
CHAPTER 3

3 .1 A ppara tu s
EXPERIMENT

3 . 1 .  ๆ B oundary p o t e n t i a l  su p p ly  in s t r u m e n ts .
The c i r c u i t  diagram  f o r  th e  boundary  p o t e n t i a l  s u p p lie d  

in s tru m e n ts  i s  shown in  f i g . 8 ( a ) .  The r e s i s t o r  R̂  was used f o r  s e t t i n g  
v o l ta g e  su p p ly . I t  c o n s is te d  o f two 0-50k  v a r ia b le  r e s i s t o r s  
connec ted  in  p a r a l l e l .  From R  ̂ th e  su p p ly  was fed  to  —ๆ  v o l ta g e  
v a ry  board  w hich was composed o f s e v e r a l  s e t s  o f r e s i s t o r s  (R p ,R j, 
R^,Rj_), t  hese  s e t s  o f  r e s i s t o r s  were c a l l e d '1 C o n t r o l l e r " . The 
c o n t r o l l e r s  s u p p lie d  th e  boundary  p o t e n t i a l s  to  d i f f e r e n t  p o in ts  on 
th e  spec im en .

The r e s i s t o r  Rp was used  to  drop th e  p o t e n t i a l s  a t  th e  
in te rm e d ia te  p o in ts  where p o t e n t i a l s  were n o t so h ig h . The r e s i s t o r  
Rp would be any v a lu e  b u t i t  was c o n v e n ie n t to  use  3 0  k r e s i s t o r  fo r  
each  c o n t r o l l e r .  The p o t e n t i a l  o f  th e  p o in ts  n e a r  th e  c o rn e r  were 
h ig h . The p o t e n t i a l s  dropped by 30  k  r e s i s t o r s  were to o  h ig h , so th e  
r e s i s t o r s  Rx o f s u i t a b l e  v a lu e s  were co n n ec ted  in  p a r a l l e l  to  th e  
r e s i s t o r s  Rp to  red u ce  th e  r e s i s t a n c e .  A number o f  r e s i s t o r s  range  
from  ๆ k to  100 k sh ou ld  be p re p a re d .

R^,R^ were v a r ia b le  r e s i s t o r  0 -5  k and 0 -า0  k . They were used 
f o r  a d ju s t in g  th e  boundary  p o t e n t i a l  a t  each p o in t  i n d iv i d u a l l y .  R^ 
was 1M r e s i s t o r  con n ec ted  to  th e  n e g a tiv e  te r m in a l .  The —ๆ  v o lta g e  
v a ry  board( —ๆ พ B) was used fo r  su p p ly in g  h ig h  p o t e n e i a l .
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F ig .8 (a) C irc u i t  diagram fo r th e  boundary p o te n t ia l  
supply in strum en ts

F ig .8(๖) The boundary p o te n t ia l  supply in strum en ts
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The low p o t e n t i a l s  were s u p p lie d  by s e v e r a l  0 -25  k v a r ia b le  
r e s i s t o r s  R^ in  th e  2™ v o lta g e  v a ry  board  (2^-~ VVB). These v a r ia b le  
r e s i s t o r s  were co n n ec ted  to  th e  n e g a t iv e  te rm in a l  o f  th e  s o u rc e . The 
r e s i s t o r  Ry was p u t in  s e r i e s  w ith  R^ i f  p o t e n t i a l  su p p ly  was to o  low .

3 ,1 .2  M easuring  In s tru m e n t
The p o t e n t i a l s  were m easured by a d i g i t a l  v o l tm e te r .  The v a lu e s

w hich were m easured by t h i s  d i g i t a l  v o l tm e te r  were e i t h e r  th r e e  o r 
fo u r f i g u r e s .  The sm a ll v a lu e  co u ld  be m easured to  k f ig u r e s  w h ile  
th e  h igh  v a lu e  was m easured to  3 f ig u r e s  o n ly . T here were s e v e r a l  
s c a le s  such  as 20 mV, 200mV,2V, 20V, e t c . S in c e  th e  s m a l le s t  s c a le  was 
up to  20mV, so th e  h ig h e s t  a cc u rac y  o f th e  in s tru m e n t was 0 .01 mV. 
In  t h i s  e x p e rim e n t, th e  a cc u rac y  o f 1 .0  mV was enough. The h ig h e s t  
number w hich cou ld  be m easured b e fo re  ch an g in g  th e  s c a le  was 2 3 0 0 .

3 . 1 .3  Specimen

The specim en was T e le d e s to 's  r e c o rd in g  p a p e r  o f r e s i s t i v i t y  
a p p ro x im a te ly  2 5 0 0  ohms p e r sq u a re  g r id .  T h is  p a p e r was p ro v id e d  in  
th e  form o f a sh e e t  o f  1 2  i n .  wide and 2k  i n .  lo n g .

The c o n d u c tin g  p ap e r was c u t i n to  3 d i f f i r e n t  sh apes 
r e p r e s e n t in g  th e  c r o s s - s e c t io n s  o f s h a f t s ,  as shown in  f i g . 9 .

B oth th e  geom etry o f th e  c r o s s - s e c t io n  and th e  boundary 
p o t e n t i a l  a re  symmetry abou t th e  c o - o rd in a te  a x e s . I t  fo l lo w s , f i r s t ,  
t h a t  th e  p o t e n t i a l  d i s t r i b u t i o n  i s  th e  same in  any q u a d ra n ts ,  and 
seco n d , t h a t  no c u r r e n ts  flow  a c ro s s  X and y a x e s . T h e re fo re  th e  
e x p e rim en ts  can be c a r r i e d  ou t on any o f th e  q u a d ra n ts  o f th e  c r o s s -
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s e c t io n  o f s h a f t s .  The specim ens shown in  f i g .  9 r e p r e s e n t  o n ly  a

F i g .9 The c r o s s - s e c t io n s  und er i n v e s t i g a t i o n ,  th e  shade a re a s  
a re  th e  specim ens w hich r e p r e s e n t  a q u a r te r  o f a . s e c t i o n .

a .  The sq u a re  c r o s s - s e c t io n  
f  ๖. The r e c ta n g u la r  c r o s s - s e c t io n

c . The I  c r o s s - s e c t io n

The specim en was f ix e d  on a ca rd  board  w ith  a g raph  p a p e r 
i n s e r t e d  betw een them to  show th e  c o - o r d in a te s .  Then i t  was f ix e d  
t i g h t l y  to  a wooden board  by c lam p s. E x te rn a l  boundary  p o t e n t i a l s  
were s u p p lie d  th ro u g h  th e s e  c lam ps. F i g .10 show how th e  specim en was 
p r e p a r e d .

P r a c t i c a l l y ,  th e  r e s i s t i v i t y  o f  th e  T e le d e s to 's  r e c o rd in g  
p ap er m easured a lo n g  th e  le n g th  o f th e  o r i g i n a l  p ap e r i s  n o t eq u a l
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to  th o se  m easured a lo n g  i t s  w id th . A ccord ing  to  th e  method o f Ross 
and Q u re sh i”] th e  r e s u l t  was c o r re c te d  by m u lt ip ly in g  a l l  d im ensions 
a lo n g  x - d i r e c t io n  by th e  f a c to r  < f y / f y  ) 2 .  In  t h i s  t h e s i s ,  th e  
r e s i s t i v i t y  o f  b o th  d i r e c t io n s  cou ld  n o t be s p e c i f i e d  e x a c t ly  
because  th e  r e s i s t i v i t y  m easured in  e i t h e r  d i r e c t io n  v a r ie d  w id e ly , 
so th e  av e ra g e  v a lu e s  were p r e f e r r e d .

F or th e  r e c ta n g u la r  and th e  I  c r o s s - s e c t io n s  2 specim ens 
were p re p a re d . One was c u t so t h a t  th e  le n g th  was a lo n g  th e  le n g th  
o f th e  o r i g i n a l  p ap e r w hereas th e  o th e r  WP.S a lo n g  i t s  w id th*  They- 
were c a l l e d  "L -specim en" and ’'พ -รpecim en ,"  r e s p e c t i v e ly .

F or th e  sq u a re  specim en , th e r e  i s  symmetry on d ia g o n a l l i n e ,  
i t  i s  n e c e s s a ry  to  m easure th e  p o t e n t i a l  on one s id e  o f th e  d ia g o n a l 
l i n e  o n ly , th e n , i t  i s  a u to m a tic a l ly  th e  p o t e n t i a l  o f  th e  o th e r  
p o in ts  on th e  o th e r  s i d e ,  such as  p o in t  p and P ' in  f ig u r e  า า .  พhen 
th e  p o t e n t i a l  o f th e  whole s h e e t  a re  m easured , th e  av erag e  v a lu e  o f 
th e  p a i r s  o f  th e  c o rre sp o n d in g  p o in ts  w i l l  c a n c e l  th e  e f f e c t  o f 
u n eq u a l r e s i s t i v i t y .  Thus fo r  th e  sq u a re  sp ec im en , i t  was n e c e s s a ry  
to  use o n ly  one specim en in  s te a d  o f two a s  in  th e  case  o f th e  
r e c ta n g u la r  and th e  I  specim en . I t  sh o u ld  be n o ted  t h a t : -

a t  p ะ a t  P '£yz Cxz
?xz p = 'Y'yz P f

 ̂ R o s s ,D .s .and Q u re s h i j I .H . "Boundary V alue Problem  in  Two 
Dim ension E l a s t i c i t y  by C o n d u ctin g  P ap e r A nalogue."  J o u rn a l  o f 
S c i e n t i f i c  In s t ru m e n ts .  V o l .4 0 (า963) : p . 513-517•
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(a) the
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F ig . าๆ The symmetry o f th e  sq u a re  s h a f t  on th e  
d ia g o n a l l i n e

3.2  P ro ced u re
When th e  specim en was clam ped on th e  wooden b o a rd , c a re  

sh o u ld  be tak en  th a t  every  p o in t  was p re s se d  t i g h t l y  and n o t to r n .  
These clam ps a re  used as e x te r n a l  p o t e n t i a l  su p p ly . These p o in ts  
were c a l le d  " th e  c o n t r o l le d  p o i n t s . "  The c o n t r o l l e d  p o in ts  h e a r  th e  
end sh o u ld  be c lo s e r  th an  th e  m id d le ."1

The p o t e n t i a l  a t  th e  p o in ts  betw een th e  c o n t r o l le d  p o in t  
d e v ia te d  from th o se  re q u ir e d  to  s a t i s f y  th e  boundary  c o n d i t io n .  
D uring  th e  e x p e rim e n t, i t  was found th a t  th e  d e v ia t io n  was l e s s  as 
th e  c o n tr o l le d  p o in ts  a re  c lo s e r ,  and i f  th e  d is ta n c e  betw een th e  
c o n t r o l le d  p o in ts  were e q u a l, th e  p o in ts  n e a r e r  to  b o th  ends had 
more d e v ia t io n ,  too  h ig h  a t  th e  low er end and to o  low a t  th e  h ig h e r  
end . T h is was th e  re a so n  why th e  c o n t r o l le d  p o in t  sh o u ld  be s e le c te d
c lo s e r  n e a r  th e  end.



A f te r  th e  specim en had been c a r e f u l ly  p re p a re d , clam ps were 
co n n ec ted  to  th e  v o l ta g e  vary  b o a rd . The c o n t r o l le d  p o in ts  w hich 
th e  p o t e n t i a l  were und er 3 V, were connec ted  to  th e  2— VVB and th o se  
over 3 V to  th e  —ๆ VVB.

I t  was r a t h e r  d i f f i c u l t  to  s e t  th e  boundary  p o t e n t i a l ,  s in c e  
when one c o n t r o l l e r  was a d ju s te d ,  n o t on ly  th e  p o t e n t i a l  o f  th e  
c o n t r o l le d  p o in t  c o rre sp o n d in g  to  i t  was changed b u t a ls o  th e  o th e r s  
because  th e  e n t i r e  c i r c u i t  was in te r c o n n e c te d .  So i t  was n e c e s s a ry  
to  r e p e a t  th e  p ro c e s s  s e v e ra l  t im e s .

A f te r  th e  c i r c u i t  shown in  f i g .8 ( a )  had a lre a d y  been 
c o n n e c te d , th e  v a r ia b le  r e s i s t o r  R̂  was a d ju s te d  to  su p p ly  p o t e n t i a l  
abou t ๆๆ-ๆ2 V. A ll  sw itc h e s  ร^ c o rre sp o n d in g  to  th e  c o n t r o l le d  p o in ts  
were on. The p o in t  h av in g  th e  h ig h e s t  p o t e n t i a l  on th e  boundary  was 
th e  f i r s t  to  be s e t .  The p o t e n t i a l  was m easured by i n s e r t i n g  th e  
n e g a t iv e  probe to  th e  n e g a tiv e  te rm in a l  o f so u rc e  and p o in t in g  th e  
p o s i t i v e  p robe on th e  c o n d u c tin g  s h e e t  as c lo s e  to  th e  clamp as 
p o s s ib l e .  R^ and R^ were a d ju s te d  to  g e t th e  p o t e n t i a l  a s  c lo s e  to  
th e  c o r r e c t  p o t e n t i a l  as p o s s ib le .  I f  th e  h ig h e s t  p o t e n t i a l  th a t  
can be a d ju s te d  was low er th an  th e  p o t e n t i a l  r e q u i r e d ,  a r e s i s t o r  
Rx o f p ro p e r  v a lu e  was connec ted  in  p a r a l l e l  to  R^ to  red u ce  th e  
r e s i s t a n c e .  The r e s i s t o r  R2 was removed i f  th e  c o rre sp o n d in g  
p o t e n t i a l  a t  t h a t  p o in t  was h ig h . I t  was e a s i l y  done by p u t t in g  an 
e l e c t r i c a l  w ire  p a r a l l e l  to  th e  r e s i s t o r  R^. N orm ally , th e  f i r s t  
2-3 p o in t s ,  th e  r e s i s t o r  R^ had to  be rem oved. A f te r  g e t t i n g  th e  
c o r r e c t  v a lu e , th e  second p o in t  was a d ju s te d .  The a d ju s tm e n ts  were
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g ra d u a lly  done from h ig h  p o t e n t i a l  p o in ts  to  low p o t e n t i a l  p o in ts  
I t  was a d v is a b le  to  a d ju s t  b o th  s id e  a l t e r n a t i v e l y .

Som etim e, i t  happened th a t  th e  a d ju s ta b le  p o t e n t i a l  was
h ig h e r  th an  th e  p o t e n t i a l  r e q u i r e d .  T h is  c o n t r o l le d  p o in t  was th u s
a l t e r e d  to  connec t to  th e  c o n t r o l l e r  in  2— VVB. The r e s i s t o r  Rg was
a d ju s te d  to  o b ta in  th e  c o r r e c t  v a lu e . I t  was a ls o  p o s s ib le  t h a t  th e
a d ju s ta b le  p o t e n t i a l  o f th e  c o n t r o l le d  p o in t  c o rre sp o n d in g  to  th e  

ท (32— VVB was low er th an  th e  re q u ire d  p o t e n t i a l ,  th en  th e  c o n t r o l le d  
p o in t  was a l t e r e d  to  co n n ec t to  th e  —ๆ VVB or a r e s i s t o r  R o fy
p ro p e r v a lu e  was added in  s e r i e  w ith  R^.

As th e  p o t e n t i a l  a d ju s tm en t a t  one p o in t  gave r i s e  to  changes 
o f th e  p o t e n t i a l  a t  o th e r  p o in t s .  A f te r  c o m p le tin g  one ro u n d , th e  
a d ju s tm en t had to  be re p e a te d  s e v e r a l  tim e s , u n t i l  each p o t e n t i a l s  
was c lo s e  to  th e  c o r r e c t  v a lu e .

_______ _____ Boundary p o t e n t i a l  r e q u ire d
------------------Boundary p o t e n t i a l  o b ta in e d

F i g ,12 The d e v ia t io n  o f th e  a c tu a l  boundary  p o t e n t i a l .

I V79 b iM le  ไ
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The p o t e n t i a l  betw een two c o n t r o l le d  p o in ts  d e v ia te d  from th e  
c o r r e c t  p o t e n t i a l ,  F ig u re 1 2 . T h is d e v ia t io n  co u ld  be red u ced  by 
in c r e a s in g  th e  p o t e n t i a l  o f  th e  c o n t r o l le d  p o in t  a l i t t l e  h ig h e r  th an  
th e  c o r r e c t  v a lu e  where th e  p o t e n t i a l  was low, and d e c re a s in g  where 
th e  p o t e n t i a l  was h ig h .

A nother problem  was when th e  p o t e n t i a l  o f th e  c o n t r o l le d  p o in t  
was very  low th e  observed  p o t e n t i a l  was alway h ig h e r  th an  th e  c o r r e c t  
one a lth o u g h  i t  was con n ec ted  d i r e c t l y  to  th e  n e g a t iv e  te rm in a l  o f 
th e  s o u rc e . I t  was because  th e r e  was a v e r ? th in  a i r  gap betw een 
th e  specim en and th e  c lam ps. The a i r  gap behaved l i k e  a r e s i s t a n c e  
connec ted  in  s e r i e s  betw een th e  c o n t r o l le d  p o in t  and th e  n e g a tiv e  
te rm in a l  o f s o u rc e . When th e  c u r r e n t  flow ed th ro u g h  them , th e r e  was 
p o t e n t i a l  d i f f i r e n c e  betw een n e g a tiv e  te rm in a l  o f  th e  so u rce  and 
th e  c o n t r o l le d  p o in t .  Thus th e  p o t e n t i a l  o f  th e  c o n t r o l le d  p o in t  
cou ld  n o t be , s e t  low er th an  t h i s  p o t e n t i a l .

I t  was p o s s ib le  to  be c o r r e c te d  by in c r e a s in g  th e  minimum 
p o t e n t i a l  o f th e  c o n d u c tin g  s h e e t ,  th en  th e  p o t e n t i a l  o f th e  o th e r  
p o in ts  were in c re a s e d  by th e  same v a lu e . T h is  was j u s t  to  change 
th e  c o n s ta n t  o f e q u a tio n . But p r a c t i c a l l y  th e  p o t e n t i a l  d i f f e r e n c e  
was n o t c o n s ta n t ,  i t  v a r ie d  as th e  p o t e n t i a l  o f  o th e r  p o in t s .  So i t  
was b e t t e r  to  le a v e  them a t  th e  s m a l le s t  v a lu e .

When th e  most s u i t a b l e  p o t e n t i a l  was found , th e  p o t e n t i a l  
su p p ly  was rec o rd e d  and th e  boundary  p o t e n t i a l  was m easured a t  
every  0 .  ๆ o r 0 .2  u n i t  i n t e r v a l .  I t  was l e f t  w ith  no f u r th e r  
ad ju s tm en t f o r  a t  l e a s t  one hour s in c e  th e  p o t e n t i a l  su p p ly  m ight
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g ra d u a lly  d e c re a s e .  I f  th e  p o t e n t i a l  su p p ly  d e c r e a s e d , i t  was r e s e t  
to  th e  o r i g i n a l  v a lu e  by s e t t i n g  th e  r e s i s t o r  • The boundary  
p o t e n t i a l s  were checked fo r  any changes and a l i t t l e  a d ju s tm en t 
m ight be n e c e s s a ry .  A f te r  t h i s  s te p  was re p e a te d  f o r  a few tim e s , 
th e  p o t e n t i a l  su p p ly  sh ou ld  be a lm ost c o n s ta n t .  I f  n o t ,  th e  c a p a c i ty  
o f  th e  so u rce  had to  be in c r e a s e d .  A f te r  e v e ry th in g  was re a d y , th e  
p o t e n t i a l  su p p ly  and boundary p o t e n t i a l  were re c o rd e d . These v a lu e s  
were checked a g a in s t  th e  r e q u ir e d  p o t e n t i a l s  by th e  method in  
s e c t io n  A1 append ix  A.

To p lo t  th e  e q u ip o te n t i a l  l i n e ,  p o in ts  on th e  c o n d u c tin g
s h e e t  o f  which p o t e n t i a l  a re  0 . 4 , 0 . 8 , ๆ .2 , ------ ,9 .6  were lo c a te d .  Then
th e  s c a le  o f th e  d i g i t a l  v o l tm e te r  was a l t e r e d  to  200 m V -sca le . One 
p robe  o f th e  d i g i t a l  v o l tm e te r  was f ix e d  a t  th e  p o in t  lo c a te d  above, 
a n o th e r  probe was moved on th e  specim en to  f in d  th e  o th e r  p o in ts  
h a v in g  th e  same p o t e n t i a l .  The d i g i t a l  v o l tm e te r  was now used  as  a 
n u l l  i n d i c a t o r .  These p o in ts  formed an e q u ip o te n t i a l  l i n e .  The o th e r  
e q u ip o te n t i a l  l i n e s  were c o n s t ru c te d  in  th e  same way. T here were 
some re g io n  where th e  d is ta n c e  betw een two e q u ip o te n t i a l  l i n e s  were 
to o  f a r ,  th en  an in te rm e d ia te  l i n e  sh ou ld  be p l o t t e d .

When th e  exp erim en t was co m p le ted , th e  specim en was rem oved. 
The p o t e n t i a l s  were tra n sfo rm e d  to  c o n ju g a te  fu n c t io n s  by means o f 
e q .( 2 .2 9 )  o r ( 2 . 3 2 ) o r  (2 ,3 5 )»  The sh e a r  s t r e s s  l i n e s  c o u ld  be 
c o n s t ru c te d  by means o f e q . ( 2 . ๆ5) and th e  method shown in  s e c t io n  
A-3 append ix  A. The v a lu e  o f th e  i n t e g r a l  p a r t  o f th e  tw i s t in g  
moment a s  shown in  e q . ( 2 .2 l )  cou ld  be a p p ro x im a te ly  d e te rm in ed  by
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d iv id in g  th e  a re a  o f th e  specim en in to  s q u a re s .  The v a lu e  o f  th e  
s h e a r in g  s t r e s s  fu n c tio n  0  a t  th e  c e n te r  o f  s q u a re s  were d e te rm in ed  
by i n t e r p o l a t i o n .  Then th e  a re a  o f each sq u are  was m u l t ip l i e d  by th e  
s h e a r in g  s t r e s s  fu n c tio n  a t  i t s  c e n te r  and summed u p , th u s  th e  v a lu e  
o f th e  i n t e g r a l  p a r t  o f th e  tw i s t i n g  moment was o b ta in e d .
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