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INTRODUCTION: 

The idea o f  engine mon i to r i ng  i s  n o t  new. 
a i r c r a f t  have used c y c l e  counters, and p i l o t s  i n  bo th  sec tors  have manually 
recorded c o c k p i t  parameters i n  o rder  t o  enable maintenance and engineer ing 
personnel t o  d i  scern s igns  of t roub le .  Changes i n maintenance ph i  1 osophi es 
i n  t h e  1970's f r o m  hard-t ime t o  on-condit ion, were accompanied by a 
requirement f o r  a more soph is t i ca ted  mon i to r i ng  capab i l  i ty. Technological 
advances made poss ib le  by t h e  r a p i d  development o f  d i g i t a l  e l e c t r o n i c s  have 
bo th  para1 l e l e d  and complemented ph i1  osophical and techno1 o g i c a l  changes i n 
m i l i t a r y  and commercial engine maintenance programs. As e l e c t r o n i c  ch ips  
came along, i t  was a na tu ra l  e v o l u t i o n  f o r  automated mon i to r i ng  t o  begin 
t a k i n g  b i g  steps. 

For years, m i l i t a r y  and commercial 

I n  recen t  years, i nc reas ing  p r i o r i t y  has been g iven t o  rev iewing  l i f e  usage 
m o n i t o r i n g  by bo th  commercial and m i l i t a r y  operators. Th is  a c t i o n  has been 
mot iva ted  by t h e  occurrence o f  f a i l u r e s  and by the  need f o r  improved economy 
through more e f f e c t i v e  l i f e  u t i l i z a t i o n  o f  engine par ts .  
operat ion,  t h e  d i v e r s i t y  o f  m iss ion  p r o f i l e s  a m p l i f i e s  the  need and 
compl icates t h e  task  o f  l i f e  usage t rack ing .  
requirements f o r  moni t o r i  ng 1 i f e  usage apply t o  bo th  commercial and m i  1 i t a r y  
operators. Mon i to r i ng  i ncl  udes on-board data c o l  1 ec t i on ,  on-board 
processing, ground-based process ing and data management. 

I n  m i l i t a r y  

However, t h e  same bas ic  

Because o f  t h i s  i n t e r e s t  and need, SAE Committee E-32 has developed t h i s  
Guide t o  L i f e  Usage Mon i to r ing  and Par t s  Management f o r  A i r c r a f t  Gas Turbine 
Eng i nes . 

1.1 Purpose: SAL Aerospace Recommended P r a c t i c e  1587 prov ides  general guidance 
on t h e  des ign cons idera t ions  and o b j e c t i v e s  o f  mon i to r i ng  systems f o r  
a i r c r a f t  gas t u r b i n e  engines. A major f u n c t i o n  o f  these Engine Mon i to r i ng  
Systems i s  t o  mon i to r  t h e  usage o f  l i f e - l i m i t e d  p a r t s  i n  o rder  t o  maximize 
a v a i l a b l e  l i f e  and t o  enhance a i r c r a f t  safety. 

The purpose o f  t h i s  A I R  i s  t o  rev iew t h e  c u r r e n t  approaches t o  Engine L i f e  
Usage Mon i to r ing  and Par t s  Management. 
a sumnary o f  t h e  many v a r i e d  requirements o f  a i r c r a f t  t u r b i n e  engine l i f e  
usage mon i to r i ng  and p a r t s  management (see Appendices I and I I )  and a 
d e s c r i p t i o n  of t h e  means by which these requirements can be achieved more 
e f f e c t i v e l y  through the  use o f  engine mon i to r i ng  systems. 

The document a l s o  serves t o  p rov ide  

1.2 Scope: The e f fec t i veness  o f  Engine L i f e  
Management systems i s  1 arge ly  determined 
requirements. Th is  A I R  addresses t h e  f o  

a. Safety. 
b. L i f e -1  i m i  t i n g  c r i  t e r i a .  
c. L i f e  usage a lgo r i t hm development. 
d. Data acqui s i  ti on and management. 
e. Pa r t s  l i f e  t rack ing .  
f. Design feedback. 
g. Cost e f fec t i veness .  

Usage Mon i to r i ng  and 
by t h e  a i  r c ra f t - spec  
1 owing areas : 

Par t s  
f i c  
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1.2 (Continued) : 

Thi s A I R  p r imar i  l y  exami nes the  requirements and techniques c u r r e n t l y  i n 
use, i nc lud ing :  

a. Par ts  c l a s s i f i c a t i o n  and c o n t r o l  requirements. 
b. F a i l u r e  causes o f  l i f e - l i m i t e d  par ts .  
c. Engine 1 i f e  p r e d i c t i o n  and usage measurement techniques. 
d. Method va l  i da t i on .  
e. Par ts  l i f e  usage data management. 
f. Lessons learned. 
g. L i f e  usage t r a c k i n g  benef i t s .  

2 GENERAL CONSIDERATIOhS: 

2.1 L i f e  üsage: 
such as the  accumulation o f  damage due t o  c y c l i c  and s teady-state s t resses 
r e s u l t i n g  f rom temperature, speed and pressure changes. 
e f f e c t s  o f  these s t resses can be monitored, and the re fo re  t h e  amount of l i f e  
used o r  l i f e  remaining i n  a p a r t  can be approximated w i t h  reasonable 
conf idence . 

The f a i l u r e  o f  an engine p a r t  may be due t o  i nhe ren t  causes 

I n  many cases, t h e  

For  these inhe ren t  f a i l u r e  causes, the  approach genera l l y  used t o  determine 
the  i n i t i a l  design l i f e  est imate o f  an engine p a r t  i s  t o :  

a. 
b. 
c. 

submit t h e  proposed design t o  heat  t r a n s f e r  and s t ress  analyses. 
sub jec t  sample p a r t s  t o  r i g  tes t i ng .  
sub jec t  p roduc t ion  standard engines t o  f u l l - s c a l e  s imulated se rv i ce  
endurance tes ts .  

These steps a re  supplemented by f u r t h e r  analyses i n  the  l abo ra to ry  and 
f l i g h t  t e s t  i n v e s t i g a t i o n s  t o  con f i rm  o r  modify i n i t i a l  des ign est imates o f  
f a i l  Ure r e s i  stance and opera t ing  environment, respec t ive ly .  

A n a l y t i c a l  techniques are  w ide ly  used t o  p r e d i c t  t h e  se rv i ce  l i f e  of gas 
t u r b i n e  engine par ts .  
t h e  s e v e r i t y  o f  c y c l i c  o r  steady-state opera t ion  o r  both. 
q u a n t i t a t i v e  l i f e  usage data, t he  i n i t i a l  l i f e  usage assumptions are  
necessari l y  conservat i  ve t o  assure engi ne i n t e g r i  ty  . These i n i  t i a 1  
assumptions are l a t e r  re-evaluated us ing  data acqui red p r i m a r i l y  f rom 
lead - the - f l ee t  sampling programs. This  includes, b u t  i s  n o t  l i m i t e d  to ,  
sub jec t ing  serv ice  run  p a r t s  t o  r i g  tes ts .  

Recommendations f o r  mon i to r ing  1 i f e  usage range from t h e  s e l e c t i v e  
a p p l i c a t i o n  o f  a i rborne  data a c q u i s i t i o n  systems, which prov ide  complete 
usage records f o r  small groups o f  a i r c r a f t ,  t o  the  f l e e t w i d e  a p p l i c a t i o n  o f  
microprocessor-based Engine Mon i to r ing  Systems capable o f  c a l c u l a t i n g  1 i f e  
usage i n  r e a l  time. 

The actual  l i f e  o f  p a r t s  i n  se rv i ce  s h a l l  depend upon 
I n  t h e  absence o f  
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2.2 P a r t s  Management: Dur ing t h e  l i f e  of a gas t u r b i n e  engine, t h e r e  w i l l  be 
occasions when i t  i s  necessary t o  remove i t  from serv ice  t o  f a c i l i t a t e  
scheduled r e p a i  r /overhaul  and unscheduled r e p a i r .  

I n  o rder  t o  minimize engine u n a v a i l a b i l i t y  dur ing  r e p a i r ,  p a r t s  a r e  o f t e n  
rep laced w i t h  spare p a r t s  conforming t o  equi v a l e n t  o r  improved design 
standards. 
subsequently r e - a l l o c a t e d  as spares f o r  subsequent engine repa i rs .  Thus, 
a f t e r  several  engine rebu i lds ,  t h e  c o n s t i t u e n t  p a r t s  can be very d i f f e r e n t  
f rom t h e  i n i t i a l  complement supp l ied  by t h e  manufacturer. 
engines, t h e  a b i l i t y  t o  exchange complete modules tends t o  compound t h i s  
f u r t h e r .  

Par ts  t h a t  a r e  removed f o r  rework o r  i n s p e c t i o n  s h a l l  be 

F o r  modular 

T h i s  degree o f  i n t e r c h a n g e a b i l i t y  demands t h e  use o f  w e l l  organized asset  
management systems t o  t r a c k  t h e  u t i 1  i z a t i o n  o f  1 i f e - 1  i m i  t e d  par ts .  These 
systems may range from simple c a r d  index systems t o  computer-based 
i n f o m a t i o n  management systems capabl e o f  i n t e r f a c i n g  w i t h  a i  rborne engi ne 
mon i to r ing  systems v i a  spec ia l i zed  data t r a n s f e r  equipment. 

3. PAKTS CLASSIFICATION AND CONTROL REQUIREMENTS: 

Engine p a r t s  t h a t  have f i n i t e  l i v e s  a r e  i d e n t i f i e d  e a r l y  i n  t h e  engine design 
process. 
they would e v e n t u a l l y  f a i l  a t  some p o i n t  i n  time, p o s s i b l y  causing 
s i g n i f i c a n t  damage t o  t h e  engine o r  air f rame. 
g iven  s e r v i c e  l i f e - l i m i t s  t h a t  are n o t  t o  be exceeded i n  o rder  t o  assure safe 
operat ion.  

I f  these p a r t s  were a l lowed t o  cont inue i n d e f i n i t e l y  i n  service,  

These p a r t s  a r e  accord ing ly  

A F a i l u r e  Modes, E f f e c t s  and C r i t i c a l i t y  Analys is  (FMECA) i s  used t o  
d e t e m i n e  t h e  s e n s i t i v i t y  o f  an engine t o  p a r t s  f a i l u r e s .  
o f  t h e  Re1 i abi  1 i ty Centered Mai ntenance (RCM) process ( see Appendix I I I ) . 
t h e  f a i l u r e  o f  a l i f e - l i m i t e d  p a r t  i s  l i k e l y  t o  a f f e c t  s a f e t y  o f  f l i g h t ,  i t  
i s  then c l a s s i f i e d  as a " c r i t i c a l  l i f e - l i m i t e d  par t " .  
a r e  s u b j e c t  t o  s i g n i f i c a n t  Low Cycle Fat igue (LCF) a r e  g e n e r a l l y  c l a s s i f i e d  
as c r i t i c a l  par ts .  S i m i l a r l y ,  i f  t h e  FMECA shows t h a t  t h e  f a i l u r e  o f  a 
l i f e - l i m i t e d  p a r t  does n o t  a f f e c t  s a f e t y  o f  f l i g h t  b u t  nevertheless i s  l i k e l y  
t o  s e r i o u s l y  a f f e c t  engine performance, r e i  i ab1 1 i ty o r  opera t ing  c o s t s  o r  
both, i t  i s  then c l a s s i f i e d  as a " n o n - c r i t i c a l  l i f e - l i m i t e d  p a r t " .  Thus, 
l i f e - l i m i t e d  p a r t s  can be grouped i n  t o  these two categor ies.  

C r i  t i c a l  1 i fe -T  i m i  t e d  p a r t s  f o r  a p a r t i c u l  a r  engi ne type  Wou1 d general l y  
remain common f o r  s i n g l e  and mu1 t i -eng ine  a i r c r a f t  app l i ca t ions .  
p a r t s  t h a t  a re  l i s t e d  as n o n - c r i t i c a l  f o r  a mu l t i -eng ine  a i r c r a f t  may be 
l i s t e d  as c r i t i c a l  f o r  a s ingle-engined a i r c r a f t .  

Most engine par ts ,  l i f e - l i m i t e d  o r  otherwise, r e q u i r e  r e g u l a r  i n s p e c t i o n  
throughout t h e i r  s e r v i c e  l i v e s  t o  check f o r  s igns o f  damage due t o  cracks, 
impact, corros ion,  erosion, etc.  Moreover, 1 i f e - 1  i m i t e d  p a r t s  r e q u i r e  s t r i c t  
adherence t o  r i g o r o u s  c o n t r o l  procedures t o  ensure t h a t  no component 
cont inues I n  s e r v i c e  beyond i t s  safe l i f e - l i m i t .  F o r  c r i t i c a l  l i f e - l i m i t e d  
par ts ,  r e g u l a t i o n s  r e q u i r e  t h a t  each p a r t  be t raceab le  throughout i t s  serv ice  
1 i f e  h i  s t o r y  and t h a t  complete i nspect ion records be mai n t a i  ned. 
each c r i t i c a l  l i f e - l i m i t e d  p a r t  i s  marked accord ing ly  w i t h  a unique s e r i a l  
number f o r  i d e n t i f i c a t i o n .  

Th is  FMECA i s  p a r t  
I f  

P a r t s  t h a t  r o t a t e  and 

However, 

Therefore, 
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4. FAILURE CAUSES OF LIFE-LIMITED PARTS: 

An engine p a r t  i s  l i f e - l i m i t e d  i f  i t  i s  l i k e l y  t o  f a i l  f o r  predetermined 
reasons. 
f a i l u r e  mode i s  i n h e r e n t l y  r e l a t e d  t o  engine usage. 
can inc lude one o r  any combination o f  t h e  fo l l ow ing :  

I n  general, safe l i f e - l i m i t s  a r e  imposed across t h e  f l e e t  i f  t h e  
Inherent  f a i l u r e  causes 

a. Low Cycle Fatigue. 
b. High Cycle Fatigue. 
c. Thermal Fat igue. 
d. Creep. 

I n  a d d i t i o n  t o  these inhe ren t  f a i l u r e  causes, o the r  causes can l e a d  t o  the  
premature f a i l u r e  o r  r e j e c t i o n  o f  a component, e i t h e r  by decreasing f a i l u r e  
r e s i  stance o r  by i n t roduc ing  new r e j e c t i o n  c r i  t e r i a .  These non- inherent 
causes a re  most ly  random, because they a re  r e l a t e d  t o  ex te rna l  f a c t o r s  n o t  
normal ly encountered by a l l  engines i n  the  f l e e t .  These causes inc lude:  

a. Fore ign o b j e c t  damage. 
b. 
c. Corrosion. 
d. Erosion. 
e. F r e t t i n g .  
f. Wear. 
g. Ma te r ia l  defects.  
h. Manufactur ing defects.  

Engine mishandl ing ( t h a t  i s ,  overtemperature, overspeed) 

I n  many cases, premature f a i l u r e s  can p o t e n t i a l l y  be avoided by b e t t e r  
component design, appropr ia te  c o n d i t i o n  mon i to r ing  and d e t a i l e d  inspect ions.  
However, c o n d i t i o n  mon i to r ing  w i t h  respect  t o  these non- inherent f a i l u r e  
causes are  n o t  discussed f u r t h e r  i n  t h i s  document. 

4.1 Low Cycle Fat igue (LCF): 
s i g n i f i c a n t  s t ress  ampl i tudes caused by repeated c y c l i n g  between d i f f e r e n t  
s t ress  l e v e l s  w i t h i n  the  m a t e r i a l ' s  e l a s t i c  l i m i t ,  even tua l l y  l ead ing  t o  
s t r a i n  hardening ( o r  i n  some cases, s t r a i n  so f ten ing)  and f a i l u r e .  It i s  
widely  agreed t h a t  LCF f a i l u r e  occurs i n  l e s s  than 50 O00 cyc les,  where a 
c y c l e  i s  u s u a l l y  de f ined as an excurs ion from zero s t r e s s  t o  a maximum datum 
s t ress  and back t o  zero. 

Low cyc le  f a t i g u e  i s  normal ly  assoc iated w i t h  

LCF st resses can be caused by c e n t r i f u g a l  loads, t o r s i o n a l  loads, gas 
pressure loads and thermal gradients ;  each can a c t  independent ly o r  i n  
combination w i t h  one another, thereby inc reas ing  o r  decreasing the  n e t  
s t resses depending upon the  s p e c i f i c  engine opera t i ng  cond i t ion .  The 
m a j o r i t y  o f  r o t a t i n g  par ts ,  i n  p a r t i c u l a r  sha f t s  and d iscs,  a re  sub jec t  t o  
LCF. 

LCF st resses a l so  a r i s e  from r e c u r r i n g  loads due t o  pressures and 
maneuverd ine r t i a  and a f f e c t  t he  l i f e  o f  non- ro ta t ing  p a r t s  such as pressure 
vessels, mounts and a i r f rame s t ruc tu res .  
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4.1 (Conti nued) : 

For most rotating par ts ,  the predominant load i s  centrifuga and, therefore, 
RPM dependent. Because centrifugal load i s  proportional t o  KPM2, the 
stress change due t o  an kPM change a t  o r  about the take-off rating i s  
substantially greater than tha t  due t o  an equal RPM change a t  o r  about 
engine i d l e .  Correspondingly, t h r o t t l e  movements i n  higher RPM bands a re  
substantially more damaging than comparabl e thro t t l  e movements i n 1 ower RPM 
bands. Consequently, mi 1 i tary engines usually e x h i b i t  higher LCF usage 
ra tes  than commercial l y  operated engines because of the re1 a t i  vely 1 arge 
number of high-power t h r o t t l e  movements required for  mil i tary a i r c ra f t .  

High cycle fatigue i s  caused by lower s t r e s s  
amplitudes than those tha t  cause LCF. Failure due t o  HCF usually occurs i n  
more t h a n  50 O00 cycles. A HCF s t r e s s  (possibly due t o  vibration) may i n  
some circumstances be superimposed on a LCF stress and accounted fo r  by use 
of a percentage fac tor  applied t o  the LCF damage, t h u s  reducing the overall 
l i f e .  T h i s  type of fatigue i s  d i f f i c u l t  t o  predict i n  the i n i t i a l  design 
stage and may not appear e i the r  i n  development testing o r  i n i t i a l  service of 
a production engine. Understanding this f a i lu re  mode requires a thorough 
knowledge of component s t resses  (both steady-state and cycl i c )  , temperatures 
and material properties. 
i t  i s  d i f f i c u l t  t o  measure, and a means of implementing this capabili ty i n  
engine monitoring systems has not, as  ye t ,  been adopted. 

4.2 High Cycle Fatigue (HCF): 

Although HCF i s  well recognized as  a f a i lu re  mode 

4.3 Thermal Fatigue: Thermal fatigue s t resses  a re  induced by thermal gradients 
and different ia l  expansions. Accel s and decels are  the prime contributors 
toward thermal fatigue,  because i n  these conditions the r a t e  of change of 
t h e  gas temperature i s  rapid and generates h i g h  thermal gradients, 
par t icular ly  i n  hot section parts. 

Many engine par ts  direct ly  experience h i g h  gas temperatures, e i t he r  by to ta l  
immersion i n  the gas stream as  i n  the case of turbine blades and e x i t  guide 
vanes, o r  local ly  through par t ia l  immersion as  i n  the case of h i g h  pressure 
compressor and turbine discs. In e i the r  case, thermal gradients will occur, 
which cause thermally induced stresses. 
configurations of many engine par ts  cause d i f fe ren t  heating and cooling 
ra tes  tha t ,  i n  turn, cause different ia l  expansions w i t h i n  the part. 

T h i s  i s  because the geometric 

Thermal fatigue i s  similar t o  LCF i n  t h a t  re la t ively large s t r e s s  levels  can 
be induced, which can augment or  negate the mechanically originated s t resses  
i n  a part. The la rges t  thermal s t resses  usually occur d u r i n g  t ransient  
temperature conditions as ,  for example, d u r i n g  engine start-up or rapid 
power changes. 
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4.4 Creep: Fo r  a i r c r a f t  t h a t  f l y  miss ion p r o f i l e s  w i t h  l o n g  c r u i s e  segments, 
creep can become a more l i f e - l i m i t i n g  c r i t e r i o n  than LCF. 

Under a p p l i c a t i o n  o f  a sustained l o a d  a t  e levated temperatures, meta ls  can 
show a gradual dimensional change. This  i s  t h e  r e s u l t  o f  s l i p  occu r r i ng  
along c r y s t a l  s t r u c t u r e s  i n  t h e  c r y s t a l  i t s e l f ,  together  w i t h  f l o w  o f  t h e  
g r a i n  boundary ma te r ia l  , The r a m i f i c a t i o n  o f  t h i s  process i s  t h e  poss ib le  
change i n  dimensions o f  a t u r b i n e  component, t o  t h e  p o i n t  where t h e  l o a d  
bear ing area o f  t he  component can no l qnger  wi thstand t h e  peak opera t i ng  
stresses. If allowed t o  cont inue unchecked, t h i s  c o n d i t i o n . w i l 1  r e s u l t  i n  
Pai 1 Ure. 

It i s  genera l l y  agreed t h a t  when p l a s t i c  s t r a i n s  are introduced, t h e  
operat ing l i f e  o f  t h e  component depends on t h e  p l a s t i c  s t r a i n  and t h e  h i g h  
temperatures i n  which these s t r a i n s  a re  experienced. However, t h e  maximum 
operat ing temperature i s  t h e  s i n g l e  most impor tant  va r iab le .  Increas ing t h e  
maximum temperature f o r  a given temperature range w i  11 s i  gn i  f i c a n t l y  reduce 
t h e  remaining l i f e  t o  f a i l u r e ,  Fo r  example, a t  e leva ted  metal temperatures, 
t h e  creep l i f e  o f  a p a r t  can be halved f o r  a metal temperature increase o f  
on l y  15OC. The second parameter t h a t  i s  most i n f l u e n t i a l  on remaining l i f e  
due t o  creep i s  t ime d u r a t i o n  a t  t he  maximum temperature, 

5. ENGINE LIFE PREDICTION ANU USAGE MEASUREMENT: 

Since t h e  f a i l u r e  o f  c e r t a i n  engine p a r t s  i s  a t  l e a s t  hazardous and, i n  
c e r t a i n  m i l i t a r y  app l i ca t i ons ,  p o t e n t i a l l y  catast rophic ,  t h e  a p p l i c a t i o n  o f  
e f f e c t i v e  f a i l u r e  prevent ion methods i s  imperat ive.  A t r a d i t i o n a l  
methodology i s  t o  c o r r e l a t e  engine l i f e  usage w i t h  t ime i n  normal ope ra t i on  
t o  d e r i v e  the  Time Before Overhaul (TBO). A t  overhaul, some engine p a r t s  may 
be removed f o r  cause, w h i l e  o the rs  may be removed because o f  t h e  s t a t i s t i c a l  
probabi 1 i ty t h a t  f a i l  Ure w i  11 occur before nex t  overhaul. These s t a t i  s t i c a l  
p robab i l  i t i e s  are necessar i ly  weighted f o r  sa fe ty  reasons; and therefore,  
p a r t s  are o f t e n  removed w i t h  usefu l  l i f e  remaining. Thus, f o r  reasons o f  
ma in ta in ing  sa fe ty  and improving economy, t h e  development o f  l i f e  usage 
mon i to r i ng  systems inco rpo ra t i ng  accurate a l  g o r i  thms i s  j u s t i f i e d .  
o f  t h e  r e p e a t a b i l i t y  o f  some c i v i l  a p p l i c a t i o n  f l i g h t  p r o f i l e s  t h i s  
j u s t i f i c a t i o n  becomes l e s s  c lea r .  

Because 

5.1 ües ign Methodology: The approach normal ly used by engine manufacturers t o  
v e r i f y  t h e  l o n g e v i t y  o f  a l i f e - l i m i t e d  p a r t  f o r  a new engine design inc ludes:  

a. Accurate d e f i n i t i o n s  of mate r ia l  proper t ies.  

b. St ress and heat t r a n s f e r  analyses o f  t h e  proposed design u s i n g  computer 
modeling techniques having var ious degrees o f  soph is t i ca t i on ,  i n c l u d i n g  
t h e  es t ima t ion  o f  pressure and temperature environments and t h e  stresses 
they impose. 
data t o  produce an i n i t i a l  l i f e  p red ic t i on .  

Bench, r i g  and sp in  p i t  t e s t s  t o  v e r i f y  t he  s t ress  ana lys i s  data and t o  
conf i rm 1 i f e  est imates. 
engine cond i t i ons  and the l a c k  o f  s t a t i s t i c a l  s i g n i f i c a n c e  places more 
re1 iance on ana lys i s  methods. 

These data are then used together  w i t h  c o r r e l a t e d  t e s t  

c. 
However, t he  d i f f i c u l t y  o f  s imu la t i ng  r e a l  
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5.1 ( Cont i  nued) : 

d. Instrumented bench and f l i g h t  development engine t e s t i n g  are  used t o  
v e r i f y  t h e  est imated env i  ronmental c o n d i t i o n s  and s t r e s s  l e v e l  s. 

The safe l i f e  o f  a c r i t i c a l  l i f e - l i m i t e d  component i s  t h e  est imated l i f e  t o  
f i r s t  measureable c rack  o r  t o  a p r o p o r t i o n  o f  t h e  l i f e  t o  a c r i t i c a l  c rack  
s ize.  The data p rov ided by s t r e s s  a n a l y s i s  a re  combined w i t h  empi r i ca l  
Stress/Cycl i c  IS/N) data, range-mean re la t ionshps  and cumulat ive damage laws 
t o  produce an est imate o f  l i f e  t o  f i r s t  crack. 
h e l p f u l  i n  v a l i d a t i n g  f a t i g u e  l i f e - l i m i t s  and i n  determin ing whether 
1 i f e - i  i . m i t  adjustments a re  necessary. 
engine i s  i n  p roduc t ion  so t h a t  p a r t s  l i f e  data a re  accrued ahead o f  s e r v i c e  
exper i  ence. 

R ig  and engine t e s t i n g  i s  

Th is  a n a l y s i s  cont inues a f t e r  an 

Th is  work has been p u t  on a more q u a n t i t a t i v e  bas is  through t h e  use o f  t h e  
science o f  f r a c t u r e  mechanics. 
f l a w s  and de fec ts  t o  some e x t e n t  forms t h e  bas is  f o r  f r a c t u r e  mechanics. 
The theory  o f  f r a c t u r e  mechanics i s  t h a t  these i m p u r i t i e s  can develop i n  t o  
cracks t h a t  grow as a f u n c t i o n  o f  r e p e t i t i v e  s t r e s s  f l u c t u a t i o n s  and t h e  
t y p e  o f  crack. 

The f a c t  t h a t  a l l  a l l o y s  c o n t a i n  i m p u r i t i e s ,  

A crack i n  an engine p a r t  i s  s t a b l e  up t o  a c e r t a i n  c r i t i c a l  length,  a t  t h a t  
p o i n t  i t  propagates t o  f a i l u r e .  
p a r t i c u l a r  M a t e r i a l ,  b u t  i s  always i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square o f  
t h e  s t ress.  
decrease i n  c r i t i c a l  length.  

The c r i t i c a l  l e n g t h  depends on t h e  

Thus, f o r  an increase i n  s t ress,  t h e r e  i s  a corresponding 

A s t r e s s  i n t e n s i t y  f a c t o r  i s  used t o  r e l a t e  t h e  gross area o r  o v e r a l l  s t r e s s  
f i e l d  t o  t h e  phys ica l  geometry of t h e  crack. 
f a c t o r ,  t h e  m a t e r i a l  p r o p e r t i e s  a r e  generated which g i v e  t h e  amount o f  c rack  
growth f o r  each a p p l i e d  cyc le .  T h i s  growth can then be summed t o  p e r m i t  a 
c a l c u l a t i o n  o f  c rack  s i z e  a t  any t ime i n  t h e  l i f e  o f  an engine p a r t .  The 
c r i  t i c a l  c o n d i t i o n  occurs when t h e  s t r e s s  i n t e n s i t y  f a c t o r  reaches t h e  
f r a c t u r e  toughness value o r  t h e  v i b r a t o r y  t h r e s h o l d  value, a t  which p o i n t  
t h e  c rack  w i l l  become unstable and propagate through t h e  p a r t .  

F rac ture  mechanics re1 i e s  on Non-Destructive Exami n a t i o n  (NDE) t o  f i n d  
cracks be fore  engine assembly and d u r i n g  engine inspect ions.  To v e r i f y  
d e f e c t  s i z e  and d i s t r i b u t i o n ,  q u a n t i f i c - a t i o n  o f  sub-surface de fec ts  i s  done 
b e f o r e  engine development. 

Using t h e  s t r e s s  i n t e n s i t y  

Quant i  f i c a t i o n  i s genera l l y  des t ruc t ive .  

The a p p l i c a t i o n  o f  f r a c t u r e  mechanics i n  t h e  des ign o f  an engine p a r t  
enables t h e  c a l c u l a t i o n  o f  l i f e  based on t h e  p a r t  having a d e f e c t  j u s t  below 
t h e  l e v e l  t h a t  can be r e a d i l y  detected w i t h  accurate NDE techniques. 
c y c l e s  remaining t o  t h e  c r i t i c a l  value can then be ca lcu la ted .  
t h i s  c a l c u l a t i o n  and v e r i f i c a t i o n  by t e s t ,  t h e  re - inspec t ion  and/or 
r e t i r e m e n t  o f  a p a r t  can be scheduled. Records must be k e p t  o f  c y c l i c  usage 
i n  service.  

The 
Based on 
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5.2 Der i va t i on  o f  Serv ice L i f e  Usage: 
serv ice  l i f e  o f  l i f e - l i m i t e d  p a r t s  i s  based on t h e o r e t i c a l  est imates o f  
engine usage r a t e s  f o r  miss ion type and miss ion mix. Because i t  i s  n o t  
poss ib le  t o  de tec t  o r  measure cracks i n  most p a r t s  w h i l e  i n s t a l l e d  i n  t h e  
engine, the  crack propagat ion phase i s  usua l l y  n o t  inc luded i n  the  est imate 
o f  f a t i g u e  l i f e .  The f a t i g u e  l i f e  o f  c r i t i c a l  p a r t s  must t he re fo re  be 
r e l i a b l y  es tab l i shed i n  o rder  t o  avo id  bo th  uneconomical premature 
re t i remen t  and f a i  1 Ure du r ing  enyi  ne operat ion.  Thi  s i s accompl i shed by 
eva lua t i on  o f  h igh  t ime p a r t s  and ref inement  o f  a n a l y t i c a l  techniques. 
These p a r t s  a re  taken from bench development engines, acce le ra ted  se rv i ce  
t e s t  engines, and produc t ion  engines and are  sometimes tes ted  t o  
des t ruc t ion .  These t e s t  programs can be used as evidence i n  support  o f  
1 i f e - 1  i m i t  recommendations t h a t  a re  reviewed p e r i o d i c a l l y  and, i f  
appropr iate,  ad jus ted  accordingly.  Wi th  a n a l y t i c a l  support, favorable t e s t  
and serv ice  experience may l e a d  t o  l i f e  extensions. Conversely, i f  
experience i n d i c a t e s  t h a t  l i f e - l i m i t s  a re  t o o  high, they may be reduced. 

Recommendations f o r  l i f e  usage mon i to r ing  are  based upon t h e  need t o  
accumulate data on se rv i ce  h i  s t o r y  and associated m i  ss ion  p r o f i  1 es f o r  
s p e c i f i c  engine par ts .  
c o r r e l a t i o n  o f  l i f e  p r e d i c t i o n  w i t h  ac tua l  engine usage. Th is  approach 
usua l l y  i nvo l ves  the  record ing  and ana lys i s  o f  engine usage data du r ing  
se rv i ce  operat ion.  Th is  can r e s u l t  i n  t h e  adjustment o f  se rv i ce  l i v e s  and 
inspec t i on  i n t e r v a l  s. This  procedure i s a l  ready p r a c t i c e d  f o r  m i l  i t a r y  
engines and prov ides a mon i to r  on f l e e t  t rends  should se rv i ce  usage change. 

A wide ly  used method o f  determining the  

Such data banks enable the  assessment and 

Recent advances i n  a n a l y t i c a l  techniques, coupled w i t h  the  advent o f  
l i g h t w e i g h t  on-board computers, have c rea ted  t h e  cond i t i ons  f o r  a more 
accurate and i n d i v i d u a l  t reatment  o f  engine 1 i f e  usage p red ic t i on .  

5.3 Miss ion P r o f i l e  Analysis:  Missions a re  composed o f  common bas ic  modes 
i n c l u d i n g  engine s tar t -up,  t a x i ,  take-o f f ,  c l imb, c ru ise ,  l and ing  and 
shut-down. Other elements may a l s o  be considered i f  t h e  engine i s  used f o r  
VTOL o r  t h r u s t  reversing. Engine l i f e  usage must be determined f o r  each 
f l i g h t  mode by miss ion analys is .  
modes w i l l  depend on the  type o f  a i r c r a f t  and whether i t  i s  per forming i n  a 
m i l i t a r y  o r  commercial ro le .  

The l i f e  usage du r ing  each o f  these f l i g h t  

Miss ion p r o f i l e  ana lys i s  i s  performed by: 

a. Recording the  r e l e v a n t  i n  serv ice  engine and a i r c r a f t  parameters t o  
r e f i n e  the  i n i t i a l  t h e o r e t i c a l  m iss ion  p r o f i l e .  

b. Reconstruct ing the  miss ion p r o f i l e  a n a l y t i c a l l y  u n t i l  i t  has a h igh  
s t a t i s t i c a l  p robab i l  i ty o f  f i t t i n g  a l a r g e  percentage of ac tua l  m iss ion  
p r o f i l e  data. 

The c o l l e c t i o n  o f  data f o r  d i f f e r e n t  c lasses o f  a i r c r a f t  can have add i t i ona  
b e n e f i t s  i n c l u d i n g  the  establ ishment o f  design goals  f o r  new engine types. 

 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r18

72

https://saenorm.com/api/?name=1f42c5e5cb0465fda9c4b5593b9c2a37


- 11 - 

5.4 Life Optimization: Most engine manufacturers have service 1 i f e  extension 
programs fo r  l ife-l imited parts. 
data, inspection of high-time service parts and sampling and tes t ing of 
parts from lead-the-fleet engines parts where available. 

This i s  achieved by re-analysis of s t r e s s  

The i n i t i a l  l i f e  of a particular engine par t  i s  declared when the predicted 
safe l i f e  has been substantiated t h r o u g h  detailed analysis, rig tes t ing o r  
service sampling programs o r  both .  I f  l i f e  increases are established, the 
manufacturer shall amend his  overhaul manual t o  r e f l ec t  this .  

Comercial operators, in  addition t o  the general ' l i f e  growth' program of 
the engine manufacturer, can in some cases benefit fur ther  where engine 
operation i s  l e s s  severe t h a n  t h a t  on which the i n i t i a l  l i fe - l imi t s  are 
based. 
components t h a t  reach the i r  peak s t r e s s  levels during take-off. 
appropriate l i f e  factor ,  agreed t o  by the manufacturer for  the specific 
engine power level,  extended use of c r i t i ca l  l ife-l imited parts can be 
achieved. Conversely, where an engine i s  subjected t o  high s t ress  levels ,  
for  example, crew t r a i n i n g  o r  operating above maximum rated power, the 
c r i t i c a l  p a r t  l i f e  usage must be increased in accordance w i t h  the rules of 
the engine manufacturer and appropriate regulatory agencies. 

Examples of the application of l i f e  adjustments f o r  commercial a i r l i n e  
operators of one particular engine type are: 

a. khen take-off power i s  limited t o  between 90% and 95% of normal take-off 
rated power, a rotating component l i f e  factor of 0.93 may be applied t o  
b o t h  the cyclic usage and the hourly usage. 

b. When the actual take-off power used i s  greater than  the normal take-off 
power rating, i t  i s  necessary t o  record this f l i g h t  as  being equivalent 
t o  s i x  cycles a t  normal take-off power ra t ing .  

Both  hourly and cyclic l i f e  benefits can be realized fo r  the 
By using an 

c. When rotor speed or  temperature l imi t s  are exceeded, operators are 
ob1 i gated t o  remove the engi ne for dimensional or metal 1 urgical 
inspection. 
of l imi t  exceedance, duration o f  event and inspection findings. 
may be returned t o  service a t  a decreased l i f e  rating o r  scrapped 
depending on the manufacturer's recommendation. 

To benefit from using reduced power take-Offs, i t  i s  necessary t o  keep 
detailed records of the power used f o r  each f l i g h t .  
task fo r  any records system, b u t  lends i t s e l f  readily t o  analysis using an  
engine monitor ing system. This approach requires the agreement of the 
engine manufacturer. 

Further usage of affected parts i s  dependant on the degree 
Parts 

This can be an enormous 

5.5 Life Usage Measurement: W i t h  present technology, i t  i s  feasible t o  measure 
engine l i f e  usage w i t h  engine monitor ing systems in a suff ic ient ly  re l iab le  
and accurate manner. This section shall discuss the requirements for 
computing engine l i f e  usage d u r i n g  f l i g h t  i n  real time o r  post-fl ight in a 
ground s ta t ion using recorded f l i g h t  data .  

4 -  . 
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5.5.1 Low Cycle Fatigue: 
monitoring would be incomplete without a t  l e a s t  a mention of the s t resses  

I t  i s  recognized tha t  any discussion of LCF l i f e  usage 

caused by-thermal gradients and different ia l  expansions as we1 1 as 
s t resses  due t o  centrifugal loads. Currently, work i n  the area of  
thermally induced LCF represents a major par t  of routine s t r e s s  and 
analysi s of rotating parts. However, for  simp1 i c i  ty , t h i  s document 
concentrates on mechanical LCF. 

i f e  

I f  i t  i s  assumed t h a t  the most damaging s t r e s s  levels i n  an engine F r t  
are primarily due to  mechanical e f fec ts  ( t h a t  i s ,  centrifugal forces due 
t o  rotor speed), then the main l i f e  usage parameter for  t ha t  p a r t  i s  
mechanically induced LCF. 
effects  are  negligible i n  comparison to  centrifugal stresses.  F i g .  1 
shows a schematic of the process used t o  determine the l i f e  usage of an 
engine part  t ha t  i s  subjected to  mechanically induced LCF. 
requires the use of an appropriate mathematical function tha t  re la tes  a 
speed cycle t o  fatigue and a cycle counting technique tha t  selects  the 
major and minor speed cycles. 
calcul ated. 

This would be t rue for  a fan disc where thermal 

This procedure 

The equivalent reference count i s  then 

A reference cycle i s  usually defined as  an excursion from zero t o  maximum 
RPM and back t o  zero as  depicted i n  F ig .  2. The reference l i ne  i n  F i g .  2 
defines the relationship between equivalent usage i n  reference cycles and 
peak rotor speed for  a given zero-max-zero rotor speed excursion. Other 
l ines  define the usage count i n  equivalent reference cycles for  non-zero 
m i n i m u m  rotor speeds. 
computed. 

In the very simple rpm/stress prof i le  shown i n  Fig.  3a, i t  i s  necessary t o  
extract  the major and minor cycles ( F i g .  3b) i n  terms of equivalent 
reference cycles ( F i g .  3c). 

The usage count fo r  any one cycle can, t h u s ,  be 

There are several methods for  extracting the cycles from a LCF s t r e s s  
profile,  b u t  the most widely accepted and successful method i s  the 
Kainflow Method. Success of the Rainflow Method evolves from i t s  ab i l i t y  
t o  count a l l  cycles, identifying the min imum and maximum stresses  and 
s t ra ins  fo r  each cycle. The va r i a t ion  of mean s t r e s s  as well as the 
variation of the s t ress / s t ra in  range must also be identified.  
conveniently achieved when cycles are  defined according t o  the Rainflow 
Method, where the mean of each cycle i s  simply the average of the highest 
and lowest peaks of each cycle. 

This i s  

To understand the principle of the Rainflow Method, the time-history 
s t r e s s  or s t ra in  profile i s  turned t h r o u g h  90 deg so t h a t  the time axis i s  
vertically downwards (see F i g .  4 ) .  
ser ies  of pagoda roofs, fa l l ing  t o  the ground, except tha t  i f  the peak 
where rainflow begins i s  a maximum then i t  must stop i f  i t  f a l l s  opposite 
a max peak tha t  i s  more positive than tha t  from where i t  began. 
Similarly, i f  the rainflow begins a t  a peak t h a t  i s  a m i n i m u m  i t  must then 
stop when i t  f a l l s  opposite a minimum peak tha t  i s  more negative. 
rainflow must also stop i f  i t  meets the rain from a roof above. 

The prof i le  i s  now imagined t o  be a 

The 

 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r18

72

https://saenorm.com/api/?name=1f42c5e5cb0465fda9c4b5593b9c2a37


- 13 - 

PROCESS 
PRECONDITIONING 

TIME HISTORY RECORD 

1 

* 
DAMAGE MAP 

* 
ACCUMULATOR 

[mil. U 
FIGURE 1 - Mechanical LCF Algorithm 
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FIGURE 2 - Typical Map Structure 
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FIGURE 3 - Major and Minor Cycles 
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5.5.1 (Continued): 

F o r  mechanical ly induced LCF, r o t o r  speed i s  a l l  t h a t  i s  required. It 
shoul d be noted however, t h a t  c y c l  e count ing  methods more s o p h i s t i c a t e d  
than t h e  Rainf low Method are  needed t o  deal w i t h  thermal ly  induced LCF 
because o f  t h e  poss i  b i  1 i ty  o f  negat i  ve stresses. A l  though su i  tab1 e f o r  
mechanical ly induced LCF, evidence i n d i c a t e s  t h a t  more s o p h i s t i c a t e d  c y c l e  
count ing  methods need t o  be developed t o  operate i n  con junc t ion  w i t h  
thermal ly  induced LCF because o f  t h e  l i k e l i h o o d  o f  negat ive s t resses as 
w e l l  as p o s i t i v e  stresses. 

5.5.2 Thermal Fat igue:  Thermal f a t i g u e  i s  charac ter ized  by r a p i d  changes i n  
s t r e s s / s t r a i  n due t o  mechanical and thermal l o a d i n g  on re1 a t i v e l y  t h i  n 
m a t e r i a l  sect ions.  
t h r o t t l e  t r a n s i e n t s ,  1 arge temperature grad ien ts  occur due t o  non-uni form 
thermal storage capac i ty  ( w a l l  th ickness)  and non-uniform heat  f l u x  on t h e  
s u r f  ace. 

I n  t h i s  s i t u a t i o n ,  dur ing  steady s t a t e  and r a p i d  engine 

Accurate l i f e  p r e d i c t i o n ,  therefore,  r e q u i r e s  accurate knowledge o f  t h e  
metal  temperatures dur ing  b o t h  steady-state and t r a n s i e n t  operat ions.  
These data a r e  acqui red by extens ive measurement o f  temperatures dur ing  
engine t e s t i n g  and by heat  t r a n s f e r  p r e d i c t i v e  models. A lso r e q u i r e d  a r e  
extens ive 1 aboratory m a t e r i a l  LCF specimen t e s t s  conducted over  t h e  range 
o f  t r a n s i e n t  induced temperatures and s t r a i n s  t h a t  occur i n  t h e  component 
d u r i  ng engi ne operat ion.  

L i f e  p r e d i c t i o n  and usage measurement, i n  each case, i s  condensed t o  a 
Miner 's  Rule summation f o r  t h e  several  types of r e c u r r i n g  and damaging 
cycles.  
l i s h e d  by specimen tes ts .  
components l i m i t e d  by thermal f a t i g u e  i s  s i m i l a r  t o  t h a t  f o r  convent ional  
LCF. 

A unique damage f a c t o r  i s  assigned t o  each c y c l e  t h a t  i s  estab- 
Therefore, t h e  usage measurement process f o r  

5.5.3 Creep: E s t a b l i s h i n g  t h e  creep l i f e  l i m i t s  p rov ides  t h e  100% l i f e - l i m i t  
re ference t o  be used i n  t h e  mon i to r ing  system f o r  a t u r b i n e  component. 
The percentage o f  l i f e  usage then i s  a f u n c t i o n  o f  t h e  s t ress,  temperature 
and t h e  l e n g t h  o f  t ime a t  t h e  var ious s t r e s s  l e v e l s .  
deve1 opment t e s t  experience p r o v i  de t h e  cor re1  a t i o n s  necessary t o  determi ne 
t h e  s t r e s s  and s t r a i n  l e v e l s  based on temperature and r o t a t i o n a l  speed. 
The p r e c i s e  method u t i l i z e d  i n  combining p a r t i a l  percentages, t h a t  i s ,  t h e  
percent  o f  l i f e  used dur ing  d i f f e r e n t  opera t ing  segments o f  each f l i g h t ,  
can vary depending on t h e  bas ic  method o f  combining increments. 

Ana lys is  and 

The methoas used w i l l  depend on t h e  type o f  engine opera t ion  being 
considered and w i l l  be i n  terms o f  s t r e s s  l e v e l s  r e s u l t i n g  from engine 
speed and t ime a t  o p e r a t i n g  temperature. Approaches used f o r  m i l  i t a r y  
missions w i l l  focus p r i m a r i l y  on creep as a f u n c t i o n  o f  c y c l i c  f a t i g u e  
s t r e s s  f a c t o r s  r e l a t e d  t o  speed. On t h e  o ther  hand, commercial type 
o p e r a t i  on w i  1 T r e q u i r e  approaches focused more towards s t r a i n  t h a t  r e 1  ates 
t o  accumulated t ime a t  temperature. 

--I 
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5.5.3 (Continued) : 

A t y p i c a l  f u n c t i o n  o f  implementing percentage l i f e  usage f o r  a t u r b i n e  
component i s  presented i n  Fig.  5. A f i g u r e  such as t h i s  would be u t i l i z e d  
f o r  the  most c r i t i c a l  component i n  any t u r b i n e  sec t i on  ( low pressure 
tu rb ine ,  h igh  pressure tu rb ine ,  etc.) .  
decreasing t u r b i n e  temperature as depic ted i n  F ig .  5. 

l i m i t  exceedance record ing  c o n s t i t u t e s  an impor tan t  aspect o f  l i f e  usage 
mon i to r ing  o f  eng! ne components. Most 1 i f e  usage a l  g o r i  thms a r e  designed 
t o  operate under normal engine opera t ing  condi t ions.  
moni tor  t h e  behavior o f  t h e  engine f o r  l i m i t  exceedances t h a t  can 
se r ious l y  a f f e c t  t he  serv ice  l i f e  o f  a component and sometimes r e s u l t  i n  
extens ive damage t o  c r i t i c a l  areas o f  t he  engine. 

Creep l i f e  increases w i t h  

5.5.4 L i m i t  Exceedance/Incident Recording: A l  though n o t  d i r e c t l y  connected, 

It i s  c r u c i a l  t o  

Typica l  exceedances i nc l  ude : 

a. Kotor  overspeeds. 
b. Turbine overtemperature. 
c. Surge/s ta l l  . 
d. Hot s t a r t s .  
e. V ib ra t ion .  

L i m i t  Exceedance/Incident Recording i s  usua l l y  performed by c o n f i g u r i n g  
the  software i n  the  EMS t o  recognize s p e c i f i c  cond i t i ons  and t r i g g e r  t h e  
record ing  o f  data surrounding the  exceedance f o r  subsequent diagnosis. 

5.6 Parameter Requirements: The parameter measurements requ i red  f o r  l i f e  usage 
moni t o r i n y  a re  determined by the  engine manufacturers a t  t he  t ime a l  g o r i  thms 
a re  defined. 
d i r e c t l y ;  therefore,  re1 a t i o n a l  measurable parameters a re  used t o  d e r i  ve 
them. 
moni t o r i  ng a re  : 

The st resses t h a t  a c t u a l l y  consume l i f e  cannot be moni tored 

The more common d i r e c t l y  measurable parameters f o r  engine l i f e  usage 

a. Kotor  speeds. 
b. Exhaust gas temperature. 
c. Torques. 
d.  Pressure a l  ti tude. 
e. I nd i ca ted  a i r  speed. 
f. Time. 

Sampling r a t e s  must be such t h a t  f o r  each i n p u t  parameter the  f requencies 
a re  h igh  enough t o  enable unambiguous recovery o f  t h e  t ime v a r i a t i o n  o f  t h a t  
parameter and t o  avo id  a l i a s i n g  e r ro rs ,  b u t  n o t  so h igh  as t o  generate an 
unnecessary excess o f  data. 
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5.7 Read Across Factors: Each life-limited part  should ideally be monitored 
However, fo r  cos t  and log i s t i c  reasons i t  may be separately by the EMS. 

prudent in some applications t o  consider reducing the number of monitored 
parts t o  only the most c r i t i c a l  ones. A widely used method i s  t o  monitor 
only one or  two parts on each rotat ing shaf t  and  t o  derive the l i f e  usage on 
the unmoni tored parts by applying relational 'read-across' factors. This 
derivation technique has proved very successful fo r  measuring LCF 1 i f e  usage 
b u t  i s  only practical where the l i f e  usage relationship between parts i s  
linear. T h i s  i s  usually more feasible where thermal s t resses  a re  absent or 
negl i g i  bl e. 

Read-across equations are  derived by analyzing f l i g h t  recorded mission 
prof i le  data. The u p d a t i n g  of l i f e  usage records t h a t  u t i l i z e  read across 
factors becomes more practical with the use of automatic ground processing 
management systems than w i t h  on-board systems. 

t o  recognize and highlight poor i n p u t  data and t o  ensure t h a t  any l i fe ing  
calculations are  reliably performed. 

5.8 Data Integrity: Integrity of EMS i s  related t o  the a b i l i t y  of the equipment 

T h u s ,  data quality i s  a major 
consideration. Key design considerations fo r  integri ty  
may therefore be identified as:  
a. System hardware validation. 
b. Input data validation. 
c. System software val idation. 
There are  a number of basic checks t h a t  can be used t o  ver f.y signa 
integrity by identifying and rejecting erroneous i n p u t  data.- These include 
b u t  are  n o t  limited t o  the following: 
a. Out-of-range. 
b. Kate-of-change. 
c 
d. Transducer d r i f t .  
I t  i s  necessary t o  f lag maintenance personnel when the EMS receives 
erroneous data from i t s  sensors d u r i n g  the previous f l i gh t .  
information can usually be displayed as  a function of the EMS built- in-test  
(BIT) f ac i l i t y .  The EMS requires extensive BIT capability t o  ensure t h a t  
internal computational routines a re  operating w i t h i n  defined 1 imits. In the 
event of an EMS fa i lure ,  the affected module or card should be identified 
and the e f fec t  of fa i lure  on recorded data should be considered. 

Parameter i nterrel  a t i  ons hi ps . 
Relevant 

6. METHOD VALIDATIOh: 

Prior t o  the introduction of a l i f e  usage monitor ing system t o  operational 
service, i t  i s  necessary t o  validate the technique t h a t  i s  t o  be employed. 
This val idation process i nvol ves two d is t inc t  tasks, 

a. 
b. 

Validation of the l i f e  usage monitoring algorithm. 
Validation of the l i f e  usage monitoring system. 

Method val idation ensures the qualification of the 1 i f e  usage monitoring 
function of the EMS. This can be achieved by correlating the calculated 
component l i f e  usage with actual physical condition and then by verifying the 
EMS software implementation of the algori t h m .  
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6.1 Algorithm Validation: F u l l  qualification of a l i f e  usage algorithm will 
usually require a s ignif icant  amount of service experience i n  order t o  
deve1 op a 1 arge enough database of correl a t ive evidence. 
information i n  support of this objective f o r  mili tary engines can be 
usefully acquired through the use of a simulated mission endurance t e s t  
(SMET). 
endurance tes t s .  

However, i n i  t i  al 

Similarìy, commercial engines a re  subjected t o  ce r t i f i ca t ion  and 
These too can be used to  acquire information on l i f e  usage. 

Defining a SMET duty cycle begins w i t h  an intensive survey of f l i g h t  records 
together w i t h  p i  1 o t  i ntervi ews a t  Trai ni ng and Operational Squadrons. These 
surveys r e su l t  i n  the definit ion of the required number of mission prof i les  
f o r  the par t icular  a i r c r a f t  involved, depending on whether i t  i s  for  
mili tary o r  commercial use and a new o r  existing a i r c ra f t .  

Ex i s t ing  a i  r c r a f t  a re  sometimes used t o  produce particul a r  m i  ssion 
profiles.  Analysis of these data provides information on the frequency of 
changes between d i f fe ren t  levels  f o r  each parameter, an i n i t i a l  and f inal  
t h r o t t l e  position matrix, and computed times a t  various t h r o t t l e  position, 
a ì  t i  t u d e  and airspeed conditions. 

Results often show dramatic differences from the older engine specification 
endurance qualification t e s t  cycles. For i l l u s t r a t ion  there may be l e s s  
time a t  h i g h  power, very much more time a t  i d l e  and significantly more 
cyclic variation per f l i g h t  hour than demanded by some older t e s t  
requirement. 

6.2 System Validation: A l i f e  usage algorithm shall genera ly  be developed on a 
mainframe o r  m i  ni-computer i n the engine manufacturers ' Stress  Analysi s 
area, u s i n g  simulated or  t e s t  data. 
use i n  an engine monitoring system can lead t o  the poss b i l i t y  of s l i g h t  
differences between the two software imp1 ementations. Therefore, i t  i s  
important t h a t  the EMS data processing emulate the original software 
implementation a s  closely as  possible t o  ensure tha t  the differences are  
kep t  w i t h i n  acceptable tolerances. Differences of 5% have been accepted i n  
some past  developments, b u t  i t  should be possible to  achieve a much be t te r  
correl a t i  on. 

T h e  translation of the algorithm for  

The procedure fo r  performing out the comparative tes t ing usually involves 
the use of a number of selected data records, which col lect ively can 
exercise a l l  aspects of the algorithm. Simple acceptance of the f inal  l i f e  
usage results, although useful, i s  a good indicator t h a t  the software 
conforms to  specification b u t  i s  not ent i re ly  adequate. A more complete 
correlation i s  achieved by comparing the values of the derived s t resses  and 
other c r i t i c a l  parameters a f t e r  every execution of the calculation for  the 
complete set of recorded data. 

7. PARTS LIFE USAGE DATA MANAGEMENT: 

In order t o  readily determine the parts  l i f e  usage and l i f e  remaining, 
accurate quantitative data must be collected and processed i n  a logical and 
convenient manner. T h i s  section describes the acquisition, storage, 
processing and display of data f o r  par ts  l i f e  usage management. 
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7.1 Management Decis ions: Management dec is ions based on p a r t s  l i f e  usage o r  
l i f e  remaining a re  made a t  a l l  l e v e l s  o f  t h e  engine maintenance support  
s t ruc tu re .  
upon the  management dec is ions  a t  s p e c i f i c  support  l e v e l  s. 
maintenance 1 eve1 s are: 

The user requirements f o r  engine mon i to r ing  data a re  dependent 
Typ ica l  

a. Engine shop. 
b. Depot and overhaul f a c i l i t i e s .  
c. Manufacturer. 

I n  the  engine shop, l i f e  usage r e l a t e d  dec is ions a re  u s u a l l y  supported by 
time, temperature and c y c l e  data acqui red on-board and down-loaded t o  t h e  
ground processing s ta t ions .  Actual  usage data a re  used t o  update the  master 
p a r t s  l i f e  records. As a r e s u l t  o f  t h i s  update, t h e  useable p a r t s  
remaining l i f e  f o r  each p a r t  are a v a i l a b l e  t o  engine shop personne 
add i t ion ,  c a l c u l a t e d  engine removal fo recas ts  by ca lendar  date a re  
f o r  the  engine shop c h i e f .  
manpower and resources necessary f o r  t he  forecasted maintenance. 

These repo r t s  a s s i s t  him i n  schedul ing 

An engine o r  module i s  t ranspor ted  t o  the  depot l e v e l  o r  overhaul 

and . I n  
prepared 
the  

a c i l  i t y  
i f  thé  f l i g h t  l i n e  o r  engine-shop cannot i s o l a t e  t h e  f a u l t ,  t h e  r e p a i r  i s  
beyond l o c a l  c a p a b i l i t y ,  o r  i f  techn ica l  orders spec i f y  the  r e t u r n  based on 
remaining l i f e .  A t  t h i s  l e v e l ,  maintenance dec is ions  a re  made based on 
h i s t o r i c a l  data, removal reason and engi  nehodu le  records. Items t h a t  
cannot be repa i red  a t  t he  shop o r  depot a re  sent  t o  t h e  manufacturer f o r  
repa i r .  A l  so, depot l e v e l  management requ i res  f l e e t  average c a l c u l a t i o n s  
f o r  p l  anni ng purposes. 

The engine manufacturer a l so  has an i n t e r e s t  i n  engine h i s t o r i c a l  and usage 
data so t h a t  he may develop improved maintenance support  f o r  i n -se rv i ce  
opera t ion  and p r o v i  de e x p e r t i  se i n the  i d e n t i f  i c a t i o n  o f  re1 i abi  1 i ty and 
m a i n t a i n a b i l i t y  problems t h a t  can be so lved by engine design improvements. 
Acquired c y c l e h i m e  data t h a t  has been i n p u t  t o  the  ground system data base 
s h a l l  a l so  enable t h e  l i f e  usage ana lys i s  o f  a p a r t  n o t  o r i g i n a l l y  
considered t o  be l i f e - l i m i t e d ,  o r  f o r  re-assessing l i f e  usage o f  a pa r t .  
The record-keeping s t a f f  analyzes engine removal data and f a i l u r e  s t a t i s t i c s  
t o  determine spares s tock ing  requirements and d i s t r i b u t i o n  t o  opera t ing  
1 o c a t i  ons. 

7.2 Data Acqu is i t i on :  The prev ious sect ions o f  t h i s  A I R  have shown the  
necess i ty  f o r  accumul a t i  ng data on gas t u r b i  ne engine se rv i ce  h i  s t o r y  and 
miss ion p r o f i l e s .  This  requirement has l e d  t o  the  development o f  on-board 
moni t o r i  ng systems f o r  data acqu is i t i on .  
coniplete miss ion usage data f o r  small groups o f  a i r c r a f t ,  w h i l e  o thers  
p rov ide  rea l - t ime  c a l c u l a t i o n s  o f  1 i f e  usage f o r  l a r g e  f l e e t  app l i ca t i ons .  

Some o f  these systems prov ide  

These on-board data a c q u i s i t i o n  and processing systems c o l l e c t  a s i g n i f i c a n t  
amount o f  data. 
t o  engine, these data must be down loaded i n t o  a ground-based f a c i l i t y  f o r  
f u r t h e r  processing, dec i s ion  making and arch iv ing.  

To t r a c k  t h e  u t i l i z a t i o n  o f  l i f e - l i m i t e d  p a r t s  f rom engine 
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7.2 (Continued): 

In order t o  maximize the benefit of these data, the time period between data 
down-loading and fur ther  application must be kept a s  s h o r t  as  possible. 
T h i s  is also necessary f o r  the maintenance of accurate and up-to-date engine 
records. 

7.3 Data Base Management System: Design of  record-keeping system software for  
information feedback requires tha t  the implementation o f  data management and 
bookkeeping techniques must be carefully planned, executed and integrated 
w i t h  the maintenance process. Access t o  l i f e  usage data along w i t h  
historical  engine performance and maintenance data and f l e e t  averages 
provide information fo r  the fol lowing:  

a. Monitoring of fleetwide l i f e  usage. 

b. Determination of engine overhaul. 

c. Support of On Condi t i  on Mai ntenance ( OCbl) i ncl udi ng resource schedul i ng , 
opportunistic maintenance and removal predictions. 

d. Spare par ts  provis ioning  and 1 ogi s t i c s  support .  

e. Correlation of maintenance h is tory  w i t h  mission prof i les ,  and l i f e  usage 
operating environments. 

In addition, a l l  system software must be suff ic ient ly  f lexible  t o  handle 
i n p u t s  from a wide range of monitor ing systems. 
processing, data base architecture and data management l o g i c  be general. 
Acceptable software design should avoid customization t o  specific 
application equipment whenever possible. However, the logic should be 
designed primarily t o  manage engine, modules and engine parts. The  data 
s t ructure  should be designed fo r  rapid, e f f i c i en t  data through-put  and 
real -time retrieval of reports contai n i  ng i nformation frequently requested 
f o r  display. 

I t  i s  desirable t h a t  the 

Database maintenance must also b e  performed t o  ensure data accuracy and 
database integri ty .  Nightly backups of the database a re  recommended, and 
data t h a t  f a l l s  o u t  of the storage window should be stored on archive 
tapes. These procedures ensure database integrity.  

The  system must be f lexible  enough t o  allow changes t o  l i fe - l imi t s  and 
parameters without software program modifications t o  suppor t  introductions 
of new/improved component designs. 
m u s t  be considered for  the software and the hardware. 

Configuration management requirements 
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7.4 Data Re t r i eva l  and Analys is :  To success fu l l y  implement a p a r t s  l i f e  usage 
and engine performance management system, t h e  data r e t r i e v a l  procedures must 
be quick, t i m e l y  and easy t o  operate. User f r i e n d l i n e s s  i s  achieved by 
sys temat ica l l y  s t r u c t u r i n g  the  on-1 i n e  query command 1 anguage. A f l e x i b l e  
command s t r u c t u r e  w i t h  automatic r e p o r t  generat ion supports users o f  a l l  
1 eve1 s o f  soph is t i ca t ion .  

It i s  imperat ive t h a t  data i n t e g r i t y  be maintained. 
be i d e n t i f i e d  and resolved. 
kep t  t o  a minimum. 
au tomat ica l l y  and t h e  system should p rov ide  s t r i n g e n t  r e j e c t i o n  c r i t e r i a  t o  
avo id  a p r o l  i f e r a t i o n  o f  erroneous data recording. 

Gaps i n  the  data must 
It i s  impera t ive  t h a t  manual t r a n s c r i p t i o n  be 

I d e a l l y ,  engine p l a t e  data should be mainta ined 

7.5 Hardware Charac ter is t i cs :  The hardware c o n f i g u r a t i o n  must be designed and 
developed as a c o s t - e f f e c t i v e  system f o r  p rov id ing  managers w i t h  i n fo rma t ion  
i n  a s u i t a b l e  format a t  t he  appropr ia te  t ime t o  a s s i s t  i n  t h e i r  
decision-making process. Items o f  concern i n  s e l e c t i n g  an opera t ing  system 
inc lude  mu1 t i - u s e r  c a p a b i l i t y ,  rea l - t ime  opera t iona l  tasks, and i n t e r a c t i v e  
graphics. 
low-cost implementation, rep l - i ca t i on  and system maintenance. 

A computer processor, which s h a l l  support  a l a r g e  number o f  user  p a r t i t i o n s  
f o r  engine management, i s  recommended. The hardware c o n f i g u r a t i o n  should be 
t a i l o r e d  t o  data base access, t r a n s f e r  and d i sp lay  requirements. 
te rmina l  equipment may prov ide  graphics and must be approp r ia te l y  i n t e r f a c e d  
w i t h  the  computer processor and w i t h  data a c q u i s i t i o n  un i t s .  

Standard izat ion o f  software, hardware and i n t e r f a c e s  achieves 

The 

7.6 In fo rmat ion  In te r faces :  On-1 i n e  d i sp lays  f o r  engine management can be 
qraPhic, t abu la r  o r  both. P lo ts ,  histograms and s t a t i s t i c a l  d i sp lays  a re  " .  
generated by graphics software. 
should be presented i n  t a b u l a r  form when accurate in format ion,  n o t  a v a i l a b l e  
w i t h  graphic  p i c t o r i a l s ,  i s  prefer red.  Data should be a v a i l a b l e  i n  m u l t i p l e  
ou tpu t  formats t a i l o r e d  f o r  t h e  s p e c i f i c  app l i ca t i on .  

The data management system must have support  sof tware t o  handle t h e  d i s p l a y  
terminal ,  hardcopy p r i n t e r  and o the r  hardware i nterfaces. T e m i  na1 s must be 
designed f o r  data e n t r y  and preparat ion,  i n fo rma t ion  d i sp lay  i n  t a b u l a r  and 
graphic formats, data communication between a c q u i s i t i o n  u n i t s  and 
c e n t r a l i z e d  storage l o c a t i o n s  and t ime-shar ing operat ion.  Use o f  engine 
mon i to r ing  data a c q u i s i t i o n  systems i s c r i  t i c a l  t o  the  engine management 
system success. Terminals can be made a v a i l a b l e  f o r  t h e  engine shop, depot, 
manufacturer and command organizat ions.  A t  these s i t e s  they should be 
i n s t a l l e d  i n  convenient loca t ions .  

The raw, c a l c u l a t e d  and f o r e c a s t  data 
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8. BEhEFITS: 

The application of engine l i f e  usage monitoring and par ts  management systems 
can make s ignif icant  contributions t o  reducing l i f e  cycle cos ts ,  enhancing 
log i s t i c s  planning for  the powerplant, while maintaining or  improving f l i g h t  
safety. Current 1 i f e  predictions a re  sometimes applied conservatively. Data 
accrued from an airborne l i f e  usage measurement system shall provide 
information on c r i t i c a l  components (LCF and hot end fac tors ) ,  enabling more 
e f f i c i en t  use of l i f e  remaining i n  modules and engines. Not only shall this 
improve hardware management decisions on cos t  grounds, b u t  could improve 
safety o f  f l i g h t  by preventing fa i lures  of c r i t i c a l  components. The 
comprehensive fleetwide data base tha t  i s  produced shall have s ignif icant  
i n p u t s  in to  component improvement programs, ass i  s t  i n  analysis of m i  ssion 
prof i les ,  and provide important data feedback t o  the engine manufacturer. 
equal importance, l i f e  usage monitoring systems can provide the basis fo r  
warranty decisions of engines i n  the future. Improved engine management 
decisions a re  achieved by u s i n g  the processed data w i t h  par ts  tracking 
systems t o  ensure more e f f i c i en t  deployment and scheduling o f  engines and 
parts. 

Of 

A n  accurate and we1 1 -maintained par ts  1 i f e  tracking system can have very 
posit ive influences on the overall maintenance concept f o r  the engine. 
examples are  as  follows: 

Some 

a. Provi si oni ny 

W i t h  an accurate assessment of future missions t o  be flown, and a 
knowledge of l i f e  consumed on pr ior  missions, an accurate prediction can 
be made re1 at ive t o  future spare par ts  requirements, al 1 owing inventory 
t o  be m i  n i m i  zed. 

b. Opportuni sti c Mai ntenance 

Improved know1 edge of component 1 i f e  remaining al  1 ows fo r  d i  scretionary 
replacement of par ts  when the engine i s  i n  the maintenance shop f o r  other 
rea sons . 

c. Depl oyment 

In deployment s i tuat ions,  the number of a i r c r a f t  required and t h e i r  
anticipated missions a re  usually known. W i t h  a par ts  l i f e  tracking 
system, an evaluation of remaining l i f e  can be made on a l l  candidate 
a i r c r a f t ,  and a i r c r a f t  w i t h  the best  chance of completing the deployed 
mission without major maintenance can be selected fo r  deployment. 
minimizes spares t h a t  would have t o  be par t  of the deployment and 
provides additional assurance tha t  al 1 deployed a i r c r a f t  shall  be 
operational. 

T h i s  

d. Efficient Personnel Util ization 

Depending on the sophistication and automation of the par ts  1 i fe  tracking 
system, accurate and timely data can be provided t o  the maintenance 
fac i l  i ty  w i t h o u t  the 1 abor-i ntensive e f f o r t  associated w i t h  manually 
supported systems. 
on other tasks o r  could r e su l t  i n  accomplishing the j o b  w i t h  fewer people. 

T h i  s can re1 ease maintenance personnel t o  spend time 

 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r18

72

https://saenorm.com/api/?name=1f42c5e5cb0465fda9c4b5593b9c2a37


-- I- - 

S A E  AIR*KL872 88 W 8357340 000b77b 7 9' 

- 26 - 

8. (Continued) : 

EMS data can p l a y  an impor tant  p a r t  i n  engine development, product  
improvement and engi neer i  ng support programs b Usage data accumulated from a 
f l e e t  o f  engines can prov ide va luable in fo rmat ion  i n p u t s  i n t o  c u r r e n t  engine 
product  improvement programs and i n t o  design dec is ions being made f o r  t h e  
nex t  generat ion o f  engine design. Th is  design feedback can be prov ided i n  
terms o f  miss ion ana lys is  data, actua l  usage data f o r  s p e c i f i c  engine 
component types and changes i n  operat ional  usage rates. Th is  design feedback 
can impact engineer ing management deci  s ions on t h e  deve1 opment and 
implementation o f  s p e c i f i c  proposed engineer ing changes. More e f f i c i e n t  use 
o f  l i m i t e d  product  improvement funds can be achieved by us ing  f leet -generated 
EMS l i f e  usage data. The design o f  new engines and engine components can be 
b e t t e r  e f f e c t e d  through operat ional  usage data prov ided from t h e  c u r r e n t  
generat ion of EMS equipped engines. 

L i f e  Usage Tracking f o r  Warranty: The ü.sb J o i n t  L o g i s t i c  Command Ad Hoc 
Group on standard m i l i t a r y  engine warrant ies suggests i n  t h e  d r a f t  o f  t h e i r  
development guide t h a t  l o g i s t i c s  support i s  a f a c t o r  necessary t o  e s t a b l i s h  
meaningful warranty o b j e c t i v e s  b Thi s support, i n t h e  form o f  maintenance 
concepts and data a c q u i s i t i o n  c a p a b i l i t y ,  has a s i g n i f i c a n t  impact on 
e s t a b l i s h i n g  warranty requirements. An engine designed f o r  modular 
maintenance requ i res  special  t r a c k i n g  and admi n i  s t r a t i  ve procedures f o r  
i n d i v i d u a l  modules. L i f e  usage t r a c k i n g  c a p a b i l i t y  can d i c t a t e  t h e  scope o f  
coverage. The user must be ab le  t o  v a l i d a t e  and document warranty c la ims 
whi 1 e mai n t a i  n i  ng m i  ss ion e f f e c t i  veness. 

One approach t o  warranty i s  t o  cover t h e  i n d i v i d u a l  components ( p a r t s  l i f e  
warranty). Th is  requ i res  a system t o  t r a c k  and document t h e  components' 
h i s t o r y .  
warranty t h e  engine. I t s  e f fec t i veness  s h a l l  depend on how s u b s t a n t i a l  t h e  
t r a c k i n g  c a p a b i l i t i e s  a r e  i n  the  system and t h e  i n t e r p r e t a t i o n  o f  data 
generated by t h e  system. 

The r o l e  o f  an EMS i n  a warranty program i s  t o  p rov ide  t h e  p a r t s  l i f e  
t r a c k i n g  c a p a b i l i t y  by accounting f o r  t h e  number o f  accumulated c y c l e s  and 
by p r o v i d i n g  o t h e r  component data. 
c e r t a i n  i tems t o  be t racked w i t h i n  t h e  data system t h a t  i s  programmed t o  
permi t  use o f  a warranty symbol w h i l e  t h e  i t e m  i s  under warranty and t o  
au tomat ica l l y  d e l e t e  t h e  warranty symbol when t h e  warranty p e r i o d  expi  res. 
Should warranty a c t i o n  be required, t h e  p a r t  number, s e r i a l  number, and 
opera t ing  t ime o f  t h e  f a i l e d  component would be made a v a i l a b l e  as i t  i s  i n  a 
mai ntenance act ion.  

8.1 

The e x t e n t  o f  coverage s h a l l  depend on t h e  approach used t o  

The optimum s i t u a t i o n  would be f o r  

F o r  example, t h e  US Dol) uses Tota l  Accumulated Cycles (TAC) t o  implement 
warranty t r a c k i n g  on most new engine programs. 
de f ined as a means t o  prov ide warranty t r a c k i n g  f o r  complete engines. 
However, t h e  use o f  s p e c i f i c  l i f e  usage a lgor i thms such as LCF, thermal 
f a t i g u e  and creep are  a c t u a l l y  a more s e n s i t i v e  means t o  t r a c k  component 
p a r t s  usage. TAC i s  based on t h e  f o l l o w i n g  r e l a t i o n s h i p :  

The TAC c y c l e  was o r i g i n a l l y  

TAC = LCFC -t (FTC/4) t (PTC/40) 
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8.1 (Conti nued) : 

where: 

LCFC - Low cycle fatigue cycles: 
Intermediate and above and back t o  Off a s  measured by the EMS. 

FTC - F u l l  t h r o t t l e  cycle: 
Idle t o  Intermediate and above and back t o  id l e  a s  measured by 
the EMS. 

PTC - Part  t h ro t t l e  cycle: 
Cruise t o  Intermediate and above and back t o  Cruise as 
measured by the EMS. 

In order fo r  an EMS t o  have a s ignif icant  impact on engine warranty, the 
system should operate a t  a l l  times. Data on engine usage a re  required f o r  
adequate engine l i f e  cycle management, therefore EMS should be considered a s  
a candidate fo r  any min imum equipment l i s t  required f o r  f l igh t .  T h i s  does 
not necessarily imply required system redundancy b u t  instead a requi rement 
f o r  a firmly established procedure t o  substitute other sat isfactory data o r  
methods t o  record l i f e  usage dur ing  any EMS inoperative period, f o r  example, 
f l i g h t  hours. 

For example, one Navy warranty notes tha t  the government shall  service each 
engine i n  accordance w i t h  the prescribed maintenance manual s and maintain 
operational and maintenance records, including EMS data. In the event of 
EMS fa i lure ,  other sat isfactory proof of engine l i f e  usage may be 
s u b s t i  tu ted .  
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APPENDIX I 

Engine S t r u c t u r a l  I n t e g r i t y  Program ( ENSIP) 

Ei\rSIP i s  an organized approach t o  the  s t r u c t u r a l  design, analys is ,  t e s t  
development, p roduc t ion  and l i f e  management o f  gas t u r b i n e  engines w i t h  t h e  goal 
o f  i n s u r i n g  sa fe ty  and e l  i m i n a t i  ng the  occurrence o f  s t r u c t u r a l  du rab i l  i ty 
problems dur ing  product ion,  acceptance t e s t i n g ,  se rv i ce  operat ions,  and reducing 
l i f e  c y c l e  costs. ENSIP conta ins  a l l  o f  t h e  s t r u c t u r a l  requirements necessary t o  
develop an engine and manage i t  throughout i t s  use fu l  l i f e ,  w i t h  an emphasis on 
d u r a b i l i t y  and damage to le rance (see Fig.  6). It requ i res  t h a t  c e r t a i n  c r i t i c a l  
par ts ,  those p a r t s  whose f a i l u r e  cou ld  r e s u l t  i n  l o s s  o f  an a i r c r a f t ,  be designed 
t o  crack growth c r i t e r i a  and t h a t  t he  i n i t i a l  f l a w  s izes  requ i red  t o  i nsu re  safe 
opera t ion  f o r  tw ice  t h e  requ i red  i nspec t i on  i n t e r v a l  be n o t  l e s s  than t h e  NDE 
minimum f l a w  s i z e  c a p a b i l i t y .  
i nspec t i on  i n t e r v a l s  t h a t  a re  h a l f  t he  l i f e  o f  t h e  engine, t h e  eventual  goal 
being equal t o  the  l i f e  o f  t he  engine. 

Dur ing engine design and development, pas t  engine usage data a re  combined w i t h  
f u t u r e  expectat ions o f  how t h e  system s h a l l  be used t o  determine a s e r i e s  o f  
miss ion  p r o f i l e s .  
procedures t o  design engine components w i t h  s p e c i f i c  1 i v e s  and inspec t i on  
i n t e r v a l s .  
extens ive component and systems t e s t i n g  i s  done. A l l  t e s t i n g  i s  setup such t h a t  
t he  t e s t i n g  s imulates ac tua l  expected usage as de f ined by t h e  miss ion  p r o f i l e s .  
Fo l low ing  these tes ts ,  Accelerated Miss ion Tes t ing  (AMT) i s  performed on engines 
t o  ensure o v e r a l l  engine d u r a b i l i t y .  
miss ion p r o f i l e s  by removing a l l  o f  t he  nondamaging p o r t i o n s  o f  t h e  missions, 
such as extended steady-state c r u i s e  time. This  r e s u l t s  i n  an acce le ra t i on  r a t e  
f rom 2 - 1ü f o r  a t r a i n e r  miss ion t o  a bomber mission, respec t i ve l y .  Because 
t e s t  t ime i s  shortened by a s i g n i f i c a n t  amount, t he  engines can be t e s t e d  i n  a 
t e s t  c e l l  f o r  t h e  f u l l  design l i f e  time, t o  t h e  design mission, before the  engine 
ever gets  i n t o  product ion.  

Th is  type o f  t e s t i n g  may prov ide  f o r  a sa fe r  system by revea l i ng  p o t e n t i a l  
prob1 ems du r ing  development t e s t i n g  r a t h e r  than du r ing  ac tua l  usage yea rs  l a t e r .  
The p o t e n t i a l  f o r  c o s t  savings over the  l i f e  o f  t he  system i s  tremendous s ince  
problems can be solved dur ing  F u l l  Scale Development (FSD) i ns tead  o f  a f t e r  
p roduc t ion  has s tar ted,  o r  poss ib l y  ended, and r e t r o f i t t i n g  e x i s t i n g  engines i s  
necessary. C r i t i c a l  assets a re  saved and sa fe ty  i s  improved s ince  fewer a i r c r a f t  
a re  l o s t  t o  unexpected problems. 

Present ly,  engines a re  being designed f o r  

These p r o f i l e s  a re  then examined and used i n  ana lys i s  

To v e r i f y  t h a t  these l i v e s  and inspec t i on  i n t e r v a l s  a re  met, 

These AMT t e s t s  a re  der ived  from the  

A f t e r  Operat ional  Capab i l i t y  Release ( O C R ) ,  ac tua l  usage data a r e  c o l l e c t e d  and 
used t o  r e c a l c u l a t e  the-system l i f e .  
d i f f e r e n t  than what was planned, then inspec t i on  i n t e r v a l s  a r e  changed t o  i nsu re  
sa fe  and c o s t - e f f e c t i v e  usage. 

üu r iny  the  l i f e  o f  t he  system, support  c o s t  i s  f u r t h e r  reduced i f  Ret i rement f o r  
Cause (RFC) i s  used t o  determine i f  a p a r t  has been used f o r  i t s  f u l l  l i f e  ( t i m e  
t o  crack i n i t i a t i on -LCF) .  RFC requ i res  t h a t  the  c r i t i c a l  p a r t s  be inspected t o  
t h e  minimum f l a w  s i z e  c a p a b i l i t y  o f  t he  NDE equipment t h a t  must be smal le r  than 
the  minimum design f l a w  size. A l l  p a r t s  found t o  be f r e e  o f  cracks are  re tu rned  

I f  a res idua l  l i f e  i s  s i g n i f i c a n t l y  
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t o  serv ice  f o r  another i nspec t i on  i n t e r v a l .  Those p a r t s  t h a t  con ta in  cracks are  
e i t h e r  r e t i r e d  or, i f  the  cracks are  small enough, au thor ized  r e p a i r s  may be 
accomplished and the  p a r t  re tu rned t o  service.  
been r e t i r e d  a t  t he  -3 sigma l i f e  i f  LCF was used f o r  p a r t s  l i f e  management. By 
us ing  RFC, these p a r t s  can be used as much as 10 t imes longer  (see F ig.  7). The 
r i s k  associated w i t h  RFC i s  much h igher  and i s  o n l y  be ing implemented on a very 
1 i m i  t e d  basis. 

A l l  o f  these p a r t s  would have 

From the  above i t  should be c l e a r  t h a t  ENSIP n o t  on l y  p lays  a r o l e  i n  the  design 
and development o f  t h e  engine b u t  i s  meant t o  be used throughout t h e  l i f e  o f  t h e  
system t o  o b t a i n  a safer,  more c o s t - e f f e c t i v e  and more r e l i a b l e  engine. Th is  i s  
accomplished by us ing  p a r t s  t o  t h e i r  f u l l  l i v e s  and by t e s t i n g  i n  FSD t o  d e t e c t  
problems e a r l y  i n  t h e  program as we l l  as cons ider ing  f a i l u r e  modes n o t  
addressable by e a r l i e r  methodologies. Engine usage mon i to r ing  i s  a l  so necessary 
t o  i n d i c a t e  dev ia t i ons  t h a t  cou ld  extend inspec t i on  i n t e r v a l s  o r  p o i n t  t o  
p o t e n t i a l  sa fe ty  problems. Add i t i ona l  i n fo rma t ion  i s  a v a i l a b l e  i n  g rea te r  d e t a i l  
i n  MIL-STD-17ú3. 
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ENSIP STRUCTURAL DESIGN PHILOSOPHV 
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FIGURE 7 - ENSIP Design Philosophy 
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APPENUIX I I  

Life Usage and Parts Management Systems 

Li f e  Usage Monitoring Systems 

For many years the military community has employed a variety of approaches t o  the 
measurement of usage of life-limited components. 
time/temperature recorders t o  comprehensive condi t i o n  monitor ing systems, 
u t i 1  izing dedicated on-board computers t h a t  calculate fatigue damage i n  real time, 
allowing maximization of available l i f e ,  and progressing toward the adoption of  
on-condi t ion maintenance practices. 

After a decade or so of limited applications, and the proving of techniques and 
technology, the military i s  beginning t o  specify monitoring systems f o r  new 
a i r c ra f t ,  and has also embarked on extensive r e t r o f i t  programs. 
sections describe some of the (current)  systems and others t h a t  a re  i n  
deve1 opment. 

Systems range from simple 

The following 

F1 OU Events H i  story Recorders 

The Flou Events History Recorder ( E H R )  i s  an engine-mounted device used t o  
monitor certain engine parameters and provide yround crews w i t h  a d i r ec t  readout 
of these parameters. 

The EHR records N2, FTIT and a discrete signal, a l l  from the electronic engine 
control . 
Engine  history data provided’include accumulated time a t  cer ta in  conditions, 
event counts, and f a u l t  f lag  indications. Total engine time, two levels of hot 
section time and LCF cycles are  provided w i t h  d i rect  d ig i ta l  readouts. One-time 
f lag  indications a re  provided for two levels of overtemperature and f o r  a hot 
s t a r t .  Additional diagnostic information i s  provided by the EHR i n  the form of a 
f lag  indication from a signal supplied by the electronic engine control ( E E C ) .  
For an EEC,  the signal indicates an N1 sensor failure.  On Digital Electronic 
Engine Control ( D E E C )  equipped engines, the f lag  indicates t h a t  a f a i l u r e  has 
occurred i n  one of the LRU components. 
necessary; however, further troubleshooting i s required t o  .i sol a t e  the faul t. 

This f lag  shows t h a t  maintenance i s  

A redesigned u n i t  has been developed and incorporated t o  replace the original 
version. The primary reason fo r  a new EHR i s  improved r e l i ab i l i t y .  
Operationally, i t  i s  unchanged. All of the above readouts remain and two 
diagnostic parameters are added. One i s  an internal EHR fa i lure  indication; the 
other reports an FTIT probe failure.  The new EHR has electronic memory and 
s tores  a l l  the information presently on display, p l u s  two additional levels of 
hot section time, two additional types of LCF cycles and the accumulated to ta l  of 
f a u l t  f lag  indicators. 

The benefits of the EHR include engine parts l i f e  management and f a u l t  
detection. I t  i s  the only means of determining when timed maintenance must be 
performed or engine overhaul i s  required. The N1 sensor fa i lure  f l ag  and DEEC 
System f a u l t  indication provide visual displays fo r  the controls diagnostic 
capability. 
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The following tab le  provides a sumary of the EHR parameters and the recording 
c r i  teri a . 

1. 
2. 
3. 
4. 

5. 

6. 
7. 
8. 
5. 

1 o. 
11. 
12. 
13. 

14. 

Pa rameter 

EHR Tab1 e of Operation 

Cri t e r i  a 

Engine Time FTIT 
hot Section Time Level I FTIT 
hot Section Time Level I I  FTIT 
Over temp era t u re 'I B 'I FTIT 

Overtemperature "C" FTIT 

Low Cycle Fatigue 
Hot S t a r t  
NI Sensor/üEEC System Fault 
EHR f a i lu re  
Low Cycle Fatigue Type I 
Hot Section Time Level I I I  
h o t  Section Time Level IV 
FTIT Probe Failure 

Low Cycle Fatigue Type IV 

FTIT 

500°F 
1692°F 
1755°F 
1780°F f o r  2 m i n  or 
1816°F f o r  31 s or 
1834°F f o r  6 s o r  
1868°F fo r  3 s 
1834°F fo r  2 m i n  o r  
1868°F f o r  31 s or  
1906°F f o r  6 s 
1943°F f o r  1.5 s 
N2 increases from 10 250 t o  12 500 RPM 
1548°F and N2 65 O00 RPM 
Discrete signal from control 
Internally generated 
Ei2 increases from 6500 t o  11 800 RPM 
1655°F FTIT 1755°F 
1715°F FTIT 1755°F 
If N2 decreases from 10 250 to  7300 RPM 
and FTIT 900°F and 5 of 7 samples of FTIT 
i n p u t  resistance t o  ground show 1000 ohms 
b12 increases from 11 500 t o  1 2  500 RPM 

Fl01 and F110 Engine Life Usage * 

The F101-bE-102 engines fo r  the B-16, the F110-GE-100 fo r  the F-16 and the 
F110-&E-400 fo r  the F-14 a l l  incorporate on-engine l i f e  usage recording. In the 
case of the F101, i t  i s  incorporated into the Central Integrated Test System 
(CITS) Processor and, i n  the case of the F110, into the Engine Monitoring System 
Processor (EMSP). Both units perform essent ia l ly  the same function, t ha t  i s ,  
signal conditioning, conversion of signals from analog t o  d ig i t a l ,  val idi ty  
tes t ing and counting engine l i f e  usage functions and indices. Both Air Force 
systems, €3-18 CITS and F-16 EMS, t ransfer  this  l i f e  usage information t o  other 
Air Force analysis programs fo r  any fur ther  Engine Life Usage or  Parts Life 
Tracking computations. The F-14 Navy system performs a simple computation of 
TACS on t h e  a i r c ra f t ,  and a par ts  l i f e  tracking program i s  being designed fo r  use 
i n  the ground s ta t ion  a t  the equivalent of intermediate maintenance level.  

 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r18

72

https://saenorm.com/api/?name=1f42c5e5cb0465fda9c4b5593b9c2a37


- 34 - 

I n  a l l  o f  t h e  above app l ica t ions ,  t h e  f o l l o w i n g  func t ions  o r  i n d i c e s  are counted: 

a. Engine Operating Time 
b. Low Cycle Fat igue Cycles 
c. F u l l  Thermal Cycles 
d. Cru i  se-Intermediate-Crui se Cycles 
e. Augnientor Operating Time 
f. Augmentor Cycles 
g. F i v e  ( 5 )  t imes a t  temperature (based on tiPT blade temperature) 

Three o f  these func t ions  a r e  used e i t h e r  on t h e  ground o r  a i rborne  t o  c a l c u l a t e  
TACS, p r i m a r i l y  f o r  engine warranty purposes. 

1 Tota l  Accumulated Cycle = 1 Low Cycle Fat igue Cycle 
+ 1/4 F u l l  Thermal Cycle 
+ 1 /40 Crui  se-Intermediate-Crui se Cycle 

A l l  of t h e  func t ions  are  subsequently used on the  ground t o  c a l c u l a t e  p a r t s  l i f e  
t r a c k i n y  parameters. They are:  

a. Engine Operating Time 
b. 
c. Equiva lent  Time-At-Temperature 
d. Augmentor Operating Time 
e. Augmentor Cycles 

Equiva lent  Low Cycle Fat igue Cycles 

The l i f e  o f  each o f  t h e  l i f e - l i m i t e d  p a r t s  i s  dependent on one o r  more o f  t h e  
t r a c k i n y  parameters. Unique constants ("K" Factors )  a r e  developed f o r  each p a r t  
t h a t  i s  l i m i t e d  by e i t h e r  equ iva len t  low c y c l e  f a t i g u e  cyc les  o r  equ iva len t  t ime 
a t  temperature, The A i r  Force t r a c k s  i n  excess of 80 c r i t i c a l  par ts ,  and a 
s i m i l a r  l i s t  i s  being developed f o r  t h e  Navy. 

TF-30 J e t  Engine Moni tor  

The JEM ( J e t  Engine Moni tor  used on A-7C a i r c r a f t  w i t h  TF30-P-408 engine) 
monitors a number o f  c r i  t i c a l  i n - f l  i g h t  engine parameters and automat ical  l y  
presents a readout o f  engine heal t h  s t a t u s  t o  ground maintenance personnel. 

The pr imary purposes o f  t h e  JEM system are  t h e  fo l low ing :  

a. Engine Speed and Temperature Over-Limit  

Dur ing engine s t a r t i n g  and sustained operat ion,  t h e  d u r a t i o n  t h a t  t u r b i n e  
i n l  e t  temperature (T IT)  exceeds preset  1 evel s i s recorded. The p r e s e t  1 evel  s 
a r e  those es tab l i shed by t h e  engine manufacturer above which c e r t a i n  
maintenance a c t i o n  i s  required. The e x t e n t  o f  maintenance i s  determined by 
t h e  s e v e r i t y  ( d u r a t i o n  and magnitude) o f  overtemperature. A coded overtemp 
maintenance requirement i s  d i  spl  ayed a l  ong w i t h  the  overtemp data t o  i n d i c a t e  
t h e  e x t e n t  o f  maintenance required. S i m i l a r l y ,  t h e  d u r a t i o n  o f  h i g h  
compressor r o t o r  speed (N2)  above preset  l e v e l s  i s  a l s o  recorded. 
event o f  m u l t i p l e  excursions of T I T  and N2 above a g iven p r e s e t  l e v e l  d u r i n g  
a s i n g l e  engine run, o n l y  t h e  h ighes t  exceedance and i t s  d u r a t i o n  i s  r e t a i n e d  
and recorded by t h e  JEM. 

I n  t h e  

e 

a 
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