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FOREWORD 

, !URPO$E. Tht. handbook contalns l~ form8tion on vlbr.tion aub,e.nei.tlon 
.nd fictIve evdultion of helicop t e r .nd other p"""r tra", ... 1I110n .)lIt ..... 

2. h.ndbook is dhtdbuted to .ection level lad 'bove 

:::::~::::::::i I!:ngtneerlng .nd l1~nuf"c turlng B[ .""h •• In Flight 
Dlv1.10n ofHc •• , to Bunch levd lo"\d above tn the Alrcuft 

01v1l10n tn the lIutern Region .. "d to Br 2"ch leV<!l .. nd .bove 
In the Entin ... !n, .nd M.nufacturlng Dlv1510n ln Pl tght Stand .. d. Service. 

0:c/~~ -Ating6:t~. 
Engineering and ~nuf .. ctu[ing Division 
Flight Standards Service 

hg. t (and iI: 
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CHAnER I - I~TRODUCTIO~ 

l . SCOPE. The procedu r~ s described i n this handbook on'vid~ informarion on 
rh" ~ibroti0n .uhHan'iation and !aU~"e str~ngth <'V a lu.tion of pol<er 
tPn.d"i<·ns. 

2 , G~HR.'\l. CO:;SIDERATIO:;S, 

a. The [<We< U3nsmlsslon sysam bH ..... ~n the engin~ and the vartwo other 
r<'t~t\ng comp<-nento of an aircraft, (a uch ~s • ltelicopter VTOL or 
S-::OL) ,"~y h~ve rn~ny modes of vjbr~<ion , so ... of "hlch 1My be cf 3 
b~~~rJ""s n~tu r e. The P<>"er tr~ns",i5Sion could ~lter the vibution al 
chanct"ristic' ,f the b~sic engine to the extent th~t the vlbrstional 
d~ta J ~ ter",!ne~ during englM ar:iHc~tion m~y no J.onge r M applic able , 

b. nbr~t,on in the P<>"U cr3ns1'Oiuion s),ste" can be the ~esdc of engi~e 
cxcic,'~L'n , .lUOdYMO'lic exdC4~ion , ~nd rnech~r.lc.l exd tation , It 
c~n occur eitber during Heady sUte or tr,;nsient operation , Wh~n 

single'engin~ installations are involved, vadaticn~ in both "oyer "nd 
<, p.m , are inportant. 1n ""Hi·engine .,. "",lei, r otor installations, 
hOl'ever, not only pwer "nO <-p , " , but abo ph~sln8 of the engines and 
ro t ors should be con.i~cred t o determine ",hHbu max!,.,,,, ',ibrntion 
OceUl'$ under In'pl:~se o r out·of·phase ~=binations , 

c , £ocll branch of the ddve system should be ;,nve stlgated for both t ~r ' 

Honal and bending type of vlbr~ t iQn, In reciprocatlng en!!lne instal · 
lations 'he r""",r trnns"i.si.,n .yHe", vibra,ional .pectrm. "'3)' be 
be t'.'ecn 0 and 1,000 c~cles PC" .econd . In tutbine engi ne inseall"tions 
the upper en~ of t he vibra t ion spp.ctru", could bo> conSiderably higher 
If the excit~tion origin8tes in the en:;\ne , Cert~ln ",odes of "lbr~· 
,ion can be investigated and subst~nt13ted loy ground tu t ing o f the 
cOl!101cte pc;.oer trMs",ission sysum or c or::ponc n ts thereof. Othu 1Jl<ldes 
of vibration, "here ~l:e excitation does not o~oUr during &r.,~nd 

~perations, should be Investigate1) in flight under the "'~neuvers th~t 

pro~uc ~ the vibration , 

d , n\~ drive s.vstt'" is r"spoMive t o "ngine, toech;;nical, and ~ircralt 

auodynamic iorces priO'larl ly lwcnuse the '<2rl"'-'s branc hes of the 'Y"
te:n poness certain naturol ftcquenci.es , ReoManc e may occu r in t he~ ~ 

brancbe< "hen excH~t io~_ frequc no'ies ~pproach or coinc1dt, ;.oith the 
natura! frequency of tbe branch, '.!hen a c"'"plex drive syste,. is In 
re.onance, the c,""ple tc system i. inVOlved, r,ot juot an Individual 
portion. Each br~n~h c[ a system beco","s Impor~ant wh~n inv~sti&"ting 
th~ vibrAtional r~.ponse of -hc S)stc," , h",,",ver, so ... modes o f vib rJ ' 
tion of " complex slstern ,"~y b~ 1Mrc pred""'inan t in ccrtain brancbC5 , 
Therefore , oll br an ches of tre system shou l d be invcotig~ t ed, 

~, Setcn ~nd'or "mplitude <>eaSUrements on tbe Sarne br3nch of the .yst~m 
"'.,y bo> necessa r y to ev"I,,~te t he vibr,,,ion chHnctcrlstlcl of the 
po,"",. tr~ns"'lssion system ,lurIng all n", .. ,,1 op.r~tin& conditions , 
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E~ch bc.'nch of the .ystem .hould boo InvC5tig~ted by JOC3 . ure ... nt un
less other mc~ns ~r~ found acceptable . Mensurc"",nU for critical 
spceJs en b<>nding (whirl .-.ode) made on .hafting .e"tions, .uch u the 
t~il rMor or interc"nnectinR .haft •. should indu,le determination 
t,r the uro frequency co""poMnt, .Ince the .h~rt ""'tol doc. not ex
rerl~ncc " reversal of .tres. but "",rely ~~ incre .. e In ste~dy <treU. 
For" perfectly ba lanceJ ori.e .hatt, it i. p-olSible t o go through 
the critl""l "hirilnf speed "'thout cletectini its locnion unless the 
shaft I. despl3ced from its n~nD31 undeflected ~o01tion. Once 
~efleeted, t'",",~VH, it c.'" remain dellecoed rega<dleu uf speed. 

C Vibrations encountered duri.ng transient o"",."tion of n system may"" 
!!ICr., i.mp-ortant than . t,,~dy stnte vibr.1tions . Even though the trens
ient ""'y h,t f"r only a rebtlvely f~,", cycles , the .tres.e . m~y ~ 

of such ""'gnitude M to c~use fatigue dar..ase. In hel1cot'Uu, .ueh 
tr~nsients can occur 6unng clutch eng~ge""'nt or dlscngHge .... nt, re
covc,y hum ~uto,ot;ltlon, st~rting of the engine. etc. Fo, other 
d,i .. e syste"l5 such ns STOL or VTOL nircr~lt, tunsition from vertl -
c~l to horizontal flight or ether fligbt m:JneU"ers Inoy be involved . 
\./here !Wlti-engine 0< =lti-d.ive ~y.terns .1re u$ed. phuinS of the 
systems ",~y be important. wHh i~-ph~.c exc1t~tion being grossly 
diffc<ent th,n out-o[-ph3sc excjtatlon. If the desi!;" of the .ystem 
does not eont<ol ,ueh ph~.in!; by lockin!; the .ystem in .a oin!;I" 
rehtionship, all ?"ssible phasing shou:d be e~amined. \./here a portion 
of the .yot"," in~orporat~s 3 !>elt drive, the flexibility of the belts 
and belt tightn".s are important. llelt desisns incoq,o<ating inter
woven steel ~r _t~l cables "ill have a different r1gidl:y torque-
whc 3. compated to ~n 311-r~bber belt syste", . Changing h "", one 
belt type to ano~hu mny altc< the vibra t ionol chMaeted.tics . 

J. VIBRATIO:l HEASURnn:NT 1I:STP-L,.I£NTJlTION 

n . The electricd strain gage hu become the .-.ost usdul tool for d,.. 
termlning the "lbut!on~l "hnractHisrio. of pc,,",er tran''''isslon .y$t~m •. 
Signals gcncra .. ed by these transduccrs ott~chcd to th~ pnrt under in
ve~tigation csn be fed into .ujt~blc .ignal conditioning equil"""nt and 
then recorded on a multi-channel device. This cqui"""'~t can provi". 
stress, amplitude, frequency, ~nd pha.e relationshi.p at any instant 
of tillr. !n t!li. <esard, It i. i .. pettant to be ""arc of t~e li.mlta
tlon$ of th~ equif."",nt mill thdr possible effect on the 3ceuracy of 
.... a~ure""'nt . 

b . H i. ~~sjrable to locate tt.e .toain gage at the point of greatest 
SlrHS to prOVide maxi"'-'m 8nge r"_pon.e, ho«ever, in many e.1se. this 
is impOSSible due to cmoponcnt geo'""try. It th~" beco""", r.ccc •• a r y ~o 
determine the stre", relationship bc~.,..,en the point where thc strain 
gage is Ioc~ted and the point oi ,.",,1..., ... «CU. Stress ev~l"."ion of 
the part using convention~l techni9ue. s"c~ a' 3tress eo.,t, photo
elastic stten "n~ly.j5, or other .... lhods Can provide tbis Itrus 
ratio. StresseS "",a.~rcd during the r:ight str~in survey may tben be 
~djusted by thcse stress <atio. to pruviM the Hgl,cst .UCH to 

which the pan is cKp"uscd. Cb,'r 1 
hge 2 P"r 3 
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CliH'I'ER 2 - SYSTF.:1 ANAl.YSIS 

A Jycarnic ~MlY'i~ c~n help to id~nt1fy critl~~l vlbr~tion IIIOd~. and eo
ti r.~'te th" vibr~tory rHponoe under th" most ."rvere condition. that 
,<c'ul,1 pr~b.,hly OCe"r. This "n81ysl, ;s useful in defining the Insnumcn
ution ~eeded to l~vestjg3te the P'O"U nansrni .. ion .ystelll . 

5. IIRII"£ SYSn.-:-1 TORSIOlIJ\l. FI'ALUATlO!', 

•• A pc'WH traMml,slon system is m~de up ~i " COlllbin~tiQ[\ of concentratd 
nn,"es c0nt\ected ,ogother by a n~",ber of different flexible untto. The 
"' .. &Sou m"y be in the form of rotors, il)""heeis, gens. cooling fans, 
en,glnc components, clutch un; ts. e:c.; .. hi Ie the flex! !>l" un! t5 are 
the $h~(t components, $uch as the m~in rotor drive "haft, rail rotor 
drive .haH, fon drive, interconnecting drive .hai'8, etc. Any dy
n~mic system has 3S many pouible natural "",de. of vibration as it 
has con:.binations of maSSeO and otiffneue". These natural !DOd.,. of 
vibration do not cesult in po,enthl proble .... unless the natural he 
~ucncy of a vibution mode coincides wah .n exciting force fre~uency. 

Since the dynamicS of the system cnn ruct in eHher 8 torsio~~l or 
~ondjng Mrectior. on its component', this at lEa.t double. the number 
of c<itic~l vibration conditiono that can r Hult in potential dyna:n'.e 
prob,e",," in the nanul\uion system. This is one of the reasonS fcr 
the """d to meaSure both bending and torsion.l vibratory streue. in 
E"ch branch of the system. Since the." natural mode. of vibratio;] 
can be excited by either Heady sta t e or n3n.lent operating cc"dition., 
~n investigation should ~e made for ~ll conditions . 'I1le o.ansie" U 
can be due to various operating conditions such 3' onangu fr"'" one 
operating regi_ to ano th"r, poooer chops, ~us t ioading, m.neuverS, 
etc.; .. hereas, the steady state operation in"lolv". stablllzied rpm, 
power, cr ~i"'peed. 

b. lIith these potentt~1 proble"" in "'ind, the evaluation $hauld begin 
.. ith " detailed dyn"",1e "naly·~. of tJ.~ engine/drive sysremhotor 
syste:o combin"Uon USing measured or calculated ",~sses 3nd' 5pring rat~s 
for each ~le""'nt of th~ syst~rn. The nu"bu of toraiona: "",de; to be 
analyzed would clep~no an ,be complexity of the drive ~y",e",: h""ever , 
for the conventional si~glc main l'otorhail rotor helicopter . the 
firs: four..oocs tf>3y be 8l! th.'t are of interut, Hore comple x drive 
.y~te"", require considerably !:lOre analytical .. or. which can best be 
handl"d by a "","puter which is progra""",d with" :nathe"""ie"l model of 
the <lynn,,;c .ystern. Tho "nalysi. should define the na,ural fre~uency 
(or "",,11 tnO<ic, tlo" ...,de .hape, and the relative torsional deflection 
thrO<lghout the system. A corrup'>nding $tudy of the engine, :he 
<otO<5, CO<lplings, ,,,,iversa' joints, ian., acce .... ory drivu, gears, 
control devices, etc., h required to ,dentify the vibration exclt~· 
lion 'UUtee. Mel their frequcnci.es, "",.t of .. hich vary directly .. Ith 
rot~r or engine rotational "reed, A crou plot of exciting hequencics 

Page J 
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and th~ rCsoMnt coMition. "ill ddine th€ critical vibratlo"n ~on
MUons. /liso, the .no!ysiS "ill establish the node. and anti-nodes 
"hid., in ~urn, help defi~e the type .. nd sensitivity of the instru
... ntation to "'" u.ed. ,or ex,,",p!e, stuin s.gn should boo placed ,-t 
or close to nodal points "here .. ui ... "" stresses occur. Toniosr .'ph~, 
accderofMters and velocity pickup. should be placed ,1t ~nti-nodal 

points where .,"xl .... '" deflection OCours . Of equal l"portance, a~ 
analyst. Ughli~hU the probable signif1c~nt vibration phenomena ~o 
be expected 3nd provides sufflcien~ insight into the ddv~ syot~" 
responses to enable the evaluator ~o quickly and accurot"ly classify 
the output of the insttur>entation. 

c. Th~ analysis can be extended to "over tr~ns"lssion ge3 < t eeth contact 
frequenchs which mus t he cOt:lpared w\'1. turbine blade and disc rMo
nant frequency data (ob t ai"ed f,,,,,, the engine manufaoturer). Any 
~_oinddent frequencies should he avoided or sub.tantiated . 

d. Since each engine is considered u one branoh o~ the drive syate .. , the 
"ibr~tion environment of its dYMTt.iC co",ponenta. including accessory 
drives, "Ill differ from that "hich "as s"bHantiated undo:..; FAR 33. 
Thls n ..... vibration environment should not be d~maging to the etlgtne, 
and the engine manufactu , H should he enoouraged to _nvnUgnte and 
s\..b.taniia tc thi •. An accept~ble .lternative "ould be for the air 
frame manufacturer to fo ..... ud hio vibration invutigation d~ta to the 
er.~ine manufacturer . The results of the engine manufacturer ' s review 
cou!d dth~r confir .. the a'lr"orthiness cf the combination or define 
special test:! to utabli.h this objective. Advance coordination bE
t~·een the engi"" manufacturer and the airfra .... "'8nuhctur er i. recom
",.ended to mainta in 00"", uniformity in the basic test pa<ametcr. and 
me thod of me~sure .... ~t to asoure the desired c=p~ti:'il1ty o( vibration 
data. 

6. TORSIONAL INST/lBILITY. 

a . S~ torsiond instability can be e xpeoted with gMernor controlled 
engi~es. Thi. pb"no_n~ is eKhib1ted as a lOY frequency torsio~nl 
oscill~tion . It OCcUto when the fuel control governor syste", hao ~ 

response ute close to the first or second dri'.e .ystem touional 
natural f.eGuency. In the exUeme situation , this coupling of 
the exciting force (torqu., oscillatlo~s responding direct.y to th~ 
fuel control) and the d<i.ve syHe .. resona~t frequen~y can beto .... di
'·'.g~nt nnu destructive. The dui~ner should deter.,in. c.1rly 'n the 
development pro<;um the prob~ble first ~nd second natu<al or reSOnant 
ftcqucnciu of the dynamic components, including the co"poMnts of ~he 

engine Hrectly coupled to the ddve system. The engine "",,,u(acturer 
should he nble to provide dnt~ o~ the fuel cor.nol .upon •• rate. If 
frequency coup l ing is app3r~nt, redesign effort" by either or both th€ 
nlrfu"'" manufacturer ~nd the engine manufactu<cr arc requir.d to p<o
vide _ ouitable COlllbination. Th., reoesign .."y consist of chanses to 
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avoid (r~qu<:ncy coupling or hoprO':e"",nl in the d,,"pin& chu~cteri.
tic. of thr .... tC"'. In either .,,,se, changes to th~ Cud control nrc 
u.unlly the most productive. 

h, 11\" suitability of the fin,,] configuration should be demonstrated by 
tcH. The tut prog,,,'" .hO<lld include eyeU" input. o f the col1ce 
tive, anti-torque , cyclic, and me_' i"'p::lrt"ntly. the fuel or gover
nor control ""aibble to the erC", Frequency of connol inp-,t should 
b<' nS elMc as ",,",ihle to drl"" sysum resonant tr"quency . ~'h1l<: 
the us .. of "",chanica! control inputs is desirable, r .. ".onably good 
t~SC re~ult. eM 00 obtained by Filot {"!"Jts, "lthough severa) at
t"mpto ""y be n"cusHy to .,chicvc a menningful test . Input a",pli
tude .hou]o be adequate to Oh,"ln " menningful record. 

c. lnstry"",nt~tion r~<juir~""'nts ",~y v~ry ".dely with ddv~ syste,. com
ple><lty . SOnIC typical exampl ... 3re: tonion~lly orienUd rotor 
IO.:Ist strain gage., engine fuel nozzle pre •• ure, engine torque .ignal, 
ga~ generator tachometer, control diaphc''''''nt indicators, etc . 
All porometeu .h~uld be recorded or. tape or by oscil13graph In or~er 
t" determine the phese relotionship. of the measLlrcd par""",ters .,oJ 
to Mtablish that th~ o"clI1~c.ory inputs hom the controls damp i,.
"",diMely and at dn acceptable rate. 

7. DRIVE SYStEM IlENDl/:G. 

3. Shdt l>ending in helicopter driv" systems falls into two catego,ies, 
one that is assoei3ted with whid modu, which is esaentidly .ero 
hequency, and the other th.t is a .. oeiated wilh thrun forces nt 
the unsuppor t ed end poinU of the drive system. The component of 
tbe thruH load normal to the .haft produces a bending load, "hich 
for t"o bladed rotors, will vary . depending on "hethcr bending is 
mc~$uted in-plane "ith the rotor or perpendicular to the rotor. 
Both conditions should be evaluated. Cyclic bend;ng of shaf t ing 
also occurs "Hh the usc of belt ddvu, certair. geH arrangemenro, 
etc., which produce loads normal to the axis of the shaft. 

b. Th~ critical (resonnnt) rotational speed should be calculated for 
cad, segr..ent of shafting. Calcul~t!on ""'thods should ernploy co,,
servatisrn and should nor"'ally sh"" large =rgLls with respect to any 
rotat:onal speed to be expected. Overspecds msy occur during trans 
ient or sp<:"d control hilures. Exceptions t o this 8c~ept~nce crit
e ria woyld be shdting which [~ designed to operate super-critically, 
Le., ~t .p<:eds above the rHunant frequency of the ",hir' mode. 
Speci~l precautions are in orde< in t his C3Se to in.ure accurate 
b~l~ncing, relatively high ShDft stiffne,., reli~ble suppo r t be.,rir,gs 
nnd shaft protection horn exte,,,al forces or dn""'ge inJucing conditio".s 
'-'hlch will affect sh,'t b.lnncc . 

Page S 
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8. INSTAU,I;O UICINf. VlBR.ATION. 

~ •. \i<vouhinen "bjeetlvu In thh an .. n~ulrc th~t the engine be 
InUailed and ,"",unted In ,,,,,h .. ,,-,nnet u to iM"U that extern,l 
vibratory input. transmitted to the cngJ nc ::){UU8h •• ,''''''t, and Other 
~ttac!' points arC within the limit! utabli~hed by the engine man
ufacturer. The combiMtion o! englnc mounti ng nnd aidr ..... vlbU' 
tlOM inherent in a r"tDry win8 ai re .. £t ",ill produce on envlron"",nt 
",blch ju$tific, invutiBoUon and evalu'tlon. 

b. Thc enBlne =nuhoturer It upected to utabli.h vibutory Ii .. lt, for 
.. 11 ensine cOII.Fonents and to denn, th" basic irt$trUl""nt~tion to det· 
te .... tnc compliance ,,\th the .. II_tn. Ulually, t h" limfU Ue defined 
.. an allowable combination of fU'Iuency ~nd "",plltude, or, .... n 
limply U an allOW'abla ,eceieutlon. The In.Hru ... nur.ion would eon· 
list of vniou. tr~n.duc ... """,nted as prHcrited by the ensl"" raoon
utactuur to "'U"'" """Hon in three planes . 

e. Th' tnt prop_ .h,mJd explore the c"",plete ranBe of rotational 
'peeds of tr.e drive Iy.ce"" Dolth ooupled to the ensine and in auto· 
rotation. Engine Hart and a""eleratlon should be exa",lne~, And lpeed! 
potJur s,"~eps .houid be conduottd over the expected operatin" range. 
In SOTI''' i n".anoes, rotorcutt center or grovity will dhct uat r~.

.uIU. Mu lt i·englne [o r orcutt tut pros .. m" .hould oonslder com· 
blnatlons of inoperative ,nain,(,) and une<;ual po"er hom the "nainu. 
Preliminary r evi"" of th~ data ,h""ld be accornplishe1 ~nd ,ny un' 
u.u,l or "",.ginal vlbutory cnndltion sh""ld be uexplored in deutl. 

9. INlLT/EXHAUST OISroRnOIi. 

". The basic purpose of inlet dine tlon Inv .. stiB~tions it to e.Ubll.h 
that turbine engi"" compnuo. b ,du ore no t excited at ruoMnt 
frequencies by e1rcuflfeuntlal .. rhUons in air InflOW' to the ell3lne. 
Ideally, this >I<Ould be ntebUlhed by stuin 8sg~ _nuu_nts of 
"o,"p .. uor blades durin& in·fasht .... neuvers of the aircraft under 
evaluation. In practice , the enB.ne ... nufanur ... <iete.,.!n .. experi.-
... nt~lly the c""'pressor bl~~' ruponu ~o partial inlH blockns" 
<lurins test stand r"ns . Ol!f~r"nt ~lock3ge patterns or" Yled to eK' 
cite hisher orders of Inflow dl"nrtion and from this lluic information 
the enslne "",nuhetur"r c"n determine the tolu~nce of hil compresso r 
to Infl"" d(st"rbanc~ • . The atrfr."", manuhcturer c,m then mensurC 
infl"" dl.sturbancu which Can be c","pared Io"ith the distortion limtu 
establhhed by the engine "'~nuheturcr . 

b. Instrumentation for musuring the inflOW' dtsturban",," should provl~e 
data co",patible "ith the pau ..... t" .. ut~blishcd by the engine manu' 
faeturer. The.e p~r"""'ta .. u.udly Involve differential dr pre"ur" 
.nd ,u ...... ured by .... Hlpl. odflce prusure probe. Inltalhd dIrectly 
In front of the ens1ne ._p .... or. I/ith this Instru"""ntstlon 1,.. • .,U"d. 
the elrcr,,! t should be flown throuBh it. c"'"plece flight envelope. 
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c. In ..... inst~I\C.', the "ng1M III.IInuCac tucer .... y .peelfy a partlculn 
inlet configuration "hich 1n itself insures that a{rflow tc tile cQII:
pre.lor is not distorted beyond COIIIpru.or tolerances . I n <hue 
,,"SCS, no airflOW diltort ion t"at. by the "lrfr~ ~nuf"cturer aeu 
required . 

d. Exhaus t gil. flow deflect ions anociated with uve ... duct section d11-
continutiel can •• ,,,!t in exh"u .. gao pressure reflections back 1"to 
the turbine ItISe.. Ibeu prellun reflection. flUS" be evaluated for 
poasible turbine bhde vihuUon. The engine ... nuhetuN! r is the 
'OUrct of this 1nfo.lII.II<i oo and data regarding the ~.sure~nt and 
inte . pre t aCion of this condition • 

Page 7 (~nd 5) 
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CHAPTER 3 - VIBRATION M:EA5URDIENT EVALU/,TION 

10. GENl:RAL_ 

S"vd~1 c·f the p~obl .. "", discussed in Chapters 1 ~nd 2 can be evaluated by 
straight f" ..... ard cornpari.on of 1OC8sured or calculated loads "ith firmly 
established li",its. AmonG these "re torsional instability , installed 
en!;ine vibration, ,nlet/exhaust distortion, and tr.,ns",iuion gear tooth 
excitations. Other vlbr8tory phe nomena such a. drive syste:tl torolon and 
bending require s~c1al evaluotion technique.. The ... techniques hll into 
two buic ent .. rgories, the analytical method or hUgu" test method. 
Th ..... ""'thods "re briefly discussed bel",,; h",,~vcr, use of this iofor",,,
tion obviously II>.lst be su~plement .. d by "Kperieocc and by guid"nce frolO 
the extensive text book and handbook data ~vailable '0 vibration and 
,,:igue investigators. 

II. ,.tIALYT1C~L METHOD. 

,J, It is Tccogni ... d that, if allow3ble stress levels .,.e e,ublished by 
acceptable "",an$, and the stresses measured during ground .. nd fHght 
conditions ~Te lower than the$~ Ht~blished levels, no fatigue testing 
of ~ctual p~ns is necessary . 

'J, At this p<>int it is "pproprl8te to discuu f~tlgu .. $ub$untiation of 
gearbox c","""nents other than criti~d co",p<>neot., such 's the main 
To~or shdt, which should have the s.me degree of struct\Jral relia
bilityeo the main Toton. Co",p<>nenU sucb M geaTs, ge.uhdts, ~nd 
bearings do not readily lend the ... e lves '0 evtl!uatlon by flight strain 
.urvey d8t8, Fatigue margins of safety "",y be computed for Gears 
and gear.haft •. An~ly.is of this type sbould, where ~?pli cable, con
older th ... 1 ..... ltaneou. application of co",bined stres .... involVing axial 
bending, and torsion lo~ds In conjunction >lith .teady .tate and vl
butory loed •. E~ua'ioos used fOT tMi. purpose .hould be based on " 
theory of hilure ~ppropriate for tile component under con. ide ration 
and consistent with good industry pr8ctice. In this reRard, ~ccePt
able Itandards for gear design are p<Jbli.hed by t~e A""'Tican Gear 
ManuhctuTHS ASsoci.tion (AQtA). Posti"e margins of safe ty computed 
by th .. above t~chnlque5 indicate infinite life fo r the pnn, and 
thHefore, nO further fatigue e\l~luation would to.. requir .. d. Conver.ely, 
negntlve marllins of ~afety indicate a finite life which should be 
estabU.hed by htlg" .. tests of actu~l p~rts. 

fatigu~ evaluation of be~rinlt' should be based on accepuble Industry 
... nduds s ucb as those p<JbHshed by the Anti-Friction Benring MBnu
factur .. u A •• ceiation (AfINA). Bearings used in nOr\-redundant criti-
cal ~pplicat1ons .... , nece .. itate special .election crH_ri~ \lith 
re.pect to tolernnc ... and mnt .. rfals . 

Chap 3 
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d. for other p~ru ~ ..,thod, some"h~t slm.1hr to th~ one d~8cribed fe r 
gean and g".rsh"fts in Par". 2b, is b"se,\ on th~ use of the ..,dified 
Good~" diagr.H.. Thh metbod is ,,180 considered accept .. bl~ for estab
lishing an allwable .treSS level a$ follows, 

0) [.tir.'Me the "",an ~nduran"e !iOli: of the pan frOOl test re.ults 
of specimens "itl, .i",i\.1r stress concentrations. The ten speci
"",n .... "edal should be representati ... ~ of the actual part and .uf
fid«n, tcst data should be available t o .ul>$tantiale the ""'an 
endurance limit. The estimate should account for surface condi
tions, fabrication ""'thods, fretting, ch"f1ng, s~ze and shal'<' 
effecu, a. ",,11 as diffcnr.ccs in stten concent,.~tions between 
the test specimen and the actual pa r; t. Referring to figure 1. the 
mean endurance limit may be represented by 8 straigh, lin~ drQwn 
t~r;ough the yield stre~$ (point A on the horizontal axis) and the 
=x1"",,, o.cillatory '''r;~$~ which the ~"erage specimen c .. n with· 
stand at a given .te,dy stress (point B) witbou t failure for 
107 cycles to 5 X 10 cycles de~nding on the "ate r; ial. (Alumi
num "ould require at least 5X 10 cycle.) . 

(2) A f~ctor of .deey of 3 .hould then be npplled to the me3n endur
Qnce limH so that the slope of line AC would be 1/3 of line Aa 

0) If the flight .train measurements indic .. te that all of the ope r a
ting stresses fall bel"" the operating boundary line (AC), no 
fatigue t~$ting is necessary. When the mc~sured stre.s~. are 
above the operating boundry line. h""'~ver, htigue testinlt of 

the .ctual part5 should be conducted. 

(4) Limitations nf the analyti.cal method : Caution should be e xercised 
i.n th~ application of the "",thod above, particularly "hen the 
foll""ing ite .... ne involved: 

Page 10 

(a) Large pa rt" 1n proportion to the laboratory specimens . 

(b) Irregularly shaped parts containing numerous or; superimposed 
fillets, holes, threadS, or lugs. 

(c) Parts of unique design for which no past service experience 
i. available . 

(d) Parts subject to fretting or chafing. 

(e) Bolted or pinned connec.ions. 

Chap J 
Par 11 
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STEADY ST~ESS 

FiGURE I 

12. unCIJE n:sr METlIOD. 
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(YIELD 
SUESS) 

A 

~. Th~ hrisue strength of DOINOrpl.nt and rotor drive .yote .. co-pontnu .. ~y 
be dete=ined in ~ppropd.tt I.bucory tuU. Tl\ue tun should b<> 
conducted in such .... onn at to pfod~c~ velid htigue Hnngth dau 
for the co<oponent in tl:. pu .. nc~ of both .t~ady ~nd oscillatory 10"<1. 
as they ue generated by cth.r """'ponent. ct the .otoreu!t. Normal 
practice :Is to o~tain .u!l'i~lont spedmen failures to enable th~ ~v8Iu

~tor to utabH.h a atatlGtically valid S·N curve aa shown in Figu,,, 11 
fcr each steady load ... Iected 

b . The e .... blish""'nt of aach S-N curve hwolves tueing a au(Hchnt nu",ber 
of pan. ~t t:'e ...... needy .er .... level an~ v~ryin!; the o.cillatory 
IUU •• Thus, in Plgur .. 11, if at a Heady ,treU level A and Qn o.dl 
I"tory s treu of level II, th .. put 1s tested until hil" .. , fellure 
occurl", ~t N cycl ... , .. point on th .. s·t; curve for n .. edy .. n .. o. 
1 ..... 1 A is del ...... 1 .... d. Addition"l po1nu on the S-t! nptelentlng " Itc.ody 
.treu of level A .... y be d.ur .. ln .. d by choo.in!; ~ diffe.ent otclll"tory 

Ch~p J 
Par 12 
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"'reu level an<! tutl", the par: to fatture. If no fatlu~e o<:cun for 
a ,?<,cHtc 10M'''' condteion . ~!ter 107 to 5 X 107 cycles, dependins on 
t1 .. ""'terid. til<' part C'"" be cOlIsI,iered to have infinite life nth •• 

strUt level. 

""'" 18000 --"000 w • 
" -> 

14000 

" 0 1200II 
" < 10000 " " u 8000 -0 rooo 

<0'" 
200II 

0 

Steody Sires. - levd A 

redvct ion (0. re"uired Y 
10 allVr. 1+>01 failure I 

;, .~t,emely remove) 
, 

Ferrou, 

:/mOler iOI 

, 

NUMBER OF CYCLES 

FIGURE II 

Non-fertaus 
I """ Ier iol 

(" (5 ~ 11:;7 ) 

I", 

c . To IIbutn rep.uentative results (roal fatigue testing, a l .. ,e number of 
test .peci""n. is ~ '~irable tn esteblhhl", each S-N curve. H ..... ve •• 
_st .. nureecur ••• cannot "Hord tha coH and tl ... ""cesury co obtain 
Such ao:eur.c:y. Therefore. a .. lnl ...... of four test specimen. "hleh will 
establish .. -..ell defined curve over the range of oscillatory one .. 
leveb ~Xl"''''otd to o<:cur in service 1. con.idHed acceptable In estab
IIshinc ueh S-N curve. At leRst one test ~p<oci...,n should su.vlve the 
nu .. be. of tut cycles nqulud to deft..., infinite Hfe. In order to 
c_penl~te for the .tatter u.odat.,d "ith fatigue tening, the ...... n 
S'N curv .... hould b<I reduced by ~n appropri"te hctor. ?hi. factor 
applied to tile .t • .,,, a~Ls, .hould be bas~d on the type of .... terial b<llng 
t<:lud, PlOtt .ervlce .xporhnc .. with t h., material, and type of dulRn. 
for crl.ic .. l cOIIoponenu, whou hllure .. ay be cata.trophic, the reduction 
factor Ih<>uld be ulcered to allure that the probability of failure if 
.. ".r ..... ly rt""'''. Statistic.1 .. thods He useful i.n <hlo .. rett of the 
evduatlon. -~ .hare of the ruulting reduced curve should be lnflu-

• 
• 

• 
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enc~d by typicJl I>Ubli.hed SoN dat. for th~ "",terial, ond ~ll o f the 
teS~ point •• could fall above the reduced curve. This curve wou ld then 
repaunt the SoN curve for use in determining the fatigue lives . 
Figure II represents this ... thod of constructing ~ typical SoN curve 
b3sed on test specimens . A s"parate SoN curve should be utabH.he d for 
each c r itical _teady stress l evel determined in the flight sUain "",Utlr

... nc survey . If it i. deoi red to limit t he htisue tuts , a single S oN 
curve hoed on the highe.t rneuured Heady stoen "'8Y he used in the 
fatigue life c31cultltior. •. llowevu , if this approach tends to undu l y 
limit the htisue Ide, a family of curves "'ay he developed fr"'" t"o 
established S- I/ curves by ""'ans of (;ood .... n or .imila< dissr .... or !>y 
r~tionlll method •. 

u . l'he ~eduction factor =y also be b~sed on st3ti~t1cal analyats of the 

" " --" " > -0 
" • ~ 
~ 

U 

" 0 

hi lure data projrcted Co the number of cycles u50chted "ith infinit,; 
life f~r the pa r ticular rr.atedal. The ,hape of th;, curve dr"",n through 
"a~h data point is obuined !r"", eKperi""'ntally derived constants 
.ppco~lrate for the .... teda!. The ""'an endurance limit ,. the .catisti 
c~l average of th~ curves projected to IN or 5 X !O7 cycles . The W<lrkins 
SoN curve would be est~blishe d at 3 standa rd devi~tlons bel"" the "",an 
value 85 sh""n in Fisure Ill. 

(S-N Curve Typicol lor 0 Ferro". Meteriol) 
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e. Using the S-N d~ta obtained above ~nd a knQw le~ge of s tre SSes i nposed 
on the co .. ponent by fUght and gr""nd conditions, the fatigue Hfe 
limi:ation, if appl1cable, can be established using one of the CUlIIJh

tive d8ct.lI;.C theorie. available ir,,", cu n ent literature On this subject. 
An ex~mple of thiS, using Niner's theory, is shm.n below. Note that 
flight conditions whir.h result in StreSses below the endurance Unott 
defined by the S-N curve are considered to have no effect on the fatigue 

life of the component under evaluation. 

The Cumulative Da:nage Hypothe.i. states that every cycle of stress al.oove 
an endurance limit Frndunes damage proportional to the utio of nynlu run 
at that stress to the fatigue life at that stTess level. Thus, if • 
part 10 .ubject to random lo~ding [or "1 cycles at 8 atreso level of 51' 
"2 cylcu at S , n cycles at S , and SO on, and if N1 , N2 , NJ are the 
concspondlng ~u",b~r of cycles to hi.lure for each stress level, then 
failure ~'ill occur wit~ the ,u",",aUon: 

U.lng this expression, the calculated service life of a part subjected to 
rar.dom loading can be deter",;ned if the percent of life used per hour at 
e,"ch damaging sness level Is kno",n. The percent of life used pe r hour 
at each d ~maging stress level, can be expreosed by: 

UI 

"here 1 - pe rcent of life used pcr hour at the d."'8ging s treu level; 

3 - perc~nt of total operattng time allotted to the flight condition 
during which the damaging stre." : evel wu recorded; 

N - total number of cycle. o f the damaging serus level a t failu r e; 

'0' 
n • number of cycle. the da~glng stre.s level occurs per hour. 

T'us, the calculated service life , Lc of a particular part of component 
subject tc a random number of damaging stress level s, would be: 

'0" r, ____ . _____ _ 
I, ~I,-· l, .. I, 

Page 14 
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TAIlLE I 

Pe r cene Occurrence" 

I. GRot"»:!) CI»IDlnOSS··· ······ ······· ••. . .....•.•••.•••••••... ••. . • 1.5 
Ca) hrid ;ncr ....... of rpta on ground to quickly""'.'" c1ucch· · 0 . 5 
(b) TaHlng \lich full cyclic connol··········· · ·············· .S 
(e) J"'"i' t .. ~e',ff· ·· · ··· -.••..••...•..•• ••• - - .-- .•.•••• -- ...... (1) 
(d) Ground'at r·groond cyc le---···············-······ ••••.•. •.• ( I) 

II. HOVElUNG" .••.•........ . .•.•.......... -- .. - • • ••..•.••••....•• ···2.0 
Ca) Study hovedng·················· - -• . •..• •. - .•.•.••.••. .... $ 

(b) L~t"ral reversal ··· ·············-····-··-············ ····· .5 
(e) Longitudln~1 reversal··········· · · · · · · ···· ············· ··· .5 
(d) Rudder reversal ··· ······················-········---······ .5 

Ill. fORWAA.D fLlCIIT-I'OIoIER et.; •••••••••••••• ••.• _ . ••• •••••••••••• ······87.$ 
(.) Level flight 20t \';:[- •••••. -.- .......••...... --.- ... · . - · 1.0 
(b) L~vel flilht • 40t \~'E- ........... -.-.---- ..•••..•• - .. -.--).O 
(c) I.<>v,1 flllht . 601; \'1/E ....... - ••• - .... - ........ -- ....... -18.0 
(d) Levd fitght . 80t V .••••. _ ... . _ ... . ... ······•• •• ··· .. ·25 . 0 
(e) Max!. ...... 1 .. " .. 1 flilht"Zb1.It not ,natcr than V~'E)······ .. ··15.0 
(f) Vrn;' - •••••••••• -- .......... --- •••••• --- •••• ••• -- ••••• --··· J.O 
(g) lla. V ________ ...•...•• ____ ..... _._ . ... .... ____ ••... _ .... 5 
(h) Rilh" mirn. _ ~) 60 9M:. V ....... ___ .. · •• · .. ·_ .. ·· .. ·(2) 3.0 
(I) lfft tur". • )0, &0. 9l'% ffE/lE-- .•.• ···- ·· ........ ······(Z) 3.0 
0) CII .. b (T.hoff p.,...,r)· · · · · ·· · ___ ·· __ · · ······_····· _____ ··· 2.0 
(k) CI1 .. b (Max, continuous pover)--- .. --- · ····· - .......... ···· 4.0 
(1) Ch.nge to ."torMatio" frOlll power-on-flilhe -

30, 60, 90t v,,'E- .••• -···.···--- --· · ·· ····---····-- ···_- I.S 
Cm) hrthl p<l"er descent (tncludlna condition of zerO flow 

thr""ah rotor ) ___ •......... ___ . . ... .......... --- .. .. ···2.0 
(n) Cyclic and collective pull·up ft""" level (l1,ht·-·-··· -· - · (2) 
(,,) Pu.ho"ero •.. · . - -- ................ · · ·····-·················(2) 
(p) Cu.t.-- ..... · - · - . · ·····.·.·.·.···· ··--· ········--······- -- (2) 
(q) quick 1101>5··-- - -····················-- ···· ····--·····-·· ·( 2) 
(r) na .... •··· __ ...... _ ............... --- ......••••..... -- .•.. (2) 

Is) Ulter.l nvenah at viI .. ·--········- .......... ••••·•••• ... 5 
(t) Lonlitudi.n .. 1 .e"e .... 11 at VW .... - - - · .. ···-··- .... ---- ..... 5 
(u) Rudder reyen~ls at VH·- .... •• .. ---···· · .. --- ...... --· .. -· .5 
(v) Landtna .l>pro..,h· -- ··········------················- .. · · ··-3.O 
(,,) Slde" •• d flilh e-- · ··················· .. --················· .5 
(y) Ru,.,. .. d f1ight--········ .. ·•··•··········••·· .. ······· ··- .5 

IV. AUTOROT ... nON - I'OIoIEI( o rr .. ·······-· .... • .. -- · ·······-··· .... ····'1 . 0 
(a) Study lo ,.,. ~rd flilhe· · · .. •• .... ···----- .. ············· ···2. O 
(b) R,pld p"",er recove r y froll BY to rotational flllht· .. ••• ·· •·• . $ 
{cl Right turns' )0, 60, 901 VIIE .... --·-· · · .. ·· .. ·--- .... ·(2l1.0 
(d) lAft turns' )0, 60, 901 V!IE ••• ·•••••••• ...... __ .. ·····(2)J.O 
(el Uteul r"'''"'nab················· - ··········--- .. ··•• .... . 5 
(f) Lonll tudlnal reverula-·· -------- .- • . ...... • -. --- ... ---- ... 5 
(I) RlJddtr rey~ruh·········- .. ·---- .. ····· ············--·· -- . 5 
(h) Cyclic and collective ""1I·ups- .. ··· . ........ .. .. --··(2) 
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«, 
(J) 

U>ndi.ng approach--- _____________ .. - - - -_ . .. - - - -_ .• - - - - _. - - - -- - -2.0 
Fl .. res -- ______ . __ .•... _ ... __ .... __ - - - - - - - - - - - -- - _ • • - -- _. ___ (2) 

10~ 

(I) On .. flight every 10 minutn "lth leu fre<;uent rotor ,cops. 

(2) ~ v~rtical load factor tr~quency curve ~hould be dcv~lopcd tho t is 
represcnt~tivc of the "", r e erHleal types of operation. 'I"he U .... ope ne 
in each turn should be adjusted to give the .peeified per ecnt of 

<x:currenee. 

NOIl:: E"t~n5ive adjult .... nt to this table is norOlally .required to closely 
.pproxi .... te the rotoreraCe under tv.oluadon . 

• 

Chnp 3 
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, .0 
3.0 

18.0 
25.0 

(e) ---- 15.0 
(0--" 3.0 
(8)---- ., 
(h)---- 3 .. <1. 
(1)---- 3.0 
0) .. . - '.0 
(k)-·· • '.0 
(l~'" • '-' 
(lI)---- , . . 
(n)---- , . 
(0)---- , 
(p), ••• ., 
(q).--- · 5 
(r)---- 3.0 
(.). __ . · , 
(t) •••• · , 

nV(.)---- , , 
'-0 
, . 0 ., 

Jt:: .5 
• 5 

h ~: 
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TABLE II 

D£TE~lNAnON OF SERVICE LIFE 
(S8D!'le Calcuhnon) 

3 , , , , 
Cr.tj.'~1 Critlcd JY~!~~t to 

l'e rcen t 0' 
Steltd~ Life tiled 

Stre" Stress . 

"'" 
~ .. - .... --------

'"'' -------- -....... 
2300 -----.-- --------
280( -.-- - ~-. 

_ ... _---
9800 3 , 000,000 0 . 002)2 

10500 3 ,200,000 . 00)62 

"'" 
_ .. __ ._- ... __ ._. 

6300 ----- --- _ .. _ ... -
31CO " 

----_._- --------
7700 " - _ ....... . .. _----
8100 " 0 .-. _- --- -_ ._----
8350 - 16 ,000,000 0.02173 

" "'''' 
, 

8,400,000 . 00522 0 
9100 0 7 , 400,000 .00157 

< 11200 0 

" 2,400,000 .02900 
11400 . 2,250,000 • 03093 - " • 10900 " 2,700,000 .01719 > , 
"'" 

, 
10,100,000 .02203 

7800 I --------- --------
8700 . _._ ..... · ....... 
9/00 4,800,000 . 00483 
"00 ~--- .. -.- --------
>0'" --------- --_ . ... -
7300 _. _ .... -. _ ... _---
6700 . _ .. ---.- · -. -.... 
"'" .+---_._- ---_._--
790t _ .. _----- --------
, "" ..... -- -' + -• _ •• --

"'" 4,800. 000 .00242 
9300 6,300,000 .00383 

"'" 4,100,000 · 00586 
6800 -. -+-+--- • -• +. -• -

"'" ---- ----- --------
"'" --- ---_.- ----_ .. -
~:gg --------- ._--_ .. -

· 
Ch.p 3 
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