WO 03/ 023336 PCT/US01/ 28727 NMETHODS AND APPARATUS FOR MODEL BASED SHROUDED
BELLOWNS STI FFNESS DETERM NATI ONS BACKGROUND OF THE | NVENTI ON Thi s
invention relates generally to shrouded bellows and, nore particularly, to

nodel i ng weabp2zses used to predict natural frequency reppanses2s7ey tube
systens that include shrouded bell ows. Shrouded bell ows or seal ed bal
joints are often used in gas turbine 5 engine ducting systens to connect
adj acent sections of fluid carrying tubing which require articulation

t her ebet ween. The shrou I j joint that prevents
| eakage of the fluid flﬁwﬂmﬁmggbmbﬁbﬁemi al novement

bet ween the adj acent SeBASEDSHROUDEDEBELLOWSSTIFVNEESt can be for exanpl e,
caused as a result of thernal g&%@j ducting system during engine
operation. 10 Shrouded bel | ows S| ocated in various |ocations
within and around the engine. To design shrouded bell ows and associ at ed
hardware to withstand H gh Cycle Fatigue (HCF) stresses, nodeling

t echni ques BAEKGROUND OF BIE BYVENTIOMNI frequency responses in the ducting
systens including the shrouded bell ows conponents. Known nodeling

t echni ques use anal yipgal,engs! %lgtgga% ’%?33",3’0*9 RBLE e@SbQMUgﬁgtrgﬁJel ows

natural frequency response wth nmanu er-supp |ed t est Such test
data is typpastgularlyotst miodaling fechiriquesansed te predichastyral Snpisnentespasssiing. The

anal yti cal %Qi’s{%nfs‘ﬁﬁ?ﬁﬁﬂﬁ@&lﬁ?ﬁeﬁéﬁbmﬁt' ffness data by assigning a spring

constant to rorous spri ng el'ements used to represent the shrouded bel | ows
within the analytical nodels. The spri naglrel enents provide the_ bell ows

stiffness input for &houded ?ﬁlﬁoﬁ’élmzﬁl?j’& jeintrate ohten fusedhi gas SWBREnat ur al
frequency rgsRRNRRInSHERHE 0 tcbﬁleéthédj’éé@xﬂ%ct%é bPYlﬁldWﬁlé't:ﬂ%lﬁﬁ%i’cﬂcy

response is based on static stiffneSs test data t he

anal yti cal Tegue atiewation dhprebetyepn.e The shipuded hellowatniovade 4 ﬂ@aﬂé}{ﬂw th&sponse of
shrouded belleQus ieakdpet GNiteafithid héwihg Gferethrough despite potential movement

between the adjacent sections of tubing. Such movement can be for example, caused

as a result of thermal growth in the ducting system during engine operation.

10 Shrouded bellows are typically located in various locations within and
around the engine. To design shrouded bellows and associated hardware to withstand
High Cycle Fatigue (HCF) stresses, modeling techniques are used to predict natural
frequency responses in the ducting systems including the shrouded bellows
components. Known modeling techniques use analytical models that apprdximate

15 shrouded bellows natural frequency response with manufacturer-supplied test data.
Such test data is typically obtained from static stiffness component testing. The
analytical models incorporate static stiffness data by assigning a spring constant to
various spring elements used to represent the shrouded bellows within the analytical
models. The spring elements provide the bellows stiffness input for an analytical

20 determination of the system natural frequency response. Because the shrouded
bellows natural frequency response is based on static stiffness test data, the ability of
the analytical models to accurately estimate the natural frequency response of
shrouded bellows is potentially limited.




-1 WO 03/023336 PCT/ USO01/28727, BRIEF SUVMMARY OF THE | NVENTION I n an
exenpl ary enbodi nent, a nodeling systemaccurately predicts natural
frequency responses in tube sub-systens that include shrouded bell ows
conponentwo o3kgs3sedel i ng system characterizes the shroudedThsbil/zsees usi ng a
standard geonetry el enent that includes an assigned stiffness multiplier
based on 5 dynam c stiffness conponent data rather than static stiffness
conponent test data. In the exenplary enbodi nent, the nodeling system

characteri ZEWng MVENTIORI N @ standard geonetry el enent that
Is a tube elemen at 1 ncludes an applied flexibility factor, and the
nmodel i ng systemdeterm nes the flexibility factor using regression

techni ques. An exenplapy exegley smberimgitat nndeknecbsismsacryptely ey st em 10
di aneter, bﬁk&rﬁ“ﬁe%ﬁ&h respORbE M QR &lblsyfer! €3 UhGude? Sitostied BRIEWS Y ST em
operating 1 nput. e ‘nodel 1 ng system facilitates accurate predictions of
natural fr eesmpensats. r SEhgomedaling system ccharaprerizes tthershiondad pellows wingh ouded

bel I ows co t Sl Y ' RRNE basédbier
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i ncl udi ng areglessical fethniques. s Anosxdmplatyaiegression iuatipnascaats- foy Sibe Aysteam j s

attachgd raglj I [ I-ne WidePitifie Pl Ural ity
of rod end {ﬂﬁ{’}gg JJ.D 8&%\3@%%%}&#‘? gkegar%g%éés?‘gg’d&r%a%a ysyétértnwﬁ)% 1?% om an
out er surf ainput20Thé nedelingysystemc fesilitates 2®curate predictions of natural frequency

responses in tube sub-systems that include shrouded bellows components in a cost

effective and reliable manner.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a front schematic illustration of a tube sub-system including
15 a plurality of shrouded bellows;

Figure 2 is a partially cut-away side view of a shrouded bellow used

with the tube sub-system shown in Figure 1; and

Figure 3 is a flowchart of a method for modeling natural frequency

responses in tube sub-systems such as the tube sub-system shown in Figure 1.
DETAILED DESCRIPTION OF THE INVENTION

20 Figure 1 is a front schematic illustration of a tube sub-system 10
including a plurality of shrouded bellows 12. Tube sub-system 10 is attached radially
outwardly from a gas turbine engine 14 with a plurality of rod end links 16. Rod end
links 16 extend radially outward from an outer surface 20 of an engine casing 22,
Each rod end link 16 includes a circular strap 24 for securing to tube sub-system 10.
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Each rod end link 16 includes a circular strap 24 for securing to tube
sub-system 10. -2 WO 03/023336 PCT/ USOL/ 28727 Tube sub-system 10 i ncl udes
a plurality of tubing sections 30 connected together to forma flow

passagewawo ¢8@g333¢ 0d | ink strap 24 secures to one of tulpcrgseemtirons 30
and secures such tubing section 30 to engine casing 22. Each shrouded
bell ow 12, described in nore detail below, is connected in flow5

comuni cati on between adjacent tubing sections 30 and provides a flexible

joint that has sub%ggt% _I{,%en; O ik g{ a&gﬁg]%tldgnmbﬁgv\@&ﬁb,@dg@cent

sections of tubing er nor e, rovide flexibility for
t ube sub- symhenedliogathr i fommya o pasaqwaye@aph\mé SUA2REHPSIAIONS def | ect

tubi ng sect}(w 3 3%6\?(}(}\)5) tdoseblﬂpsrs%),l(}?tubﬂlgts@édoﬁtfib‘?@ eng‘éﬁes Rasifgl 2. FHableT

conponent s° F%Tg1 e to accomodate thernmal 10 growth
of tubing seeidednbelBG dla,r |dng>nbcdg|1memmped%tall drslowgi igupenngcteds in B tially

cut-away side V|ewo shro 0 hé&kiRe foiftat t ube 34 in
f1 ow gm’ruﬁ‘?“?:rﬁ\n? pryeer 4 ggﬁﬁlﬂl&oé%%%g 3@%1‘?&8{8&1@6‘4% P‘IOS\L 12 apr event s

| eakage of hil sub@tabtﬁlllgvebak-p;dpﬁwguﬂatmmﬂmm@n adljegerd csepfinns eof WPivgi - ng pi vot al
or articul nmove twee 3 3 JWHBEmadpbas 15 a
first di arrgi“g}m?,@fe’a °§Vé n‘%fmfl g?@% ai;&g%ge%gnﬁ&ééfzpmt er 38 shrouded

bel I ow 12 ird@ﬁirmﬁs)rder touphysiasllyodeflest tubingoaction®3qun astto improvoinsialation part a
coaxi al tubul ar, er shr Qut.er g8fm@rd i ncludes
at a first e@ﬁd‘“ﬁ%’ '?irfofnﬁ?’éeﬁg égt Sth??dprfe%ﬁP‘?g?éfe}%éAi gl':ﬂ&lrol?%a{ttachl ng to first
t ube 1®34. mudftéﬂngbééﬁonsmlduﬂ@emeapamnd end 48, an integral spherical
concave annulus 20 50. Inner shroud 42 includes at a first end 52 a

cylindrical sleeve f is ?gz%re%ﬁg" Ega&ag/afo%%éwmtéﬂ:&dgtﬁbellgaﬁ P2igsed2 i ncludes

at a second end 56 egr er| convex annul us 58. An outer
di amet er (m)jonslaoﬁmt) tubé 34 aniw atvmmﬁm@ﬁas with a2 senond ibeeibel Shravdsd] an i nner

di ameter ( Y { 345add"B@wisler oud convex
annul us 58%01L°vfs %mp}%'g%tﬁgg%o gg%&#t" out eé’ &E concave
providing pivotal or articulated movement between tubes 34 and 36. First tube 34 has

15 ~ a first diameter 37 and second tube 36 has a second diameter 38.

Shrouded bellow 12 includes a tubular outer shroud 40 which
surrounds in pait a coaxial tubular inner shrond 42. Outer shroud 40 is one piece and
includes at a first end 44, an integral cylindrical sleeve 46 for attaching to first tube

34. Shroud 40 also includes at a second end 48, an integral spherical concave annulus

20 50.

Inner shroud 42 includes at a first end 52 a cylindrical sleeve 54 for
attaching to second tube 36. Shroud 42 includes at a second end 56 an integral
spherical convex annulus 58. An outer diameter (not shown) of convex annulus 58 is
approximately equal an inner diameter (not shown) of concave annulus 50 such that

25 inner shroud convex annulus 58 is in slidable contact with outer shroud concave

annulus 50.

A tubular bellows 74 is coaxial with a center axis of inner and outer
shrouds (not shown). Bellows 74 is between inner shroud 42 and a bellows liner 75,

permitting first and second pieces of tubing 34 and 36, respectively, to sealingly join
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annul us 50. A tubular bellows 74 is coaxial with a center axis of inner and
outer shrouds (not shown). Bellows 74 is between inner shroud 42 and a
bellows liner 75, permtting first and second pieces of tubing 34 and 36,
respecti veioy3/oeasiseal ingly join -3 WO 03/023336 PCT/ USOPCZABRII287I | €
permtting limted pivotal novenent therebetween. Bellows 74 include a
plurality of axially spaced apart convolutions 76 that provide a flexible
seal between inner and outer shrouds 42 and 40, respectively.

Cor r espondj 408 SinBled A RA ERbvenfeRN MRl MbiveaE BRIGSS 7Adndudei 4 ch 80 for
bel | ows 74{.’V g%{rnggsm?s? Zﬁ#l owch‘:':rt 100 of a net hod Ieor rggdel I ng nat ur al

frequency plneliyorsaially apacerhepag gnvoysioayrid that prquige alg S -.W’ém 10 (shown
|0 FiOure fher it Qhter LBGLAIE (5040 HEBEtRBY! Clredpnlish gUions bfadaiunes 1 and 2).
The nethod can be practiced on a compufer (not shown), such as a personal
conmput er osonyomtensTOalefinee pitch 8@ fagbellysdft- i nt erf ace (not shown), such as a
keyboard and an a display, a processor, 10 and a nenory. Initially, input

val uess are chosen 1H b dvRis adfoRchddel 008 ia WeetiUd forih6defibnatyisteguency
characteristics. Mre sgem ficall

) y, values for_d Eam}%erp ergii ng condition
i nput s 114resprasestin dihecsub-Bystamswich as Hbe SYb-sysism O Gaev IE‘EF t&d. In the
exenplary {1}99%1‘6@5@& béHRRM2C(sRAAT & IFiirésONdhd 290 ThepPiiethod tdn bacl ude at
| east data representing an operating pressure and vi braﬁ(gr envi ronnent
of tube subrastesd emal@mppishRhsHoNnkispely <8 RersoRy SPyPLITHOSH Vg %ﬁ‘)’bel | ows
geometry i 8 | smg R&BbirAend & 4 eMFlaRiatpEdteSOr, (Shown in
Figure 2) gﬁgﬁ%ﬂ#gﬁ;ﬁ%ﬁﬁé tu ’esugl?ggnit%s 37 andmgg )?sr%?m in Figure 2).
Such 1lhput endizimemery. 116 are, for exanple, selected by an operator. 20 A
stiffness nultiplier for tube sub-system 10 being anal yzed is then
det ermi ned 120. | nstig@diiy? fingiPdahdsnge shuset dEThaehrt gndicatide pSthibevsuli-n Fi gures 1

and 2 as spring elenments_including an assigned spring.constant that is
bas ed) on Sgggqnb c}?aracterisﬁcs. More speclﬁcagly, values 1‘09 Tiynaxmg operating condl%lon

inputs 114 and shrouded bellows geometry inputs 116 are selected. In the exemplary

embodiment, dynamic operating condition inputs 114 include at least data

15 representing an operating pressure and vibratory environment of tube sub-system 10
(shown in Figures 1 and 2) and shrouded bellows geometry inputs 116 include data
representing bellows pitch 80 (shown in Figure 2) and bellows mating tube diameters
37 and 38 (shown in Figure 2). Such inputs 114 and 116 are, for example, selected by

an operator.

20 A stiffness multiplier for tube sub-system 10 being analyzed is then
determined 120. Instead of modeling shrouded bellows 12 (shown in Figures 1 and 2)
as spring elements including an assigned spring constant that is based on static
stiffness component test data, shrouded bellows 12 is characterized using a standard
geometry clement that includes an assigned stiffness multiplier based on dynamic

25 stiffness component test data. The stiffness multiplier is a finite element input that
may be selectively adjusted to customize a dynamic stiffness of a particular shrouded
bellows element. The stiffness multiplier is determined 120 with a regression
equation that accounts for tube sub-system diameter 37 and 38, system operating

pressure, bellows pitch 80, and dynamic system operating inputs.
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stiffness conponent test data, shrouded bellows 12 is characterized using a
standard geonetry elenent that includes an assigned stiffness nmultiplier
based on dynam c 25 stiffness conponent test data. The stiffness multiplier
is a finiweaosloessehnt i nput that nmay be sel ectivel y adj ustped/uso/zsast om ze a
dynam c stiffness of a particular shrouded bellows elenent. The stiffness
multiplier is determned 120 with a regression equation that accounts for

t ube sub-system di aneter 37 and 38, system operating pressure, bellows

pi tch 80, and dynam TheSYsph@bP RGhidtoh 'Y bt lof- dylﬁnxeos@é{ega?%@s@%ta

PCT/ USO1/ 28727 The regresm on equation is based on dynamc stiffness test
dat a obt ai PBRIngd ap2 regulpfitesting ﬁf‘é@*tal Fiffersu shroyfdedheflows eontigumtionsdEarhbel | ows

confi gur at igfigent Eﬁ'@ﬁﬁed@eﬁ&\ﬁ{ CREgHMRAULE De Qﬁél&ll‘?éﬁ’ﬁ}r FRBGLOWY @hdrfheGan be

analytically nodel ed to determne a unique Stifiness multiplier for that

speci fi ¢ sMpiguelstffnsss maltilisnfor ﬂ@%rsawﬁmslﬁmieé @e@ovgsemﬁawet@ th® sub- system
anal ytical ge&%é a {EB@ s§l§~§)fsfeﬂxe§1§11ﬂ"é$ltﬁ19ée'l erTHeCSrmes! Bﬁ‘ltx %ﬂg&&ibnmy used
for .a broad range of tub€ sub-system sizes an operatl t1ons
reflective e@vaﬁ%@anywdrfvrca bsegdfrangs 9§ tube sb-syster swpmdwmremamdlml i ng was
based. W &aieeu¢eh@f o tagna%ﬁ@ “sHiRdsE s Aah X@b& %@Dﬂ@'mo&%& qapbags! at late

h ard

stiffness multiplier i nput 124 to t st an

el ement. 1Viglin tthﬁetubcx élibp#yaﬁexgﬂ aaplytienl mdcl thehapprogdete tsafﬂlqsmdtmhar B
characteri t 1345th AR sPanddr8 o} | ement that is a tube el enent
that includgs & stiffness Qgﬁfg?' | er t ﬁ is an applied flexibility
factor, The flexibility factors were determ ned wusing an iterative schene

that &tinized the fRdbs sremplagy erakadipanthravdec: ballays i A @renehetaeiarizeds r equency

responses @fing Restdndia g%b&x@ﬁ“&l%mbxﬁ tﬁatflb Rl fuBe eﬂeﬁeﬁ%aﬁﬂahae%'ass&ﬁesshe natural
15 frequency _responses of Vibratory nmponent tests. flexibility

factors asﬂ“&ﬁé’&f?‘é“sﬁhép@{e@ﬂﬁﬁ?‘&%f&ﬁ@ éﬁ'bérﬂﬁilbé“w@ﬁ@rsv‘ﬁ?m delemirgdenent al |y

until the gagalut it&ﬁive@éﬁe‘rﬁ'e@lﬁat oﬁﬁxﬁﬁé@ﬂﬁ&ﬁeﬁﬁﬁl‘-}pﬁa&&s% i@ Ghd Dgale! enent
equal ed the natural freq uencg\bres ponse of ows test component. For

exanmpl e, i Are@ivacrepRaaseseaftthe Bbe glements ik R fmntamm anglypig el e nsdralons
cent i d ORegueh¥iPledfonbdd Of vbRRSrY cEMpSreRt t8dts, AT fiexibiRG FRft baffnéd 'Rt

the standard tube elements were varied incrementally until the analytical natural

frequency response of the bellows element equaled the natural frequency response of
the bellows test component. For example, in one embodiment, a three inch diameter
shrouded bellows centered on a twelve inch cantilevered straight tube section (not
20 shown) within a system pressurized to approximately 100 psia in an approximately
constant 2g vibratory environment, produced a natural frequency response of 166 Hz.
The test component was modeled using finite element analysis to determine that
assigning a flexibility factor of approximately 0.328, enabled the analytical model to
yield the same natural frequency response as the component test piece under the

25 approximate same operating conditions.

The tube sub-system analytical model is then solved 130 to determine
or predict 132 a tube sub-system natural frequency response. As a result, because
more accurate estimates of shrouded bellows dynamic response are facilitated,

shrouded bellows tube sub-systems may be designed more reliably.




20 shown) within a system pressurized to approximately 100 psia in an
approxi mately constant 2g vibratory environnent, produced a natural
frequency response of 166 Hz. The test conponent was nodel ed using finite
el ement aW@Q0942333¢ 0 deternmine that assigning a flexibil PCY/USEA8E27 of
approximately 0.328, enabled the analytical nodel to yield the sane
natural frequency response as the conponent test piece under the 25
approxi mat e sane operating conditions. The tube sub-system anal yti cal nodel

is then solved 130 tg grt ehbddlRent,OfublrBlsfdtend 32 2CFINS SeRASHEIRM nat ur al
frequency response. As a result, because ~nore accurate estinptes of

shrouded bePelBgssYaipRR@A Tewpbsuwlablecfipmic Genaralt Blgotric shirgtid JneBER| ows t ube
sub- syst eng;Ehak €OHRSAHNGE IR §stefll hARLY frequend)Oelhdnts 538e ©F349S01/ 28727
I n one enbodi nent, tube sub-systemis a CF3%1-8 aircraft engine cooling

syst em ( noeirerAl arginesealinggyslemfreqmediiphb k3 ATegtessionceqpption masivi

EHSnes,
G nci npati o fhiRe t of the
CF34-8 aircraft engPﬁntg?%:%%laﬁgﬁ% fﬁﬁgé?‘{e’%}rfj ?ﬁe&%‘??@%ﬁ@?& i

I ne | : I ct 32. A regression
equat i on usged belidyrsapitshyinfprmationr #hivedstermineut

flexibilityplaetersi oy bello¥ssur es 114,
tube syste j e n j t | nf LQHN80 to
det er m ne %ifgieﬁt?‘él)% I @?ﬁu?%iyﬂlf glgs(gﬁr?’g‘ 8?%?“ enggﬂvE dﬁélsgﬂeﬂl' ﬁrfz Sen

. 'S . ment s ncl uded in the
CF34- 8 ai r equatipn deteyimines d 4¢ the Slgxiblitmfaciire torhegpssigneid dmtubeballaws lemett-er ni nes 120
the fl exi blgi f d ' . Sol vi ng
the fini tesg{v}éjr%e%tg tﬂglﬁ\tgle;cg}eggﬁr?%\élilsggg‘q? gh%g?ﬁﬁag%leh&%g%ﬁg&ﬁ ?ggﬂgnse of the
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predicts a stiffness of shrouded bell ows through

regressi on equati On-Th'E%o{:éégs@rﬁﬁh%bd

escri bed nodel i ng
The nodel i ng nmet hod sinul ates and
15 the use of a

ERBd ishbsedretivetind At atst | f f ness

test data of a plurality of shrouded bellows configurations, permts the
shrouded The modeling method simulates and predicts a stiffness of shrouded bellows through

15 the use of a regression equation. The regression equation, based on dynamic stiffness
test data of a plurality of shrouded bellows configurations, permits the shrouded
bellows to be characterized using a standard geometry element that includes an
assigned stiffness multiplier based on the dynamic stiffness test data. As a result, the
modeling method permits predictions of natural frequency responses in tube sub-
20 systems that include shrouded bellows components in a cost effective and reliable

manner.

While the invention has been described in terms of various specific
embodiments, those skilled in the art will recognize that the invention can be practiced

with modification within the spirit and scope of the claims.




bellows to be characterized using a standard geonetry el enment that includes
an assigned stiffness nultiplier based on the dynam c stiffness test data.
As a result, the nodeling nmethod permts predictions of natural frequency
responses in tube sub 20 systens that include shrouded bell ows conponents
in a cost effective and reliable manner. Wile the invention has been
descri bedVHAT S OBAINVIEYHIS: ous specific enbodi nents, those skilled in the
art will recognize that the invention can be practiced wth nodification
within the spirit nd scoge f the clains. -6 WHAT IS CLAINED 1S, 1. A

method for predi ctil or 9&%&9@@%5@&%@.%5&0&56@ i fgbe sykst ens
i ncl udi ng &%Qlﬂnﬁ’&&’d&@sh‘&i’&e&ﬁélﬁﬁ xﬁ;lyoréﬁifs d 18 hhRkb £ ﬁs‘iﬁ@&e sSt eps
of : 5determn|ngast| fness nulti pl rominput values; and Using the
determ ned: stiffness nultiplier in a nodel to predict a nat ur al frequency
response. 2. A nethod in accordance with C ai m 1 further conprising the

step of inputting ynam.c s em utsmtothe nodel . 10 3. A
met hog in accordanéfffg‘je\%in{nr\n%jlg‘i“%ﬁl ﬁﬁlgqu’leﬁ 5’[18 gttvé’f)ueBTaqdnputtl ng dynamc
system operating inputs further conprises the step of inputting at |east an
operating pressur e uging thé Sétarintinyd stitfriesomiiiplier i HDmbbEl topetlict achatufalet hod i n
accordance with Claim3 further conprising the step of inputting geonetry
i nputs | AEGQUBRSHJeON$ast one of a bel lows pitch and a mating tube 15
dianeter into the nodel. 5. A method in accordance with Caim3 wherein
said step of detenrn f e step
of using a regress?o‘r?‘%?%gﬁ?#%ﬁyﬁk%{év}t{ﬂér%&hg{t egtt!ﬁjpﬁggg %?eh Sﬁ er. 6.
A net hod 1npummg:Manceysvdmbp@h1amgnn3utkumtbhlmmoMprl sing the step of

10 3. A method in accordance with Claim 2 wherein said step of inputting
dynamic system operating inputs further comprises the step of inputting at least an

operating pressure and vibratory environment into the model.

4. A method in accordance with Claim 3 further comprising the step of
inputting geometry inputs including at least one of a bellows pitch and a mating tube

15  diameter into the model.

5. A method in accordance with Claim 3 wherein said step of
determining a flexibility factor further comprises the step of using a regression

technique to determine the stiffness multiplier.

6. A method in accordance with Claim 3 further comprising the step of

20  determining system stiffness as a function of the stiffness multiplier.

7. A modeling system for determining natural frequency response of
shrouded bellows components, said system configured to determine a stiffness

multiplier from input values.

8. A modeling system in accordance with Claim 7 wherein the stiffness

25  multiplier is used to determine the natural frequency response.
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20 determ ning systemstiffness as a function of the stiffness nultiplier.
7. A nodeling systemfor determ ning natural frequency response of

shrouded bel | ows conponents, said systemconfigured to determne a
stiffness nultiplier frominput values. 8 A nodeling systemin accordance
with Caim7 wherein the stiffness 25 nmultiplier is used to determ ne the
natural frequency Pedponsleling sesterd imadairdange switt €iainng sbemimdtheciaputi t h Cl ai m

8 wherein the. t _values inglude at |east one of shrouded bel |l ows
qeonet 1y AR 0B ayRe cne QEiRIRy ReiRts S, et $6! Bt i ng
system i ypRmEiag demfifoMnpltsCl @l m 8 wherein the 5 bellows geonetry inputs
i nclude at |east one of a tube sub-system dianeter and a bellows pitch.

11. A nodeling systemin accordance with Claim8 wherein the dynamc
oper ating conditi orl0i Meuneddling| sistenatin| asgondange oty &ldimg 8pwhersiwr the 12, A

it 1 1 GRS T e@ ARRRE R deede Bt ch 4 R Prsbdlim bl B

bel | ows beHowsebiteéH.i vel y variable. 13. A nodeling systemin accordance with
Claim8 wherein the stiffness nultiplier determ ned using a regression
technique. 14. A systemfor determ ning natural frequency response of

shrouded 15 bel | ovd- bripodidingssysteam dn sapsordanceo it Slaig & wherem &nf i gur ed
t di L . : j f tiff
mul (1 pi | ayoi o SondEANEAG N 8P ANAR, Ao ferntiEbER 2 2 4 odel

further configured to determ ne the stiffness nmultiplier frominput
val ues. 16. A syst dd iA modalingasystenwiin hacChmlamee] Svithh Eiainn 8t Whereimptite val ues

oper 401 nGUrBERAETEHE S O AL Ut A e LR ety e nel uai ng

at | east j98Qeciveld variable.

13. A modeling system in accordance with Claim 8 wherein the

stiffness multiplier determined using a regression technique.

14. A system for determining natural frequency response of shrouded
15  bellows components, said system comprising a model configured to predict the

natural frequency response as a function of a stiffness multiplier.

15. A system in accordance with Claim 14 wherein said model further

configured to determine the stiffness multiplier from input values.

16. A system in accordance with Claim 15 wherein the input values

20 include at least one of shrouded bellows geometry inputs and dynamic operating
condition inputs, the shrouded bellows geometry inputs including at least one of a

tube sub-system diameter and a bellows pitch, the dynamic operating condition inputs

including at least an operating pressure.

17. A system in accordance with Claim 14 wherein the stiffness
25 multiplier is adjustable such that a dynamic stiffness of the shrouded bellows is

selectively variable.




t ube sub-system di aneter and a bellows pitch, the dynam c operating
condition inputs including at | east an operating pressure. 17. A systemin
accordance with Claim 14 wherein the stiffness 25 nmultiplier is adjustable
such that a dynam c stiffness of the shrouded bellows is selectively
variable. 8 18. A systemin accordance with C aim 14 wherein the stiffness
mul tiplier determ néd Aissystgmain egeardaice nwith claimjukel wi@reid\ thy sstiffimessn
accordance lgi {.‘]h qu aim %18 wherein the reqgression technique conprises a

regr essi SRUERUHqeLFEMINgd NG R TERResRIQTeChiANG rent ed met hod for predicting
natural frequency responses, said nethod conprising the steps of:
providing at |east 19N\ tsydignSiback¥rdaféd withl Cfim 018 wiletbiRlthd Yeg?éssionhr ouded
bel | ows conponents; determining a stiffness nultiplier within each of the
shr ouded teghnigugsompgsesdrggicesionequation a r egr essi on t echni que based on
dynam c stiffness test data; inputting the determned stiffness nmultiplier
into conput er nodgl At | I . t a
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nat ur al frespouescyaid method sempeisiflg det wepsiofi ng | ocati ons for duct supports
based on the natural frequency 15 response. 21. A nethod in accordance
with claim?20 further ,conprising the step.  of inputting dynam c system
operating inputs i ri’?%“&‘l‘fg %i@s’g opg  tukesitgsteny igelp aﬁcg]“?iﬁll% |l ai m 21
wher ei N sBifhdsd BAIFHs cohtdBHEdE:Ng dynami ¢ system operating inputs further

conprises the step of Inputting at 20 |east an operating pressure and
vi bratory environnent into the nodel. 23. A nethod in accordance with claim

21 further conpri sidetermininga efpffness nulfipliari withig easheefr the isimouded bellivsdi ng at

| eas t10 0 necogfcpogenl%se 1|15|i1(1)gwas réaglré[sg”lgn ?&:ﬂm%ue”%%éeﬂ%n dynamic stiffness test data;

inputting the determined stiffness multiplier into a computer model
that applies a standard geometry element and a flexibility factor based upon the

stiffness multiplier to predict a natural frequency response; and

determining locations for duct supports based on the natural frequency

15 response.

21. A method in accordance with claim 20 further comprising the step

of inputting dynamic system operating inputs into the model.

22. A method in accordance with claim 21 wherein said step of
inputting dynamic system operating inputs further comprises the step of inputting at

20 least an operating pressure and vibratory environment into the model.

23. A method in accordance with claim 21 further comprising the step
of inputting geometry inputs including at least one of a bellows pitch and a mating

tube diameter into the model.




tube dianeter into the nodel. 9 24. A nethod in accordance with claim 22
further conprising the step of determning the stiffness of the at | east
one tube sub-systemas a function of the stiffness multiplier. 25.
Apparatus for determ ning natural frequency response of shrouded 5 bellows
conponents, said apparatus conprising a processor configured to: determ ne
a stiffness multipl24deA methbd in tdverddnce uwdihdcldial 2DfABther commrtisdiy thewsipng a
regressi o echni,que basgd on.dynam c stiffness test data; use e
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geonet ry G@ERMulApsera flexibility factor based upon the stiffness
multiplier 10 to predict a natural frequency response of the bellows; and
determ ne a |ocation of a duct support based on the natural frequency
response. 26. ApparZat Appamtusdendetemuninginaturall fagquendy nebpomeé nf slapadedndel i s

confi gur ilize shrouded bell ows.geonetry iInputs | dynam ¢
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Apparatus in accordance with claim 26 wherein the bellows geonetry inputs

include at |east onitephind tdlbaiffiess Sisiltiphetli an@irerthandh@ubed | Balowspi t ch.

28. Apparatus in accordance with claim 26 wherein the dynamc 20 operating

condi t i orfOMPRHNS 1HiRG & Ergression dechniquy basedrom dymamis, sidigssdestagta; Appar at us i n

accordance with claim25 wherein the stiffness nmultiplier is adjustable

such that a dynam Gsotthd 'fsmifl bifnca AR H 'O Wbdbe thak SAppfikd %! Y
‘standard geometry element and a flexibility factor based upon the stiffness multiplier

10  to predict a natural frequency response of the bellows; and

determine a location of a duct support based on the natural frequency

response.

26. Apparatus in accordance with claim 25 wherein said model is
configured to utilize shrouded bellows geometry inputs and dynamic operating

15  condition inputs to determine the stiffness multiplier.

27. Apparatus in accordance with claim 26 wherein the bellows
geometry inputs include at least one of a tube sub-system diameter and a bellows

pitch.

28. Apparatus in accordance with claim 26 wherein the dynamic

20  operating condition inputs include at least an operating pressure.

29. Apparatus in accordance with claim 25 wherein the stiffness
multiplier is adjustable such that a dynamic stiffness of the shrouded bellows is

selectively variable.
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