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1. SCOPE: 

Th is  Aerospace In format ion Report ( A I R )  i s  a general overview o f  t y p i c a l  
a i rborne v i b r a t i o n  moni tor ing (AVM) systems with an emphasis on system 
hardware design considerat ions.  

The purpose o f  t h i s  A I R  i s  t o  provide informat ion and guidance f o r  the  
se lect ion,  i n s t a l l a t i o n ,  and use o f  AVM systems and t h e i r  elements. This A I R  
i s  no t  intended as a l ega l  document bu t  on ly  as a technica l  guide. 

It describes AVM systems c u r r e n t l y  i n  use. 

2. INTRODUCTION: 

A complete engine v i b r a t i o n  monitor ing (EVM) system includes a l l  the  
equipment, data, and procedures used f o r  moni tor ing and analyzing a i r c r a f t  
t u rb ine  engine v ib ra t i on .  A complete EVM system i s  shown i n  Figure 1. 
may be one p a r t  o f  an engine monitor ing system t h a t  monitors a number o f  
engine parameters, o r  i t  may be a stand-alone system. A d i s t i n c t i o n  i s  
usua l ly  made between t h a t  p a r t  o f  the system dedicated t o  moni tor ing funct ions 
on board an a i r c r a f t  and t h a t  pa r t  used f o r  ground based monitor ing (most 
commonly w i t h  the  engine removed from the a i r c r a f t  and mounted i n  a t e s t  
c e l l ) .  The on-board po r t i on  i s  commonly c a l l e d  an a i rborne v i b r a t i o n  
moni tor ing (AVM) system, and i t  i s  t h i s  p a r t  o f  the complete system t h a t  i s  
descr ibed i n  t h i s  A IR .  

The pr imary moving pa r t s  o f  a l l  tu rb ine  engines are the r o t o r s  and t h e i r  
sha f ts  which, when the engine i s  producing power, sp in  a t  r e l a t i v e l y  h igh 
speed w i t h i n  the  engine case. The elements o f  these ro to rs ,  p a r t i c u l a r l y  the  
fan, compressor, and tu rb ine  blades are subject  t o  wear and damage, some types 
o f  which may unbalance the a f fec ted  r o t o r .  
increased c y c l i c  s t ress  on the s t ruc tu re  and on the associated r o t o r  bearings. 
I n  addi t ion,  the  c y c l i c  forces due t o  unbalance may induce des t ruc t i ve  
v i b r a t i o n  i n  o ther  engine par ts  and accessories. 
unbal ance are always present; 1 arge amounts usua l ly  cannot be sa fe l y  to1 erated 
by the  engine. Most o f  the AVM systems now i n  use were developed t o  monitor 
the  l e v e l  o f  v i b r a t i o n  r e s u l t i n g  from such unbalance. AVM systems have a lso  
been deve1 oped f o r  monitor ing the v i  b ra t i on  of o ther  powerpl ant  elements 
i n c l  uding af terburners , reduct ion gears , bearings, transmissions, and 
accessories. The recent a v a i l a b i l i t y  of h igh speed, d i g i t a l  s ignal  processing 
in tegra ted  c i r c u i t s  has made i t  p r a c t i c a l  t o  provide very sophis t icated 
on-board v i b r a t i o n  analys is  i n  today’s systems. 

Many s p e c i f i c  engine problems are detectable by an AVM system (7.6.3.1). 

EVM 

Increased r o t o r  unbalance causes 

Small amounts o f  r o t o r  
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3 .  HISTORY: 

AVM systems have been ava i lab le  s ince the  l a t e  1940s, yet there  i s  s t i l l  
disagreement wi th in  the  av ia t i on  indus t ry  over the  need f o r  t h i s  type o f  
equipment. The d issent ing  views a r i se  p r i m a r i l y  from concerns over the  
v a l i d i t y  o f  the data and center on three issues. F i r s t ,  u n t i l  approximately 
the  mid 1970s, few AVM systems accomplished very much v i b r a t i o n  data 
reduct ion.  A t y p i c a l  t u rb ine  engine v i b r a t i o n  spectrum i s  shown i n  
Figure 2. The graphical  r e l a t i o n s h i p  between t i m e  domain and frequency 
domain, the  frequency spectrum, i s  shown i n  Figure 3 .  Separating and 
amp1 i f y i n g  the  few frequency components associated wi th r o t o r  unbalance 
requ i res  a degree o f  system soph is t i ca t i on  t h a t  was not, u n t i l  recent ly ,  
e i t h e r  a f fo rdab le  o r  even p r a c t i c a l .  
o f ten  have no t  been robust enough f o r  long term use i n  a j e t  engine 
environment. 
have o f ten  been i n  c o n f l i c t  wi th the o e ra t iona l  requirement f o r  rugged 

e l e c t r i c a l  in ter ference,  c h i e f l y  because the p iezoe lec t r i c  accelerometers 
normal ly used as the  engine mounted transducer are h igh  impedance devices. 
When proper design and i n s t a l l a t i o n  care i s  taken, AVM systems can produce 
subs tan t ia l  operat ing cost  savings through the e a r l y  de tec t ion  o f  engine 
damage o r  abnormal wear. 

Second, the  elements o f  AVM systems 

Provis ions f o r  good v i b r a t i o n  s e n s i t i v i t y  and frequency response 

components. Third,  AVM systems genera P l y  have been q u i t e  suscept ib le  t o  

4. TYPICAL AVM SYSTEM: 

A l l  present AVM systems detect  and monitor engine v i b r a t i o n  by means o f  one o r  
more transducers i n s t a l l e d  on some p a r t  o f  the engine. The s ignals  from these 
transducers are received by e lec t ron i c  processing devices o f  var ious l e v e l s  o f  
soph is t i ca t ion .  The processed s ignal  i s  d isplayed i n  some form t o  the  f l i g h t  
crew and/or t ransmi t ted  t o  o ther  on-board monitor ing equipment. I n  some 
instances, i t  i s  a lso recorded f o r  l a t e r  analysis.  

I n  many j e t  a i r c r a f t ,  notably  those i n  serv ice wi th commercial a i r l i n e s ,  
mechanical v i b r a t i o n  i s  so we l l  i so la ted  from the  passengers and crew t h a t  
engine v ib ra t i ons  would have t o  be present a t  very h igh  l e v e l s  before they 
could be sensed phys i ca l l y  through the  airframe. Such v ib ra t i ons  may lead t o  
severe secondary engine damage i f  not  detected by an AVM system. 
phys ica l  v i b r a t i o n  i s  sensed through the  airframe, the crew must be able t o  
i d e n t i f y  i t s  source; the absence o f  a corresponding AVM system i n d i c a t i o n  may 
lead the  crew t o  look  elsewhere f o r  the  cause. 

Even i f  

As important as i t  may be t o  detect  the  amount o f  engine v ib ra t i on ,  i t  i s  
equa l ly  important t o  associate the source o f  the  v i b r a t i o n  w i t h  a p a r t i c u l a r  
engine. I n  a s i t u a t i o n  where a r o t o r  has experienced subs tan t ia l  and abrupt 
damage, such as an i n - f l i g h t  b i r d  s t r i k e ,  which can cause the  complete l oss  o f  
a fan  blade, i t  may be d i f f i c u l t  t o  qu i ck l y  determine which engine was 
a f fec ted  wi thout  reference t o  an .AVM system. 

The seve r i t y  o f  engine mechanical damage o r  degradation and i t s  r a t e  o f  change 
i s  o f  great  i n t e r e s t  t o  both the f l i g h t  crew and t o  maintenance personnel. 
Data obtained from an AVM system can provide c r i t i c a l  and unique in format ion 
t o  support dec is ions ranging i n  scope from sa fe ty  o f  f l i g h t  t o  overhaul and 
serv ice needs. 

- 6 -  
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FIGURE 3 - Relat ionship  of Time Versus Frequency Domain 
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5. SYSTEM DESIGN: 

The f i r s t  task  o f  an AVM system designer o r  s p e c i f i e r  i s  t o  c l e a r l y  de f ine  the 
purpose o f  the  system and i t s  re la t i onsh ip  t o  the complete a i r c r a f t .  
d e f i n i t i o n  should inc lude considerat ions o f :  

This 

a. Expected bene f i t s  
b. System costs  
c. Type o f  data t o  be acquired and how i t  w i l l  be used 
d. Expected system l i f e  
e. M a i n t a i n a b i l i t y  
f. Provis ions f o r  f u tu re  expansion 

Great care should be devoted t o  de f i n ing  a system t h a t  i s  no more complex than 
can be j u s t i f i e d  by i t s  expected benef i ts ,  w i th  due regard t o  system growth 
over the l i f e  o f  the program. Only a f t e r  the system i s  def ined as t o  scope 
and purpose should i nd i v idua l  hardware and software elements be selected o r  
spec i f ied.  

A l o g i c a l  p lace t o  s t a r t  the considerat ion o f  such a system i s  a t  the s ignal  
source, s ince the  prec is ion  and f i d e l i t y  o f  a monitor ing system i s  u l t i m a t e l y  
l i m i t e d  by the q u a l i t y  o f  the s ignals  a t  t h e i r  source. 

5 . 1  Signal Source: 

5.1.1 

Signal q u a l i t y  w i l l  depend upon three elements: 
appropr iate transducer mounting provis ions,  and cor rec t  transducer se lect ion.  

The transducer mounting l o c a t i o n  on the engine o r  accessory must 

proper transducer loca t ion ,  

Location: 
be one t h a t  i s  mechanically w e l l  coupled t o  the component being monitored. 
This coupl ing must be establ ished dur ing engine development. 
manufacturer normal ly ca r r i es  out extensive v i b r a t i o n  t e s t s  dur ing the  
course o f  engine development, and the data r e s u l t i n g  from these t e s t s  
prov ide the basis f o r  i n i t i a l  se lec t ion  o f  transducer loca t ions .  F ina l  
v e r i f i c a t i o n  o f  transducer loca t ions  should be made through f l i g h t  t e s t s  o r  
engine ground runs on the a i r c r a f t .  

The engine 

5.1.2 Mounting Surface/Provisions: Transducer mounting prov is ions may cons is t  o f  
b u i l t - i n  mounting surfaces, special  mounting brackets, o r  simply attachment 
po in ts  f o r  brackets t o  be added l a t e r .  I n  any case, such prov is ions should 
always be included i n  the o r i g i n a l  engine design and v e r i f i e d  dur ing engine 
development, even i f  there are no immediate plans f o r  an AVM system. 

5 .1 .2 .1  In ter faces:  Mounting surface/bracket/transducer i n te r faces  should a l l  be 
f l a t ,  clean, metal-to-metal surfaces. Hardened o r  s ta in less  s tee l  such 
as 321SS i s  usua l ly  the pre fer red  bracket m a t e r i a l .  Flatness should be 
w i t h i n  0.0005 i n / i n  p a r t i c u l a r l y  where frequencies i n  excess o f  1 KHz a r e  
t o  be measured. Attachment screw torque should be spec i f ied  ( t y p i c a l l y  
80% o f  y i e l d ) .  

- 8 -  
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5.1.2.2 Mounting Point :  The best mounting surface i s  usua l l y  one t h a t  i s  p a r t  o f  
the engine i t s e l f .  
bracket i s  the next best choice. For f lange mounted transducers, a "T" 
sect ion o r  a very substant ia l  "L" sect ion bracket i s  usua l l y  best. 
should be exercised t o  avoid in t roduc ing  dynamic response problems due t o  
bracket resonances w i t h i n  or near the operat ional  frequency range. The 
i n s t a l l e d  transducer and mounting bracket should have a f i r s t  resonance 
a t  l e a s t  three times the  highest frequency o f  i n t e r e s t .  For t h i s  reason, 
cant i levered  mounting brackets are usua l ly  unsat is fac to ry .  

I f  t h i s  i s  no t  poss ib le  o r  p r a c t i c a l ,  a very r i g i d  

Care 

5.1.3 Transducer: Mechanical v i b r a t i o n  amplitude i s  commonly expressed i n  u n i t s  
o f  displacement, ve loc i t y ,  o r  accelerat ion,  ( the r e l a t i o n s h i p  i s  shown i n  
Figure 4 ) ,  and transducers are ava i lab le  t h a t  w i l l  sense any o f  these 
par  ame t e r s d i  rec  t 1 y. 

5.1.3.1 D i  spl  acement Transducers : D i  sp l  acement sensors are usual l y  used t o  
measure the r e l a t i v e  movement o f  a r o t o r  sha f t  w i t h  respect t o  the  
bear ing housing on l o w  speed engines w i t h  o i l - f i l m ,  sleeve-type bearings. 
A i r c r a f t  t u rb ine  engines w i t h  b a l l  o r  r o l l e r  bearings do not  lend 
themselves r e a d i l y  t o  t h i s  type o f  measurement. 

V ib ra t ion  v e l o c i t y  i s  q u i t e  e a s i l y  sensed on an 
a i r c r a f t  t u rb ine  engine by means o f  a moving-coil v e l o c i t y  transducer. 
This device generates a vol tage propor t ional  t o  the r e l a t i v e  motion of a 
c o i l  and a magnet as one element moves w i t h  respect t o  the o ther  i n  
response t o  u n i t  v ib ra t ion .  The moving element i s  spring-loaded a t  both 
ends and the  spr ing ra tes  are selected so t h a t  the  t ransducer 's 
operat ional  range w i l l  be above i t s  resonant frequency (see Figure 5).  
Besides producing an output d i r e c t l y  propor t ional  t o  v i  b r a t i o n  ve loc i t y ,  
the  major advantage o f  t h i s  type o f  transducer i s  t h a t  i t  produces a 
large,  l o w  impedance s ignal ,  on the order o f  100 mV/in/s. Th is  s ignal  
can be e a s i l y  t ransmi t ted over great  distances using conventional 
a i r c r a f t  w i r ing .  The v e l o c i t y  transducer i s  r a r e l y  used i n  modern AVM 
systems because wear r e s u l t i n g  from f r i c t i o n  of the moving pa r t s  severely 
l i m i t s  i t s  l i f e .  Also, i t s  frequency response i s  g r e a t l y  a f fec ted  by 
cross ax is  e x c i t a t i o n  and mounting or ien ta t ion .  

v i b r a t i o n  transducer used i n  AVM systems today. They are usua l ly  o f  the  
p iezoe lec t r i c  type t h a t  produces an e l e c t r i c a l  charge propor t iona l  t o  the 
accelerat ion p a r a l l e l  t o  the  sens i t i ve  ax i s  o f  the  transducer. The 
s ignal  from t h i s  type o f  accelerometer i s  generated by p iezoe lec t r i c  
mater ia l ,  e i t h e r  a po la r ized  ceramic such as lead z i rconate  t i  tanate o r  a 
n a t u r a l l y  occurr ing c r y s t a l  such as quartz o r  tourmaline. This mater ia l  
i s  t i g h t l y  compressed between a mounting surface (o r  surfaces) and a 
seismic mass (o r  masses). Accelerat ion o f  the element causes the mass t o  
apply compression o r  shear forces on the  mater ia l  i n  accordance w i t h  the  
f a m i l i a r  r e l a t i o n s h i p  o f  fo rce  equals mass times acce le ra t ion  (F = Ma). 
The fo rce  causes e l e c t r i c a l  charges t o  appear on the  p i e z o e l e c t r i c  
mater i  a l  surfaces t h a t  are then conducted outs ide the accelerometer (see 
Figure 6) .  Typical  accelerometer s e n s i t i v i t i e s  range from 10 t o  125 pC/g 
o f  accel e r a t  i on. 

5.1.3.2 Ve loc i t y  Transducers: 

5.1.3.3 Accelerometers: Accelerometers are the  most widely used type o f  
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. o1 
1 10 100 1,000 10,000 100.000 

Frequency-Hertz 

FIGURE 4 - Relat ionship  Between Displacement, V e l o c i t y ,  and 
Accelerat ion a t  Constant V e l o c i t y  

Bearing surface 

Seismic mass magnet 

Induction coil 

FIGURE 5 - Cross Section O f  A Typical  V e l o c i t y  Transducer 
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CONNECTOR 

FIGURE 6 - Cross Sect ion of a Typical  AVM Compression 
Type P i  ezoe 1 e c t r i c Ac ce 1 e rome t e  r 

5 . 1  .3 .3 (Conti nued) : 

Accelerometers are used t o  measure v i b r a t i o n  a t  frequencies we1 1 bel  ow 
t h e i r  resonant frequency. I n  general, s ignals  a t  frequencies up t o  one 
f i f t h  o f  the  accel erometer resonance frequency w i  11 be essent i a l  l y  
unaffected by the resonant r i s e ,  wh i l e  those up t o  one t h i r d  o f  the  
resonance frequency w i l l  be ampl i f ied  l ess  than 10% by the  resonant r i s e .  
A t y p i c a l  50 pC/g compression-type accelerometer w i l l  have a mounted 
resonance o f  about 25 kHz and could be used t o  monitor v i b r a t i o n  i n  the 
range o f  2 o r  3 Hz t o  about 8000 Hz. Because o f  the subs tan t ia l  amount 
o f  m u l t i a x i s  v i b r a t i o n  usua l ly  present on a tu rb ine  engine, the  
accelerometer selected should be q u i t e  i n s e n s i t i v e  t o  cross ax is  motion. 
A maximum o f  5% o f  the  normal ax is  s e n s i t i v i t y  i s  usua l ly  considered t o  
be acceptable. Temperature changes o f  an engine and, thus the  mounted 
accelerometer, dur ing var ious por t ions  o f  the operat ional  cyc le  w i l l  
a f f e c t  accelerometer s e n s i t i v i t y .  Therefore, accelerometers should 
e i t h e r  be selected f o r  minimum s e n s i t i v i t y  or, they should be provided 
w i t h  compensation f o r  the  v a r i a t i o n  i n  o ther  p a r t s  o f  the  system. AVM 
accelerometers should be hermet ica l l y  sealed, o f  rugged construct ion,  
capable o f  sustained operat ion i n  the expected maximum temperature 
environment, and should have a t r u e  d i f f e r e n t i a l  output balanced 
according t o  e l e c t r i c a l  capacitance. 

5 . 1 . 3 . 3 . 1  Surface Mounted Accelerometers w i t h  Connectors: Figure 7 shows t w o  
t y p i c a l  surface mounted AVM accelerometers w i t h  i n teg ra l  e l e c t r i c a l  
connectors. Accelerometers t h a t  use a separate cable are q u i t e  easy t o  
i n s t a l l  bu t  are subject  t o  s ignal  degradation due t o  connector damage 
or contamination. A l a rge  connector w i l l  usua l l y  be eas ie r  t o  seal and 
less  suscept ib le  t o  damage, but  i t s  mass may adversely a f f e c t  the 
frequency response. 
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5 . 1 . 3 . 3 . 2  

5 .1 .3 .3 .3  

FIGURE 7 - Surface Mounted Accelerometer Wi th  Connectors 

Surface Mounted Accelerometers With Integral Cables: To avoid the 
potential problem o f  connector damage or  contamination, some 
accelerometers are designed with integral cables. Where the cable will 
not be exposed t o  temperatures above 500 OF, a fluorocarbon insulated 
cable (often protected by a metal overbraid and/or conduit) i s  usually 
used. A t  higher ambient temperatures, a steel-jacketed, 
mineral-insulated "hard-line" cable i s  usually used. Figure 8 shows a 
typical accelerometer of this type. 

Internal Accelerometers: 
fo r  a transducer may be inside the engine near a main rotor bearing. 
An example of t h i s  type of transducer i s  shown in Figure 9. 
these transducers are b u i l t  i n t o  the engine during manufacture, i t  i s  
important t h a t  the i r  r e l i ab i l i t y  be very high as  replacement i n  service 
may be d i f f i c u l t  and expensive. 

In some instances, the only sui table  location 

Since 

An a l ternate  method of implanting accelerometers i n  or near a bearing 
housing consists of using rigid (or semirigid) probe type units t h a t  
can be f i t t e d  o r  removed from the outside of the engine as shown in 
Figure 10. Such units overcome the risk of high replacement costs i n  
the event of failure b u t  generally require that  t he i r  instal la t ion be 
carefully considered a t  the time of engine design. 

I 

I 

I 
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FIGURE 8 - Surface Mounted Accelerometer With Integral Cable 

FIGURE 9 - Internal Type Accelerometer 

FIGURE 10 - Internal Probe Type Accelerometers 
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5.1.3.3.4 Colocated/Dual Output Accelerometers: I t may be des i rab le  t o  have two 
measurements o f  the v i b r a t i o n  a t  the  same l o c a t i o n  on the  engine f o r  
purposes o f  redundancy and system i n t e g r i t y  checks. This may be 
accomplished w i t h  e i t h e r  separate colocated accelerometers (shar ing the 
same mounting bracket)  o r  a s ing le  dual output accelerometer. O f  these 
conf igurat ions,  the two colocated accelerometers have a lower 
probabi 1 i t y  o f  simultaneous f a i l  Ure but  the dual output accelerometer 
usua l ly  provides t i g h t e r  to lerances between the two outputs as i t  
employs two e l e c t r i c a l l y  and mechanically separate sensing elements 
wi th a common ax is  o f  s e n s i t i v i t y  i n  the same housing. 
i t  i s  important t o  be aware of ,  and pro tec t  against, common mode 
f a i l  ures. 

I n  e i t h e r  case, 

5.2 Signal Transmission: 

There are a number o f  special  considerat ions f o r  s ignal  transmission t h a t  are 
unique t o  AVM systems. 

5.2.1 Separate Preampl i f iers :  
the  accelerometer body i t s e l f ,  then the d i f f i c u l t i e s  o f  h igh  impedance 
s ignal  t ransmission can be avoided. A t  the  present time, e lec t ron i c  
components f o r  use i n  such amp l i f i e rs  a r e  l i m i t e d  i n  temperature t o  
approximately 350 O F .  Therefore, w i t h  few exceptions, i n t e r n a l  e lec t ron ics  
accelerometers are no t  used f o r  t u rb ine  engine monitor ing.  This 
temperature l i m i t  a lso poses a r e s t r i c t i o n  on how c lose t o  the engine a 
separate p reampl i f ie r  may be located. The p o t e n t i a l  bene f i t s  o f  improved 
res is tance t o  electromagnetic in te r fe rence (EMI) and reduced 1 i f e  cyc le  
costs  (LCC) on the  a i r c r a f t  cabl ing have t o  be protected against  the added 
costs  o f  h igh  temperature c i r c u i t  technology and/or the  prov is ion  o f  
coo l ing  f o r  t he  e lec t ron ics .  Because the cost  d i f f e rence  between 
conventional w i r i n g  and special  low noise w i r i n g  i s  usua l ly  small, compared 
t o  the  cost  and system complexity o f  separate e lec t ron i c  elements, most AVM 
systems have no t  employed separate p reampl i f ie rs  and use low noise cable 
systems. 

I f  the p reamp l i f i e r  i s  located near o r  even w i t h i n  

5.2.2 Cable, Shielding, and Grounding: 
necessary t o  preserve the  s ignal  from a p iezoe lec t r i c  accelerometer dur ing 
t ransmission t o  the preampl i f ie r .  

A number o f  spec ia l  design features are 

5.2.2.1 C i r c u i t  Type: The accelerometer, cable, and charge a m p l i f i e r  subsystem 
With t h i s  should comprise a t r u e  d i f f e r e n t i a l  c i r c u i t  (see Figure il). 

design, any in te r fe rence appl ied t o  both s ignal  leads, "common mode" 
in ter ference,  w i l l  be re jec ted  because only  the d i f f e rence  between 
s igna ls  w i l l  be ampl i f ied.  

5.2.2.2 I so la t i on :  The accelerometer sensing element should be wel l  i so la ted  
e l e c t r i c a l l y  from i t s  case,. t y p i c a l l y  20 Mn a t  the  maximum operat ional  
temperature, so t h a t  vo l  tage d i f fe rences  between the  accelerometer 
mounting p o i n t  and other  po in ts  i n  the  system w i l l  no t  appear as s ignals .  

cable length,  and the sh ie ld  should be grounded a t  one point ,  usua l l y  the 
s ignal  cond i t ioner  chassis ground. 

5.2.2.3 Shielding: The s ignal  leads should be f u l l y  shielded over the e n t i r e  
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I 
I 

I I 
I 

# I  
m 

I m I I 
Engine Mounted I ' Airframe Mounted Engine or  Airframe Mounted c 

I I To Indicat ion 
I I 

-, t 

n Connector I Connector , I  * u I r---l &-------- I I-- u u 
Accelerometer Low Noise Cable Pre-Amp1 i f i e r  Processing Electronics 

FIGURE 11 - Typical Differential Measurement Chain 

OUTER CARBON LAYER 

CONDUCTOR INSULATION 

FIGURE 12 - Low Noise Cable 

5.2.2.4 Low Noise Treatment of Cable: When shielded cables are flexed, the 
relative movement of the cables' constituent parts may cause static 
electric charges to be generated internally. 
the charges will vary with respect to time and, thus, appear to the 
amplifier as spurious signals. This potential problem, called 
triboelectric noise, i s  dealt with by using special low noise cable (see 
Figure 12) in which the internal parts are wrapped in graphite 
impregnated tape (PTFE usually) thereby preventing such charge 
accumulation. To further protect against triboelectric noise, the cable 
should be secured to minimize cable motion. 
such as an engine nacelle, it is usually recommended that the cable be 
firmly clamped at intervals of not greater than 8 in along its length. 

In a freely moving cable, 

In high vibration areas, 
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5.2.3 Connectors: In general, there should be as few connectors between the 
transducer and the first signal conditioning stage as practical. 
connectors must be used, they should be steel shell, circular threaded type 
with self-locking engagement or provisions for safety wire. 
couplings should be avoided because they can permit movement between pin 
and socket that will appear as noise. 

5.2.3.1 Shared Connectors: The connectors associated with the AVM system and 
located between the transducer and the first stage of signal conditioning 
should, where possible, not be shared with wiring from other aircraft 
systems. Where shared connectors cannot be avoided, the companion 
systems selected should be those with essentially DC signals such as 
thermocouples, or they should be systems that are used infrequently 
during flight. 

5.2.3.2 Connector Shielding: In a shared connector, any spare contacts should be 
grounded and arranged to surround the two signal contacts to provide some 
degree of shielding. Alternatively, shielded pin type connectors may be 
used. The cable shield should, with one exception, always be carried 
through the connector on one of the connector pins. The exception is 
when the shield is grounded at each end, it must then be open somewhere 
in between to avoid "ground loops." 

5.2.3.3 Connector Strain Re1 ief: Connectors should be suitably strain re1 ieved 
to prevent cable fatigue damage and/or generation of triboelectric noise. 

5.2.3.4 Connector Sealing: Connectors should be sealed to prevent intrusion of 
moisture and contaminants such as oil and hydraulic fluid by means o f  
back shell and interfacial seals. 

be used in critical areas on or near the engine to provide positive 
contact engagement and hence good signal continuity. In addition, 
contacts that are gold plated will reduce susceptibility to corrosion and 
fretting, thus insuring maintenance of a low impedance connection. 
size should be Number 20 or larger. 

Where 

Bayonet type 

5.2.3.5 Connector Contacts: Special high mating force connector contacts should 

Pin 

5.3 Signal Processing: 
The signal conditioner element of the system may be in the form of an 
individual avionics enclosure, or it may be one circuit element of a more 
comprehensive system that includes a number of diverse monitoring functions. 

5.3.1 Conditioning: With a differential piezoelectric accelerometer as the 

It is a recommended design 

signal source, the first stage of the signal conditioner is the 
differential charge amp1 ifer. This converts the high impedance charge 
signal to a low impedance voltage signal. 
practice to make a buffered, wide frequency bandwidth output of the charge 
amplifier available for external maintenance/analysis where off-line signal 
processing may be desired. 
to sacrifice the common mode noise rejection characteristics of the 
amplifier, to avoid any switching before the charge amplifier, either 
between various accelerometers or al ternately between test and 
accelerometer signal s .  Where high energy, high frequency signals, such as 
those due to blade passage, are present, it may be necessary to provide 
input low pass filtering to avoid saturation of the charge amplifier. 

It is also good design practice, in order not 
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FIGURE 13 - V ibra t ion  Spectrum With High Noise Level Present 

5.3.2 In tegra t ion :  One in teg ra t i on  o f  the accelerometer s ignal ,  w i t h  respect t o  
time, y i e l d s  a s ignal  p ropor t iona l  t o  v i b r a t i o n  v e l o c i t y  and a second such 
i n t e g r a t i o n  y i e l d s  a s ignal  propor t ional  t o  displacement. I n  general , the 
parameter most commonly associated w i t h  v i  b ra t i on  measurements a t  low 
frequencies i s  displacement, a t  mid frequencies i s  ve loc i t y ,  and a t  h igh  
frequencies i s  accelerat ion.  Typical  t u rb ine  engine r o t o r  speeds are i n  
the frequency range usua l ly  associated w i t h  the parameter o f  ve loc i t y .  
Since an i n teg ra t i on  i s  f u n c t i o n a l l y  a 6 dB per octave low pass f i l t e r ,  
each stage o f  i n t e g r a t i o n  w i l l  emphasize l o w  frequencies and at tenuate high 
frequencies. This i s  an important cons iderat ion when considerable no ise i s  
present i n  the  s ignal  as i s  shown i n  Figure 13. 

5.3.3 F i l t e r i n g :  I f  a r o t o r  system operates a t  a constant speed, as i s  the  case 
w i t h  some turboprop and/or turboshaf t  engines, then a f i x e d  band pass 
f i l t e r  can be centered a t  the r o t a t i o n a l  frequency and the  output w i l l  be 
representat ive o f  the ro to r ’ s  unbalance. If, as i s  usua l ly  the  case, an 
engine operates over a range o f  speeds, then e i t h e r  the f i l t e r  bands must 
be wide enough t o  accommodate the e n t i r e  r o t o r  speed ranges o r  narrow band 
pass f i l t e r s  must be caused t o  t rack  the  s ignals  corresponding t o  each 
r o t o r  as a func t i on  o f  speed. 
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5.3.3.1 Careful selection of the filter characteristics is very important to 
total system performance. The raw signal from the transducer may contain 
many elements in its sDectrum other than the freauencies of interest. and 

5.3.4 

5.3.5 

5.3.6 

so& of these elements'may be very high in amplitude. If not filtered 
out, they may be confused with the desired signals and/or result in 
saturation of the input section o f  the signal conditioner. Most 
filtering is done after the charge amplifier, but in some cases, it i s  
necessary to incorporate filters before the charge amplifier (input 
filters) to avoid saturation (overload). Saturation is most commonly 
caused by high frequency, high amplitude signals such as those resulting 
from blade passage, gear mesh, and higher rotor orders. 

The output of the signal conditioner must match system Output Formats: 
requirements for display, recording, or further processing of the signal s. 
This may involve gain or impedance matching for AC or DC analog outputs and 
special transmitters for digital outputs in accordance with standards such 
as ARINC 429, RS-232, or MIL-STD-1553B. 

Warning Functions: Warning functions are sometimes provided to alert the 
flight crew of an event or a change in AVM status. These functions may 
require lamp drivers, latches, and/or special memory. 

BITE/Self Test: Built-in test equipment (BITE) and self test should be 
considered in any new system design. 
and recording faults at the time of their occurrence. 
a means of actively checking the operational condition of an item of 
equipment. 

BITE should be a means of detecting 
Self test is usually 

6. TRACKING FILTER BASED SYSTEMS: 

6.1 

In a tracking filter system, one or more band pass filters are caused to be 
constantly centered at the engine rotor frequencies (or mu1 tiples thereof) by 
reference to the engine tachometer signals. The earliest of these systems 
employed all analog filtering, while the latest designs employ primarily 
digital signal processing. 

Tracking Filters: 

Since the function of a tracking filter is to monitor discrete frequencies 
while maximizing noise rejection, its bandwidth should be as narrow as 
possible, consistent with the required engine rotor tracking rate. In 
general, the tracking rate (or settling time) of any band pass filter is 
inversely proportional to its Q, which is the ratio of the bandwidth (usually 
measured at the -3 dB points) to the center frequency. 
function not only of the bandwidth but of the filter shape or roll-off. 
ideal narrow band tracking fil ter response would, therefore, look something 
like Figure 14. This filter response can be closely approached with a 
digital FIR (finite impulse response) filter (for which there is no analog 
equivalent). 
Figure 15. A convenient way of describing such filters is to use a shape 
factor, usually taken as the ratio of the bandwidth at -40 dB to that at 
-3 dB. A current digital tracking filter based AVM signal conditioner i s  
shown in Figure 16. 

Noise rejection is a 
The 

Typical FIR and analog band pass filter responses are shown in 
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FIGURE 14 - I d e a l  Band Pass F i l t e r  
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FIGURE 15 - D i g i t a l  and Analog 
Band Pass F i l t e r s  

FIGURE 16 - Current D i g i t a l  Tracking F i l t e r  Based AVM Signal Condit ioner 
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6.2 Tachometer Reference: 

Because a t rack ing  f i l t e r  based system r e l i e s  on engine tachometer s igna ls  
f o r  f i l  t e r  center  frequency reference, c lose coord inat ion i s  requi red between 
the equipment suppl i e r  and the  engine manufacturer t o  accurately character ize 
the r a t i o s  and the  output over the e n t i r e  engine operat ional  speed range. 
S im i la r  coord ina t ion  i s  requi red with the air f rame manufacturer t o  ensure 
t h a t  the tachometer s ignals  are adequately buf fered a t  the  s ignal  cond i t ioner  
so t h a t  the  t rack ing  f i l t e r  does no t  i n t e r f e r e  w i t h  o ther  a i r c r a f t  systems. 

6.3 Rotor Tr im Balance: 

I f  phase reference s ignals  are provided e i t h e r  by means o f  a dedicated 
tachometer o r  superimposed on the  engine tachometer s ignals,  then i t  i s  
poss ib le  t o  use a t rack ing  f i l t e r  based AVM system f o r  engine fan  t r i m  
balance w i t h  no o ther  support equipment required. 
o f  on-wing t r i m  balance wi thout  add i t iona l  ground running, engine 
manufacturers are encouraged t o  incorporate phase reference s igna ls  a t  the  
t ime o f  t he  engine design. 

Because o f  the  convenience 

7.  RESPONSIBILITIES AND CONSIDERATIONS: 

Since v i b r a t i o n  on a gas tu rb ine  i s  a monitor ing and no t  a cont ro l  parameter, 
the  quest ion o f  t he  need t o  f i t  a v i b r a t i o n  monitor ing system ar ises.  The 
answer var ies  depending upon the engine and i t s  usage and i s  f u r t h e r  
in f luenced by a number o f  o ther  considerations. 
moni tor ing system, a v i b r a t i o n  system requi res a s i g n i f i c a n t  amount o f  
coord inat ion and cooperation between var ious p a r t i e s  i f  i t  i s  t o  be 
successful. l h e  p a r t i e s  responsible f o r  the system development and 
i n t e g r a t i o n  usua l l y  inc lude the end user, a i r f rame manufacturer, engine 
manufacturer, and the  equipment suppl ier .  A s ing le  p o i n t  o f  r e s p o n s i b i l i t y  
should be def ined a t  the outset  o f  a program. 

L ike  any other  cond i t i on  

7 . 1  Par t i c ipants :  

7 .1 .1  The End User: The end user has ove ra l l  r e s p o n s i b i l i t y  f o r  es tab l i sh ing  
system requirements. He should, w i t h  the assistance o f  the  engine 
manufacturer, o u t l i n e  what i s  t o  be monitored, how the  data i s  t o  be 
presented, how the  data i s  t o  be used, and what bene f i t s  are t o  be expected 
from the  r e s u l t i n g  system. Performance, r e l i a b i l i t y ,  LCC, and 
m a i n t a i n a b i l i t y  ob jec t ives  should a lso  be stated. 

7.1.2 The Air f rame Manufacturer: The air f rame manufacturer has r e s p o n s i b i l i t y  
f o r  the  system in tegra t ion ,  the  d e f i n i t i o n  w i t h  the  end user, the  mode o f  
d i sp lay  and/or storage o f  the v i b r a t i o n  data, and, f i n a l l y ,  w i t h  the  engine 
manufacturer, the  determinat ion o f  t he  engine response cha rac te r i s t i cs  
( v i b r a t i o n  amplitude versus engine speed) and any a le r t /a la rm l e v e l s  t h a t  
may need t o  be set. Assisted by the  equipment manufacturer, the  a i r f rame 
manufacturer should speci fy  the  funct ions,  in ter faces,  and environmental 
requirements f o r  the  on-board s ignal  processor. 
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7.1.3 The Engine (and/or Engine Accessory) Manufacturer: The engine manufacturer 
has the responsibility for defining the engine vibration characteristics, 
limits, parameters to be monitored, diagnostic strategy, and the 
environment for the engine mounted components. Assisted by the equipment 
manufacturer, the engine manufacturer should specify the requirements for 
the transducer(s) and associated wiring, determine its (their) location(s) 
on the engine, and define the signal processing (filtering) characteristics 
required. This should also include suitable rotor phase reference signal 
sources to satisfy the requirements for in-flight fan trim balance data 
acqui sit i on. 

7.1.4 The Equipment Supplier: The equipment supplier has responsibility for 
clearly conveying equipment capabilities to the engine and airframe 
manufacturers. This responsibility includes not only technical choices 
(current and projected) , but also those concerning original fitment cost, 
LCC, maintainability, reliability, and product support. 

ensure that all factors have been taken into account in the application of 
an AVM. Some factors, not necessarily in order of importance, are 
di scussed in the fol 1 owing . 

7.1.5 Considerations for AVM: Figure 17 should be consulted and followed to 

7.2 Regulatory Requirements: 

7.2.1 Civil : U.S. Airworthiness Standards for Transport Category Airplanes, FAR 
Part 25.1305 (d) (3) requires, as of October 31st, 1974, "an indicator to 
indicate rotor system unbalance", for turbojet engine powered airplanes. 
This requirement has also been interpreted to apply to turbofan engines and 
may also be extended to cover new unducted fan and prop fan engines 
al though it does not specifically apply to "turbo-propeller powered 
airpl anes". 

7.2.2 Similar requirements apply worldwide (Joint Airworthiness Standards for 
Transport Category Airplanes, JAR 25.1305 (d) (3)). 

7.2.3 Military: There are no overall U.S. military policies or specifications on 
this subject within the services. The matter i s  addressed by each branch 
of the armed forces via their individual procurement specifications. 
AV-E-8593D, for example, provides engine vibration levels and test 
equipment requirements for engine design and test. 

7.3 Human and Techno1 ogi cal Factors : 

The FAA, as well as the military, in many of their specifications not only 
require the detection of rotor unbalance, but that it must be isolated from 
other benign sources and attributed to the correct engine. 
to avoid the possibility, which has occurred on several occasions, of the 
wrong engine being shut down by the flight crew. 

In the past, the pilot or crew was often able to isolate the vibration source 
through secondary indications such as by feel on the throttles of an engine 
with a cable controlled hydromechanical fuel control. With the introduction 
of electronic fuel controls, this mechanical link or secondary indicator has 
disappeared. 

This is essential 
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7.3 (Continued): 

In addition, significant technological advances in damping, isolating, and 
absorbing structurally borne vi brations through computer aided design, 
materials, modal analysis, finite element analysis, and many other methods 
have been made. These advances have resulted in optimized airframe 
structures, which are resistant to transmission of any vibration, thereby 
precluding or mitigating the use of the crew’s perceived vibration level to 
sense rotor unbal ance. 

Under these conditions, a vibration monitoring system is necessary to give 
the crew a primary indicator for the detection and isolation of rotor 
unbal ance. 

7.4 Maintenance Benefits: 

In order to realize maintenance benefits from a vibration monitoring system, 
it is essential that the appropriate information be made available to 
maintenance personnel and that its use be integrated into the end user’s 
maintenance infrastructure and practices. 

The type of information that must be provided is essentially different to the 
information required on the flight deck. 
personnel must contain far more detail and permit a higher level of diagnosis 
of the nature of any fault. The information given to flight crew must be an 
unambiguous indication of the need to take action in accordance with 
predetermined instructions. (See also 7.6) 

Because such detailed information is required, and the tendency of both 
military and civil end users to regard such information as proprietary, 
direct maintenance benefits are difficult to quantify in an objective manner. 

For an example of what can be achieved given the necessary infrastructure and 
commitment by the end user, refer to the published literature from Lufthansa 
referenced at the end of this document. This gives a clear example of an end 
user achieving significant direct and indirect benefits from the use o f  the 
in-flight fan trim balance feature o f  a modern vibration system by total 
integration into their maintenance practices. 
to continuously operate at vibration levels considerably below those accepted 
as engine acceptance 1 imits by the engine manufacturer. 

The information for maintenance 

This results in their ability 

7.5 The Economics of a Vibration Monitoring System: 

If it is necessary to justify the economics of incorporating a vibration 
system, the complete LCC associated with the system should be taken into 
account. These wi 1 1  incl ude: 

a. The direct acquisition costs (including development and certification 
where appropriate). 

b. The cost of maintaining the system over the expected lifetime of the 
ai rpl ane. 

c. The lost income from the money used to purchase and maintain the system. 

~ 
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7.5 (Continued): 

These costs must be offset by: 

a. Projected savings due to number of f 
interruptions that will be avoided. 

b. Projected savinqs from the number of 

ight del ays or schedule 

engine shutdowns due to failure 
where secondary-damage Wou1 d be avoided. 

c. Projected savings due to on-condition maintenance (OCM) rather than "by 
necessity" . 

d. Projected savings in engine ground running for on-wing fan trim balance 
(where the system includes this feature). 

These lists do not constitute a complete LCC model but it does highlight some 
major elements to be considered. 

7.5.1 Costs o f  Initial Installation Versus Retrofit: For a new aircraft design, 
the question is where to include a vibration system. 
installation be provided, or should a provision for later installation be 
made. 
aircraft wiring. 

Inclusion in the initial design and development phases does incur 
expenditure of time, money, and human resources when all are in great 
demand. However, it is almost universally recognized that doing so will 
result in long-term savings and a superior system. 

Should partial 

Cost of retrofit can be reduced by a partial installation such as 

Additional advantages are that the system is available during the aircraft 
development should there be any unexpected problems, and if it is later 

for a system, then these provisions will decided to only deliver provision 
have been tested. 

If an AVM system has not been qua 
vibration monitoring system is su 
association with specifying, fitt 

The addition of a system to an ex 
provisions may result in economic 
diminish the system performance. 

7.6 System Usage: 

The key questions to be asked are: 

ified, then the later addition of a 
ject to additional costs and risk 
ng, testing, and qualification. 

sting aircraft with no, or minima 
and/or technical constraints that V i i i  

a. 
b. By whom. 

What is the system going to be used for. 

7.6.1 What For: The intended use of an AVM is for the detection and location of 
failures or degradation that give rise to changes in the vibratory response 
of the engine. 
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7.6.1 (Continued): 
It is not possible during the design and development phase of the engine to 
accurately determine and predict all of the possible failure modes that may 
occur during its service life. Those modes that are found are generally 
designed out before the engine enters service. However, normal usage, 
wear, unexpected failures, and damage will always occur in-service. 
The primary objective of an AVM is to provide timely indication of abnormal 
v i brati on. 
Since an AVM detects vibration, this ability is primarily concerned with 
the rotating assemblies, although in some cases, detection of vibration 
caused by other sources, e.g., aerodynamics, combustion instability, etc. , 
may be included. 
Most cases of mechanical damage to the high speed rotating assemblies of 
the engine are immediately recognizable by changes in the vibration levels 
associated with those parts. Other engine parameters such as oil pressure 
and temperature may also change, but the AVM response is generally faster, 
which allows more time for corrective action and avoidance of possible 
secondary damage. 

closely coupled mechanically to the rotating assemblies. 
configuration comprises two transducers per engine, one forward, the other 
aft. The front transducer is often mounted on the first bearing housing 
(on large fan engines) to monitor fan/compressor and the rear transducer i s  
used to monitor the various turbine modules. 
The signal processing hardware may be mounted in the airframe or on the 
engine. Some installations split the installation with some signal 
preconditioning being done on the engine and the remainder being done in an 
airframe mounted processor. 
signals require special precautions in wiring and connectors, there is a 
tendency to perform some signal transformation into a less sensitive form 
directly in the transducer or on the engine. 
a digital interface with the engine, such processing is a necessity. 

One category i s  intended for use by the flight crew and the other by 
maintenance personnel. 

7.6.2 How: In order to achieve this, the vibration transducers have to be 
The most common 

Since transducer (usually accelerometer) 

Where requirements exist for 

7.6.3 Who: Vibration systems generally provide two categories of output data. 

7.6.3.1 Flight Crew: The information presented to a flight crew must be of the 
highest credibility and reliability. 
related to providing early warning of an impending or developing problem 
and/or the direct indication and location of the occurrence of an 
unbalance related incident requiring crew action in accordance with 
documented procedures. 
The forms of presentation range from discrete warning flags on exceedance 
to automatic presentation of signal magnitudes either "on exceedance" or 
"on demand". 
which permits flight crew to compare the signals from different vibration 
sources as a function of their individual characteristics and/or 
requirements. 

It must be unambiguous and directly 

Signal magnitudes may be prevented in a normalized form, 
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