
FATIGUE STRENGTH TES llNG EMPLOYED 
FOR OlALUATlON AND ACCEfTANCE OF 
JET-ENGINE INSTRUMENTATION PROBES 

Everett C. Armentrout 
Lewis Research Center 
Cleveland, Ohio 

( I A S  A-TI-81402) FATIGUE -TBENGTR TSSTIRG 
880- 1 7 4 2 2  

EIIPLOTED FOB EVLLUITIOII ALD ACCEPTIECE OF 
JET-ENGINE IIISTRONllTATIOI( PROBES (NASA) 
25 p RC A02/IP A 0 1  CSCL 14B Vnclas G3/35 47108 

Prepared for the 
'Ikenty-fifth Annual International Gas Turbine Conference 
sponsored by the American Society ot Mechanical Engineers 

- - New Orleans, Louisiana, March 9-13, 1980 
// 



FATIGUE STRENGTH TESTING 
EHPLXIYED FOR EVALUATION A83 ACCEPTANCE OF 

JST-ENGINE INSTRUHENTATION PRGBES 

E v e r e t t  C. Anwnt rou t  

T h i s  r e p o r t  o u t l i n e s  t h e  f a t i g u e  t y p e  t e s t i n g  perf  o m e d  on i n s t r u -  
mentation rakes  and probes  in tended f o r  u s e  i n  t h e  a i r  f l o  . passages  
of je t -engines  d u r i n g  f u l l - s c a l e  eng ine  t e s t s  a t  Lewis Research Cen- 
t e r .  Included is a d i s c u s s i o n  of e a c h  type  of t e s t  performed, t h e  
r e s u l t s  t h a t  may be d e r i v e d  and means of inspect ion.  A des ign  and 
t e s t i n g  sequence o u t l i n e s  t h e  procedures  and c o n s i d e r a t i o n s  invo7 ved 
i n  t h e  g e n e r a t i o n  of  s u i t ~ b l e  ins t rument  probes. 

I NTKODUCT ION 

During t h e  development and t e s t i n g  of j e t  engines ,  numerous pres- 
s u r e  and te  g e r a t u r e  measurments a r e  required.  These a r e  ob ta ined  
through t h e  u s e  o f  ins t rument  probes, o r  rakes ,  which a r e  i n s e r t e d  
i n t o  t h e  a i r  s t ream and f low passages  of t h e  test vehic ie.  A s t r u c -  

rn t u r a l  f a i l u r e  of  such a probe n a t  on ly  means t h e  l o s s  of  t e s t  d a t a ,  
r( but  c a n  e a s i l y  c a u s e  c a t a s t r o p h i c  d e s t r u c t i o n  of t h e  test v e h i c l e  it- 
I 

rd s e l f .  To reduce t h e  p o s s i b i l i t y  of t h i s  o c c u r r i n g ,  uniform q u a l i f i c a -  
t i o n  procedures have been e s t a b l i s h e d  by t h e  Ai rb rea th ing  Engines D i -  
v i s i o n  a t  Lewis Research Center  t o  provide  t h e  d e s i g n e r  and t h e  test 
eng ineer  wi th  a n  assurance  t h a t  t h e  t e s t  probe w i l l  su rv ive  under spe- 
c i f i e d  l i m i t s  and cond i t ions .  

Instrument probes  a r e  s u b j e c t  t o  two d i f f e r e n t  c l a s s e s  of f o r c e s :  
(A) mechanical f o r c e s  induced through t h e  mounting and (B) aerodynamic 
forces .  These f o r c e s ,  s i n g l y  o r  combined, cause  v i b r a t i o n  of t h e  
probe which c a n  l ead  t o  i n s t a b i l i t y  and f a i l u r e .  The test procedure 
desc r ibed  is  0r.e t h a t  h a s  evolved a f t e r  many h o u r s  of t e s t i n g  in- 
volving many configurations and a t t e m p t s  Z O  s imula te  bo th  t h e  mech- 
anical and a e r o d y n a ~ i c  fo rces .  

Instrument probes  a r e  expensive even i n  t h e i r  s imples t  form and a n  
ex tens ive  program of  d e s t r u c t i v e  l i f e  testing f o r  each des ign  would be 
p r o h i b i t i v e  i n  both  t ime and money. The t e s t  procedures  used and des- 
c r ibed  i n  t h i s  r e p o r t  do  not  r e q u i r e  long t e s t  t imes  nor  do  they con- 
sume numerous probes:  The procedures  n o t  on ly  q u a l i f y  t h e  probes bu t  
a l s o  make t h e  u s e r  aware of any l i m i t a t i o n s  i n  t h e  des ign  s o  t h a t  pre- 
caut ionary  measures may be incorporated i n  t h e i r  use. 

A s t andar ized  procedure f o r  ins t rument  probe acceptance t e s t i n g  i s  
advantageous and b e n e f i c i a l  t o  a i l  t e s t e r s  of j e t  engines  but  no such 
s t a n d a r i z a t i o n  e x i s t s  amoung t h e  m i l i t a r y  o r  j e t  engine  manufacturers 
today. The Navy h a s  a Standard Envirolmentai  Tes t  Methods manual, 
NAWRD OD-45491 (:;, which d e f i n e s  t h e  types  of t e s t s  i n  broad terms 



kt leawes the s p e c i f i c s  to "upcr icaced  e m g i w r i q g  personnel." U S A  
Sr-3113 (2) ertitltd "bwdertnrtir* te.timgn provide8 review of 
=thud# m e e d  by the g o w e t a s ~ t  aad aerospace iaQustrie8. The em- 
pbuir, boumr, i r  on basic p r i ac ip l e s  and q p l i c a t i o l u  rather than 
de t a i l ed  implawata t ion  and procedure. 

Tat ismtnwut probe evaluat ion proccrraxes described are not in- 
temded f o r  un i ra raa l  appl icat ioa.  The a c t u a l  test condit ions must k 
cotrr idand oa a case-by-cau ba8i8 but  wibratioa .ccept.ate tees a n  
cep.i&& r u d a t o r y  f o r  every probe t h a t  is  t o  be placed i n  front of  
rotati= colpoocnts. Because of t&? i n a b i l i t y  of the test apparatus 
to c a p l e t e l y  dupl ica te  tk opera t ing  coadi t iona a d  because of  posai- 
b l e  d i f f e r eases  i n  the f ab r i ca t ioa  techniques e q l o y e d  f o r  d i f f e r e n t  
probe8 of the s design, the tests are l l~ t  a n  absolu te  guarantee o f  
i n f i n i t e  l i f e  perfoxnece.  The probabi l i ty  of f a i l u r e ,  however, can  
be rule very small. 

'Phe idea l  i n s t r u m a t  probe inser ted  i n t o  the a ir  flow passage of a 
jet engiue would be very t h i n  and mall, so as not  t o  create any £1- 
disturbaace, aad wwld f u ~ c t i o n  f o r  a n  i d e f  i n i t e  per iod of time ulrder 
any coaditioms of t a p e r a t u r n  aad flau. Such usage na tu ra l ly  c r e a t e s  
a coacem f o r  the continued well-being of t he  probe, a s  well as tha t  
of the test engirre, i t s e l f .  To r e l i eve  t h i s  anxie ty  a d  t h e  possibi l -  
i t y  of f a i l u r e  occurrerres ,  appropriate  tests us t  be made t o  insure  
t h a t  a s t r u c t u r a l  f a i l u r e  of t h e  probe does not occur. Careful con- 
s ide ra t ion  during design and thorough checking of mater ia l s  and work- 
Ranship during construct ion is not suf f ic ien t .  Idea l ly ,  t he  most di- 
r ec t  method, and the  one used i n  spacecraf t  t e s t i ng ,  is t o  determine 
and dupl ica te  t he  opera t iona l  enviroment.  For jet engine t e s t  work, 
however, t h i s  is not feasible .  Here the  in s t ru ren t  probes must have a 
long l i f e  a d  operate  r e l i ab ly  i n  a va r i e ty  of t e s t  co~idi t ions.  The 
duplicat ion of condit ions f o r  t e s t i n g  becomes impract ical  awl s o  
t ime-con.uing t h a t  equivalent simulated condit ions rust be subst i- 
tuted. Tests  and procedures have been adopted i n  response t o  the  gen- 
eral sa fe ty  requirements of t he  Airbreathing Engines Division and ap- 
ply t o  a l l  i n s t ru ren t  probes and appendages t h a t  might be i n s t a l l e d  i n  
f ron t  of o r  within a test engine. The methods employed t o  a r r i v e  at a 
l eve l  of t e s t i n g  t o  achieve confidence i n  a probe design a r e  described 
i n  t he  Test Procedure Sec t ion  of t h i s  report  and a r e  based on consid- 
e r a t ion  of t he  following fac tors :  

1. The environmental c o d i t i o n s  t o  be encountered a t  the  test lo- 
cation. 

2. The des i red  l i f e  o r  length of service.  
3. The e f f e c t  a f a i l u r e  might have on t h e  test vehicle  o r  f a c i l i t y .  
4. The a v a i l a b i l i t y  of test equipment t o  reproduce o r  simulate the  

desired conditions. 
The procedures adopted a c c m o d a c e  these  considerat ions and i n  

addi t ion,  the  forms and records used a s  pa r t  of the  procedures serve 
a s  a checkl is t  and t e s t  performance swmary. The t e s t s  specif ied,  
over a period of time, h a w  a l s o  tended t o  become inherent ly c o n s e r  



watio*. By i n t . a ~ i o s t . l l y  a p e c i f y h  mere rigorour test condit iolu 
than a n t k i ~ d  i n  pract ice,  tk eblps8r of probe f u t u r e  in  use  are 
grea t ly  reducd. A srrple pmeedure is outl ined i n  AppediX A. 

Reqwmaibility for probe i n t e g r i t y  does not end with successful 
c a p l e t i o n  of t h e  vibrcrt ioa testa .  Proper i n s t a l l a t i o n  and usage a n  
also fac to r s  to be comaidend. Faulty i n s t a l l a t i o n  cur resu l t  i n  th 
i n i t i a t i o n  of bigb stress levelr due Ce improper f i t ,  vrom torque on 
the r w n t i p l  bol ts ,  etc. Ins ta l l a t ion  and removal procedures u r t  be 
available a d  d i l i l l tp t ly  follawhd. In  addition, scheduler rust be 
established to  periodical ly check 811 i n a t t l ~ w n t  probes while i n  we. 

The types of test specif ied a d  discussed f o r  qualifying instru-  
ment probes t o  withstand the rbocks and v ibra t ions  encountered i n  s e r  
vice consis ts  of: 

1. Sine-Sweep 
2. Sine-Dwell 
3. &&a vibra t ion  
4, S h k  

A l l  of these tests a n  p n d o i m n t l y  osc i l la tory ,  produciag repeated 
reversals  or stress a t  various s t m a s  lewels. Fatigue f a i l u r e  as a 
r e s u l t  of repeated reversal of stress is the hypothesis adopted a s  the  
chief cause of probe f a i l u r e  and the  test speci f ica t ions  a r e  based on 
t h i s  assuption.  The largest amplitude of stress reversal occurs a t  
probe resonant condition, so the  t e s t i n g  is concentrated about t h i s  
point. 

In  the  fa t igue  tests conducted on basic materials,  the r e s u l t s  
show a large  s c a t t e r  a t  each test level due t o  s l i g h t  d i f f e r e w e s  o r  
imperfections i n  the  material. Corresponding fa t igue  tests conducted 
on fabricated coqoaen t s  show even grea ter  s c a t t e r  due t o  the  in- 
creased p o s s i b i l i t i e s  of imperfections and manufacturing differences. 
Instead of constructing and t e s t ing  a g rea te r  number of probes f o r  a 
be t t e r  s t a t i s t i c a l  average, however, only one probe of a pa r t i cu la r  
design is subjected to extensive t e s t ing  and the  test resu l t s  of a l l  
others  a r e  c o ~ p a r e d  f o r  s imi lar i ty ,  not duplication. The probe t h a t  
is thoroughly t e s t ed  is  ca l l ed  the  'prototype'. I n  the  n o w 1  se- 
quence of verifyiag a design, a prototype is constructed and tes ted  
and i f  found t o  be sa t i s fac tory ,  f l i g h t  and back up models a r e  then 
bui l t .  Because of the  time in te rva l  between construction of the  pro- 
totype and f l i g h t  models, t h e n  is a s t tong poss ib i l i ty  tha t  d i f f e ren t  
materials may be used a s  w e l l  a s  d i f f e ren t  construction techniques. 
To circumvent t h i s ,  a l l  the  instrument probes of any one design t h a t  
a re  required f o r  t e s t ing ,  plus any spares, plus one more, are  ordered 
or constructed a t  the s a w  t i m e .  I t  is thus mom probable tha t  the 
sane material  and manufacturing and assembly techniques w i l l  be used 
f o r  a l l .  After colplet ion,  one probe out  of the group i s  selected a t  
random a s  the prototype model and the  o thers  become f l i g h t  o r  ac tual  
t e s t  probes. 

Two di f ferent  test l eve l s  a r e  employed. For the prototype model, 
high amplitude l eve l s  a r e  used over long t i m e  periods and a l l  four 



types of ter t ia  a n  employed ia each of th ree  mttually perpendicular 
rare. Zt# f l k b t  d e l r  a r e  only subjected to a siqle u i r ,  rine- 
#r+ap teat at  law r p l i t u d e r  to  presertr, their uaeful l i fe .  

Tim eyelic tents conducted on tbe prototype rob.1 to check frac- 
ture  touglmsr i m p *  a t o t a l  of approx iu te ly  2 to 4 x 106 cycles 
uader 98riorra loads. To estiute the  fa t igue  l i f e  under there vari- 
a b l r w l i t d e  s t r e s a  coaditioar,  tbe a a s u p t i o n  i r  mmle that t h e  n w  
bet  of cycles t o  f a i l u r e  are used up i n  a l i n e a r  and cwlat ive man- 
aer- I f  O is the f r ac t ion  of l i f e  c o n d  then: 

n 

n i  ' h b e r  of load cycles at  stress condition S i ,  and 
W i  ' Nukr of cycles from S-N chart  a t  condition Si -  

& D approaches 1, theore t ica l ly  the  probe approaches fai lure.  
For our purposes, a conservative value of 0.5 is used. This is due t o  
the  f a c t  t h a t  the equation does not take i n t o  account the  sequence i n  
which the  stresses a r e  applied, which is a f a c t a r  i n  some u t e r i a l s .  
In addition, the equation does not consider the  poss ib i l i ty  of radical  
inequal i t ies  i n  t h e  nuerber of high stress cycles a s  opposed t o  the 
rruDber of lw rtress cycles (31, nor does it consider the  aethod of 
conat ruc t ion. 

Instnment probes a r e  constxucted of severa l  p a r t s  and welded o r  
brazed together. During e l d i n g ,  the  metal is melted and resol id i f ied  
a& i f  not done properly, fa t igue  'hot-spots' a r e  created. These 
welds a n  considered t o  be the  sare a s  cracks and become the c r i t i c a l  
areas f o r  fa t igue  in i t ia t ion .  Figure 1 shovs the  reduction i n  allow- 
ab le  stress and l i f e  f o r  a typica l  w t a l  tha t  is butt-welded. 

The test procedure discussed i n  t h i s  report does not include any 
form of thermal stress testing. Tbermal t e s t ing  a t  e i t h e r  high o r  low 
terpera:i%e l eve l s  would involve the  use of considerable t e s t  equip- 
ment but i t  is not deemed necessary s ince  the  e f f e c t  can be duplicated 
i n  othet ways. 

Aside from the  stresses t h a t  a r i s e  within the  probe due t o  temper  
a ture  gradients o r  extrePe operating temperatures, the strength c h a r  
a c t e r i s t i c s  of the  material i t s e l f  a re  temperature dependant. The 
peak value of the  endurance l i m i t  of most s t e e l s  occurs a t  400° - 
5M)O C but decreases rapidly a t  s l i g h t l y  higher tanperatures. The 
y ie ld  point, the t e n s i l  strength, the  p l a s t i c  flow stress and the  en- 
durance l i m i t  a l l  show t h i s  common tendency, The e f f e c t  of temper  
a ture  on fat igue l i f e ,  a s  shown i n  Figure 1, can be duplicated by ad- 
justing the s t r e s s  level  f o r  roam temperature test ing.  For example, a 
probe intended f o r  operation i n  a 500° C enviro-ent, and requiring 
a minimum l i f e  of 5 x 1 0 ~  cycles, could withstand a continuous s t r e s s  
of 31 000 N/cm2 (46 400 psi).  Testing a t  roam temperature and a 
stress level  of 46 500 N/crn2 (67 400 psi )  would simulate the high 
t e q e r a t u r e  condition. 



me sine-weep test is cooductmi on  each probe to  determime the 
f l exu ra l  a d  to r s iona l  remnant  fzequeaciet and the q l i t u d e  asro- 
c i a t ed  with each. Durilrg t h i s  t e a t ,  the  probe is subjected t o  a sin- 
u m i d a l  fo rce  of e p e e i f i d  amplitude ower r t a t e d  frequcacy range a t  
a r t i pu ia t ed  sweep rate. The sveep rate can  be constant  over  t h e  en- 
tire frequcacy r8-• o r  it may be waried f o r  d i f f e r e n t  u g r n t s  of t h e  
frequcacy span. I f  the sweep rate is too  f a s t ,  however, t he  response 
viil be erroneous i n  both q l i t u d c  a d  frequency. This pbclrownon i s  
i l l u s t r a t e d  i n  P i g u n  2. which shows a 30 Hz increase i n  resonant f re-  
quency with an  amplitude a p p r o r i u t l y  150 G ' s  lower f o r  a sweep r a t e  
change f ram 0.5 oc t rve r~minu te  t o  20 octaws/minute. 

The sine-sweep test provides graphic proof of t h e  resonant fre- 
queacies of the probe f o r  ccmparison wi th  t h e  ca lcu la ted  design val- 
ues. Daagerous f a t igue  stresses e x i s t  when p a r t s  of t he  probe o r  t h e  
probe i t s e l f  a n  a t  resonance so it is e s s e n t i a l  t h a t  t he  resonant 
frequency be known and operat ion i n  t h i s  region be eliminated o r  re- 
s t r i c t ed .  

Sine-sweep v ib ra t ion  tests are not  standardized and a r e  conducted 
i n  several  con t ro l  modes by d i f f e r e n t  testers. The probe can be vi- 
brated over t he  frequency range i n  a mode of constant  displacement 
a q l i t u d e ,  a constant  veloci ty  rate, a constant  acce lera t ion  o r  a coer  
binat ion of the  three. Some testers p r e f e r  t o  u se  a constant ve loc i ty  
mode of 3.0 inches/- second f o r  prototype t e s t s  and 0.5 i aches -pe r  
second f o r  f l i g h t  levelmodels .  Other t e s t e r s  specify d i f f e r en t  am- 
p l i t udes  and modes a s  shown i n  Figure 3.,  which a r e  based on the  loca- 
t i o n  of usage with t h e  highest  amplitudes being used f o r  probes mount- 
ed within t h e  engine o r  a t  t he  engine in l e t .  The engine manufacturers 
specify a maximum allowable engine displacement f o r  s tar t -up and run- 
ning condit ions of approxizwtely 8 and S m i l s  (0.005 in. ) respective- 
ly. The tests conducted by Airbreathing Engines Divis ion a t  Lewis 
Research Center u t i l i z e  a constant displacement - constant  acceler- 
a t  ion combinat ion. 

For the  prototype model, a constant  displacement test l e v e l  of 
0.76 t o  1.27 cm (0.3 t o  0.5 in.) ,  double anpl i tude is used over a f re-  
quency b a d  of 7 t o  24 Hz, followed by a constant acce lera t ion  l eve l  
of 10 G ' s  t o  3000 Hz. The f l i g h t  models, which a r e  only subjected t o  
the  sine-sweep t e s t  a r e  l imited t o  a constant displacement amplitude 
of 0.25 t o  0.76 cm (0.1 t o  0.3 in.), double amplitude a t  low f requen- 
c i e s  of 5 t o  14 Hz and 3 G's ,  constant accelerat ion,  frum 14 Hz t o  
2000 Hz. 

SINE DWELL 

After  t he  resonant frequencies a r e  detexmined f o r  the  probe, i t  is 
subjected t o  s inusoidal  v ibra t ions  f o r  500 000 cyc les  o r  30 minutes, 
whichever is grea te r ,  a t  both the  1st and 2nd f l exu ra l  resonant f re-  
quencies. I f  the  resonant frequency s h i f t s  continuously o r  changes 
more than 20% during t h e  30 minute time period, the  t e s t  time i s  ex- 
tended t o  60 minutes. This is  a severe t e s t .  I t  subjec ts  the probe 



to unp cyc l e r  a t  a hi* a t r a i n  level f a r  i n  ercerr of any condi t ion  
that th. pmtn i r  expected to e=amter. A b ig  p e r r t r r t q e  of probe 
l i f e  i r  consumed d u r i m  &ha dwel l  tarts and ube tber  or not t h e  probe 
rur*ivl.r t hee  t t r t r  de te r r i~8  i t 8  acceptaaee. 

U p t r i m a t e  have rhoun t h a t  an abrupt  ou t face  chaege such ae t o o l  
u r k r ,  rurfme flavr, w l d r ,  or abrupt  changes i n  crorr rect ion,  
raiur the rttsrr concentrat ion and reducer f a t 4 w  l i f e  and stat ic 
r t r e a g t b  of tbe probe. Fatigue f a i l u r e a  s tar t  a t  tkae strers risers 
a d  rime f a t h u e  i r  accuulativr i n  nature ,  t h e  sine-dwell test w i l l  
wravate  any a b a o r u l  condi t ion  t o  p o r r i b l e  f a i l u r e .  The following 
t a b l e  r b  the e f f e c t  of  m r f a c e  f i n i s h  on l i f e  as compiled by V. .I. 
Colaagelo us iag  SAR 3130 steel with completely reversed bending a t  655 
WP. (95 000 pri)(4). 

tKHi SUWACB PIWISB A@PBCTS 
FATIGUE LIFE 

Surf a c e  f i n i s h  Fatigue l i f e  
Finishing operation (cycles)  

Lathe 
Pa r t l y  hand polished 
h a d  polished 
Ground 
Ground and polished 

Instrument probe sur faces  a r e  usual ly  f in i shed  by vapor honing o r  peen 
b l a s t i ng  with g l a s s  beads. These two methods produce a 'pol ish* of 
approximately 40 P-inches, rrs, on type 304 s t a i n l e s s  s t ee l .  

Almost a l l  f a i l u r e s  occur  due t o  c rack  propagation but according 
t o  the research conducted by S. S. Manson ( 5 1 ,  detec tab le  cracking 
does not occur u n t i l  70 - 85% of t h e  c y c l i c  l i f e  has  been used. The 
sine-dwell  test,  therefore ,  i s  continued a f t e r  a l l  t he  o the r  prototype 
tests a r e  completed u n t i l  probe f a i l u r e  so  t h a t  a more accurate  ap- 
proximation of probe l i f e  can be realized. Fat igue l i f e ,  however, is 
a funct ion of  t h e  amplitude of t h e  s t r a i n  cycle;  t he  lower t h e  s t r a i n ,  
t h e  g rea t e r  t h e  number of cyc l e s  t o  f a i l u r e  (3 ) .  A re la t ionsh ip  must 
be developed i n  order  t o  a r r i v e  a t  a f a t i gue  l i f e  expectancy f o r  t h e  
f l i g h t  - type rakes based on the  ~ s u l t s  of t he  Prototype tests. 

Palmgren ( 6 )  , l a n g e r  (7 ) ,  and Miner (8)  proposed a l i n e a r  damage 
r u l e  which assumed t h a t  a t  any s tage  i n  t he  loading h is tory  of the 
mater ia l ,  t he  amount of l i f e  used up was proport ional  t o  t he  cyc le  
r a t i o  a t  t ha t  loading condition. That is t o  say, i f  a s t r e s s  range i s  
applied f o r  N 1  cyc les  a t  a condi t ion where N F  cyc l e s  would r e s u i t  
i n  f a i l u r e ,  then N l / N F  percent of t he  l i f e  has  been consumed. 



Xn t h e  notch tests conducted by Richard H. Kemp ( 9 1 ,  on pressure 
cy l inders  and test spec i lans ,  f a i l u r e  occurred a t  approlriaately 80X of 
t h e  computed y i e l d  s t r e n g t h  of t he  mater ia l  a t  roam temperature. 
Tes t s  conducted by k b e r t  8. Probst (10) resu l ted  i n  f a i l u r e  a t  50% of 
the  normal y i e l d  strength. These f a i l u r e s  were a t t r i b u t e d  t o  t h e  pre- 
sence of small cracks,  usua l ly  i n  t h e  a r e a  of  welds. The cons t ruc t ion  
of instrument probes usua l ly  involves varying amounts of b r a t i a g  and 
welding so the  notch theory f o r  f a i l u r e  ana lys i s  seems appropriate.  
I n  addi t ion,  sur face  condi t ions  and f i n i s h e s  a f f e c t  t h e  f a t i g u e  b e h a r  
i o r  of metals  due t o  t h e  i n t e r a c t i o n  of su r f ace  coaepressive stresses 
v i t h  t h e  core  o r  i n t e r i o r  res idua l  t e n s i l e  stresses a s  previously dis-  
cussed (4). 

The dwell tests a r e  performed i n  each of t h e  t h r e e  test axes  on 
the  prototype model only. 

Sinusoidal  v ibra t ion ,  although the  simplest  t o  evaluate ,  occurs  
very r a r e ly  i n  a c t u a l  pract ice .  The v ib ra t i on  of s t ruc tu re s ,  engiaes  
o r  veh ic les  is almost never concentrated a t  a s i n g l e  frequency but 
usual ly  a t  t vo  o r  more d i s c r e t e  frequencies. For jet engines  and roc- 
kets ,  t he  v ib ra t i on  e x i s t s  over  a wtde, continuous range of freguen- 
c i e s  due t o  t he  tu rbulen t  flow of air ,  t h e  audio energy and t h e  ilper- 
f ec t i ons  o r  unbalances of t h e  r o t a t i n g  parts.  This  type  of v ib ra t i on  
mode can best be simulated with a random v ib ra t i on  test. I n  t h i s  type  
test a l l  of t he  resonances t h a t  e x i s t  i n  t h e  frequency range a r e  ex- 
c i t e d  simultaneously, I f  t h e  s t r u c t u r e  i s  c o ~ p o s e d  of s eve ra l  pa r t s ,  
each having i t s  own resonant frequency, they w i l l  a l l  be exc i ted  at 
once r a t h e r  than sequent ia l ly  s o  t h a t  poss ib le  i n t e r a c t i o n s  w i l l  be- 
cane evident. Instrument probes a r e  nominally s i n g l e  component ass- 
b l i e s ,  however, with no moving par t s ,  s o  t h e  i n t e r a c t i o n  and poss ib le  
malfunction due t o  simultaneous resonances wi th in  t h e  probe body is 
not a major problem. Each probe, however, i n  add i t i on  t o  a mounting 
f lange usual ly  has a ex t e rna l  bracket o r  "billboard" at tached a s  a 
means of conveniently connecting t o  t h e  sense l ines .  The resonance of 
any ex t e rna l  pa r t  can  be d i f f e r e n t  from t h a t  of t h e  probe and of such 
magnitude t h a t  i t s  v ib ra t i ons  can f o r c e  t h e  probe body i n t o  ~ s c i l l a -  
t ion. 

To observe t h i s  poss ib le  in te rac t ion ,  t he  prototype probe is  sub- 
jected t o  a random v ib ra t i on  test f o r  a per iod of 15 minutes i n  each 
of t he  t h r ee  t e s t  axes. During t h i s  test t h e  ex t e rna l  mounting brack- 
e t ,  sense l i n e s  and connector panel a r e  l e f t  f r e e  and unclamped. For 
a l l  o t h e r  tests t h e  bracket assembly is secured t o  t h e  shaker head o r  
mounting f ix ture .  I f  probe-body resonances a r e  observed a s  being in- 
duced by t h e  ex te rna l  bracketry and a r e  of such magnitude a s  t o  be 
considered dangerous, then a redesign must be considered with respect  
t o  the  mountiw, connector bracket,  probe body o r  t h e  e n t i r e  ins t ru-  
ment probe. 

The emplitude l eve l  of t he  random v ib ra t i on  test is expressed i n  
PSD (Power Spec t ra l  Density) over  a frequency range. For comparison 
t o  s inusoidal  t e s t  l eve l s ,  t h i s  can be expressed a s  
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Tbs simplest  form of r a d a r  v ib ra t i on  is t h a t  of a f l a t  or  'white 
noise' spectrum i n  which the PSD is independent of frequency. A typi- 
cal 'white noise' test spectrum is sbovn i n  f i g u r e  4. for t h i s  example 

The PSD c u m  ind ica t e s  a f l a t  response of O.1~2/&, but  t h e  instan- 
taneous q l i t u d e  at  any one f n q w a c y  follow8 a Gaussian probabi l i ty  
d i s t r i b u t i o n  curve such t h a t ,  i n  t h e  e x a p l e  above, 68.32 of t h e  vi- 
b r a t i ons  w i l l  have a maxi- m s  amplitude of 14.1 G ' r ;  27-12 w i l l  be 
wi th in  t h e  baud from 14.1 t o  24.2 G ' s  and 4.3% w i l l  be i n  t h e  band 
from 28.2 t o  42.3 G'R. Por t h e  same n d e r  of cycles ,  t h e  damaging 
e f f e c t s  of  r a a d a  v ib ra t i ons  are less than  those of a s i n e  sweep test, 
but,  by increasing t h e  q l i t u d e  level of t h e  rand- v ibra t ions ,  t he  
e f f e c t s  can be p r a c t i c a l l y  equalized. Determination of f a t i gue  l i f e  
with random vibra t ion  t e s t i n g  is both ted ious  and time consuming. 
S iau lo ida l  stress reve r s a l s  through sine-dwells o r  sine-sweep type 
t e s t i n g  a r e  easier t o  determine a s  t o  number and stress l e v e l  and con- 
sequently a r e  used i n  l i e u  of rand- v ib ra t i on  f o r  determinat ion of 
f a t i gue  l i f e .  

SHOCK - 
A suddenly appl ied,  nonperiodic fo rce  of f i n i t e  time i n t e r v a l  t h a t  

r e s u l t s  i n  a t r ans i en t  response of a system is c a l l e d  shock. A sonic 
boom is an example of such n t r ans i en t  time funct ion;  t h e  impact of 
two bodies is  another. A s i n g l e  shock appl ica t ion ,  un less  it i s  ex- 
tremely severe, w i l l  r a r e l y  induce f a i l u r e .  A shock induces v ib ra t i on  
a t  t he  resonant frequency which adds t o  t he  o v e r a l l  number of s t r e s s  
reversa l s  and s ince  stress reve r sa l  damage is accumulative, t he  sum- 
mation leads  t o  eventual  f a t i g u e  f a i l u r e .  

For shock pulse  t e s t i n g ,  t he  amplitude, pulse  shape and time aura- 
t i o n  of t h e  pu lse  must be specified. There a r e  f i v e  basic  types of 
shock motion o r  pulse  shape: (A)  impulse, (B) s t ep ,  (C) half-s ine,  (Dl 
decaying s inusoid and (El complex. The l a s t  th ree ,  along with triang- 
u l a r  and sawtooth forms, t yp i fy  t h e  motions n o w a l l y  used a s  shock . 

input  forms. The f i r s t  two a r e  l im i t i ng  ca se s  and near ly  inposs ib le  
t o  dupl ica te  i n  pract ice .  



The t h e  dura t ion  of t he  input  shock pulse  determines t h e  a c c e l e r  
a t i o n  rate of the  fotce. For systems with high na tu ra l  f n q u e w i e s  
vBste t h e  na tu ra l  period is very much less than  t h e  shock pulse dura- 
t i on ,  t h e  response will follow the  shock input  p u l u  very closely. 
For systems where t h e  pulse  dura t ion  and ha l f  t h e  na tu ra l  period a r e  
equal  o r  nea t ly  so, t h e  response is high and f o r  l i g h t l y  drl~ped 
probes, a considerable number of high strrss reve r sa l s  are absorbed 
duri?rg the  gradual decay o r  "ringing". Figure 5 shows response curves 
i l l u s t r a t i n g  tbese two condit ions (12). 

_ Shock pulscs  can  now be applied through computer con t ro l  of t h e  
sbaker head with b e t t e r  con t ro l  of amplitude and pulse  shape than 
f o m e r l y  acquired with t h e  'drop-test' machine. In  t h e  Airbreathing 
Engines Division test procedure, t h ree  pu l se s  a r e  appl ied i n  each of 
t he  t h r e e  test aies. Bach put= is  a half-s ine wave of 20 C amplitude 
and ha8 a pulse t i m e  t h a t  is equivalent t o  the  resonant frequency of 
t he  probe. 

TEST APPARATUS 

VIBRATION TESTING MACHINES 

The v ibra t ion  t e s t a  a t  Lewis Research Center a r e  conducted on 
electrodynamic type v ibra t ion  machines c o m n l y  c a l l e d  e x c i t e r s  o r  
shakers. For t h i s  type machine, t he  fo rce  causing t h e  motion of t he  
t a b l e  is produced electrodynamically by t h e  in t e rac t ion  of cur ren t  
flow i n  the  d r i v e r  c o i l  with the  in tense  magnetic f i e l d  of t h e  f i e l d  
co i l .  Figure 6 i l l u s t r a t e s  t he  e s s e n t i a l  couponeots of t h i s  type of 
shaker. The mounting base is constructed t o  al low t h e  shaker t o  be 
ro ta ted  90 degrees so  t h a t  horizontal  a s  well a s  ver t ical-axis  vibra- 
t i o n  tests may be performed. I n  the horizontal  ax i s ,  t h e  shaker head 
is usual ly connected t o  an aux i l i a ry  t a b l e  which is supported by hy- 
d rau l i c  bearings o r  a f l u i d  film. 

The maxi mu^^ test fo rce  is l imited by the  s i z e  of the  shaker and 
the  t o t a l  weight of t he  t e s t  package. Figure 7 shows the  allowable 
test ranges of the  two shakers used i n  our  v ib ra t ion  tes t ing .  The 
performance c h a r a c t e r i s t i c s  of t he  machines a r e  sul~marized i n  the fol-  
lowing tab le :  

SHAKER RATED TABLE WX. MAX TABLE 
FORCE WT. DISP. ACCEL. SIZE DIA. 

C-60 26,690 N 18 kg. 2.5 cm. lOOC 45 cm. 
C-210 124,500 N 154 kg. 2.5 cm. 756 75 cm. 

Both of these shakers a r e  cont ro l led  thru  a common source which in- 
corporates  computer con t ro l s  f o r  random type v ibra t ion  and shock t e s t s  
on the  shaker. 



The r e s u l t s  gram t h e  tertr d e r c r i h d  i n  t h e  prncedim r r c t i o n s  a m  
obtained t h m q h  t h e  u re  of s t r a i n  g a e s  o r  acce le toae te r r  aounted on 
the inrtrument probe and shake f i x tu r r .  I n  o rde r  f o r  them r e s u l t s  to  
be mmniagful and rccuraca, an uiderrtrrrding i r  needed of t h e  p e r f o r a  
awe c h a r a c t e r i s t i c s  of accelerometers a 8  well a 8  an  understanding of 
hopr ld~sors 8 4  fixturar interact with t h e  r Iuke r  aad each other. 

One 6f t h e  most c r i t i c a l  conr idera t ions  is  t h e  weight of t h e  ac- 
ctlerollhter t h a t  is  used to m n s e  pmbe motion. S o m  probes a n  very 
small aad t h e  reisric mass o f  t h e  sensor, placed a t  t h e  point  of de- 
s i r e d  warurement , can  s i g n i f i c a n t l y  a l t e r  t h e  response. Accelerom- 
eter l o ~ d i a  error r e s u l t s  i n  an  ind ica t ion  of lover  resonant fre- 
quency and increased dup ing .  Piezoclectr ' ic accelerosrcters come i n  
var ious riser, ranging from 100 grams i n  veigbt  to 0.15 g r m s  s o  se- 
l e c t i o n  of a l i g h t  w i g h t  accelerolleter can tenrove t h i s  source of 
error. For extremely mall prober, where physical  s i z e  r e s t r i c t s  o r  
p roh ib i t s  the  attachment of accelerometers, s t r a i n  gages a r e  used. 
Pigure 8 i l l u s t r a t e s  t y p i c a l  placement of acce l e ro l e t e r s  and t h e  s i z e s  
normally wed. 

Of equal  importance t o  t h e  mass, and a l s o  usual ly  ignored, is t h e  
aeans erployed t o  w u n t  t he  acce l e ro i~e t e r  and t h e  deployment of t he  
lead  wires. I f  t he  probes have m a l l  c ro s s sec t iona l  dimensions, the  
means of accelerometer attachment, as well a s  i t s  s i z e ,  can a l t e r  t he  
s t i f f n e s s  i n  t h a t  a r e a  and thus  a f f e c t  t h e  amplitude of t he  v ibra t ion  
a s  w e l l  as decrease t h e  resonant frequency. The use of mounting f i x -  
t u r e s  only cotapounds t h e  problem. 

Accelerometers can be mounted t o  t he  probe by cementing d i r e c t l y  
t o  t h e  test sur face  with quick-set type cements. The cements used 
must be ab l e  t o  withstand t h e  shocks and sur face  s t r a i n s  isposed by 
the  test and still  provide good frequency response. Bond thicknesses 
a r e  usual ly  of the  order  of lrm o r  less f o r  cyanoacrylate type ad- 
hesives. 

Threaded engagements a r e  a l s o  used t o  mount accelerometers a s  i n  
t h e  ca se  of the  con t ro l  accelerometer f o r  t h e  shake f i x tu re .  For t h i s  
type of mounting: 

1. the accelerometer manufacturer's mounting torque should always 
be used and 
2. the  mounting sur face  should be f l a t ,  smooth and clean. 
For frequencies g r e a t e r  than 4000 Hz, a t h i n  f i lm  of s i l i c o n e  

grease i s  recoaraended t o  improve coupling. Figure 9 shows e f f e c t s  of 
var ious mounting methods ( 7). The na tura l  frequency and inherent 
damping of t he  accelerometer has a profound e f f e c t  on t h e  r e s u l t s  ob- 
tained. I f  the  instrument probe has a resonance t h a t  i s  c lo se  o r  
i den t i ca l  t o  t h a t  of  t he  accelerometer being used, t he  output  w i l l  be 
high and erroneous. As a ru le  of thumb, t h e  rolounted resonant f re- 
quency of t he  accelerometer used should be 2.5 times t h a t  of the  high- 
est test frequency. I f  t h e  resonant frequency of t he  probe or  the 
test frequency is g r e a t e r  than t h e  resonant frequency of t h e  a c c e l e r  



meter, the  output v i l l  be lw and erroneous due t o  amplitude roll o f f  
of approximately 12  dB p e r  octave oa t h e  accelerometer. 

Another .ggravation and coaraon rource of e r r o r  is cab le  noise. 
The use  of proper cab fe r  and d n s s i n g  of t he  cab le s  t o  avoid f lapping 
o r  " t r i boe lec t r i c  charges" can  prevent r l a rge  percentage of cable  
noi rs  (13). The use  of a bui l t - in  a q l i f i e r  a t  t h e  accelerometer a l s o  
&elpa overcame the  noise generated i n  ordinary or f a u l t y  cable  c o w  
struct ions.  

STRAIN GAGES 

As par t  of t h e  i n i t i a l  design of t h e  instnusent  probe, stress cal-  
cu l a t ions  a r e  made with respect t o  the  'load' t h e  probe must vi th-  
stand. Accordingly, t he  ma te r i a l s  used i n  t he  cons t ruc t ion  of the  
probe, t he  thickness of t h e  mater ia l ,  t h e  cross-sectional a rea ,  etc., 
a r e  a l l  based on these  calculat ions.  For t h e  prototype t e s t i n g ,  
s t r a i n  gages a r e  mounted on t h e  probe body t o  d e t e w i n e  and check t h e  
bending and to r s iona l  s t resees .  The i n t e r p r e t a t i o n  of t h e  s t r a i n  gage 
da t a  f o r  stress ana lys i s  i s  beyond the  scope and purpose of t h i s  re- 
port. A thorough and d e t a i l e d  treatment of s t r e s s - s t r a in  ana lys i s  is 
ava i lab le  i n  a book by H. Hetenyi (14). It is important, however, 
t h a t  t he  items l i s t e d  below be ca re fu l ly  considered i n  o rde r  t o  obta in  
d a t a  worthy of i n t e rp re t a t ion :  

1. The temperature dependance of s t r a i n  gages. 
2. The e f f e c t s  of bonding t h e  gage t o  the  probe. 
3. Moisture e f f e c t s  on the  gage and bonding- 
4. Hysteresis  and ze ro  s h i f t  of the s t r a i n  gage i n  t h e  f i r s t  few 

s t r a i n  cycles. 
5. The c i r c u i t r y  used - dynamic o r  s t a t i c  s t r a i n  and the  number of 

ac t ive  bridge arms. 
6- The non-linearity of s t ra in- res i s tance  e f f e c t ,  espec ia l ly  a t  

high elongations of w i r e  type gages. 
For adverse o r  severe t e s t  operating condit ions o r  i n  a region 

where probe resonance is possible ,  s t r a i n  gages a r e  mounted on the  
f l i g h t  probes f o r  continuous monitoring during engine tes t ing .  By 
a l e r t i n g  t h e  engine t e s t  conductor of a change i n  s t r e s s  condit ion of 
the probe, the operat ing condit ions can be quickly changed t o  a s a f e r  
o r  more su i t ab l e  region. 

SHAKE FIXTURES 

The mounting f i x t u r e  used t o  adapt t he  instrument probe t o  t he  
shaker t a b l e  o r  face i s  a c r i t i c a l  piece of i n t e r f ace  hardware. The 
f i x tu re  is not designed t o  simulate the v ib ra t ion  c h a r a c t e r i s t i c s  o r  
exacr physical geometry of t h e  ac tua l  mounting i n  which the probe w i l l  



be used. Rather, t he  f i x t u r e  mus t  f a i t h f u l l y  t ransmit  t he  shaker in- 
put i n t o  t he  probe without l o r 6  o r  d i s t o r t i o n  and without the  addi t ion  
of rny spurious side-ef fec t r .  

The r eac t ion  of the  instrument probe t o  known v ib ra t i on  forms and 
amplitude8 i r  t h e  prime concern. Occassionnlly a r ing  or spec ia l  en- 
gine s ec t i on  i r  t e s t e d  a8 an asrtmbly with t he  prober i n  place. This 
type t e a t  is conridered a s  an add i t i ona l  check and i r  not  construed a s  
a r u b r t i t u t e  f o r  t he  noma l  probe t e r t i ng .  

The following itemr a r e  offered f o r  conr idera t ion  i n  t h e  design of 
test f i x tu re s  : 

St i f fness .  The shake f i x t u r e  should be a s  r t i f f  a s  poss ib le  such 
t h a t  i t  is not  def lec ted  by t h e  weight of t h e  test i t e m  and a l s o  s t i f f  
enough t o  t r a n s f e r  t he  shake t a b l e  motion wi th  high f i d e l i t y .  

High Natural Frequency. This  could b e  considered p a r t  of t he  
s t i f f n e s s  design requirement but simply making the  f i x t u r e  bulky and 
heavy can c r e a t e  problems such as dynamic imbalance, rocking motion 
and excessive t a b l e  weight. When t h e  dynamic fo rces  from the  t e s t  
f i x t u r e  do not  pass  through t h e  cen t e r  of mass of t he  test specimen, 
the  condi t ion is c a l l e d  "dynamic imbalance" and t h i s  misalignment, 
combined with e l a s t i c i t y ,  i n  t he  mounting, allows rocking of t he  spec- 
imen. The type of shake f i x t u r e  used (box -ube, angle) ,  g r e a t l y  in- 
f luences the  degree of rocking t h a t  may be t. esent.  

Specimen Mounting. The b o l t s  used t o  mount t he  t e s t  specimen t o  
the  f i x t u r e  should be torqued t o  80% of t h e i r  y i e l d  strength. To 
a t t ach  the  f i x t u r e  t o  t h e  shaker, t he  g r e a t e r  t h e  number of b o l t s  
used, t he  b e t t e r  t h e  r e s u l t s  w i l l  be, provided the re  is  s u f f i c i e n t  
s t i f f n e s s  i n  t he  f i x t u r e  t o  load t h e  bol ts .  

Fabrication. I f  t he  f i x t u r e  cons i s t s  of severa l  pa r t s ,  a s  i n  
a n g l F o r  box type f i x t u r e s ,  the  p ieces  should be welded together  s ince  
bol ted j o i n t s  cannot t r a n s f e r  loads across  the  j o in t  as  well  a s  welded 
joints .  Bolted j o i n t s  do allow f l e x i b i l i t y  and mul t ip le  use of the 
f i x t u r e ,  however, and reduces t he  cos t  and number of individual  
f i x t u r e s  required. 

Mounting Surf aces. F l a t  mount ing surf  aces  between the  shaker head 
and f i x t u r e  a r e  a must. Any deviat ion from f l a t n e s s  decreases s t i f f -  
ness and the  na tura l  frequency. If not f l a t ,  t he  f i x t u r e  w i l l  rock, 
o r ,  i f  t he  f i x t u r e  i s  s t i f f e r  than the shaker head, the  head may be 
d i s t o r t e d  when the  f i x t u r e  i s  bolted GI;;.:! l ad  again cause rocking. A 
f l a t n e s s  tolerance of 0.005 T1R o r  b e t t e r  i s  acceptable. 

Material. AZunrinum i s  l i g h t ,  does not weigh down the  t e s t  machine 
and has su f f i c i en t  s t rength  t o  make a very good t e s t  f ix tures .  For 
bolted construct ion,  t he  use of threaded s t e e l  insercs  i s  recommended 
t o  e l iminate  ga1,ing and s t r i pp ing  of the threads. 

~cce le rometers .  - The accelerometers a r e  mounted t o  t he  t e s t  f ix -  
t u r e  f o r  con t ro l  and output monitoring by means of +apped holes. To 
provide a smooth mounting sur face  and a perpendicular mounting , the  
mounting holes shoald be machine-drilled and spot-faced. More than 
one accelerometer i s  recommended t o  monitor t he  mot ion of the  t e s t  
f i x t u r e ,  and one of these  should be placed i n  c lo se  proximity t o  the 
t e s t  specimen's mounting point. 



I NTEIlPRETAT ION AND S U W T  ION 

Upon completion o f  t h e  v i b r a t i o n  a n d ' s '  ,ck t e s t s ,  a judgaient is 
required as t o  t h e  worthiness  of t h e  inst-nt probes. To a s s i s t  i n  
t h i s  eva lua t ion ,  t h e  f o l l o v i a g  processes  and a d d i t i o n a l  tests a r e  con- 
ducted: 

1. Construct ion o f  a Campbell diagram wi th  resonant  f requencies ,  
blade-passing f r e q u e w i e s  and engine speeds t o  show c r i t i c a l  a r e a s  of 
opera t  ion. 

2. Comparison of resonant f r e q u e o c i t s  and response shape of a l l  
r';~ghL and Protc type d e l s  of each design. 

3. Dye-penetrant and microscopic i n s p e c t i o n  of t h e  test items 
e x t e r i o r :  X-ray inspec t ion  of t h e  i n t e r n a l  const ruct ion.  

4. I n t e r p r e t a t i o n  of s t ra in-gagz d a t a  t o  determine bending and/or 
t o r s i o n a l  stress. 

5. Leak checks, f low c h e c ~ s  and e l e c t r i c a l  checks of t h e  
instrumeat probes when appl icable .  

Figure  1 0  shows t h e  t y p i c a l  t y p e  of d a t a  d e r i v e d  from a sine-sweep 
v i b r a t i o n  test on a f l i g h t - t y p e  instrument probe shaken i n  t h e  
Z-axis. The inpu t  curve (a.)  i n d i c a t e s  a cons tan t  displacement motion 
of 0.76 cm double amplitude (0.3" D.A.) (double a q l i t u d e )  from 10 t o  
14 Hz wi th  a c r o s s  o v e r  t o  a cons tan t  36 peak l e v e l  from 14 t o  2000 
Hz. This  is  a c o n t r o l l e d  i n p u t  as s p e c i f i e d  f o r  a f l igh t - type  test. 
The response of t h e  two accelerometers  mounted a t  t h e  midpoint and end 
of t h e  probe is  shown i n  f i g u r e  10(b). Th i s  probe was hard mounted a t  
t h e  o u t s i d e  f l a n g e  and clamped a t  t h e  hub end by means of a r e t a i n i n g  
pin. The response curves  i n d i c a t e  f requencies  of exc i t a t io i r  ~ i t h  am- 
p l i t u d e s  t h a t  a r e  considered a s  a measure of importance a s  a source  of 
t roub le  o r  fa t igue .  Resonant frequency f o r  t h i s  probe was 470 Hz with 
maximum motion a t  t h e  midpoint. The amplitude a< r rsocance of 42G's 
is  equ iva len t  t o  a load of 164.5 MPa (24 000 ~ s i ) .  The endurance 
l i m i t  f o r  completely reversnd bending s t r e s s  of type  304 s t a i n l e s s  
s t e e l  i s  620-862 MPa (90-125 kpsi ) .  Using a reduct ion f a c t o r  of 3, 
because of t h e  welded c o n s t r u c t i o n  of t h e  probe, r e s u l t s  i n  a der ived 
l ~ f e  expectancy of 105 c y c l e s  a t  t h i s  resonant load condc t icn  ( f ig .  
1). When p l o t t e d  a s  a Campbell diagram ( f i g .  111, t h e  resonant f re-  
quency of t h e  probe meets t h e  requirement of being g r e a t e r  than  28 o r  
twice t h e  engine speed frequency. This probe would be equa l ly  accept-  
ab le  i f  i t s  resonance had been l e s s  than  63 Hz, o r  10% l e s s  than  en- 
girie i d l e  speed, and d i d  no t  have any h a r m o n i c ~  wi th in  t h e  engine 
speed range. 



VISUAL INSPECTION 

Host f a t i g u e  c r a c k s  start a t  t h e  s u r f a c e  of a metal, which makes 
v i s u a l  d e t e c t i o n  poss ible .  One of t h e  most widely used methods is 
t h a t  of a l i q u i d  dye-penetrant inspection.  Th is  method has  become 
popuia r  because of i ts  v i d e  range of app l ica t ions ,  i ts  low c o s t ,  i ts 
e a s e  o f  use,  and i ts  minim- t r a i n i n g  requirement (15). Its fundamen- 
t a l  l i m i t a t i o n  is t h e  i n a b i l i t y  t o  d e t e c t  f l aws  t h a t  ere not  open t o  
t h e  surface.  The l iqwid-penetrant procedure is descr ibed i~ 
Mil-I-6866B. 

Extensive work is now being conducted on  crack-growth as a n  indi-  
c a t i o n  of inpending fa t igue .  Ai rp lanes  are f l y i n g  wi th  c r a c k s  and 
d e f e c t s  i n  wings, landing gears ,  eng ine  mounts, e t c . ,  s i n c e  a "s ta t -  
ionary" f l aw i s  n o t  considered as hazardous. Such is n o t  t h e  c a s e  f o r  
instrument probe usage, however. Here, t h e  presence of any s i z e  d i s -  
ce rnab le  c r a c k  is catlse f o r  r e j e c t i o n  and n o t  l i c e n s e  t o  r e p a i r  and 
use. 

CONCLUDING REMARKS 

Extensive exper ience i n  jet-engine t e s t i n g  h a s  l e d  t o  development 
of a comprehensive acceptance program f o r  instrument probes. The pro- 
cedures  have been e f f e c t i v e  i n  providing a high l e v e l  of confidence i n  
i d e n t i f y i n g  d e f i c i e n c i e s  i n  des ign,  i n  pramot ing q u a l i t y  f a b r i c a t i o n  
and i n  providing g u i d e l i n e s  f o r  continued s a f e  use  of t h e  probes dur- 
i a g  engine t e s t i n g .  Th is  h a s  been accoraplished thrsugh t h e  l i f e  t e s t -  
ing  of a "Prototype" probe of each des ign  wi th  l i m i t e d  t e s t s  on iden- 
t i c a l  "Flight" probes f o r  comparison of response form. 

The ex tens ive  t e s t i n g  recommended may be considered superf luous  
and unnecessary by some s i n c e  p roper  engineer ing des ign  p r a c t i c e s  can 
provide probes of s u i t a b l e  l i f e  and s t rength .  However, t h e  t e s t  pro- 
cedures  serve as v i s i b l e  phys ica l  checks a g a i n s t  omissions o r  f a l s e  
a s s u q t i o n s  made i n  t h e  des ign  o r  i n  fabr icat 'on.  I n  a d d i t i o n ,  t h e  
t e s t  r e s u l t s  se rve  a u s e f u l  purpose i n  determining a c c e p t a b i l i t y  of 
t h e  instrument probe. An obvious shortcoming i n  t h e  t e s t i n g  process  
i s  t h e  i n a b i l i t y  t o  completely d u p l i c a t e  t h e  t e s t  environment of aero- 
dynamic loading,  t e n p e t a t u r e  and run t i m e .  



APPENDIX 

An Instrument Probe Design and Record format is shown on  t h e  fo l -  
lowing pages. It is presented as a gu ide  o n l y  f o r  u s e  i n  t h e  develop- 
ment of p a r t i c u l a r  forms t o  s u i t  your  s p e c i f i c  test needs. I .  t h i s  
f o r p a t  t h e  d e s i g n  eog ineer  is made respons ib le  f o r  s e c t i o n s  1 through 
5 and is a l s o  respons ib le  f o r  t h e  scheduling o f  a review meeting wi th  
t h e  personnel  l i s t e d  i n  s e c t i t n  5. The review personnel  are respon- 
s i b l e  f o r  checking and v e r i f y i n g  t h e  c a l c u l a t i o n s ,  approving t h e  de-- 
s ign ,  conductiug t h e  review and f o r  f i n a l  acceptance of the i>robe f o r  
use i n  t h e  test engine. Tbe completed approval  is f i l e d  w i t h  t h e  en- 
g i n e  p r ~ j e c t  manager s i n c e  eng ine  o p e r a t i o n  and s a f e t y  is h i s  respon- 
s i b i l i t y .  



INSTRUMENT PROBE DESIGN A N D  RECORD 

1. GENERAL 
a .  P r o j e c t  
c. E n g i n e  
e. Type 
9 .  D r a w i n g N o .  

b. F a c i l i t y  
d .  E n g i n e  S t a t i o n  
f .  Number R e q ' d  
h .  S e r i a l N o .  

2 .  ENVIRONMENT 
a. T e m p e r a t u r e  Range ( O F )  b. P r e s s u r e  Range 
c. Medium -- d. Mach No. 
e. E n g l n e  C o r e  S p e e d  (RPM) : IDLE 1 0 0 %  MAX 

Fan S p e e d  (RPM) : ID1 E 1 0 0 %  -- MAX a 

f .  B l a d e  P a s s i n g  F r e q u e n c y :  UPSTREAM: IDLE MAX. 
DOWNSTREAM: IDLE MAX .- 

g. M a t e r i a l  C o m p a t i b i l i t y  - 
F 
u' 

3. MOUNTING FORM 
a .  S e p a r a t e  & Removable b. B u i l t - i n  
c. F r e e  o r  F i x e d  End d. F l a n g e  Res t r ic t ions  
e .  S e c t i o n D w g .  f .  R e l a t i v e  S u r f a c e  M o t i o n  - 
g. S e a l s  

4 .  CALCULATIONS 
a .  B l o c k a g e  b. R e s o n a n t  F r e q u e n c y  

1st f l e x .  
2nd f l e x .  

c. Bend ing  S t r e s s ,  A x i a l  
d .  V o r t e x  S h e d d i n g  F r e q u e n c y  

T r a n s v e r s e  
e .  F l u t t e r  V e l o c i t y  P a r a m e t e r  - 

5.  TEST RESUL'I'S 
a. T . O .  NO. - -- -- --- Date --- Run NO.  --- 
b. V i b r a t i o n :  

1st f Lex r e s o n a n c e  - --- -..- -- H z .  Amplr.  - 
2 n d  f Lcx resonance -.- -- --- -- ---- H z .  Arnplr. -- 
1st '~lor s i o t ~ a i  r e s o n ~ i n c e  ------ 112. 

C .  fic.;ot,;lnt f r c q .  d r l f  t at 1st f 1t.x d w c l l  .- --- - -- 
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Figure 1. - Typical relation d stress 
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rates. 
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Figure 3. Vibration nomograph. 
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Figure 6. - Electrodynamic vibration machine. 
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Figure 7. - Vibration test equipment operating limits. 
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Figure 11. - Campbell diagram of instrument probe. 
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