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Abstract Finile element method is employed to analyze the spherical vessel intersected by an
obligue oylmadrical noezle, In this survey the siress and struip distnbubions on acute and obduse
sides of the connection under intemal pressure are studied widely although sxial and moment
toadings on the nozzle e alss studied hrielly. Siress concentration factors for a wide rangs of
geometracal ratios in term of membrane stress in the sphere are caboulated and presented.
Yariathon of these (sctors with angle of oblkuity of the branch is alss investigated, The resulls
are compared with mensured quantities and with those mentioned in other referemces. It is
assumed that the delmition of thin shell is ¥alid for both vessel and noezle sumultanecusly and
that the cormners e sharp without any reinforcerent,. ABAQUS computer prograim is used im thes
HIFVEY.
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INTRODUCTION

Duie o lack of analytical dam, experimental resulis
and relations are used in Codes and standards, [1.2]
10 design spherical vessels with oblique nozzles
which Is in contradiction 1o the "Design by analysiz”
philosophy of these vessels, Noderan-Tahan [3]
analyzed this struciure directly by the use of finiie
element method, The concept of "equivalent mdius”
for obligue nozzles 1o determine the stress
concentration fuctors using the resulis obtained fnn
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the analysis of a radial nozle is presented in [4].
Although shallow shell theory is the main restnelion
of this method, its theonstical results are, in some
cases, consistent with the experimental findings.
Effor is made to analyze the obligue connections 1o
spherical vessels under extemnal loadings in [5] bt
the restrictions imposed on geometrical mtios and
small angles of obliguity are 50 severe that its
application as u general method is limited. To reduce
these restrictions, another analytical method is
presented in (6], The application of this method is
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more general bt the assamption of pliaoe curve of the
junction seill bnposes considerable restrictions, Using
thiz method, o protroding nogzle is studied in [7].
Ohlbgue connections o sphencal shells underinemal
pressure il exteml loadings are staded i (8], The
mmethod presented in | 6 and | 7] are used and the siress
fields in such connections are compred with asingle
rokial vz, The theoretical resulis are alsoconypred
with the experimentnl results obiained from testing
steel models equipped with strain pauges el the
ngreement of the results is confinmed for specified
ungles ol obiguity. Reference [9] contains stress dawn
obtgined im photoelastic method for obligue
connections and large angles of ohliquity are also
investigated, The state of the art and summary of the
existing dats related to the design of obligue noeeles
o -sphericnl vessels are explained in [10], The
perfommance and the validity of the finile elemen
method and compuler progrn ABAGUS [11] 1o
analyze such strectunes is investigated in | 12]. I ghis
reference o madinl nozzle is considered ns o limiting
case of oblique noezle with rero anlge of obliguity
and the applicanion of this program (o analyze ohligue
connection o sphere is ecommended.

METHOD OF ANALYSIS

The use of pencral shell @lemem of n finite elemem
codnipaiter progriun provides o ool o analyee e
sphencal vessel intersecied by an oblique cylinder
wihich iz nnonsymmetrical stnscture, The performance
of suchelement end the ABACHUS computer progran
are stwdied already in [12]. The application of this
kimd of clement o analyes mdinl conmections ns o
limiting case of oblique nozele with zero angle of
ohliguity has strengthened the ides to use it for piher
ik wers angles. 16 is tried w apply e element
method as n simple and relinhle methoed for dinect
analysis of such structures under infemal pressune
and extomal loadings with any anlge of obliquity,
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Finite element model
The vessel is considened as a hemisphere having a
nenridial connection ar angles 22.5° pnd 45°. Since
thens is a plane of symmetry, o fimite element model
is prepaned for half of the vessel hy dividing the
Junction curve into ten puris, Esch pan is wsed as o
side of genernl shell element with esght nodes (o
prouce a suitable mesh on hoth sphere and cylinder.,
Chre s tibeen W lay the sides of elements along the
circles amd mendians o order 0 avoad ekement
distortion specially for lrge amgle of obliguity.
Subtnhle boundary conditions are imposed o provide
continuity of displacement and motation of common
nodes ot 21 poines of te junction curve and a mesh
miequately fing was produced. The flush connection
is considercd o have shamp edges and i 15 pEsumed
it thse thin shll definition is valid simuliansous]y in
vessel und noezle. Figune 1 illestrages a finite elemen
model of the structure in which the angle of ohliquity
15 24.5%,

The angle of oblicuity @ is defined as the anlge
hetween the axis of the nozzle and the rmdios of the

Flgure 1. Fanite element mesh of model |
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vissel ot the intersection point. The rnge of
geometrical parmmeters of structure considered in
this study are: 6252=RST =10, LSzr/R20.05,
1020 =00.25, where B, T.r, and 1 are the radies anc
thickness of vessel and connection respoctively,
Two models were prepared inonder to investigate
thi stress ficlds around the junction and ohtain o
bestter widlerstending of stress concentmtion faclors.
The specifications of these models ane os follows:

[re | B | T romm | G| EMpa) v
G271 [ 191 (1LeS 098 |TxitH |0.32
0 1 10 i L 1l LR

T‘ll:ﬂ‘.llll
Mlusiled 2

XS

a5

E i1l modsles of elasticity and v is the Poisson’s
rigti,

The specifications of the model 1 are selected
from an aluminium test model in order fo make the
companson between theoreucal and experimental
dara possible,

The stress distributions along the genertors inthe
plane of symmetry for both obtuse and acute sides of
thie vessel aml the cffect of obiligquity angle on the
stress concentmiion (actors are studied firse The
extent of decay lemgth and the siress conbours on the
inside and oulside surface of the vessel were also
investignted, The sl number of models analyzed
were B5. In 51 models o wis kept constant at 22.5°
and in 4 models it was 45", Tolal numberof elements
iy bl of the vessel is 1RO with 605 nodes and 630
degrees of freedom, The approximme CPU nme 1o
run the program on Cyber 205 super computer wos
130 second for elastic analysis of each moskel,

RESULTS

A sample of siress distributions in spherical vessel
arud its ohligue connection is shown in Figure 2, The
parameter used for calculating dimensionless sinesses
i PRAZT) which is the membmne stress in the
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vessel, in which P is intemal pressure, In this figune
thie Beaog i merdional stresses on the mside ad
ontside surfices of vessels for which o= 22,5 aml
45% are ploted, Shear siresses along the junction
curve when e is 22,57 are also indicaped. As s clear
[rom these diagrums U maximum sinesses appean:
at the acule zide of the connection for which Bs 1807
(B is asphencal coondinate mebsunsd according tothe
right haned mule from e plane of symmetry. 8=07 is
used for obiuse side and 8= 180" for acute side of the
vessel). Changes in stresses ane very sevens in this
region, In funher studies it was revealed that the
maximem siresses and the maximum stress
concentrniion factors appear in connection as [ar i
LT=L.

The Swress Concentranon Factors (SCF) asing
maximum shear stress T, Le. SCF=1t, /(PR/
2Ty are liseed in Tabdes | and 3. Maximem pancipal
siress o 15 used to prepare Tables I and 4.

The variation of these factors with dimensionless
parameter V(R/T) and for varous 0T values ane
plotted in Figune 3.

Tahle 5 incicates the variation of SCF values with
the angle of obliguity and a cormesponding diagram s
presenied in Figure 4, The data for zero angle of
obliguity (radial nogzle) ane tken from [ 12],

SCF values ohinined hy FEM are compared with
thoese ohinined by "Equivalom mdius® method in
tahle b, An eguivident rdius PerSee is coleulated
mecording o this method. By entering this value inio
the corresponding curves for radial conpection, and
multiplying the cormesponding SCF by Seca. the
siress concentration factors for the obligue noexle of
radius r ot angle o are getermined, From this table i
1% clear that the formervalues are always greer an
the Iatter omes, In this able p is a dimensionless
parameter defined as p= (r/R)Y(R/T).

Other types of loading
Distabation of hoop and mendional stresses in 4

Vol. 8, No. 2, May 1585 - o7



Muitest

L. Dumenssonbess stresses are caloalabed as the ratio af
slfesaes under consideration to the membrane siress in the
sphere PRAITY, in which P 15 nternal pressure. B and T are
raclinis and (hickness of the sphere,

2 L8 - afd T are hoop, merndmnal and shear strosses
respectively, Superscripts 1 and o are wied 10 imbicole these
guantities bedong 1 inner or outer sarfaces of the stucture
respectively

18 =0 andll = 180" correspond w obtuss snd acuie sides
of 1he connection respecively
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Figure 2. Stress distributions on the inper and outer surfsces of the Moded | {left) snd Model 2 {nght) ander inlernal pressure
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Table . Stress Conceniraiion Faciors using masimiim
shear stresses in spherical vessels and obligue poede af

Table L Siress Concentration Faciors using maxinmam
principal siresses In spherical vessels and obliguee nozzle

= 1LE ptiz=11%
[em [ wr| wrar | wr-es | wrnas [em[wr] wrat | wress | wrenas
50 » F 2505, %) Al | .I‘l:::-lﬂ]
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Figure 4. YVanatwa of Siress Concentration Factors {3CF) in sphere with angle of noetle o,
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Table Y. Siress Concenfrution Factors using muaxisium
shear stresses b spherical vessels and ohlique noale s

Tuble 4, Stress Comcentration Faclors using maximum
principal siresses in spherkeal vessels and ohligoe pozele

msds", af =457,

PR | RIT|  UTsl UT=0.8 | 1T=028 vk | RIT|  tTml UT=05 | UT=02%
0 4.9(8.53) 50 4.5(R.0)
100 5039.42) | 6.62{1242) 100 SO%(R07) | 6.62(1254)

/X | 200 | 5506.72) | 6.6R{13.687 | S.02(17.1K) 120 | 200 | 5.104.74) H.6R(126H) | 9.02(1891)
SO0 | TH09.28) | RA22002) | 12.TV(29.55) 400 | T.1306.94) | BS2(19245 | 1LIT(2R.04)
L. SUR{ 1047 i 598991}
50 GOS1LIT) | S.02(14.T3) 30 ROS(9. 707 | BAO2{14.80)

1710 | 100 | 693(7.04) | 81608 | 10.75(2238) 10 | 10 | s1256s | BO(146e) | 10.74(22.50)
00 | 995(1093) | 1055(23.26) | 14.1R(33.55) 200 | B60RI6) | 10.55(21.93) | 14.08(32.60)
400 | 141509 | 14053302 | 18.7(4H.54) 000 | DLEI11.29) | 14,05(29.84) | 18974437}
% 7.3R(13,35) | 9.76(17.94) 15 TATOI201) | 9.76(17.54)
S0 | WAG49) | 9.TI19.08) | 1305(26.07) S0 | T41(64%) | 9T217.56) | 13.05{26.63)

15 100 | 12.29003.08) | 1292(27.51) | 17.30(3% 86) 1.5 100 | DA 12y | 1290(25.65) | 17A0{3%.0)
0 | 1TA1(08.06) | 17.27(38.92) 00 | 14.54(12.76) | 17.27(36.22)
SO0 | 24692513 | 23 28(%4.50) | 30,48(7R.90) 400 | 19.79(17.58) | 23.28(48.4%) | I0.48(80.26)

Notes:

vessel with an obligue noezle 1 22,5 under axinl and
moment loading are shown in Figenz 5. Inthis figune
o, amd @, are hoop and meridional siresses
respectively, To calculate dimensionless values of
stresses, the expression (F/(2reT)R/T) is used
for axial load and (MARCETINR/T) is used for
moment losd. F and M are axial force and in plane
bending moment on the noezle. From the figure it is
seen that the stress concentration factors ot the acuie
side and in the nozzie are higher than those in the
vessel, Nevenheless, such loadings on the nozgle
need more theoretical and experimental stwdy.
Comparison betwesn the stress conceniration fxctors
obtained from FEM and those existed in [13] and
[ 14]is shown below, Mumbers in the brackets belong
1o noezhe:

Frum FEM | | 13] | Brom |14]

Axial landing an ihe Bozze (METEE L] L7 La?
Somenl losding om the nowls | | 780057 (e - | L
Interanl Eressure i TECR S 15 1.5

Jourmal of Engineering, Blamic Aepublic of ran

In tables of siress. concentralmon foctors sumbers i hrackets
belisng 1o the mozeles.

R &5 ke rodius and T is the thickness of the sphns,

1 is e radis ard 1 56 1o thinckness of the nozzke.

Experimental verification

It is difficult 10 obtain experimentnl data ai points
wery cloge o the junction. In [3] an aluminium
sphenicil vessel with anozzle at 225" is wested under
el pressure and elastic strains are measurcd by
struin gauges on inside and outside surfaces of the
vessel und norrle, The strnins obimined From FEM e
compared with expermental straing in Figure 6. In
this figure £, and £, are theoretical hoop and
meridional stroins respectuvely, and eg, and £, ane
experimental strains. As itis seen from this figure the
magnitude and direction of changes of theorctical
simins are in good agreement with those of the
experiment except formeridional strains on the outside
surface of the vessel, It is not possible o comment on
the struins at points very close 1o the junction but
thenretical struins moy be evaluated higher than their
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Table 5. Yarlation of SCF valees for sphere agalnst o, Daia are ook avallable
Tor r/R=1/20, 1/T=1.
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i wmnn ioe| 401 | 443 | ATH | 6dS | TR | 749 | N1
45 e | S| 62 | 69 | BO | 10.75] 1220 (1202 | 1730

i | ™
agl=——" my ===

e N

wi Cplumier

r
A o N ek e ol W 4 @ & oA #® @ = ow 0§

Dhatanre from thae g fins,

i 2 E Ly
W a7 4" .i e
A = b0 ' @l
— H‘ = ﬂ+ mmmm -: ) oL

Iu“-p—-— H'F----

:

s '“-I:l.'-_"' .g_'ﬂ_.. -
wn :phrri i plimader wi - Sherr E iy
AN £l
- . :l il m ol W o A & o & : & & 0 I R T e I e .. . RN S NN
[hptaary froe the jaacion am Ihiatance ey 1he junciien me

Figure 5. FEM dimenssonless siresses on ihe vater surloces of the Model | ender azial foree P=10 M {(right) and i plane hending
msoment M4 60 Mom, (ledi)
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Figure . FEM elastic sirains €, and g, on the inner amd outer surfaces. (superscripls i and o respeetively) of Mode| 1. Some

cxperimental dnta £y, and £y, & also indicated for compamson.

TABLE & Compariien between SCF values for sphere
ohiained by FEM and the values obtained by Equivalent
Radius Method (nombers in brackeis),

2 115 45
g | i | F |

LT

| 4.4(3.6) T.M5.4) TS0} 12.3(R.3)

5 47036y | T.450) RS9y | TLAEE)
+ 024 B A54 8) 1007 %) 1(LE(7 ) 1740015}
real magnitudes,

DISCUSSTON

From Figure 2 it is ohserved that the membrne st
il stret b o vessel with o noeerle ag 457 appears af a
distance from the junction which is approximately
three times that of radial nozzle, This is an indication
of very high stresses in such connections, Due 1o
geometricil discontinuity in the strecture, abrupt
changes in stress and strain field are quite visible,
Dingrams of SCF versus V(R /T) indicate linear
relntion between these guantities. This et can be

Journal &l Engineering, Istamic Rapublic of Iran

used to detenming SCF values by linear interpolation
whenever necessnry and thus o reduce the number of
models that must be sudied.

Figure 4 shows that the slope of the SCFeurves for
small values of @ is nol very steep but for angles
Inrper than 22.5° the slope is considerahle. This
suhject is not considencd in (5], Regarding r/R rano,
the SCF values incremsse with aopently up to 22,57 for
lower values of nR. For higher valucs of fR the
increase in SCF s more rapid, This conclusion can
not he drwn from data presented in (4] becanse SCF
values are under estimated.

By investigating the factors in Table 6. i i
pherved thit the SCF vilues caleulaed by the so
called equivalent radius method are gencrally lower
than the values obtained by FEM. Only lor values of
p={/RW(R/T)< 1 and 30 R/T= 150, the factors
ohtained by two methods are close w each other bat
for p =2 the differences are not negligible.

Inonder o obtainmore accurate resulis inaddition
o the use of three dimensionnl clements, it (s Pecessary
to incrense the number of elements on the acute side
of the connection. The variuion of stresses with
circumienentinl variable 8 i ihis region is very severe
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anl the elements may ol be considered thin becse
tweir sides wee small compared to their thickness.

Figure 5 shows thal maximum sirésses under
exicmal loadings appear in the noezie. Although, the
stress distibution pattems on acoie and obinse sides
are different, for nxial load this dilference is not
significant, Investgation of Tressea stress conlours
for moment londing on the nozele shows thnt ol
region within @=490° 5 substantial mcrease in siress
field appears which needs w bhe investganed,
Meverheless inexiemal losdings, the maximimm sieess
concentration factors appearon the owlside surface of
ihe acute side of the nozele, For extemal loading, the
stress concentration factors in the nozzle ame gher
than those inthe vessel as it 15 the case under intermal
pressune loading.

CONUCLUSION

Finite element method and geneml shell element of
ABAQUS computer program can be used to analyze
nonsymmelnc simicture of sphere-cylinder becmse
of simplicity and speed. Care should be iaken thar the
stress comcentration factors of the structure may be
over estimated in comparason woiheir acoal values.
Presence of fillet rudios ot junction is an effective
means for keeping the stress concentrion factors
divam,

The dimenstonless parameter p= (r/R)VIR/T)
which is nommally used in previoaes works for plodiing
SCF wialues 1= mo suntable. We suggest thal the
parameter (R /T be used instead, 1f this parameter
is used o drow the SCF diagrams, they will appear
Inear wpart from some small devintions. Hence linear
interpolation of values is permissible. It must be
noticed that the higher vilues of SCF appear in the
nozzle, The increase in SCF values with o, specially
for m=22.5", is significant and must be teken into
account,

The use of experimental method and mles like

104 - Wal 8, No. 2, May 18085

“equivalent mdivs method™ 5 nod sotficiem for
analyzing the structure. Present study shows that
reseprch programs muest be launched in onder 1o
improve these methods and miles which are used in
abligue nozele design under inemal pressune. 1F the
nozzle isunderextemal loadings, more studies should
e dune,

LIST OF SYMBOLS

B Mean redies of spherns
T Thickness of sphere

r bean radies of eylimder
I Thickness of cvlinder

0 Angle of obliguainy

Dimensienless parameter
i Intermnal pressare
F Axial force on the nozele

& Moment boad on the noeele
oy 0y Primcipal stresses

Oy Hiisp stress

= Meridional stress

Ty, Maximam shear stross

Fye  Experimenial hoop strain
B Experimental meridenal strvn
[ Thengetical haop strnin

Eg Theoretical meridsonmal sirm
SCF  Stress concenirnissn Eacior
E Blendulus of elbsticity

v Posson’s ratm

L] Circum ferenicinl angle

ACKENOWLEDGEMENT

Many thanks are due to the Ministry of Culinre and
Higher Education of Iran for its suppon and to The
LUniversity of Manchesier Begional Compater Centne
(UMRCC) for providing the facilities o do the
research. | would like 1o thank Dr. M. Robinson and
profezsor . Kitching for their helps and puidance,

Jowmal of Enginesaring. lslamic Republic of lran



REFERENCES

ASUE Boiler and Pressure Vessel Coule, Sectson [11-
IMvimaon 1, { 15986) editmon.

. British Staadvard 5500, lssee 2. Aagust (1988),

K. Maderan-Tahan, " Siress Analyses of Spherical Shells
with one andfor two MNeighboanng Nogebos Linder
Internal Pressare and External Loasding by Fimiie
Elainedi Methisd, & Purametric Survey”™ Ph. D, Thesis,
(1989,

F. A Lecki D1 Paym and K. K. Penny, "Elliptical
Discontmities in Spherical Shells”, fowael of Strain
Analyais, Yol 2 No 1, (1967), pp. 34-42.
D.F_Jnlmm,"-slmmml-ﬂphmﬂﬂhwﬂwilhlﬂm
Kadial Nozele®, Jowrnal of Applied Mechanics, fune
{1967), pp. 209.307,

L C Ya C. H Shaw and W. A, Shaw, "Sires
Iimributin of a Cylindmcal Shell BNon Haidially
Adtoched 0 a Spherical Presine Vissel” Pressure
Veusel and F'j'pin. Conference, San Froncisco
Califomia ASME Paper Mo T1-PVP42, May 10-12,
(1972).

- LC Y u WAL Shaw and C. H. Chen, "Stress Distribution

of Cylindrical Shell Mon Hadially Penetrated o &
Spherical Pressare Vessel™, in Proceedings Second
Internationn] Conference on Pressere Vessel
Tectmobgy, Part 1 Design and Analysis. ASME, MNew

Journal of Engineering, lzlamic Republic of lran

Yok, (1973%, pp. 115-128.

A K. Gwaliney and W, Lo Greenstieet, "Comganisonof

Thewrctical and Expertmental Streases for Spherical
Shells Having Swnghe Non Radinl Nozzles™, Pressare
Vessel Technobogy Part 1: Design and Analyeis, Secoml
Intermational conference, (1973), pp. 85-103,

@, &ML Levan, “Phaososlastic Determanation of the Sinesses

o lﬂqucﬂ]'tmrlp an Misies and Shells™, WRE Ballerin
153, Angest  1970) pp 67-80

101, 1. L. Mershon, “Intcrpretive Bepon on (lbhguee Mierke

Connection in Pressure Vessel Heads and Shells unide
Emternal Pressure Losdings”, WRC Bullaiin 153, Augas
{1970 pp. 131

11 ARAQLS, Hithil, Karlsen amd Sorenson, Inc., 35,

Sonth Angel Sweet, Providence, (2006, (19845 ed.

12, K. Maderan-Tahan, "Siress Concentmanion Faciors i

Spherical Vessels with Single Kadial Nogzle by Finite
Elemient Method-a Parametrei Survey”, Mechamcal
Engineering Dept., Shahil Chamran Unaversigy, Ahwae,

[mn.

i3 F A Leckic ond K. K. Penny, "Siress Concentrtim

Factors forthe siresses al Mogde imemsections in Pressare
Vesaals", WRE Rulleiin 90, Seplmbur{l!lﬁj}.

14, Rudy Bechman, “Stesa Concenttation Faciors in

Spheres. with Hadial Flush beorzles”, CHIF-MT 129,
Center de Hecherches Scunnifiqees of Techmques del
Industrw des Fabrications Metliques, Feb, (1974,

Val. B, Mo, 2. May 1995 - 106



