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ABSTRACT 

A two and one-half year progra waa conducted to inveatigate the 
tilt• dge bellow• concept, This involv d the idea that the str ••sat th 
convolution root and crown welds of a welded bellow could be inimized by 
appropriately tilting the convolution 11id1urfaces near th9 root and crown. 
Th r 1aarch rrogram involved an extensive theoretical analysis of various 
convolution cro•~••ectional 1hapes to opti ize the shape with respect to 
the uximum ltreu II well II the veld bead streues, A part icu lar optimized 
bellow• wlth a 3,5-inch OD vii fobricated and t 1ted. The results of the 
tHtl v rifled that th t1lt-edg bellow• had sup rlor fatigu resl1t1nce. 
Further, the fatigue failure, occurred at position• away fr0111 the welds which 
verified that th weld bead 1tre1se1 were small. Elimination of fatigue 
failur • at the convolution and end fitting welds alto r sulted in reduc d 
1catter in bellow• fatlgu lif . This should allow fatigue lif prediction• 
to b ude with gr ater confid nee for tilt• dg bellow• than for conventional 
welded bellow• d aigna. 
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Bellow• Axil 

Bending 

Chord An le 

nt 

Circ\lllfer nti 1 
Direc::ion 

Conv<J lut ion 

Crown 

Diaphragm 

Plat 

ID 

Inner Surface 

GLOSSARY OP WELDED BELLOWS ERMS 

- C nt rlin of th b llows 

- B nding couple acting on the b llows ta point. 
Thi couple i obtain d by integr ing th rough 
the thickness of the bellow• the stre s a nti­

yam trically di trlbuted bout the b llows 
midaurf ce. 

- Rings clamped onto p ir of b llowe di phr gms 
adjacent to th point in which the diaphragms ar 
to b ld d together. Th se rings act heat 
sinks during th ld i ng op r tion . 

• The n le subtended b tw en the cone pas ing through 
the ID and OD w ld beads of ab llows 1 f and the 
plan paasing through the ID weld bead of the 1 f 
normal to the bellow axis. 

- Direction tangent to th circle of int rs ction 
b tween the bellows midsurf ce and the plane dr wn 
normal to the bellow axi. 

- One of a set of identic 1 elements of a bellows. In 
a weld d bellows, one convolution is compoaed of 
two leavee. 

- The point of maxim diam ter of a bellows 
convolution. 

- On of a pair of 1t81Dped annular rings that are 
to be lded tog ther at the ID to form a bellow• 
convolution. 

- Th straight sections of aw lded b llowa diaphragm 
adjac nt to the ID or OD ld. Theae section• are 
mad without curvature 10 that the chill blocka 
can make intimate contact with the diaphragm• during 
th ldin operation. In conventional welded bellow• 
bellow•, the "flata" are tr ly flat and perpendic­
ular to the b llowa axil. In th tilt-edge bellows 
the "flat•" are, in fact, • gment• of cone•. 

• lnlid Di 

- Surfac of the bellow• leaves that would be 
wett d by a fluid filling th bellow . Berauae 
of th way that the ahelh are defin d for comput r 
program NONLIN, thh ii aho th surfac in the 
dir ction of th "inner normal0 for all of th 

th matical model• uaed in NONLI in thie r ae rch 
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Leaf 

Membrane Force 

Normal Direction 

OD 

Outer Surface 

Pitch 

Root 

Span 

Spring Rate 

Strain Range 

study. 

- One half of a bellows convolution. The terms 
"leaf" and "diaphragm" are euentially inter­
changeable. However, "diaphragm" will be used 
in this report to denote the stamped rings before 
they are welded together. The term "leaf" will 
be used to denote the same stamped rings after 
they have been assembled into a bellows. The 
terms "upper leaf" and "lower leaf" will be used 
to denote the upper and lower leaves of a con­
volution welded at the ID when the tilted edges 
of the convolution are sloping downward. 

- The resultant force acting at the point of the 
bellows in the direction of the midsurface of 
the bellows. This force 1s obtained by integrating 
through the bellows thickness the stresses that 
are syumetrically distributed about the bellows 
midsurface. 

- nte direction along the normal drawn to the bellows 
midsurface at any point. 

- Outaide diameter. Bellows will often be identified 
in terms of the nominal OD in the text. Thus, the 
term 3-inch bellows will mean a bellows with an 
OD of approximately 3 inches. 

- The surface of the bellows leavee on the out1ide 
of the bellows. Aleo, the shell 1urface in the 
direct!on of the outer normal. 

- Axial length subtended by one convolution. The 
pitch may be meaaured 81 the diltance between the 
centers of two adjacent crown weld beads. 

- nte point on the bellows convolution having 
minimum distance from the axis. 

- '11le radial distance subtended by a bellow• 
convolution. Span• 0.5 (OD - ID) 

- The ratio between the axial force applied to a 
bellows and the axial deformation of the bellows. 

- Th total difference in the strain imposed at a 
point of the b llow1 over a half cycle of a fatigue 
teat. For a deflection fatigue test the strain 
rang is the difference between the str in measured 
(or calculated) at the point of maximum axial 
compreHion and the strain at the point of maximum 
axial extension. 

xvll 



Sweep 

Sweep Radius 

Surf ace S t reH 

Tilt Angle 

- A corrugation formed into the bellows diaphragm. 
It u1ually consists of a egment of a torus. 
Bellow• may be formed of one or more awe~ps and 
are often characterized in te-·..-ms of the number 
of 1w eps. ~oat of the bellows in this s:udy 
are 3-aweep b llows. 

- Ule toroidal radius of a sweep. (Not the cylindrical 
radius of the torus segment.) 

- Stresa 1n the surface fibers of the bellows thick­
ness. The surface stress is obtained by adding 
together the stresses due to the membrane forces 
and bending moments. 

- The angle between the outer normal for the conical 
section (flat) at the bellows root or crown and the 
bellows axis. For zero tilt angle the flat is 
normal to the bellows axis and thus the normal is 
directed along the axis. 
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SECTION I 

INTRODUCTIO 

Und r USAF Contract No . 04(611)-10532, an extenlive expert ntal 
and the ret ical study wae de o formed and wel~ db llows and of dia­
phrag111. As d scrlb d , AFRPL i port T 6 -22,(l) on of th jor : onclu-
1ioat of this study wa1 t hat w lded bellow , as thy wer bin ad , were 
unrellable under cyclic load condition 1 adtng to fati u failur • Th 
scatter in the fatigue life data was 10 great that no anin ful corr lation 
could be obtained b tw en asured fatigu lie and ei the th th or tically 
pr dieted, or expert nta lly asur d maxl stra i ns . 

It wa apparent that the reason for th rratic fati u havior 
of weld d bellow• was that the maximu strains occurr d at th w ld1. Thus 
one of the deter ining factor~ in establi hing th fati gu ltf, of a w lded 
bellow• was the quality of the weld in op ration. It was known that even the 
highest quality welds degrad the material in the heat affected zon • 
ad j acent to the welds. FurtheT, th re is a considerable variability to b 
expected in the quality of the weld• that are made on thin mat rials v n 
with t e best po 1ibl welding practices . 

As a re1ult of a theoretical study of 't lded b llowa d • i n 
carried out under the abov mention d contract< 1>, a pr i in~ id a for 
changing the shape of the welded bellows cross sec tio was di acovered. To 
describe this ahape change, it is fi rst not d tha t w ld d b llows are for d 
with flat 1ection1 (called "flat111

) at th root and crown of ach 1 af . 
These flats are intended to mate with relativ ly h avy ring• which act aa 
heat sinks for the b lows when the root and crown weld are ude . 

In conventional welded bellows, the flat• ar normal to th 
bellow• axis. Aa not d above, the maxi llll strains in auch b llowa occurred 
at the wdda. By theoretical analysis, it wa shown that t llting th b 1 ow• 
flats at an ongle to the bellows axi1 could drutically reduce the stre11es 
at both the root and crown welds. 

Although this study was entirely theoretical, lt show d that the 
eff ct of ilt ng th convolution dgea (which will henceforth be call d 
the t i lt-edge effect) gave promi se of eliminating ffiny of th di1advant age1 
descr i bed above for welded bellows. On th ba is of thi1 study, t he Ai r 
Force Rocket Propul1ion Laborat ry init iat d a new contract with Bat t lle• 
Col bu1 in January, 1968, to conduct th oret ical and xp ri ntal inv 1ti a­
tiona of the new tilt-edge weld d bellows cone pt. 

The t ni tial ph11e of th research study consist d of a theor tlcal 
para et r study t o d termi ne by c ut r an1ly1ia the ff eta of chan ln tilt 
angles, span. pltch, and sweep radiu , on th perfor nc charact riltics of 
tllt-edg w lded b llows. Thi tudy d monstra ted that ti lt an l I could b 
found whic h inimized the w ld stress s for th ran of b llowa para ra 
studled. Aa a con quence of this param tr study, lt was det r~ined that 
the reduct i on in •tr ssea at th root and crown w da inly r ul d f r 
• r duction of the b nd lng tr • •. Fer conv nt onal b llowa th str 11 1 
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at the weld pr doai.nantly b ndln 1tre11 •· Th 
ndln 1tre11 • at th v ld wer 

optl til ngle• 
inimiz d or ell inated. 

Th • cond phaa of the r • arch contract involv d he d sign of an opti confl uration for a J.~-inch til - dge b llow,. A nub r of theae bellow• v re f.lbricat d and t ted. Th re ult of th tests verified that th tilt- d d sign ould p rfo • pr dieted by th th oretical analyei.1. In par icular, fatl u fallur at th welds wa, 1u1~ressed and fati u liv • w r dra ti.call in teas d. 

Th pr• nt report• riz • th entlr r aearch pro ra and iv11 uny r 1ult1 of th theore ical and xp ri ntal anal/ ea conducted. At a r •ult o thi1 inv sti ation, it w•• conclud d that th tilt-edge b llowt cone pt doe, ind d pr it design of sup rior welded b llows. 

Two app ncHc • ar lnc lud d in this report. Append ix A d scribe, a de all d i nv •ti ation of th atr 11 • in th n ighborhood of the veld bads. App nd lx B giv •ad ecription of 10 n subroutines developed in thil progra111 to 1 prov th capability of Pro ra NO LIN, 
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SECTION II 

ANALYSIS OF GEOMETRIC .PARAMETER VARIATIONS 

Welded bellows have so many design parameters that it would be 
proh ibitively expen.sive to conduct a complete parametri,c st udy. Incomplete 
bu t extens ive parameter studies of conventional we lded bellows have been 
made previously with somewhat inconclusiv,e results(2). Nevertheless, a 
li ited para tric study of tilt-edge bellow was considered necessary in 
t he present study to determine the range ,of a.,iplicability of the tilt-edge 
bellows concept. Such a parameter study was also necessary to achieve a 
sufficient understand ing of t he concept t o permit the design of tilt-edge 
bellows with optimu performance. An initial inves tigat ion was direc ted 
t oward studying the effect of changing tilt angles on the stress distribu­
tions near the welds. Subsequent investigations considered the effect of 
changH in certain bellows dimensions on .he s tresses at the welds and on 
the angle of tilt necessary to achiev,e min i mum stresses at the welds. 

In this section, a description will be given first of the study 
of the effects of vary i ng the tilt angles at the root and crowns of 2, 3, 
and 4-inch bellows, each with three sweeps. Following this, investigati.ons 
into the effects of changing span, sweep radius and convolHtion pitch are 
described. Unless otherwiu noted, the thickness wa taken to be 0.005 
inches in all bellows described in this section. 

Nomenclature for Tilt-Edge Welded Bellows 

A physical understanding of the various parameters used to describe 
tilt-edge welded bellows is iinportant in order to appreciate better the 
effects of these parameters on the stress-deflection behavior of the bellows. 

Figure l shCY.rs the cross section of a si.ngle convolution of a 
typical three-sweep, tilt-edge welded bellows, and the major parameters 
studied in the present investigat i on are indicated. The ter "three sweep" 
denotes the number of toroidal sect i ons (three) used in a leaf of the 
bellows. Conical segments , called "flats", are a t the inside and outside 
diameter welds. These flat surfaces are required so that the chill blocks 
used in the welding process can make full contact wi th the bellows leaves 
and thereby effectively absorb the heat r.reated durinR welding. During the 
present study, the sweep radi i of the curved sections were normally assumed 
to be the same for all sweeps in a leaf. Finally, it is noted that the chord 
angles of the diaphragms are meas ured in a posit i ve sense from the horizontal 
in a countercl~ ~kwise directio. 

Figure 2 shows the cross section of a co.'llplete convolution with the 
dimena i.onal parameters which wer i: used to define the mi.dsurface configure• 
tions of the tilt-edge bellow ti> be d i scussed i n this report. These 
measurements are consls t nt ith the required input data for Battelle 's 
computer program NONLIN. NONLIN was used to perform the theoretical des ign 
studies reported here in . Note that the outer norma 1 points down for the 
upper lea f and up for the l ower leaf. In shell par ts 2, 4, and 9 the 0•1 ter 
normal points to the sweep c~nter of curvature . For these sweeps the radius 
is entered in NONLIN as a negative value. 
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Figure 3 depicta the typical mathematical model uaed to repreeent 
each bellow• 1tudi d, The model consisted of four leaves (two convolutions) 
10 that the 1tre11e1 in the second and third leaves would not be aff cted 
by t he boundary conditions imposed at the OD of th upp rand lower leaves. 
Cylindrical ring• were used to represent the weld beads a both the inn r 
and outer leaf junctions. The lengths of the cylindrical sec ti ons were 
taken equal to the vertical distance between the centerlin of the upp r 
and lower leaves at each weld. Normally, each leaf had three sw eps of 
equal radius plus conical segments at inside and out ide nds of each l af, 
In all cases, th bellows models were subjected to both an axial d fl c tio . 
loading and an internal pressure load i ng; calculat i ons were made us i ng 
linear, ela tic, th i n shell theory, 

Determination of Optimum Tilt Angle for 
Tilt-Edge Welded Bellows 

As stated earlier, Battell 's previous study of w lded bellows 
demonst ·:ated that tilting the flat sections of the edge of a welded bellows 
would Leid to significant reduction in the stress levels near th root and 
crown diameter welds. Because of th importance of inimizing thew ld 
stre ses to achieve an "optimum" bellows design, the present study began 
with the investigation of the effects of inside and outside diam ter tilt 
angles on the weld stresses in specific welded bellows shapes. 

The previous study of the 4-inch, three-sweep ~ellows show d that 
the variations in the tilt angle at either the root or the crown had little 
effect on the stress di1tributions elsewhere in the bellows if the tilt 
angle was more than about 3d'. Full use was made of this characteristic in 
a preliminary study of the e fee ts of tUt angle on the weld stre11ea. In 
thi• preliminary study, models were set up a1 shown in FigurJs 4 and 5. 
The1e mode ls consisted of the conical aec t ion11 and parts of the toru 
sections nearest the root and crown welds. Models with tilt angles from 
35° to 6cf were analyzed for preuure loads and also for axial defl ction 
loads. Membrane forces (Ni, N2 , N3, N4) and bending moments (M1, M2, M3, '¼) 
taken from the analysis of the 4-inch bellows with 31' tilt angles were 
applied to the dges of the models. The results of this study r.o:nbined with 
the previous analysis involving lower tilt angles are 1u1111:1 r ized in Figures 
6 through 9. These figurP-1 show the ratio of the urface 1tre1se at the 
welds to the maximum surface 1tre11 in the convolution (surface streu 
reduction ratio). The existence of tilt angles giving minimum ltress 
conditions is clearly indicated. Although the angles for inimum str saes 
in the upp r and lower leaves for preuure and deflection load • were not all 
the same, ID and OD tilt angles greater than 4s' gave suitably low 1tre11e1. 

The surface stres1e1 in Figures 6 through 9 are the 1um of the 
bending stre11 • and the membrane 1tre11e1. It ii recalled that the 
membrane streu ia constant through the thickneu while the bending 1tre11 
ii antisymmetric about the b llows midaurface. An examination of the 
Figures shows that the large stresses at smaller tilt angle, were almost 
entirely the result of bending 1tre11e1 sine the inner and outer surface 
1tre11e1 are almost equal in magnitude and of opposite sign. 
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The point at which the inn rand outer stress curv a cro sis th 
point 4f zero bending ■ tr 11. It ls clear hat thi 1 the opt imu tilt 
angle for th particular loading condition. Although the stresaes for th 
conventional b llowa with zero tilt an lea are not hown, it was determln d 
that 1tre ■se1 for these b llowa were predominantly bendin. atr au. Thus 
th eff ct of incre11ing tilt angles was tor duce th bending str saes at 
th weld. At th optimu tilt angl the bendin atr sea w r eliminated 
and th load wu transferr d fro one leaf o the next by m mbr ne action 
only. 

At th hi h r tilt an lea, the crouover in th sign of th 
aurface atre11es indica.t d a rev raal in th b nding mo nt. Thea rev reed 
b nd1n enta tend d to bend the leav t oward each oth r. Since th 
l aves ver alr ady in contact along the flat , th is rev n d b ndin was 
auppr Hed and th atr a e at the weld• ere t her by cons id rably reduced. 
If leaf contact wH not ar:count d for in th theory, th p edicted weld 
atr HH were alway• con ervativ . Because of thi pt was mad to 
account for th eff cu of the leaf interference a xc pt i.n the 
final de■ ign. 

In further atudiea of the tilt angl eff cts, computer analyaea 
wer carried out for mod la of 2-inch and 3-inch b llow1 lt.h various tilt 
anglea. Thea studies u1 d mod ls having twt> complete b llowa convolutlon1 
H ■hown n Figure 3. Table l U.1ta th dimen1ion1 of a 2-inch bellow• with 
4cf ID and 45° OD tilt an lea. Table 2 ll1t1 the di na on of a correaponding 
3-inch bellows with 4f ID and sa:>oo tilt anglee.* Analyse• wer de of 
other bellow• identical to these except fo the tilt angl • and th length■ 
of the conical section1. Item indicated by Ht riakl tn th tables mu1t be 
changed to cha.nge the tilt angl . In each ca■ e the leng h of the conical 
1 ction wu ch01en to give th aame OD and ID H the bellow• 1hown in 
Tablea 1 and 2. 

"Table■ 1 and 2 lilt bellows dimenlion1 tn th format u1 d for input into 
coa1t r pro ram NONLIN. The column• with heading 'Outer or 111 bive the 
angle betwe n th outer normal and th upward bell I axil. Th ae anglea 
are meuured at the initial and final nda of the b llow part wh u going 
in th dir ction of integrat on taken in NONLIN . Thia dir tion la fr011 
OD to ID on the upp r leaf and from ID to OD o the low r l af. For co teal 
and cylindrical part•• th outer normal has constant Jir ctlon. Thus, the 
final angle ia not need d. The column h ad d "•" and "b" list values of 
th radial di en1ion1 4 • drawn in Figur 2 or th ah 11 parts. Aa indi­
cated arlier 1 n gatlv valuea of b2 , b4 , and bg an that tn outer normal 
point• toward the center of curvatur of the■ toroidal sh 11 section,. 

11 



TABLE l. DIMENSIONS OF O CONVOLUTIO OF MATHEMATICAL HODEL OF A 2-I H 
TD..T-EDGE WELDED BELLOWS , SPAN• 0.3536 INCH, THICKNESS• 
0.005 INCH 

Part Shell Outer ormal 1 degr e Radii 1 inches 
No. ype Inlt 1 1 Final b 

Upper Leaf 

1 Conic 1 225* 1.04480 .02974* 

2 Toroidal 225* 145 .96165 -. 08785 

3 Tor<;idal 145 205 .86085 .08785 

4 Toroidal 205 140* .78665 -.08785 

5 Conical 140* .73020* .05088* 

mW ld Bead 

6 Cylindrical 90 .69120 .00652* 

af 

7 Conical -40* .69120 .03360* 

8 Toroidal -40* 35 . 77335 .08785 

9 Toroidal 35 -25 .87415 -.08785 

10 Toroidal -25 45* .94835 .08785 

11 Conical 45* 1.0147* .04850* 

12 Cylindrical 90 1.04480 0.00707* 

* The•• diaen1ion1 vary a1 th tilt angl I t the in1ide and out1id 
di meter, are changed. 

12 
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TABLE 2. DlMENSIONS or ONE CONVOLtrrIO O MA'fflEMATICAL MODEL OF A 3-I CH, 
TU.T-EDGE WELDED BEL~S. SPAN • 0.5304 INCH, nucmss • 
0.005 INCH 

Part Sh 11 Outer ormal 1 de •• No. Type fnitlil F I 

Uel?!r Leaf 

1 Conical 230* 1.56720 .03697* 
2 Toroidal 230* 145 1.44247 -. 13177 
3 Toroidal 145 205 1.29127 . 13177 
4 Toroidal 205 135* 1.7997 -.13177 
.s Conical 135* 1.08679• .07070* 

ID 

6 Cylindrical 90 1.03 80 .00707• 

1szwer L f 
1 Conical -45 1.03680 .04252* 

Toroidal -45* 35 1.16002 .13177 
Toroidal 35 -25 1.31122 -.13177 

10 Toroidal -25 50* l.42252 .13177 
11 Conical O* 1. 52347 * .06802* 

OD Weld ad 
12 Cy l lndr ical 90 1.56720 .00778* 

* Thete d imen1 ion• vary as the tilt angle• at th- insid and outside 
diaMten ar changed. 
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Tabl H 3 hr ough 6 list ca lculat d rid ional and clrcu f r ntial 
sur f ce atr a• on th upper and lower b 1101111 leave at th w ld for 
2-inch b 11 1 with d ffer nt ti l t ang l . Tabl • 7 throu h 10 it 
simi lar atr 11e1 f or 3- inch b l l owa. Th tea s • du to axia l ' ~ad ~ng a re 
iv n f or an auu ed unit c r uion pr .mlt 1 nth of (i. ., 

1- lnch d fl ction for a l•inch l ong b llows) . r sur re given 
for a 1 pai pr 11ur load . For c ari on, r ne ren e of ~xi u be l l ow 
1tr H I for each particular l oad condi ion is li ted under ach table. 
Thia xi trea always o curr don on of th bellow we p . 

th 
tabl es 3 and 5 show a ini u d flection tr 

U owa for ID tilt angl a b tw en 4~ and scf 
n 5 and sf. In contra t, the pr ur str s 
tly v n a th hig, t calculated tilt an les. 

es t nd d to 

A at.udy of Tabl a 7 thr ough 10 indica t s that the pti u ID tllt 
angl vae 4f and th opti OD tilt ngle va scf f r th 3-inch b llowa. 
A compar i aon of th t a bula t d we ld tre s vith the ximu b llows at r , a 
l i sted und r ach t abl shows that significan t r duc tion of t h w ld s t reasea 
VH achl v d a t ach opti b d ti t angl for both 1 ading conditions . 

From t he reaulta of thls s t ud y, it wa dct rmin d that opt i m 
tilt an lea could b found tha t aves ni f i cant reduction i n welds re11e 

I for both pre11ur loads and axial d f lection l oads. I n fac t , thew ld 
atr II reduc t i on• are of safficient ma gnitude t ha t c pl t prev nt l on of 
w ld failures could be expect d in b llows de with th op t imum tilt angles. 

Eff e t a of Var i at i ons in Span 

I n g n ral, incr Hing t he span of a convent l ond welded bellow• 
deer a1e1 the axial deflection 1tre11es and increases th stresses du to 
pre11ure loading. These e ecta on the s t r II levels are well known to the 
unufactur n and des guera of such bellows. Such knowl dge i s often 
applied wh never a designer wiahe to i ncreaae the def l ect i on capa bility of 
a given llowa for ~hich low de ign pressures are 1p cif i ed. 

To study the eff ct of changing span for th til t -edge welded 
bellows, 3. 5-i ch ath matical 1DOdel with a span of 0.6188 inch was 
analyzed. The re ults from thi1 analys i s w re compared with resulta 
obtained for a 3.5-inch bellows with a span length of 0.378 inch. The 
tilt angles at the ID and OD for both s i zes were 45° and 50°, respectively. 
The 1.:pper and lo r leaf chord angles w re +5 ° and - 5°, respectively , for 
both b llova . The sw ep radii nd the pitch for the bellows with 0.6188 
inch span were slightly larger than for the s cond b llows. Stres ea 
wer compared for both internal pressure and for x ial deflection loadings. 

Figur 1 10 t hrough 13 ar computer machine plots of the outer 
aurface rld ional stresses for the upper and lower leaves of the two bellows 
modela. Becau1e of the somewhat unconv ntional nature of the plota, t hey 
will b explai n d ins detail here . It is noted t hat t hla same for a t 
will be used throughout t he r mainder of th is report for plott i ng t he 1tre11 
distribut i ons . 
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TABLE 3. MAXIMUM IN. IDE DIAMETER WELD STRESSES IN A 2-INCH• 
TILT-EDG WELDED BELLCMS, UNIT AXIAL CC11PkESS ION PER 
UNIT BELLCMS LENGTP. 

ID Tilt Angle, Meridional Stres 1 2e i Circumferential Stress, 
degrees Inner Outer Inner Outer 

40 Upper Leaf 51,500 -59,500 20,600 - ,800 

40 Low r Leaf 29,700 -21,600 30,800 8,900 

45 Upper Leaf 31,000 -38,800 19,200 3,700 

45 Lo r Lea 16,800 -8,800 27,600 14,400 

50 Upper LE'lf 34,200 -42,200 26,200 9,300 

50 Lower Le 3,800 4,800 38,400 32,500 

Max lmU1J1 bellows tresa for all caaf',S was be tween 156,000 and 175,000 pa i. 

TABLE 4. MAXIMUM INSIDE DIAMETER WELD STRESSES IN .\ 2-INCH, 
TUT-EDGE WELDED BELLOWS, INTERNAL PRESSURE OF 1 PSI 

ID Tilt Angle, Me rid onal Streu I est Circ\Dllferential Stress 1 
degrees Inner Outer Inner Outer . 

40 Upper Leaf 690 -820 440 40 
40 Lower Leaf 440 -310 520 230 
45 Upper Leaf 440 -570 380 120 
45 Lower Leaf 300 -180 450 260 
50 Upper Leaf 400 -520 390 150 
so Lo r Leaf 2 -4 460 370 

Maxinn.111 bellows stre11 for all cas s was -1030 psi. 
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TABLE 5. MAXIMlM OUTSIDE DIAMETER WELD STRESSES IN A 2- INCH, 
TILT-EDGE WELDED BELLOWS, UNIT AXIAL C(l,{PRESS ION PER 
UNIT BELLOWS LENGTH 

OD Tilt Angle, 
degreea 

Meridional Stress, psi Ci rcumferential Stress, ps! 

45 

45 

50 

50 

55 

55 

Inner Outer 

Upper Leaf -25, 800 

Lower Leaf -50,700 

Upper Leaf -16,300 

Lower Leaf -36,400 
Upper Leaf -8,200 

Lower Leaf ·-40, 900 

30,700 

45,900 

2:,200 

31,600 

13,500 

35,900 

Inner Outer 

-19,800 

-23,600 

-19,200 

-23,200 

-28,600 

-30,500 

-6,700 

8,900 

-11, 300 

400 

-26,000 

-3,800 

Maximllll bellows stress for all ceses was between 156,000 and 175,000 pai. 

TABLE 6. MAXJMtJ,t OUTS IDE DIAMETER WELD STRESS IN A 2-IO, 
TU. T-EDGE WELDED BELLOWS, INTER.NA:. PRESSURE OP l PS I 

OD Tilt Angle, Meridional Stre11, 211 Circumferential Streaa 1 degrees Inner Outer Inner O 1ter 

45 Upper Leaf 370 ~460 390 180 
45 Lower Leaf 700 -620 460 30 
50 \Jpper Leaf 270 -360 .360 200 
50 Lower Leaf 530 -450 420 100 
55 Upper Leaf 150 M230 370 290 
55 Lower Leaf 500 -420 420 120 

Maxim1.1n bellows streaa for all cases was -1030 psi. 
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TABLE 7. MAXIMUM INSIDE DIAMETER WELD STRESfiES IN A 3-INCH, 
TILT-EDGE WELDED BELL<MS, UNIT AXIAL C(){PRESS ION PER 

UNIT BELIDIS LENGTH 

ID Tilt Angle, Meridional Stress 1 psi Circumferential Stress, psi 

degrees Inner Outer Inner Outer 

35 Upper Leaf 22,600 -28,300 ll ,600 -200 

35 Lower Leaf 7,900 -2,100 15,900 9,3uo 

40 Upper Leaf 10,300 -15,600 10,800 6,200 

40 Lower Leaf -4 . 600 10,000 14,900 16,100 

45 Upper Leaf 1,400 -6,200 10,700 11,300 

45 Lower Leaf -14,000 18,900 14,600 21,700 

Maxim bellows streu for all cases was -119,000 psi. 

TABLE 8. MAXIMtM INSIDE DIAMETER WELD STRESSES IN A 3-INCH, 
TILT-EDGE WELDED BELi.CMS, INTERNAL PRESSURE OP 1 PSI 

ID Tilt Angle, Meridional Stress 1 esi Circmferential Streu 1psi 
degrees Inner Outer Inner Outer 

35 Upper Leaf 950 1,170 640 80 

35 Lower Leaf 490 260 700 390 

40 Upper Leaf 570 -780 560 220 

40 Lower Leaf 105 110 600 530 

45 Upper Leaf 280 -480 500 330 

45 Low r L af -190 390 530 650 

Maximum bellows stresa for all cases was -1790 psi. 
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TABLE 9. MAXIMUM OUTSIDE DIAMETER WELD STRESSES IN A 3-INCH 
TILT-EDGE WELDED BELLCMS, UNIT AXIAL COMPRESS ION PER 
UNIT BELLOWS LENGTH 

OD Tilt Angle, Meridional Streas 1 psi Circumferential Stress 1 degrees Inner Outer Inner Outer 

40 Upper Leaf -22,900 19,400 -13,400 1,400 
40 Lower Leaf -5 sop ' • 

9,400 -9,800 -7,400 
45 Up.. r Leaf -14,300 11,000 -13,300 -3,700 .. 
45 Lower Leaf 2,900 500 -10,100 -12,800 
50 Upper Leaf -7,300 4,300 -13,300 -8,000 
50 Lower Leaf 10,100 -7,000 -10,600 -17,600 
60 Upper Leaf 700 -3,200 -15,000 -14,700 
60 Lower Leaf 18.900 -16,400 -13,800 -25,800 

Maximum bellows 1tre11 for all casu w11 -119,000 pli. • 
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TABLE 10. MAXIMt}I OUTS IDE DIAMETER WELD STRESSES IN A 3- INCH, 
Tll.T-EDGE WELDED BELL~S, INTERNAL PRESSURE OF 1 PSl 

ID TU t Angle, Meridional Stress. esi Circ ferential Stre 1 1 2•! degreea Inner Outer Inner Outer 

40 Upper Leaf 950 -800 650 80 
40 Lower Leaf 360 -510 500 290 
45 Upper Leaf 680 -540 590 190 
45 Lower Leaf 100 -240 460 400 
50 Upper Leaf 470 -340 560 280 
50 Lower teaf -110 -210 430 500 
60 Upper Lea.f 190 -70 550 450 
60 Lower Leaf -410 290 460 690 

Maximum bellows streu for all CHU WH •1790 pli. 
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The figures show stress curves ov rlaid on curves showing th id­sur ace shape of th b llows 1 aves . Crosses w r plot t don the b llows leaf curv s to show the points of intra ction of adjac nt shell parts. Thea cro sea serve to show th nub rand plac nt of the shell parts u ed in th thematical model. The cross• 1110 ar an aid in !d ntifying which of the curv sis th bellows leaf. 

Th curves showin th 1tre1s s were plott din te of th diltanc fr th shell idsurface. Th l ngth alon the no 1 drawn from 1 point on th b llowa idaurface to the stress cur is proport i onal to t h 1tre11 at that point of th idaurface. Positive stress w re drawn in t h dir ction of th outer no l, N gative 1tre11 • w re drawn in the di r ction of the inn r normal. As ntioned previou ly, the ter nor 1 points down­ward for the upp r 1 af and upw•rd for the low r leaf. 

The seal ua din plottin th str s I was aut tic lly c1lcul1t d by th co utin pro ra 10 that th length d pictin he xi a r • on the curve was leas than the local radii of curvatur. Thia p mitt d th atr 1ae1 to be f'lott d II smooth curv a. B caua of this, th scale factors uaed to plot tbt curv • turned out to b quit arbitrar). Inst ad of showin these 1c1l factor,, it 11 d cid d to show valu a of atr 11 axi . Th ae xima w re typ don the fl urea for ach str •• curv. 

Th ord inate nth figur a how, th axial diatanc in inches of the points of th bellows l av I from the upp rend fittin of th two convolution math tical model (Fi ur 3), A• mentioned arlier, th center two leav • ahown in Figure 3 were choaen for atudying th 1tre11 1 in typical bellows convolution,. Thu1, according to the definition adopt din thia r port, 1 af 3 of th 1111th matical mod 1 w11 choa n 11th upper leaf on which 1tr 11e1 ar giv n. Th corr •ponding low r 1 af v11 choa n 11 leaf 2 in Figur 3. Becaua of thh choice of 1 avea, the axial coordinat for the "upper leaf" (1 If 3) in igurea 10 throu h 13 ind icat that it vaa actually b low th "low r leaf" (leaf 2) in the 1111th matical model. 

The 1tre11 plots in Figure, 10 through 13 1how that the b llowa with the longer 1p1n had lower max 4\ID atr •• 1 than th short r span bellow, for the 1am r lativ axial cc.pr 11ion and higher 1tre11e1 for th 11 int rnal pr asurea. Thua, chang I in apan hav th 11 effect on xi m atr 11e1 in tilt- dg bellows•• in the conv nt ional b llowa. Thia r ault should h lp in th d aign of tilt•ed e bellows since b llowa des i n rs can ua th span to tailor th characteriltica of tilt-eel e Uowa in th way that they hav alway, ua d the 1p1n for deaig , of conv nt onal b llCM. 

Inv atigatlon of Sweep R1diu1 Variation 

n inv atigation of the ffecta of ep r•diua variation vaa con-ducted for th 3-inch, and 3. 5-inch, thre -aveep bellow,. For th 3-inch b llowa with a 0.5304-inch 1p1n, aw ep radii of 0.1186-, 0.1318-, and 0.146-inchea were auum d. ID and OD tilt angl I v r 45' a d scf ~ r ap ctively. For th l.5-inch b llowa with a apan of 0.37 inch, av ep radii w re 0.07 and 0.10 inch •. Two 3. 5-inch bellow• mod ls ver analy1 d for ach ave p radiua. One bellows had qual ID and OD tilt angl a of 55'. Th second b llova had qual tilt anglea of 6cf. All b llowa had *S' chord an 1 1. 
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It can be aeen from the above di nslona that. the 3-inch bellows had sweep 
radlua to apan ratios of about 0.22, 0,25, and 0.27 while the w ep radius 
to apan ratio, of the 3. 5-lnch bellows were 0.19 and 0,27. Thu , the 
relative degree• of flatn as of the aweep I ctions of the two sets of 
bellows were comparable, (Rowev r, the ov rall curvature of the convolutions 
for the 3.5-lnch bellows was greater than that of the 3-inch bellows because 
of th larger tilt angles.) Solutions for all geom trie were obtained for 
both axlal deflection and pressure loadings. 

F gurea 14 through 17 show the out r urface, ridional stress 
diatributlons in the upp rand lower leaves of the 3-inch bellow with sweep 
radll of 0,1186- and 0.146-inche. Results for th 6ef' tilt-angle model of 
the 3.5-lnch bellow are presented n Figures 18 through 21. Very similar 
results were obtained for th 51 tilt-angle od la. Not again that th 
stre11 a were plott d to different cales automat ically chosen by th 
computer pro ra . u rical values of stresse at glven locations were typed 
on the figurea for refer nee, Tables 11 and 12 give the valu s of the 

xi1111m relative ridlonal atreues found at the inner and outer surfaces of 
the upper and 1011 r le£v s for all of th g tries and loadings considered 
in th study of the tNeep radius variation, 

Exa in tion of the streu p ots present d for the 3-inch bell0111 
todicatea that the general shape of the streas variati.on ov r the upper and 
lower leaves remained easentially unchanged. The stress values increa&P.d 
with increue in svee9 radius in 1001 location snd decreased with increue 
ln sv ep radius in oth r locatlona, The main trend occurred in the stre11 
levels in th center sweeps of the upper and lower leaves. As the radii were 
increa1ed 1 the stress lev ls incre11ed for preHure loading and decreued for 
axial deflection loading. Howev r, the values in Table 11, together with the 
1tre11 distribution plots, indicate that although the convolution 1tre11 
level• did not vary with sveep radius in• con1i1tent manner at every point 
within the convolution, the overall maximum stre11 in the merldiond 
direction for the axial deflection case remained relatively con1tant i n both 
magn1.tude and location ev n though the aweep radius waa increued twenty-two 
percent. 'For internal pre11ure loading, the location of the maxina.111 stre11 
changed, but it.a ab olute 1111gn1tude varied le11 than ix percent, 

In contrast with th re1ults obtain d for the 3-lnch, three-awe p 
be low1, Figures 18 through 21 and Table 12 demonatrate tha t the maximum 
1trea1 lev la in the sweep• of the 3, 5-inch b l1CM1 increa ed with increase 
in the sweep radiu1 for both axial deflection n(\ pre11ure loading•. 
Quantitativelt, the forty-three percent incr ase in 1weep radius produced an 
eleven percent increase in th maximum meridional 1tre1s for pre11ure 
loading and A twenty p rcent increaae for axial deflection loading. 

A omparison of Fi!ures 16 • d 17 with Figures 20 and 21 shows much 
the H change in the pre11, .re stre11 aa the sweep radius was increased and 
the midaectlona of the bellor,a leaves became flatter, The bending stre11es 
in the middle sweeps incre11ed to th point that they became the largest 
1tre11 a, Thua, for pre sur loading th~ optimum sweep radii lay b tween 20 
and 25 percent of the span for all of th bellows stud ied. 
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TABLE 11. MAXIMUM RELATIVE MERIDIONAL STRESSES FOR 
3-INCH, TILT-EDGE WELDED BELLOWS, 
SPAN• 0.5304 INCH, 45° ID AND 50° OD TILT ANGLE 

Sweep 
Location of Radius, Inner Surface Outer Surface 

Stress inches Stress I esi Stress 1 esf 

Unit Pressure Loading (a) 

Upper Leaf 0.11859 1,690 -1,850 
Lower Leaf 0.11859 1,630 1,560 
Upper Leaf 0.13177 1,760 -1,760 
Lower Leaf 0.13177 1,600 1,560 
Upper Leaf 0.14495 1,780 1,790 
Lower Leaf 0.14495 1,800 1,780 

Unit Deflection Loading (b) 

Upper Leaf 0.11879 126,000 -131,000 
Lower Leaf 0.11879 -104,000 100,000 
Upper Leaf 0.13177 120,000 -126,000 
Lower Leaf 0.13177 -107,000 103,000 
Upper Leaf 0.14495 120,000 -127 ,ooo 
Lower Leaf o. 14495 -126,000 121,000 

(a) Unit internal pressure lo&d was 1 psi. To get stresses in psi 
multiply values in table by pressure in psi . 

(b) Unit compression in unit length bellows. To get stresses in 
psi due to axial deflect ion, multiply values in table by deflection 
and divide by free length. 
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TABLE 12, MAXIMl.M MERIDIOP.AL STRESSES FOR 
3.5-lNCH, TILT··EDGE WELDED 
BELLOWS, SPAN • 0.378-INCH 
SWEEP RADIUS, • J.07 INCH AND 0.10 
INCH 

Sweep Surface Stresses 1 esi 
Location Radius, ___i;.0 Tilt A!!ales 60" Tilt An.gles 
of Stress inches lriner Outer Inner Outer 

Unit Pressure Loading (a) 

Upper Leaf 0.07 -1,090 1,080 - 1,100 1,080 
Lower Leaf 0.07 -1,070 1,090 -1,050 l, 110 
Upper Leaf 0.10 -1, 190 1,230 -1, 190 1,220 
Lower Leaf 0.10 -1, 240 1,210 -1, 240 1,200 

Unit Axial Deflection 

Upper Leaf 0.07 136,000 -140,000 149,000 -154,000 
Lower Leaf C.07 -123 ,000 120,000, -137,000 133,000 
Upper Leaf 0.10 170,000 -180,000 180,000 -189,000 
Lower Leaf 0.10 -163,000 155,000 -171,000 163,000 

(a) Unit internal pressure was 1 psi, To get 1tre1ses ln psi multiply 
values in table by pressure. 

(b) Unit C0111Pression in unit length bellowa. To get stresses in pal due 
to axial deflection, multiply values in table by deflection and 
divide by free length. 
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At this optimum point, stresses in the center weep were equal to 
the stresses in the inner sweep of the upper leaf. Note that the 3-inch 
bellows mod 1 with a sweep radius of 25 percent of the span was very near 
the optimu shap. The optimum sweep radius for the 3.5-inch be llows was 
leas than 25 percent of the span. However, it is apparent that the maximum 
stress for a sweep radius of between 20 and 25 percent of the span was 
affected very little by the change in oweep radius. 

A seemingly contradictory situation ext t d for the deflection 
loading of the 3- and 3. 5-inch bellows. For the 3-inch bellows, changing 
the sweep radius did not affect the maximuw stresses appreciably, while 
increasing the sweep radius f~r the 3.5-inch bellows significantly increased 
the maximum stresses. A detailed comparison of the stresses in Figures 14 
and 15 with Figures 18 and 19 shows the same general trend in the stresses 
at different points of the bellows as the sweep radius was increased . 
However, t e stresses at the inner sweep of the upper leaf of the 3-inch 
bellows (which were the largest stresses) decreased with increasing sweep 
radius. This was the princ ipal difference between the two bellows. The 
apparent reason for this decrease seemed to be that the mid<lle sweep in the 
3-inch bellows participated more in the bending action as the sweep radius 
waa increased. This apparently relieved the bending stresses in the inner 
sweep slightly. In contrast, the middle sweep was bent less in the case of 
the 3- and 5-inch bellows as the radius was increased, As seen in Figure 19, 
the atresses in the middle sweep were almost zero for both upper and lower 
leaves. This increased the bending deformation required in the inner and 
outer sweep sections and thus increased their bending stress. 

An interesting result of the differences in the stresses in these 
bellows was that the spring rate for the 3-inch bellows decreased from 52 .4 
lb/in. for the smallest radius to 46 lb/in. at the largest radius, while the 
spring rate for the 3,5-inch bellows increaaed from 91 lb/in. to 109 lb/in. 
with en increase in radius from 0,07 inch to 0.10 inch. 

It would appear from this study that there was a aecond order 
interaction between the tilt angles and the effect of changes in sweep radiu1 
on the deflection stresses. Although this interaction waa not atrong, it 
produced some interesting effects, one of which was that the optimum sweep 
radiua was the aame for both pressure and axial deflection loading of the 
3-inch bellows wi th 4d' ID and 4f OD tilt anglea. 

It would seem risky to draw gener1l conclusion• on the optimi1ation 
of tilt-edge bellows with respect to sweep radius on the basia of the results 
reported above. However, it would appear that a reasr.nable choice of the 
sweep radius for a 3-sweep, tilt-edge bellows would be 25 percent of the 
span. For new deaigna, analyses cau be made with one or two other radii to 
check whether this would be an optimum sweep radius. 

Effects of Variation in Convolution Pitch 

In a welded bellows, the pitch of a convolution is an important 
design parameter for several reasons. First, assuming a conven~ional welding 
process, the amount of pitch must be large enough to accommodate chill blocks 
of sufficient thickne s that they can be effectively us~d to absorb the heat 
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generated in Nking the ID and OD weld beads. Second, because the pitch 
determines th length per convolution of a bellows, its value must be con­
sidered vhen detP.rmining the number of convolutions desired or required for 
a given b llows application. Also . since virtually all welded bellows 
applications require a certain compression capability for the bellows, the 
value of the pitch for any given convolution shape should be suffic i ent to 
allow the re ,uired compression stroke with ~inimum leaf interference s ince 
sue', interference greatly affects the fatigue life of the bellows. 

The effects on both the stress distributions and maximum stress 
levels due to changes in convolution pitch of a three-sweep tilt-edge 
bellCMa were investigated for the 2-inch and 3-inch bellows, all having 
constant thickness of 0,005 inch, Two aeta of tilt angles were used for the 
2-inch thematical model : (a) 41' t the ID with Scf' at the OD and ( ll ) 
srf at the ID with sf at the OD. For the 3-inch bellows model, tilt angles 
were 45' at the ID and srf at the OD . All other model dimens i ons were the 
same as those given in Tables land 2. Analyses were performed for axial 
deflection aa well as internal pres,ure loadings. 

By varying the chord angles of the upper and lower leaves and 
keeping other major variables virtually constant, two values of pitch were 
obtained for each of thP. bellows models studied, Ratios of the pitch to span 
(P/S) for each of the bellows are shown in Table 13, This table shows the 
effects of pitch variation on the maximum stress levels in both the upper and 
lower leaves of a convolution, The numbers in parentheses refer to the 
location of the stress value in terms of the mathematical model part number 
shown in Figure 2. The effects of pitch variation on the meridional stress 
distribution throughout the 2-inch, tilt-edge bellows convolution for both 
loadings considered can be seen in Figures 22 through 29, These results are 
typical and ao stress distribution plot, for the other models studied are not 
presented, 

Relative stresses due to axial deflection au shown in two "a s in 
Table 13. The values of the relative maximum stresses corresponding to unit 
compressive deflection per unit length of bellows show that, for a fixed 
deflection per unit length of bellows, an increase in pitch caused a marked 
increase in the mtximum atreaa values. In other w~rds, the deflection capa­
bilities of the bellows, or their abilities to deflect in proportion to their 
lengths, changed significantly with change in their pitch, Alternatively, 
the values of maximum stresses for a deflection of one inch per convolution 
shaw t hat, for a fixed deflection per bellows convolution, an increase in 
pitch had much less effect on the maximum stress levels, This increase in 
deflection stress levels with increasing pitch was entirely consistent with 
results obtained from all other types of bellows, It is interesting to note 
that although the stress values were increased and the etreas distribution in 
the lower leaf was changed somewhat, the location of the maximum stress for 
the two bellows sizes investigated was unaltered by changes in convolution 
pitch. For each of the six models studied, the maximum meridional stress 
for deflec~ion loading occurred in the upper leaf sweep nearest the inside 
diameter, Indeed, the maximum deflection str~s• was found to be on thta 
sweep in nearly all of the geometries studied in this research program. 
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In contrast to the rather predictable trend not or the 

deflection stresses, the effects of pitch on the pressure s t r sses wa s less 

clear-cut. An examination of the Figures 26 through 29 shows that for the 

2-inch bellows, the maximum streu occurred on the middle sweep and switched 

from ... he lower leaf to the upper leaf as the pitch wa increased. This 

result was caused by the relative decrease in t he arch of the upper leaf 

and increased arch of the lower leaf as the pitch is increased. I t is 

pointed out in the section on effects of sweep radius that the center sweep 

exhibited an increased bending stress with decreasing radlus under pressure 

loading. 

For the 3-inch belLows, the pressure loading caused maximum stre s 

on the inner sweep nearest the bellows root. At the smaller pitch, the 

maximum stress was on the upper leaf and incr ased with increasing pitch. 

Although an analysis was not made of the 3-i ch bellows for pitch to spen 

ratio smaller than 0,2, it is clear that the maximum tress would have 

occurred on the lower leaf in this case , It appears from a study of the 

results for pressure loading, that an opt imum pitd: can be found for pressure 

stresses at which the maxin~m stresses in the upper and lower bellows leave 

are equal. This seems to occur at pitch to span ratios between 0.15 and 

0.02, but depends on the overall arch of the upper and lower leaves. The 

study of deflection loads also indicated that the pitch should be kept as 

low as possible. As noted earlier, the restraints imposed by practical 

considerations such as the welding process and the desirability of operating 

the bellows i.n ccmpression would seen. to prevent making a bellows with the 

optimum pitch. Thus, the pitch of tilt-edge welded bellows will be deter­

mined by practical cons iderations in the same way that pitch is determined 

for conventional. we lde bellows. 
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SECTION III 

OPT1MIZATION OF BELLOWS CONVOLUTION CRO~,S-SECTIONS 

A major ob:iective of the present study wa fi the detertr :,\at ion of 
optimum ·onvolut i.on shapes in 1- inch, 2-inch, and 3 •. inch bellow These 
shapes wtre to have minimum stress conditions at the welds and minimum 
overall stresses both for axial deflection and for internal presijure loads. 
In addition to m1.nimizing stresses in the bellows convolutions, minimi zing 
stresses ln the end bellows leaf where it is welded to some end fitting 
was also considered. Stress analysis results are presented in th i s section 
for certa in selected convolution shapes for a 1-, 2-, 3-, and 3.5-inch 
bellows. Also, a description is given of an investigation that was made 
into the effects of varying the shape of the bellows end leaves on the 
stresses near the end fitting welds. 

Selection of Optimum Convolution Shapes 

As described in the previous sections, the parametric analyses 
indicated that a sweep radius of between 20 and 25 percent of che span would 
be near the optimum for a pressure loading and that chord angles between 
±2.5° and ±5° would be desirable for deflection loaded bellows. It was also 
de termined that tilt angles could be found that gave acceptably low stresseP 
in the weld areas for bellows in the 1- to 4-inch range. Convolution shapes 
were selected within these ranges of parameters for the 1-, 2-, and 3-inch 
sizes. Tables of the specified dimensions for these bellows are given in 
Tables 14 through 1~ in NONLIN format as in Table l* . The thickness of 
the l-inch bellows was taken as .004 inch because of its small r size. 
The outer surface meridional stresses for the 1- and 2-inch bellows are 
given for internal pressure and axial compression loading in Figures 30 
through 33. Similar stress distributions for the 3-inch bellows are given 
in Figures 10, 11, 14, and 15. 

In addition to these bellows, considerable study was giv~n to a 
3. 5-inch bellows to develop a bellows configuration that could be compared 
with a conventional welded bellows that had been investtgated under the 
previous research contract. Dimensions of two optimized bellows are given 
in Tables 17 and 18. Stresses in these two bellows shapes were shown in 
Figures 12, 13, 16, 17, 19, and 21. The analytical results reported in 
this section clearly demonstrated that it was pouible to design tilt-edge 
bellows with optimized stress distributions for a range of bellows diameters. 
The principal interaction noted between tilt angle and bellows size was that 
the tilt angles must be made steeper for the smaller diameter bellows to 
achieve satisfactory weld stress reductions. This effect seemed to be more 
an interrelation between the bellows span and thickness than an effect of 
the bellows radius. This was demonstrated by the two optimlml shapes for 
the 3.5-inch bellows for which the shorter span had the higher tilt angles. 

Alternatively, by invoking geometric similarity, these bellows 
shapes coulu be interpreted as 3.5-inch bellows with thicknesses of from 

* See footnote to page 11 for a descripti.on of the entries in these tables. 
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TABLE 14. AN OPTIMUM CONVOLUTION SHAPE FOR A 1-INCH TILT­
EDGE WELDED BELLOWS, ID TILT ANGLE • 60°, 
OD 1'D..T ANGLE • 60°, SPAN • 0.186 INCH 

Part Shell Outer Normal 1 d grees R dt I nches 

No. Type Initial Final a b 

1 Conical 240 0.52740 0.01708 

2 Toroidal 240 145 0.48082 -0.04392 

3 Toroidal 145 :!OS 0.43042 0.04392 

4 Toroidal 205 120 0.39332 -0 .02392 

5 Conical 120 0.35528 0.02936 

6 Cylindrical ?O 0.34060 O.OC800 

7 Conical -60 0.34060 0.01606 

8 Toroidd -60 35 0.38667 0.04392 

9 Toroidal 35 -25 0.43707 -0.04392 

10 Toroidal -25 60 0.47427 0.04392 

11 Conical 60 0.51231 0.03018 

12 Cylindrical 90 0.52740 0.00800 
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Part 
No. 

1 

2 

3 

4 

s 
6 

1 

8 

9 

10 

11 

12 

TABLE 15. AN OPTil-iUM CONVOLUTION SHAPE FOR A 2-INCH, 
Til.T-EDGE WELDED BELLOWS, ID TILT ANGLE• 50°, 
OD TILT ANGLE• 60°, SPAN• 0.3476 INCH 

Shell Outer Normal
1 degrees Radii 1 inches 

Type In i tial Final a b 

Conical 240~000 1.03000 0.01982 

Toroidal 235.000 145.633 0.94531 -0.08635 

Toroidal 145.633 207,050 0.84781 0.08635 

Toroidal 207.050 130.000 0.76879 -0.08635 
r 

Conical 130.000 0.70264 0.03531 

Cylindrical 90.000 0.67944 0. 00777 

Conical -50.000 0.67944 0.01875 

Toroidal -50.000 31. 000 0.75764 0.08635 

Toroidal 31.000 -31.650 0.84734 -0.08635 

Toroidal -31.650 60.000 0.93796 0.08635 -
Conical 60,000 1.01274 0.03452 

Cylindrical 90.000 1.03000 0.01000 

so 



TABLE 16. AN OPrJMUM CONVOLUTION SHAPE FOR A 3-INCH 

TlLT-EOOE WEtDED BELLOWS, ID TILT ANGLE • 45°, 

OD TILT ANGLE• 50°, SPAN• 0.5304 INCR 

Part Shell Outer Normal 1 
degrees Radii 1 

inches 

No. Type Initial Final a b 

l Conical 230 l. 56720 0.03697 

2 Toroidal 230 145 1.44247 -0.13177 

3 Toroidal 145 205 1.29127 0.13177 

4 Toroidal 205 135 1. 17997 -0.13177 

5 Conical 135 1.08679 0.07070 

6 Cylindrical 90 1.03680 0.00707 

7 Conical -45 1.03680 0.04252 

8 Toroidal -45 35 1.16002 0.13177 

9 Toroidal 35 -25 1.31122 -0.13177 

10 Toroidal -25 50 1.42252 0.13177 

11 Conical so 1.52347 0.06802 

12 Cylindrical 90 1.56720 0.00777 
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Part 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

TABLE 17. AN OPTIMUM CONVOLUTION SHAPE FOR A 3. 5-INCH 
TILT-EDGE WELDED BELLOWS, ID TILT ANGLE• 50°, 
OD TILT ANGLE • 50°, SPAN • 0. 378 lNCH 

Shell Outer Normal 
I degre.~ Radii, inches 

Type Initial Final a b 

Conical 230.000 1.79730 0.05288 

Toroidal 230.000 146.3167 1.68670 -0.10000 

Toroidal 146.3167 193.2667 1. 57522 0.10000 

Toroidal 193.2667 130.0000 1. 52989 -0.10000 

Conical 130.0000 1.45329 0.05287 

Cylindrical 90.0000 1.41930 0.00777 

Conical -50.0000 1.41930 0.04397 

Toroidal -50.0000 33.6000 1. 52417 0.10000 

Toroidal 33.6000 -13.3300 1.63483 -0.10000 

Toroidal -13.3300 50.0000 1.68098 0.1000 

Conical 50.0000 1. 75758 0.06179 

Cylindrical 90.0000 1.19730 0.00777 
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Par t 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

TABLE 18. AN OPTIMl)t CONVOLUTION SHAPE FOR A 3. 5 INCH TILT­
EDGE WELDED BELIDJS, ID Tll.T ANGU: • 45°, OD 
~ILT ANGLE• 50° , SPAN• 0.6188 IN~H 

Shell Outer Normal degrees Rad11 1 inches 
Type Initial Final a h 

Conical 230 1.82840 0.04313 

Toroidal 230 145 1.68288 -0.15373 

Toroidal 145 205 1.50648 0.15373 

Toroidal 205 135 1.37663 -0.15373 

Conical 135 1. 26792 0.08248 

Cylindrical 90 1.20960 0.00707 

Conical -45 1.20960 0.04961 

Toroidal -45 35 1.35336 0.15373 

Toroidal 35 -25 1.52976 -0.15373 

Toroidal -25 50 1.65961 0.15373 

Conical 50 1. 77738 0.07935 

Cylindrical 90 1.82840 0.00777 
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0.005-inch for the 3.5-inch size to 0.014-inch for the 1-inch bellows expanded 3,5 times. Note that the 1-, 2-, and 3-inch bellows would have spans of .6538-, ~134-, and .6368-inches, re Gpectively which are all compara­ble to the longer span 3.5-inch bellows. Using this point of view demonstrated that optimum tilt angles could be found for a bellows of a given size for a range of thicknesses. Clearly, optimum tilt angles increased as the thickness was increased. 

Study of End Fitt~~g Stresses 

It was mentioned previously that nearly all of the bellows analyses were carried out with two convolution models as shown in Figure 3. The end leaves of this model were fix d at the out side ends to simulate heavy end fittings of the type shown in Figure 34 and 35*. Each analysis was examined for the effects of tilt angle on the end-fitting slresses as well as on the stresdes in convolution welds. The general conclusion reached after studying the end-fitting stresses of all of the bellows analyzed was that tilt angles could be found that minimize the stresses at the end-fitting welds for either pressure or axial deflection loads. However. it was difficult to find ti.lt angles such that the end-fitting stresses for both pressure and axial deflection loads were satisfactorily reduced for the same tilt angle. Usually, the optimun tilt angles reduced stresses at the end-fitting welds, but these were not as low as the stresses at the convolution welds. In addition, the effect of the reversed bending and interleaf contact that reduces the st~esses at the convolution welds is not present at the end­fitting. 

Table 19 shews a comparison of the stresses at the upper and lower end fitting welds with the maximum bellows stresses and with the stre11e1 at the ID And OD convolution welds. Utis table shows that at least one of the end fittings has an uncomfortably high stress for axi~l deflection loads compared to the maxim\111 bellows stress. It is noted that the tilt angle at the upper end weld is usually lower than the optimum angle while t ne tilt angle at the lower end-fitting weld is usually higher than th£ optimum. It can be seen from Figure 3 that increa~ing the tilt angle at the upper end-fitting or decreasing the tilt angle~ _ the lower end-fitting would lead to the possibility that the OD weld oft e adjacent convolution• would interfere with the end fittings if the bellows were compressed. 

Because of the design difficulties just deacribed, an investiga­tion was carried out to determine whether some simple geometric perturbation of the end leaf geometry could be found that would reduce the end fitting stresses to a level consistent with the stresses at the convolution welds. The two-convolution model of Figure 3 was ,11ed in the study to insure that the end-fitting stresses would represent tue 1tre11es in an actual bellows 

* End fittings of this type have been used in all of the bellows a1semblie1 tested in this and the previous bellows study. Behavior of these assemblies may be considered representative of the behavior of welded bellows in valve applications. 
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FIGURE 34. A TYPICAL UPPER END FI'M'ING FOR A 3. 5- INCH 
TILT-EDGE WELDED BELLCMS 
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FIGURE 35. A TYPICAL Lail!R END FITTING FOR A 3.5-INCH TILT-EDGE 
WELDED BELLOIS 
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assembly. The study was confined to the basic 3.5-inch bellows model with 
dimensions given in Tables 17 and 18. Variables considered in the study 
were the OD tilt angles of the end leaves, the lengths of the conica l segments 
of t:1e end leaves, the thicknesses of the end leaves and the add ition of 
shape-stiffened segments such as conical or toroidal sections. 

In spite of the possibility of the interference at the end fitting 
welds mentioned above, a study of tilt angles was conducted to verify the 
existence of optimum end fitting tilt angles. Such optimtnn tilt angles were 
found for the models studied. These tilt angles were not only different from 
the optimum angles required for the convolution welds but also were different 
for the upper fitting than for the lower fitting. The stresses at the upper 
and lower i ttings for the optimum 3.5-inch bellowe (span• 0.6188 inch) are 
given in Table 20 for three different sets of tilt angles. Minimum stress 
conditions at the upper fitting occurred for a 55° - OD tilt angle. However, 
at the lower fitting, an OD tilt angle of 45° minimized the pressure loading 
stresses, and a 35° tilt angle yielded the lowe t deflection stresses although 
the optimum OD tilt angle for the middle leaves was 50°. As noted, this 
solution was no t satisfactory because of the po sibility of leaf interference 
at the end fittings under compression loading, 

The effect on the end-fitting stresses of varying the l_ngth of the 
conical end segments at the end-fitting welds was investigated for the 3.5-
inch bellows (span• 0.378 inch). It was found to be almost insignificant 
for the convolution shape studied. For the internal pressure loading, little 
change occurred in the stresses whether the end segments were lengthened or 
shortened, For the axial deflection case, halving the end segment length 
increased the fitting stresses less than 10 percent, while increasing the 
segment length by 50 percent decreased the stresses only about 10 percent. 
Therefore~ varying the end-segment lengths appeared to be both an inefficient 
(for axial deflection) and an ineffective (for pressure loading) means of 
reducing the stress levels at the end-fitting welds. 

Additional segments, both conical and toroidal, were added to the 
bottom end leaf of the 3,5-inch bellows (span• 0.378 inch) to determine 
if such end-fitting attachments would reduce the stress levels there. When 
added, both segment shapes reduced the axial deflectio1 end-fitting stresses 
significantly, with the toroidal section being more effective than the 
conical section. However, the str~ss levels for the pressure loading case 
were then found to be excessive. No satisfactory compromise between the 
pressure loading case and axial deflection case was achieved for the shape­
stiffened end segments studied, Thus, use of such additional segments was 
not considered promising as an effective means of optimizing the end-fitting 
stresses in a tilt-edge welded bellows. 

Table 21 shows the effect on the end-fitting stresses of increasing 
the thickness of the end leaf attached at the lower fitting for the optimum 
0.6188-inch span, 3.5-inch bellows shape. Results were obtained for the three 
thicknesses for leaf 4 (0.005 inch, 0.007 inch, and 0.009 inch). Leaves 1 
through 3 had a constant thickness of 0.005 inch. This method of ~inimizing 
the fitting stresses was the most g~nerally effective method studied. Table 
21 clearly shows that increasing the end leaf thickness gsve an adequate 
reduction in the end-fitting stresses for both the axial de f Jection and 
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internal pre11ure loadin11. Thu•, optim\lD (minim\111) end-fittina 1tre11e1 
wre obtained for th• 3.5-inch bellow,. It 1hould be lDlntioned that the 
effect of th• increa1ed bellow• 1tiffne11, due to the pre1ence fa thicker 
end leaf, led to increa1e1 in the 1tre11e1 in leave• 2 and 3 for• •~t i4l 
deflection loadina. The 1tre11 level increa1e1 were not 1evere . particularly 
when ccapared with the 1izeable reduction• achieved in the end-fitting 
1tre11e1. In an actual welded bellow• a11embly, the n\lDber of convolutions 
will be large enough that the effect of increa1ing the thickness of the two 
end leave, 1hould be very small. The re1ult1 of this section show that if 
the end-fitting 1tre11e1 were too hisll for a particular welded bellowu 
de1ign, the moat reliable remedy would be to increase the thickneaa ~f. 
the end leave,. Although this would require the use of blank• of different 
thickne11, it baa the advantage to the manufacturer that different die1 are 
not needed to form the end leaves. Assuming that the bellows manufacturer 
would accept the inconvenience of providing for increa1ed thickne11 end 
leave,, it would appear that the end-fitting 1tre11e1 can be reduced to 
acceptable level• for tilt-edge bellow• by use of such end leaves. 
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SECTION IV 

ANALYSIS. FABRICATION AND E'fALUATION OF tn.T­
EDGE BELL<NS DESIGNS 

One of the objectives of the research study was to design, fabricate, 
and teat a tilt-edge bellows with dimensions comparable to one of the conven­
tional bellows teated in the previous bellows study . It was decided that the 
3.5-inch OD, 347 1tainle11 eteel b~llows described in Appendix Hof Technical 
Report No. APRPL-TR-68-22 would be used for comparieon. A design study was 
therefore carried out to develop an optimized tilt-edge bellows with a 3.5-
inch OD. 

Because of the novelty of the t i lt-edge bellows concept, it wae 
decided to carry out a preliminary inveetigation of the fabricability of tilt­
edge bellow to uncover any fabrication problems at an early stage of the 
contract. Such problems could then be remedied before the final bellows design 
was made. Further, the 4-inch OD tilt-edge bellows deecribed in Appendix C of 
APRPL Technical Report No. TR-~8-22 (1) had sufficiently low weld streeses 
under axial loading that it could be expected to demonstrate fatigue failure 
in the eonvolutions rather than at the welds. Accordingly, it was decided to 
fabricate and test this bellow• configuration, which will be called the interim 
bellows. The following section describes the investigation of the fabric­
ability of tilt-edge bellows and then the fabrication and teeting of the 
interim bellow•. Following this, the d~aign, fabrication, and testing of the 
optimized tilt-edge bellows will be described. 

Fabrication and Evaluation of an Interim 
Tilt-Eda• Bellow• Design 

As explained previouely, the decision was made to fabricate and test 
an interim tilt-edge bellow• :onfiguration prior to the fabrication •nd evalu­
ation of an optimized design. This interim teat step was expected to provide 
a better underetanding of the fabrication requirements and performa~ce char­
acteristic• of tilt-edge bellow•, thus increasing the probabilities of success 
with an optimized configuration. 

Preliminary Fabrication Investigation 

The major fabrication difference• between a tilt-edge bellows and 
a standard welded bellows appeared to be a11ociated with t he flat portion• 
near the inner and outer weld beads. In 11101t standard welded bellows these 
portion• of the convolutions are essentially perpendicular to the bellows 
centerline. Preeent welding procedure• incorporate equipment baaed on this 
configuration. 

In the tilt-edge bellows, the flat portions near the weld beads were 
to be tilted at eome angle to the bellows centerline. Preliminary teats were 
conducted at Battelle to determine whether the tilting of the edges presents 
any problems in the use of standard welding equipment and procedures. 

The tung1ten inert-gas (TIG) welding proce11 was selected as being 
representat ive of the procedures uved by welded bellows manufacturers. A 



tracked, aotorized carrier wa1 u,ed to support a welding fixture and to drive 

it under a 1ull TIG tot:ch at controlled 1peed1. The weldi1.g fixture con• 

1i1ted of copper-infiltrated, tungsten carbide jaws capable of holding rectan-

aular 1trip1 of metal approximately 3 inchea by 3/8 inch. 

Type 347 and Type 3211tainle11 steels were selected as being 

typical of the bellows material• used for rocket propul@ion 1y1tem1. A 

thiclm••• of 0.005 inch was also selected a• being typical. Pairs of metal 

1trip1 were politioned in the weld fixture with the 3-inch dimension 

horizontal and with a measured amount of mater ial protruding above the 

cl•p face. '11le welding torch was placed directly above the stripe at 

me11ured angles to simulate angular relationship• between the eventual pro-

duction bellows and the production welding torch. 

Approximately 100 edge-burndown welding rune were made, varying the 

following welding parameters: 

Travel speed: 5.5 to 18 in. per minute 
Welding Current: 1.4 to 2.6 amp 
Stickout Distance: 0,090 to 0.265 in. 
Electrode-to-Work Distance: 0.008 to 0.015 in. 

Gas Plow Rate: 8 to 20 cu ft per hr 
Torch Inclination: 0 to 55° from vertical 
Based on this work it waa concluded that the tilt-edge bellow• 

1hould pre1ent no unusual probleme in the achievement of uniform weld bead• 

uaing 1tandard TIG welding procedure• and equipment. 

Bellqwt Manufacturer Selection 

The interest of bellows manufacturer• in participating in an experi­

mental development effort can vary considerably depending on per10Mel, work 

load, and corporate policy. Six of the major manufacturer• of welded bellow• 

were 1elected in the first month of the program. Reque1t1 for quotation• for 

price and delivery were sent for the following iteme: 

(1) Six 4-inch welded bellows, with end fitting attached, having 

a convolution configuration lib that determined during the 

previous bellow• program [Contract No. 04(611)-10532). 

(2) Fifty each of the blanked and formed male and female 

diaphragms of the configuration that would be used in 

making these bellow,. 

(3) A lot of from 12 to 24 welded bellow•, approximately 4 

inches OD, having an un1pecified tilt-edge configuration 

to be determined during the pre,ent program, with end 

fitting• attached. 

(4) Two-hundred-fifty each of the male and female blanked and 

formed diaphragms of the design to be 1pecified in Item (3). 

The material was to be either Type 321 or Type 347 1tainle11 steel, 

at the supplier'• option. It will be noted thar the request wa1 intended to 
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11lect a unufacturer fox both the interim bellow• [ Items (l) and (2)) and 
the optimized bellow• (Iteaa (3) and (4)]. 

Four quotations were received. The lowest quotation wu received 
from the Sealol Corporation in Providence, Rhode Island. They also promioed 
1ati1factory delivery time. Sealol'• bid wa1 approximately 40 percent lower 
in coat than the next lowelt bidder. Because Sealol was known to be a lead­
ing manufacturer of welded bellow• and had submitted a very attractive quota­
tion, Sealol wa1 selected to manufacture the inter im bellows. The performance 
on this requirement was expected to be a check on whether Sealol should 
subsequently be selected to make the optimized bellows. 

J.P.t )_ .im Bellows Fabrication 

The fabrication of 6 interim bellows and the associated extra 
1iaphragm1 wa1 completed by Sealol without incident. When teats with these 
btillow1 (see below) showed interference between the end diaphragms and the 
end fittings (through design oversight), seven additional interim bellows 
were ordered. The extra diaphragm, obtained with the original six bellows 
were used for the additional bellow,. New end fitting• with additional 
clearance were machined. 

Figure, 36 through 40 1how the tooling fabricated by Sealol to 
achieve clamping and cooling of the diaphragm• during wlding of the interim 
bellows. l~e setups for making an inner convolution weld and an outer convol­
ution weld are shown in Figure• 36 and 37, re1pectively. Figure 38 1howa 
a partial di1a1sembly of the inner-convolution-weld tooling, while Figure, 
39 and 40 1how a partial and a complete di1a11•bly of the outer-convolution­
weld tooling. 
lnterill Bellow• ln1pection 

The in1pection planned for the interim bellow• wa1 related to 
deteraining whether the bellowa were a1 unifot'llly made a1 1tandard welded 
bellow,. For this purpo1e, the weld bead• were in1pected for uniformity of 
1ize and color. The majo~ dimen1ion1 were mea1ured to determine di~~n•ional 
unifot'llity. The vi1ible parts of the diaphrapa were al10 in1pected for dents 
and 1cratche1 and other 1ign1 of handling d ... ge. The aame Lnapection 
ptocedure1 were applied to both 1et1 of interim bellow1. 

According to the vi1ual in1pection, the bellow, were comparable in 
quality to 1tate-of-the-art welded bellow,. Mea1ure11ent of major dimen1ioa1 
1uch a1 free length, pitch length, and convolution inner and outer diaaeter1 
al10 ahowed uniformity comparable to that achieved fo~ 1tandard welded 
bellow,. The 1ub1equent in1pection of cro11 aections of failed bellow, 
1howed good weld bead and convolution uniformity. 

8a1ed on the in1pection of the 13 interim ballow1, Lt wa1 concluded 
t at tilt-edge bellow• could be fabricated 1atilfactodly by preaent manufac­
turing technique,. 

lnteria Bellow• Te1t1 

Two types of experimental information were selected aa being 
i11portant for the interim bellows: (1) spring rate and (2) fatigue 
ch1racteri1tic1. 
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FIGURE 36. SETUP FOR MAKING AN INNER CONVOLUTION WELD



A

I
FIGURE 37. SETUP FOR MAKING AN OUTER CONVOLUTION WELD



I

FIGURE 38. PARTIAL DISASSEMBLY OF THE INNER-CONVOL'JTION-WELD TOOLING



FIGURE 39. PARTIAL DISASSQfBLY OF THE OUTER-CONVOLUTION-WELD TOOLING



•.i k .
t .

FIGURE 40. COMPLETE DISASSEMBLY OF THE OUTER-CONVOLUTION-WELD TOOLING



~ring Rate. A, though calculations during the previous bellows 
program had 1hown that the spring rates of tilt-edge bellows could be made 
comparable to the spring rates of standard welded bellows, it was known that 
the tilted edges provided some stiffening to the diaphragms, Because spring 
rate is one of the principal design characteristics of -elded bellows, it was 
important to show that the actual spring rates of a tilt-edge welded bellows 
could be approximated by the theoretical calculations. 

Table 22 shows the spring rates measured for the 13 interim bellows 
with 1/2 inch compression and 1/2 inch extension. Also shown i s the theoret­
ical spring rate as determined by a linear calculation. The theoretical value 
compared very closely with the experimental extension values, as was the case 
with the standard bellows that w~re analyzed and tested during the previous 
program. Table 22 shows a lower compression spring rate than the extension 
spring rate. Thia same difference tn compression and extension spring rates 
were also observed for the standard bellows tested in the previous program 
(page 22, Reference l). This difference in spring rates was not investigated 
further for the interim bellows, since the primary interest was in the fatigue 
behavior of these bellows. 

Bellows No. 

1CT-
1CT-2 
XT-3 
ICT-4 
ICT-5 
XT-6 
XT-7 
XT-8 
KT-9 
lCT-10 
rr-11 
XT-12 
KT-13 

Theoretical 

TABLE 22. THEORETICAL AND EXPEROONTAL SPRING 
RATES FOR IllTERIM BELL<JIS SPECIMENS 

Sering Rate 1 

1/2-Inch 
Compre11ion 

32.6 
31.7 
31.7 
31.8 
31.8 
32.2 
30.9 
30.1 
30.4 
30.6 
30. : 
31. 1 
30.3 

Spring Rate (Linear) 40.8 

74 

lbLin. 
1/2-lncb 
Extension 

40.0 
39.8 
52.1 
39.2 
39.l 
39.7 
40.0 
40.6 
39.6 
40.1 
40.1 
39.1 
40.2 

40.8 

--



Fatigue Characteristics. A major purpose of t he tilt-edge configura­
tion was to prevent fatigue failure in the inner and outer weld ~eads. Because 
this had never been achieved intentionally in a design, the location of the 
fQtigue failures was of prime importance. By achieving failure in the parent 
metal of the diaphragm, it was expected that the fatigue values of the bellows 
would be more predictable and uniform than for standard welded bellows, where 
failure occurs in the weld beads. Thus, the ability to estimate fatigue life 
from a strain calculation at the point of failure and the spread of the 
fatigue values were also important for the interim bellows. The fatigue 
machine developed ·during the previous vrogram was used for these tests. The 
cyc l e rate was 80 cpm. Fatigue failure was indicated by the detection of 
smal l amounts of gas leakage. 

The results with the first 6 interim bellows were erratic. The 
first two bellows failed at an end fitting because of interference (through 
design oversight) between the end convolutions and the end fittings (see 
Figure 41). The next three bellows were tested with increased amounts of 
extension instead of compression, to avoid end-fitting interference. Although 
failure occurred in the diaphraglll8 in the. area of maximum stress (see Figures 
42 and 43), the fatigue values did not correlate well with the theoretical 
eatimate nor with each other. Further, the sixth bellow• failed at an end 
fitting. It was concluded that the teats had little value and that additional 
specimen• were needed. Seven more bellows were ordered identical to the 
first aix but with modified end fitting• to avoid interference. 

The results with the aecond batch of interim bellows were very 
pr011i1ing. Six of the aeven bellow• developed fatigue cracks in the parent 
metal of the diaphragms in the area of higheat streas. The aeventh bellow• 
failed prematurely at an end fitting. The end-fitting failure appeared to 
be caua ; by a poor weld. 

A linear calculation of the maximum strain range (total atrain for 
the entire bellow• deflection at the location of maximum strain) for the 
interim bdllows with 1/2-inch compre11ion and 1/2-inch extenaion gave a 
value of 3700 microinches/inch. This atrain occurred near the interaection 
of the inner flat (conical section) and the firlt torodial section. Uaing 
Figure L-6 from the final report on the previoua program (Figure L-6 ia 
duplicated in Figure 44), two fatigue life range, were eatimated. If the 
bellow• performed like formed bellows, the fatigue value• would range from 
about 30,000 cycle• to about 400,000 cyclea. If ~he bellows performed like 
metal coupon, (aa hoped) the fatigue value• would range from about 250,000 
cycle• to about 1,000,000 cycle,. 

becauae 
vaiuea: 
511,952 

As noted above, one bellows failed prematurely (at 6114 cycles) 
of a poor weld. The other six bellow• gave the following fatigue 
112,115 cycles, 292,900 cycle,, 356,142 cyclea, 389,465 cycle•, 

cycles, and 904,207 cycles. 
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Aqua Regia 3D537

FIGURE 41. CROSS SECTION OF FIRST INTERIM BELLOWS (KT-4) SHOWING 
END-FITTING FAILURE AND END-FITTING INTERFERENCE
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150X Glyceregla 3D723

FIGURE 42. CROSS SECTION OF FATIGUE FRACTURE IN INNER 
TOROIDAL SEOIENT OF FOURTH CONVOLUTION OF 
INTERIM BELLOWS KT-1

500X Glyceregla 3D725

FIGURE 43. FATIGUE FRACTURE IN FIGURE 42 AT HIGHER MAGNIFICATION
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Interla •Bellowa Concluaion1 

Prom the te1t1 of the interim bellow■, the following conclusions 
were made: 

(1) 

(2) 

(3) 

(4) 

The theoretical 1tre1e analysis procedure appeared to be 
even more applicable to the tilt-edge bellows configura­
tion than it was to &tandard welded bellows . 
The average fatigue life of tilt-edge bellows could be 
e1tima.ted using data from bending-fatigue tests of sheet 
metal coupon• made of the same material if some al lowance 
was made for u.nufacturing variability in making t he 
bellow■. 
The fatigue life spread would be somewhat greater for the 
bellows than for the coupons, but much less than for 
1tandard welded bellow1. 
In addition to minimizing 1tres1es at the convolution 
welds, the stre1se1 at the end fitting of the optimized 
bellows should be made as low as possible to minimize the 
pos1ibility of early fatigue failure caused by unsound 
end-fitting welds. 

Design. Fabrication, and Evaluation of an 
OptillUI Bellow■ Configuration in Comparison 

With a Conventional Welded Bellows 

Al mentioned above, the conventional bellow• •elected for 
c011pari1on was a 3.5-inch OD 1tainle11 1teel bellowa. Thia bellows had a 
thickne11 of about 0.005 inch and a 1pan of 0.378 inch. The average 
1pring rate for tbi1 bellow• wa1 57 lb/in. Details of the 1tre11 analysi1 and teating of thi1 bellow■ were reported in Appendix Hand Appendix N of 
Technical Report No. ARPL-Tl-68-22. 

The general objective in comparing a tilt-edge bellows to a 
conventional welded bellows wa1 to demonstrate that a tilt-edge bellowa 
could be used to replace the conventional bellow■ and would significantly outperform it. To achieve thia objective, the tilt-edge welded bellow• deaign parameter• {i.e., number of convolution•, outaide diameter, inaide 
diameter, height, and 1pring rate) should be cmparable to the standard welded bellow,. 

Two tilt-edge bellows configurations were dev1loped for comparison with the 1tandard bellowa. In the firat, all th.e major dimenaiont of the tilt-edge bellows were the sae a, for the 1tandard bellow,. One difference wa1 that the tilt-edge bellows had three 1weep1 instead of the fcur 1weep1 uaed in the 1tandard bellow■. An odd number of 1weep1 wa» choaen to give the tilt-edge bellows convolution l}'llllletry. The 1hape for thi1 bellows was given in Table 17. 

An analy1i1 of thi1 fir1t tilt-edge configuration 1howed that the maxilMlll 1tre11ea occurred well away from the weld area,, a1 deaired. Thi■ 
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ii 1hown in Figure1 19 and 21. However, the tilt-edge bellow• had a 

1liiittly higher calculated 1pring rate than the standard bellows. The 

uxi_. calculated pressure 1tre11 wa• about half that of the standard 

bellow•, while the maxiDDI calculated deflection 1tre11 was about the 1ame 

as that of the standard ~ellowa. Thi• meant that the tilt-edge configuration 

wa• optimized with regard to pre11ure capability rather than de flection 

capability. 

In a di1cu11ion with the Air Force Technical Monitor, it was agreed 

that mo1t bellows application• of inter~•t to the Rocket Propulsion Laboratory 

require increased deflection capability rather than increased pressure 

capability. It wa1 decided that the span length could be increased by making 

the bellow• ID smaller (from 2. 838 inches to 2.328 inches) without etracting 

frOll the u1efulne11 of the bellow•. Thi• bellows would have comparable ·' 

pre11ure 1tre11e1, but lower deflection stresses than the standard bellows. 

Accordingly, a purchase request was made for a tilt-edge bellow• having a 

0.62-inch 1pan. The dimen1ion1 of this bellow• were es1entially the same as 

tho1e given in Table 18 except that the pitch w&I reduced to about 50 mil to 

correapond with the pitch of the conventional bellow,. A purchase request 

wa1 sent to Sealol Manufacturing Company for f&brication of these bellows. 

During the final 1tage1 of fabrication, Sealol notified Battelle­

Coltabu• that the diaphrag111 for the optimized bellows were not as clo1e to 

the required dimen1ion1 as expected, Thia was caused by improper specifi­

cation of the tilt angle• by Sealol when the die drawing• were made from 

the configuration drawing• 1ubalitted by Battelle. Becau,e 1101t of the 

bellOWI core• (the convolution a11emblie1) had been c01Dpleted, it was 

a1tually agreed that a completed specimen would be sent to Battelle-Columbus, 

and that a 1tre11 analy1i1 would be made to deter11ine whether the bellow• 

were aufficiently cloae to the de1ired configuration to be acceptable. 

The 1aaple bellow• 1peciflen was encap1ulated in pla1tic at 

Battelle-Coluabua, cro11 1ectioned, and polished. Hardness indentation• 

were ude along the centerline• of the leaves of a typical convolution 

(see Figure 45). Mea1urement1 were made of the location• of these center-

line pointl, 

A two-convolution analy•i• IIOdel wa• then prepared. Some of the 

1ignificant parameter deviation• noted in the cro11 section were: 

(1) The tilt angle at the ID was 38• a• compared to & •pecified 

angle of 45• 
(2) The tilt at the OD was 37• al compared to a specified angle 

of so• 
(3) 'flle pitch Df the bellows specimen wa• about twice the 

1pecified pitch 
(4) The radii for the toroidal shell• were significantly 

different than apecified. 

The results of the stress analysis (for axial deflection and 

pre11ur~ loading) for the 1pecimen were cOllpared to the corresponding re1ult• 
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FIGURE 45. CROSS SECTION OF UNSATISFACTORILY FABRICATED BELLOWS SPECIMEN



obtained for the optillized 1hape. Figure• 46 and 47 are typical •tress plots 
for the optimized 1hape; Figure• 48 and 49 are the corre1ponding plots for 
the 1pecimen. Although the maximllll 1tre1ses and their location• for the 
opeci.Mn were comparable to the optimized 1hape, the weld area stresses. 
without exception, were con1lderably higher for the 1peclmen than fo e the 
optimized shape. Also, the end fitting de1ign was nc longer optimum. 

Examination of the bellows cross section also 1howed that some of 
the convolutions had been crimped next to the outer diameter welds. This 
can be 1een in Figure 45 for the convolutions adjacent to the end f ittings. 
The deci1lon wa1 made that the bellows could not be used to evaluate the 
detlgn. 

Sati1factory Bellows Fabrication 

Sealol agreed to remake the optimized bellows without add i tional 
charge. To facilitate the welding operation it was mutually agreed that the 
pitch be lncrea1ed. '11tis provided a better flt between the outer we ld 
clamping fixture and the diaphragm, with a two-part clampina insert. If the 
original pitch had been maintained, a three-part clamping insert would have 
been required. A slight increa1e in the flat portion• near the inner and 
outer velds was also incorporated in the redetlgned bellows to permit better 
fit with the clamping fixtures. 

Theee changes in deelgn were readily accomplished, using the 
coaputer analysis program to verify the acceptability of the revised 
dillen1ion1. '11te revl1ed de1ign was sent to Sealol three day• after the 
reque1t for modification. The dimen1lon1 of this design are listed in 
Table 23. 

When a s•ple 1peclmen of the modified de1ign wa1 received at 
Battelle-Colmbua, it too wa1 encap1ulated, cross sectioned, and mea1ured. 
Figure 50 1how1 the bellow• cro11 section. Figure 51 shows the typical 
convolution that wa1 selected for measurement. 

The aeaaureMnta of the cro11-1ectloned bellows 1howed that the 
convolutions were very cloae to the dlmen1lon1 given by the drawing, for the 
theoretical bellow,. A utheutlcal aodel waa constructed from thue mea1ure­
Mnt1 and analyzed with Prograa NONLIN. The thlckne11 of the bellow, leaves 
waa MHured at intervals alona the leavea and this thickneu varlati•>n wa1 
incorporated in the utheutical aoclel. ('Dlickne11 variation of from 0. 00450 
to 0.00509 inch wa1 recorded.) The outer 1urface meridional ,tresses for 
pre11ure and deflection loading are ahown in Figure• 52 and 53, respectively. 
Theae figure• ahow 1ati1factorlly low weld 1tre11e1. The predicted upp rand 
lower end-fitting 1tre11e1 were -460 and +310 pal, re1pectlvely, o~ a 1-pei 
preaaure, and 3,400 and 26,400 pai for a unit deflection. These atres • were 
•lightly higher than the convolution weld 1tresse1. However, it was believed 
that the1e 1tre11e1 were sufficiently lower than the maximum stresses in the 
parent metal of the convolutions that failure would not be expected at the 
end-flt.ting welds. 
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Part 
No. 

l 
2 
3 
4 
5 

7 
8 
9 

10 
11 

TAIL! 23. REVISED DIMENSIONS OF OPTIMIZED 
3.5-INat TILT-EDGE BIL~S 

Shell 
Type 

Conical 
Toroidal 
Toroidal 
Toroidal 
Conical 

Conical 
Toro idal 
Toroidal 
Toroidal 
Conical 

Outer Norayal. dear••· 
Initial Final 

Upper Leaf 

230.000 
230.000 
138.150 
195.821 
135.000 

138.150 
195.821 
135.000 

Lower Leaf 

-45.000 
-4,.000 
30.600 

-31.850 
50.000 

30.600 
-31.850 
50.000 

Qeti.lli1ed Bellow ln1pection 

Radii. inches 
a b 

1.7973 0.06000 
.G4297 -0.15112 

1.44132 0.15112 
1.35892 -0.15112 
1. 25206 0.09000 

1.18902 
1.3428 
1.48661 
1.63621 
1.7385 

0.08500 
0.13250 

-0.15000 
0.13350 
0.09150 

The optiaiaed bellowa were &iven e11entially the lame inopection •• the interill bellow. A variety of 1ull bleai1he1 were noted on 1everal of the bellow,, but the1e were judaed to be typical of the 1tate of the art in welded-bellow• manufacture. 

One exception wa1 an end-fittin& weld on one bellowa. The weld had poor unifol'llity and a 1kipped reaion at one 1pot. Thi• ii 1hown in Piaure 54. Thia bellOVI wa1 returned for reveldin& of the end fittin& and 1ub1equent in1pection 1howed that th~ new weld wa1 1ati1factory. 

Qetiaiud Bellowa !valuation 

Selected te1t1 were conducted with the optimized bellow• 1peci.llen1 to coapare the opti■i&ed bellowa with the aelected 1tandard welded bellow•. The te1t1, which are de1cribed below, were •elected•• being 1101t iaportant for the application of tilt-edge welded bellow, in typical rocket propul1ion 1y1teu. 

Priaary teatl included teatl for leakage and mea1urement1 of 1pring rate, hy1tere1i1,and fatigue life. In addition a teat wa1 made to determine the internal pre11ure that cau1e1 1nap buckling of the bellow, leave,. 
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riCUIE 54. pool END-FITTIHG WELD OF BELLOWS THAT WAS RETURNED FOR REHELDIMG
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Leakage Analy1i1. Although inapection of the optimized bellow• 
1pecimen1 1howed a fabrication quality comparable to standard welded bellows, 
it waa nece11ary to demonstrate that very low leakage a11emblie1 had been 
produced. No leakage was measured with a helium ma11 spectrometer for any 
of the bellows specimens. These resultl were the same aa those obtained with 
the standard bellr• specimens and 1howed that any leaks in the bellows were 
less than 1 x 10- atm cc/aec of helium. 

Spring Rate Analy1i1. As deacribed previously for the interim 
bellow,, it wa1 important to compare the mea1ured sprin6 rates of the bellows 
1pecimen1 with the calculated spring rate. It waa also important to compare 
the spring rates of the optil'llized configuration with the spring rates of the 
standard welded bellows mea1ured during the previous program. 

Table 24 1hows the calculated (46 lb/in.) and measured spring rate., 
for the optimized bellows apeciaena. It was concluded that the values were 
comparable in 1pread with thoae obtained during the previous program for 
standard welded bellows. 

TABLE 24. EXPIRDl!NTAL AND THEORETICAL SPRING 
RATES FOR FINAL BEL~S SPECIMENS 

Meaaured Compre11ion Spring Rate 
(3/8-Inch Deflection), 

Bellov1 lb/in. 

lT-16 
lT-17 
lT-18 
lT-19 
lT-20 
lT-21 
KT-22 
lT-23 
ICT-24 
lT-25 
lT-26 
KT-27 
KT-28 
KT-29 
KT-30 
KT-31 
KT-32 
KT-33 
KT-34 
KT-35 
KT-36 

Theoretical Spring 
Rate (1 inear) 

45.0 
43.9 
48.9 
44.1 
44.8 
44.2 
42.0 
39.5 
40.4 
42.9 
47.5 
47.6 
46.9 
43.6 
39.2 
45.2 
41.0 
41.4 
45.3 
40.6 
42.8 

46.0 
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Meaaured Ter!, .on Spring 
Rate (3/8-lnch Deflection), 

lb/in. 

44.2 
45.2 
44.1 
45.3 
43.8 
44.8 
43.6 
42.7 
44.5 
45.7 
44.4 
45.3 
44.0 
43.8 
44.0 
44.3 
44.8 
45.0 
45.0 
42.7 
43.6 

46.0 



The calculated spring rate for the 3.5-inch standard welded 
bellow that the optimized configuration was to be compared with was 57 lb/in, 
Thia demonstrated that adequate flexibility can be achieved in a tilt-edge 
deaign deapite the 1tiffening contribution■ of the conical diaphragm segments 
near the inner and outer weld bead■• 

Hy1teresis Analysi■ , Hysteresis is the difference between the 
deflections of a bellows or diaphrap at a given load for increasing or 
decreasing loads. Table 25 show■ the hy■ teresis for the optimized bellows 
1pecimen1 at O , oad after three compre11ion cycles and after three t ension 
cycles. Aho 1hown are valuea for the 111tandard" 3. 5-inch stainle11 steel 
bellow•. The different deflection• that were used corresponded to the full 
compression capability of each type of bellows. It can be seen that the 
amount of hysteresis in the tilt-edge bellows was significantly greater than 
in the standard bellows even when the difference in deflection is considered. 
Thu•, the tllt-edge bellowa configuration did not seem to be preferred over 
the 1tandard bellows for tho1e applications requiring low hysteresis. 

TA.BU: 25. C(J,{PARISON OF HY3TERES IS FOR STANDARD 
BELLOWS AND FINAL BILLOWS 

Ryateresis in Standard Bellows 
for 0.240-lnch Deflection 

Bellow• Compreasion Ten■ ion 
No. Set, inch Set, inch 

JD-131 
JD-132 
JD-1?,3 
JD-135 
JD-137 
JD-138 
JD-139 
JD-140 
JD-141 
JD-142 

0.003 
0.005 
0.006 
0.005 
0.004 
0.004 
0.004 
0.004 
0.003 
0.005 

0.020 
0.023 
0.022 
0.025 
0.019 
0.022 
0.023 
0.025 
0.027 
0.026 

Ry1tere1is in Final Bellows 
for 0.375-Inch Deflection 

Bellow Compre11ion Tenlion 
No. Set, inch Set, inch 

KT-16 
KT-17 
KT-18 
ICT-19 
IT-20 
KT-21 
KT-22 
ICT-23 
KT-24 
KT-25 
KT-26 
KT-27 
KT-28 
KT-~!9 
KT-30 
KT-31 
KT-32 
ICT-33 
ICT-34 
ICT-35 
KT-36 

0.007 
0.009 
0.010 
0.008 
0.016 
0.014 
0.011 
0.011 
0.010 
0.011 
0.012 
0.010 
0.012 
0.008 
0.009 
0.023 
0,008 
0.008 
0.010 
0.023 
0.020 

0.044 
0.044 
0.040 
0.043 
0.037 
0.037 
0.049 
0.052 
0.046 
0.035 
0.039 
0.039 
0.040 
0.049 
0,045 
0.035 
0.048 
0.047 
0.044 
0.076 
0.058 

(a) After 3 loadings each in compre11ion and then in tenlion. 
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Buckling Pre11ure AnalysiM. The de1ign of any bellows, whether 
welded or formed, require• a cQ11P .omi1e between deflection capability and 
pre11ure capability. Al the bellow• i1 made 110re flexible to achieve 
greater deflection capability, its pre11ure capability decrea1e1. As the 
bellows ii made more preuure relistant, it become• stiffer. As described 
earlier, it wa1 decided that the bellows should be designed to give optimum 
deflection capability with pressure stresses comparable to the standard 
welded bellows. Although the fatigue behavior of the bellows under axial 
deflection was of primary intere1t in the program, it was also important to 
determine the pre11ure carrying capability of the optimized bellows. 

Teats with the 1tandard J. 5-inch welded bellows had shown a 
practical pressure limitation of about 40 p1i. At an internal pressure of 
thil magnitude, the diaphragms were sufficiently distorted that the fatigue 
life had been reduced to about 5000 cycles for a deflection of 0.480 inch. 
Ir contrast, the fatigue life of the same 1tandard bellows with an internal 
rre11ure of 10 pli and a total deflection of 0.480 inch was abol·1 t 150,000 
cycles. 

Although pre1sure reduced the fatigue life of the optimized 
configuration (see below), it was found that the tilt-edge design had a 
different pre11ure limitation from the standard bellows. This wa• oil­
canning of a diaphragm; i.e., with a sufficiently high pre11ure, one of the 
bellow• diaphrapa would reverse. Although the bellow• did not leak with 
thi1 occurrence, it1 performance characteri1tics were altered sufficiently 
that it no longer functioned in an acceptable manner. For the optimized 
de1ign it wa1 found that the buckling (oil-canning) pressure with internal 
pre11ure wa1 about 60 p1i while the buckling pressure with external pre11ure 
was about JO p1i. Becauae of this buckling phenc:aena, it is believed that 
a bellow, aubjected to prea1ure or pres1ure 1urge1 up to JO pal 1hould be 
deaigned with decrea1ed span to uke it more re1i1tant to pre11ure effect,. 

Fatigue Alu►ly1i1. Aa with the interia bellow• de1cribed earlier, 
three fatigue characteristics were of particular intereat for the optimized 
bellowa 1pecimen1 (1) the location of the fatigue cracka, (2) the range of the 
fatiguP. life valuea for a given teat condition and (3) the comparilon of the 
fatigue Uvea with vain• estimated from calculated a trains. It waa shown 
in the previoua study that the fatigue failure of conventional welded 
bellow• alway• occurred at the convolution weld1. Becauae of the variable 
propertiea of the welda, large 1catter wa1 ob1erved in the fatigue live• of 
the varioua conventional bellows teated. From the analytical re1ult1 
deacribed earlier and from the results of the te■ ts of the interim bellows, 
it wa1 expected that fatigue failure at the weld■ could be prevented in the 
optimized tilt-edge bellow,. It was believed that prevention of weld failure• 
would not only iaprove welded-bellow, fatigue life but al10 improve the 
reliability of the bellow•. 

1t waa believed that fatigue te■ ta with the optimized bellow, 
speci■en1 would ahow that the de1ign goala had been met: 

(1) If the fatigue failure occurred in the parent metal of the 
convolution rather than in the weld beada 
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(2) If the range of fatigue failures for given test conditions 
was narrower than for standard welded bellows 

(3) lf the fatigue lives of the optimized tilt-edge bellows 
were greater for a given stroke than for the standard 
welded bellows selected for comparison. 

It was al10 hoped that, with fatigue failure occurring in the 
parent metal of the bellows, the fatigue life of the tilt-edge bellows 
could be estimated using calculated maximum strains and coupon fatigue 
data from the literature. 

Of the 14 bellows that failed in fntigue, 13 developed fatigue 
cracks in the parent metal of the diaphragms near the point of calculated 
maximum stress. One bellows failed prematurely at an end fitting when the 
diaphragm welded to the end fitting buckled. The cause of the buckling could 
not be determined, although the diaphragm may have been defot'llled during the 
welding operation. Because of the otherwise consistent failure in the parent 
metal, it was judged that the prevention of weld-bead fatigue failures had 
been amply demonstrated. 

Table 26 duplicates Table tl-8 which was included in Append ix N 
of Technical Report No. AFRPL-TR-68-22 to show the excessive variation in the 
fatigue life of standard welded bellows that were encountered during the 
previous program. It is important to note that bellows having early failures 
were not found to be poorly made either by the manufacturers nor during 
careful inspection at Battelle. In addition, cross sections of the bellows 
showed generally good welding practices. 

Bellows 

JD141 

JD135 

JD132 

JD131 

JD166 

JD164 

OD, 
inch 

3-1/2 

3-1/2 

3-1/2 

3-1/2 

3 

3 

TABLE 26. EXCESSIVE VAll.IATION IN THE FATIGUE 
LIFE OF STANIWlD WELDED BELl.cMS 

Bellows 
Material 

347 S.S. 

347 s. s. 

347 s.s. 
347 S.S. 

AM350 

AM350 

Internal 
Pressure, 

psi 

20 

20 

20 

20 

40 

40 

95 

Stroke, 
inch 

0,240 

0.240 

0.240 

0.240 

0.240 

0.240 

'7. Stroke 
in 

Tension 

0 

0 

50 

50 

50 

50 

Fatigue Life, hr. 

453 

!F_lz.7~7!0~9 

73, 22 

~F_7~z.8!0 

37,145 

NF 1,000,000 

1 ' 



Table 27 1hows 9 different teat conditions for the optimized tilt­

edge bellow1, each involving two or more test specimens, It has been shown 

that the fatigue failure• of identical metal coupons can vary as much as 3 to 

l or 110re for identical test conditions. Only one bellows test condition 

produced a spread significantly greater than 3 to l (80,709 cycles vs. 10,935 

eyelet) and the early failure was caused by diaphrap buckling rather than 

fatigue crackin~. These data, coabined with the interim bellows data presented 

earlier, are believed to demonstrate clearly that the fatigue failure range for 

tilt-edge b llows is comparable to that obtained fran coupon specimens. This 

spread ii not only much better than that obtained with conventional welded 

bellow•, but i1 better than that obtained with formed bellows, as shown in 

Figure 44. 

Another aspect of the fatigue analyais of the optimum bellows 

specimen• was a comparison of the deflection capability of the optimized 

bellows with the deflection capability of the standard welded bellows tested 

during the previou• program. Figure 55 show• the comparison results. The 

largest deflection tested for the standard bellows was 0.240-inch compression 

and 0.240-inch extenlion, Pour internal preuurea were uaed, 4 pli, 10 pli, 

20 psi, and 40 psi, Fatigue failure occurred in 158,115 and 158,570 cycles 

at 4 pai, 195,600 cycle• at 10 psi, 11,382 cycle• at 20 psi, and 4,219 cycles 

at 40 psi. Spring rate mea1urements showed that a1 the internal pressure of 

the 1tandard bellows was increased above 15 psi, the spring rate of the 

bellow• increased. This wa1 thought to be cauaed by preasure-induced 

nterference of the diaphrapu. Thia, in turn, wa1 believed to be the cause 

of the reduced fatigue life of the standard bellow• at 20 and 40 psi, 

For the optimized bellow1, it can be 1een that the fatigue life 

wa• far superior for a 0.240-inch c011pre11ion and 0.240-inch extension. 

During the progru it wa• not determined how many cycles could be obtained 

at internal pre11ure1 of 20 psi and below. Even with a 50 percent increase 

in 1troke, the live• of the optiaa bellow• specimen• were subatantially 

greater than that of the 1tandard welded bellows. Thus, in accordance with 

the design objective, the optimized tilt-edge bellow■ was shown to have 

1ub1tantially better deflection capabilities than the standard bellows 

selected for compariaon. 

The ability to eatimate the fatigue life of an optimized bellows 

• peci.men was found to be good at low preuure. However, an increase in 

internal pre11ure cauaed a reduction in fatigue life and this effect was 

not predicted by a linear analyais. The analysis of this condition is 

suaarized briefly. 

A linear calculation for the optimized bellows configuration 

showed a strain range of 3200 µ in/in for 3/8-inch compression and 3/8-inch 

teruiion. From Figure 44, a fatigue life of from l to 2 million cycles wa1 

estimated for thi1 test condition, A• shown in Table 27, 1pecimens KT-17, 

KT-25, and KT-28 gave 938,573 cycles, 2,066,147 eyelet, and 2,433,778 cycles, 

reapectively with an internal preasure of 2 psi. This was believed to be 

good correlation. 

However, an increase in internal preasure t o 10 psi decreased the 

fatigue life of KT-16 and KT-19 to 251,808 cycles and 382,710 cyclu, 

respectively. An increase in internal pre11ure to 40 pli decreased the 
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lives of KT-27 and KT-24 to 47,500 cycles and 58,191 cycles, respectively. 
An examination of a strain-gaged bellows aubjected to 3/8-in compreuio•tt 
and 3/8-inch extenaion with different amounts of internal preHure sho\o·ed 
that the pressure waa causing some parts of the diaphragms to press together 
or lock up. Thia reduced the effective length of th~ diaphragms and increased 
the strain in the diaphragms for given amounts of deflection of the bellows . 
Although it waa believed that the computer analysis program could be modified 
to analyze this geometrically nonlinear condition, it was not possible to 
accompli1h this in the current program. 
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SECTION V 

CONCLUSIONS 

A• a reault of the reaearch 1tudy, it was concluded that tilt­edge bellowa can be designed to give significantly better performance than conventional welded bellow1. However, certain problem• were identified with regard to the nonlinear effects of pre11ure on tilt-edge bellows. 'nleae problema ahould be atudied further in order to develop a complete underatanding of the behavior of tilt-edge bellows. Such an understanding will be required before tilt-edge bellows arc generally used in place of conventional welded bellows. 

The concluaions reached as a reault of the theoretical deaign 1tudy and as a reault of the fabrication and teating program are IUIIID8rized in the following 1ection1. 

Theoretical Design Study 

The theoretical deaign 1tudy wa1 concerned with the effect• of v&riationa in tilt angle, span, sweep radius, and convolution pitch. The conclusions reached in 1tudying theae ~arameter effect• are•• follow,: 

Tilt An2le. It waa found that properly •elected tilt angle■ reduced the 1tre11e1 at the root and crown welds to very nearly zero valuea under either pre11ure loading or axial deflection loading for all bellow■ 11111 atudied (1- to 3.5-inch OD). The optimum tilt angle for pre11ure load1 waa alway■ higher than the optimum tilt angle for deflection loada. However, in all ca1e1, tilt angle■ could be found (u1ually between the two optimum anglea) that gave 1ati1factorily low 1tre11e1 at the root and crown veldt for either deflection or pre11ure loading. 

Span. The effect• of change, in the apan were e11entially the tame for tilt•edge bellow■ a1 for conventional bellow■. Increaaing 1pan lowered the maxilnln deflection 1tre11 al11101t in proportion to the chan1e in apan. 

Convolution Pitch. Changing convolution pitch had little effect on t he 1tre11e1 due to pre11ure. The 1tre11e1 due to axial deflection increa1ed with pitch for an a11umed unit deflection per unit length bellowa. However, when an axial load of a 1-inch deflection per bellowa convolution waa conaidered, the maximum bellow, 1tre11e1 were relatively independent of pitch. Thia behavior waa alao aimilar to the behavior of conventional welded bellowa. 

Sweep ladiua. 'nle effect, of ■weep radiu1 variation, on the max~•um 1tre11e1 in tilt-edge bellow■ were found to be le11 pronounced than the effect of the above parameter,. However, it waa found t nat optimum aweep radii did exi1t that minimized the maximum convolut ion stre11e1. In the bella.,1 conaidered, thi1 aweep radiu1 waa approximately 25 percent of the bellowa apan. 
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End Fitting Stresses. End-fitting stresses were found to be 
satisfactorily low for many of the optimized convolution shapes with the end 
le•ves identical to the optimum convolution leaf shapes. In those designs 
exhibiting unsatisfactorily high end-fitting stresses, it was found that the 
only reliable method of reducing these end-fitting stresses was to increase 
the thick~ess of the bellows end leaf that was welded to the fitting with 
high stresaes. 

Aa an overall result of the analytical design phase of the research 
study, it was found that theoretically optimized tilt-edge bellows designs 
could be found with very low stresses at the weld beads and at the end 
fittings. 

Fabrication 

Two different tilt-edge bellows models were fabricated. Based on • 
this experience, the following conclusions were reached. 

Formability of Bellows Diaphragms. It is possib le to form the 
bellows diaphragms to precisely the shape required provid~d that appropriate 
allowance is made for spring back. Because of the greater overall curvature 
of the tilt-edge bellows diaphragms with respect to the standard welded 
bellows diaphragms, the spring back is greater. However, with a minimum 
amount of experience, this increased apring back can be anticipated in making 
the forming dies. 

Weldability. The execution of the ID weld to join the upper and 
lower bellows diaphragm• into a full convolution offers little difficulty. 
However, difficulties can be encountered in making the OD weld to join 
adjacent convolution,. The difficulties are primarily associated with 
fitting chill rings between the bellows leaves. It was found that the 
difficulty of using properly fitting chill rings increased a• the OD tilt 
angle was increaYed and the convolution pitch was decreaaed, for very large 
tilt angles and small pitch it could become necessary to make the OD weld 
without using chill rings. 

Experimental Program 

The experimental program verified that the tilt-edge design did 
indeed have aufficiently low weld stresses to prevent fatigue failure in the 
welds. However, it was concluded that some problems still existed requiring 
further atudy. The following conclusions were reached as a result of the 
experimental program. 

Spring Rate and Hysteresis. The spring rate of tilt-edge bellow, 
can be calculated using NONLIN at least as accurately as for formed bellows. 
A tilt-edge bellows has about 10 percent to 20 percent higher spring rate 
than a conventional welded bellows with the same pitch, span, and thickness. 
However, thi* spring rate can easily be adjusted by changing the span. 
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When teated at theit aaxillUll 1troke, the tilt-edge bellow• 

exhibited ac,re hy1tere1i1 than the standard bellow1. However, 1ince the 

aaxi_. 1troke given the tilt-edge bellow• wa1 much larger than the 1troke 

given the 1tandard bellow•, it wa• concluded that both belloWI exhibited 

1ufficiently low hy1tere1i1 to meet Air Force 1tanda ds, 

Fatigue Life Under Cyclic Axial Loada. It was found that when 

cycled at moderate deflection range• and at low pre11ure1, the fatigue life 

of a tilt-edge bellow• could be reliably e1timated u1ing the 1train ~ange 

calculated from the theoretical analysi1 and the appropriate coupon fatigue 

data. Further, it wa1 found that the 1pread in fatigue life for set• of 

tilt-edge bellow• teated at the 1ame maximum strain range wa1 almo1t •• 

1mall as for coupon data. Thia low 1catter wa1 observed for a wide range 

of pre11ure1 and strain range• and indicated that reproducible fatigue live• 

could be expected in tilt-edge bellow■• 

However, the experimental program ahowed that pre11ure had a 

significant effect on the performance of tilt-edge bellows. Thi• pressure 

effect waa manifeated in two way1: (1) by a gradual reduction of the fatigue 

life under axial loading a1 the pre11ur• vaa increa1ed and (2) by snap-through 

buckling of an upper leaf at high internal pre11ure. Similar ■nap-through 

buckling of the lower leaf wa1 obaerved for external pre11ure. 

It waa concluded that the fir1t effect of pre11ure in reducing the 

fatigue life waa aimilar to that obaerved in standard welded bellow■• Thia 

effect waa believed to be a combination of leaf interference cauaed by the 

pre1nure and the diaplacement of the mean 1tre11 point of the load cycle by 

the pre11ure 1tre11. 

The anap through buckling (oil canning) of the bellow• leave• at 

higher pre11ure1 wa1 not obaerved for 1tandard bellow,. However, it ii a 

coml0D phenoaena with 1ingle-1weep belloWI, It waa concluded that the oil­

canning waa a re1ult of the overall arch in the tilt-adge leave• that make 

them behave like a lingle 1weep bellow• with aimilarly arched leave■• The 

atandard multi-aweep bellow• leave■ tended to be fairly flat and apparently 

deformed in reaponae to the pre11ure from either aide without buckling. It 

waa concluded that the leaf buckling po1e1 a definite limitation on the 

pre11ure capacity of a tilt-e~ge bellow,. 
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SECTION VI 

RECCJ1MENDATIONS 

1. It 11 recoamended that tooling arrangements and welding 
procedure• be developed that would simplify the OD welding 
of bellow• with relatively large tilt angles or with small 
value• of pitc.h. This would be of considerable benefit 
for manufacturer• -.mo have not yet developed such techniques. 

2. It i1 recoamended that a theoretical and experimental 
investigation be carried out to develop procedures for 
predicting the effects of pressure on tllt-edge bellows. 
'11tis inveatigation would invo l ve extending NONLIN to account 
for leaf interaction and to predict the snap thro11gh buckling 
pressures. Further testing would also be needed, particularly 
to teat for buckling loads. It ia believed that such a 
research program would lead to the development of methods 
for predicting the performance of tilt-edge bellows under 
pressure with nearly the same reliability as was found for 
performance at low pre11ures. 
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APPENDIX A 

A..'V.LYSIS OF WELD AREA OF BELLQlS 

An analysis of a welded bellows as a thin shell of revolution does 
not give a complete picture of the stresses in the area of the weld bead. A 
detailed analysis require• that this area be treated as an axisy11111etric solid, 
in order that the local stress di stributions can be calculated about the 
notch at which failures normally occur. This appendix describes such an 
analysi1 in which a single weld bead and short segments of the adjoining 
leave• were separated (for purposes of analysis) from the rtmainder of the 
bellow• for detailed study. This removed portion was then analyzed with 
Battelle's computer program, AXISOL. AXISOL is applicable to such an 
axieyaaetric solid of rather irregular cross section. Several representative 
cue• w~re considered in this way: inner and outer welds, both small and 
large eoge tilts, and both axial and pressure loading. The calculated 
1tre11e1 agreed with those of the thin shell analysis, except in the 
inaediate area of the weld bead. In this area the effect of the notch on 
the level and distribution of stresses was determined. 

The Finite Element Computer Program AXISOL 

Battelle'• computer program, AXISOL, was used to calculate the 
detailed 1tre11 distribution in the weld a~ea. Thie computer program is 
well suited for this application, since it is capable of analyzing the 
stre1se1 in axisyanetric bodies of general cross section. Only a brief 
description of the program will be given here, since it is rather widely 
ueed in the aerospace industry and is well docwnented (3). 

The streeses in an elastic solid (such as that represented by the 
weld area of a bellows) can be described ~y the equations of the linear 
theory of elftlticity. However, the geometry and loadings are far too complex 
in thi1 caee to allow an exact analytical solution of the problem. One 
must then consider numerical methods to obtain an approximate solution. One 
possible approach is to approximate the governing differential equations, as 
i1 done in the method of finite differences. In contrast, the approach on 
which the computing program AXISOL is baaed doe• not utilize the governing 
differential equations. It approximates the 1olid with an appropriate 
structural model and then calculates the exact re1pon1e of this model. Thie 
approach is described as the finite elemer.t method. 

In the program AXISOL, the solid is modeled a• an assembly of ring 
elements which can be of either quadrilateral or triangular cros1 section. It 
is a11umed that the stresses and strains within each elemP.nt are constant, 
but that they change from one element to the next. Thu1, in areas where the 
stre11e1 change rapidly, closely spaced elements are required for accurate 
results. The elements are interconnected at their mutual corner1, which 
are designated nodal points. Equilibrium equations in terms of th~ unknown 
nodal point dis~ l acements and the known elemental stiffnesses are formulated. 
The solution of ~hese equations describes the deformation of the finite. 
element approximation of the continuous solid. There is no restriction in 
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AXISOL on the shape of the solid provided that it is a body of revolution. 
However, the number of elements required to accurately modei the solid l s 
re~tricted by the computer storage capacity. Over 2000 elements are 
permitted, which ls far more than the approximately 300 elements needed in 
this study to describe the bellows weld area. The stresses in the solid 
may be calculated for either arbitrarily prescribed boundary deformations 
or boundary stresses, as well as thermal loadings. Computation times of 
between land 2 minutes on Battelle's CDC-6400 digital computer were 
experienced in the weld area analysis. 

Procedure of Analysis 

For study of the bellows weld area it was assumed that the results 
of the thin shell analyses were accurate, except very near the welds. Thus, 
only a very limited portion of the bellows near a weld had to be considered 
in each finite element calculation. Thi• portion consisted of the weld and 
short lengths of the two adjoining shell leaves, which were considered to 
be cut from the bellows a few shell thicknesses from the weld. On these 
imaginary cuts the action of the remainder of the bellows on the weld area 
was represented as external loads. The appropriate force and moment values 
were obtained from a separate Rnell calculation. 

The basic finite element pattern that was used for all the 
calculations is shown in Figure A-1. This figure was produced by the 
computer plotting facility on the basis of input data describint the finite 
element model, The conception and specification of the precise number and 
arrangement of the element• is a key 1tep in each problem and re1ts largely 
on the judgment of the analyst. With a well-constructed pattern one can 
obtain accurate stress results with a reasonable number of elements and 
thereby minimize the effort required to prepare the input data and the 
machine computation time. In the modeling of the bellows weld area, a 
minimum of six elements through the leaf thickness was believed necessary 
to represent the bending stress variation between the inner and outer 
surfaces. Elements of excessively elongated cross section were avoided in 
this area. Increasingly smaller elements were taken near the tip of the 
notch to represent the stress peak there. In contra1t, relatively large 
elements were used in the outer portion of the weld. A total of 288 elements 
were utilized for the analysis. Figure A-1 represents but one of four weld 
geometries considered. It is a model of an outer weld with an edge tilt of 
35 degrees. Since considerable time and effort were required to produce 
this mesh, this basic configuration was used as data to produce the meshes 
for the other three cases. A simple computer ?rogram was written to transform 
the coordinate data by applying appropriate rigid body translations and 
rotations while maintaining the element pattern. In this way, the mesh could 
be positioned to represent either an inner or outer weld with the required 
tilt angle. 

The notches in actcal welded bellows show considerable geometrical 
variation as can be seen t~ cross-sectioned bellows. The particular notch 
configuration that was assumed for this 1tudy was believed to be reasonably 
representative. For analysis purposes the notch tip was taken aa perfectly 
sharp with no radius. A realistic value for this radius would have been 
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smaller than could have been conveniently represented with the finite 
element mesh. No attempt was therefore made in this study to model a 
rounded notch tip. Another factor of potential importance was the distance 
that the notch extended into the weld material. The effect of variation of 
this distance on the stress distribution in the weld could have been 
explored by changing the finite element model of the notch area. However, 
this was beyond the scope of the study. 

Precise application of the force and moment loads to the edges of 
the leaf segments as equivalent sets of nodal point forces was an important 
step in the analysis. To ensure accuracy and to eliminate hand calculations, 
a Fortran IV subroutine Wt\S written for AXISOL to allow the resultant moment 
and the normal and shear force resultants obtained by the thin shell calcu­
lation to be specified directly as input data for AXISOL. Particular care 
was taken to calculate a nodal point load pattern that had the precise force 
and moment resultants. The exa ~t distribution was believed to be of lesser 
importance. Such a procedure was considered important, since it was 
anticipated that the calculated stresses (in particular, the hoop stress 
component) would be quite sensitive to even small variations in the net 
applied loads. 

In thin-shell analysis of welded bellows it had not been the 
practice to include separation of the midsurfaces of the two leaves joined 
at the weld. These were taken to be coincident, with the midsurface 
separation corresponding to the leaf thickness being ignored. In the detailed 
analysis of the weld area as a solid of revolution, this separation was, of 
course, included. During the study it became apparent that this separation 
had a local effect near the weld.· It was concluded that this effect must 
be included in the shell calculation in order to obtain~ consistent set of 
edge loadings for the finite element analyses. This local effect could be 
explained by the fact that the membrane forces in the two adjacent leaves 
(which are nearly equal and opposite in direction) had their lines of action 
separated by a distance of about one shell thickne1S. This produced a couple 
of the same order of magnitude as the shell bending momenta. Thia had a 
local effect on the shell equilibrium. Thus, to determine the correct shell 
resultants for application as external loads in the finite element analysis, 
the weld beads were represented in the shell calculations as short segments 
of cylindrical shells. Numerical values of stresses, calculated with and 
without separation provided in this manner, ara tabulated in Table A-1. At 
the weld there were fairly large differences in the stresses calculated with 
the thin shell program. A few shell thicknesses away these differences were 
significantly smaller. The results of the finite element calculation showed 
a more drsmatic effect, however. In one case the edge loads were based on 
shell calculations with no midsurface separation. In the other case, 
separation was included. It is seen that the calculated meridional stresses 
(SPHI) for both cases were similar, but that the circumferential stresses 
differed by an order of magnitude. When separation of the leaves at the weld 
is included, the shell and finite element calculations gave consistent results 
for the circumferential stresses. 

110 
I . 



,..
. 

,..
. 

,..
. 

S
h

e
ll

 
a
lc

u
la

ti
o

n
 

F
in

it
e
 

E
le

m
en

t 
a
lc

u
la

ti
o

n
 

T
A

B
L

E
 

A
-1

. 
S

T
R

E
S

S
 

A
T

 
O

U
T

E
R

 
W

EL
D

 
O

F 
4

-I
N

C
H

 
B

E
L

L
C

M
S 

W
IT

H
 

3
5

° 
ED

G
E 

T
IL

T
 

D
U

E 
TO

 
A

X
IA

L
 

L
O

A
D

IN
G

 
-
-

W
IT

H
 

A
N

D
 

W
IT

W
JU

T
 

S
E

P
A

R
A

T
IO

N
 

O
F 

M
ID

SU
R

FA
C

E
S 

O
F 

A
D

JO
IN

IN
G

 
L

E
A

V
E

S 

U
pp

er
 L

ea
f 

L
ow

er
 L

ea
f 

A
t 

C
u

t 

M
em

br
an

e 

B
en

d
in

g
 

M
em

br
an

e 

B
en

d
in

g
 

S
P

H
I 

• 
M

er
id

io
n

al
 

st
r
e
ss

 
ST

H
ET

A
 

• 
C

ir
c
u

m
fe

re
n

ti
a
l 

st
r
e
ss

 
W

it
h

o
u

t 
se

p
a

ra
ti

o
n

 

A
t 

W
el

d 

ST
H

E
T

A
 

-4
,2

6
9

 



Description of Cases Considered 

Calculations wer pe rformed for a total of eight cases to explore 
the importance of weld position (inner or out~r weld), edge tilt angle, and 
type of loading (axial load or internal pressure). All the cases considered 
were for a nominal bellows with an outside diameter of 4.0 inches and a leaf 
thickness of 0.005 inch. The basic bellows configurations were the same as 
the 35° tilt-edge bellows that was described in Appendix D of th e final 
report AFRPL-TR-68-22, A list of the cases is given in Table A-2, Included 
are the values of the loadings that were applied along the edges where the 
weld areas were assumed (for purposes of analysis) to have been cut from the 
remainder of the bellows. These loadings were obtained from thin-shell 
analysis as exp lained previously. Each of the cases r epresented a separate 
finite element calculation. 

Two tilt angles were selected: 15° and 35°. Wi th t e 15° tilt 
angl e, t he bellows leaves were subjected to considerable bending in the 
weld area, as is characte~istic for small edge tilts. The 35° tilt angle 
was intended to re present a more favorable edge tilt. For th1s angle, llttle 
bending was obser'.red and the applied axial load was carried ain Ly as 
membrane and shearing forces in the weld area. 

For the cases of a~ial loading, the stresses were calculated for 
an imposed axial deflection of 0.09838 inch per convolution. The pressure 
loadings corresponded to an internal pressure of 10.0 psi. Pressure and 
axial loadings were treated separately. Thus, the ef(e~tu of combined 
loadings were not considered. 

Results and Discus s i on 

The results of the stress calculations are shown in Figures A-2 
through A-11 in the form of stress contours. Contours of principal (or 
maximum) stress are shown for all cases, while contours of circumferential 
(or hoop) stress (which are of less interest) are shown for only two cases, 
The principal stress contours are based only on the two principal stress 
components acting in the r-z plane. The third principal stress is the 
circumferential stress. In the finite element solutions the stress states 
in the bellows leaves (away from the weld bead) corresponL to the meridional 
membrane and bending stresses of the shell calculations. However, about the 
notch the stress pattern becomes more complex and the stre~ses increase 
rapidly. In this area, there are two nonzero components of principal stress. 
This complicated the plotting of the stress contours. A convention was thus 
adopted to indicate, at a given point, that component that was largest in 
absolute value. No such difficulty was encountered in plotting the principal 
stresses in the bellows leaves where the characteristic thin shell stress 
distribution existed. Here the stress normal to the shell surface is always 
one of the two principal stresses and was nominally zero. The principal 
stress of interest was composed of the meridional membrane and bending stresses. 

The character of the stress in the weld area is apparent from the 
contours of Figures A-2 through A-11. In all cases there was a concentration 
of stress at the tip of the notch, while the outer portions of the weld bead 
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were only slightly stressed, The peak stress values that were calculated near the notch tip require special interpretation. The finite element results represented an approximation of the stress peak (infinite stress for a perfectly sharp notch) that an exact, analytical solution for the elastic stress field wou ld show. If thr mesh of finite elements were made much finer near the notch, the calculated stresses would more closely approximate such a closed-form solution. However, continued refinement of the element represen­tation would be of little practical value, since in an actual bellows a small zone of plastic deformation will relieve these high stresses at the notch tip. For this reason, no effort was made in this study to increase the number of elements over that shown in Figure A-1. Thus, in viewing the plotted stress contours in the notch area, one should not attach much importance to the exact numerical values shown at the tip. For plotting purposes the numerical value of the innermost contour was based on the value for the element at the tip with the highest calculated stress, 

Figures A-12 and A-13 show more clearly the rise in stress near the notch, The curves show the variations in principal stress for Cases 1 and 2 along the direction of the line labeled "s" in Figures A-2 and A-3. This line is approximately in the direction of the maximum stress gradient for both cases. This line cuts normal to the surface of the upper leaf at the notch tip. The linear variation of the stress, as predicted by the shell calculation, is shown for comparison purposes. As indicated, the stresses calculated by the finite element method were in reasonable agreement with the shell results, at distances greater than .0005 inch from the notch tip. For distances less than ,0005 inch, the results diverged rapidly. The curve passed through the finite element data points appears to rise asymptomatically, In this zone, the elastic stresses would be very high and plastic deformation is indica~ed, The results suggest that the plastic zone was relatively small, on the order of one-tenth the shell thickness, 

1he rising nature of the curves in Figures A-12 and A-13 also suggestel that larger stress could be calulated if one had added additional elements nearer the notch tip. However, the element representation used in this analysis appeared to have been sufficient to detect the stress peak. Thus, the stresses calculated for the elements adjacent to the notch tip should give some indication of the elastic stress level at the distance from the notch tip corresponding to the centers of these elements. Also, since identical element patterns were used for all eight cases, element-by-element comparison between the cases should provide a basi.s for determination of the effect of the notch on the relative stress levels corresponding to different tilt angles and loadings, Table A-3 gives the values of the stresses at the notch from both the shell and finite element calculations, Results for both the upper and lower leaves are shown for each of the eight cases. A stress intensification due to the notch was calculated for each case. This was defined as the ratio of the maximum stress as calculated by the shell analysis to the maximum stress as calculated by the finite element analysis. Values ranging from 1.3 to 1.9 wer~ obtained, These values are of qualitative value since much larger values could have been obtained had more elements been taken near the notch tip. Referring to Figure A-1, the tabulated stresses correspond to the two elements closest to the notch, whose centers are about .00015 inch from the tip. 
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The thin shell analysis of the we lded bellows i nd icated that large 
reductions in stress at the welds could be ach ieved by tilting the edges of 
the bellows. However, the shell calculations did not incl ude any stress­
intensification effects of the notch. It was not known how such effects 
might interact with the effect of tilting the bellows edge . The more 
detailed, finite e l ement analys es of the weld area provide valuable support 
to previous conclusions that were based on the shell calculations . Table 
A-4 shows the effect of changing the edge tilt from 15 to 35 degrees. 
Ratios of the maximum stress at the weld for 35 degrees tilt to the maximum 
stres for 15 degrees tilt are given. The ratios were calculated from the 
stress values given in Table A-3 . Remarkable agreement was found between 
the ratios calculated based in one cas e on the results of shell analysis and 
in the other cas e on the results of the finite e lement analysis. Consider­
ing the conventions used to calculate these ratios, no significance should 
be attached to the fact that slightly smaller reductions in stress due to 
increasing the edge tilt were predicted i :1 each case by the finite element 
calculation. 

Conclusions 

1he results of the weld area analysis can be summarizej with the 
following conclusions: 

(1) Except for an intense stress peak at the tip of the 
notch, the stresses in the weld bead material were 
low coopared to the stresses in the adjacent leaves. 

(2) The peak stresses at the notch were much greater than 
the nominal stresses predicted by thin shell calculations 
However these peak stresses were very localized and 
decayed to the shell stress distribution within a distance 
of about one tenth of a leaf thickness from the notch 
tip . 

(3) Optimization of the edge tilt angle on the basis 
of the nominal stresses calculated with thin shell 
theory was valid, since variation of the edge tilt 
angle had a comparable effect on both nominal and 
peak stress in the weld area. 

(4) In the analysis of welded bellows with thin shell 
theory, separation of the midsurfaces of the joined 
bellows leaves should be includ~J in the shell model. 
The representation of the weld bead as a short, 
cylindrical, shell part had a significant local effect 
on the calculated shell stresses . It yielded nominal 
stress values that ~re consistent with the more exact 
analysis of the welo area as a solid of revolution. 
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APPENDIX B 

ADDITIONAL SUBROUIINES TO AID IN 
THE INVESTIGATION OF WELDED BEL~S 

During the course of the investigation of improved welded bellows 

configurations, two ir.ajor subroutines to aid in the analyses have been devel­

oped, namely subroutines PIT and PLT. The subroutine FIT uses the x-y 

coordinates of the bellows to be analyzed and automatically prepares the 

shell-parameter input data as requited by program NONLIN. PLT was developed 

so that plots of preselected variables (deflections, stresses, etc.) could 

be made and superimposed on the shape of the bellows model being analyzed. 

These additional subroutines required that certain changes be made 

in the original versions of NONLIN, INPUI, and PRINI. They were described 

in Appendix B of the "Final Report on the development of Analytics 1 Tech{liques 

for Bellows and Diaphragm Design", Technical Report No. AFllPL·Tll-68-22(1). 

Also, several, smaller subroutines were developed for use with the program 

FIT. This appendix describes the changes required in the original program 

versions reported previously and the new subroutines developed for use with 

PIT. It presents the FORTRAN listings of all the new programs developed, 

along with detailed instructions on their proper usage. 

Description of Subroutine PLT 

This portion of the appendix describes the new subroutine called 

"PLT" which has been incorporated into the computer program NONLIN, NONLIN 

has been presented in Appendix B of the "Final Report on the Developmen, of 

Analytical Techniques for Bellows and Diaphragm Design", Technical Report 

No. AFRPL•TR-68-22. 

PLT is written in FORTRAN IV and is operational on the CDC 6400 at 

Battelle-Columbus. It makes use of CALCCliP 565 plotter and various plotting 

subroutines developed at Battelle. These routines are QIKPLT, QLINE, PLOT, 

SYMBOL, and ENCODE. These routines are on the System Library tape at 

Battelle-Columbus. The purpose of PLT is: 

(1) To define the Input Mathematical Model in an x-y coordinate 

system, to select a proper scale such that the model fits in an 8-1/2 by 11-

inch plotting area, and then to draw the shape of the model. It also 

identifies the first and last points on each shell part by point(+) plots 

on the model already drawn. 

(2) To superimpose on the shape of the ~odel the value of a 

preselected variable (deflection, stress, etc.) so that the model cross 

section corresponds to zero "variable" level. The variable is plotted along 

the normal to the shell and on a suitable scale automatically determined by 

PLT, 
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The incorporation of PLT in NONLIN involved an extension of "Input Data Preparation" (Appendix B, Paragraph B-II-d of Technical Report No. AFRPL-TR-68-22). The program now includes 15 data sets. A previously coded variable in Data Set 5 was activated; this variable initiates the call to PLT and also specifies the number of variables to be plotted. Revised Data Set 5 and Data Sets 13, 14, and 15 are described below. 

In order to make PLT operational, a minimum number of changes were made in NONLIN, PRINI', and INPUI. These changes consist of only activating those port ions on NONI.IN, PRlNI', and INPUT which had previously been coded for use in a plot subroutine. The particular changes in portions of the program NONLlN and the subroutines INPUT and PRlNI required for the incor­poration of PLT are presented at the end of this section together with a complete FORTRAN listing of the new subroutine PLT. 

It should be mentioned that since it has been found that toroidal, conical, and cylindrical parts are sufficient to represent even the most irregular bellows, the present plot routine PLT does not accept a model with either ellipsoidal, paraboloidal, or spheroidal shell parts. Also, for welded bellows analysis, PLT has the capability of plotting up to two convolutions or four leaves of the mathematical model. Each leaf cross section, together with the desired superimposed curve of stress or deformation variable, is plotted automatically on a separatP. sheet. 

New Data Sets Required for Use with PLT 

Data Set 5 

RF.AD (5,561) !BRM, ITER, NDUMMY, PI,fr, INIPRN, I NI VAL, LEVEL 1, LEVEL 2 , 
ERP, CfNVER, NUMHAR, (NFIIURA (1), I • 1, 8) 

561 F~T (815, 2El0.3, 1012) 

lBRM • number of parts in composite shell 
ITER • number of iterations at a load level for nonlinear calculations lTER • 0 for linear analysis 

NDUMMY • not presently used 

P14r • number of variables to be plotted; maximum number that can be 
specified is 10. If P1'r is other than O, then Data Sets 13, 14, and 15 are to be read in. 

Use P1'r • 0 for no plot. 

INI'PRN • 0 indicates that intermediate results from the nonlinear analysis, i.e., values of parameters and slopes will not be printed out. Use 1 to obtain values. 

INTVAL • 0 indicates that the intermediate results from the initial value 
integrations will not be printed out. Use l to obtain values. 
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Data Set 13 

READ (5.525) (IP1'I (I), I• 1, PI4I) 
READ (5,526) (J~BPLT (I), I• 1, P1'I) 

525 F~T (1015) 

526 ~RMAT ( 10A8) 

IP1'I (I) is the code number for the variable to be plotted against the 
geometry of the shell parts. See left-hand side of the table 
given af ter J0BPL0r (I) 

J~BP1'I (I) is t he variable name. See right-hand side of the table below. 

Data Set 14 

Code Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Variable Name 

w 
Q PHI 
U PHI 
N PHI 
BETA PHI 
M PHI 
N THETA 
M THETA 
EPS THET 
EPS PHI 
SIG NPHI 
SIG MPHI 
SIG PHII 
SIG PHIi 
SIG NTHr 
SIG Ml'Hr 
SIG THrI 
SIG THrf 
TAU PHI 

READ (5,2001) (YTITLE (I,J), I•l, 8), J • l, PJ41) 

2001 F~RMAT (8A10) 

YTITLE is full title of the variable. For each plot a separate card is 
needed. Each title takes 42 columns. An* is required in column's land 42. 
(Pt.01) is the name for Pt;r local to the subroutine PLT.) 
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Data Set 15 

WI> (5, 2002) NLS 

2002 POMT (15) 

llAD (5,2003) (INLS (I), I • l, NLS) 

2003 PORK'T (415) 

NLS is the nwnber of leaves in the mathematical model. NL5 can be either 
l, 2, 3, or 4. 

INLS (I) is the last part number (IBRM) of each leaf. 

Data ~beets showing the proper format for Data Sets 13, 14, and 15, described 
above are shown in Fig•1re B-1. 
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Required Changes in NONLIN 1 INM. and PRINT 

The following FORIRAN IV listings indicate the changes made in 
NONLIN, INPUT, and PRI!rl' which were required for the incorporation of the new 
subroutine PLT. Only those parts of the listings which differ from the 
original versions given in Battelle's earlier report on analytical techniques 
for bellows and diaphragm design are presented. The particular changes are 
clearly marked. 
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FORTRAN Listing of Subroutine PLT 

Given below io a complete listing of the F0RIRAN IV version of the subroutine PLT currently operati~nal on the CDC 6400 at Battelle-Columbus. This subroutine together with the "IIOdified versions of N0NLIN, INPUI, and PRINT presented above provides the user with an improved tool for the analytical study of bellows and diaphragms. 
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Data Set 8 Fit Control Card 

This card contains the number of points which will be used to 
describe the shell shape, the number of vertices in the shell (points through 
which the tangent is not required to turn continuously), and the total number 
of print points desired for the entire shell. The number of print points 
refers to the points at which the values of stress resultants and moments, 
the displacements and strains, and the surface stresses computed by NONLIN 
are printed out. This information was previously read i n for each part. FIT 
computes the number of print po◄ nts per segment for each part by taking the 
appropriate fraction of the total number of print points requested according 
to each parts proportion of the ~otal arc length. Clearly this procedure 
does not allow the user to obtain detailed in ormation in regions of interest 
on the first pass. However, the number of print points per segment for a 
particular region of interest can be changed on the data deck obtained from 
FIT. 

Data Set 9 Tolerance and Coordinate Transfol'mation Card 

The first entry on this card is the tolerance which is the maximum 
diftance any point can lie from the model. If the tolerance is set too small 
lt may be that no model will be obtained, while too large a tolerance will 
yield a model which does not adequately describe the shell. A suggested 
tolerance is 1/10 of the average thickness, although reasonably good results 
have been obtained with a tolerance of 1/2 the average thickness. 

The remaining entries on this card deal with transforming the 
arbitrary set of coordinate axes (used to measure the (x,y) coordinates of 
the shell midsurface) to the coordinate system needed to describe the 
mathematical model. In order to obtain the correct descriptions of the shell 
parts, the origin of coordinates must be translated so as to lie on the 
centerline of the shell. This also implies that the x-coordinates m11t all 
be positive. To ensure all of these conditions it may be necessary to trans­
lete and reflect in the coordinate axes. 

To illustrate this point consider Figure B-2, depicting a silllple 
encapsulated shape with a set of axes superimposed. These axes are used to 
measure (x,y) coordinates of the points. Table B-1 lists a set of (x,y) 
values which might be obtained. 

TABLE B-1. COORDINATES FOil SHELL OF FIGURE B•l 

Coordinates 
Reading X y 

1 0 0 
2 o.s o.s 
3 1.0 1.0 
4 1.5 1.25 
5 2.0 1.4 
6 2.5 1.4 
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When read into FIT in the indicated order, the interpretation is s 
shown in Figure B-3, with the y-axis being used as the centerline of the 
shell. The desired interpretation is shown in Figure B-4. To transform the 
(x,y) coordinate system to the desired (r,z) coordinate system it is 
necessary to: (a) reflect in the y-axis, (b) reflect in the x-axis, and 
(c) translate in the positive x direction. There is no need to have they­
coordinates positive, except to enhance the appearance of any plot of the 
final model. 

Data Set 10 Pointwise Description of the Shell 

This set of data has one card for each point describi ng the shell 
midsurface. In general, each card will contain the x and y coordinates of a 
point and the thickness of the shell at that point . If only the f i rs t card 
of this set has a thickness specified, the resulting model will have constant 
thicknes s . If the thickness is not speci f ied at a point, the last thickness 
value read in is assigned as the shell thickness at that poi nt. Thus, the 
first card must always contain a thickness specification. 

When the elastic and loading parameters are constant for a 
particular problem no other information need be supplied on these cards. 
However, if they vary along the shell, the variations are prescribed on these 
cards. It is anticipated that these parameters will be constant over large 
portions of the shell. Therefore, their values are allowed to be prescribed 
only at the first point and at points which are vertices. The user is 
allowed, however, to label as vertices points which are not "ge0111etric" 
vertices when variable loading and elastic parameters require this to be 
done. The resulting model wi ll probably be suitable. But, the tangent is 
not required to turn continuously through points which are labeled as 
vertices. 

Data Set 11 Vertex Information 

This card contains the indices (in the order of their appearance) 
of the points which the u1er callB vertices. Generally speaking, these are 
points on the shell generator at ~mich the tangent is not required to turn 
continuously. However, if variable loading or elastic parameters change 
value at points which are not "geometric" verticea, the user can specify such 
points as vertices if he is willing to accept the 1011 of the continuity of 
the first derivative at that point. 

Itea•by-Item pe1cription of Input Data 

Data Set 1 Job Identification 

READ (5,500) TITLE 1, TITLE 2, TITLE 3 

500 F'RMAT (80Al) 

Any information can be placed on these three cards. It is 
necessary to have three cards, although any can be left blank. 
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Data set 2 Boundary Data at Jnit lal Edge 

READ (5,530) (BOUNDI(I), GA(I), I• 1,4) 

530 FfRHAT (4 (A6, 6X, F8.2)) 

B•UNDI (1) is either DISPLACEMENT or FfRCE in normal or 1 direction 

GA (1) is ita value 

~UNDI (2) ia either DISPLACEMENT or FjRCE in meridional or 2 direction 

GA (2) is its value 

~UNDI (3) is either SLOPE or MfHENT 

GA (3) is its value 

NUNI>l (4) is either DISPLACEMENT or FfRCE in circumferential direction 

GA (4) is its value 

For an axisymmetrically loaded shell BCIUNDI (4) and GA (4) need not be 
specified. 

Data Set 3 Boundary Data at Final Edge 

READ (5,530) (MUNDF (I), GB (I), I• 5,8) 

530 FfRMAT (4 (A6, 6X, F8.2)) 

MUNDF (5) is either DISPLACEMENT or FfRCE in normal or 1 direction 

GB (5) is its value 

MUNDF (6) is either DISPLACEMENT or FORCE in meridional or 2 direction 

GB (6) is ita value 

NUNDF (7) is either SLfPE or M.MENT 

GB (7) ia its value 

NUNDF (8) ia either DISPLACEMENT or r,acE in circumferential direction 

GB (8) is it1 value 

For an axiaymmetrically loaded shell MUNDF (8) and GB (8) need not be 
specified. 
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Data Set 4 Boundary Rotation Angles 

READ (5,565) ALXL, ALXR 

565 FfRMAT (8Fl0,5) 

ALXL is the boundary rotation angle at the initial edge of the shell 

ALXI is the boundary rotation angle at the final edge of the shell 

Data Set 5 Control Card 

READ (5,561) IBRM, ITER, NDUMHY, PL~T, INTPRN, INTVAL, LEVELI, LEVEL2, ERP, 
CfNVER, NUMHAR, (NFfURA (I), I • 1,8) 

561 FfRMAT (815, 2El0.3, 1012) 

IBRM • Set IBRM • 0 to use fitting subroutine, Fit determines the 
number of shell parts, 

ITER • number of iterations at a load level for nonlinear calculations. 
ITER • 0 for linear analysis. 

NDmtfY • not presently used 

INTPRN • 0 indicates that intentediate reaults from the nonlinear analysis, 
i.e., values of parameters and slopes, will not be printed out, 
Use 1 to obtain values. 

INTVAL • 0 indicates that inter11ediate results from the initial value 
integrations will not be printed out, Use 1 to obtain value1. 

LEVELl • number of increments into which the loading is divided for non• 
linear analy1is. 

LEVEL2 • not pre1ently u1ed 

ER.P • accuracy for integration subroutine. If left blank, it is 
internally set to 1.0 E-05. 

CfNVER • convergence criteria for use in nonlinear analysis, 

NUHHAR • number of FfURIER harmonic• in the anly1i1. For a nonlinear 
analy1is, NUMHAR • 1. For a linear analy1is, NUMHAR must not be 
greater than 8. If the ahell is axis}'llllletrically loaded, 
NUMHAR • 1. For a nonsymetrically loaded 1hell which has the 
same boundary conditions for all harmonic•, NUMHAR can have any 
value up to 8. 

NFOURA(I) • r,URIER harmonic value. For an axisymmetric deformation, 
NFOURA (1) • O. 
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Data Set 6 Elastic Parameters 

563 FfRMAT (2X, A2, 4X, Ell.4, 4X, F6.4) 

NELAS is either YES or N,. YES indicates that the elastic parameters 

are the same for each part in the composite shell. If YES, then 

the values of Young's modulus and Poisson's ratio are read in 

on the same card. If Ne, the values for each part are read in 

as Data Set 10. 

YOUNG •Young's modulus 

POISSON• Poiuon' s ratio 

Data Set 7 Loading Parameter• 

(lb/in. 
2) 

(in. /in.) 

WD (5,680) NPRES, PRESS, DENSTY, DEAD 

680 FfRMAT (2X, A2, 4X, 3F 14.5) 

NPRES is ~ither YES or Nf. YES indicates that the distributed 

loadings are the same for each part in the composite shell. If 

YES, then the values of the normal preasure, the weight density 

of the material, and the dead loading on the shell are given on 

the same card. If Nf, then the values for each part are read in 

as Data Set 11. 

Data Set 8 Control Card For Fit (One Card) 

READ (5,5010) NPTS, NV, ITNT 

NPTS • Number of points used to describe shell midaurface. 

NV• Number of vertices 

ITNT • Total number of print point,. 

Data Set 9 Tolerance and Tranafonpation 

READ (5,5020) EPSl, XTRANS, YTRANS, XRFLCT, YRFLCT 

5020 FfRMAT (3Fl0.5, 2X, A2, 3X, A2) 

EPSl • User prescribed tolerance. No point will be more than EPSl from 

the resulting moc!el. EPSl is a poaitive quatLtity, usually 

between 1/2 and 1/10 the average thickness of the shell. 

XTRANS • Distance the given points are to be translated in the x direction. 
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YTRANS • Distance the given points are to be translated in they 

direction. 

XRFLCT = YES or NO; if YES then the given points will be reflected in 
the x-axis. If NO the points will be unchanged, 

YRFLCT • YES or NO. If YES then the given points will be reflected in 

the y-axis. If NO, the points will be unchanged. 

Data Set 10 Pointwise Deacription of the Shell (One card is needed for each 
point) 

READ (5,5070) Xl, Yl, Tl, PR, YM, PRS, IM, DNS 

5070 F-RMAT (8Fl0.5) 

Xl • x-coordinate of the point. 

Yl • y-coordinate of the point. 

Tl• thickness of the shell at 

PR• Poisson's ratio (in./in.) 

YM • Young's 1110dulus (lb/in. 2) 

PRS • Pressure loading (lb/in. 2) 

* 
* 

(Xl, 

2 
Dead weight loading (lb/in. ) 

DNS • Density (lb/in. 3) 

Data Set 11 Vertex Information 

READ (5,5060) (IV(I + 1), Im 1, NV) 

5060 FORMAT (1615) 

IV(I) • index of the I-th vertex. 

Yl) • * 

Internally, the first and las points are required to be vertices. 

'flle user, However, must Jl2t enter these indices as vertices. IV(I) and 

IV(NV + 2) are set internally to 1 and NPTS, respectively. 

* Note - The units used for thicknesses and coordinates should be actual 
dimensions in inches. 
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Description of Output 
The main output from FIT is in the form of a punched set of data ready to be read into NONLIN. A plot of x-y coordinate and shape of model is 

also obtained. Since all of this standard input is described in detail in Appendix B of Reference (1), nothing more need be said about this part of the ~ul put. 

In aodition to the input for NONLIN, certain intermediate results 
which describe the fitting process are printed out, An understanding of these 
r esults is important to the user if trouble is encountered by the program in 
obtaining a model, Before describing these results it will be necessary to consider briefly the fitting procedure, 

The fitting procedure begins by grouping the points according to whether the tangent to the fitting curve will rotate clockwise, counterclock• 
wise, or not turn (a line), as the group of points is traversed in the positive 
direction. The positive direction along the curve is defined by the order in 
which the points are read in, This grouping of points accomplishes several important t a ks, It isolates inflection points, gives a lower bound to the 
number of parts required in the final model , and providea an easy check on whether a given circular arc has the proper curvature, It must be emphasized 
here that the way in which this grouping is done requires that lines be described by at least three points. This is brought out since it may, on occasion, be necessary to add points to those obtained from the encapsulating 
procedure to ensure obtaining conical parts where they are desired, 

Basically the fitting proc~dure requires the joining of two curves 
10 that they have a c0111Don tangent and are within the prescribed toleranc~ of 
the given points. The requirement that the first derivative be continuous 
detet'11ines a line on which the cent er of a fitting circle must lie. In the 
case of a fitting line segment, this requirement demands that the line be tangent to any circles adjacent to it . 

There are essentially four differe1t problems associated with the 
fitting procedure. These are starting the fitting curve with a circle or a 
line and extending the fitting curve with a circle or a line. 

If the fitting curve is being extended with a circle, then a line 
is known on which the center must lie. Thia line is either the normal through 
the last point of the preceding line or the extended diameter through the last 
point of the preceding circle. 1be next circle is then completely d tet'11ined 
by requiring it to pass through one additional point. To fit as many points 
as possible the circle through the last point of the group of points being fit 
is tested for suitability. This test includes a check on the curvature and a 
check on whether or not all of the points being fit lie within the tolerance 
of the curve, If any point does not satisfy the tolerance the circle is judged 
unacceptable and the circle through the next to the last point is teated, Thia process is continued until a suitable circle is found, The acceptable 
circle is then extended as far as possible by testing successive points past 
the last point on the circle until one is found which exceeds the tolerance, 
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When the fitting curve is being extended by a line, the procedure 
is simply to find the appropriate line which contains the ·1ast point of the group of collinear points and is tangent to the preceding circle. 

A fitting curve is begun at verti c~s and at the first point of 
the set of data points. If the first group of points being fit is not 
collinear, the fitting procedure requires a line on which the center of the 
fitting circle must lie. 'nlis line is taken to be the extended radius of the circle through the first three points. 

There is one further procedure which is carried out as a matter 
of course when the fitting curve is extended by joining two circles of 
oppf1aite curvature. This procedure is to search for a better inflection 
poi,1t than is offered by the last point of the preceding circle, Nine trial in _lection points are created on the preceding circle between the last two 
points fit. Each trail point is tried and the best one is chose;, according 
to a measure of the goodness of fit the curve from each trial point achieves. 

Several things can happen to the fitting curve extended from a given trial point: (a) it can be extended from the trial point to the last 
point of the present group of points with one or more circular arcs, (b) it 
can be extended so as to fit all but a few of the points before the curvature reverses, or (c) it can only be extended one point before curvature reversal 
occurs. '11le last two ca1es are distinguished, because, when curvature reversal occurs, nine trial points are created between the last two points successfully fit and each is tried to obtain the best point from which to continue the 
fitting procedure. While this strategy is satisfactory for case (b), it will lead to uncontrolled looping in case (c). 

Corresponding to each of the three cases, a number indicative of the trial points s1,itability is cOTDputed. For case (a), the number of 
circular arcs required plus the sum of the absolute values of the distances the points are from the curve is computed. Thia number is computed for each 
trial point and is placed in a vector called BSTFIT. If the fitting procedure could not go from the kth trial point to the last point of the group, 
BSTFIT(K) is set equal to 100. In case (b), the index of the last point properly fit in extending the curve from the kth trial point is stored in a 
vector called IFIT. Thua, if BSTFIT(K) • 100 for all nine trial points, the beat trial point is chosen according to the largest entry in IFIT. 

In order to discuss case (c), let V! suppose that the nine trial points were created between the j th and j + l points. Then IFIT(K) • j + l for all nine trial points. So that the fitting procedure may continue, the vector EP(K) is computed for each trial point. EP(K) contains the distance of the j + 1st point from the circle through the j + 2nd point, provided this 
circle has the proper curvature. In case the curvature does reverse, EP(K) is 1et equal to 100. '11le beat trial point is chosen according to the smallest value in EP, which of course will be larger than the tolerance. A message indicating that the tolerance has been exceeded is printed out and the user can decide whether or not to accept the model. 

With this brief explanation of the curve fitting procedure, the output description should now be clear. The first few pages of output are 

168 



self-explanatory, consisting of job identification, tolerance, and the 
translated and reflected (x,y) coordinates together with the thickness at 
these points. 

The results of the preliminary grouping are then displaced. Each 
row of this output corresponds to one group of points and contains t he type 
of the grouping and the first and last points of the grouping. Th e type of 
the grouping is a number which indicates the direc t ion of rotation of the 
tangent as follows: 

a) ITYPE(l) • l 
b) ITYPE(l) • 2 
c) ITYPE(l) • 3 

Clockwise 
Counterclockwise 
Line segment 

'l1le remaining output will vary from problem to problem, bu t will 
always consist of the same type of infonnation. The infonnation is geared to 
indicate how the set of points wae fit. The fitting information for each 
group of points is started at the top of a new page. If a group of points is 
collinear, no information other than the first and last points of the line is 
given. 

For circles there are sev~ral pi~ ~~s of information printed out. 
Whenever a set of trial points is created and tested t he values of BSTFIT, 
IFIT, and EP are printed out for each trial point. The index of the beat 
trial point is identified 4nd its coordinates given. The next line gives the 
indices of the points the circle must pass through, the index of the last 
point of the group of points being fit, and the center coordinates and radius 
of the fitting circle. If there are any points which the circle does not 
contain, their coordinates and distances from the circle are then listed. The 
distance ia a signed quantity which ia posi t ive when the point is inside the 
circle. When this information pertains to points fit by extending a circle, 
it is distinguished by the words ''Following Point Check", aa compar d to 
"In termed ia te Point Check". 

The output described above is useful when a smaller tolerance is 
desired or when trouble developes during the fitting procedure. A different, 
better fitting model will not necessarily result from changing the tolerance. 
However, a glance at the actual distances the points are from the model will 
indicate how small the tolerance must be set t o achieve a change in the model. 
'l1le vectors BSTFIT, IFIT, and EP are often useful when the fitting procedure 
fails; aa they give a good indication of what caused the failure and help in 
correcting the trouble. 

When the fitting procedure is completed the set of (x,y) coordin· 
ates, including the various trial points used, is listed. The familiar 
output from NONLIN is then printed out, starting with the boundary data and 
followed by the geo~etry generated by FIT. Finally, a plot of the model 
versus the origins). set of data points is provided for visual acceptance or 
rejection of the model. 

169 



Sample Problem 

To illustrate the preceding remarks we consider an example problem 
taken from Reference (2). A step•by•step explanation of input preparation 
and output interpretation will be given. 

Table B-2 lists the (x,y) coordinates and thicknesses measured for 
two lea t of the 3•1/2-inch single-ply stainless steel bellows JN 136. The 
incapsulated bellows is shown photographed and enlarged 20X in Figure B-5. 
We observe that when the coordinates were measured, the positive y direcLion 
was down on the photograph. This implied that a reflection and translation 
about the x-axis will be required, 

A decision must be made on how the weld should be modeled. It can 
be modeled as a short cylinder by adding one point between points 33 and l4 
(three points are needed to determine a line) or it can be modeled as a sharp 
?Oint (a vertex) by omitting point 34 and shifting points 35 through 65 a 
distance of 0.005 inch in they direction. The second way of modeling will 
be used in t~is example, although it is not necessarily the best way. 

The input data are shown prepared on coding sheets in Figure 
B-6, The first three cards contain the job identification desired by the 
user. The next three data sets contain the boundary data which are described 
adequately in Reference (2). Data Set 5 has the first five columns blank, 
since we desire to obtain a model by means of program FIT. For this problem, 
Young's modulus, Poisson's ratio, and the loading parameters are constant for 
the entire shell. 

Data Set 8 is the beginning of the data for program FIT. The number 
of points being fit is 65, There is one vertex aud we shall request 200 
print points. The next card contains the tolerance, which we will specify 
as 0.0025 inches for a first try, We need to translate the points so that the 
x•coordinate represents the distance from the centerline to the point, 
Moreover, the points need to be reflected in x-axis. In order that the plot 
of the model will lie in the first quadrant, we must, also, translate the 
points in they direction. From Reference (2) we find that the points need 
to be translated 1.4264 inches in x. To place the points in the first 
quadrant, a translation of 0.08 in y after reflection will suffice. 

The neY-t 65 cards comprise Data Set 10. From Figure B-5 it is 
clear that the first and last parts of the shell should be described by lines. 
To ensure this, they-coordinate of points 2 and 64 have been changed. Each 
card in this set contains the coordinates and thickness of one point. The 
last data set contains the index of the vertices. For this problem the only 
vertex is the 33rd point, 

1~e results obtained from FIT for this problem are shown in 
Figures B-10 to B-16. An item•by•item description is outlined ~elow: 

(a) Header page, which gives name of company. Any title appropriate 
to a given company can be obtained by modifying FORMAT statement Numbers 534, 
535, 536, 537, 539 in subroutine input. 
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a&mr-._ ____ ___ _ 

Reading 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

TABLE B-2. COORDINATES AND THICKNESS MEASUREMENTS 
FOR 3•1/2 INCa BELL~S JN 136 

(Nominal Thi ckne11 • 0.005 in.; 1 Unit• 0.001 in.) 

Cg1;u;:d1D,itH Thickneu, Cgga;:d1WltH 
X y Inch Reading X y 

0 0 0.00527 34 365 26.5 
20 1.5 0.00523 35 365 29 
40 3 0.00535 36 335 31 
60 3 0.00506 37 315 31 
65 3.5 0.00462 38 305 30 
70 5 0.00466 39 295 28.5 
75 7.5 0.00510 40 285 26 
85 11 0.00503 41 275 25 
95 13 0.00503 42 265 26 

105 13 0.00494 43 255 29 
115 11 0.00510 44 245 34.5 
125 7 0.00503 45 235 40 
135 3.5 0.00499 46 22 5 43 
145 2 0.00523 47 215 44.5 
155 2 0.00527 48 205 45 
165 3 0.00515 49 195 42.5 
175 5.5 0.00499 '50 185 39 
185 11.5 0.00515 51 175 35.5 
195 17 0.00523 52 165 34 
205 21 0.00523 53 155 34 
215 22.5 0.00507 54 145 35 
225 22.5 0.00510 55 135 38.5 
235 21 0.00503 56 125 44.5 
245 17 0.00494 57 115 49.5 
255 13.5 0.00494 58 105 52 
265 12 .5 0.00503 59 95 53 
275 12 .5 0.00494 60 85 52.5 
285 14.5 0.00490 61 75 50.5 
295 17.5 0. 00503 62 70 49 
305 21 0.00503 63 65 48 
315 23 0.00523 64 60 48 
3)5 23.5 0.00510 · 65 40 48 
365 24 0.00523 66 20 49 

67 0 50 

172 

Thickness, 
Inch 

0. 00520 
O. 00518 
0.00503 
0 .00527 
o.00523 
0.00518 
0.00501 
0.00503 
0.00501 
0.00503 
0.00507 
0.00503 
0.00503 
o.00499 
0.00501 
0.00503 
0.00494 
0.00490 
0.00514 
0.00518 
0.00510 
0.00507 
0.00507 
0.00499 
0.00490 
0.00486 
0.00490 
0.00490 
0.00474 

' 0.00490 

1 
0.00499 
0.00518 
0.00507 
0.00518 
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(b) (1) Firat three printed lines are the job identification carda 
supplied by the uaer. 

(2) The number of points, verticea, and the tolerance are 
then listed. 

(3) The coordinates and thicknesses read in are then given. 
Vertices, if any are specified, are identified. 

(c) (1) Firat three lines are the job identification cards 
supplied by the user. 

(2) The preliminary grouping of points is given. This 
includes the type and f irst and last point of each group. 

The following information is provided for each group of poin~s. 

(d) (1) First three lines are the job identification cards 
supplied by the user. 

(2) If trial inflection points are tested for a group of 
points, the vectors BSTFIT, !FIT, and EP are printed out 
and the beat trial point identified. 

(3) The indices of the two points which determine a fitting 
circle (Ll and L) are identified along with the index of 
the last point of the group of points (L2) and the center 
coordinates and radius of the circle. 

(4) Intermediate point checks are given for each point between 
K(Ll) and K(L). The distance each point is from the 
circle is also given. 

(5) Follcr~ing point checks are given if the circle is extended. 

The input data for NONI.IN generated by FIT is then given. 

(e) (1) First three printed line• are the job identification cards 
supplied by user. 

(2) Boundary conditions are then listed along with boundary 
rotation angles. 

(3) If elastic parameters are the same for every part in the 
shell, their values are given. 

(4) If loading parameters are the same for every part in the 
shell, their values are given . 

(f) (1) First three printed lines are the job identification cards. 

(2) Geometry of shell is now listed. The following items are 
given: part number, type of part, number of segments, 



coordinate1, radii a, b, and c, and thickness data. If 
thickness i1 constant, a YES is printed along with the 
value. If thickne1s is variable, a Nf is printed and 
entry under value 11 left blank. If there are more than 
40 parts in the composite shell, the numbers over 40 are 
listed on the next page. 

(g) If Young's modulus and Poiuon's ratio are not constant for the 
shell, then the following is printed out. Otherwise go to 
(h) • 

(1) First three printed lines are the job identification cards. 

(2) The part number, type, Young's modulus , and Poisson's 
ratio are then given. 

If there are more than 40 parts in the composite shell, the numbers 
over 40 are listed on the next page. 

(h) If the heading parameters are not constant then the f~llowing 
is printed out. Otherwise go to (i). 

(1) First three printed lines are the job identification cards. 

(2) The part number, type, normal pressure, weight density, and 
dead loading are then given. 

If there are more than 40 parts in the composite shell, the numbers 
over 40 are listed on the next page. 

(i) If at least one of the parts has variable thickness, then the 
following is printed out. 

(1) First three printed lines are the job identification cards. 

(2) The part number, independent coordinate~, and thickness 
for each part which has variable thickness are then listed. 
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Li1ting1 of FIT and A11oci ted Program and Subroutines 

The basic total computational pa~kage associated with the sub• 

routine FIT consists of the program DATA and the subroutines FIT, EXITD, and 

ANGLE. DATA is the name given to ~ version of the program NONLIN modified for 

use with FIT. EXITD and ANGLE are smaller subroutines called from FIT to 

facilitate numerous routine calculations requ i ared during the fitting process 

described above. This set of programs, the FORTRAN IV listings of which 

follow, allows the user to generate a complete and accurate set of input 

data which can 1~ turn be used with NONLIN (and/or the PLT version of 

NONLIN) to obtain a detailed theoretical analysis of a bellows or diaphragl!l. 
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A two and one-half year program was conducted to investigate the tilt-edge 1,ellows concept, This involved the i~ea that the stresses at the convolution root and crown welds of a welded hellows could be minimized by appropriately tilting the convolution mid surfaces near the root and crown. The research program involved an ex.ensive theoret ica l analysis of var ious convolution cross-sectional shapes to optimize the shape with respect to the maximum stress as well as the weld bead stresses. A parti~ular optimized bellows with a 3.5-inch OD was fabricated and tested, The resul t R Jf the tests verified that the tilt-edge bellows had superior fatigue resistance. Further, the fatigue failures occurred at positions away from the welds which verified that the weld bead stresses were small, Elimination of fatigue failures at the convolution and end fitting welds also resulted in reduced scatter in bellows fatigue life. This should allow fatigu life predictions •to be made with greater confidence for tilt-edge bellows than for conventional welded bellows designs. 
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