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ABSTRACT 

Surface I r r e g u l a r i t y  Tests 

The surface o f  waste tank contents i s  i r r e g u l a r :  the s a l t  cake may have 
cracks, voids,  humps and d ips ,  e t c .  These surface i r r e g u l a r i t i e s  have some 
e f f e c t  on the f ree  water content o f  the waste medium in fe r red  from the 
electromagnetic induction ( E M I )  s i g n a l .  

Severa 1 experimenta 1 t e s t s  were performed on 1 iquids bf known e l e c t r i c a  1 
conduct iv i t y  w i t h  a wide side-to-side not e l e c t r i c a l l y  conducting void 
centered d i r e c t l y  underneath the EMI t e s t  coi  7 .  
was chosen because i t  was believed t o  be the worst case void f o r  the EMI 
technique i n  t h a t  the greatest f r a c t i o n  of the c i r c u l a r  induced currents would 
be disrupted by t h i s  shape. 

This inhomogeneity geometry 

The inhomogeneity t e s t  r e s u l t s  are consistent w i t h  the e l e c t r i c a l l y  
The EMI non-conduct ing voids reducing the e f f e c t i v e  medium conduct iv i t y .  

s ignal  reduction and hence the reduction in  the in fe r red  conduct iv i t y  i s  
almost l inear w i t h  the void f rac t ion  from inhomogeneities uniform in  depth 

The consequence o f  reducing the e f f e c t i v e  medium conduct iv i t y  is  t h a t  
the EMI in fe r red  free water content represents a lower l i m i t  for the f ree  
water content.  Greater void inhomogeneities would cause a greater EMI  
underest imate of the free water content actua 7 l y  present. The e f f e c t  o f  
reducing medium conduct iv i t y  on EMI in fe r red  f ree  water content i s  non- l inear.  
A uniform 5% void inhomogeneity would cause an EMI  underestimate o f  the f ree 
water content by approximately 2%. a uniform 10% void inhomogeneity would 
cause an EMI underestimate o f  the free water content by approximately 4%, a 
uniform 25% void inhomogeneity would cause an EMI  underestimate o f  the f ree 
water content by approximately 12%. and a uniform 50% void inhomogeneity would 
cause an EMI  underestimate o f  the f ree  water content by approximately 31%. 

Void inhomogeneities t h a t  are not uniform in  depth but t h a t  are 
concentrated in  regions of higher electromagnetic f i e l d s ,  t h a t  i s  closer t o  
the EMI c o i l s ,  w i  1 1  cause a disproport ionately greater EMI underestimate of  
the f ree  water content.  
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1.0 INTRODUCTION 

This  r e p o r t  documents l abo ra to ry  measurements t o  i n f e r  t h e  e f f e c t  o f  
su r face  inhomogeneit ies on EM1 determined mois ture con ten t .  

The e lect romagnet ic  i n d u c t i o n  ( E M I )  probe i s  be ing developed by WHC 
(Crowe and Wi t tek ind  1995) t o  measure t h e  amount o f  water remaining i n  waste 
s to red  i n  t h e  h i g h - l e v e l  waste tanks on t h e  Hanford S i t e .  A prev ious r e p o r t  
(W i t tek ind  and Crowe, 1996) considered t h e  medium moisture content  
r e l a t i o n s h i p  t o  medium e l e c t r i c a l  c o n d u c t i v i t y .  Another r e p o r t  (W i t tek ind  and 
Crowe, e t . a l .  1996) considered t h e  EM1 s igna l  r e l a t i o n s h i p  t o  medium 
e l e c t r i c a l  c o n d u c t i v i t y .  

c u r r e n t  i n  t h e  surrounding waste p ropor t i ona l  t o  t h e  waste c o n d u c t i v i t y .  The 
mois ture content  o f  t h e  waste i s  est imated based on t h e  measured waste 
c o n d u c t i v i t y .  The EM1 c o i l  measured s igna l  ampl i tude i s  p ropor t i ona l  t o  t h e  
waste e l e c t r i c a l  c o n d u c t i v i t y  . 

The e lect romagnet ic  probe uses a magnetic f i e l d  t o  induce e l e c t r i c a l  

2.0 SUMMARY 

2 .1  Purpose 

This  r e p o r t  prov ides d e t a i l s  about EM1 work i n  progress.  Desc r ip t i ons  
a re  g iven o f :  
0 EM1 opera t i ng  hardware, and 
0 Experimental EM1 measurements on t h e  e f f e c t  o f  sur face inhomogeneit ies, 

The EM1 probe response was measured w i t h  medium c o n d u c t i v i t i e s  o f  0 
mS/cm, 5 mS/cm, 10  mS/cm, 20 mS/cm, and 40 mS/cm. The inhomogeneity t e s t  
pieces cons is ted  o f  t h e  "W" p a r t  o f  standard l eng th  and w id th ,  t h e  " X "  p iece  
w i t h  a g rea te r  depth, and t h e  " Y "  p iece  w i t h  a narrower w id th .  This  al lowed 
one v a r i a t i o n  i n  inhomogeneity depth and one v a r i a t i o n  i n  inhomogeneity w i d t h .  

EM1 measurements were performed on c o n d u c t i v i t y  t e s t  standards w i t h  t h e  
s o l u t i o n  e l e c t r i c a l  c o n d u c t i v i t y  determined us ing t h e  standard techniques o f  
an e l e c t r i c a l  c o n d u c t i v i t y  meter and purchased standard s o l u t i o n s .  

2.2 Conclusion 

Inhomogeneity data i s  cons i s ten t  w i t h  reduc t i on  o f  EM1 s igna l  ampli tude 
p ropor t i ona l  t o  t h e  reduc t i on  o f  t h e  e f f e c t i v e  volume c o n t r i b u t i n g  t o  t h e  
sample e l e c t r i c a l  c o n d u c t i v i t y .  
nonconducting inhomogeneit ies and d im in i sh  t h e  t o t a l  e l e c t r i c a l l y  conducting 
volume. There was n o t  adequate data t o  d e f i n e  t h e  depth e f f e c t ,  b u t  t h i s  i s  
expected t o  be cons is ten t  w i t h  EM1 depth s e n s i t i v i t y .  

p ropor t i ona l  t o  t h e  e f f e c t i v e  volume f r a c t i o n  o f  t h e  medium a v a i l a b l e  t o  
c o n t r i b u t e  t o  e l e c t r i c a l  c o n d u c t i v i t y .  That i s  i n  t h e  s o l i d  medium volume 
w i t h  t h e  vo id  inhomogeneit ies, t h e  space occupied by vo ids does n o t  c o n t r i b u t e  
t o  sample e l e c t r i c a l  c o n d u c t i v i t y .  The f i n a l  e f f e c t  i s  t h a t  t h e  EM1 i n f e r r e d  
mois ture content  w i l l  be lower than t h e  actual  mois ture content  due t o  t h e  
presence o f  vo id  inhomogeneit ies, 

It i s  assumed t h a t  inhomogeneit ies a re  

Another way t o  s t a t e  t h i s  conclus ion i s  t h a t  t h e  EM1 s igna l  ampli tude i s  

1 
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3.0 EM1 MEASUREMENT SYSTEM DESCRIPTION 

3 . 1  EM1 Operating Hardware 

An EM1 mois ture moni tor  f o r  assaying t h e  e f f e c t i v e  average f r e e  water 
mois ture content  i n  s o l i d  s a l t  cake ma te r ia l  has been assembled and t e s t e d .  
The two main components a re :  (1) an eddy c u r r e n t  t e s t e r  (Model MIZ-40A 
manufactured by ZETEC o f  Issaquah, Washington), and (2) a custom designed c o i l  
p a i r  f o r  t h i s  a p p l i c a t i o n .  There i s  an e l e c t r i c a l  i n t r i n s i c  s a f e t y  b a r r i e r  
between t h e  MIZ-40A and t h e  EM1 c o i l s  f o r  safe ope ra t i on  i n  a hazardous 
atmosphere. Add i t i ona l  components necessary t o  record EM1 data on a rch i va l  
medium inc lude  a n a l o g - t o - d i g i t a l  conver ters ,  and p o s i t i o n  encoders. 

3.2 Components 

components o f  1) MIZ-40A eddy c u r r e n t  t e s t e r ,  2) coax ia l  cables approximately 
100 ft long  (two RG 174/U o r  equ iva len t ) ,  3)  dual channel i n t r i n s i c  sa fe ty  
b a r r i e r  (ISB) f o r  ?9 v o l t s  (167 0 ISB number 9002/22-240-160-00), a l t e r n a t i n g  
c u r r e n t ,  4)  coax ia l  cables f o r  deployment i n t o  a hazardous environment, 5)  two 
EM1 c o i l s  f o r  e l e c t r i c a l  c o n d u c t i v i t y  sensing. 

3.3 Con f igu ra t i on  

3.3.1 EM1 C o i l  Con f igu ra t i on  

c o i l s  i n t o  a p lane of r e l a t i v e l y  small  th ickness w i t h  s i g n i f i c a n t  d i f f e r e n c e  
between t h e  i n s i d e  diameter and t h e  ou ts ide  diameter. The c o i l ,  w i t h  
associated coax ia l  cables and i n t r i n s i c  safety b a r r i e r  (ISB) i s  designed t o  
operate a t  400 khz.  Approximately 85 f e e t  o f  a d d i t i o n a l  coax ia l  cab le  between 
t h e  van and t h e  ISB has reduced t h e  e f fec t i ve  resonance t o  approximately 
360 khz. The 400 khz c o i l  housing has an ou ts ide  diameter o f  3 inches.  The 
c o i l  has an i n s i d e  diameter o f  2 .10 inches.  There a r e  23 t u r n s  o f  AWG 20 
gauge w i r e .  The repo r ted  inductance o f  t h i s  c o i l  i s  55 pH. 

3.3.2 EM1 Probe Con f igu ra t i on  

i s  cons i s ten t  w i t h  t h e  requirements f o r  e n t e r i n g  t h e  HLW tank vapor space 
through a 4 i n c h  carbon s t e e l  p i p e  used f o r  a r i s e r .  

The EM1 c o i l  c o n f i g u r a t i o n  uses two c o i l s  separated by 5 i n .  The 5 i n c h  
c o i l  spacing a l lows a tungsten weight  t o  be p laced approximately 4 inches away 
w i t h i n  t h e  EM1 probe housing. The tungsten weight  w i l l  b r i n g  t h e  t o t a l  weight  
of t h e  EM1 probe up t o  25 l b s .  This  weight  was found t o  be necessary f o r  t h e  
probe t o  p u l l  t h e  e l e c t r i c a l  cable from t h e  take  up r e e l  when being deployed, 

po lyethy lene.  The polyethy lene was made e l e c t r i c a l l y  conduct ing by adding 
g r a p h i t e  i n t o  t h e  polyethy lene by t h e  p l a s t i c  s u p p l i e r .  It i s  be l i eved  t h a t  
t h e  semi -conducting p l a s t i c  w i l l  d i s s i p a t e  s t a t i c  e l e c t r i c a l  charges 

The EM1 probe c i r c u i t ,  s t a r t i n g  a t  t h e  MIZ-40A, has t h e  successive 

The EM1 c o i l  has t h e  pancake geometry. The pancake geometry pu ts  t h e  

The EM1 probe l e n g t h  i s  12 3/8 i n .  and t h e  EM1 probe d iameter ,  3.5 i n . ,  

The EM1 probe housing i s  an e l e c t r i c a l l y  conducting h igh  dens i t y  

The two EM1 c o i l s  were designed for  a resonant frequency o f  400 khz,  and 
operate i n  t h e  tes t / re fe rence  mode, w i t h  t h e  frequencies o f  ope ra t i on  expected 
t o  be between 200 and 500 khz 

2 
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The EM1 probe s i z e  and t o t a l  weight  i s  n o t  much d i f f e r e n t  t han  neutron 
mois ture mon i to r i ng  probe. The EM1 probe i s  e l e c t r i c a l l y  s impler  than t h e  
neutron mois ture mon i to r i ng  probe and does n o t  r e q u i r e  an explos ion p r o o f  
housing. 

3.3.3 EM1 Probe C i rcu i t  

connections t o  t h e  i n t r i n s i c  s a f e t y  b a r r i e r  ( I % ) ,  , t h e  i n t r i n s i c  s a f e t y  
b a r r i e r .  and a d d i t i o n a l  coax ia l  cab le  connections i n s i d e  t h e  HLW tank t h a t  
connect t o  t h e  EM1 c o i l s ,  and f i n a l l y  t h e  400 khz c o i l s .  

t h e  coax ia l  cab le  t o  t h e  EM1 c o i l .  Th is  a l lows an e l e c t r i c a l  connection w h i l e  
a spool w i t h  t h e  coax ia l  cable t u r n s  t o  lower t h e  c o i l  t o  t h e  e l e c t r i c a l l y  
conduct ive sur face.  

The IS6 i s  R. Stahl  I n c . ' s  INTRINSPAK 9002/22-240-160-00. Th is  i s  a dual 
channel IS6 designed f o r  a l t e r n a t i n g  c u r r e n t  ?9 V .  There i s  a 167 0 r e s i s t o r ,  
which permi ts  i n t r i n s i c a l l y  sa fe  ope ra t i on  i n  a Class I, Group 6 (hydrogen 
atmosphere o r  equal )  w i t h  an i nduc to r  as l a r g e  as 6.5 mH. 

The coax ia l  cab le  sh ie lds  a re  grounded a t  t h e  1%. Since t h e  cen te r  
conductor o f  t h e  coax ia l  cab le  was connected through t h e  ISB, i t  would be 
redundant t o  connect t h e  s h i e l d  o f  t h e  coax ia l  cable through t h e  ISB a l so .  

There i s  approximately 100 f e e t  o f  SMMS cab le  (equ iva len t  t o  RG 174 
coax ia l  cable)  between t h e  EM1 c o i l  and t h e  1%. There i s  approximately 
another 85 f e e t  o f  SMMS cable between t h e  ISB and t h e  MI7-40A eddy c u r r e n t  
t e s t e r .  

The MIZ-40A i s  an eddy c u r r e n t  t e s t e r  designed f o r  use around nuc lear  
p l a n t s  f o r  balance o f  p l a n t  ope ra t i on .  The MIZ-40A can sample EM1 c o i l  s i gna l  
response a t  f o u r  frequencies s imul taneously .  There a r e  analog e l e c t r i c a l  
outputs  a v a i l a b l e  t h a t  a l l o w  connection t o  an analog t o  d i g i t a l  conver tor  and 
eventual l ong  term storage media. 

3.4 EM1 Probe Medi urn Conductivity Response 

The EM1 probe operates on an i n d u c t i v e  e f f e c t .  There a re  two EM1 c o i l s ,  
5 inches apar t ,  t h e  absolute i s  on t h e  bottom w h i l e  t h e  reference c o i l  i s  on 
t h e  t o p  and remote from t h e  medium being i n te r roga ted .  There i s  a change i n  
inductance i n  one c o i l  when i t  i s  c l o s e  t o  an e l e c t r i c a l l y  conduct ive medium. 
The MI7-40A eddy c u r r e n t  t e s t e r  sub t rac ts  t h e  EM1 response o f  t h e  reference 
c o i l  from t h e  EM1 response o f  t h e  absolute c o i l ,  t h e  d i f f e r e n c e  i s  t h e  EM1 
s i g n a l .  The g rea te r  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  medium being 
i n t e r r o g a t e d ,  t h e  g rea te r  w i l l  be t h e  induced e l e c t r i c a l  c u r r e n t  i n  t h e  
conduct ing and consequently t h e  g rea te r  w i l l  be t h e  change i n  magnetic f i e l d  
a t  t h e  absolute c o i l  l o c a t i o n .  

F igu re  1.. Surface Mois ture Moni tor  EM1 Probe, shows t h e  arrangement o f  
t h e  two EM1 c o i l s  i n s i d e  t h e  EM1 probe housing. 

The EM1 probe c i r c u i t ,  beginn ing a t  t h e  MI7-40A inc ludes  coax ia l  cable 

There i s  a mercury-wetted s l i p  r i n g  i n  t h e  c i r c u i t  between t h e  IS8 and 

3 
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F igure 2. EM1 Surface I r r e g u l a r i t y  Attachment 
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4.0 SURFACE INHOMOGENEITY TESTING 

The sur face inhomogeneity was created i n  t h e  e l e c t r i c a l l y  conduct ing 
l i q u i d  by a t tach ing  nonconducting p l a s t i c  forms t o  t h e  EM1 probe. F igu re  2.. 
EM1 Surface I r r e g u l a r i t y  Attachment, shows t h e  attachment o f  t h e  p l a s t i c  form 
t o  t h e  EM1 probe housing. F igu re  3, EM1 Surface I r r e g u l a r i t y  Test  Pieces 
shows t h r e e  d i f f e r e n t  p l a s t i c  forms used t o  c rea te  sur face i r r e g u l a r i t i e s ,  
The t h r e e  forms a l l o w  f o r  one standard sur face inhomogeneity, one v a r i a t i o n  i n  
th ickness,  and one v a r i a t i o n  i n  depth. 

EM1 Probe Laboratory  Surface Inhomogeneity Test  Performed: 

Date: 12 August 1996 
Ser ies:  Surface Inhomogeneity Tests 
Probe: 
Probe: Polyethy lene w i t h  g r a p h i t e  (under 10 Ohm-cm r e s i s t i v i t y )  
Values: 320 khz. 340 khz,  and 360 khz. 
Values: 0 mS/cm. 05 mS/cm. 10 mS/cm, 20 mS/cm, and 40 mS/cm. 
Values: Three sur face inhomogeneit ies ( W ,  X and Y )  and none. 
Values: W and X have same w id ths ,  X p a r t  i s  t w i c e  depth o f  W .  
Values: W and Y have same depths, Y p a r t  i s  h a l f  w i d t h  o f  W .  
Resu l t s :  EM1 s igna l  v a r i a t i o n  w i t h  inhomogeneity. 
Observations: 1) 0 mS/cm: none & X s i m i l a r ,  W & Y l ower .  
Observations: 2) 5 mS/cm: none & X s i m i l a r ,  W & Y l ower .  
Observations: 3) 10 mS/cm: none, W & X s i m i l a r ,  Y lower .  
Observations: 4) 20 mS/cm: none i s  h ighes t ,  Y ,  X & W lower .  
Observations: 5) 40 mS/cm: none i s  h ighes t ,  Y ,  X & W lower .  
CONCLUSIONS: 

400 khz Zetec C o i l s ,  5 i n c h  c o i l  spaging 

A)  

B) 

C )  

D)  

EM1 ampli tude t r e n d  i s  cons i s ten t  t h a t  g rea te r  w i d t h  o f  
inhomogeneity causes a lower EM1 s i g n a l .  
EM1 ampli tude t r e n d  i s  n o t  d e f i n i t i v e  t h a t  depth o f  
inhomogeneity causes a lower EM1 s i g n a l ,  
EM1 ampli tude i s  cons i s ten t  w i t h  t h e  inhomogeneity causing 
a lower EM1 s i g n a l .  
EM1 ampli tude i s  most cons i s ten t  w i t h  t h e  scan s t a r t i n g  
d i s tance  causing a v a r i a t i o n  i n  EM1 s igna l  ampl i tude,  
Th is  i s  t h e  same as say ing t h a t  j u s t  where t h e  EM1 probe 
i s  "zeroed" f o r  a re ference p o i n t  i s  s i g n i f i c a n t  and t h a t  
i t  should be remote from t h e  sur face being i n t e r r o g a t e d ,  

5.0 INTERPRETATION OF RESULTS 

5.1 Surface Inhomogeneity Measurement P r e d i c t i o n  

The s e n s i t i v i t y  reg ion  o f  t h e  pancake shape o f  t h e  EM1 c o i l  w i t h  a 
0.075 i n c h  th ickness and diameters o f  3 .0 inches O.D. and 2 . 1  inches I . D .  can 
be expected t o  be focussed down, w i t h  reduced s e n s i t i v i t y  o f f  t o  t h e  s ide .  

Because o f  t h e  homogeneous shape o f  t h e  c o i l  w i t h  approximately 2 l aye rs  
o f  t u r n s  between t h e  c o i l  bottom and c o i l  t o p ,  EM1 s igna l  from samples w i t h  
inhomogeneit ies can be expected t o  depend more on t o t a l  sample volume and l e s s  
on t h e  s p e c i f i c  arrangement of t h e  sur face inhomogeneity. Th is  statement must 
be q u a l i f i e d  because volumes c l o s e r  t o  t h e  EM1 c o i l s  a re  where e lect romagnet ic  
f i e l d s  a re  s t ronger  and count more h e a v i l y  than volumes t h a t  a re  more remote 
from t h e  EM1 c o i l s  and a r e  where e lect romagnet ic  f i e l d s  a re  weaker. 
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The q u a n t i t a t i v e  reduc t ion  o f  EM1 s igna l  ampli tude from non-conducting 
inhomogeneit ies cou ld  be est imated by t h e  r a t i o  o f  sample volume w i t h o u t  
inhomogeneit ies t o  t h e  t o t a l  volume o f  t h e  sample volume w i t h  t h e  vo id  
inhomogeneit ies. 

i s  expected t o  be zero. 
probe capaci tance, b u t  t h e  e l e c t r i c a l l y  conducting EM1 c o i l  housing shor t  
c i r c u i t s  t h e  probe capacitance, e l i m i n a t i n g  t h e  cause o f  phase s h i f t .  

The q u a n t i t a t i v e  e f f e c t  on EM1 s igna l  phase o f  t h e  sur face  inhomogeneity 
A phase s h i f t  cou ld  be introduced by a change i n  EM1 

EM1 depth o f  penet ra t ion  w i t h  90% o f  t h e  s igna l  coming from approximately 
t h e  f i rst  3 inches o f  depth, was no t  expected t o  show much v a r i a t i o n  between 
t h e  1.97 i n c h  depth t e s t  pieces ( W  and Y p a r t s ) ,  and t h e  3.94 i n c h  depth t e s t  
p iece ( X  p a r t ) .  

5.1.1 Surface Inhomogeneity Theore t ica l  C a l c u l a t i o n  

A t h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  e f f e c t  of e l e c t r i c a l l y  conducting f laws 
on t h e  s igna l  ampli tude was performed by Burrows (Burrows, 1964). There were 
f o u r  cases considered: 

1) p r o l a t e  spheroid,  f i e l d  p a r a l l e l  long a x i s ,  
2) p r o l a t e  spheroid,  f i e l d  perpendicular long  a x i s ,  
3) o b l a t e  spheroid,  f i e l d  p a r a l l e l  shor t  a x i s ,  and 
4) o b l a t e  spheroid,  f i e l d  perpendicular shor t  ax i s .  

A p r o l a t e  spheroid i s  a shape between a sphere and a rod; one ax is  i s  
long and t h e  two equal axes are  s h o r t .  An o b l a t e  spheroid i s  a shape between 
a sphere and a c i r c u l a r  d i sk ;  one ax is  i s  shor t  and t h e  two equal axes are  
1 ong . 

moment, (Burroughs, 1964, Equations 5.5, 5 .10 and 7.14) i s :  
The base case i s  t h e  non-conducting sphere, where P,, induced d i p o l e  

where 
V i s  t h e  volume o f  t h e  sphere, and 
ji i s  t h e  average c u r r e n t  dens i ty .  

For t h e  spec ia l  case o f  a non-conducting long rod  i n  a p a r a l l e l  f i e l d ,  
t h e  induced d i p o l e  approaches t h e  l i m i t i n g  value: 

For t h e  spec ia l  case of a non-conducting long rod  i n  a t ransverse  f i e l d ,  
t h e  induced d i p o l e  approaches t h e  l i m i t i n g  value: 

8 
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For t h e  spec ia l  case o f  a non-conducting f l a t  d i s k  i n  a p a r a l l e l  f i e l d  
t h e  induced d i p o l e  approaches t h e  l i m i t i n g  va lue:  

- - pL = a, po = 4b - 
3 x a P o  

where 
a i s  t h e  l e n g t h  o f  t h e  s h o r t  a x i s ,  and 
b i s  t h e  l e n g t h  o f  t h e  two long  axes. 

For t h e  spec ia l  case o f  a non-conducting f l a t  d i s k  i n  a t ransve rse  f i e l d ,  
t h e  induced d i p o l e  approaches t h e  l i m i t i n g  va lue:  

- - 
P,  = a ,  p0 = 2 

3 

5.1.2 Sur face Inhomogeneity Theore t i ca l  Discuss ion 

e l e c t r i c a l  f i e l d  w i t h  d i f f e r e n t  shapes o f  nonconducting vo ids in t roduced i n  
t h e  path o f  t h i s  constant  e l e c t r i c a l  f i e l d .  The magnetic f i e l d  produced by 
t h e  pancake geometry EM1 c o i l  leads t o  an c i r c u l a r  o r  azimuthal c u r r e n t  f l ow .  
When nonconducting obstac les a re  p laced i n  t h i s  c u r r e n t  f l o w ,  t h e  c u r r e n t  
simply dev iates around t h e  obs tac le  and f lows according t o  t h e  path o f  l e a s t  
res i s tance .  This  s i t u a t i o n  leads t o  an e l e c t r i c a l  c u r r e n t  f l o w  t h a t  would be 
p a r a l l e l  t h e  v o i d  inhomogeneity sur face i ns tead  o f  perpendicu lar  t o  i t . 
E l e c t r i c a l  c u r r e n t  f l o w  perpendicu lar  t o  t h e  nonconducting obs tac le  would be a 
path o f  g rea te r  res i s tance .  The c o e f f i c i e n t  f o r  t h e  p r o l a t e  sphero id w i t h  an 
e l e c t r i c a l  f i e l d  p a r a l l e l  t h e  p r o l a t e  sphero id sur face has t h e  l i m i t i n g  va lue 
o f  01 = 2/3. The c o e f f i c i e n t  f o r  t h e  o b l a t e  spheroid w i t h  an e l e c t r i c a l  f i e l d  
p a r a \ l e l  t h e  o b l a t e  sphero id sur face has t h e  l i m i t i n g  va lue o f  ci, = 213.  This  
2/3 f a c t o r  t imes t h e  d iDo le  moment f o r  an eau iva len t  volume sohere. which has 

The c a l c u l a t i o n s  from Burrows (Burrows. 1964) had assumed,a constant  

a 3/2 f a c t o r ,  leads t o  EM1 s igna l  reduction, '  P,, d i r e c t l y  p rbpor t i ona l  t o  t h e  
product  o f  volume and c u r r e n t  dens i t y .  

where 
V i s  t h e  inhomogeneity volume w i t h  c u r r e n t  p a r a l l e l  t h e  sur face,  and 
ji i s  t h e  average c u r r e n t  dens i t y .  

There i s  t h e  assumption t h a t  t h e  vo id  inhomogeneity was sub jec t  t o  t h e  
same c u r r e n t  f i e l d  t h a t  t h e  bu lk  volume was sub jec t  t o .  Th is  means t h a t  t h e  
c u r r e n t  term can be canceled ou t .  The f r a c t i o n a l  diminishment o f  EM1 s igna l  
ampl i tude f o r  a nonconducting v o i d  inhomogeneity w i t h  c u r r e n t  f l o w  p a r a l l e l  
t h e  sur face i s  ca l cu la ted  from 

9 
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where 
a i s  t h e  diameter o f  a c y l i n d e r  o f  sample below EM1 c o i l ,  
L i s  t h e  e f f e c t i v e  depth o f  EM1 pene t ra t i on ,  and 
t i s  t h e  th ickness o f  t h e  nonconducting f l a w .  

For t h e  t e s t  s i t u a t i o n ,  a=3 inches,  t h e  c o i l  diameter i s  reasonable, 1=3 
inches f o r  t h e  e f f e c t i v e  depth o f  pene t ra t i on  i s  reasonable, and t= 0.125 
inches o r  t= 0.394 inches depending on vo id  inhomogeneity t e s t  p iece  
th i ckness .  

5.2 Sur face Inhomogeneity Measurement I n t e r p r e t a t i o n  

The i n t e r p r e t a t i o n  o f  t h e  EM1 s igna l  w i l l  depend on t h e  ampl i tude o f  t h e  
EM1 s i g n a l .  The ampl i tude can be compared t o  p r e d i c t i o n s .  The lower 
c o n d u c t i v i t y  t e s t s  were dominated by t h e  d i s tance  from t h e  su r face  t h a t  t h e  
MIZ-40A was 'zeroed. ' The h ighe r  c o n d u c t i v i t y  t e s t s  a re  more s t r o n g l y  
a f f e c t e d  by t h e  medium e l e c t r i c a l  c o n d u c t i v i t y .  The 40 mS/cm t e s t  i s  t h e  most 
s e n s i t i v e  t o  t h e  sur face inhomogeneity e f f e c t  on EM1 s igna l  ampl i tude because 
t h e  e l e c t r i c a l  c o n d u c t i v i t y  i s  t h e  h ighes t .  

F igures i n  t h e  Appendix p o r t r a y  t h e  measured ampli tude and phase f o r  t h e  
sur face inhomogeneity t e s t s .  There i s  no inhomogeneity e f f e c t  on EM1 s igna l  
phase, as expected. The inhomogeneity e f f e c t  on EM1 s igna l  ampl i tude i s  
compared t o  inhomogeneity sur face area c a l c u l a t i o n s  a re  shown i n  Table 1. 

The data i n  Table 1. has several i tems f o r  d iscuss ion.  F i r s t ,  t h e  EM1 
probe was "zeroed" a t  d i f f e r e n t  d is tances from t h e  e l e c t r i c a l l y  conduct ive 
medium. This  in t roduced some d i f f e rences  i n  measured s igna l  ampli tudes t h a t  
were n o t  caused by sur face inhomogeneit ies. The c a l c u l a t e d  reduc t i on  o f  EM1 
s igna l  ampl i tude was s imply  c a l c u l a t e d  from t h e  formula g iven a t  t h e  end o f  
t h e  prev ious sec t i on  f o r  a non-conducting d i s k  inhomogeneity w i t h  a t ransverse 
EM1 f i e l d .  

W p a r t  and X p a r t  (dimensions i n  i nches ) :  

Amplitude Reduction (Sampled volume) - ( Inhomogenei ty  Volume) 
Sampled Vol ume 

10 
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% Calcu lated 
R a t i o  

0.946948 0.946948 0,946948 
1.02207 1.02579 1.011706 1.019855 

The r a t i o  rows c a l c u l a t e d  i n  Table 1 are t h e  r a t i o  o f  measured t o  
ca lcu la ted  EM1 ampli tude reduc t ion  w i t h  volume inhomogeneity. Average r a t i o s  
tabu la ted  i n  Table 1 w i t h  values c lose  t o  1 . 0  a re  cons is ten t  w i t h  EM1 s igna l  
p ropor t iona l  t o  t h e  vo id  inhomogeneity f r a c t i o n  n o t  c o n t r i b u t i n g  t o  sampled 
vol  ume e l e c t r i c a l  c o n d u c t i v i t y  . 

11 
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Y p a r t  (dimensions i n  i nches ) :  

Ampl i tude  Reduction (Sampled Volume) - ( Inhomogenei ty  Volume) 
Sampled Vol me 

Th is  volume c a l c u l a t i o n  assumes t h a t  t h e  inhomogeneity depth i s  a t  l e a s t  
equal t o  t h e  EM1 depth o f  i n t e r r o g a t i o n .  This  was expected because t h e  90% 
depth o f  i n t e r r o g a t i o n  i s  approximately 3 inches and t h e  inhomogeneity t e s t  
pieces a r e  1.97 inches and 3.94 inches deep. 

expected t o  be cons is ten t  w i t h  EM1 depth s e n s i t i v i t y ,  t h a t  about 90% o f  t h e  
EM1 s igna l  i s  from t h e  t o p  3 inches.  

p ropor t i ona l  t o  t h e  e f f e c t i v e  dens i t y  o f  t h e  medium, t h a t  i s  t h e  medium 
dens i t y  and inhomogeneit ies t h e  space occupied by vo ids.  The f i n a l  e f f e c t  due 
t o  v o i d  inhomogeneit ies under t h e  EM1 probe i s  t h a t  t h e  EM1 i n f e r r e d  mois ture 
content  assuming no vo id  inhomogeneit ies w i l l  be a lower l i m i t  f o r  t h e  actual  
mois ture content  o f  t h e  same s o l i d  w i t h  vo id  inhomogeneit ies a c t u a l l y  present .  

There was n o t  adequate data t o  d e f i n e  t h e  depth e f f e c t ,  b u t  t h i s  i s  

Another way t o  s t a t e  t h i s  conclus ion i s  t h a t  t h e  EM1 s igna l  i s  

Table 2 shows t h e  EM1 i n f e r r e d  mois ture content  f o r  d i f f e r e n t  vo id  
f r a c t i o n s  t h a t  reduces t h e  e f f e c t i v e  medium dens i t y  by (1. - v o i d  f r a c t i o n ) .  
The actual  mois ture content  necessary t o  g i v e  a c e r t a i n  measured e l e c t r i c a l  
c o n d u c t i v i t y  i s  t abu la ted  i n  t h e  column under t h e  vo id  f r a c t i o n  assumed. 

Table 3 shows t h e  d i f f e r e n c e  between mois ture content  w i t h  known vo id  
f r a c t i o n s  and t h e  EM1 i n f e r r e d  mois ture content  assuming zero vo id  f r a c t i o n .  
Table 3 a l s o  shows t h e  r a t i o  of mois ture content  w i t h  known v o i d  f r a c t i o n s  t o  
t h e  EM1 i n f e r r e d  mois ture content  assuming zero v o i d  f r a c t i o n .  The second 
p a r t  o f  Table 3 was used t o  est imate t h e  EM1 underestimate o f  t h e  f r e e  water 
content  assuming zero vo id  inhomogeneit ies. F igu re  4, E l e c t r i c a l  Conduc t i v i t y  
versus Mois ture Content and s u b t i t l e d  Inhomogeneity Effect (Void F r a c t i o n s ) ,  
shows t h e  Table 2 i n fo rma t ion  i n  a graph. 
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*EM1 mois ture content  ca l cu la ted  assuming: 
I n t e r s t i t i a l  l i q u i d  e l e c t r i c a l  c o n d u c t i v i t y  ou = 200 mS/cm 
S o l i d  dens i t y  p = 2 .20  g/cm3, L i q u i d  dens i t y  pL= 1.177 g/cm’. P ropor t i on  o f  
water i n  i n t e r s t i t i a l  l i q u i d  (pHZO/pL)= 0.792. 

Po ros i t y  8 = 0.50;  
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Figure A-2. Irregularity Effect 5 mS/cm - Amplitude 
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Figure A-3. Irregularity Effect 10 mS/cm - Amplitude 
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Figure A-4. Irregularity Effect 20 mS/cm - Amplitude 
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Figure A-6. Irregularity Effect 0 mS/cm - Phase 
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Figure A-7. Irregularity Effect 5 mS/cm - Phase 
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Figure A-8. Irregularity Effect 10 mS/cm - Phase 
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Figure A-9. Irregularity Effect 20 mS/cm - Phase 

L 

cf 

N 

,-. 
Ln 
(u 
8 
LJ C - 

0 -  

0 
c c 

c c ._ 
_I 

N 
I 

* 
I 



WHC-SD-WM-ER-619 REV 0 

Figure A-10. Irregularity Effect 40 mS/cm - Phase 
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