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Abstract

The p o s s i b i l i t y of t h e u s e o f s e n s o r s t o detect e r o s i v e w e a r

o f p i p e s w a s e x p l o r e d . The t i m e t o y i e l d i n g f o r d i f f e r e n t

p a r t i c l e v e l o c i t i e s w a s c a l c u l a t e d u s i n g t h e e r o s i v e wear e q u a t i o n

i n which t h e c r i t i c a l volume w a s d e t e r m i n e d u s i n g  e q u a t i o n s  fo r a

t h i c k walled p r e s s u r i z e d  c y l i n d e r .  T h i s data w a s used t o

d e t e r m i n e t h e e f f e c t i v e r a n g e of p i p e s i z e s and p a r t i c l e speeds i n

which s e n s o r s  c o u l d  be a p p l i e d . A s e n s o r was found , and a

program w a s w r i t t e n t o compute t h e c h a n g i n g r a d i u s from t h e

s e n s o r s o u t p u t . The number o f s e n s o r s r e q u i r e d f o r a s e c t i o n of

p i p e w a s d e t e r m i n e d . S e v e r a l improvements o n t h e a n a l y s i s w e r e

p r e s e n t e d .



I n t r o d u c t i o n

The conveyance of m a t e r i a l s i n t h e f o r m of g a s , l i q u i d s o r

s o l i d s , by means o f p i p e s i s i n c r e a s i n g s t e a d i l y . I n a l l p a r t s of

t h e world, h y d r a u l i c a l l y o r p n e u m a t i c a l l y operated p i p e l i n e s are

i n permanent s e r v i c e , p r o v i d i n g i n d u s t r i a l and p r i v a t e consumers

w i t h r a w materials and d i s p o s i n g o f r u b b i s h , t a i l i n g s and domestic

wastes [Lehrke and Nonnen A l s o p i p e l i n e s u s u a l l y comply

w i t h e n v i r o n m e n t a l r e q u i r e m e n t s , b e c a u s e t h e y o p e r a t e f r e e of

n o i s e a n d d u s t , which h a s made them e v e n more a t t r a c t i v e  f o r  

conve igh ing materials such a s n a t u r a l gas and o i l [Lehrke and

Nonnen

When p i p e l i n e s are d e s i g n e d special a t t e n t i o n h a s t o be p a i d

t o t h e p r o t e c t a g a i n s t d e f o r m a t i o n . F a i l u r e s i n p i p e l i n e s c a n be

d i f f i c u l t t o f i x , e s p e c i a l l y when t h e o c c u r i n l o c a t i o n s

t h a t are n o t e a s i l y a c c e s s i b l e . F u r t h e r m o r e , r e p a i r work, a p a r t

f rom b e i n g c o s t l y i n i t se l f , c a n r e s u l t i n t h e c o m p l e t e shutdown

o f t h e p i p e l i n e . Thus, wear i n l o n g d i s t a n c e p i p e l i n e s i s of

prime i n t e r e s t because  o f  i ts e f f e c t o n b o t h t h e i n i t i a l cost and

t h e l i f e o f t h e p i p e l i n e [Lehrke and Nonnen

A wear p r o c e s s t h a t c a n c a u s e s e r i o u s d e f o r m a t i o n r e s u l t i n g

i n f a i l u r e s i s e r o s i o n . T h e r e are two b a s i c t y p e s o f e r o s i o n .

The f i r s t k i n d i s h i g h speed e r o s i o n which o c c u r s when m e t a l

s u r f a c e s are bombarded by p a r t i c l e s a t speeds of 1 or



g r e a t e r . The second k i n d i s known a s l o w speed e r o s i o n and t a k e s

p l a c e s a t s p e e d s less t h a n 1. I t i s more a p p l i c a b l e t o p i p e s

and p r e s s u r i z e d v e s s e l s and h a s s t u d i e d e x t e n s i v e l y because

of i t s a p p l i c a t i o n t o p i p e s  c a r r y i n g  coal s l u r r y , o i l w e l l s

pumping c r u d e  c o n t a i n i n g  sand and i n c o a l - t o - f l u i d c o n v e r s i o n

p l a n t s Low s p e e d e r o s i o n h a s a l s o caused

s e r i o u s problems due t o t h e amount o f damage it c a u s e s t o t h e

s u r f a c e o f p a r t s o f mach ines and i n s t a l l a t i o n s s u c h a s c y c l o n e s ,

p i p e s y s t e m s , b o i l e r  u n i t s ,  g a s t u r b i n e s and s e p a r a t o r s

a n d

I n p i p e l i n e s , a s e c t i o n must be r e p l a c e d when i t s w a l l

t h i c k n e s s c a n no l o n g e r  w i t h s t a n d  t h e radia l and t a n g e n t i a l

stresses 19751. A p i c t u r e o f t h e stress d i s t r i b u t i o n s i n

a p r e s s u r i z e d c y l i n d e r are shown i n f i g u r e 1.

Figure 1: Illustration of the distribution of stresses in a thick walled cylinder

subjected to internal pressure [Reproduced from and



U s u a l l y t h e p i p e l i n e s d e s i g n e r  p r o v i d e s  a d e q u a t e i n i t i a l w a l l

t h i c k n e s s t o c o n t a i n t h e stresses w i t h a r e a s o n a b l e marg in of

s a f e t y , b u t it i s d i f f i c u l t t o p r e d i c t t h e a d d i t i o n a l w a l l

t h i c k n e s s  r e q u i r e d  t o a c c o u n t f o r w e a r . O f t e n t h e d e s i g n e r h a s

v e r y l i t t l e i n f o r m a t i o n w i t h which t o c a l c u l a t e t h e wear t h i c k n e s s

a l l o w a n c e  [ F a d d i c k  

C u r r e n t l y t h e r e  a r e  a few m e a s u r e s t o r e d u c e wear . These

i n c l u d e t h e u s e  o f  h i g h l y wear r e s i s t a n t materials, improved

d e s i g n s o f p a r t s and u n i t s s u b j e c t t o e r o s i o n and t h e c h a n g i n g of

o p e r a t i n g  c o n d i t i o n s  such as r e d u c i n g t h e v e l o c i t y o f a b r a s i v e

s t r e a m and f i l t r a t i o n o f sol id p a r t i c l e s from a i r and g a s

[Uuemois and 19751.

These are a l l v i a b l e s o l u t i o n s i f it i s possible t o change

o p e r a t i n g  c o n d i t i o n s ,  b u t t h i s i s n o t a l w a y s p o s s i b l e . For

example, i f w e have a m i l e l o n g s e c t i o n o f p i p e , it may be v e r y

d i f f i c u l t t o f i l t e r t h e a b r a s i v e p a r t i c l e s a l o n g t h e whole l e n g t h

o f t h e p i p e . I n s u c h cases, it would be o f g r e a t a s s i s t a n c e i f

wear i n f o r m a t i o n c o u l d be o b t a i n e d . Using such d a t a ,

s e c t i o n s o f p i p e l i n e s u b j e c t e d t o e r o s i o n c o u l d be r e p a i r e d w e l l

b e f o r e a f a i l u r e o c c u r r e d .

I n order t o o b t a i n wear data i n it i s n e c e s s a r y t o



f i r s t unde r s t and t h e e r o s i v e wear p roc e ss . wear o c c u r s

when p a r t i c l e s impinge on a s u r f a c e . The f a c t o r s t h a t c o n t r i b u t e

t o t h e amount of wear are, impact v e l o c i t y , a n g l e of a t t a c k ,

p a r t i c l e  s i z e ,  p a r t i c l e  c o n c e n t r a t i o n and hardness of t h e s u r f ace .

The volume eroded from a s u r f a c e i s g i v e n by t h e formula:

The t e r m s cor respond t o t h e e f f e c t s of impact v e l o c i t y ,

a n g l e  o f  a t t a c k , hardness of t h e s u r f a c e and t h e  s i z e  of t h e

e r o s i v e p a r t i c l e s , r e s p e c t i v e l y . W i s t h e t o t a l weight of t h e

e r o s i v e p a r t i c l e s , and i s found from t h e vo lumet r i c f l o w r a t e .

The t e r m s i n t h i s e q u a t i o n cor respond t o t h e d e n s i t y o f t h e

e r o s i v e p a r t i c l e s ,  t h e  g r a v i t a t i o n a l c o n s t a n t , t h e composi t ion of

t h e f low, t h e vo lumet r i c  f low r a t e and t h e time of flow,

r e s p e c t i v e l y .  s i n c e  Q i s e q u a l t o t h e v e l o c i t y of t h e f low

m u l t i p l i e d by t h e a r e a o v e r which it i s a c t i n g , t h e r a t e of volume

removed i s g i v e n by:

For common n a t u r a l a b r a s i v e s and s u r f a c e s t h e v a l u e s of H , and

c a n be found u s i n g t a b l e s l i k e t h o s e i n t h e M a t e r i a l

Sc ience CRC Handbook. The v a l u e s of X and v must be o b t a i n e d v i a

measurement t o p r o p e r l y c a l c u l a t e t h e rate of volume removal.

Once t h i s rate i s c a l c u l a t e d t h e r a t e of change of t h e stress can

be c a l c u l a t e d because c y l i n d r i c a l p r e s s u r e v e s s e l s , h y d r a u l i c

c y l i n d e r s and p i p e s c a r r y i n g f l u i d s a t h igh p r e s s u r e s deve lop



r a d i a l and t a n g e n t i a l stresses.

I n t h e g e n e r a l c a s e f o r a c y l i n d e r s u b j e c t e d t o a n i n t e r n a l

p r e s s u r e , pi ,  and a n e x t e r n a l p r e s s u r e , w i t h i n n e r r a d i u s

and o u t e r  r a d i u s  t h e magni tudes o f t h e t a n g e n t i a l and radial

stresses are g i v e n by t h e e q u a t i o n s a t a r

An i l l u s t r a t i o n o f t h i s i s shown i n f i g u r e 2 .

(a) Tangential stress
distribution

Radial stress
distribution

Figure 2 : Illustration of a cylinder subjected t o both internal and external pressure

[Reproducedfrom and 19891.

I n t h e case o f a p i p e i n a i r t h e r e i s no h y d r o s t a t i c p r e s s u r e , so

= 0 . T h i s s i m p l i f i e s t h e two e x p r e s s i o n s :

The f rom t h e s e e x p r e s s i o n it is o b v i o u s t h a t t h e v a l u e s o f



t h e stress o c c u r a t t h e i n n e r r a d i u s T h i s i s i l l u s t r a t e d i n

f i g 1. A t t h e two stresses w i l l have magni tudes g i v e n by t h e

The c r i t i c a l v a l u e o f t h i s stress depends  on  whe the r  or n o t

p l a s t i c d e f o r m a t i o n c a n be t o l e r a t e d . d e f o r m a t i o n i s

u s u a l l y a n unwanted s i t u a t i o n so, t h e c r i t i c a l v a l u e o f t h e

stresses would be t h e y i e l d s t r e n g t h ,

I n o r d e r t o d e t e r m i n e i f s e n s o r s c o u l d be employed i n t h e

d e t e c t i o n of wear i n a p r e s s u r i z e d c y l i n d e r , t h e case of o i l

p i p e l i n e s w a s c o n s i d e r e d . I n g a s and o i l p i p e l i n e s t h e r a d i i o f

t h e p i p e s v a r y between 1 4 t o 30 i n c h e s , b u t t h e r e i s a t r e n d

toward l i n e s w i t h 20 t o 36 i n c h r a d i i The p i p e s

are u s u a l l y made from p i p e s o f h i g h s t r e n g t h steel = 200,000

p s i ) o f t h i c k n e s s e s f rom 3/8 t o 1 i n c h and u s u a l l y come i n 40, 60

o r 80 f e e t s e c t i o n s The i n t e r n a l p r e s s u r e s , pi ,

r a n g e f rom 500 t o 5000 p s i , w i t h 1000 p s i b e i n g t h e m o s t common

For c a l c u l a t i o n p u r p o s e s 40 f e e t s e c t i o n s w i t h = 1000 p s i

w e r e assume. C a l c u l a t i o n s w e r e performed f o r p i p e s  w i t h  e x t e r n a l

r a d i i r a n g i n g f rom 2 0 t o 36 i n . u s i n g t h e r e l a t i o n s h i p s for



t a n g e n t i a l and r a d i a l stress, t h e  r a d i i  a t which t h e stresses

e q u a l e d t h e y i e l d s t r e n g t h w e r e found . Using t h e s e c r i t i c a l r a d i i

t h e volume l o s t t o e r o s i o n t o c a u s e y i e l d i n g w a s d e t e r m i n e d from

t h e e q u a t i o n :

= -
By d i v i d i n g t h i s volume from t h e rate o f volume r e d u c t i o n , t h e

t i m e r e q u i r e d t o c a u s e t h i s e r o s i o n w a s c a l c u l a t e d f o r p a r t i c l e

s p e e d s o f 10 t o 150 I t w a s assumed t h a t w a s between 10

and t h e a b r a s i v e p a r t i c l e s w e r e s a n d and w e r e l a r g e r

t h a n 30 t h e a n g l e o f a t tack of t h e  p a r t i c l e s  w a s between

and and t h a t t h e c o m p o s i t i o n  o f  t h e a i r was 0.1% s a n d . These

a s s u m p t i o n s w e r e made t o s i m p l i f y t h e c a l c u l a t i o n s . A summary

r e s u l t s a p p e a r s i n table 1.

A s t h e r e s u l t s i n tab le 1 i n d i c a t e , f o r wind v e l o c i t i e s

between 10 and 5 0 m / s a e r o s i v e wear s e n s o r would be p l a u s i b l e ,

because t h e t i m e s r e q u i r e d t o erode t h e s u r f a c e are o n t h e scale

o f s e v e r a l h o u r s . A s e n s o r would be u s e f u l i n d e t e r m i n i n g t h e

t i m e r e m a i n i n g t o f a i l u r e and t h u s p r e v e n t i v e measu res c o u l d be

t a k e n . Another t r e n d i n t h e  d a t a  i n d i c a t e s t h a t s e n s o r s would

have g r e a t e r  e f f e c t i v e n e s s  i n l a r g e r t h i c k e r p i p e s .

The main c r i t e r i a i n c h o o s i n g a s e n s o r was t h a t t h e s e n s o r

would have t o o p e r a t e i n a n e x t r e m e l y h i g h f o r c e reg ime. Many

s e n s o r s  c o u l d  n o t  d e t e c t e d f o r c e s c o r r e s p o n d i n g t o y i e l d stresses,



b u t a n ex t remely v e r s a t i l e s e n s o r known a s an i n t e g r a t e d f o r c e

a r r a y w a s found.

a r e f l e x i b l e m e t a l l i z e d membranes w h i c h produce motion

on a macroscopic s c a l e add ing t o g e t h e r t h e r e s p o n s e s of many

microscop ic e l e m e n t s a c t i n g under a n e l e c t r o s t a t i c f o r c e IBobbio

The f o r c e a r r a y technology i s based on e l e c t r i c a l l y

deformable f l e x i b l e membranes. The membranes a r e composed of 

m i c r o s c o p i c f o r c e e lements a r r a n g e d i n a r r a y s c o n t a i n i n g 105 t o

e l e m e n t s . When a h igh enough v o l t a g e (- 100 i s a p p l i e d t o

t h e IFA, it c o n t r a c t s about 30% IBobbio See f i g u r e 3 f o r

a n i l l u s t r a t i o n of t h e IFA b e f o r e and a f t e r a p p l i c a t i o n of t h e

v o l t a g e .

relaxed fabricationsection compressed

Figure 3: A schematic of the IntegratedForce Array. When a voltage is applied it

compresses. Likewise, when a force is applied it compresses producing a voltage

[Reproduced from Bobbio 199



I f t h e maximum c o m p r e s s i o n i s c a l i b r a t e d t o c o r r e s p o n d t o t h e

maximum stress, t h e n when t h e v o l t a g e  o u t p u t  r e a c h e s 1 0 0 V, t h e

maximum o p e r a t i n g  v o l t a g e  IBobbio y i e l d i n g o c c u r s . By

c o n t i n u o u s l y o b t a i n i n g v o l t a g e  r e a d i n g  from t h e s e n s o r s ta te of

stress i n t h e p i p e c a n be c a l c u l a t e d . A program which takes i n

t h e v o l t a g e r e a d i n g s and computes t h e c u r r e n t  r a d i u s  w a s w r i t t e n .

Once a f e a s i b l e s e n s o r w a s found , t h e n e x t s t e p was t o

d e t e r m i n e t h e p lacemen t  o f  t h e s e n s o r . The IFA i s made o f 22

p l a n a r a r r a y s o f 1 c m x 3 c m which g i v e s a s e n s i n g

area of 0 . 4 6 5 i n c h e s . I n order t o c o v e r a f o r t y f o o t s e c t i o n of

p i p e w i t h a n i n t e r n a l r a d i u s o f 1 9 i n c h e s , a b o u t 1 2 3 thousand

s e n s o r s a r e r e q u i r e d . When t h e n e x t  g e n e r a t i o n  o f IFAr which are

10 t i m e s l a r g e r , are c o n s t r u c t e d , t h e number o f s e n s o r s  r e q u i r e d  

w i l l be a b o u t 370. The n e x t g e n e r a t i o n of I F A rs w i l l be

c o n s t r u c t e d i n 1994 so t h e s e s h o u l d be r e a d i l y

a v a i l a b l e now.

Once t h e number o f  s e n s o r s  r e q u i r e d w a s c a l c u l a t e d a method

o f mount ing of t h e s e n s o r s need t o be f o u n d .  T h e r e  were t w o

o b v i o u s t e c h n i q u e s . The f i r s t would be two p l a c e t h e s e n s o r s a t

t h e c r i t i c a l r a d i u s . T h i s would p r o v i d e f o r c e and w e a r d a t a a l o n g

w i t h t h e  f a i l u r e  of t h e s e n s o r when t h e c r i t i c a l r a d i u s had been

r e a c h e d . method r e q u i r e s t h a t h o l e s would be d r i l l e d i n t o

t h e s e c t i o n of p i p e , t h e s e n s o r s would be p l a c e d i n , t h e n t h e

h o l e s would be f i l l e d i n . The p r o c e s s e s  o f  d r i l l i n g creates

r e s i d u a l stresses i n t h e material which may c a u s e f a i l u r e earlier



t h a n e x p e c t e d  n e a r  a h o l e . I f many h o l e s w e r e r e q u i r e d t h e

r e s i d u a l stress would have a s i g n i f i c a n t i m p a c t on t h e l i f e o f t h e

p i p e . For t h e c u r r e n t g e n e r a t i o n of s e n s o r s more t h a n 1 2 3

thousand h o l e s would be r e q u i r e d , t h i s would n o t be f e a s i b l e . For

t h e n e x t g e n e r a t i o n o n l y 370 h o l e s are r e q u i r e d , which would

a c c e p t a b l e .

The a l t e r n a t i v e was t o p l a c e t h e s e n s o r s are t h e i n n e r r a d i u s

o f t h e s e c t i o n o f p i p e . T h i s method c a u s e s no damage t o t h e p i p e ,

which means t h a t r e s i d u a l stresses from s e n s o r mount ing need n o t

be accoun ted f o r . any number o f s e n s o r s c a n be

mounted a t t h e i n n e r r a d i u s , meaning t h a t c u r r e n t c a n be

used t o detect w e a r .

Improvements and F u t u r e Study

S e v e r a l improvements c a n be made t o t h e a n a l y s i s p r e s e n t e d

h e r e . o f a l l , o n l y o i l and g a s p i p e s o f a c e r t a i n r a d i u s

w e r e c o n s i d e r . An improvement would be t o c o n s i d e r more t y p e s of

p r e s s u r i z e d c y l i n d e r s a l o n g w i t h o t h e r m e c h a n i c a l p a r t s s u b j e c t e d

t o e r o s i o n . Fur the rmore , o n l y common p i p e s i z e s were used f o r a

common i n t e r n a l p r e s s u r e o f 1 0 0 0 p s i , a b e t t e r a n a l y s i s c o u l d be

a c h i e v e d by c o n s i d e r i n g a w i d e r a n g e of p i p e s i z e s w i t h d i f f e r e n t

i n t e r n a l p r e s s u r e s . A b e t t e r u n d e r s t a n d i n g of t h e p o s s i b i l i t y of

t h e u s e  o f  s e n s o r s  c a n  be d e t e r m i n e i f many s i t u a t i o n s are

c o n s i d e r e d .



I n t h e d e t e r m i n a t i o n o f t h e t i m e t o e r o d e t h e p i p e s , s e v e r a l

a s s u m p t i o n s w e r e made, though some a r e v a l i d ,  c a l c u l a t i o n s  shou ld

be carried o u t f o r a n g l e s o f a t t a c k less t h a n and g r e a t e r t h a n

p a r t i c l e  s i z e s  less t h a n 30 and d i f f e r i n g c o m p o s i t i o n s of

a b r a s i v e . The m o s t s i g n i f i c a n t o f t h e s e w i l l be t h e d i f f e r i n g

c o m p o s i t i o n s o f a b r a s i v e , b e c a u s e u n l i k e t h e o t h e r two it c a n

change by f a c t o r s o f 10, p r o d u c i n g  a  s i g n i f i c a n t i m p a c t o n t h e

t i m e t o y i e l d i n g .

O t h e r improvements i n c l u d e f i n d i n g d i f f e r e n t t y p e s o f s e n s o r s

and improving t h e d a t a p r o c e s s i n g program t o d i s p l a y t h e loss of

volume and t h e t i m e t o f a i l u r e . The l o s s o f volume c a n be e a s i l y

computed by s u b t r a c t i n g t h e volume g i v e n by t h e c u r r e n t e x t e r n a l

r a d i u s f rom t h e volume g i v e n by t h e o r i g i n a l e x t e r n a l r a d i u s . The

c a l c u l a t i o n o f t h e t i m e t o f a i l u r e w i l l be more c o m p l i c a t e d

because t h e e r o s i v e wear e q u a t i o n must be used t o f i n d it.

means t h a t i n f o r m a t i o n o n wind speed , c o m p o s i t i o n o f t h e a i r ,

a n g l e of a t t a c k and s i z e o f t h e p a r t i c l e s needs t o be o b t a i n e d

d y n a m i c a l l y .

o n wind speed i s g a t h e r e d q u i t e e a s i l y by u s i n g

t h e c u p o r vane t y p e anemometers, which t r a n s l a t e r o t a t i o n s

of t h e i r p a r t s i n t o wind speed e i t h e r e l e c t r o n i c a l l y o r

m e c h a n i c a l l y These p r o v i d e data c o n t i n u o u s l y so

t h a t t h e c a l c u l a t i o n s of t i m e r e m a i n i n g c a n be k e p t a c c u r a t e .



The c o m p o s i t i o n of t h e a i r i s s l i g h t l y h a r d e r t o d e t e r m i n e ,

b u t i n c o u l d be accompl i shed by u s i n g a s o n i c  t y p e  anemometer,

which measu res t h e p r o p e r t i e s o f wind- bourne sound waves

The i n s t r u m e n t s operates of t h e p r i n c i p l e t h a t

t h e p r o p a g a t i o n v e l o c i t y o f a sound wave i n a medium i s

p r o p o r t i o n a l t o t h e c o m p o s i t i o n o f t h e medium. T h i s means t h a t by

d e t e r m i n i n g t h e p r o p a g a t i o n ra te o f sound i n a i r of v a r y i n g

a b r a s i v e  c o n t e n t ,  a r e l a t i o n s h i p between t h e v e l o c i t y of sound

measured by t h e s o n i c anemometer and t h e amount o f a b r a s i v e i n t h e

a i r c o u l d be d e t e r m i n e d . T h i s  t e c h n i q u e  migh t be a p p l i e d t o

d e t e r m i n e t h e s i z e o f t h e  p a r t i c l e s ,  by d e t e r m i n i n g t h e

r e l a t i o n s h i p between t h e s i z e o f t h e p a r t i c l e s i n t h e a i r and t h e

speed o f sound.

Though t h e a n g l e o f a t t a c k s h o u l d be d e t e r m i n e d y n a m i c a l l y ,

it w a s n o t clear how t h i s would be accompl i shed . The best

s o l u t i o n t o t h i s problem would be t o k e e p t h e a s s u m p t i o n s t h a t t h e

p a r t i c l e s have a n a n g l e o f i n c i d e n c e between and s i n c e

t h i s w i l l p r o v i d e t h e more c o n s e r v a t i v e estimate of t h e t i m e t o

y i e l d i n g .

O t h e r a r e a s open t o i n v e s t i g a t i o n i n c l u d e d e t e r m i n i n g how t o

i n t e r f a c e t h e s e n s o r s w i t h t h e computer  which pe r fo rms t h e data

a n a l y s i s and improv ing t h e u s e r i n t e r f a c e of t h e d a t a p r o c e s s i n g

program.



C u r r e n t l y p i p e l i n e s are used e x t e n s i v e l y t h r o u g h o u t t h e

world. Many of t h e s e are s u b j e c t e d t o e r o s i v e wear. I t i s o f t e n

d i f f i c u l t t o d e s i g n a s t r u c t u r e c o n s i d e r i n g  e r o s i o n .  The p r e s e n t

s o l u t i o n i s t o coat p i p e s and o t h e r s t r u c t u r e s s u b j e c t t o e r o s i o n

w i t h h i g h l y wear r e s i s t a n t materials o r t o a t t e m p t t o r e d u c e t h e

c o n c e n t r a t i o n of e r o s i v e p a r t i c l e s i m p i n g i n g o n t h e s u r f a c e .

These are good t e c h n i q u e s ,  b u t  t h e y c a n n o t s t o p e r o s i o n , s o it is

i m p o r t a n t t o know when a p a r t h a s been s u b j e c t e d t o e x c e s s i v e

w e a r . Fo r a t h i c k- w a l l e d c y l i n d r i c a l p r e s s u r e  v e s s e l ,  t h e

c r i t i c a l wear volume w a s c a l c u l a t e d a n d from t h i s t h e t i m e t o

y i e l d i n g f o r d i f f e r e n t p a r t i c l e speeds w a s d e t e r m i n e d . Using t h i s

i n f o r m a t i o n t h e r a n g e  o f  p i p e s i z e s and p a r t i c l e speeds i n which

s e n s o r c a n p r o v i d e i n f o r m a t i o n w a s found . T h i s i n f o r m a t i o n l e a d

t o a s e a r c h f o r a v i a b l e s e n s o r , which is a I n t e g r a t e d Force

A r r a y . The IFA c o n t r a c t s when a f o r c e i s a p p l i e d ,  c a u s i n g  a

v o l t a g e t o be r e c o r d e d , t h i s v o l t a g e c a n be c o n v e r t e d i n t o a f o r c e

o n c e a r e l a t i o n s h i p between t h e maximum v o l t a g e and t h e y i e l d i n g

f o r c e i s s e t u p . A s h o r t computer t h a t r e a d s i n t h e

v o l t a g e s and d e t e r m i n e s t h e c o r r e s p o n d i n g r e d u c t i o n i n r a d i u s w a s

w r i t t e n . T h e r e are s e v e r a l improvements t h a t c a n be done t o t h e

a n a l y s i s and t h e computer program which w i l l i n c r e a s e t h e

e f f e c t i v e n e s s o f u s i n g s e n s o r s t o detect e r o s i v e wear.
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Table 1: Summary of Calculations

del V

17959
26837
32719
41484
47289
55941

21578
28711
39354
46411
56940
63922

21017
33537
41845
54252
62486
74779

24033
33593
4 7 7
57362
71534
80943

21654
37815
48552

75262
91197

Time to Failure in min for v


