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i nvent i onwioalsabesse general |y to shrouded bel |l ows and, norepqrarsiesrearly, to
nodel i ng techni ques used to predict natural frequency responses in tube
systens that include shrouded bell ows. Shrouded bell ows or seal ed ball
joints are often used in gas turbine 5 engine ducting systens to connect
adj acent sections of fl Y, ire articulation

t her ebet ween. The shr ou%@@&&@g&gm%(ﬁg%ﬂéﬁgﬂ oint that prevents
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bet ween the adjacent sections of_tubin ﬁﬁ‘? novenment can be for exanple,
caused as a result of thernal gIP%rJ ﬁﬂAT Yuct | ng system during engine
operation. 10 Shrouded bellows are typically |ocated in various |ocations
within and around the engine. To design shrouded bell ows and associ at ed
har dwar e t oBACGKGR@UND GF FHEQNMENTFAN gue (HCF) stresses, nodeling
techniques are used to predict natural frequency responses in the ducting
systens including th r. n | j
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natural f regmemdyrly, a@s }mmdslmg/vtet:hnqmamfsabtwpxedietsnmrmhl fdquensit redpinaes inSuch t est
data is typical i.ned, f |c stiffness conponent testing. The
anal yti cal #Pg) S¥en?8q%% rbc 1%déftse oél A bIEC °%Ki ffness data by assigning a spring
constant to various spring elenments used to represent the shrouded bell ows
within the anal yti calShremidebsllowther spleil rigllgbintseare oftpn osdddim gaygubalel ows
stiffn S|n ut for. n of atural

fr equeﬁSf;y r & 5gFl)ne ductln%e%s?en?eyot O(f\l%é t%g a?f%t[ %gcblo ﬁa E)f' Al d an’&llﬁg t?ly g%uengy
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anal yti cal Iqr%ggnlts lea%agaéc%y rtﬁé %{u)(d %]s()winngattheretgroug atdlélsr e gorttaen aF Mobefn&RPONSE of

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 approximate
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.
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shrouded bellows is potentially limted. -1 WO 03/023336 PCT/US01/ 28727,

BRI EF SUMVARY OF THE I NVENTION I n an exenpl ary enbodi nent, a nodeling

syst em acworoawedsge predi cts natural frequency responses i RCIUS01/28TR7 Syst ens
t hat include shrouded bell ows conponents. The nodeling system
characterizes the shrouded bellows using a standard geonetry el enent that
i ncl udes an assigned stiffness nultiplier based on 5 dynam c stiffness

conmponent ggn%%girmAI%?@pﬂggwEﬁﬁdﬁness conponent test data. In the

exenpl ary ment, e no ing system characterizes the shrouded
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i ncl udes an applied Ifeexemplatyyerbodingint, apedeling sysem| chyaislstredittdet er mi nes

the flexibildiy ffx@ﬁ&e‘%y ‘%éégﬂﬁlse? riﬁ%se;%h&eyste%hmag%a&&umméws _
regressi on equation accounts for tube system 10 di aneter, bellows pitch,
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Figure 1 is;a front schepatic jll ration qof t uhe - i.acl udi ng
15 a plural tP? ﬁx%?pq%rﬁregﬁggigneﬁlgIﬂfeonv?}s%?ethﬁg gc'ﬁs(r?%m gh%r%teélzgsatrht%%%qﬁééiﬁ‘%ﬂogvgmy si de
vi ew of a sinimpudetnted Igeomeiseelementtthattibe wmbidelesizht Sy inehadshawapplied Fi gure 1;

and Figure i.s.a flowchart of a.nmethod for nodel.in ural  freguency

r esponses iﬁext‘lﬂgg i‘lﬁ bs t%ﬁ@%‘%&ﬂg Q%S?%éje{eﬁﬁlgess - gif"?@éﬁﬂ gaﬁttgr S}fﬂﬁ Fi gure
1. DETAI LERglebsRaRebHi s Ol ben pivi- hebrésto? @qitighl raécahintssfoa tfoe apdterachemat i ¢
illustratio

of a _tybe su&;ﬂs stem 10. including.a plurality of shrouded
bel | odl 12, Samgien JSlIOWs Bt S 0eT OPFPHng REFSFUF drid dvamic System Operating
input. The modeling system facilitates accurate 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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outwardly froma gas turbine engine 14 with a plurality of rod end |inks
16. Rod end links 16 extend radially outward froman outer surface 20 of
an engi newoasiomg332. Each rod end link 16 includes a cireararsosesap 24 for
securing to tube sub-system 10. -2 WO 03/023336 PCT/USOL/ 28727 Tube
sub-system 10 includes a plurality of tubing sections 30 connected together
to forma fl ow passageway. Each rod link strap 24 secures to one of tubing

sections 30 and secuigs SMGHsitHbIMonS8ES:! QNpIdRIit0 cBN@biE Ss6éMg3@2. Each
shrouded bell ow 12, describéd in nore det aiﬁ) below, is connected in flow 5

communi cat ¢apnediest tngesher del fermenflow npisiagwar c Erdyrigd Hok st 5 SG47ERS %481 | exi bl e
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t ube sub- systwled 16:llai dB, ndeyerived meqore eltdiln belowerist epngpsied dal fl9Wdef | ect

t ubi ng sections .30. so_as N I.0S: | : 68 ;
corrpo%ent sCPHBYIE 18%2’5’“”&3’% gﬂ%&ﬁ{a&%@gg‘%@%tﬁohg%ﬂc m%g%ﬁdgﬂ %eeﬁ%?@thﬁ{fo growt h
of tubing BeChitenatidly ak-prgf engilatonopewati ediacdht gaetong ¢fstuingadd.i al |y

cut-away sjde view of shrouded. bel ]| 2 1.Q4 4.0 4 ube 34 in
1 ow commFREErTEH, BilloNs ol BESHE e&(%\éﬁ%étc.)r éﬁ?gﬂ%é}gt&rﬁépl\%ﬁﬂ %%& }?treevent s

| eakage of reghiédinkedanee physith g ésflect ubieg s@domnid Beswhimhpovpngeilaiong pi vot al
or articul ated .novenent between, t.ube 4 and.36..Fir s 15 a
first di anetemidotbsiFompeRRe Fibyose) Hggngénes é‘g %rhddg’a‘%"g&%{“ggﬁﬁg‘é”gﬂr ouded

bel | opy 12 %@Wtﬁ'@ﬁtﬁbiﬂgké&iuﬁsﬁm Oudhgengiy aeehtié whi ch  surrounds in part a
coaxi al tubular inner shroud 42. Quter shroud 40 is one piece and i ncludes

at a first end 44, integral .cylindrical slee ing to first
tube 34. Shroud 40@5‘58%1%&;’ 8}iy &utt"aga%glg%ﬁﬁweoﬁgmﬁgégﬁgﬁngﬁ% Z%péée:a spheri cal
concave anplds a @6t BBe Jnineflow kbdminkRtidmeithdesscatd taubkiitst Seudd2 a

cyli ndr cal ol ceve o4 for, LLASNG 1, 80200k RRe#Sa Y S4iR 1 el udes
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 patt a coaxial tubular inner shroud 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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spherical convex annulus 58. An outer diameter (not shown) of convex
annulus 58 is approxinmately equal an inner dianeter (not shown) of concave
annul us 580x0kB38hat 25 i nner shroud convex annul us 58 i sPCA/Gshi/ekIRT
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, pernmitting first and

d pi ece 1D NEL s
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convol ut i omﬁlﬁudsf%nbﬁae pplttomﬁogﬁﬂfeﬂﬁv&/b%‘l lows 74. 5 Figure 3 is a flowhart
100 of a nethod for nodeling natural frequency responses in tube

sub-syst ens, such a%céﬁ?wmo OASH OO 36 e for nfbah il feghbiy 1 ncl ude

shrouded bel | ows 12 own 1 n Figures 2). The method can be

practiced mspcmsesonnuﬁeaub(smtms Iamlw)s tu*sfu@h sagera 19e(playriain Kigipdis é]Pator a
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a di spl ay, a mefor y, I nput values are
chosen 110pfabigded @hex domeputea tGhor eha»zfm)t siiok as alperseyad tcemp@ﬂqmra%: eSS,  More

specificall|y, .values for d rati and
shrouded pBlughe a&éﬁ%?ﬁﬁfngtrfg ‘g) ﬁg agr e@gbq% %“ddA Oardlsélﬂ}p%g%c}fp;sﬁgr y
enbodigrent andynabs. operating condition inputs 114 include at |east data 15
representing an operating pressure and vi bratory environnent of tube

sub-system 10 ( Shoggi[tféﬂy, rv%ﬁle% ar%nc%gsze%nl ﬁ'@qh%?trgrg E‘gﬁgtlp@l)f R9E seigonet ry

i nputs 116 i ncl ude resen shown in Figure 2)
and bel | owsysteat chgadtéridecadi et epmﬁcalzy,awdnesa‘ox( Qimwmc |onerFinmJ pendition Sych

I nputs 114maf)gg ljlgf%ng shrouJeg beﬁows@eometr? 1en|p%% lqg apey 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 element 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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an operator. 20 A stiffness nmultiplier for tube sub-system 10 being
analyzed is then determ ned 120. Instead of nodeling shrouded bellows 12
(shown i nwbiogoesse 1 and 2) as spring elenments including aaTassi/gsred spring
constant that is based on static stiffness conponent test data, shrouded
bellows 12 is characterized using a standard geonetry el enent that

i ncl udes an assigned stiffness nultiplier based on dynam c 25 stiffness
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stiffness Wiklin phd mbe selge@eai @mnlytfeqlumbddbnthmppmpﬂﬂe fs@ffnas bmummer ange of

t ube sub-syst and o eratln ditions reflective of the dynamc
stiffness ‘B’é‘f%tf’gh %‘ﬁ%ﬁ%@ﬂe%‘é ﬁi%lgf:{“ﬁﬁt was based. Wthin the tube
sub-system anal yti cal nodel , the appropriate stiffness nultiplier is input
124 t0the standard Iyetberekarnypldrrglehrbwnehemmotldedllﬁzllbm tl A ereolemotesized

Geonet 1y citERen A Fentey il BeE it - Ak Crhetbandeed iR ©
mul tiplier niul@lier thadis anppplieddlekibilicy fictdrt Thé dexibility iﬁbtersf\bax ldbtethihgd factors
were determ.ned . using

nlterative e er ibility
factors by USAg E’P‘nft?‘fﬁtl‘ferfé?ﬁm‘i AP lmfl?egggeeﬁ%b b‘é{?ﬁ%ﬂgb | enent s
in a finitgeglbEfdsp@Rad YSihs the dlfBeriiainU4 Bhite element analy51s to the natural

15 frequency responses of vibratory component tests. The flexibility factors assigned to
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.



15 frequency responses of vibratory conponent tests. The flexibility
factors assigned to the standard tube elenents were varied increnentally
until thewenaloyisde€al natural frequency response of the belcramssi/es7enent
equal ed the natural frequency response of the bellows test conponent. For
exanpl e, in one enbodinent, a three inch diameter shrouded bell ows
centered on a twelve inch cantilevered straight tube section (not 20 shown)
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environnment inputs 114, operating preSsures I14, tube systemdi aneters 37

and 38, amebuliii| petarapifraghencif espPARSE oRciites odemEniag nlecatmps fioexdust ity
factors for a&hgpv\s el ements 12 included in the CF34-8 aircraft engine
e

duct systersﬁl regression equation determnes 120 the flexiblity factors

to be assigned to tube bellows elenents. Solving the finite el enrent
anal ysi s provides théqahqyedpscribemefdipemadihiseogietieridver tndcseswas- aj reraf t

engi ne ductrysysfded Abtmdd ShRG £l pRAL sEREAS hYoWRBY bélRMFRRYoughThe
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.



resulting natural frequency response facilitates determ ning |ocations for
duct supports. The above-described nodeling nmethod is cost-effective and
accur at e.wobh®23seelel i ng nmet hod sinmul ates and predicts a strcrfusesss7of
shrouded bell ows through 15 the use of a regression equation. The
regression equation, based on dynamc stiffness test data of a plurality of
shrouded bel |l ows configurations, permts the shrouded bellows to be
characteriz } rd geonetry el enent that includes an assigned
stiffness rrueﬁftl p fsg?ﬁpb%é%lg?%n the dynamc stiffness test data. As a result,
the nodeling nmethod permts predictions of natural frequency responses in
tube sub 20 systens tRatA imetiodder rradietingeehtuyell fraguency oesporsen(1d2) i b ost
effective a rel.i.abl ' t v [ egk i bed in
ternms of vapsl%o)uS 4t‘l?srfcijste)c(ﬁ:?)l gmgcgﬁrﬁ%d%h?qs&?R%geﬁgil‘%&ggﬁeﬁlﬁsbt %gj g?%ﬁ(\;/a |
recogni ze t hamprismgiheweps bbn can be practiced with nodification within the
spirit and scope of the clains. -6 WO 03/023336 PCT/US01/28727 WHAT IS
CLAIMED IS: 1. A neth - predicct 7 s (132) in
Cube sub-sysiems (10} CRAT IR SaTaRs BOMRAULR SEPAlg) alkel BIDERRE® (i d

met hod conprising the steps of. determning a stiffness multiplier (120)
frominput val ues (110ying hedlewrigpefifinges melfiplierihemodelitp piedista paipel plier in
a nodel to pﬁ‘%ﬂlﬁrﬁ: r&p&%reﬁural frequency response. 2. A nmethod in accordance
with Caiml rther conprising the step of inputting dynam c system
operating inputs (114) into the nodel. 3. A nethod in accordance with Caim
2 wherein said step of- iAnpethed mgccordangg withiClaigyIughsr sp@pasingige stepat s (114)
further compp)sess &RemilSReRlopbBMY ihpRO(13%) hRARE model.

3. A method in accordance with Claim 2 wherein said step of inputting
10 dynamic system operating inputs (114) 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 (80} and a mating

tube diameter (37) into the model.

15 5. A method in accordance with Claim 3 wherein said step of
determining a flexibility factor (120) 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

determining system stiffness (120) as a function of the stiffness multiplier.

20 7. A modeling system for determining natural frequency response
(132) of shrouded bellows (12) components, said system configured to determine

(120) a stiffness multiplier from input values (110).

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

stiffness multiplier is used to determine the natural frequency response (132).



an operating pressure and vibratory environnent into the nodel. 4. A nethod
in accordance with Claim3 further conprising the step of inputting

geonet ry wopats3secl udi ng at | east one of a bell ows pitchpC8Q)Sonesi2a nati ng
tube dianeter (37) into the nodel. 15 5. A nethod in accordance with Caim
3 wherein said step of determning a flexibility factor (120) further
conprises the step of usi ng a regression technique to determ ne the

stiffness mul tiplier. 9. 6:a ég@%ﬁ%@%?st&ﬂ it c8¥d‘38‘{%0\§1fﬂ¥]"gﬁsa'§n(gl%§&§ ' ﬁ'ter

conprising the step o g system's as a unctl on of
the stiffnessluauktlioplincdude 20eddt ode wbdeodeg salletve rpebmoetryd atparsnilié)ngndnat ur al

frequency response 132 shrou bell ows (12) conponents, said system
configured t %@E@P‘?ﬁg C)of“%ﬁlj mau%?ﬁg?'ness mul tiplier frominput val ues

(110). 8. A nodeling systemin accordance with Claim7 wherein the
stiffness nmultiplier i ubsembdbbngleyseaTHﬁimacd:dn@nnatwimaCIaﬁme&]mharpin tlesponse

(132). WO. 0 /023336 PCT/ ng E% NQLSYSLe 1n.a rdance
with d %.I m é’ ﬁ Sr SR Th &R 136/) va ugsat 8 | nc hag‘lba Iélas1 AR, 3‘5@
shrouded belahd)wbelgmar)mt]nsﬁO)nputs (116) and dynam c operating condl tion

inputs (114). 10. A nodeling systemin accordance with Claim8 wherein the

5 Dellows geortet ry [ NPty Gl AELUES ahod SR8 SARCCRm % WBRLYR SYSt em

di aneter (37) and a I"ows™ pi €l r'ng system
accordance wuyhdmiCopdranng cohditien inpotk €l 14¥innmtt et legeeanadperating preskutd. on i nputs
(114) include at | east an operating pressure. 12. A nodeling systemin

accor dance with O aimp WSHElfad Bserl Jy SLELAAEE SULIR!4 Sihclch 3l Ust a0t e

such that a dynam c stiffness hr ou I's selectively
vari ablle. stiffness multiplier is adjustable such that a dynamic stiffness of the shrouded bellows

(12) is selectively variable.

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

stiffness multiplier determined (120) using a regression technique.

14. A system for determining natural frequency response (132) of
15 shrouded bellows (12) 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 (120) from input values (110).

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

20 (110) include at least one of shrouded bellows geometry inputs (116) and dynamic
operating condition inputs (114), the shrouded bellows geometry inputs including at

least one of a tube sub-system diameter (37) and a bellows pitch (80), 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 (12) is

selectively variable.



13. A nodeling systemin accordance with Caim8 wherein the stiffness
multiplier determned (120) using a regression technique. 14. A system for
det er m niwg maaeissal frequency response (132) of 15 shrouded/usel/bsres (12)
conponents, said system conprising a nodel configured to predict the
natural frequency response as a function of a stiffness nmultiplier. 15. A
systemin accordance with Caim 14 wherein said nodel further configured
to determi ne the stiffnpes iplier 0) - £ reQm i . . 16. A
systemin accordance vl\ng't hg ale%nn %L%E#%n%%tﬁe&%dpgg%}ﬁ%gﬁé5%%%%0)

i ncl ude at |mwelspliovdeteohinghf{l30)dethgletressongesbmge.y i nputs (116) and dynamic
operating condition inputs (114), the shrouded bell ows geonetry inputs
including at least o o) I bel | ows
pitch (80), the dynarriqg' 05’ rt%ﬂtf?ﬁgaé%bg%%ﬁ&g@?‘h%gﬁgq%}heg%%é?ézgggt@sl east an
oper ati ng prtegmigue corjrisef\a sagsdseinm equatiecor dance with C aim 14 wherein the
stiffness 25 nultiplier is adjustable such that a dynamc stiffness of the
shrouded bellows (12) is selectively variable. 8 WD 03/023336

PCT/ USOL/ 28727 18. A systemin accordance with Claim 14 wherein the
stiffness nultiplier determ ned (120) using a regression technique. 19. A
systemin accordance with Caim 18 wherein the regression technique
conprises a regression equation. 9



