I n ns .  T t t i s  a p p r c ’t - -h has resulted in the
heti t reduc t i -r i  f sp u r  ions rio f a ’  p a r t  i ul  or i\ on cu ~1nes runni’rg at
current t - t r t Ira- inlet t emp t- rat t o - .

Ano the r  approach  to me;1.su r  t u g  the i t - r I C C  arm peak average blade
t m p e r - i t tit e was i t t  - l i t .’ tb1 - s i t r i t i  t h r o u g h hni qt ier — used for
vibrat b i t  ana l v  i s . Dat was obi - it - a - : fi em A l I ison i i i  looked very
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similar to that seen in the TEDD program. It was played into the
vibration analyzer and processed through the digital comb filter to
extract thai spurious signals. Figure 10 shows scope traces of both
the unconditioned signal and the conditioned signal. It can be seen
that , in general , th e  d i g i ta l  comb filter does a reasonably good job
ot extracting the blade passage frequency. There are some cases,
however , where the i n p ut  electronics were saturated and at these points,
timere is no blade passage frequency to extract.

The data anal/red oy thc vibration analyzer sas not calibrated to
provide tenlperatt.ir1 - i.nform’tion , and i.t was coupled through the
analyzer  such tha t  an overali  t empera tu re  could not be recovered ,
However , s-me of the analyzer ’s detection circuits could be- used to
automatically flag hot blades. The impact index, the ratio of peak to
average signal level , cool-i be used to detect blades , or a blade that
was significantly hotter than the average. Separate circuitry would
be required to provide the overall average blade temperature level.

A second technique that is being developed by Solar and Allison is
to detect the incomming spikes and reject them above a prefixed level,
usually a not—to—exceed gas temperature. This seems to work fairly
well, but was not analyzed at NAPTC. The disadvantage of this system
is that during high temperature running, the signal could conceivably
be rejected more often than it would be measured.

9. Internal Accelerometer

In order to monitor bearing health more accurately than has been
done in the past , it has been recommended that internal accelerometers
should be mounted on the bearings (reference 2). There are some common
problems associated with this task that have been under design con-
sideration for several ‘,ears . These problems are the environmental
restrictions on the acceler~ meter , signal lead routes , and bearing
housing accessibility, which places restrictions on the design.

Accelerometers are relatively new devices , coming into full develop-
ment in the last five to ten years; and have been considered delicate
transducers. The piezoelectric material used as the transduction
element is sensitive to temperature and has an upper limit dependent
on the type of material used. The various housing and lead coupling
techniq ues used in accelerometers are not rugged in construction. Due
to the characteristic of the piezoelectric material , very low level
signals are produced; thus , careful consideration must be given to
the manner in which the signal leads are run.

Current state—of—the—art accelerometers are fairly rugged in that
they can withstand temperatures to 500°C (932°F ) ,  and the leads are
integral to the case so that connections on the accelerometer are not
required . An accelerometer of this type was used for the internal
accelerometer in the TEDD program.
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The sct - t~nh pr obl~’ru for internal accelerometer placement is how to
get the signal to the outside of the engine. If it is assumed that
the engine will he disassembled for repair of other than the accelero—
uo ’er , the signal ieid should not cross engine- boundaries that would
be - e p t  :ited. In some e n g i r r i c  in st .d la t ions  i.e p ssibl e to m -run t
the t o  ‘r lmece~ io a CoOj.e-h i carion , and ti~en it becomes necessary
to iLa P the leads t hrough e- tremely hot see-tIc s. Th ic is not as
serial s pr3bler~i as Is tire ~c.-a1i s-actor ’s os I iat~~~ i ; however , it
must. -to -on’- inc- red.

re  p rrti iiem of limi ted h f  or ~P0 a c ce i c ’ om ete r  ~kes it neces—
sai~ t h i t  i t  i-c ‘ - -c ~ ib i - i  f r - - r n  i s a  ~ i t ~~i ra- c m e . ~~. Several -J si gns have
been a - - - -~~~t ad to p e r m i t  t h i s  ac -~sci~ t l it v .  ‘ae COO-a pr ía to place
the ~one~ eromueter at the bea ri rm - . through a “di 1 stlck ’ approach ; that
I ;, a is . w i t h  the signal ieo~ t nrc - ’a i l  w i t h  ~ t ~ . ‘.d tha t- accelerometer
-it i t s er. , is scr ew ~- - ~ site the count . This r equ i res  a suitable engine
aecig-n, h-s places the accelerometer  u-:-~ lead in a position for
accessibility.

thira i r’nroach , though relat ively straight ~or~ard , runs into
pr oh  1oi ~- ‘when  the a ’t s a l  bec~r ing desi go is considered • In dual rotor
engines and engines of advanced design , some of the hea r ings  Ire
des i gned to be soft mounted. Thus , mounting is affected by a canti—
levered design that permits the hearing an-I bearing housing to float
in the engine ,  the  s o f t  mounted becrir it -is not conducive to an
accessible acceleromet er installation.

This type of bearing mount was used on the TF3O—P—408 rear
bearing (TEDD Phase II). Tire :mccrelecorr :oter was hard par t oted to the
bearing housing and was only accesskh] by removing the exhaust
section and by entry into the sump oil housing.

In general , these problems were the ones consider hy Prm tt &
Whitney when installing internal accelerometers on th€ F40l eng ine.
The bearings in which they were interested were the ~t2 and #3 bearings .
The #3 bear ing is sof t mount ed and a d i p s t i c k  approach  was used for
accelerometer accessibility. It is ti 1 - i  r assessment that the infor-
mat ion  obtained was not per t inent  to t i e  bearin g problems due to lack
of communication between bearing and accelerometer and , therefore, it
has been recoimnended that the accelerometer not is- used in F401
production engines.

B. Software

1. Data Smoothing Techniques

In order to perform accurate and valid diagnostic logic, the
paramete rs  used in the logic must trul y represent the state of the
engine. Evaluation of the “truthfulness ” of a sensed parameter must
ccnsider the accuracy, repeatab ility and time response of the sensed
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parameter relative to LIle acria t state of trae parameter . Accuracy ,
repea tab i l i ty  and time response are parformance characteristics of a
sensor which may become invoLved in a system effectiveness trade—off;
that is, st.rrae rs with the best performance may be large , expensive , or
delica ta  - .lC ir tha t  their  usefu lness  in an a i rborne d iagnost ic  system is
liraited . Therefore , it will  be n ec e sr . i : .  at  t imes to s a c r i f i c e  sensor
per formance  fo~ sy st em s u i t a b i l i ty .  Howe ;er , it ri-m y be possible to
“buy back ” tb -  can r i  l, oc sensor perf -r rn - . :e by app ly ing  s o f t w a r e  tech—
squ. s des~~- -mo d to optimize the perf~ r rci -a - e. I n  is obvious that  nothing
c-’lim be done to imp r ~o :nc- .cc r t a c - ~

- of a g s-;en sensor , b u t  s o f t w a r e
t r-o ~ini q r t a r ~~~h~~.h p er r o rm da ta  v a l l a i t - , - t e s t s  ( i . e . ,  iden t i f y fa i led
censors -.~ i~i sigrirti diii t) can be ust.~d cc  icr. I r t a in  th e  h ighes t  possible
iccuracv. Li~ -.-w.cse , it is i crri.-cssible is- imntrove the time response of a
given so -s, hoc software techniques can be - sed to minimize the time
response dist ration i-cherant in Sta tiC ci - mer, -.- ;tic logic applications.
irriprove m c r r t  in -sotc-t-rte r repeato—i.Lits can be directly addressed by
app l i cat ioc  of ~~t:a s m o o r i r i n a .  aor ’:war e  t echn i ques , and the fo l lowing
d i s c u s s io n  addresses tii0 ‘i r D Phase Ill efLort cc. this scb~ ect.  A
thorough , c r a th em a t i a n i  d . i e a r s a l o ’c  of t.niS e f f o r t  I .  p resen ted  in
A p p e - t m ! i x  A.

In order to evaluate the effectiv e-re-ca of data smoothing techniques ,
the software performance goals or criteria must be defined. The following
cr i t e r i a  were developed and used in th i s  st u dy :

a .  Storage Required:  This is concerned wi th  how much data
s ter n s - - is required to perform the va r iou s  s r - it o th ing  techniques and also
how much storage the t e c h n i q u e  i t se l f  wi l l  or  c opy . Obviously,  the less
storage required the better.

b.  A b i l i t y  to Adjust Rates of Response: The nautre of TEDD
data  is such that i t  is not known w h e t h e r  the next  data sample will  have
a similar magnitude as the last , or represent a radical char.ge. This
charac te r i s t i c  d ic ta tes  t h a t  the t echn iques  must be able to assign weights
to the data depending on certain engine pa ramete r  rates of change . How
well the techniques can do this is an impor t an t  c r i t e r i a .

a . Simpl ic i ty  of C o m p u t a t i o n :  Since t ime u l t i r c c r t e  app l i ca t ion  of
TEDD programming is a real  time s i t u a t i o n  in ‘w h i c h  the computations are
repeated wi th  each new data scan , and s i t c o  applied smooth ing  will  be
essential lv an it e r a t i v e  processs , the amount  of into spent smoothing is
critical. Those t echn iques  t h a t  emp loy f e w e r  mathematical steps and can
work e f f e c t i v e l y  on less da ta  wi l l  be of hi gh i n t e r e s t .  Not only will
less morn-s r - be st - i , b u t  they w i l l  also be

d. R er-j- rse: This rt j t n - r j ,i app lies mainly to transient con-
ditions. Due to mode detection techni ques , little distortion of rites
of change of c er t a in  key p a r am e t e r s  can he tHerit ci. The t r adeo f f  here
is to get  the t r u e  ra te  of change of the  p a r a m e t e r  by smoothing  out noise
but  not  to the  ex t en t  of d i s t o r t i n g  the t r u e  event .
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e. Accuracy and Noise Reduction: This criteria is used to
compare how well the smoothed data c- r pares to the model of the true
event. Standard deviation defined as the treasure of how much the data
car ies  fr o m  the mean of the  s a m p L e , w i l l  be .n e - I  to jud ge th i s  c r i t e r ia .

Two e -e - :hn i - 1 cr . .-s of data -maotl in;5 were :a~ , m t e d  in t h i s  s tudy ,
namely moving i v L i n g ~ anu  ..xpone: rtiai averagir~,. The movi-.i g average
techni 4ue cs one  of the  riletneas chosen fur ev-iLuallcn since it was used
p rcv a r s l v  dun n. - I ’ha r e  II and , a L c l r o r a ~ h it had ~-ame drawbacks , was
fa ir ~ v succes-~iut ‘nd rutitO enough to warrant t . r th er  ~a vo s t i~ ation .
Simp l y s - i t o - i , the  ma - ing  a ‘si -ga technique calculates the - -verage of the
las L d ‘ r a in -o s UI a g n v ~ r p-s ~~ :i t e r~~~~~~ t : r t rn i :wi ze s to - sin of the squares
o f the  d i f t  c r-ra ces  5e-tr,: e--a i the N rc- ~~t r o e - en . o : r r - ,c -r va~ i ons  one t~te best
guess t a r  t h at  average. i tU s irc~- l i ~~i t  of  e o m p u t n t i - n  f o r  t h i n  method is
an obvious p lu s  in TLDD op e r a t i n g  -sn ’. - t r o r m m e n c .  He value that is picked
fo r  N , the number of ,jtc p o i n t s  to he included in each average , will not
be the same f i r  all d a t a .  A ~,. ulL value oi N is u s e f u l  fo r  e l iminat ing
small variat ions in LILO d a t - i , but  is r e l at iv e l~ i nef f e c t i v e  fo r  large
variations. Converse ly ,  if  too l .ir ~~e a c i i r m ~ o f N is  s eL e ct e d , there is
the problem of excessive smut s  t i n,  , t l i e r e h c  i grio r~~ng some of the t rue  event .

An inherent problem in ap~~t y i n g  t h i s  ro - a t r i od  i s  the  lack of data f o r
in i t ia l  conditions since there are- no pr -via,. - d a t a  points  to use in corn—
puting the initial average. Extra weight ~- il ~ ‘-c given to the initial
data points until N readings are obtained.

Exponential smoothing is a method e-f e s t i m a t i n g  each new data point
in a time series by letting the new smoothed value be equal to a f r ac t ion
(1 — a) of the previous smoothed value , plus a f r a c t i o n  (a) of the new
data po in t ,  a is def ined  as the wei~r h t  g iven to the new data point .
This method of smoothing is simple to compute and has the advantage of
small amounts of data storage . Only two words of ste -rage  are required
for  each parameter instead of the N words requ i red  by the moving average
technique . Another advantage is its flexibility because only a needs to
be varied to change the rate response. When a is small, the method gives
little weight to the new data , which is good for smoothing random noise
in a steady stage condition. A large a will weight  the new data heavily
so it responds to rapid changes in the time series, wh ich is necessary
for tracking transients.

The data used in this study was stored on magnetic tape during TEDD
Phase I I  TF3O—P—4 0 8 engine tes t ing .  TF3O—P—4 12 data f rom a NAPTC Fleet
Service Test Program was also used . The parameters which were used in
the study are power lever angle (PLA) , hi gh pressure  spool rotor speed
(N2 ) and burner  pressure (Pb ) .  The values of N f o r  the moving average
technique were 1, 2 , 3 , ... 10, and fo r  a in the  exponential averaging
technique , the values were .1 ‘~~. The de t a i l ed , mathematical
resul ts  of the stud y appear in Appendix  A. The fol lowing summarizes the
r e su l t s .
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When comparing the two methods  of smoothing with the cr i ter ia
developed earlier , it is obvious the exponential smoothing technique is
better suited to TEDD applications than the moving average. The fol-
lowing :tt m rt shows the comparison.

Exponen tial
Cr i te r ia  Moving Average Smoothing

Storage Require- -i N x (# of pa ramete rs )  2 words for  each
parameter

-.hility to adjust Programming more easy to implement
r a t e  of response comp lica t ed

Simp licity of More instructions Fewer instructions ;
computat ion to implement t he re fo re  fas te r

Response O . K .  for  proper N Always better
for tested range

Accuracy and . Always betterO. K . f o r  p roper  N
noise reduction for  tested range

To apply the exponential smoothing to TEDD data , it is necessary to
have pre—defined separate ci ’s fo r  s teady s t a t e  and t rans ients, depending
on response and accuracy desired for each parameter. Upon deciding which
mode is curren t, the appropriate —m is applied to the data. Programming
details such as initial conditions cannot be overlooked when switching
a during a transient.

2. Multiple Fault Gas Path Analysis

In a diagnostic system the gas path analysis element (GPA) is the
portion of the logic which addresses the aerothermal performance of the
engine components. GPA quantitatively determine changes in some or all
of the following : Compressor and tu rb ine  e f f i c i e n c i e s, changes in
turbine and exhaust  nozzle areas , bleed and power extract ions, and
changes in compressor pumping capacity. When one of the goals of a
diagnostic system is to improve maintenance through the use of “on—
condition” maintenance rather than maintenance at fixed time intervals ,
GPA provides the “condition” of the engine components which is information
not available through visual or other inspection techniques.

A number of GPA techniques exist covering a wide range of capability
and complexity. Once a CPA technique has been verified to perform as
intended , it is possible to evaluate the technique in terms of capability
and complexity . The capability of a technique includes its flexibility ,
qualitative performance and quantitative performance. Flexibility addres—
ses the ability of the technique to detect t i r , -  types of gas path faults
that the particular engine to be diagnosed exhibits. Flexibilit y also
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considers the measured parameter requirements (are they measurable? ) as
well as the ability of the technique to detect erroneous input  para—
n-one r s  and to f u n c t i o n  ( f u l l y  or p a r t i a l ly)  with our  t h a t  paramete r .
Q u a l i tat i v e  performance a d d r e- se s  the GPA technique ’s ab i l i ty  to
ident if y the physical f a u l t  ( d i r t y  compressor , eroded turbine, etc.)
responsible f o r  the de tected  change in gas pa th  per formance . An import-
ant  cons id e ra t ion  is the techni que ’s ab i l i ty  to i d e n t i f-  r - - r l t i p l e
s imul tanec r. ; as well Ira s ingle  f a u l t s .  )u al t it a ti ’e n e r f e r m a n c e  is the
GPA te:LcJ--t ue- ’s abi lt y  to e - i i c o ~.ate- the ic-rd of component deteriora-
tion. and t i c  ~rr ci siu at chat c.~ic i~~tion. The comp ic~ itv of a CPA
toU hitiqtle cu--u lves at t o a s t  three elc n’ Tics; ack gro ri:td or d- ’ . e lcpm ent
req I - e r i c l i t O , co mp u t a : i - . -r rn i requir  - -rn ~a nt s , and c o m p u t - - r  s t o ru g e  re uir e—
l e - a L S .  Tao backgroun d or devel .:e~~t requi’-ements effec t the lead time
r v q r l i l e r c r e n c ;  f o r  system development and/or  rr c l i f ica t i . un  as- -~~~ l as costs,
Comput a t iona l  compl~ x i t v  considers t h e -  type  and number of calculations
required by the techni’1 me . Min imisint the computational requirements
optimizes the speed o~T the technique , which is particularly critical when
CPA is to be p -r r f o r r n e d  a i r b o r n e .  - om g ! t e r  s to rage  requi rements  addresses
the techni que ’s input  par~ m e t o r  S t O t - i  - - - , storage of tb-n c. - t i t a t i o n  coding ,
storage of cons tants  and c o e f f i c i e n t s  associated w i t h  the  t e on n i q u e , and
output  data s torage.  For an a i rborne  app l i ca t ion , the computer storage
requirements  are likely to be a l im i t i-g  f a c t o r .

In TEDD Phase- 11 and III , two approaches  to GPA have been examined .
In Phase Ii , an in—house CPA techni que was developed us ing a f au l t
signature recognition approach , described itt Reference 2. In Phase III ,
a GPA technique developed by Hamil ton S t andard  Division of Uni ted Tech—
nologies Corporation known as It arrimet o Interrelationshi ps was eval ua ted
using Phase II TF3O—P—408 data. Tim e f i n a l  repor t  by Hamilton Standard
(Reference 10) completely describe- c the  Farameter  In te r re la t ionsh ips
methodology and the results using TEDD Phase It data . Appendix B of
this r epo r t  summarizes the methodology and r e s u l t s .  The f o l l o w i n g  char t  4-
compares the two methods.

C R I T E R I A  TERD PHAS E 0 risH .. J  PARANFT r N T E R R F r A c : a N s H r r -

A. Ca pability

e x U l t ’, Paul nelec tin . l imIt ed cOO b Ib e - r~~— Fa,,l, se l e c t io n  Ii~ it ed by p.r.—
l h t l l t v  of the v c1 e deck - - R equires m e t - v  seie ctlo n—i nvol v e, trade—
only norm. ! me,,urahie parameter’- . flete ct - - t t . In .trum ent ,tlon ‘a llure
¶ , t, - n n- n t ,tion t a l h r p . n v nt e n  In oper a tiv e . - t v t n e s . e d  IC thi. ph....

2 1  ‘iu.lit ,tt ’’ t . ~~ - . 1  iv . Pr - v t  v - - of  • ‘ 1  - e  t o - i t  - , r , h i i i t s .
Pe rfo r san e -r v h , P l ,  fault S .

0 - or’ it.tine COmpote . .ingIe faul t level .n,l a t i e  ComputeS a fas l t  level for ,.
i r r t - r a a o . , - f a c tor p veni h le fa ul t

it -

(II Ro-  . - . - - E,te,.Ioe cycl e c k m et , i.e - ~~e- l First t ime c t  met -v ent en si n e .
by eng ’hv data m an ip u l a tion. - . -m r - r e t o d  .nd reu cable.

2 to Ip t x ’ t  M u l t i p l e  mat ri , -p e rc y - -n c . i n t e n s i v e  In. motr i .  ,ultipllc.t ion.
c aiculat lone .

t ’ - r a xc rhv ,.and. 1 .- 1, of c n e f f t c i e n  1 .1cr— - r c  ‘ cc a thcu ,,nd word . — stor-
age — . ‘ - g ’ t -  program - ‘ d l - - .. -a  and o r ,nunt g c omb ined.
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Whatever form it may take, any engine diagnostic system must rely
on discernable changes in observable parameters in order to detect
physical faults. Physical faults in an engine are in general some corn—
bination of problems such as erosion , corrosion , foreign object damage
(F.0.D.), worn seal s, etc. Although the physical faults result in
changes in observable parameters  such as rotational speeds , temperatures ,
pressures, etc.. it is more fundamental to consider the physical faults
as causing charges in engine component performance parameters such as
component efficiencies , tctaine and exhaust nozzle areas, compressor
pumping capacities , etc., m d  that these chan~ es, in turn , result in dis-
cernible changes in the measurable engine parameters. If proper equa-
tions ran be established relating the dependent crigine variables (measur— —

abie quantities) to the generally nonmeasurable independent component
performance var iab les , then  an inverted set of r e l a t ion sh i ps can be
obtained relating the Independent variables to the dependent variables.
This could then form the basis of an engine diagnostic system which would
have the capability of detecting multiple faults as well as the magnitude
and direct ion of the f a u l t,  a

This is the basic technique employed by Hamilton Standard in their
eng ine diagnostic system. The major obstacle in employing such a diag-
nostic scheme is in establishing the proper relationships that exist
between the dependent and independent eng ine variables.  Two different
approaches were used to establ ish these relat ionships.  before  discussing
these approaches, it is appropriate , at  this time, to define two terms
which will be used frequently. The first t e rm  is “delta ” ( A ) .  In
everything that follows, the term “del ta ” w i l l  be taken to mean the percent
of point d i f fe rence  in a p a r t i c u l a r  v a r i a b l e  re la t ive  to i ts  nominal or
baseline value. All ~~~~ are dimensionless quantities whose value for any
variable does not depend on the un i t s  used to measure the variable. The
second term is “fault coefficient”. This is lu s t  the percent  change in
a dependent variable per unit percent chat ‘~‘a in an independent  variable.
Note that  since the de l t a s  are d imensionle~~., , the  f a u l t  c o e t fic i e n t  is
also dimensionless.

Two methods were used in this  s tud y to ca lcula te  the required f au l t
coef f ic ien ts .  The f i r s t  method used an e l abo rat e  gas path analysis of
the engine developed by Hamil ton S t anda rd  and is p r i m a r i l y  theoretical in
nature.  The second method is empirical  and used available baseline test
data as well as engine test data obtained with known changes made to the
baseline conf igura t ion .

As shown in re fe rence  11 a general inf luence  c o e f f i c i e n t  ma t r ix  can
be derived for any particular gas turbine cycle. This matrix represents
a set of linearized equations which interrelates the various dependent
and independent engine per formance  parameters .  Since the book was written ,
extensive r e f inemen t s  and mod i f i c a t i ons  were made to improve the precision
of the coef f ic ien t s  and to extend the approach to twin spool turbofan and
other type engines. Each of the coefficients is derived by proper mani—
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pulation of the differential fort s of the basic thermodynamic equations
for each en gin e  type0 Factors such as component efficiency variations ;
specif ic  shapes of the component performance maps; engine power balance;
conservat ion of mass , energy , and momentum ; variable specific heat effects;
nozzle unchokinc e f f e c t s , e t c . ,  are taken InCa account .  For the actual
TF i O— P—4 0 8 engine used in the t e st , suc h -

- :ails as component efficiency
variations , s p e c i f i c  - Ii , , m tms of c o m p a t r e n t  cr 1  - rmance  maps , e t c . ,  were not
available .  ,ndgetient numbers ba sed on - a x p e r i c r -m cc and the model specifica-
tion f ar  th~ ’; t - n w l r L e  or e  used ta ahtaii the t h e o r e t i c a l  fault coefficients.

An a i t e - i n  i r e  ap~~r on ch  ls~~r a p a : L  i l e n r j i m e  data  supplied by NAPTC is
aV d l J  .~~-ie  t~~c e a l c u t a t  ~ng t u e f 0~~~c c o e ft  . ci e i t s .  0his  method is
empirical - i r d  makes use 01 non t o r i i’s e l inc  eng ine data as well as steady
s ta te  eng ine t i a ta  w i t h  de l ibe rate  p e r t t t r ’ .-ri t I arts of known amounts in t ro—
duced ind:\idually . r ronm t es t  d a t - u  wht- ’ ’ all independent variables are
held fixeo excep t one , the resulting delta of any measurable dependent
variable is a result f the one Known p e r t u r b a t i o n .  In empirically
determining the 1~t u I.t c o e f f ic i e n i t  , i t  has been t ac i t l y  assumed that
independent  component perfc - r tmt ;c e  p a r a m e t e r s  such as component e f f ic ienc ies,
tu rb ine  nozzle  area , et c . ,  did not  irrrle p -nde:.tly change during the tes t .
In o the r  words , the only p e r t u r b a t i o ns  were exhaust nozzle area changes
and varying the three compressor bleerla . it follows, therefore, that
onl y the  f a u l t  c o e f f i c i e n t s  wi th  r sp ect  to these four  disturbances can
be computed emp i r i ca l l y .

Once the numerical values for the l ault coefficients have been deter—
mined , ap p lying them to engine diagnostic’s is relatively straightforward.
In general , if n faults are to be computed , (n + 1) measurements are
required. One measurement serves as the abscissa against which n deviations
from baseline values are obtained. If the column vector x represents the
set of n sought after deltas (such as crmanges in component efficiencies,
bleed flows, geometries , etc.) and t t ~e column vector mj is the set of n
delta measurements- , then they are related b\’ an nxn m~T’rix of fault
coeff icients Fj as:

Eq. 1 = Fj~

A subscript i is attached to rn and F to emphasize that , in general,
there may be more than one set of sensor measurements which can be used
to diagnose a given set of faults. If the measurement deltas bear a
meaningful relationship to the sought after deltas , then Fi in Eq. 1
will  have an Inverse and we can solve Eq.  1 for  x to ob ta in :

Eq. 2 x = (F 1 — 1) ~~ = F j~~ ~ j

The eva lua t ion  of Parameter  I n t e r r e lat i o n s h ips approach using the
Phase II  data shows t ha t  the approach is capable of identif ying the
presence of f au l t s , s ingly and mult i ply.  The computed fau l t  levels
general ly agree q u i t e  well with the known implanted  f a u l t  level.  Com-
plete results appear in Appendix B.

31

‘----—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



NAPTC—PE—88

3. Diagnostics on Variable Geometry Engines

The need for  the capability to simulate the performance of a gas
turbine engine with variable geometry arose from the consideration of —

gas path amalysis as one element of a diagnostic package f or a 1980—85
a i rc ra f t .  During the per iod f rom January 1974 through March 1975 , a
variable geometry engine cycle deck was developed at NAPTC. The specific
gas turbine cycle simulated by this deck is a two—spooi, T—f an2, mixed—
f low t u r b o f a n  wi th  a f t e r b u r n i n g . In addi t ion , this cycle deck allows for
variable area high and low pressure  turbine  (HPT and LPT) nozzles and
variable exhaust nozzle (AS) area.

Basically , this  cycle deck consists of the thermodynamic equations
of a two—spool, mixed—f low turbofan. These equations account for flow
continuity, energy balance, speed matching, and pressure balance. In
addition, the program is required to sat isf y the requested HPT , LPT , and
A—8 areas . The thermodynamic properties of air are obtained f rom GASTAB ,
which is a computerized gas table.

This cycle deck has been wr i t t en  as a design or Parametric deck, so
that any eng ine in the two—spool , T—f an , mixed—flow turbofan  catagory
can be simulated . To simulate a particular engine, the engine desi gn
point information must be provided to the program , operating in the
Design Mode.

Operating in its Normal Mode , the program accepts inputs, such as
altitude and Mach number , horsepower and bleec~ air extraction, changes in
component performance, changes in HPT, LPT, and exhaust nozzle areas, and
rating code (ZRC), which is the power level input. The program can be
operated to generate a single data point  or to generate a “power series”
at the given input conditions .

The data generated by this cycle deck is output  to the line pr in ter
and/or magnetic tape. Several output formats are available to provide
f lex ib i l i ty .

Some of the features of this program which make it flexible are as
follows . Each compressor and turb ine  is individually represented by per—
formance maps. The compressor maps a re ;  (a) r e fe r red  speed as a funct ion
of pressure ratio and referred flow and , (b) e f f i c i e n c y  as a func tion of
pressure ra t io  and re fe r red  f low . The turbine maps are: (a) flow para-
meter as a function of pressure ratio and referred speed and , (b) effi-
ciency as a function of velocity ratio and corrected work. These are
stored as percentages of design so tha t  the same maps can be used for
many engines. Pressure drops are not considered to be cons tan t .  The fan
duct , burner , d i f f u s e r , mixer , and a f t e r b u r n e r  f r i c t i on  pressure drops are

2T—f an implies fan and low pressure compressor on low spool
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computed as a f u n c t i o n  of the r e f e r r e d  f low and the  design value of the
pressure drop,  p r o v i d in g  more r ea l i s t i c  c a l c u l at i o n s .  Also , the  a f t e r -
burner momentum pressc.r e  loss is computed as a f u n - t i c t -  c-f afterburner
Mach number and t empera tu re  r i o - . Wherever p as s ib l e , the program coding
was organ i zed into bul l  tug blocks , that  is a ;- d b r o u t i n I - for a compressor ,
a burner , a t u rb ine  vane , a t u r b i n e  blade , et~~. T h is  has been done to
f a c i l i t a t e  cons t rue  r i on  01 o ther  engine cy c le s  without uip U- - ate effort.
Another op~ ion w i t i ca  th i s  p r - - g ain iti~,-r ’ i ves  t l t c  number of t - irb in e stages .
Both the hi g l - m d  i~~., pressure ~ur hi’~e~ 

o
~ i~~e the option of being single

or two—stage components m acpen I. n t ’ ” .

Once data  has beer u~r i t t e n . ‘n n r t - t n c ’ r i c  t r i p e , there ar e  a number of
wa-- s to retrieve desired information. tme  - p t ion  is to l i s t  all runs on
tape. It is also p osoi~t l e  t - o u t p u t  a chosen  run or sat  of runs in any
of the data c-u t pu t  f o r i t s i ’  S.

Another tape feature whiLh is - i~’n i 1 , ~ble is ca iled  Tape Edit .  This
allows ou tpu t  of up to t~igti t s t - - n - I  :a laos ( i npu t s  a n d/ o r  ou tpu t s )  fo r
all or any se lected group  of runs . The “edi t .  - t g ” is accomplished by
disqualif y ing  runs which do r n - C  s a t i s fy  t h e  ed i t i n g  cr i ter ia , and any
stored value may be used as an e d i t i n g  c r i t e r i a.  Each edi t ing cr i ter ia
must be assigned a minium and ;ia~:imum -j a lue .

The bu i ld ing  block approach to the coding of this deck allows for
the creation of other gas tu rb ine  cycles  wi th  a minimum e f f o r t .  All
of the programming required for input/output and program control will
remain essentially unchanged. The peripheral capabilities are independent
of the cycle and are t h e r e f o r e , avai lable  f o r  use on any cycle.

Tht ~ cycles which are planned to he developed in the i mmediate f u tu re
are the (a) two—spool , unmixed turbofan with duct burning and/or after—
burn ing ,  (b) two—spool , mixed turbofan w i t h  a f t e r b u r n i ng ,  (c) two—spool ,
regenerative turboshaft with a f r ee [‘ l w - u  turi-ine and , (d) nigh bypass
r a t io  t u r b o f a n .

Variable geometry data f r o m  t h i s  cy c l e  deck was supplied to Hamilton
Standard  Divis ion , Uni t ed  T e c h n o l o g ies  Corpo ra t i on  for  stud y using the
p - l r ame te r  i n t e r r e l a t ion s h i p s  method of gas  p a t h  ana lys i s.

This  da ta  r ep re sen t s  an engine whose geomet ry  schedules  are desi gned
f o r  ‘) , 144 me te r s  (30 ,000 f t . ) ,  Mach 0.8 Cruise condit ion because the
cruise condition is an appropriate choice for steady state gas path
analysis. [I t o  r r i ’o m e t r y  schedules were selected to p rov ide  instal led
performance gains. This Is accomplished by maintaining the inlet design
airflow while reducing thrust it ‘-hereby reducing or eliminating spillage
drag) and by opening the exhaust. iozzle to reduce boattail losses (aft
end losses). Additionally, maintaining ,t - ,-erali compression ratio tends to
minimize un ins ta l l ed  TSFC. A complete des c r i p t i o n  of this  data and a
more thorough d iscussion of the cycle deck itself appears as Appendix C.
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4. TEDD Sensitivi ty Study

In developing an engine diagnostic system, sensitivity studies
are necessary to determine which engine parameters are most responsive
to changes In eng ine condition caused by various faults; and therefore,
should be used In the diagnosis of these faults. In addition , the
measurement accuracy of these parameters , required to detect g iven
minimum fau l t  levels , must be determined . Sensitivity studies can take
various forms and the results expressed in different ways. They are
needed to establish monitoring parameter requirements fo r  engine thermo-
dynamic performance analysis, hut are also done on various eng ine sub-
systems. Some examples of sensitivity studies are given in Reference 12
which describes the development of a methodology to identify thermodynamic
performance monitoring parameters and their sensitivities , and also gives
the results of two computer studies run on engine lube system models to
determine the relative sensitivity of lube system parameters to failure!
deterioration of various lube system components. The Hamilton Standard
approach to multiple fault diagnostics also provides a direct measure of
system sensitivity (Appendix A of Reference 11).

When the TEDD Phase II steady—stage performance analysis program was
developed , the relative sensitivity of each of 23 elements (pairs of
corrected performance parameters) was identified, and this information was
used in setting up the Directional Analysis and Quantitative Analysis
(calculated fault level and Confidence Factor) parts of the program
(Reference 2). During TEDD Phase III, a system sensitivity study was
conducted on the TEDD program to determine the effects of parameter errors
on the diagnostic capabilities of the system and to get an indication of
the measurement accuracies required. The results of this study are
presented in Appendix D.
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TABLE I NAPTC — PE—88

Vibration Experiments Listing and Results

Note: All readings under 50 percent are considered valid.

Experiment Class: Gear/Pump/Accessory Drive - Local Defects
Funct ion SW - Local

Reading Percent
Exp er iment  S~ nsor Idle I n t e rm e d i at e

No. No. 
~~~ 

Erie

1 t o w e r  Thaft Gears (9) , (20) 1 13 8 10 20
2 ear s  ( 2 1 ) ,  ( 22 )  1 16 6 18 20
3 e ar s  ~2 ’ -’) , (2 3I , (35) 1 1.7 6 20 20
4 [‘lIP r ive  Gear (37 )  1 21 8 22 20
5 I ll’ r i v e  Gear (23) 2 20 10 22 20

fl~~ j 35 footh 2 20 10 26 18
- - S t a r t e i  dr ive  (28) 1 15 8 21 20
8 - e a rs ( 2 4 A ~ , (24B) , (24C) 2 21 8 17 25

lIe-air  Dr ive  Gear (25)  2 2 1. 10 19 24
10 ‘- n e l  Pump Drive (29) 1 19 10 19 20
1.1 Fue l  Pump (41) 1 21 6 20 20
12 Fuel  Pump (42) 1 16 8 25 20
13 G - ~~rs ( 30A) , (30B) 1. 17 8 16 20
14 Main Oil Pump Drive (31) 1 22 6 23 20
15 N2 Tach Drive (32) 1 21 6 20 20
16 Fuel Boost Drive (26) 2 19 10 19 10
17 - 24 Unassigned

Experiment [‘lass: Gear/Pump Support Bearing - Overall Defects
F u n c t i o n  SI~ — Gross

25 S h a f t  A - f~ ( 9 1  and SB 1 99 22 99 24
26 :Th a l t  .\ — C (20)  and SB 1 52 20 77 24
27 - l taft B — C (21) and SB - 1 34 20 90 24
28 S h a l t  B - C (2 2) and SB 1 31 40 33 65
29 Sh- . it  C - C (23) and SB 2 99 40 71 80
30 S n a r L  C - CSD 3~ and SB 2 77 99 44 80
31. Sh a f t  W - CSD 3a 2 59 99 99 70
32 Shatt D - C (24A) and SB 2 99 45 99 95
3i Sha it D - C (24B) 2 99 60 65 9q
34 ; h alt  D - C (24C) and SB 2 99 99 99 99
3 Shaft E - 0 (25) and SB 2 99 20 99 95
36 -~h a f t  C - C (27A) and SB 1 14 40 31 80
37 S h a f t  El — C ( 2 7 B )  1 28 65 23 99
38 Shaft H - C (35) and SB 1 65 95 85 99
39 S h a f t  J — C (37) and SB 1 99 90 99 99
40 S h a f t  J , K - UHP , LPH 1 98 99 99 99
61 - d a f t  L — C (28) and SB 1 22 30 50 80
42 S h a f t  M — C (29) and SB 1 77 40 99 99
43 Sh a f t  M - FPG (40) 1. 89 90 84 99
6 1  S h a f t  Ml — FPG (40) 1 99 99 90 99
45 I t a f t  P - FPB (41) 1 99 99 99 99

- i a ~~t Q - FPG (42) 1. 99 99 84 99
47 Shaft R — C (30A) 1 32 40 19 99
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FIGURE 3: VIBRATING CYLINDER PRESSURE TRANSDUCER SCHEMATIC
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FIGURE 4 :  PtOT OF F [ ’R i [ ’N f  L’LL SCA~~ DIFFERENCE BETWEEN
ThE V CPT 1\NI) thE LAS(1PJ.J’ORY STANDARD
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FIGURE 5: K WEST DEBRIS MONITOR EQUIVALENT CIRCUIT
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FIGURE 8: OVERALL GEAR DEFECT ANALYSIS
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FIGURE 9: DIGITAL COMB FILTER
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APPENDIX A

TEDD Data Smoothing Study

A. [niroductien

The purpose i-i this study was to analyze data smoothing techniques
in order to ~a’u 1~~tve on the smoothing calculations used in TEDD Phase Il
sof:ware , :)artic~r12rl y in the lc-~ ic o~ the mode—detec t  section of the
pro ~, r am.

Dur ing  Phase H a ~irrited moving average techni quc was emp loyed.
It was limited because of core si- ,e restrictions , and was only partially
succes sfu l  fo r  the fol lowing re~ son~,: (1) lack of s u f f i c i e n t  daCa to
def ine  high ra te  ~f change engine events , and (2)  i n f l ex ib i l i t y  to
change the number i-f po in ts included in the moving average during real
time processing.

Srecifically, one severe problem was encountered in the mode de-
tection logic. Due to noise fluctuations, the speed derivatives taken
with respect to time were unstable. To have good mode detection, it
was therefore nect~ssary to use derivatives that were taken over a longer
time span. However, because of these longer derivative rcsponse times,
the mode detection logic could not properly recognize rapid transients ,
such as Bodi es, that have two rapid changes in slope polarity.

The data used for this analysis was stored on magnetic tape during
TEDD Phase II TF3O—P—408 engine testing. TF3O—P—4l2 data from a NAPTC
Fleet Service Test Program was also used.

This report describes the data used and the different techniques
used to smooth i t .  Criteria are developed that judge these techniques ,
and some viable me thod s of smoothing app licable to diagnostic data are
presented.

B. TRANSIENT DATA — GENERAL DISCUSSION

TEDD transient data, especially that used for mode detection , have
characteristics that make any f ixed degree of smoothing d i f f i c u l t  to
app ly. During Phase II of TEDD, short time duration Bodies (rapid
deceleration followed immediately by a rapid acceleration) were encount—
ered which occurred in less than three seconds. The high rates of
change in the speed parame ters , combined with a sample rate of about 5
samples per second , eliminated the possibi l i ty  of smoothing these
parameters , because any attemp t to smooth the noise would d i s to r t  the
ra tes  of change so vi tal  for  t rans ien t  mode de tec t ion .  The other
extremes encountered were slow transients and steady state conditions
wher e there were very little changes in parameter magnitudes . in such

A— i
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cases , data was sampled about every 0.5 to 2.5 seconds and a high degree
of smoothing could b~, done w i t h o u t  any L once rn  about d i s t o r t i n g  the
rates  of change . However , o ther  c r i te r ia  such as accuracy entered into
considt~ l rio n.

In this  i -p o r t , moving averages and exponential  smoors ing techniques
are applied to the da ta .  Due to the uniqueness of the application of
TEDD data , c ri t t u IA to judge the results of data smoothing must be
developed.

C. CRHERL\

1. Sto r a g e .  Req~iired

This is concerned with how much data stora~~ is required to
perform the various smoothing techniques and also how much storage the
technique itself will occupy. Obv.Huslv , the less storage required the
better .

2. Ability to A d j u s t  Rates of Response

The na ture  of TEDD data is such that it is not known whether the
next data sample w i l  have a similar magnitude as the last , or repre-
sent a radical change. This characteristic dictates that the techniques
must be able to assign weights to the data depending on certain engine
parameter ra tes  of change.  How wel l  the techniques can do th is  is an
important criteria.

3. Simplicity of Computation

Since the ultimate app l i c a t i o n  of TEDD programming is a real time
situation in which the computations are repeated with each new data scan ,
and since applied smoothing will be essentially an iterative process ,
the amount of time sp en t  smooth ing  is critical. Those techniques that
emp loy fewer mathemat ical  steps and can u.’u rk effectively on less da ta
will be of high interest. Not only will less memory be used , but they
will  also be f a s t e r .

4. Response

This criteria applies mainly to transient conditions. Due to
mode detection techniques , little distortion of rates of change of
cer ta in  key parameters  can be to le ra ted .  The tradeoff here is to get
the true rate of change of the parameter by smoothing out noise but
not to the extent of distorting the true event.

5. Accuracy and Noise Reduction

This critcri ,t is used to compare how well the smoothed data
compar es t a  the  model of the  t rue  event .  S tandard  d e v i a t i o n  d e f i n e d

A—2 
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as the measure of how much the data varies from the mean of the
sample , w i l l  be u~, -.2d to judge  t h i s  c r i t e r i a.

D. rFCHNIQuES_ AP P L H D

i~. Movi:~j~~~ . - -:rage_ lecrinigues

Thi s  ~s )fle of the methods chosen fo r  evaluation since it was
used p r iv i c - - 4- ly t~ iH.ng TEDD Pha oe II and , a l though it  had some draw-
backs , vas f a in ’, s u c c e s s f u l  and ac c u r a t e  enougti LO warran t  f u r t h e r
investigation , it m iniw i: - e- the sum of the squares of the differences
between tin e munt recent  N oh~ t- r ’ a t ion~ a n u  the best guess ior that
a~’erage . The siop l i - i t ~ of ‘aputa t ion  fo r  this method is an obvious
pl-~s in a TEDI) - - - ru t i n g  envi ronment .

The moving average technique operates on a time series by computing
a series -:f averat;es, bas ed on a given number of points in the original
series. For example , if Xi is the i th data point  in a time series of
data points , and N is the number of discrete points to be averaged , the
corresponding point in the average series would be computed as shown
below:

N+l

N

In the same way the following point Xi+i would be:

j = i + l

j = i—N+ 2

N

The value tha t is pi cked f or N , the number of data points to be included
in each average , will not be the same fo r  all data . A small value of
N is useful for eliminating small variations in the data, but is
relatively ineffective for large variations . Conversely, if too large
a val ue of N is selec ted , there is the problem of excessive smoothing,
thereby ignoring some of the true event.

A- 3
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An inherent problem in app lying this method is the lack of data
for  initial conditions since there are no previous data points to use
in computing the initia l average . Extra weight will be given to the
initial data points until N readings are obtained. - -

2. ~~j~pnential Aver~g~ng TechniQue

Exponential smoothing is a method of estimating each new data
point in a time series by letting the. new smoothed value be equal to
a fraction of the previous smoothed value, plus a fraction of the new
data point. This can be written as:

St (x )  aR t + (l—a)St...i(x~

S t ( x )  = new smoothed data point

a = smoothing constant ;  the wei ght
given to the new da ta po in t

St_i(x) previous smoothed data point

X~ = new data point

This method of smoothing ~s simple to compute and has the advantage of
small amounts of data storage. Only two words of storage are required
for  each parameter instead of the N words required by the moving
average technique. Another advantage is its flexibility because only
a needs to be varied , to change the rate of response. When a is small,
the method gives litt’~te weight to the new data, which is good for
smoothing random noise in a s teady stage condi t ion . .  A large a will
weight the new data heavily so it responds to rapid changes in the time
series, which is necessary for  tracking transients.

To i l lustrate  the wei ght ing  of data in both the moving average and
exponential smoothing techniques , see Figure A—l where N = 4 for the
moving average and a = 0.6. In the exponential  smoothing technique ,
the weight of data for  a given age may be found by subs t i tu t ing  for  the
previous smoothed value the equation that defines in the same terms a
still earlier smoothed value (Reference 1). Since cx = 0.6 , the cur ren t
data point has a weight of 0.6 and the previous data points are weighted
0.24 , 0.096 , 0.0384 , respectively.

St (x) = aXt + (l—a)St_i(x) substituting for the St~1(x) term

St (X )  ctX t + (1—cL) [aX t_i + (l—a)St_2(x)) and continuing to subst i tu te

k = t— l
fo r  N earlier values of St (x )  S t (x )  = a (l_ ct ) kX t_k + (l—cz)tX0

k = 0

A—4
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The weight  g iven to the X t_k term wi th  a = 0.6; for K = 1, 2, 3 are :

.6( l_ .6) 1~ = . 6 ( . 4 )  = 0. 24

• 6 {l _ . 6) 2 = .6(. t6) = 0.~~96

.~~(l- .6)~ = .6(0.064) = 0.0384

~‘(hen appi .-ing the smoc.-aiing tachniques to transient data it was
obvious caat  no fixe ci i ugree  of smoothing would satisfy the criteria
already d i s c” ss t d .  As an exarnj ~~

— of this  in Figure A—2 , a moving
average w i t h  N = 2 ts t c - L , n a~ A r ~ ; .~~ Lh an exponential ly smoothed timed
series wi th  a = 0. 1 

• it is seen that  the moving average follows the
real data with almost no change in amp1i~ ode , but with a very slight
t ime.  lag. The exponent ia ll - ’ smoothed trace , with l i t t le  weight  given
to each new reading,  si000t: ns the steady s ta te  interval ( f rom 5.0 to
6.8 seconds) rather  well. Dur ing  the transient, however , there is
serious distortion.

If the other extremes (N = 8, a 0.~~) are plotted for the samedata , it is seen that the smooth ing  results  are almost reversed.
Figure A—3 shows tha t  the exponential method tracks the transient almost
exactly and does not have as much time lag as did the  moving average in
Figure A—2. Also, as expected , the moving average smoothed the stead y
s ta te  data well but  d i s to r ted  the transient.

Figures A—2 and A— 3 illustrate the ‘
~classica1” problem of data

smoothing for  TEDD app l ica t ions. The aain purpose of the TED D computer
program is to diagnose eng ine problems . Therefore , it is desirable
to spend only a small percentage of time reading and smoothing data
and to devote a larger percentage to doing actua l diagnostics.  The
conflict arises when trying to get good smoothing results. A high
sample rate gives better smoothing, but takes more time to process.
A low sample ra te  takes less time to process , but gives poorer results
in smoothing. Figure A—4 states this problem graphically.

E. TECHNIQUES ANALYZED

When ana lyz ing  the data , it was convenient to consider the steady
state and transient data separately. This is a na tu ra l  division in
that it gives the two extremes of data characteristics to be encountered.

The steady state case will be considered first. Accuracy and
how sample rate a f f ec t s  accuracy are the main c r i t e r i a. Standard
deviat ion will be used as the indicator  of accuracy.  The s tandard
devia t ion  is defined as the measure of how much the data varies f rom
the mean of a given sample.  The expression is given below.

A— 5
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Where Xj  is the i th dat a  point in the sample , X is the mean of the sample.

Three parameters (PaA , N 2 , and PB) will be analyzed. PLA and N2
are key parameters for  mode de tec t ion  and PB is representative of a
pressure. whose signal noise has to be reckoned with. The data was
processed a t sample ra tes of 100, 50, 10 samples/second. Moving
averages wi th  N ranging from 2 to 10 were computed. Exponential
smoo thing was done fo r  a = 0.9 to a = 0.1. The ranges for  N and a were
selected to show trends and do not necessarily show the op timum
smoothing that is possible . The results of the processing are shown in
Tables I, II , and III.

The tables show tha t each parameter responds to degrees of smoo thing
in d i f f e r e n t  ways. Not only does the magni tude  of the c ’s vary from
parameter to parameter , but fo r  increasing values of N the standard
deviation does not always improve . Because of various frequency com-
ponents present in the different parameters , hi gher sampling ra tes did
not always give lower standard deviations. However, the general trends
shown in the tab les indicate that as N went from 2 to 10 and a f rom 1.0
to 0.9 , the standard deviation of the parameters improved; likewise fo r
increasing sampling rates. It is obvious from the tables that for any
degree of smoothing, the smoothed data has a lower standard deviation
than the unsmoothed data.  For the values of N = 10 and ci = 0.1, the
exponential technique was consistently bet ter .

Figure A—5 is a graphic i l lus t ra t ion of the effect iveness  of
exponential smoothing. The unsmoothed data has a a of 38.665 which is
interpreted as the signal varying ±38.665 rpm about the mean of the
sample. The smoothed trace has an a of 6 .734.  Overall , the percentage
of relative error improves from 0.591% to 0.102%.

x 100 % rela tive error
Q

77.33 x 100 = 0.591%
13078

13.468 x 100 = 0.102%
13078
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TABLE I

EFFECT OF VARYING N, a, AND SAMPLE RATE ON STANDARD

DEVIATION OF STEAD? STAGE FLA DATA

PLA , DEGREE S

100 samples/sec 50 samples/sec 10 samples/sec
N 

- 
a a a

2 .0737 .0436 .0602

3 .0532 .0311 .0500

4 .0350 .0308 .0413

5 .0245 .0233 .0323

6 .0260 .0278 .0253

7 .0284 .0269 .0199

8 .0274 .0252 .0269

9 .0241 .0285 .0298

10 .0236 .0280 .0359

tJnsmoothed data a .0947 .0918 .0779

cx

.1 .0138 .0109 .0098

.2 .0226 .0178 .0197

.3 .0316 .0244 .0293

.4 .0140 .0314 .0383

.5 .0507 .0389 .0465

.6 .0604 .0472 .0539

.7 .0698 .0566 .0656

.8 .0788 .0669 .0667

.9 .0870 .0786 .0724

L ________________
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TABLE II

EFFECT OF VARYING N, a, AND SAMPLE RATE ON STANDARD

DEVIATION OF STEADY STATE N2 DATA

N2 , RPM

100 samples/sec 50 samples/sec 10 samples/sec
0 

— 
0 0

2 20.666 25.903 21.823

3 14.5€, 19.959 17.957

4 12.881 17.667 15.454

5 11.643 16.068 19.202

6 11.332 16.370 19.141

7 13.053 16.111 22.219

8 12.888 16.103 22.373

9 13.301 16.302 24.927

10 13.946 16.189 24.777

Unsmoothed data o 38.665 36.927 30.715

a

.1 6 .734  10.479 9.5036

.2 7.605 12.223 11.469

.3 10.156 14 .687 13.358

.4 13.261 17.412 15.573

.5 16.682 20.304 17.894

.6 20.380 23.336 20.264

.7 24.372 26.502 22 .677

.8 28.702 29.8 12 25.177

.9 33.437 33.280 27.833

A-8 
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TABLE III

EFFEC-r OF VARYING N~ a, AND SAMPLE RATE ON STANDARD

DEVIATION OF STEADY STATE Pb DATA

Pb , Psia

100 samples/sec 50 samples/sec 10 samples/sec
0 0 0

2 .6322 .3610 .5392

3 .4653 .2582 .4926

4 .3127 .2705 .4530

5 .2239 .2224 .3940

6 .2297 .2242 .3436

7 .2454 .2174 .3358

8 .2432 .2179 .3641

9 .2240 .2537 .3976

10 .2034 .2593 .4116

Tj nsmoothed data a .7805 .7656 .6649

a

.1 .1352 .1059 .1240

.2 .2029 .1474 .1997

.3 .2770 .1989 .2800

.4 .3551 .2561 .3562

.5 .4348 .3192 .4236

.6 .5137 .3892 .4820

.7 .5893 .4673 .5332

.8 .6597 .5550 .5793

.9 .7235 .6538 .6225

A—9
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In Figure A— 5 , there is a good i l lus t ra t ion of response. The
f i r s t  data point in the time series is 13,400 rpm. With a = 0.1 there
is little weight given to each new data point. The lag of the smoothed
data is slightly less than 0.4 seconds. This lag would have to be
taken into account when this technique is applied to data. A higher
alpha could be applied until the initial lag time is reached.

The transLent data smoothing analysis illustrates the criteria of
response and noise reduction. Again, as in the steady state case, PLA ,
N2 and PB are the parameters to be examined. One cr i ter ion fo r  trans-
ient data will be time lag,  defined as the time in seconds , the smoothed
values lag the actual data . Also how smooth the speed and PLA time
derivatives are will determine how well the mode detect ion rout ine  will
funct ion . E f f e c t s  of sample rates will no: be analyzed because the
minimum sample ra te  will be d ic ta ted by the worst case paramete r .  In
this situation PB was the worst case parameter , having a negative slope
of about 56 Psia in 0.08 seconds. It is considered that  a minimum of
three equally spaced data points is required to define a given slope.

The t rans ien t  event analyzed was a Bodie combined wi th  a stall .
Tables IV through VI show time lags fo r  moving averages with N ranging
from 2 to 10 and exponen tial smoo thing with cx ’s rang ing from 0.1 to 0.9.
The time lags recorded in Tables IV through VI occur at the mos t abr up t
change in slope during the t ransient .  Again , a compromise mus t be made
between response and noise reduction.

The steady s tate  analysis showed that for  TEDD application, the
exponen tial smooth ing did a better job of noise reduction . For this
reason , the moving average technique will not be considered f u r t h e r .

The mode detection routine used in TEDD Phase II looked for a PLA
change of one degree in one second to help determine transient  and
steady s ta te  modes . The PLA signal  was repeatable to within ±0.5
degrees. To apply smoothing, it would be desired to smooth the data
to be repeatable to within ±0.1 degrees.

It is estimated that a lag of 0.25 second from the true event to
its detection , fo r  current  engines , is tolerable.  From Table II it
is determined tha t  an a of 0.5 will  meet the response cr i ter ia  and in
Table I an a of 0.5 has a standard deviat ion of 0.0465 which  is
acceptable for  repeatabi l i ty .  Figure A—6 shows the resul ts  of
smoothing with ci = 0.5 and i l lus t ra tes  that  the above c r i te r ia  can be
met.

PB , the parameter that  d ic ta tes  sample ra te  fo r  t r ans ien t  analysis,
has the fas tes t  rate  of change of all the parameters  examined fo r
diagnostics.  In this case , response is the most important  cr i ter ion
and any noise reduct ion  we can get will be acceptable.  As mentioned
be fo re , dur ing  a stall  PB dropped as f a s t  as 56 Pisa in 0.08 seconds.
To be able to detect  this slope be fo re  the event is over , a time lag

A-b 
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TABLE IV

EFFECT OF VARYING N AND a ON TIME LAG

OF TRANSIENT PLA DATA

PLA Samples/sec = 50

N Time Lab (see) Time Lay (sec)

10 .16 .9 .02

9 .14 .8 .02

8 .12 .7 .025

7 .10 .6 .04

6 .07 .5 .06

5 .065 .4 .10

4 .05 .3 .18

3 .03 .2 .31

2 .01 .1 .82

I
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EFFECT OF VARYING N AND a ON TINE LAG

OF TRANSIENT N2 DATA

N2 Samples/sec = 50

N Time Lag (see) a Time Lag (see)

10 .15 .9 .01

9 .10 .8 .01

8 .10 .7 .01

7 .50 .6 .02

6 .30 .5 .03

5 .04 .4 .05

4 .02 .3 .07

3 .02 .2 .09

2 .01 .1 .15

A-b 2 
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TABLE VI

EFFECT OF VARYING N AND a ON TINE LAG

OF TRANSIENT PB DATA

PB Samples/sec 50

N Time Lag (sec) Time Lag (see)

10 .08 .9 .01

9 .06 .8 .01

8 .06 .7 .01

7 .05 .6 .02

6 .04 .5 .03

5 .03 .4 .05

4 .03 .3 .05

3 .02 .2 .05

2 .02 .1 .06

A—b 3 
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of 0.02 seconds would be acceptable. Table VI shows that an a of 0.6
will give this response. In Figure A—7 , the raw data is plotted with
the smoothed data and illustrates that the above criterion can be met .
With an ci of 0.6, standard deviation of steady state before the trans-
ient is 0.39.

Another important parameter for mode detection is N2. It was used
in the mode detection logic in Phase II to help determine steady state
or transient modes , and then further to indicate fast or slow transient.
As stated earlier , a change in N2 over a three second period was sought. -:

If the absolute value of the delta was greater than 160 rpm , a trans-
ient mode was indicated. Please note this was not the only criterion
used to indicate transient or steady state modes. The three second
interval was used because of the noise in the N2 trace. It was deter-
mined that for the given signal noise level and sample rate, the above
was the best criteria. If the sample rate were faster  and exponential
smoothing methods have been available, the mode detection would have
been much improved , especially in the transient section. Again , looking
at the Bodie—Stall sequence in Figure A—8, it is seen that the rate of
change of N2 to be detected is approximately —625 rpm/sec . To detect
this slope and still remain as close in time to the true event as
practical, an a of 0.5 is used . The time lag is 0.03 seconds with the
results shown in Figure A—8. From Table II , the standard deviation is
20.3. This is a rather large deviation about the mean and probably
would not give good slope defini t ion.  A standard deviation of 10.479
has very good noise reduc tion.

F. CONCLUSION

When comparing the two methods of smoothing with the cr iteria
developed earlier, it is obvious the exponential smoothing technique is
better suited to TEDD applications than the moving average. Table VII
shows the comparison. To apply the exponential smoothing to TEDD data,
it is necessary to have pre—defined separate a~ s for  steady s tate  and
transients, depending on response and accura cy des ired for each para-
meter. Upon deciding which mode is current , the appropria te a is
applied to the data. In Figure A—b , an a of 0.1 is applied to the
steady state section and an a of 0.3 is applied to the transient section.
Programming de tails such as ini tial condi tions canno t be overlooked when
switching ci during a transient.

A- 14
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TABLE VII

EXPONENTIAL
CRITERIA MOVING AVERAGE SMOOTHING

Storage Required N x (II of parameters) 2 words for each
parameter

Ability of adjust Programming more Easy to implement
ra te of response compl ica ted

Simplicity of More instructions Fewer instructions ;
compu ta tion to implemen t therefore fas ter

Response O.K. for proper N Always better for
tested range

Accuracy and O.K. for proper N Always better for
nose reduction tested range

A-b5 
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FIGURE A—4 : DATA SMOOTHING TRADE—OFFS AND OPTIMIZATION

Minimum — A

ABLE 

_________________________________
B

Op timum

SAMPLE RATE

CURVE A: For a high sample rate we get a high goodness of smoothing
and definition of event. Conversely , for a low samp le rate ,
a poor goodness of smoothing and lack of definition.

CURVE B: For a high sample rate there is little time for diagnostic
analysis and for a low sample ra te there is more time
available for diagnostics.

CURVE C: Algebraic combination of A and B, the minimum of which indi-
cates the optimum combination of sample rate, diagnostic
time available, and goodness of smoothing.
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APPENDIX B

Multiple Fault Gas Path Analysis

Applied to TF3O—P—4O8 Engine Data

(SUMMARY OF HANILTON—STANDARD REPORT HSER 6587)

A. INTRODUCTION

Under Phase II of the Turb ine Engine Diagnostics Developmen t Program ,
steady state data f rom the TF3O—P —408 engine was obtained , wi th  and with-
out deliberately introduced faults. This data was supplied to the
Hamilton—Standard Division of United Technologies Corpora tion , und er
Contract Number NOO14O—74—C—0582 for the purpose of applying the Parameter
Interrelationships method of gas path analysis. The results of this
study provide a means for evaluating this approach to mult iple fault  gas
path analysis. This document serves only as a summary of the e f f o r t
conducted by Hamilton—Standard . A thorough description of the Parameter
Interrelationships method , as well as a complete set of results, are con-
tained in Reference B—i.

B. DESCRIPTION OF DATA SUPPLIED

The data supplied to Hamilton—Standard for this study are of three
types; steady state engine data with and without known faults, engine
base line calibration data, and TF3O cycle deck data at sea level, Mach
number >0. Each of the engine parameters was acquired 200 times through
the transient data system over a period of six seconds and statistically
averaged to a single value. Fifty channels of data comprise a “snapshot”
and 97 “snapshots” were provided for analysis. Fi f ty— three of these
“snapshots” are data acquired at sea bevel static with one or two delib-
erately introduced faults. The remaining 44 “snapshots” are data acquired
at sea level with inlet tam conditions simulating Flight Mach numbers from
.25 to .75, with and without introduced faults. Five difference faults
were introduced: customer bleed air extraction from the ninth (BL3) and
sixteenth (BL4) stage, surge bleed air extraction (BL3.5) and two abnormal
exhaus t nozzle areas (AJN+) (AJN — ) . The engine power settings ranged be— —

tween 1.6 and 2.2 in engine pressure ratio (PT7/PT2).

C. DESCRIPTION OF ANALYTICAL TECHNIQUES

Whatever form i t  may take , any engine diagnostic system mus t rely on H

discernable changes in observable parameters in order to detect physical
faults. Physical faults in an engine are in general some combination of
problems such as erosion, corrosion, foreign object damage (F.0.D.), worn
seals, etc. Although the physical faults result In changes In observable
parameters such as rotational speeds, temperatures , pressures, etc., it Is
more fundamental to consider the physical faults as causing changes in
engine component performance parameters such as component efficiencies ,

B—I
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turbine and exhaus t nozz le  areas , compressor pumping capacities , etc. , and
that  these changes , in turn , resul t  in discernible changes in the measur-
able engine parameters. If proper ejuatlons can he es tabl ished rela ting
the dependent engine variables (measurable quantitIes) to the generally
nonmeasurable independent component performance variables , then an inverted
set of relationships c~n be obtained relating the independent variables to
the dependent variables. This could then form the basis (iL an engine
diagnostic system which woulc have the capability of detecting multiple
faults as well as the magnitude an direct- cn of the fault.

This is the basic t echniqr12 employed by Hamilton—Standard in their en—
gine diagnostic system. The major obstacle in employing such a diagnc-stic
scheme i~i in establishing the proper relatiorships ti-at exist between the
dependen t and independent engine variables. Two different approaches were
used to establish these relationshfps. Before discussing these approaches , —

it is appropriate to define two terms . The first term is “delta” (a). The
term “delta” means the percent  of poin t d i f fe rence  in a particular variable
relative to its nominal or base line value. For example, if Ym and are
the measured values of two engine parameters y and x, then E~y at x =
constan t and t\x at y constant would be calculated as illustrated in
Figure B—b. Note that by the above definition , all t~’s are dimensionless
quantities whose value for any variable does riot depend on the units used
to measure the variable. The second term is “fault coefficient.” This is
just the percent change in a dependent variable per unit percent change in
an independent variable. For example, if in Figure B—i, Ay at x = constant
was the result of a change in exhaust nozzle area of an amount tJAJN ~~~~~~~~~~~
then the fault coefficient of y with respect to AJN at x = constant would
be simply 

~Y/~
AJN. Note that since the deltas are dimensionless, the fault

coefficient is also dimensionless . Two methods are used in this study to
calculate the required fault coefficients . The first method uses an
elaborate gas path analysis of the engine developed by Hamilton—Standard
and is primarily theoretical in nature .  The second method is empirical
arid uses available base line test data as well as engine test data ob-
tained with known changes made to the base line configuration .

As shown in Reference B— 2 , a general influence coefficient matrix can
be derived for any par ticular gas turbine cycle. This matrix represents
a set of linearized equations which interrelates the various dependent
and independent engine performance parameters. Each of the coefficient
is derived by proper manipulation of the differential forms of the basic
thermodynamic equations for each engine type. Factors such as component
efficiency variations; specific shapes of the component performance maps;
engine power balance; conservation of mass, energy and momentum; variable
specific heat effects; nozzle umchoking effects, etc., are taken into
account. For the actual TF3O—P—408 engine used in the test , such details
as component efficiency variations, specific shapes of the component
performance maps, etc., were not available. Judgment numbers based on
experience and the model specification for this engine were used to obtain
the theoretical fault coefficients. The theoretical fault coefficients
were computed at low, medium and high power conditions at sea level static
and a linear least square line was fitted to the data.

B—2
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An alternate approach using actual engine data is available for cal-
culating the fault coefficients. This method is empirical and makes use
of nominal base line engine data as well as steady—state engine data with
delibetate perturbations of known amounts introduced individually . From
test data where all independent variables are held fixed except one, the
resulting delta of any measurable dependent variable is a results of the
one known perturbation. In empirically determining the fault coefficients ,
it has been tacitly assumed that independent component performance para-
meters such as component efficiencies, turbine nozzle area, etc., did not
independently change during the test. In other words, the only pertur-
bations were exhaust nozzle area changes and varying the three compressor
bleeds. It follows, therefore, that only the fault coefficients with re-
spect to these four disturbances can be computed empirically .

Once the numerical values for the fault coefficients have been deter-
mined, applying them to engine diagnostics is relatively straightforward .
In general, if n faults are to be computed, n-Fl measurements are required.
One measurement serves as the abscissa against which n deviations from
base line values are obtained. If the column vector x represents the set
of n sought after deltas (such as changes in component efficiencies,
bleed flows , geometries, etc.) and the column vector m1 is the set of n
del ta measuremen ts, then they are related by an nxn mBErix of fault co—
efficients F1 as:

m1 = F 1 x

A subscript i is attached to rn and F to emphasize that, in general,
there may be more than one set of sensor measurements which can be used to
diagnose a given se t of faults. If the measurement deltas bear a mean-
ingful rela tionship to the sought after deltas , then Fj will have an
inverse and we can solve the above equation for x to obtain:

x = (Fj )~~ ~~j

This equation represents the diagnostic routine used in this study .
Eleven different diagnostic routines (eleven different sets of sensors
and sought for faults) were considered in this study and a comparison was
made of their ability to diagnose a known set r~f changes made to the base
engine configuration. Figure B—2 summarizes the eleven systems considered
in this study. There eleven systems by no means represent all possible
systems. However, these eleven systems are sufficient to demonstrate the
validity and versatility of Hamilton—Standard’s approach to engine diag—
nos tics.

Referring to Figure B—2 Systems 1 and 2 use two different sets of
sensor measurements to look for the same set of i aults. The sought for
faults for Systems 1 and 2 are precisely those which were varied during
the test. Because of the very limited amount of data available with a
surge bleed (WBL 3.5) change introduced , the remaining systems replace
the ~

WBL 3.5 calcula tion with one or more additional independent parameter

B— 3 
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changes. The magnitudes of these additional parameter changes were assumed
to be zero. This assumption is reasonable since the data was taken over a
time period too short for the engine components to degrade significantly .
It is necessary, of course, to use the theoretically determined fault
coefficients to relate the measurement deltas to these additional indepen-
dent parameter deltas . Systems 3, 4, and 5 have replaced the ~

WBL 3~5
calculation with MS. Systems 6 and 7 have Increased the number of measure-
ment deltas (and sought for deltas) by 1. Systems 8—il have increased the
number of measurement deltas by 2. Note that Systems 1 and 4 and Systems
2 and 3 use the same set of measureirent deltas to look for different sets
of independent parameter deltas.

D. ANALYSIS RESULTS

A Fortran IV Computer Program for use on the IBM 370/155 Digital Computer
was written to evaluate the various diagnostic systems indicated in Figure
B—2. For any of the systems, the program establishes the matrix of fault
coefficients using N1C2 as the abscissa; calculates the set of measurement
deltas at N1C2 constant from the actual snapshot measurements and the
base line performance curves; performs the required matrix inversion and
calculates the independent parameter deltas. This procedure is repeated
using N2C2 and PT7/PT2 as the abscissa. Theoretically, the calculated in-
dependent deltas should be the same regardless of which parameter is used
as the abscissa. Results were obtained using both the theoretically
determined fault coefficients as well as the empirical fault coefficients .
Results obtained with the latter are identified by the term “mixed .”

1. Sea Level Static

In order to assess the relative merits of the various diagnostic
system shown in Figure B—2, several individual snapshots were passed through
all eleven systems and a comparison made of their ability to predic t the
eng4ne configuration.

Figure 8—3 shows what the predicted independent deltas would be for
each of the eleven systems using the data of Snapshot 114. For Snapshot 114,
the engine pressure ratio was approximately 2.0. The actual parameter deltas
are indicated by the solid horizontal lines. As shown in Figure 8—3, the
only change to the base engine configuration was a +5% change in the ex-
haust nozzle area AJN. Results using both the theoretical as well as the
mixed fault coefficients are shown in Figure B—3 . Note that for each
system, three points are shown. The left most point for each system
gives the results using N1C2 as the abscissa in evaluating the fault co—
efficients and calculating the measurement deltas . The middle point for
each system gives the results using N2C2 as the abscissa and the right
most point for each system gives the results using PT7/PT2 as the abscissa.

All systems attempt to diagnose the changes in AJN, W8L3 and WBL4.
Systems 1—6 do about equally well in predicting t~AJN. Depend ing on the
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abscissa, they calculate MJN to be 4 .4  to 4 .6% , which is qui te  close to
the actual value of 5%. System 7 does a l i t t le better  with a MJN calcu-
lation of about 4.7%. Figure B—3 shows that System 8 calculates t~ASJN mostaccurately. Since the only perturbation deliberately introduced was a +5%
change in AJN, the actual levels of the other independent deltas is taken
to be zero. Systems 1—7 do a reasonably accurate calculation of the in-
dependent deltas . ~he results obtained using the mixed fault coefficients
are somewhat better overall t~~an the results using purely theoretical co-
efficients. Systems 8—11 show significant differences between the actual
and calculated independent parameter changes. Systems 10 and lb for
example predict that the 3.0 bleed was approximately 2.9% and 2%, respec-
tively, even though for this snapshot though for this snapsho t the actual
bleed was zero. The calculated deltas for WBL3, WBL4, F3 and TiCH for
System 8 using the mixed fault coefficients showed such a vide variance
depending on the abscissa used tiat these points were not plotted in
Figure B—3. Thus, although System 8 does the best job of j redicting MJN,
it predicts the other deltas so poorly that, based on the results for this
single snapshot, it would have to be rejected as an acceptable diagnostic
system.

Figure 8—4 shows the diagnostic results using the data for Snapshot 115.
For this case, two perturbations were introduced simultaneously; a 5% in-
crease, AJN and a 4.0 bleed of approximately 2.2%. Systems 1—7 using the
mixed matrices predict these changes quite well. For all systems, the
predicted AAJN using the theoretical fault coefficients is about 0.5 to 1%
lower than the ~~~ predicted using the mixed matrices. System 8 again stands
out as an undesirable diagnostic system.

Figure 8—5 shows the diagnostic system results for Snapshot 116. This
is a multiple fault condition where the actual change to the base engine
configuration was a 5% increase in AJN and a 3.0 bleed of about 2.6~ .
Systems 1—7 do a good job of predicting these changes. Systems t~ and 9
are judged unacceptable since they have difficulty distinguishing etween
the 3.0 and 4.0 bleeds. Using the theoretical fault coefficients,
Systems 10 and 11 predict the 3.0 bleed significantly higher than the
actual value. System 10 predicts a fan efficiency change of —2.6%.
System lb predicts a fan efficiency change of —2%. In both cases, the
actual ‘an efficiency change is assumed to be zero. For these reasons,
Svctems 10 and 11 are also judged unacceptable as diagnostic systems.

F1~ -~r-~s B3— 5 show one way of presenting the diagnostic results.
‘i~~~~e ‘t *ur e ~ qhow various snapshots passed through all systems. Such

-‘ i 1y q i~~ 1~~ -~‘~Ptu 1 in quickly isolating unacceptable systems . An
-...

~~~•. .~~~ ot preMenting the diagnostic results is to pass all snap—
• - -r gj~- 

~ .t~~ 1e system . Rather than considering all seven of the
- - -ig •~ ~~~~~~~ •v~~tems , fo- r -~.‘h1ch were judged best in overall per—

- ..• ,..i,.~1 tn th is ma nne r . Figure 8—6 shows the diagnostic
• -av.i~ot cases ~or System 1. The abscissa used in the

~~•-  g ’ - , r.u.,jr. r a t io  (P’!’/PT2). The actual fault
— -  T~-~ p row l ~e ~m ’ - .’- i t e r - -- 1c1 ~- i1 1 tv to the
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results, various snapshots were divided into six groups. The first group
had just a +5% A iN fault introduced. This group consisted of seven snap—
shots. The second group has eleven snapshots and are those cases that
had just a 3.0 bleed. The third group had just a 4.0 b’eed fault. The
total number of snapshots in this group is 14. The fourth group ing are
those snapshots which have both a 5% AJN increase and a 4.0 bleed. The
f if th grouping are those snapshots which have both a 5% A JN in crease and
a 3.0 bleed. The total number of snapshots in each of the latter two
groups is four . The last group are those snapshots for  which no fau l t  was
indicated.  It was assumed that these cases were run wi th  the base engine
configuration and therefore all independent deltas were taken to be zero.
The total number of snapshots in this last group is seven. Figure B—6
shows Snapshot 97 to be a bad data point. Close examination of the data
confirmed the error. Figures 8—7, B— 8 and 8—9 show the diagnostic results
fcr all snapshots for Systems 2, 5 and 7, respectively . These figures
also indicate that Snapshot 97 is a bad data point.

A total of 53 snapsho ts were run at the sea level s ta t ic  condition . —

Six of the 53 snapshot cases were not included in Figures B—6 through B—9 .
Two cases were with just a 5% AJN decrease and two cases were with a 5%
AJN decrease and bleed.  For Sys tems 1 and 2 which look for the surge
bleed change , the calculated deltas for the two surge bleed cases were
in very close agreement with the assumed actual values usin g the empir ical
coeff icients but showd a very wide variance using the theoretical coeffi—
cients . The wide variation between the assumed and calculated fault levels
was obtained for all the calculated faults . The reason for this is that
the surge bleed is such a severe disturbance to the basE line configura-
tion and produces such large measurement deltas that the linearization
procedure on which the theoretical fault coefficients are based is no
longer valid . For those systems which did not look for a surge bleed
change , the two surge bleed cases gave totally erroneous results as ex—
pected . How an unsought for independent delta affects the calculated
deltas is discussed in Reference A.

For the cases where a —5% change in AJN was made , the d iagnos tics
systems calculated the change to be between approximately —8% and — 10%.
This is caused by the nonlinear nature of the problem. Comparing the
dependent  parameter deltas for a +5% change in A JN and a — 5 % change in
A j~ showed that the resulting deltas were not equal in magni tude  and
opposite in sign as would be the case if every th ing  were purely linear.

2. Non Zero Mach No. Conditions

In order to establish the proper measurement deltas at  the
d i f f e r e n t  Mach number conditions , two methods are available.  One me thod
uses the s ta t ic  base line to establish a gross del ta from which the
effec t due to Mach number must be subtracted to obtain the net delta
fo r  use in the diagnostic routine . Another method is to use a base line
customized for the particular Mach number . The latter approach is used 4
in this study. Due to the relatively significant differences between
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the empir ical  and the cycle deck derived Mach e f fec ts , only the
empirical  da ta wa-~ used .

At Mach 0-25, the no fault snapshot cases were sufficiently close
to the static base lines to allow the use of the static base line
characteristics. At Mach 0.5 and 0.75, however , custom base lines had
to be obtaineo. Using the no faul t snapshot cases, various engine
parameters were plotted as a function of N1C2, N2C2 and PT7/PT2. A
polynomial curve in the least square error sense was fitted to the data.
These curves were used to establish the measurement deltas at Mach 0.50
and 0.75.

E tght snapshots were obtained at the simulated Mach = 0.25 condition.
Three had j u s t  a 57. AJ-N increase and f ive had no indicated f a u l t .
Figures B—b , B—li , B—l2 and 8—13 show the diagnostic results for all
snapsho ts for  systems 1, 2 , 5 , and 7 , respectively. The s t a t i c  base
lines and the mixed faul t  coefficients  were used to obtain the calculated
results shown in Figures 8-10 through B—13. The abscissa used to
establish the measurement deltas and f au l t  coeff ic ients  was engine
pressure ratio (PT7/PT2). Systems 2 and 7 are somewhat better in their
ability to calculate AAJN, ~WBL3 and tdJBL4 than systems 1 and 5. The
calculated deltas for most of the snapshots agree well with the actual
deltas.

Using the Mach No. = 0.50 base line characteristics and the mixed
fault coefficients, Figures 8—14 through B—l7 show the diagnostic re— —

sul ts for Sys tems 1, 2, 5 and 7, respec tively. Snapshots 175 and 176
were the only non— zero Mach number conditions which had multiple faults
introduced. Figures 8—14 through 8—17 show the calculated deltas to be
very close to actual deltas for these cases.

Using the Mach No. = 0.75 base line characteristics and the mixed
fa ult coeff icients, Figures B—l8 through B—21 show the diagnostic re—
sui ts for  Sys tems 1, 2, 5 and 7 for the simulated Mach = 0.75 snap-
shots. The calculated deltas for the no fault conditions agree quite
well with the actual faults. Only three snapshots were obtained with
just 5% area increase. In two out of these three snapshots the cal—
culated change in WBL3 is about +1% compared to the true value of 0.

Of the different diagnostic systems considered , System 7 was chosen
os the prima ry diagnostic system. Although it does not calculate the
surge bleed change, it does calculate the changes in ~~~~ WBL3 and WBL4
quite well. In addition to these three primary perturbations introduced ,
System 7 also calculates the change in the gas producer turbine effective
nozzle area (tmA5 ) and also the change in the gas producer turbine
e f f i c iency (~ni~j). For most of the 97 snapshots the calculated deltas
in AS and n’~~ were very close to the assumed values of 0.

System 2 is chosen as an alternate to System 7. This system is
simpler in that it only considers the actual perturbations introduced.
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This sytem also calculates the changes in AJN , I’IBL3 and WB14 qui te  well .

A comment sometimes encountered concerning Hamilton Standard ’s tech-
nique for multiple fault engine diagnostics is that excessive computer
storage is required to store and interpolate the fault coefficient
ma trices and to do the necessary matrix inversion to ob tain the req uired
diagnostic matrix. This c-f course is not the case. It is important  to
real ize tha t all t-h~ matrix inversions necessary to establish the final
diagnostic matrix are done offline. Only the final, inverted, diagnostic
matrices need be stored. Secondly, it is usually not necessary to store
more than one diagnostic matrix. In a practical diagnostic system, the
actual diagnostics would be done within a specified power band . I-low wide
this band is depends on the particular application. Usually, a single
diagnostic matrix evaluated at the mid power condition within this band
is all that is required to do the engine diagnostics.

The required memory increment to include the gas path analysis of
System 7 in the computer of a total engine mon itoring sys tem would be
qu i te  minimal . If we assume all base lines have a common abscissa , then
approximately 152 s ixteen b i t  word storage capacity would be required to
do the following :

a. To store 5 base lines at three Mach numbers. It is assume
that the base lines can be adequately represented by 5 common abscissa
values for  each base line. Using a 16 b i t  work to represent two points,
40 words aru required .

b. To store the elements of a single 7 x 5 diagnostic matrix D.
For precision, 35 sixteen bit words are used.

c. To calculate and store the f a u l t  vector x by performing the
matr ix  mult ipl icate x D in, given the measurement vector rn.

No te that , as a kind of bonus , the percentage change in turbine in-
let tempera ture and referred spec if ied f uel consump tion measured agains t
the assumed abscissa N2C2 are also computed in this analysis. Since
these two parameters are dependent , the ir changes can be calcula ted on
the basis of the changes in the independent variables. This is an auto-
matic fallout of the gas path analysis technique. The calculated change
in T5C2 and SFC will be the change that would be observed if N2C2 were
held fixed. This does not imply that N2C2 must be used as an abscissa
in establishing the measurement deltas. The assumed abscissa for TSC2
and SFC need not be the same for  both , nor do they necessarily have to
be the same as the abscissa used in establishing the measured parameter
deltas.

It should be noted that WBL3 and WBL4 faults are relatively small
(2—3% range). In the sense that bleed is analogous to compressor or tur-
bine degradation in adversely affecting engine performance , the bleed levels
detected and diagnosed in this program were equivalent to relatively minor
degradation problems elsewhere in th.’ engint~.

B— 8
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FIGURE B—b: GENERAL DEFINITION OF A
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FIGURE 8—2: POSSIBLE GAS PATH ANA LYSIS SYSTEMS FOR
NAPTC TF3O—P—4 08 DATA ANALYSIS

Measured SYSTEM NO.
Parameter s 1 2 3 4 5 6 7 8 9 10 11

1 N
1/

.fe2 ~ ~ x ~ ~ ~ x ~ ~ ~
2 T

3
1e

2

3 P3/P 2 X X X X X X X X X X X

4 N 2/ - f e2 x x x x x x x x  x x x

5 T 1/02 X

6 P4/P 2 X X X X X X X

7 w f./ o 2e2 X X X x x

8 T
7
/6
2 

X X X X X

9 ‘r5 cALc/e 2 X X

10 P /P 2 X X  X X X  X X X  X X X

Calculat ed SYSTEM No.
Parameters 1 2 3 4 5 6 7 8 9 10 11

1 t~AJN X X  X X X  X X X  X X X

2 ~~W BL 3 . 0 X X X x x x x x x x x
3 t~W B L 3 . 5  X X

4 L~WBL 4 .0 X X X X X X X X X X X

5 X X X x

6 X X X X

7 t~~A

5 

X X X X X X X X X

8 ~~~~ X X

9 ~~71CH X X
10 t~ijTH X X

11 AT
5
/0
2 

X X X X X X X X X X X

12 ~ SFC/.~J~2 X X  X X X  X X X  X X X

B—li

~

*-- ---

~ 

-~~~~~~~~~~~~~~~~~~ - - - - - - -~~~~~~~~~- - - --



NAPTC—PE—88

FIGURE B—3: DIAGNOSTIC SYSTFIM PREDICTION RESULTS FOR SNAPSHOT 11 4
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FIGURE B—4 : DIAGNOSTIC SYST~~( RE SULTS FOR SNAPSHOT 115
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FIGURE B—5:  DIAGNOSTIC SYSTEM RESULTS FOR SNAPSHOT 116 
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FIGURE B—1O: DIAGNOSTIC RESULTS SYSTEM 1 TF3O—P—408 MN O.25
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FIGURE B—li : DIAGNOSTIC RESULTS SYSTEM 2 TF3O—P—408 NN O.25
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FIGURE B—i2: DIAGNOSTIC RESULTS SYSTEM 5 TF3O—P—408 MN=O.25
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FIGURE B—i3: DIAGNOSTIC RESULTS SYSTEM 7 TF3O—P—4O8 NN=O .25

NO INDICATED FAULTS A JN
6 ~~~~~~~~~~~ ! : r  

H ~! 
~

W BL3 0 2 — — —~~
——-— -._____ .—.-________ —

o ~
--
~ ~

- -—•
~
- —

~
— I - - S._________

S , S~~~~~~~~~ S *  , .

— 2 - — ~~--- ~~~~~~~~~~~~~~~~~~ . _ . .~~~~~ . .. 4..

AW B~~~0 2~~~~~~ 
- -  - -  _f

~~~~ I +1 
~~~~~~ 4:4.~~ 1 - 1

o — ~— — — ~~~ — — — — ~’ —  1 I.~~~ ~I’ I!’~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H w~ri

8-- -” 
_ _  iIHII~~

6 — — — I I~ 
lu I~ Ii ~iI’ij~ ~1— . . : .  : S :f

4A ~~ 
~~~ —+— - —- -‘-L 

~
2 r~ :. 

• !~~
.. 4 ;..~ 

j
~ ~ ______________________

~~~~~~~

- i IJ ,  

~~SNAPSHOT NO.

ACTUAL x x CALCULATED

MN
O.25 (USED STATIC BASELINES~

B—2 2

S ~~~~~~~~~~~~~ -



_ 
-- .---—.-.--- -- - ...-- -. - - .. --- .~~~~~~~~~..--~~ --- - S . 

~~~~~~~~~~~~~~~~~

NAPTC—PE — 88

FIGURE B— i4: DIAGNOSTIC RESULTS SYSTEM 1 TF3O—P—4 08 MN=O .5
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FIGURE B—15: DIAGNOSTIC RESULTS SYSTEM 2 TF3O—P—408 MN=O.5
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FIGURE B—i6 : DIAGNOSTIC RESULTS SYSTEM 5 TF3O—P—408 MN =O.5
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FIGURE 3—17: DIAGNOSTIC RESULTS SYSTEM 7 TF3O—P— 408 MN = O , 5 S
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FIGURE 3—18: DIAGNOSTIC RESULTS SYSTEM 1 TF3O—P—408 MN=.075 
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FIGURE B—19: DIAGNOSTIC RESULTS SYSTEM 2 TF3O—P—4 08 MN .075
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FIGURE B—20: DIAGNOSTIC RESULTS SYSTEM % TF3O—P—408 MN=O.75
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FIGURE B—21: DIAGNOSTIC RESULTS SYSTEM 7 TF3O—P—408 MN=C.75
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APPENDIX C

Variable Geometry Cycle Deck — Description and Status

A. GENERAL DESCRIPTION

This cycle deck has been written to conform to Aerospace Standard
681—C , which addr esses Gas Turbine Engine Steady State Performance
Presentation for Digital Computer Programs , and Ae rospace Recommended
Practice 755—A, concerning Gas Turbine Engine ~erfc~rmance Station
Identification and Nomenclature. The .~~‘-cific gai~ turbine cycle
simulated by this deck is a two—spool, T—~ an

1. mixed—flow turbofan
with afterburning. In addition, this cycle deck allows for var iable
area high and low pressure turbine (HPT and LPT) nozzles and variable
exhaust nozzle (A8) area. Figure C—i is a schematic diagram of the
engine components showing the station identification numbers.

B. OVERALL OPERATION

Basically, this cycle deck consists of the thermodynamic equations
of a two—spool, mixed—flow turbofan. These equations account for
flow continuity, energy balance , speed matching, and pressure balance.
In addi tion, the program is required to satisfy the requested HPT, LPT ,
and A—8 areas. The theromdynamic properties of air are obtained from
GASTAB , which is a computerized gas table.

C. INPUTS

1. Design Inputs

This cycle deck has been written as a design or Parametric deck,
so tha t any eng ine in the two—spool , T— f an , mixed—flow turbofan category
can be simulated. To simulate a particular engine, the eng ine design
point information must be provided to the program, oper ating in the
Design Mode. The design point can be at any desired f l igh t condi tion
and mus t be at intermed iate power , i.e., ra ting code = 50. Table C—I
shows the req uired design point inputs.

Once a design run has been balanced , that is adjusted to obtain a
static pressure balance at the mixer and adjusted to obtain the
desired pe rformance , a design deck is generated . This deck contains
the “standard” inputs and the design poin t informa tion required to use
the deck in its Normal Mode.

2. User Inputs

Operating in its Normal Mode, the program accepts inputs , such
as altitude and Mach number, horsepower and bleed air extraction ,

1 T—fan implies fan and low pressure compressor on low spool.

C—i
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changes in component performance , changes in HPT , LPT, and exhaust
nozzle areas, and rating code (ZRC), which is the power level input . S

The program can be operated to generate a single data point or to
generage a “power series” at the given input conditions. The “power S

series ” is controlled by a power code (ZPC) input. In all cases, a
new input will supersede the standard inpu t, and will remain until
changed or until the standard deck is reloaded .

TABLE C—I

Design Point Inputs

1. T2* Fan Inlet Temperature

2. P2* Fan Inlet Total Pressure

3. TANB* Ambient Temperature

4 pp.~~ * Ambient Pressure

5. ZALT* Alti tude

6. ZMN* Flight Mach Number

7. VA* Flight Airspeed

8. SER.AN Inlet Recovery Computation Method

9. ZRR Inlet Recovery (used only if SERAN = 1)

10. SIN Inlet Condition Input Selector

11. W2 Inlet Airflow

12. BPR By—pass Ratio

13. P13Q2 Outer Fan Pressure Ratio

14.. EFO Outer Fan Efficiency

15. P21Q2 Inner Fan Pressure Ratio

16. EFI Inner Fan Ef f ic iency

17. P23Q21 Low Pressure Compressor Pressure Ratio

18. ECL Low Pressure Compressor Efficiency

* Not all are required — value of SIN dictates requirements

C—2
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19. P3Q23 Hi gh Pressure Compressor Pressure Ratio

20. ECH High Pressure Compressor Efficiency

21. WB22Q Customer Bleed Air Extraction, LPC Dishcharge

22. WB29Q Customer Bleed Air Extraction, HPC Discharge

23. TA Burner Discharge Temperature

24. EB Burner Ef f ic iency

25. FHV Fuel Heating Value

26. ETh High Pressure Turbine Eff ic iency

27. EU Low Pressure Turbine Efficiency

28. WBHV1Q Turbine Cooling Flow , HPT First Vane

29. WBHB1Q Turbine Cooling Flow , HPT First Blade

30. WBHV2Q Turbine Cooling Flow , HPT Second Vane

31. WBHB2Q Turb ine Cooling Flow , HPT Second Blade

32. WBLV1Q Turbine Cooling Flow, LPT First Vane

33. ABLB1Q Turbine Cooling Flow , LPT First Blade S

34. WBLV2Q Turbine Cooling Flow , LPT Second Vane

35. WBLB2Q Turbine Cooling Flaw, LPT Second Blade

36. TMHV1 Maximum Allowable Turbine Metal Temperature ,
HPT First Vane

37. TMHB1 Maximum Allowable Turbine Metal Temperature ,
HPT Firs t Blade

38. TMHV2 Maximum Allowable Turbine Metal Temperature ,
HPT Second Vane

39. TMHB2 Maximum Allowable Turbine Metal Temperature ,
HPT Second Blade

40. TMLV1 Maximum Allowable Turbine Metal Temperature,
LPT First Vane

41. TMLB1 Maximum Allowable Turbine Metal Temperature,
LPT First Blade

C—3 
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43. TMLB2 Maximum Allowable Turbine Metal Temperature,
LPT Second Blade

~,4. PF4 Burner Discharge Pat tern Factor

45. RPFH High Pressure Turbine Rotating Pat tern  Factor

46. RPFL Low Pressure Turbine Rotating Pat tern Factor

47. T7MAX Maximum Afterburner Discharge Temperature

48. EAB Af terburner Efficiency

49. XMAB Af terburner Mach Number

50. dD8 Exhaust Nozzle Discharge Coefficient

51. A8 Exhaust Nozzle Throat Area

52. XNHT H~ gh Pressure Rotor Speed

53. XNLT Low Pressure Rotor Speed

54. PWXH High Pressure Rotor Power Extraction

55. PWXL Low Pressure Rotor Power Extraction

56. DP16 Fan Duct Pressure Drop

57. DPB Burner Pressure Drop

F 58. DP56 Turbine Diffuser Pressure Drop

59. DPAB Afterburner Friction Pressure Drop

60. P61D6 Mixing Pressure Drop

61. XMN16 Fan Duct Mach Number

62. XMN6 Turbine Dif fuser  Mach Number

3. Variable Geometry Schedules

Another group of inputs are used to define the HPT, LPT,
and A—8 area schedules. The area schedules are expressed as a function

S of rating code , and are at this point limited to three (3) linear seg-
ments, as shown in Figure C—2. Once ~ set of schedules has been
determined , these schedules can be incorporated into the “standard”

S or design deck for  convenient re—use at a later t ime. Any input area
schedules will supersede the standard area schedules .

C—A

- . - -- -5. - 5 5~~~~~~~~~~~~ 5 S S~~~~~~~~~~~~~~~~~ . . 5 . S. S 5.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



NAPTC—PE— 88

D. OUTPUT

The data generated by this cycle deck is output to the li ne
printer  and/or magnetic tape. There are three (3) d i f fe ren t  printer
formats for a single data point . Forma t 1 is a complete listing of
all inputs , all stored computed values, and a summary page of engine
parameters at each station. The second format is jus t  the summary
page. The third format is just the Inlet Conditions and Overall
Performance sections of the summary page (Format 2 is the standard

S format) .

In addition to the engine performance data, the summary page
includes a matrix of Numerical Status Indicators (NSI’s) which are
warning messages. These warning messages include such things as
improper or inconsis tent inputs , iteration non—convergence, flight
envelope exceedance, internal function or map exceedance, compressor
surge , and insufficient or excess cooling flow messages (see Table C—Il).

TABLE C— Il

Numerical Status Indicator Listing

NSI MESSAGE

0200 Illegal Altitude Input , Altitude reset to 0.

0201 Illegal Mach Number Input , Mach number reset to 0.

0202 Illegal Flight Speed Input , Flight Speed reset to 0.

0203 Illegal Ram Recovery Input , Ram Recovery reset to 1.

0204 Illegal Ram Recovery Selector , Ram Recovery Selector reset to 0.

0300 Illegal Power Code Input , Power series not executed

0500 Flight Envelope Exceedance

070X Excess Cooling Flow , at station 4. (X—l)

1801 Exhaust Nozzle Function limit exceedance

1802 Fan Eff ic iency Function limit exceedance

1803 Compressor Efficiency Function limit exceedance

270X Insuff ic ient  Cooling Flow , at station 4. (X—l)

7001 High Pressure Turbine Map Exceedance, Velocity Ratio >4.0

C—5
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NSI MESSAGE

7002 High Pressure Turbine Map Exceedance, Work Ratio >2.0

7003 High Pressure Turbine Map Exceedance, Referred Speed
Ratio < .897

7004 High Pressure Turbine Map Exceedance , Referred Speed
Ratio >1.11

7011 Low Pressure Turbine Map Exceedance, Velocity Ratio >4.0

7012 Low Pressure Turbine Map Exceedance, Work Ratio >2.0

7013 Low Pressure Turbine Map Exceedance, Referred Speed
Ratio <;65

7014 Low Pressure Turbine Map Exceedance , Referred Speed
Ratio >1.17

7051 Fan Map Exceedance , Referred Flow Ratio >1.10

7052 Fan Map Exceedance, Referred Flow Ratio < .35

7053 Fan Map Exceedance, Percent Fan Pressure Ratio >1.2

7054 Fan Map Exceedance, Percent Fan Pressure Ratio < .35

7061 Low Pressure Compressor Map Exceedance, Referred Flow
Ratio >1.2

7062 Low Pressure Compressor Map Exceedance , Referred Flow
Ratio < .45

7063 Low Pressure Compressor Map Exceedance, Percent LPC
Pressure Ratio >1.2

7064 Low Pressure Compressor Nap Exceedance , Percent LPC
Pressure Ratio < .45

7071 High Pressure Compressor Map Exceedance, Referred
Flow Ratio >1.2

7072 High Pressure Compressor Map Exceedance , Referred
Flow Ratio <.45

7073 High Pressure Compressor Map Exceedance , Percent HPC
Pressure Ratio > 1.2

C—6
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NSI MESSAGE

7074 High Pressure Compressor Map Exceedance , Percent HPC
Pressure Ratio < .45

7091 Fan Surge

7092 Low Pressure Compressor Surge

7093 High Pressure Compress or Surge

7100 Inlet Referred Flow > Maximum limit

7101 Fan Discharge Mach Number > .~~

7110 High Pressure Turbine Pressure Ratio > Maximum limit

7111 Low Pressure Turbine Pressure Ratio > Maximum limit

9101 Non—convergence, A—8 iteration: DATA iNVALID

9102 Non—convergence, FP4, FP44 iteration: DATA INVALID

9200 Illegal Inlet Conditions Input, Calculated Ram
Recovery >1.: RUN NOT EXECUTED

9201 Illegal Inlet Mode Selection Input: RUN NOT EXECUTED

9300 Illegal Rating Code Input: RUN NOT EXECUTED

9301 Illegal Power Code Input :  RUN NOT EXECUTED

E. FEATURES

Some of the features of this program which make it flexible are
as follows. Each compressor and turbine are individually represented
by performance maps. The compressor maps are; (a) referred speed as
a funct ion of pressure ratio and referr ed flow and, (b) efficiency as
a function of pressure rat io and refer red  flow. The turbine maps
are; (a) flaw parameter as a funct ion  of pressure ratio and referred
speed and , (b) efficiency as a function of velocity ratio and cor-
rected work. These are stored as percentages of design so that the
same maps can be used f or many engines. Pressure drops are not S
considered to be constant. The fan duct , burner , diffuser , mixer ,
and afterburner friction pressure drops are computed as a function of
the referred flow and the design value of the pressure drop, providing
more realistic calculations. Also , the af terburner  momentum pressure
loss is computed as a function of afterburner Mach number and temper-
ature rise. Whenever possible, the program coding was organized into

C— 7
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building blocks , that is a subroutine for a compressor, a burner , a
turbine vane, a turbine blade , etc. This has been done to facilitate
construction of other engine cycles without duplicate effort.

For purposes of identification , a program indicator code (IND) is
included with the u.~ta. This six digi t code , XXYYZZ is used to
identify the cycle (XX ) ( i .e .,  two—spool , T—fan , mixed—turbofan
augmented = 01), the ~&pecitic design (YY), and the variable geometry
schedules (ZZ) used t’ generate this data. S

Another option within this prograra involves the number of turbine
stages. Both the high and ~~~ pressure turbines have the ~r.tion 01

being single or two—etape components independentl y.

F. PERIPHERA L C A P A f - : I L L T I E S

Once data has been written on magnetic tape , there are a number
of ways to retreive desired information. One ortion is to list all
runs on tape. The output of this option is one line printer lIne S

per run on tape showing the Case (or Run) n~ rnht :r, the program m di— S
ca tor code , the day,  date and time the run was generated , and the
NSI array. It is also possible to output a chosen run or set of 

S

runs in any of the three data output formats .

Another tape feature which is available Is called Tape Edit. This
allows output of up to eight stored values (inputs or outputs) for all S.

or any selected group of runs. The “editing” Is accomplished by
requesting that only runs which satisf y the edi t ing c r i te r ia  be
outpu t, and any stored value may be used as an editing criteria. Each
editing criterial must be assigned a minimum and maximum value. For
example , if there exists a tape of power series of many d i f f e r e n t
engine designs , each run at many a l t i tudes and Mach numbers , the user
may request data within a specified band of altitudes , and within a S

specified range of thrusts. Up to five such editing criteria are
available. In addition , editing on the maximum value of the NSI
array and the program indicator  code is available.

G. FURTHER EFFORTS S

The building block approach to the coding of this deck allows for S

the creation of other gas turbine cycles with a minimum e f f o r t .  All
of the programming required for  input/ output  and program control will.
remain essentially unchanged. The peripheral capabilities are indep—
endent of the cycle and are the re fo re  available fo r  use on an - ’  cycle.

The cyc les which are planned to be developed in the immediate
f u t u r e  are the (a) two—spool, unmixed—turbofan with duct burning and/ 

S

or afterburning, (b) two—spool , mixed turbofan with afterburning,
(c) two—spool , regenerative turboshaft with a free power turbine , and , S

hi gh bypass r a t io  turbofan.

_ _.-—- S J



.5 . .55 55. 5

NAPTC—PE—88

Other fea tu res  which are planned to be incorporated into this
deck and all other cycle decks are (a) English or Metric units ,
(b) static pressure mismatching (for mixed flow systems) and ,
(c) automated sensitivities. Automateu sensitivities implies that
a peripheral program will be developed which can compare any single
run on tape with any defined operating line (whose data is also on
tape). This method of comparison is chosen by the user. For
example , this program can be used to generate the sensitivity of
spec if i.c fuel consumption at constant thrust of a particular design
to a l’/. change in a component efficiency.

H. VARIABLE GEOMETRY DATA FOR PAR?~METER INTERRELATIONSHIPS STUD?

Variable geometry data from this cycle deck was supplied to
Hamilton Standard Division, United Technologies Corporation for
study using the parameter interrelationships method of gas pa th analysis. S

This data represents an engine whose geometry schedules are designed
for  30 ,000 f t . ,  Mach 0.8 Cruise condition because the cruise condition
is an appropriate choice for steady state gas path analysis. The
geometry schedules were selected to provide installed performance
gains. This is accomplished by maintaining the inlet design airflow
while reducing thrust (thereby reducing or eliminating spillage drag)
and by opening the exhaust nozzle to reduce boattai l  losses ( a f t  end
losses). Additionally, maintaining overall compression rat io tend s to S

minimize uninstalled TSFC. The operating limits, by which the geometry S

schedules were restricted, are the compressor surge limits (15%
reduction in surge margin), maximum turb ine pressure ratio (P4/P44 ,
P44/p5), maximum inlet referred flow (W2R), maximum burner discharge
temperature (T4), and maximum fan discharge Mach number. 

S

Figures C—8 through C—12 are plots of the engine performance data
showing the fixed geometry and variable geometry operating lines
plotted versus net thrust .  The variable geometry data covers the S

range of 40 to 100% of intermediate net thrust. Figure C—8 shows
that  constant inlet referred flow is held , accomplishing reduced
sp illage drag. Figure C—9 shows uninstalled TSFC improvement from
70 to 100% th rus t , while below 70% FN , uninstalled TSFC penalties
are present. However , those lower power conditions are associated
w i t h  the larges t installation losses , so a net TSFC improvement may
be realized. Figure C— l3 shows the geometry schedules used to
generate  this data.

C—9
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FIGUR E C— 2: EXAMPLE OF AREA SCHEDU LES
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APPENDIX D

Sensitivity Study of TEDD i’(ro,~g~~rn

A. TN TF < 1 ~)!.IC l’ ION

‘fhis i tudv WI S  conducted on the TEDD Phase II program to determine
the effects ot parameter errors on the diagnostic capabilities of the
system and to g~ t an indication of which parameters are the most
crit -

~Lal and wha t measurenent accuracies are required.  ‘Ihe parameters
stuuies were the ones used in the steady—state performance analysis ,
plu~i turbine blade temperature (pyrometer output), whicn was used in
tht~ turbine life subroutines. The other TF.DD paiameters were used
mostly in siriple l imit exceedance checks (such .‘r oil t,’,:s~ era ture and
pressure , t uel pressure, etc.), or for on—otf type indications (fuel
control selector switch , squat swItch, 12th stage bleed , etc.), where
ex treme accuracy is not a~ important.

B. MEASUREMENT ERROR

Before presenting the results of the sensitivity study,  a brief
discussion of parameter measurement error is in order. Measurement error
has two types of components, fixed error and random error. Random error
(non—repeatability) is seen in repeated measurements , which do not and
are not expected to agree exactly, for various reasons. The variation
between repeated measurements is called “prec ision error ”. The standard
deviation is used as a measure of the precision error. A large standard
deviation means large scatter in the measurements. Data smoothing tech—
niques can be used to minimize the effects of random error. A statistical
.~nalysis of TEDD Phase II data will be presented later.

The conCitant or systematic error is know n as bias, in repeated
S measurements , each measurement has the same bias . Bias’ ian be cat-

egorized into various classes. Known biases may be eliminated by
calibration , but unknown biases are not correctible. A comprehensive
study of Ir”asurement error Li gas turbine engines is provided in
Reference D—1.

The absolute level of accuracy becomes relatively unimportant when
a differential or trending technique is used for diagnosis. In this
approach , a custom baseline is ob tained f or each engine using the
actual engine sensors and total diagnostic system, and the del tas or
changes from the original values are used for diagnosis. This method
eliminates the effect of bias errors , as well as engine to engine
variations .

The above (delta) approach was used for the TEDD performance
analysis. The absolute measurement accuracy is important , however , for

D— 1
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other app lications , such as in critical limit exceedance checks (RPM,
turbine inlet tempera .C:re) and in computatio’is such as the turbine
life subroutines.

C. TUFCEIN LIrF ~~‘hROUTlNES

The first ~~1l)fl Sl t i~ ’ f ty  analysis  t ier ’ ))rme d was fOr t I ~~~r~~~~~~ 5ie b l a d e
temperature , as u t i ~ i~ed ~rr the TEDD turbine erosion lifa and t u r b i s s I ’
creep life dLiri ’ ir snbio~ tInes. ~~~~~~~~~~~~ of turbine life ‘ er&~ 

C

made at ~e”er~~’ different tenperatur.,~ levcls and with olus or rn’,nl*s
errors (~ aria’.ions) from these levels. For “ach temperature variation ,
the change in ~aI,’rCsLL1te d turbine life w~ s expressed as a percentage
(plus or minus) change tram the oricinal level. The results are shown
in Figures D-’~ ,irrd 0—2. It can be seen that these computations are 

S

~isite sensitive to ny error in turbine blade temperature. For erosion
l ife , tills sensitivity is as high as i.2f computation error per degree
temperature error , or 43% increase in calculated turbine erosion life
at —4 0 ’F’ temperature • ri:ol. The .sreer life calculations lo even more
sensitive to temperature € s r r c r , up to a s . ’,xi muris ef 56% increase in S

calculated turbine life at -15 °F temperature error. These calculated
turbine life values include a factor of safety of 70% for creep life
and 90% for erosion life. Although , they have not been evaluated
experimentally to compare with the actual engine part conditions , they
illustrate some of the difficulti.es involved in making accurate tur-
bine life calculations . Besides the problem of measurement accuracy
(absolute accuracy), there are temperature variations from blade to
blade and gradients along each blade. The creep life calculation also
has an rpm input , but this can be measured more accurately, and any
contribution to the life computation error has been found to be rela-
tively small.

0. STEADY—STATE PERFORMANCE ANALYSIS

The major portion ol this sensitivity study dealt with the TEDD
Steady—State Performance Analysis. This study was made using the TF3O—
P—408 engine performance deck baselines and deck fauit data processed
through the TEDD Performance Analysis 1r o .’.rarn . For each of the eleven
diagnosable faults , data was processed with errors in;”ut to each of the
twelve different performance parameters used , in +1% increments to ±5%.
Errors greater than ±5Z were not considered , since they are larger than
normal parameter inaccuracies , and in most cases , can be detected by the
instrumentation check portion of the program . In fact, this instru—
mentation check had to be removed from the program for this study, since
it could even detect smaller errors.

The engine operating condition chosen was sea level static ,
standard day, with a power setting of 2200°R turbine inlet temperature ,
which is approximately midway in the engine pressure ratio (ERP) band
where performance analysis is done (ERP = 1.6 to maximum power).

L)— 2
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Table D—I identifies the eleven faults analyzed and the faul t levels
used for  this study . Table D—I1 lists the measured performance para—
meters used in the diagnosis.

TABLE D— I

Performance Fault Iden tif i c a t i on  and Level

I PCE = Lc,-u’ Pressure Compresscr ~f f iclency (6% Decrease)
HPCE hi gh Pressure Compressor Efficiency (6% Decrease)

HPTE HigL Pressure Turb ine Eff iciency (6% Decrease)
LPTE = Low Pressure Turbine Efficiency (6% Decrease)

dPTA = High Pressure Turbine (Nozzle)  Area (3% Increase)

LPTA = Low Pressure Turbine (Nozzle) Area (3% Increase)

ANZ+ = Exhause Nozzle Area Increase (5%)

ANZ— = Exhaust Nozzle Area Decrease (4%)

BLO9 = Ninth Stage Bleed Flow (4 lb,’sec)

BL12 = Twelfth Stage Bleed Flow (5 lb/sec)

BL16 = Sixteenth Stage Bleed Flow (3 lb/sec)

TABLE 0—11

Measured Performance Parame ters

TT2 Inlet Air Total Temperature

~T2 Inlet Air To tal Press ure

TT3 Low Pressure Comp. Disch. Total Temperature

~T3 
Low Pressure Comp. Disch. Total Pressure

TT4 High Pressure Comp. Disch. Total Temperature

~~~ Hi gh Pressure Comp . Disch. Total Pressure

Burner Pressure

TT7 Low Pressure Turbine Disch. Total Temperature

~T7 
Low Pressure Turbine Disch. Total Pressure

Ni Low Pressure Rotor Speed
N2 High Pressure Rotor Speed

Wf Fuel Flow

The results of this study are expressed in the series of plo ts
shown in Figures 0—3 through D—14. Each figure shows the effect of
error in a given parameter on the diagnost ic  results for  each of the 

S
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faul t s  analyzed. The diagnostic progran provides a measure of the
accuracy of the f a u l t  s ignature match called Confidence Factor. In
the upper p lo t  of Figures D—3 through 0-14, the sens i t iv i ty  study
results were expressed in terms ot  percent parameter e r ror  versus
percent :ecrease in the Confidence Factor from the zero crror factor
(which in most cases was ,sver 90%). Also shown in the lower plot of
each figur’.’ is the effect of parameter error on percent change in
calculated iauit lcvei , which is used in the calculation of Confidence
Factor.

The results shown in Figures D—3 through 0-14 are summarized in
Table D—IiI . ‘fhe parameter error criteria used was a 10% allowa r le
decrease in Confidence Factor. Using this criteria, the smallest
parameter error (4- or — ) that would cause this 10% decrease was deter—
mined from the plots for each parameter and each fault. These allowable
errors are listed in Table U—Ill, with the average allowable error
computed for each parame ter , and the parameters ranked in order of
average allowable error (sensitivity). It is seen that , percentage—
wise , errors in N2 and Nl will affect the accuracy of the diagnostic
results the most, with average allowable errors of 0.48% and 0.65%,
respec tively. These average allowable erro rs only serve to pr ovide
an overall measure and ranking of parameters. The sensitivity of each
parameter can vary considerably with each fault , and the req uired
accuracy f or each parameter must be bases upon the most sensitive
case. However , this ranking by average allowable error is very
simiThr to a ranking by smallest parameter error to cause a 10% de—
crease in Confidence Factor. These figures, ranging from 0.1% for
N2 to 1.7% for T2, are listed in the last column of Table D—III.

The resu l t s  show T2 to be the least sensitive parameter , but this
is due to the basis used , and the actual T2 error involved is not
large. ft should be noted that the parameter errors introducted were
in terms of percen t of poin t, In the measured engineering units , i.e.,
in the case of T2 , the point value is 59°F, and a 1% error represents
a 0.59 °F error .  At an inlet temperature  condition of 12° F , a 0.59 °
error  would be a 4.9% of point. For the performance analysis compu-
tations , T2 is converted f rom °F to the absolute temperature in °R.
Now the same 0 .59 ° errc r becomes only 0.11% of point in terms of the
absolute tempera ture  (5l9° R ) ,  so the percent error  is considerably
reduced. The same is true of T3 and T4, but these temperatures are
at higher levels , so the conversion to absolute temperature has a
lesser , but still significant effect.

In order to bring these percent error numbers into perspective ,
Table D—IV is presented. This lists the actual value of each para—
meter at the sea level static , standard day engine operating condition 55
chosen and the engineering uni t  equivalent of a 1% of point er ror .

D—4
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TABLE D—tV

I.

Sea Level Static Standard Day Values

Point Value
Parameter at T5 2200°R 1% Err or =

N 2 13,701 rpm 137 rpm

N L  8 , 951 rpm 90 rpm

1
~T7 60.52” HgA 0 .6l’  Hg

PT2 29 .92”  HgA 0.30” Hg

F’T4 435.03” HgA 4.35” Hg

Wf 5914 pp h 59 pph

TT4 761°F 7.6°

PB (P T5) 201.21 psia  2.0 psi

153.16” HgA 1.54” Hg

TT3 407 °F 4.10

TT7 967° F 9 • 7
0

TT2 59°F 0 .590

The Table D—IV data is deck baseline data with no faults , so the
poin t value will vary somewhat, depending on the fault , but the 1%
column is a good approximation of the magnitude of the errors involved.

It is of interest to analyze the TEDD Phase II performance para-
meter data for repeatability . This information is readily available
from the TEDD steady—state Calibration and Data Analysis Program which
statistically examined the data to identify problem areas. Table D—V
shows data taken at a steady—state operating condition. This data
reading consists of 200 consecutive samples on each cha nne l, for which
an average, standard deviation , and statistical average are computed.

D— 6
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TABLE D—V

Scatistical Analysis of TED1) Pha se II Data

________ St,’t n j a r d  S ta t i s t ica l
____ 

D e v ia t ion ( s )  Average

3,57~ rpm 40.4** 13,575

Ni ~~~~~ 9.8*~ 8,754

~T7 ~~47” ilgA 0.05 59.47

~T2 
29.80” Pg~ 0.17** 29.81

~T4 
415.1” Hgi~. 0.38 415.1

Wf 1110 cps * 5.l** 1111

TT4 708.9°F 4.0** 709.1

187.9 psia 0.44 188.0

~T3 
148.9” HgA 0.13 148.9

TT3 393.8°F 7~ 3** 394.0

TT7 l0i5.2°F 3.9 1035.3

TT2 60.6°F 2.l** 60.6

* Flowme ter output signal
** Repeatability unsatisfactory without data smoothfng

The average is a mathematical average of 200 consecutIve samples.
The standard deviation is estimated by S as follows:

n
E (x j  — 1) 2 

Where Xi is the i th sample ,
S= i=l —

_______________ X is the mean o f ~ sample s
n—i

Stat is t ical ly, if the sample is random (if it has no periodic n o i s e ) ,
95% of all samples will fall within a band , centered on the mean,
wh ich is approximately 4S wide. Any samples which fall outside this
band may be conb idered insignificant , and may be ignored . The stat I~-
tical average is a new mean computed from the points remaining after

0—7
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all insign i f i can t  points are rejected . Ignoring the ins igni f icant
samples ( 5 % ) ,  the data scatter is approximately ± 2S. Comparing the
actual scatter shown In Table 0-V with the maximum allowable % error
shown in the last column of Table D—I I I , it is seen that  the para—
meters N2 , NI , PT~ , W f ,  TT4, TT3 and TT2 had too much scatter to use
the raw data wi thou t  smoothing.  The limited moving average smoothing
technique employ’~d in TEDL Phase II reduced the scatter in the per—
formance analysis re~~ its. However, further investigation was
required in this if ca , as described in Appeudix A.

The cha rac ter ist ic s  of the s e n s i t i v i t y  p lots in Figures 0—3 j
through 0-14, are uui~ ue to the TEDD Steady—S tate Performance Analysis
Program. Occasional arLomalies such as a large change in slope or a
reversal can be caused by changeover from one range to another or
other aspect ..~ ol the analysis approach.  If  a plot f l at t ens  out at
higher error levels , i.e. ,  no more decrease in Confidence Factor w i t h
increasing error , this is due to the “saturation” (reaching 100%) of
the various individual Confidence Values computed which use the subject

~araIiieter , plus the non—use of this parameter in the average f au l t
level computa t ion .  In ac tual  use , the ins t rumenta t ion  check port ion
of the ~rogram would have iden tified the problem of bad ins trumentation
before most of these error values were reached . To fully explain the
plo t charac ter istics , the details of the analysis program must be
understood (Reference D — 2) ,  but this is not necessary to use the data.

The calculated f au l t  level (lower plot of Figures D— 3 through
D—l4) is determined by the program just pr ior  to the Confidence Factor ,
and the results of the fault level calculation affect the Confidence
Factor. For most of the faults only 3 or 4 curves are used for fault
level calculation. These curves have been pre—selected for each fault
as exhibiting large and linear changes with increasing fault level.
Thus, some parameters are not used for some fault level calculations ;
and therefore , error In these parameters will not affect these cal—
culations , and there is no corresponding curve shown for that  f au l t .
Since an error in calculated fault will cause an error in Confidence
Factor , it is generally true that  the larger the change in calculated
fault level, the larger the decrease in Confidence Factor tends to be.

An area where the program was not f u l l y r e f ined , was in f au l t s
No. 4, 5, and 6; and this had an effect on the results in these cases.
For these f a u l t s , all or substant ia l ly  all of the 23 curves were used
to calculate fault level, instead of selecting a representative few,
In addi t ion , all 23 curves ( ra the r  than a selected group)  were used to
calculate Confidence Factor. As a result , these three faults show up
as being the most sensitive to parameter error in the majority of cases.
An example is seen in Figure D—12 (IT3). This parameter is not used
to determine the calculated f a u l t  level fo r  any fault except these three,
and with f u r t h e r  program ref inement  would not be used in these cases

0—8
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either. ~:LLS parameter is relat..v~~ v insensitive to changes in engine
condition due to these faults, so cu n’.~~rsely , if it is utilized in
the dI~~ nosis, an err or or change in t h i s  parameter wou ld fa lseLy
‘indicate a relatively large ch~ r~~ in the engine. This shows the
ino~ anC e ‘ r” pe: sel’...;tiu r~ 01’ curves. ~aking t h i s  correction in
t~”-e p :ograTr coil - . in cr t -as : ’  many ~f t~ e allovable err~’ru to some
extent.

E. “~ ‘~ L’.I’.Y

This s~, n s i t 1 ’ .’i t ’~ .s~ ud’; i~ ~~~~ ir:’~Icati of the kinds of accuracies
requi red  fo r  the most .:r~ t~ cai p va: et:s~ s used on the fE DD ’ 1F~ ’ — P-- ~ O8
systsm. In addrussing accuracy, ‘~ot t ~ Lhe absolute accuracy and the
repeat~~bilitv were considered. Thc absoluce accuracy is Important in
calcuj.L’ions such as turbine life and in cri tical,  limit exceedances.
However , in Lhe ~e1ta approach used for steady state performance analysis,
it is not the absolute accuracy hut the data repeatability that is mosr
important, and this can be signif icantly improved by da ta smoothing
techniques. Thu accuracies (repeatabilities) required are subject to
variation depending on the type of engine, the faults to be analyzed ,
and the type of diagnostic system . For any given engine/diagnostic
system the required accuracy also can vary with engine f l ight con—
diton, power setting, level of faul t de tection desired , and mul tipli-
city of faults. Also, these results reflect only the error in single
parameters and not a combination of error in different parameters.

Two parameters which were not included in this TEDD/TF3O—P—408
study, but will be important for advanced engines, for  performance
analysis and/ or  limit exceedance monitoring , are position measurement
(var iable compressor , turbine and nozzle; power lever) and turbine
inlet temperature.
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