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A study of piping and elbow flexibility is performed using an analyt- 

ical approach and piping analysis computer programs ADLPIPE and MARC. 

The study focuses on pipe loop configurations commonly used to accommodate 

thermal expansion in such applications as Liquid Metal Fast Breeder Reac- 

tors.  



i 
TABLE OF CONTENTS 

Page 

1.0 I n t r o d u c t i o n . . . . . . . . . . . . . . . . . . . . . . . . .  1 

11.0 Analy t ic  Method . . . . . . . . . . . . . . . . . . . . . . .  1 

111.0 F i n i t e  Element Method . . . . . . . . . . . . . . . . . . . .  1 4  

111.1 ADLPIPE Computer Analysis . . . . . . . . . . . . . . .  1 4  

111.2 MARC Computer Program . . . . . . . . . . . . . . . . .  25 



I 

No . - 
11.1 

11.2 

11.3 

11 .4  

11.5 

11.6 

1 1 . 7  

11.8 

11.9 

111.1 

111.2 

111.3 

111.4 

111.5 

111.6 

111.7 

111.8 

111.9 

111.10 

111.11 

c 

111.12  

LIST OF FIGURES 

T i t l e  

A Hairpin Loop Subjected t o  a Constant Anchor Movement 
i n  t h e  Z-direction . . . . . . . . . . . . . . . . . . . . . .  3 

Page 

Piping F l e x i b i l i t y  Factor  . . . . . . . . . . . . . . . .  ' . .  7 

Elbow S t r e s s  I n t e n s i f i c a t i o n  Factor . . . . . . . . . . . . .  8 

Pip ing  Configurat ion Containing Two 180' Elbows . . . . . . .  10 

Pip ing  Configurat ion Containing Three 180' Elbows . . . . . .  10 

Piping Configurat ion Containing Four 180° Elbows . . . . . . .  1 2  

Coi l  Shaped Piping Configurat ion . . . . . . . . . . . . . . .  1 2  

U Shaped Pip ing  Configurat ion . . . . . . . . . . . . . . . .  13 

Omega Shaped Piping Configurat ion . . . . . . . . . . . . . .  1 3  

Stress D i s t r i b u t i o n  of a One-hump Hairpin Loop . . . . . . . .  16 

Stress D i s t r i b u t i o n  of a Two-hump Hairpin Loop . . . . . . . .  17 

Stress D i s t r i b u t i o n  of a Three-hump Hairpin Loop . . . . . . .  18 

Stress D i s t r i b u t i o n  of a Four-hump Hairpin Loop . . . . . . .  19 

S t r e s s  D i s t r i b u t i o n  of a Co i l  Loop . . . . . . . . . . . . . .  2 1  

S t r e s s  D i s t r i b u t i o n  of an Omega Loop . . . . . . . . . . . . .  22 

Stress D i s t r i b u t i o n  of a U - b e n d  Loop . . . . . . . . . . . . .  2 3  

Maximum stress i n  d i f f e r e n t  piping conf igura t ions  of cons tan t  
lengths  due t o  a cons tan t  anchor displacement i n  t h e  z-direc- 
t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 

Maximum stress i n  d i f f e r e n t  p ip ing  conf igura t ions  of cons tan t  
lengths  due t o  a cons tan t  anchor displacement i n  the  Y-direc- 
t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 

M a x i m u m  stress i n  d i f f e r e n t  p ip ing  conf igura t ions  of cons tan t  
lengths  due t o  a cons tan t  anchor displacement i n  t h e  X-direc- 
t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

Maximum Stresses of Hairpin Loops of Constant Span Due t o  a 
Constant 1" Anchor Displacement v s  . Bend Radius . . . . . . .  29 

Maximum stresses of d i f f e r e n t  piping conf igura t ions  of 
constant  span due t o  a cons tan t  1" anchor displacement vs. 



No. - 

LIST OF FIGURES 
(cont  . ) 
T i t l e  Page 

b e n d r a d i u s . .  . . . . . . . . . . . . . . . . . . . . . . . .  30 

111.13 D i s t r i b u t i o n  of Meridional S t r e s s  f o r  an Elbow Subjected 
t o  in-plane bending moment (from Ref. [ 4 ] ) .  . . . . . . . . . .  31 

111.14 D i s t r i b u t i o n  of Ci rcumferent ia l  Stress f o r  an Elbow 
Subjected t o  in-plane bending moment (from Ref. [ 4 ] ) .  . e , . . 32 

111.15 Piping F l e x i b i l i t y  Fac tors  (from Ref. [ 4 ] ) ,  ASME Code Values 
are marked with c ros ses  . . . . . . . . . . . . . . . . . . . .  33 

111.16 Longi tudinal  S t r e s s  f o r  an  Elbow Subjected t o  ou t  of plane 
Bending Moment (from Ref. [ 5 ] ) .  . . . . . . . . . . . . . . . .  34 

111.17  Circumferent ia l  Stress f o r  an  Elbow Subjected t o  ou t  of 
plane Bending Moment (from Ref. [ 5 ] ) .  . . . . . . . . . . . . .  35 

. . . . .  . - .  . .- . . . . . . . . . . . .  



A STUDY OF PIPING CONFIGURATIONS 

1 .0  In t roduct ion  

I n  t h e  design of a p ip ing  system which i s  sub jec t  t o  h igh  opera t ing  

temperature,  an expansion loop i s  commonly used t o  accommodate thermal 

expansion. 

p ipes  and p ipe  bends (elbows). 

system t o  l e a r n  how d i f f e r e n t  piping conf igura t ions  behave under thermal 

The b a s i c  components of an expansion loop inc lude  t h e  s t r a i g h t  

It i s  of i n t e r e s t  i n  t h e  design of a p ip ing  

loading.  

of some s e l e c t e d  conf igura t ions  t h a t  might be used i n  t h e  LMFBR p ip ing  

design t o  accommodate thermal expansion. The conf igura t ions  examined are 

the  h a i r p i n  loop, t h e  U-bend loop,  t he  c o i l  loop and t h e  omega loop. The 

thermal expansion is t r e a t e d  as a cons tan t  anchor movement i n  t h e  a n a l y s i s .  

The thermal stresses are ca l cu la t ed  by both the  a n a l y t i c  method and t h e  

f i n i t e  element computer method i n  accordance with ASME Pressure  Vessel and 

Piping Code [ l ]  . 

Therefore,  t h i s  s tudy i s  made t o  t r y  t o  assess t h e  r e l a t i v e  merit 

11.0 Analy t ic  Method 

Each piping conf igura t ion  i s  analyzed by t h e  conventional beam method 

[ 2 ] .  The a d d i t i o n a l  f l e x i b i l i t y  of t he  p ipe  bend due t o  t h e  o v a l i z a t i o n  

of the  c ros s  s e c t i o n  is accommodated by inc luding  t h e  f l e x i b i l i t y  f a c t o r  i n  

the  moment-curvature r e l a t i o n .  The fo rce  and moment a c t i n g  on t h e  p ipe  are 

obtained by using t h e  Cas t ig l iano  theorem. The stresses i n  each c ross  

s e c t i o n  are then ca l cu la t ed  according t o  t h e  s impl i f i ed  equat ions  given i n  

t h e  ASME Pressure  Vessel and Piping Code Sec t ion  111 Subsection NA [l]. 

These equat ions con ta in  the  stress i n t e n s i f i c a t i o n  f a c t o r  f o r  the  p i p e  

bend. A t y p i c a l  example of t h e  ana lys i s  i s  given i n  t h e  fol lowing f o r  a 

-1- 
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h a i r p i n  loop f ixed  a t  both ends and subjec ted  t o  a cons tan t  displacement 

i n  t h e  Z-direct ion as shown i n  F igure  1I.l.a. 

Due t o  symmetry, on ly  h a l f  of the  h a i r p i n  loop needs t o  be analyzed. 

The elastic The f r e e  body diagram of t h e  loop is  shown i n  Figure 1 I . l . b .  

energy of a s t r a i g h t  beam subjec ted  t o  pure bending i s  given by [ 2 ]  

(11.1) 

where M is the  appl ied  moment, E i s  t h e  Young's modulus, I is  the  moment 

of iner t ia  of t h e  c ros s  s e c t i o n ,  and dR is  the  incremental  l e n g t h  of t he  

pipe.  For a p ipe  bend, t h e  fol lowing equat ion  must be used 

M2 Eb =/ k ~ E I  dR ( 1 1 . 2 )  

where k is  t h e  f l e x i b i l i t y  f a c t o r  of t he  elbow. Based on E q s .  (11.1) and 

(11.2), t h e  e l a s t i c  energy of t h e  p ipe  i s  

From Cas t ig l i ano  theory,  t h e  s l o p e  a t  the  end of t h e  p ipe  can be found by 

aE R */ 2 
0 = / - 

E 1  E 1  dx + kR / [M - F(R + R S i n  9)]d0 @ = - =  

0 0 
aM 

+ kR(zR + R)] . E 1  

Eq. (11.4) has  the  s o l u t i o n  

M = FEY 

(11.4) 

. ". " .. _ _  . . . . .. -. .~ 
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Figure 11.1. A Hairpin Loop Subjected t o  
A Constant Anchor Movement 
in the Z-Direction. 
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where (11.5) 

R 2  IT - + kR(52 + R) 2 E =  

The d e f l e c t i o n  a t  the  end of t h e  pipe is  given by 

aE IT/' kR 
- [F(R2 + 2RR S in  8 + R 2  Sin'8) - 6 = - = 1' 

aF 0 FxzE; MX dx + 1 0 E1 

M ( R  + R S in  €))]de 

Hence, 

(11.7) 

where 

Once the  r e a c t i n g  fo rce  and moment are found, t he  moment a t  any c r o s s  

s e c t i o n  is given as 

(11.8) 

. . . . . - _".I ~ . . ~ . . .  . . . . . . - . . . .. __ - . ._ . - - .- . .. . 
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where 5 is  given i n  Eq. (11.5) and x = R + R S in  8 i f  x > 2. Therefore ,  

t h e  stress i n  t h e  U-bend i s  

where Z is t h e  s e c t i o n  modulus and B is the  stress i n t e n s i f i c a t i o n  f a c t o r  

f o r  t he  elbow. 

The f l e x i b i l i t y  f a c t o r  and t h e  stress i n t e n s i f i c a t i o n  f a c t o r  can be 

found in the  ASME Pressure  Vessel and Piping Code [ l ] .  For a Class 1 

nuclear  component, 

k = -  1.65 
h 

- 1  

1.95 

(h) 2/3 

B = 0.75 

f o r  in-plane and out-of-plane bending 

f o r  tw i s t ing  

(11.10) 

where h = - tR 
r2’ 

pipe  and R is t h e  r ad ius  of t h e  p ipe  bend. When a l l  t h r e e  components of 

t h e  bending moment e x i s t ,  t he  r e s u l t a n t  moment as def ined i n  t h e  Code is  

used t o  c a l c u l a t e  t h e  stress. 

t i s  the  th ickness  of t h e  p ipe ,  r i s  t h e  mean r ad ius  of the  

M = (M2 + M2 + M2)1’2 
X Y  Z 

(11.11) 
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The f l e x i b i l i t y  f a c t o r s  and the  stress i n t e n s i f i c a t i o n  f a c t o r s  are 

ca l cu la t ed  f o r  d i f f e r e n t  p ipe  s i z e s  and elbow r a d i i  and are p l o t t e d  i n  

Figures  (11.2)  t o  (11.3). It is  noted t h a t  both t h e  f l e x i b i l i t y  f a c t o r  and 

t h e  stress i n t e n s i f i c a t i o n  f a c t o r  decrease wi th  inc reas ing  p ipe  th ickness  

and bend r ad ius  o r  decreasing p ipe  diameter.  

The equat ions f o r  o the r  p ip ing  conf igura t ions  can be obtained i n  a 

s imilar  manner and the  r e s u l t s  are summarized i n  the  following. I n  these  

equat ions  F and M denotes t h e  anchor reactive fo rce  and r e a c t i v e  moment, 

r e spec t ive ly .  The s u b s c r i p t s  x ,  y,  and z denote components i n  t h e  x ,  y, 

and z d i r e c t i o n s ,  r e spec t ive ly .  I f  a component i s  not  given, i t  is  

de fau l t ed  t o  zero.  Once the  anchor fo rces  and moments are known, t h e  

bending moment i n  any c ross  s e c t i o n  can be found and the  maximum stress i n  

t h a t  c ros s  s e c t i o n  can be ca l cu la t ed  by 

M o m -  
Z 

a = %  M 

( s t r a i g h t  pipe)  

(elbow) (11.12) 

where B i s  given i n  Eq. (11.10) 

A) Hairpin shapped p ip ing  (Fig. I I . l a )  f i xed  a t  both ends and subjec ted  

t o  an anchor displacement 6 i n  t h e  x-directionr 

6E I Fx = 

M = - F R  Y X 

A = R2R + 2 kR3 (11.13) 

B) Hairpin shapped piping (F ig .  I I . l a )  f i x e d  a t  both ends and subjec ted  

t o  an anchor displacement 6 i n  t he  y d i rec t ion :  
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S E I  = -  
FY A 

M = - F  R 
X Y 

R 2  1 - + 
2 

kRR + 7 k R 2  
E =  

R3 7T 2 1 R 2  1 A = 3 + k R  (z R 2  + - RR + R 2 )  - c ( ~  + kRR + 7 k R 2 )  (11.14) 3 

C) Two hump p ip ing  (Fig.  11.4) hinged a t  both ends and subjec ted  t o  a n  

anchor displacement 6 i n  t h e  z-direction: 

21 - R2 
2 R  z F =  

X 

A = - 2 R f  + - 2 (21 - R2) - ( R 1  - R2)R:  + k2(R1 - R 2 I 2  3 3 

(11.15) 3 + k R [ 3 2  + T T R ~ R ~  + 2R(R1  + k2) + gTr(ai - k 2 ) 2 1  

D) Two hump p ip ing  (Fig.  11.4)  hinged a t  both ends and subjec ted  t o  an 

anchor displacement 6 i n  t h e  x-direct ion:  

2 
12) 

6 E I  ( R 1  - 
Fx A 2 R  

= -  

2R F x 

FZ R l  - 2 2  x (11.16) 

where A is  given i n  Eq. (11.15). 

E) Three hump p ip ing  (Fig.  11.5) hinged a t  both ends and subjected t o  

anchor displacement 6 i n  the  z-direct ion:  
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(-7) -J% 

---\----- 
r 

FIG.  11 .4 Piping Configuration Containing Two 180" 

7- 
21 
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I 
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El bows 

FIG. 11.5 Piping Configuration Containing Three 180" Elbows 
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- 6EI 
FZ -a 

2 3  1 TR 3 A = 5R1 - $21 - R2)3 + k[TRR: + ~ ( 2 1  - R2)2 + -TR3 4 - 

2R2(R1 - R2) + 4R2Rl] (11.17) 

F) Four hump p ip ing  (Fig.  11.6) hinged a t  both ends and sub jec t ed  t o  an 

anchor displacement 6 i n  t h e  z-direct ion;  

6EI F = -  
Z A 

R = -F 
Fx 4R z 

(11.18) R 3  11 A = 3 + kR [rR2 + 16 rR2 + 2Rk]. 

G) Four hump p ip ing  (Fig.  11.6) hinged a t  both ends and subjec ted  t o  an 

anchor displacement 6 i n  the  x-direct ion:  

F Z = R  4R F x 

(11.19) 
4R 2 k 3  11 

A = (r) [F + kR(TR2 + 16 Tk2 + 2RR)I 

H) C o i l  shaped p ip ing  (Fig.  11.7)  hinged a t  both  ends and subjec ted  t o  an 

anchor displacement 6 i n  t h e  z-direct ion:  

3 A = - rkR3 2 (11.20) 

I) U-shaped p-ging (Fig.  11.8) hinged a t  bot.. ends and subjec ted  t o  an 

anchor displacement 6 i n  the  z-direct ion:  

6EI FZ = a 
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FIG. 11 .6  P i p i n g  Conf igura t ion  Conta in ing  Four 180" Elbows 

FIG. 11.7 C o i l  Shaped P i p i n g  C o n f i g u r a t i o n  



I 

-13- 

FIG.  11.8 U Shaped P i p i n g  C o n f i g u r a t i o n  

FIG. 11.9 Omega Shaped P i p i n g  C o n f i g u r a t i o n  
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3 T 2  1 A = kl[T TR: - 2R3]  + k2[? R R + 2R R2 + TR3J  
1 1 2  1 2  2 

(TT t 21) 

J) Omega shaped p ip ing  (Fig. 11.9) hinged a t  both ends and subjec ted  t o  an 

anchor displacement 6 i n  t h e  z-direct ion:  

6 E I  F =T 
Z 

2 
A = k R 3 (- 9T -@- $) + k R (2 .rrR2 + C R  R + $ R i  - F) (11.22) 

1 1 8  2 2 4  2 2 2  

111.0 F i n i t e  Element Method 

There are several f i n i t e  element programs which can be  used t o  analyze 

a p ip ing  system. The programs which are used i n  t h i s  s tudy  are t h e  ADLPIPE 

and MARC computer programs. 

111.1 ADLPIPE Computer Analysis  

This program uses  t h e  convent ional  beam method t o  analyze a p ip ing  

system according t o  the  ASME Pressure  Vessel and Piping Code. Two sets of 

s t u d i e s  w e r e  made. The f i r s t  set  of s tudy examines va r ious  s e l e c t e d  con- 

f i g u r a t i o n s  with cons tan t  l eng th  of 100 ' .  The p ipe  diameter i s  48" and t h e  

p ipe  th ickness  is  0.75". These dimensions are s e l e c t e d  because they are 

used i n  t h e  LMFBR loop s tudy [3].  The output  of t h e  computer c a l c u l a t i o n  

has  been checked aga ins t  t h e  a n a l y t i c  r e s u l t s .  The maximum dev ia t ion  is  

found t o  be 5%. The r e s u l t  of t h e  a n a l y s i s  is  shown i n  Figures  (111.1) t o  

(111.10). 

Figure 111.1 (a)  shows t h e  stress d i s t r i b u t i o n  along a 100' cons tan t  

length  p i p e  f o r  a 1" anchor displacement i n  the  X-direction. The r e a c t i v e  

anchor fo rce  i s  i n  t h e  X-direction and t h e  reactive moment i s  i n  the  Y- 

d i r e c t i o n .  Hence the  moment and t h e  bending stress is  cons tan t  along t h e  

s t r a i g h t  p i p e .  The stress shows a jump a t  the  junc t ion  of the  s t r a i g h t  

. . . . . . . . . . . . _. .. .. . . . - .. .- -. - _ _  .. . . . - . I_ ~ . . . . ... ~ .- - .... . - . . 
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p i p e  and the  elbow due t o  t h e  stress i n t e n s i f i c a t i o n  f a c t o r  of t h e  elbow as 

indica ted  i n  Eq. (11.9). In t h e  elbow, t h e  moment and t h e  stress decreases  

t o  zero a t  the  symmetry poin t .  

In Figure 111.1 (b) anchor f o r c e s  and moments i n  a l l  X,  Y and Z d i rec-  

t i o n s  are non-zero. The r e s u l t a n t  moment i s  ca l cu la t ed  according t o  E q .  

(11.11). Hence the  stress d i s t r i b u t i o n  is  non-linear along t h e  s t r a i g h t  

pipe.  

elbow due to  t h e  stress i n t e n s i f i c a t i o n .  

The stress aga in  shows a jump a t  t h e  junc t ion  of s t r a i g h t  p ipe  and 

I n  Figure 111.1 (c)  t he  stress d i s t r i b u t i o n  along t h e  s t r a i g h t  p ipe  i s  

l i n e a r  s i n c e  the  anchor f o r c e  i s  i n  the  Z-direction and t h e  anchor moment 

is  in t h e  Y-direction. The r e s u l t a n t  moment i n  t h e  s t r a i g h t  p ipe  s e c t i o n  

is always i n  t h e  Y-direction. The stress curve a t  the  elbow f i r s t  f a l l s  

then rises as t h e  moment goes t o  zero and changes s i g n  i n  t h e  elbow. 

Figure 111.1 (d) shows the  maximum stress f o r  d i f f e r e n t  bend r a d i i .  

I n  genera l ,  t he  stress decreases  as the  bend r ad ius  inc reases .  The only 

except ion occurs when t h e  anchor displacement is  i n  the  Z-direct ion where 

t h e  maximum stress inc reases .  This i s  because inc reas ing  t h e  bend r ad ius  

reduces the  s t r a i g h t  pipe length  f o r  a cons tan t  l eng th  p i p e .  A cons tan t  

anchor displacement means more elbow d e f l e c t i o n  f o r  a l a r g e r  bend r a d i u s ,  

hence the  maximum stress increases .  

Figure 111 .2  t o  Figure 111.4 can be explained i n  t h e  s a m e  manner as 

Figure 111.1. The general  t rend is  f o r  t h e  stress t o  go down as t h e  number 

of elbows inc reases  o r  t h e  elbow r a d i u s  increases .  A s  i nd ica t ed  i n  Figure 

111.1 ( c ) ,  t h e  only exception i s  when t h e  anchor displacement i s  i n  the  

Z-direction. I n  t h a t  case, the  t rend  is f o r  t h e  stress t o  go up as the  

number of elbow o r  t h e  elbow rad ius  decreases  due t o  the  shor ten ing  of the  

s t r a i g h t  p ipe  sec t ion .  
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Figure 111.1 Stress Distribution of  a One-hump Hairpin Loop. 
( a )  displacement i n  the X-di rection 
( b )  displacement in the Y-direction 
( c )  displacement i n  the Z-direction 
( d )  maximum stress vs. bend radius 
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Figure 111.2 Stress Distribution of a Two-hump Hairpin Loop. 
( a )  d i  spl acement i n the X-di rection 
( b )  displacement in the Y-direction 
(c )  displacement i n  the Z-direction 
( d )  maximum stress vs. bend radius 
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Figure 111.3 Stress Distribution of  a Three-hump Hairpin Loop. 
( a )  di spl acement i n the X-di recti on 
( b )  displacement i n  the Y-direction 
( c )  displacement in the Z-direction 
( d )  maximum stress  vs. bend radius 
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( a )  displacement i n  the X-direction 
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( d )  maximum s t ress  vs. bend radius 
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Figure 111.5 shows t h e  stress d i s t r i b u t i o n  of t h e  c o i l  loop. 

f 5  and # 2 1  a t  t h e  c ros s  over po in t  of t h e  loop are separa ted  by a p ipe  

diameter dis tance.’  Therefore ,  t h e  conf igura t ion  is  not  two dimensional as 

is  the  case  f o r  t h e  o the r  p ip ing  conf igura t ions .  F igure  1II.S (a )  and (b) 

can be explained using t h e  earlier reasoning. Although the  displacement is 

i n  t h e  Z-direct ion i n  Figure 111.5 ( c ) ,  t h e  reactive moments are i n  a l l  

t h r e e  d i r e c t i o n s  due t o  t h e  th ree  dimensional conf igura t ion .  Hence t h e  

stress d i s t r i b u t i o n  i n  the  s t r a i g h t  s e c t i o n  is non-linear and t h e  stress 

Nodes 

curves go through a minimum r a t h e r  than zero because the  r e s u l t a n t  moment 

is  not  zero. I n  t h i s  ca se  t h e  maximum stress decreases  when elbow rad ius  

inc reases .  For the  o t h e r  two displacement components t h e  stress go through 

a maximum as indicated in Figure 111.5 (d). In these two cases when the 

elbow rad ius  is  s m a l l ,  t h e  s t r a i g h t  p ipes  are e f f e c t i v e .  When t h e  elbow 

rad ius  i s  s m a l l ,  the  s t r a i g h t  p ipes  are e f f e c t i v e .  When the  elbow rad ius  

inc reases ,  t h e  l eng th  of t he  s t r a i g h t  p ipe  decreases  and t h e  stress in- 

creases. A s  t he  elbow r a d i u s  inc reases  f u r t h e r ,  t he  s h o r t e r  s t r a i g h t  p ipe  

becomes i n e f f e c t i v e  and t h e  e f f e c t  of t h e  elbow takes  over ,  hence t h e  stress 

decreases .  

Figure 111.6 and Figure 1 1 1 . 7  can be explained i n  a similar manner. 

In t hese  two conf igura t ions ,  t h e  elbow changes r a d i u s  a t  node #9 and node 

817. Therefore,  t h e  stress curve shows a d d i t i o n a l  d i s c o n t i n u i t y  a t  these  

two p o i n t s  as compared t o  Figures  111.1 through 111.5. These two configura- 

t i o n s  a l s o  shows t h e  genera l  t rend  of decreasing stress with inc reas ing  

elbow rad ius .  

In summary some genera l  observa t ions  made i n  t h i s  s tudy are given as 

fol lows : 

1. When the  displacement i s  i n  t h e  plane of t h e  loop,  t h e  
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Figure 111.5 Stress Distribution of a Coil Loop. 
( a )  displacement i n  the X-direction 
( b )  displacement in the Y-direction 
( c )  d i  spl acement i n  the Z-di rection 
( d )  maximum s t ress  vs. bend radius 
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Figure 111.6 Stress Dis t r ibu t ion  o f  an Omega Loop. 
( a )  displacement i n  the X-direction 
( b )  displacement i n  the Y-direction 
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( d )  maximum stress vs. bend rad ius  
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( d )  maximum stress vs. bend radius 
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reactive f o r c e s  is  a l s o  i n  t h e  same plane  and t h e  d i r e c t i o n  

of t h e  r e a c t i v e  moment is perpendicular  t o  the  plane.  I n  

t h i s  case t h e  magnitude of t h e  bending moment is l i n e a r l y  

decreasing i n  t h e  s t r a i g h t  pipe.  Hence, t h e  stress curve 

is  a s t r a i g h t  l i n e  i n  t h e  s t r a i g h t  s e c t i o n .  

2 .  When the  displacement is o u t  of t h e  plane of t h e  p i p e ,  a l l  

t h r e e  components of t h e  f o r c e  and moment are nonzero. Since 

t h e  r e s u l t a n t  moment is  ca l cu la t ed  as t h e  r o o t  of t he  sum of 

the  squares  of each moment, t h e  stress curve i n  the  s t r a i g h t  

s e c t i o n  is no longer  a s t r a i g h t  l i n e .  

3 .  The stress curve always has  a d i s c o n t i n u i t y  a t  t he  j u n c t i o n  of 

a s t r a i g h t  p ipe  and an elbow. This i s  due t o  t h e  stress i n t e n s i -  

f i c a t i o n  f a c t o r  of t h e  elbow as ind ica t ed  i n  Eq. (11.9) i f  X = R. 

I f  t he  end e f f e c t  of t h e  elbow is  considered,  t he  stress curve 

would be continuous and without  a jump. 

4 .  The bending moment i n  t h e  elbow v a r i e s  as a combination of 

t r igonometr ic  and quadra t i c  func t ions  as shown i n  Eq. (11.9) 

and (11.11). 

5. For the  same conf igura t ion ,  i nc reas ing  t h e  r ad ius  of t h e  p i p e  

bend inc reases  t h e  l eng th  of t h e  elbow t o  accommodate thermal 

expansions. Therefore,  t h e  stress tends t o  decrease when t h e  

p ipe  bend r ad ius  inc reases .  

number of elbows i s  increased .  

The same reasoning holds  when the  

6. The s t r a i g h t  s e c t i o n  of t h e  pipe serves t o  enhance t h e  

d e f l e c t i o n  of t h e  elbow. Therefore ,  i t  is d e s i r a b l e  to 

- . - . . .... . ~ ...... 
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have a long s e c t i o n  of s t r a i g h t  p ipe  perpendicular  t o  t h e  d i rec-  

t i o n  of anchor movement. 

The m a x i m u m  stress i n  d i f f e r e n t  p ip ing  conf igura t ions  are summarized 

i n  Figures  (111.8) t o  (111.10). These curves can be explained by t h e  

genera l  observat ions.  

The second p a r t  of t h e  study examines t h e  same conf igura t ions  except 

t he  span of t h e  p ipe  in s t ead  of t h e  t o t a l  l ength  is  kept  cons tan t .  

s u l t s  of t hese  a n a l y s i s  are shown i n  Figures  (111.11) and (111.12). From 

these  curves i t  i s  noted t h a t  t he  stress decreases  monotonously as t h e  ra- 

d ius  of t h e  elbow increases .  This happens because,  i n  a cons tan t  span 

s tudy ,  t he  t o t a l  l ength  of  t h e  p i p e  i nc reases  with inc reas ing  elbow rad ius .  

Therefore,  more elbow length  i s  a v a i l a b l e  t o  accommodate thermal expansion. 

The re- 

111 .2  MARC F i n i t e  Element Program 

The p a r t i c u l a r  element which i s  of i n t e r e s t  i n  a piping des ign  is the  

elbow element #17 [7 ] .  This element i s  a symmetrically loaded s h e l l  

element s p e c i a l l y  modified f o r  s tudying pipe bend. The theory and t h e  

r e s u l t s  of t h e  computation are given i n  R e f .  [ 4 ]  f o r  an in-plane bending mo- 

ment. A MARC a n a l y s i s  of  elbows subjec ted  t o  out-of-plane bending moment can 

be found i n  Ref. [5 ] .  The curves obtained i n  Ref. [4]  and [5] are recapi tu-  

l a t e d  i n  Figures  (111.13) t o  (1111.17). These r e s u l t s  are confirmed i n  t h i s  

s tudy using the  MARC Program. 

Figures  (111.13) t o  (111.14) are f o r  an elbow with a p ipe  f a c t o r  h = 

0.0924 and R/D = 1.475.  I n  t h i s  case,  an ASMJI code c a l c u l a t i o n  gives:  

B 2  = 0.75 - = 7.16 
213 
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Figure 111.13 Dis t r ibu t ion  of Meridional Stress f o r  an Elbow Subjected 
to in-plane bending moment (from Ref, [4])0 
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Figure m . 1 4  Distribution of Circumferential Stress f o r  an el bow subjected 
t o  in-plane bending moment (from Ref. [4]).  
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1.95 5 = h2/3 = 9.55. (111.1) 

The code c a l c u l a t i o n  va lues  of t h e  f l e x i b i l i t y  f a c t o r  a r e  shown i n  Fig.  

(111.15) by c ros s  mark symbols. I n  F igs .  (111.16) and (111 .17 ) ,  t he  elbow 

dimensions a r e  
t = 0.244 

D = 6.312 

R = 18.23. 

Hence t h e  stress i n t e n s i f i c a t i o n  f a c t o r s  are 

B2 = 2.5 

(111.2) 
C2 = 3.338 

A l l  t h e  ASME code c a l c u l a t i o n s  compare f a i r l y  w e l l  with the  curves.  

A thermal stress check run i s  a l s o  made f o r  a 90" elbow wi th  a 36" 

O . D . ,  5" th ickness  and 54" bend r a d i u s  subjec ted  t o  950" F on t h e  inne r  

su r face  and 750" F on t h e  o u t e r  su r f ace .  The thermal stress agrees  wi th  

t h e  a n a l y t i c  r e s u l t  f o r  a c y l i n d r i c a l  s h e l l  [6]. 

EaAT 
2(1  - v) o =  

- 30 x lo6 x 9.8 x x 200 - 
2( 1 - 0.3) 

(111.3) 
= 42,000 p s i  
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