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PART N I N E  

ADDITIONAL TECHNICAL SUPPORT AND CONSULTING SERVICES 
RELATED TO MINE COMMUNICATIONS AND MINER LOCATION 

INTRODUCTION 

Over and above t h e  t e c h n i c a l  suppor t  arid consu l t i ng  work desc r ibed  i n  
t h e  preced ing  P a r t s  o f  t h i s  Volume, ADL s t a f f  a l s o  provided a wide range 
of a d d i t i o n a l  t e c h n i c a l  a s s i s t a n c e  t o  t h e  Bureau on an ad hoc b a s i s  over  
t h e  course  of t h e  c o n t r a c t ,  and p a r t i c u l a r l y  i n  1973. Some of t h e s e  
ass ignments  were on t a s k s  t h a t  t emporar i ly  assumed a h igh  p r i o r i t y  a t  
PMSRC, r e q u i r i n g  a f a s t  response ,  while o t h e r s  were more s u i t e d  t o  con- 
v e n t i o n a l  schedules  b u t  on communication and l o c a t i o n  t o p i c s  l e s s  
d i r e c t l y  r e l a t e d  t o  t h o s e  i n  t h e  preceding P a r t s .  Chapter I b r i e f l y  
d e s c r i b e s  some of t h e  d i v e r s e  short - term assignments whi le  Chapters  I1 
through V t r e a t  ass ignments  on t h e  o t h e r  t o p i c s .  

I SHORT-TEXM ASSIGNMENTS 

A sampling of short - term,  fas t - response  assignments undertaken on mine 
communications and miner l o c a t i o n  f o r  PMSRC du r ing  1973 a r e  given below. 
These ass ignments  inc luded  t e c h n i c a l  reviews,  d i s cus s ions  and recommenda- 
t i o n s  r e l a t e d  t o  t h e  t h e o r y ,  exper imental  d a t a ,  de s igns ,  and hardware 
implementation of exper imenta l  CW and p u l s e  miner l o c a t i o n  EM t r a n s -  
m i t t e r s ;  p r epa ra t i on  o f  t e c h n i c a l  performance s p e c i f i c a t i o n s  f o r  a 
min i a tu r i zed  preproduc t ion  pro to type  CW e l ec t romagne t i c  l o c a t i o n  t r a n s -  
m i t t e r ;  review of  s p e c i f i c a t i o n s  f o r  a s e i smic  s i g n a l  d e t e c t i o n  exper i -  
mental  s t udy ;  p a r t i c i p a t i o n  i n  technica.1 d i s c u s s i o n s  and experiments  
wi th  PMSRC and equipment s u p p l i e r s  rega.rding t h e  UHF r ad io / r ad i ax -cab l e  
communications i n s t a l l a t i o n  i n  t h e  Bruceton mine; p a r t i c i p a t i o n  i n  an 
in formal  conference t o  d i s c u s s  mine co~ununicat ion and monitor ing needs 
and p re f e r ences  w i th  r e p r e s e n t a t i v e s  of  t h e  Bureau, mine o p e r a t o r s ,  and 
equipment manufac ture rs ;  p a r t i c i p a t i o n  i n  t e c h n i c a l  d i s c u s s i o n s  w i t h  
r e p r e s e n t a t i v e s  of  a U.S. mine o p e r a t o r  and CERCHAR* concerning t h e  
c h a r a c t e r i z a t i o n  of  f a u l t s  on t r o l l e y  l i n e s  and means of  improving t h e i r  
r a p i d  de tec t ion ;**  recommendation of s imple  s i g n a l ,  n o i s e ,  and ground 
f a u l t  measurements on mine phone l i n e s ;  review of an inexpensive auto-  
mat ic  te lephone d i a l e r ;  p r e l im ina ry  d i s cus s ions  r ega rd ing  t h e  f e a s i b i l i t y  
o f  adap t ing  and assembling a c o l l e c t i o n  of a v a i l a b l e  te lephone i n d u s t r y  
c a r r i e r  equipment f o r  i n s t a l l a t i o n  and t e s t  i n  an o p e r a t i n g  c o a l  mine; 
e v a l u a t i o n  of  a proposed c a l l  a l e r t  mine paging system; review of hardware 
des igns  and f u t u r e  exper iments  f o r  a mine communication s l e d ;  des ign  
c r i t i q u e  of a proposed s ix-channel  narrow-band FM vo ice  modem f o r  c a r r i e r  
communication on t h e  mine phone l i n e ;  p r epa ra t i on  of  t e c h n i c a l  performance 

* Labora to i r e  Du Centre  ~ ' ~ t u d e s  Et  Recherches D e s  Charbonnages De France.  
** ADL has  s i n c e  undertaken Contract  H0242004 t o  e v a l u a t e  t h e  f e a s i b i l i t y  

of a new t r o l l e y  f a u l t  d e t e c t i o n  concept which is  based on measuring 
t h e  d i f f e r e n c e  i n  c u r r e n t  between t h a t  drawn by a locomotive,  and /or  o t h e r  
l e g i t i m a t e  l o a d s ,  and t h e  c u r r e n t  supp l i ed  a t  t r o l l e y  f eed  p o i n t s .  

Arthur D Little, Inc. 



and i n t e r f a c e  s p e c i f i c a t i o n s  f o r  a  h o i s t  s h a f t  radio  communication system 
f o r  deep s h a f t s  ; review of h o i s t  s h a f t  a t t enua t ion  l o s s  analyses and 
measurements conducted i n  h o i s t  s h a f t s ;  p a r t i c i p a t i o n  i n  design review 
meetings f o r  improved experimental and preproduction prototype CW loca- 
t i o n  t r a n s m i t t e r s ;  review of a  s p e c i f i c  patented voice bandwidth 
compression technique; and a prel iminary inves t iga t ion  and recommenda- 
t i o n s  regarding t h e  f e a s i b i l i t y  of a  slowed-down-speech bandwidth- 
compression method f o r  emergency through-the-earth voice communications. 
These short-term assignments usual ly  concluded with ve rba l  r epor t s  o r  
s h o r t  informal  r e p o r t s  o r  memoranda submitted t o  PMSRC. The following 
Chapters t r e a t  i n  a  more comprehensive manner the  o ther  mine communication 
and miner loca t ion  assignments mentioned i n  t h e  In t roduct ion  t o  t h i s  P a r t .  
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11. USER REQUIREMENTS AND THE DESIGN OF MINE COMMUNICATION SYSTEMS 

A .  INTRODUCTION 

During t h e  course of our work e a r l y  i n  1973, PMSRC asked us  t o  b r i e f l y  
o u t l i n e  a program f o r  iden t i fy ing  mine communications needs and t r a f f i c  
requirements f o r  the  purpose of designing t o t a l l y  in t eg ra ted  mine commun- 
i c a t i o n  systems.* Such systems would t i e  together  t h e  two major comunica- 
t i o n  a reas ;  t h e  f i r s t  a t  t h e  su r face  which i s  a communication network 
ty ing  toge the r  management, shops, storeis,  underground production f a c i l -  
i t i e s ,  and d ispatch;  and t h e  second whi.ch i s  an underground communication 
network ty ing  together  shops, s ec t ions  and working faces ,  haulage way 
veh ic l e s ,  and key miners on-the-move. The two p r i n c i p a l  ob jec t ives  of 
such in t eg ra ted  mine communications systems a r e  

(1) t o  provide increased s a f e t y  f o r  t h e  miners,  and 
(2) t o  provide increased product iv i ty  of t h e  mining opera t ions .  

This Chapter s e t s  f o r t h  some of t h e  b a s i c  p r i n c i p l e s  and s t e p s  commonly 
used i n  designing communications systems. Good communication system 
design genera l ly  s t a r t s  with i d e n t i f i c a t i o n  of user  requirements,  prog- 
r e s s e s  t o  syn thes i s  and comparative ana lys i s  of candidate systems, and 
then t o  t h e  hardware s p e c i f i c a t i o n  and d e t a i l e d  design s t age .  While i n  
many cases a communication system may be l imi t ed  by equipment c a p a b i l i t i e s ,  
never the less  t r u e  user  requirements sholuld be i d e n t i f i e d ,  even i f  some of 
them t u r n  out t o  be d i f f i c u l t  t o  s a t i s f y .  

The key t o  t h e  s p e c i f i c a t i o n  of any comnunications systems is  t h e  es tab-  
lishment of t h e  user  requirements,  t h a t  is  a determinat ion of t h e  gener ic  
needs of a l l  u se r s  of t h e  communications system. There a r e  s e v e r a l  aspects  
t h a t  a r e  e s s e n t i a l  t o  t h e  s tudy of use r  requirements.  One i s  a determina- 
t i o n  of t h e  t o t a l  t r a f f i c  t h a t  is generated from a l l  users  i n  t h e  system. 
This  t r a f f i c  can be quan t i f i ed  n o t  only i n  terms of t o t a l  t r a f f i c ,  but  a l s o  
i t s  time dependent a spec t s ,  s o  t h a t  busy hour t r a f f i c  loads  can be de ter -  
mined f o r  speci fy ing  the  t o t a l  number of channels required.  I n  add i t ion  
t o  t r a f f i c  and i ts  time dependence, the  a c t u a l  te rminals  (nodes) f o r  t h e  
messages communicated i n  t h e  system should be c l e a r l y  i d e n t i f i e d .  I n  
s i t u a t i o n s  such a s  coa l  mines where current  communication f a c i l i t i e s  e x i s t ,  
one cannot assume t h a t  the  t r u e  message te rminals  of t h e  system correspond 
exac t ly  t o  those t h a t  cu r ren t ly  e x i s t .  I n  f a c t  i t  may be t h a t  t h e  cu r ren t  
communication system is i n h i b i t i n g  t h e  a c t u a l  communication funct ion  by 
r e s t r i c t i n g  t h e  number of te rminals  i n  the  system. 

For example, i n  some mines t h e  d i spa tche r ' s  o f f i c e  i s  t h e  message te rminal  
poin t  on t h e  sur face .  However, i n  many cases a message i s  no t  meant 
u l t ima te ly  f o r  t h e  d ispatcher ,  but  is  i n  e f f e c t  relayed t o  some o the r  
su r face  f a c i l i t y  and personnel.  Therefore, a channel t o  ca r ry  t h a t  
message should n o t  necessa r i ly  terminate a t  t he  d ispatcher .  

* Col l ins  Radio Co. is  now conducting such a use r  requirements program 
f o r  t h e  Bureau under Contract H02320561. 
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To determine t h e  necessary  t e rmina l s  i n  a  communication system, and i n  
add i t i on  t h e  amount of t r a f f i c ,  an a n a l y s i s  of t h e  conten t  of t h e  a c t u a l  
messages t r ansmi t t ed  i n  t h e  system should be performed. This w i l l  iden- 
t i f y  t h e  u l t i m a t e  d e s t i n a t i o n  of t h e  messages, whether o r  no t  they a r e  
being re layed  through one of t h e  u s e r s  i n  t h e  system who i s  l o c a t e d  a t  a  
p r e sen t  t e rmina l ,  and t h e  average l e n g t h  of t h e  messages. The average 
message l eng th  and t h e  t o t a l  number of messages g ives  i n  e f f e c t  t h e  t o t a l  
t r a f f i c  handl ing  capac i ty  r equ i r ed .  A b r i e f  s tudy program has been out-  
l i n e d  below t o  ob t a in  t he se  d a t a  and i d e n t i f y  t h e  b a s i c  elements and 
o p e r a t i o n a l  c a p a b i l i t i e s  of a  system t h a t  would s a t i s f y  mine comrnunica- 
t i o n  requirements  from both  vo ice  and d a t a  s t andpo in t s .  

A s h o r t  u s e r  requirements  s tudy  should be performed t ak ing  a  s e l e c t e d  
number of mines, perhaps f o u r ,  and ana lyz ing  t h e i r  p r e sen t  communications 
a s  o u t l i n e d  below. 

B .  ACQUISITION OF KEY USER REQUIREMENT DATA AND INFORMATION 

1. A key ing red i en t  of  a  u s e r  requirements s tudy  i s  t h e  monitor- 
i n g  of a  mine 's  communications system f o r  a  per iod  of one day. 
This  could be  accomplished wi th  t h e  a i d  of a  t ape  r eco rde r ( s )  
b r idged  ac ros s  t h e  c u r r e n t  communication system. P e r t i n e n t  
information de r ivab le  from t h e s e  record ings  would inc lude :  

a .  t o t a l  number of messages dur ing  t h e  t o t a l  working s h i f t .  

b .  d e n s i t y  of messages per  u n i t  t ime;  t h i s  w i l l  be used t o  
determine peak t r a f f i c  requirements .  

c .  an a n a l y s i s  of t h e  average l e n g t h  of  messages by record ing  
t h e  s t a r t  and end t imes of a l l  messages dur ing  t h e  day. 

d .  an a n a l y s i s  of t h e  conten t  of t h e  messages, whereby one can 
determine t h e  types  of messages, t h e  sources  and u l t i m a t e  
r e c i p i e n t s  of  t h e  messages, and whether t h e s e  sources  and 
r e c i p i e n t s  a r e  a t  p r e sen t  t e rmina l s  (nodes) i n  t h e  commun- 
i c a t i o n  system o r  a t  some o t h e r  l o c a t i o n s  i n  t h e  mine. 

2 .  I n  a d d i t i o n  t o  t ape  recorder  d a t a  ga the r ing ,  key ope ra t i ng  
personnel  a t  t he  mines should be in te rv iewed t o  h e l p  determine:  

e 

a .  t h e i r  s p e c i f i c  underground and s u r f a c e  communication needs;  

b .  t h e i r  eva lua t ion  of t h e  presen t  methods of mine communication; 

c .  t h e i r  sugges t ions  of b e t t e r  methods of mine communication; 

d .  t h e i r  opinion a s  t o  whether some messages now t r ansmi t t ed  by 
voice  communications could be  s e n t  au toma t i ca l l y  i n  a  for -  
matted manner, s o  t h a t  cu r r en t  vo ice  communication t r a f f i c  
could be reduced. 
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3.  Addi t iona l  i n t e rv i ews  wi th  key ope ra t i ng  personnel  should be 
conducted t o  determine similar needs wi th  regard t o  monitor ing 
of mine environmental  parameters  and product ion.  Respondents 
should b e  asked t o  i d e n t i f y :  

a .  what mine ope ra t i ons  r e q u i r e  monitor ing a t  p r e s e n t ,  which 
new ope ra t i ons  i n  t h e  mine would be  u s e f u l  t o  monitor i n  
t h e  f u t u r e ,  and what k ind  of  monitoring system would be 
u s e f u l .  

b .  >?hat parameters  o f  s p e c i f i c  mine ope ra t i ons  should be mon- 
i t o r e d ,  t h e  t o t a l  number of monitor ing s t a t i o n s  and t h e i r  
l o c a t i o n s ,  what parameter  va lues  would b e  meaningful,  and 
whether any of t h e  monitor ing could be done p e r i o d i c a l l y  a s  
opposed t o  cont inuous ly ,  o r  on an except ion  b a s i s ,  whereby 
a s i g n a l  would be  s e n t  only i f  a va lue  f e l l  o u t s i d e  pre-  
s c r i b e d  l i m i t s .  

c .  what p r e sen t  vo i ce  messages s e n t  on t h e  communications 
system could be advantageously formatted f o r  coded d e l i v e r y  
v i a  a monitor ing system. 

C .  ANALYSIS OF DATA AND FORMULATION OF TRAFFIC AND PERFORMANCE REQUIREMENTS 

The informat ion  and d a t a  ob ta ined  from t h e  above in t e rv i ews  and t a p e  record- 
i ngs  should then be analyzed t o  determin-e: 

a .  t h e  c u r r e n t  and f u t u r e  c o m u n i c a t i o n s  t r a f f i c  and t h e  re- 
qu i r ed  number of channels  t o  suppor t  t h i s  t r a f f i c  . 

b .  t h e  message t e rmina l  (node) p o i n t s  f o r  t h e  communication 
channels  determined i n  a. above. 

c .  t h e  need f o r  p r i v a t e  communication channels and t h e i r  term- 
i n a l  p o i n t s .  

d. some estimate of  t h e  a c t u a l  t ransmiss ion  performance spec- 
i f i c a t i o n s  r equ i r ed  f o r  t h e  mine communication system. * 

e.  what key elements i n  t h e  mine should be  monitored. 

f .  t h e  number of channels  r equ i r ed  t o  suppor t  monitor ing t r a f f i c .  

g. t h e  r equ i r ed  t e rmina l  p o i n t s  i n  t h e  monitor ing system. 

* ADL i s  conduct ing i n v e s t i g a t i o n s  f o r  t h e  Bureau r e l a t e d  t o  t h e  f u t u r e  
development of g u i d e l i n e s ,  s t anda rds  and p r a c t i c e s  f o r  mine communica- 
t i o n s  under Cont rac t  H0133038. 
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D .  SYNTHESIS OF CANDIDATE SYSTEMS 

Once t h e  a n a l y s i s  i n  C .  has  been completed and a  review made of  a l l  t h e  
d a t a  and documentation obta ined  under B .  and C .  above, s e v e r a l  candida te  
systems could then  be  synthes ized  t o  meet t h e  needs and requirements ,  
thereby i d e n t i f y i n g  t h e  t e rmina l  p o i n t s ,  t h e  channels r equ i r ed ,  t h e  oper- 
a t i n g  f e a t u r e s  of t hose  channels ,  and suggested methods of mul t ip lex ing  
a d d i t i o n a l  vo ice  and/or  monitor ing channels on to  t h e  system. This w i l l  
r e q u i r e  some i t e r a t i o n  and a  comparative a n a l y s i s  of t h e  candida te  systems. 
During t h i s  p roces s ,  t h e r e  w i l l  b e  a  s u b s t a n t i a l  amount of i n t e r a c t i o n  
between t h e  system s y n t h e s i s  and u s e r  requirement t a s k s  s o  t h a t  perform- 
ance and c o s t  t r a d e o f f s  can be made between t h e  two. From t h i s  a n a l y s i s ,  
a  p r a c t i c a l  and economically sound system(s)  t a i l o r e d  f o r  use  i n  mines can 
then  be  determined. 

I n  t h i s  p roces s ,  answers should be found t o  s e v e r a l  important  ques t i ons  
r e l a t e d  t o  improving t h e  e f f i c i e n c y  and s a f e t y  of mine ope ra t i ons ,  such 
a s :  i s  a  PABX r e a l l y  needed t o  support  c u r r e n t  and f u t u r e  mine commun- 
i c a t i o n s ? ;  i s  d i a l  swi tch ing  r e a l l y  necessary  f o r  point- to-point  commun- 
i c a t i o n  i n  t h e  mine?; what system conf igu ra t i ons  a r e  b e s t  s u i t e d  f o r  
r e l i a b l e  mine communications?; what f e a t u r e s  should each t e rmina l  u n i t  
i n  t h e  mine have t o  support  t h e  u s e r  requirements?;  i s  d i r e c t  two-way 
communications t o  t h e  f ace  r equ i r ed  on a  real- t ime b a s i s ? ;  which monitored 
parameters  c o n t r i b u t e  most t o  increased  product ion and which t o  i nc reased  
s a f e t y ? ;  and what a r e  t h e  f u t u r e  t r e n d s  i n  mine communication and monitor ing? 

E. HARDWARE SPECIFICATION 

Given well-documented use r  requirements and s e v e r a l  candida te  communication 
systems,  hardware can then be s p e c i f i e d  and eva lua ted  t o  implement s p e c i f i c  
systems. Determinations can then be made whether t h e  channels should be  
vo i ce ,  d a t a ,  o r  r a d i o  channels ,  o r  o t h e r  means of communication; whether 
they should be one-way (simplex) o r  two-way, and whether t h e  t e rmina l s  
should be  a t  f i x e d  l o c a t i o n s  o r  mobile. This  hardware s p e c i f i c a t i o n  s t a g e  
w i l l  a l s o  i n t e r a c t  s t r o n g l y  with t h e  f i r s t  two a c t i v i t i e s ;  u s e r  requi re -  
ments and systems s y n t h e s i s .  Indeed, i n  many cases  t h e  t r ade -o f f s  and t h e  
compromises t o  be made i n  implementing a  communication system i n  hardware 
can be s u b s t a n t i a l  i n  o rde r  t o  o b t a i n  a  p r a c t i c a l  working system t h a t  meets 
s p e c i f i c  needs.  

F. CONCLUDING REMARKS 

The program o u t l i n e d  above should go a  long way towards he lp ing  e s t a b l i s h  
some s p e c i f i c  des igns  f o r  i n t e g r a t e d  mine communications systems. The 
fol lowing Addendum l i s ts  i n  o u t l i n e  form, s e v e r a l  key a r e a s  t h a t  should 
r ece ive  a t t e n t i o n  i n  t h e  u s e r  requirements  and t r a f f i c  s tudy .  This  l i s t ,  
which i s  not  meant t o  be complete, should be used i n  conjunct ion wi th  t h e  
i tems l i s t e d  under A and B above a s  a  s t a r t i n g  po in t  f o r  t h e  d e t a i l e d  
design of i n t e g r a t e d  communications systems t a i l o r e d  s p e c i f i c a l l y  f o r  
mine a p p l i c a t i o n s .  
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ADDENDUM 

USER REQUIREMENTS AND TRAFFIC STUDY 
PRELIMINARY LIST OF ITEMS TO BE CONSIDERED 

I. Message 

A. Type 13 . 
1. Voice 
2. Data 
3. Des t ina t ion  

a .  To a  person 
b. To a  group 
c .  To a n  a r e a  
d.  To a  machine 
e .  Acknowledgment requi red  

4. Message l i f e  

11. Environment 

A. Normal ope ra t  ions  
B. Peak cond i t i ons  
C. Emergency cond i t i ons  
D .  Sur face  o r  Sub-surface 

Content 
1. Pub l i c  
2. P r i v a t e  
3. Routine 
4. Adminis t ra t ive  
5. Opera t iona l  
6. S t a t u s  
7. P r i o r i t y  
8. Emergency 

I d e n t i f y  a l l  t e rmina l  p o i n t s  (sources  and r e c i p i e n t s  f o r  a l l  messages).  
A. Sur face  network which inc ludes :  

1. Shop-stores 
2. Product ion and Dispatch 
Check on need f o r  o t h e r  t e rmina l  p o i n t s  i n  s u r f a c e  f a c i l i t i e s .  
Also a b i l i t y  t o  t a l k  over switched network o r  r ad io .  

B. Subsurface network may inc lude :  
1. Shops 
2. Haulage system 
3. Sec t ions ,  inc lud ing  working f a c e  a r e a  

C .  Mobile Terminals 
1. On haulage v e h i c l e s  
2. Personnel te rmina ls  (on Foreman & o t h e r  superv isory  personnel )  

D.  Fixed Terminals 
1. Wall phones 
2. Wall loudspeakers  
3. v i s u a l  / aud ib l e  d i s p l a y s  

E. Environmental Terminals 
1. Methane d e t e c t o r s  
2. Temperature, A i r  Flow, Smoke, CO,  e t c .  
3. Vehicle  l o c a t i o n  and c o n t r o l  s enso r s  

I V .  Channels 

A. Type (communication f a c i l i t i e s  - wires ,  r a d i o ,  e t c . )  
1. P r i v a t e  w i th  key a c t u a t i o n  
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2. P u b l i c  w i t h  p a r t y  l i n e  f e a t u r e s  
3. P u b l i c  a d d r e s s  
4. Dedicated f o r  d a t a  

B. P h y s i c a l  - Determine b e s t  r o u t i n g  of communications f a c i l i t i e s .  
1. For e a s e  of  i n s t a l l a t i o n  and maintenance 
2 .  I n t e g r i t y  d u r i n g  emergency 
3. P o s s i b l e  loop  systems 

C .  Grade of S e r v i c e  
1. Voice g r a d e  
2. Data g r a d e  
3. CCITT o r  AT&T s t a n d a r d s  ( q u a l i t y )  
4. Noise environment a t  t e r m i n a l s  

V. T r a f f i c  

A .  Volume 
1. How much and how o f t e n  
2.  Peak h o u r l y  t r a f f i c ,  e . g . ,  around a  s h i f t  change 

B .  Timing 
1. Hourly a n d / o r  s e a s o n a l  v a r i a t i o n s  
2.  T o l e r a b l e  message d e l a y  (queue) 
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111. ON MODELS, DISPLACEMENT CURRENTS AlND CONDUCTION CURRENTS 

The t h e o r e t i c a l  work on through-the-earth communications and miner loca- 
t i o n  by electromagnetic  methods has crea ted  an i n t e r e s t  i n  the  s i z e  of 
the  e r r o r s  introduced by neglec t ing  dislplacement cu r ren t s  r e l a t i v e  t o  
conduction cu r ren t s  and a l s o  i n  the  sub jec t  of s c a l e  modeling with regard 
t o  mine overburdenjair  i n t e r f a c e  app l i ca t ions .  Since we had t o  address 
these  sub jec t s  on a pas t  government p ro jec t  i n  1968, with regard t o  a 
sea-water/air  i n t e r f a c e  scale-modeling app l i ca t ion ,  we have appropr ia te ly  
e d i t e d  some of our pas t  memoranda t r e a t i n g  these  s u b j e c t s ,  and included 
them i n  t h i s  Chapter a s  a ready reference .  The r e s u l t s  can be appl ied  
t o  t h e  miner loca t ion  and comunica t ion  work by s u b s t i t u t i o n  of t h e  
appropr ia te  overburden parameter values i n t o  t h e  equations.  

A. BACKGROUND 

Questions have a r i s e n  about t h e  s i z e  of the  e r r o r s  t h a t  may be incurred  
should "non-ideal" s c a l e  models be used ,  To answer these  ques t ions ,  we 
have taken a look a t  t h e  p o t e n t i a l  u t i l i t y  of models with respect  t o  
app l i ca t ions  involving conducting ob j ect:s s t r a d d l i n g  t h e  a i r / s e a  water  
i n t e r f a c e .  We looked a t  each of t h e  media sepa ra te ly  with the  purpose 
of i d e n t i f y i n g  those combinat ions of corldit ions  t h a t  might allow the  
use of s i n g l e  and mixed media models with an acceptably smal l  r e s u l t -  
an t  e r r o r .  

B.  FIELD EOUATIONS I N  NORMALIZED FORM 

Consider t h e  c u r l  Maxwell f i e l d  equations i n  l i n e a r ,  uniform, i s o t r o p i c  
media 

where J i s  an independent source current  dens i ty .  For s inuso ida l  exci ta -  
t i o n ,  (Pa,b) reduces t o  

These Equations (2a,b) can be f u r t h e r  combined by taking the  c u r l  of one 
of them and s u b s t i t u t i n g  the  o the r  i n t o  the  r e s u l t .  Taking the  c u r l  of 
(2b) f o r  t h e  magnetic f i e l d  

* References t o  Figures,  Tables,  and Equations apply t o  those i n  t h i s  
Chapter unless  otherwise noted.  
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Since 

- - 
and V x E = -jwpH, 

Equation (3) reduces to 

r- 1 

- 
which is the vector Hemholtz wave.equation for H. Similarly for the electric 
field : 

- - 
V x V x E = -jwp (V x H). 

- 
V E = 0 in charge-free, uniform, isotropic media, and 

- 
v X H =  ( o +  jwe) E + J  

S 

Equation (6) reduces to: 

---I - 
the vector Hemholtz equation for E. 
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These equations can also be rewritten in dimensionless form by 
using 

length = L = L L, frequency = w = woR . 
0 

U - R E - E' = - I! H' = - L = -  W -  R=-- S , J f  = .- 
h' , and V 

e' 
Lo ' W 

o s js 
L 

represent the dimensionless fields and other quantities simply normalized 
to some characteristic value or dimension of the problem. For example, L 
is a dimensionless length where L may represent a full-scale characteristic 

0 dimension of a typical object, R 1s a dimensionless frequency where w 
0 

may represent the full-scale center frequency of excitation, and VL is 
the normalized del operator. We now can substitute the above expressions 
(11) into the curl and wave equations to get 

These are the pertinent field equations expressed in a general normalized 
form that can be used conveniently to discuss scaling considerations. 
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For emphasizing the relative importance between conduction and 
displacement currents in a particular medium, it is useful to express 
the equations in terms of the ratios or & depending on whether the 
medium is predominantly conducting or not respectively 

1. Conducting Media 

To em hasize the relative importance of displacement to conduction 
W: currents (7) in primarily conducting media, Equations (13) and (14) can 

be rewritten in the convenient form below. 

and 

Examination of Equations 16 and 17 reveals that the normalized solutions 
will remain unchanged so long as the terms 

E W  

i 2  W g 0  = 
0 - -  j 

0 0 
js 

C1' o - C2, EO(f) = C3, and !L2 0 w o p(y)=. C4 

remain constant with any c:;ange in dimensions, frequency or material con-- 
stants. Substituting for these constants in the electric and magnetic 
field Equations (16) and (17) we get 

and 

(1) Similar treatments can be found in the book "Antenna Theory" by 
Schelkunoff and Friis, and in the Proc. IRE Nov. 1948, "Theory of 
Models of Electromagnetic Systems" by George Sinclair. 
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The requ i rement  t h a t  a l l  f o u r  of t h e s e  terms remain c o n s t a n t  d u r i n g  
any s c a l i n g  o p e r a t i o n s  l e d  t o  t h e  s c a l i n g  r e s t r i c t i o n s  on m a t e r i a l  proDer- 
t i e s  d i s c u s s e d  i n a  p r e v i o u s  ADL memo on models. These r e s t r i c -  
t i o n s  become p a r t i c u l a r l y  s e v e r e  i n  view of s c a r c i t y  of magnet ic  l i q u i d s ,  
and t h e  d i f f i c u l t y  o f  o b t a i n i n g  h igh-conduc t iv i ty  l i q u i d s  t h a t  a r e  n o t  
a l s o  ex t remely  c o r r o s i v e .  A b r i e f  summary of t h e  n a t u r e  o f  h i g h  conduc- 
t i v i t y  l i q u i d s  has  been i n c l u d e d  a s  Appendix A f o r  a  ready r e f e r e n c e .  How- 
e v e r  l e t  us now re-examine t h e  r e s t r i c t i o n s  imposed by modeling when t h e  
accuracy  requ i rements  , a re  r e l a x e d  a  l i t t l e  a l l o w i n g  c e r t a i n  terms i n  t h e  
wave e q u a t i o n  t o  be  n e g l e c t e d .  

I n  conduc t ing  media when t h e  conduct ion c u r r e n t  i s  much l a r g e r  t h a n  
t h e  d i sp lacement  c u r r e n t ,  t h e  c o n s t a n t  C 2  can become n e g l i g i b l e  compared 
t o  u n i t y .  I f  t h e  normal ized f requency  m u l t i p l i e r  R a l s o  does n o t  d e v i a t e  
enough from u n i t y  t o  make t h e  f a c t o r  C R a p p r e c i a b l e  compared t o  one,  

2  
t h e n  t h e  f a c t o r  C2R can b e  ignored  f o r  s c a l i n g  c o n s i d e r a t i o n s  i n v o l v i n g  
conduc t ing  media complete ly  surrounded by conduc t ing  boundar ies .  

I n  m e t a l s  C2R w i l l  always b e  n e g l i g i b l e  f o r  any p r a c t i c a l  f requen-  
c i e s  of i n t e r e s t .  However, i n  normal s e a  w a t e r  

c2 R = we/o = woRc/o a f ( i n  k c )  x  1.1 x l o m 6  

f o r  E = 8 1 ~ ~ :  o  = 4 mho/m. T h e r e f o r e ,  C2R w i l l  s a t i s f v  an a r b i t r a r y  
s m a l l n e s s  criterion of l e s s  thanO.OO1 o n l y  when t h e  upper l i m i t  
of  t h e  s i g n a l  f requency band does  n o t  exceed 900 kc .  

max ( s e a  

S ince  t h e  maximum f requency-spread- fac to r  expec ted  about  t h e  s i g n a l  c e n t e r  
f requency  i s  1 0 ,  t h e  c e n t e r  f requency sh.ould n o t  exceed 90 kc  f o r  C7R t o  
remain l e s s  t h a n  0.001. When t h e  c e n t e r  f requency  remains  below 
90 k c ,  t h e  e q u a t i o n s  can t h e n  b e  w r i t t e n .  t o  good approximat ion a s  

* For  c o a l  mine overburdens  w i t h  r e p r e s e n t a t i v e  v a l u e s  o f  E = 5&, and 0 = lo-* 
W E  < 0.001 w i l l  n o t  b e  exceeded i f  t h e  mho/m, t h e  smallness c r i t e r i o n  of - -. 
0 

f requency  fomax, does  n o t  exceed 37 k c  (kHz). 
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where 

s s 
C1 = k2w pa ,  

C3 
= k ( -  and C4 = k2w p ( y )  

0 0 0 h  0 0 

S ince  our  i n t e r e s t  i s  i n  t h e  magnetic f i e l d , * l e t  us  now look  a t  t h e  
modeling r e s t r i c t i o n s  imposed i f  bo th  t h e  form and t h e  a b s o l u t e  va lue  of 
t h e  magnetic f i e l d  i s  t o  be  p rese rved  i n  a  s c a l e  model wi thout  changing 
t h e  a  and p p r o p e r t i e s  of a  conduct ing medium such a s  s e a  wate r .  To s c a l e  
t h e  s i z e  go by a  f a c t o r  of 1 / S ,  t hen  r e q u i r e s  t h e  f requency w o  t o  be  s c a l e d  
by t h e  f a c t o r  s2 and t h e  c u r r e n t  d e n s i t y  js t o  be  s c a l e d  by t h e  f a c t o r  S. 
The s2 s c a l i n g  of w, corresponds t o  a  s c a l i n g  f a c t o r  11s wi th  r e s p e c t  tp_, 
wavelength s i n c e  wavelength i n  a  conduct ing medium i s  given by hc = 2~il*. 
(The S s c a l i n g  of c u r r e n t  d e n s i t y  js corresponds t o  a  1 /S  s c a l i n g  of c u r r e n t  
is s i n c e  js = Is . ) 

a r e a  
However, by n e g l e c t i n g  C2 and u s ing  t h e  above s c a l i n g  procedure  i n  

o r d e r  t o  keep t h e  magnetic f i e l d  t h e  same i n  t h e  model, we have s a c r i f i c e d  
an exac t  s c a l i n g  i n  t h e  e l e c t r i c  f i e l d  s i n c e  t h e  C4 term i n  Equat ions  (21b) 
does no t  remain cons t an t  b u t  g e t s s c a l e d  by a  f a c t o r  S. Examination of 
Equat ion (14) shows t h e  d i r e c t  e f f e c t  of t h i s  on t h e  e l e c t r i c  f i e l d ;  namely 
t h e  e l e c t r i c  f i e l d  e  i n  t h e  model w i l l  b e  s c a l e d  by an unwanted f a c t o r  S. 
Consequently e l e c t r i c  f i e l d s  measured i n  such models of conduct ing media 
must be  m u l t i p l i e d  by a  f a c t o r  1 /S  t o  o b t a i n  f u l l - s c a l e  v a l u e s ,  a  sma l l  
inconvenience i n  ou r  in tended  a p p l i c a t i o n s .  

I n  t h e  in tended  a p p l i c a t i o n ,  t h e  f u l l - s c a l e  h i g h e s t  f requency should 
no t  have t o  exceed a  va lue  of about  5 kc ,  based on a t t e n u a t i o n  and detec-  
t i o n  c o n s i d e r a t i o n s .  Using t h e  factor-of-10 v a r i a t i o n  from c e n t e r  f r e -  
quency c r i t e r i o n ,  t h e  r e f e r e n c e  c e n t e r  f requency i s  then  s e t  t o  500 cps .  
The maximum a l l owab le  s c a l i n g  f a c t o r  s a t i s f y i n g  t h e  above cond i t i ons  can 
t hen  be  found by forming t h e  r a t i o  

* T h i s  is a l s o  t r u e  i n  t h e  miner l o c a t i o n  a p p l i c a t i o n  s i n c e  t h e  miner ' s  s i g n a l  
sou rce  is  a cur ren t - fed  loop  of w i r e .  
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. - 

c e n t .  f r e q .  

r e s u l t i n g  i n  a  s c a l i n g  f a c t o r  of 

A 10 t o  1 s c a l i n g  looks  p romis ing ,  b u t  a  s c a l i n g  f a c t o r  on t h e  o r d e r  of 20 
t o  1 is a  more p r a c t i c a l  and conven ien t  g o a l .  Such a  s c a l e  f a c t o r  would 
r e q u i r e  a n  fpmax of 2  megacycles ,  the reby  i n c r e a s i n g  t h e  w ~ / a  term t o  0.002. 
Though t h i s  1s s t i l l  n o t  a  l a r g e  q u a n t i t y ,  e s t i m a t e s  were made of t h e  e r r o r s  
i n t r o d u c e d  when v a l u e s  of wc/a up t o  0.01- Bre n e g l e c t e d  i n  t h e  wave e q u a t i o n s .  

A b r i e f  a n a l y s i s  f o r  b o t h  h igh  and low l o s s  media has  been inc luded  i n  
Appendix B a t  t h e  end of t h i s  memo f o r  ready r e f e r e n c e .  Though f a r  from a  
d e f i n i t i v e  t r e a t m e n t  of t h e  m a t t e r ,  i t  i n d i c a t e s  t h a t  e r r o r s  w i l l  b e  incon- 
s e q u e n t i a l  i n  most low-loss d i e l e c t r i c  media,  and c e r t a i n l y  t o l e r a b l e ,  (on 
t h e  o r d e r  of 5%) i f  no t  i n c o n s e q u e n t i a l ,  i n  conduc t ing  media even when v a l u e s  
of wc/a a s  h i g h  a s  0 .01 a r e  n e g l e c t e d . *  T h e r e f o r e ,  t h e  a r b i t r a r y  s m a l l n e s s  
c r i t e r i o n  of 0.001-0.002 chosen f o r  n e g l e c t i n g w d o  should give n For- than 
a d e q u a t e  e r r o r  margin.  

2.  Low-Loss D i e l e c t r i c  Media 

I f  t h e  problem i n v o l v e s  t h e  p r e s e n c e  of non-conducting o r  p o o r l y  
conduc t ing  media a l s o ,  t h e n  t h e  Maxwell e q u a t i o n s  i n  t h e s e  media must a l s o  
be  s a t i s f i e d  s i m u l t a n e o u s l y  f o r  t h e  d e s i r e d  s c a l e  f a c t o r s .  When t h e  conduc- 
t i o n  c u r r e n t  can b e  cons idered  s m a l l  compared t o  d i sp lacement  c u r r e n t s  i n  a  
medium ( O / W E  << l ) ,  Equat ions  (14) and (15) can be  r e w r i t t e n  i n  t h e  form 

* A v a l u e  of 5 9 . 0 1  g i v e s  a n  fomax=370 k c  f o r  t h e  p r e v i o u s l y  s t a t e d  mine 
overburden paramete r  v a l u e s .  T h i s  maximium frequency t r a n s l a t e s  i n t o  a 
maximum d imens iona l  s c a l e  f a c t o r  o f  11 f o r  modeling t h e  overburden w i t h o u t  
an  a i r  i n t e r f a c e ,  f o r  a f u l l - s c a l e  3 k c  a p p l i c a t i o n ,  when changing o n l y  t h e  
o p e r a t i n g  f requency  and p h y s i c a l  s i z e  b u t  n o t  t h e  overburden material 
e l e c t r i c a l  c h a r a c t e r i s t i c s  f o r  t h e  model. 
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where 

s s - -  a c3 = a (-), c4 = e i ~ u  (-1, c5 - and c = e2u2~p, 
o h o e 6 o o 

0 

so that 

In a vacuum, a = 0, so that C becomes identically zero, and inde- 
5 

pendent of frequency and scaling considerations. In most dielectries, a 
will still be small but perhaps not always small enough for 4 to also uo€R 
satisfy an arbitrary smallness criterion of 0.001 for all frequencies 
of interest. In our applications the most important dielectric will be the 
air above the water surface interface; and we will use the arbitrary small 
value of o = 10-l5 mho/m which assumes a loss tangent tan 6= (ratio of 
conduction to displacement current in air) at 1 kc. Then C / R  becomes 

5 

C5 - G - =tan 6 = - -  1.8 x lo-' 
R w QE £(in kc) ' 

0 
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and C , / R  w i l l  s a t i s f y  t h e  s m a l l n e s s  c r i t e r i o n  o f  l e s s  t h a n  9 .001 
s o  loGg a s  t h e  lower  l i m i t  o f  t h e  s i g n a l  f r e q u e n c y  band does  n o t  go below 
0 .02  cps  t h e r e b y  c o n f i n i n g  t h e  c e n t e r  f r e q u e n c y  t o  remain  above 0 .2  c p s  
f o r  a  1 0  t o  1 bandspread  s i g n a l .  S i n c e  we d e s i r e  r e d u c e d - s i z e  models  
r e q u i r i n g  i n c r e a s e s  i n  f r e q u e n c y ,  and minimum f u l i - s c a l e  f r e q u e n c i e s  a r e  
e x p e c t e d  t o  b e  above 50 c p s ,  C 5 / R  w i l l  a lways  b e  n e g l i g i b l e  f o r  a i r .  I f  
o t h e r  d i e l e c t r i c s  a r e  r e q u i r e d 4 i n  a  model t h e y  must  b e  s u b j e c t e d  t o  t h e  
(C5/R) s m a l l n e s s  t e s t  b e f o r e  t h e y  can  be  used  w i t h  c o n f i d e n c e .  When t h e  
C 5 / Q  t e rm can b e  n e g l e c t e d ,  Equa t ions  (27)  and (28)  r e d u c e  t o :  

where  

js js C = $ ' W ~ E ~ , .  C3 = go (h) and C4 = $EPu (-) 6 0 0  o e  

Again o u r  i n t e r e s t s  a r e  ma in ly  w i t h  t h e  magne t i c  f i e l d .  T h e r e f o r e ,  
we f i n d  t h a t  t o  s c a l e  t h e  s i z e  to by a  f a c t o r  1 / S  w i t h o u t  changing t h e  E 

and p p r o p e r t i e s  of  an  a i r  medium, and w h i l e  p r e s e r v i n g  t h e  form and mag- 
n i t u d e  of t h e  H- f i e ld  i n  t h e  models ,  w e  must s c a l e  t h e  f r equency  w, by a  
f a c t o r  S_ ( a g a i n  c o r r e s p o n d i n g  t o  a  s c a l i n g  of  t h e  wave leng th  by a  f a c t o r  
1 / S  a s  i n  t h e  conduq-t ing c a s e ) ,  and we must s c a l e  t h e  c u r r e n t  d e n s i t y  js 
a g a i n  by a  f a c t o r  S  a s  i n  t h e  c o n d u c t i n g  c a s e .  However, u n l i k e  t h e  con- 
d u c t i n g  c a s e ,  t h e  form and magni tude  oE t h e  e l e c t r i c  f i e l d  does  n o t  g e t  
s a c r i f i c e d  i n  t h e  model ,  s i n c e  Cq a l s o  remains  c o n s t a n t  i n  l o s s l e s s  media 
when b o t h  w ,  and js a r e  s c a l e d  l i n e a r l y .  T h i s  i s  t h e  well-known and 
commonly used  s c a l i n g  p r o c e d u r e  f o r  l c s s l e s s  media .  

3 .  Mixed Media 

The model ing  o f  g e o m e t r i e s  i n v o l v i n g  o n l y  good-conduct ing  o r  norl- 
conduc t ing  m a t e r i a l s  i s  r e l a t i v e l y  s t f r a i g h t f o r w a r d .  Each can  b e  s imply  
accompl i shed  w i t h o u t  t h e  need t o  change m a t e r i a l  p r o p e r t i e s  i n  t h e  model 
bv s c a l i n g  t h e  f r e q u e n c y  a c c o r d i n g  t o  t:he f i r s t  o r  second power of t h e  i n v e r s e  
of t h e  d i m e n s i o n a l  s c a l i n g  f a c t o r  (11s )  f o r  non-conduct ing  o r  conducf lng  
media r e s p e z ~ i v e l y .  On t h e  o t h e r  hand ,  p r o b l e m  i n v o l v i n g  b o t h  t y p e s  o f  
n e d i a  c a n  p o s e  s e r i o u s  model ing  d i f f i c u l t i e s ,  s i n c e  t h e s e  c a s e s  w i l l  
u s u a l l > -  r e q u i r e  i m p o r t a n t ,  b u t  u n a t t a i n a b l e ,  changes  i n  m a t e r i a l  p r o p e r t i e s  

Arthur D Little, Inc. 
ppppp - - - - - 



t o  produce t h e  p roper  model. Such i s  t h e  c a s e  f o r  o u r  a p p l i c a t i o n  invo lv-  
i n g  a  f i n i t e  m e t a l  o b j e c t  s t r a d d l i n g  an  i n f i n i t e  i n t e r f a c e  between a i r  
and s e a  w a t e r ,  and a  s o u r c e  l o c a t e d  beneath  t h e  i n t e r f a c e  i n  t h e  s e a  
w a t e r .  I n  t h i s  problem, t h e  c o n s t a n t s  CbJ= 2goopwow f o r  s e a  wa te r  and 

6 ~ '  & & A $ E ~ ~ ~  f o r  a i r  a r e  t h e  c r i t i c a l  ones t h a t  impose c o n f l i c t i n g  s c a l -  
i n g  requ i rements .  CIM= k g ~ , p ~ o ~  f o r  t h e  o b j e c t  w i l l  n o t  pose a  s i g n i f i -  
c a n t  modeling problem i n  t h e  in tended  a p p l i c a t i o n  since % >> ow. 

To s a t i s f y  t h e  a i r  requirement  C6 withou t  changing t h e  a i r ' s  m a t e r i a l  
c o n s t a n t s  s imply r e q u i r e s  an  S  s c a l i n g  of f requency f o r  an  1 / S  s c a l i n g  of 
dimensions.  S ince  t h e  f requency i s  common t o  b o t h  media,  t h e  p roduc t  
pwow must a l s o  b e  s c a l e d  b y S * t o  m a i n t a i n  C1 c o n s t a n t  i n  t h e  model ' s  " sea  
water1 '  medium. 

For a  1 /20  s c a l e  model (S = 2 0 ) ,  pwow must be  i n c r e a s e d  by a  f a c t o r  
of 20. I f  n o t ,  t h e  model w i l l  correspond t o  a  f u l l - s c a l e  c a s e  i n  f r e s h  
w a t e r ,  which w i l l  be  of q u e s t i o n a b l e  v a l u e .  Use of a  magnet ic  s o l i d  o r  
powder such a s  f e r r i t e  f o r  t h e l ' s e a  w a t e r l ' i n  t h e  model i s  most u n a t t r a c t i v e  
from a  p r a c t i c a l  s t a n d p o i n t ,  a s  i s  a  s o l i d  o r  powdered m e t a l  mix ture  t o  
i n c r e a s e  t h e  pwow produc t .  On t h e  o t h e r  hand, l i q u i d s  w i t h  adequa te  
n a t u r a l  magnet ic  and /or  conduct ing p r o p e r t i e s  a r e  e i t h e r  n o t  a v a i l a b l e  
o r  hazardous  f o r  u s e  i n  models . Another a l t e r n a t i v e  might b e  t o  suspend 

s m a l l  magnet ic  p a r t i c l e s  i n  s e a  wa te r  i t s e l f .  But t h e  d i f f i c u l t i e s  invo lved  
w i t h  mechanical  stirrers e t c .  r e q u i r e d  t o  m a i n t a i n  t h e  u n i f o r m i t y  and 
r e q u i r e d  d e n s i t y  of p a r t i c l e s  throughout  t h e  model t a n k  a l s o  make t h i s  
a l t e r n a t i v e  i m p r a c t i c a l  and u n a t t r a c t i v e  f o r  t h e  in tended  a p p l i c a t i o n .  

S ince  an adequa te  s u b s t i t u t e  f o r  s e a  w a t e r  i s  n o t  p r a c t i c a l , * *  another 
modeling approach c o n s i s t s  i n  s a t i s f y i n g  t h e  s e a  w a t e r  requirement  C1 
by s imply s c a l i n g  f requency by s2 f o r  a  1 / S  s c a l i n g  of d imensions .  This  
w i l l  i n  t u r n  r e q u i r e  t h a t  t h e  p roduc t  E A ~ A  of a i r  must be  reduced by t h e  
f a c t o r  1/s2 t o  m a i n t a i n  C6 c o n s t a n t  i n  t h e  model. S ince  E A ~ A  i s  a l r e a d y  
i d e n t i c a l  t o  f r e e  s p a c e ,  t h e  above r e d u c t i o n  c o n d i t i o n  cannot  be  s a t i s f i e d .  

For a  1 /20  s c a l e  model (S = 20) t h e  r e q u i r e d  r e d u c t i o n  i n  copo is  
(1 /400) .  T h e r e f o r e ,  i f  t h e  need f o r  t h i s  r e d u c t i o n  was ignored  and a i r  
vas s t i l l  used i n  a  20 t o  1 s c a l e  model, t h e n  t h e  a i r  above t h e  wa te r  
i n t e r f a c e  i n  such a  model w i l l  appear  t o  have t h e  p r o p e r t i e s  of a  m a t e r i a l  
w i t h  an  2 p r o d u c t  400 t imes  t h a t  of a i r . *  A s  s u c h ,  t h i s  a p p a r e n t  i n c r e a s e  
i n  E U  w i l l  a f f e c t  t h e  f i e l d s  i n  bo th  media by i n t r o d u c i n g  a  modi f i ed ,  
boundary d i s c o n t i n u i t y  c o n d i t i o n ,  i n  a d d i t i o n  t o  changing t h e  m a t e r i a l  
v a l u e s  i n  t h e  c o n s t i t u e n t  r e l a t i o n s  between t h e  f i e l d s .  

* These r e s u l t s  would a l s o  app ly  t o  a s i m i l a r l y  s c a l e d  model w i t h  a 
mine o v e r b u r d e n l a i r  i n t e r f a c e .  

** I n  a mine o v e r b u r d e n / a i r  i n t e r f a c e  a p p l i c a t i o n  i t  may b e  p r a c t i c a l  
t o  o b t a i n  model "overburden" m a t e r i a l s  o f  s u f f i c i e n t l y  i n c r e a s e d  
c o n d u c t i v i t y  o v e r  t h e  f u l l  s c a l e  v a l u e  o f  mho/m t o  s a t i s f y  t h e  
mixed media s c a l i n g  c o n d i t i o n s .  
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I f  we t h i n k  of t h i s  change i n  E V  t o  be  m a n i f e s t e d  s o l e l y  i n  a  400- 
f o l d  i n c r e a s e  i n  t h e  e f f e c t i v e  p of  t h e  a i r  medium f o r  a  20 t o  1 s c a l e  
model,  we would e x p e c t  t h e  magne t i c  f i e l d  l i n e s  i n  t h e  model t o  be  more- 
a t t r a c t e d  t o  t h e  s u r f a c e  ( i n c r e a s e d  s t r e n g t h  of components normal t o  t h e  
s u r f a c e )  t h a n  i n  t h e  f u l l - s c a l e  c a s e .  I n  o t h e r  words ,  i n  t h e  a b s e n c e  o f  
a  m e t a l  ( p e r f e c t l y  c o n d u c t i n g ) o b j e c t ,  t h e  a i r  boundary would t e n d  t o  
a p p e a r  l i k e  a  non-conducting b u t  mode,rately magne t i c  s u r f a c e  i n  t h e  reduced- 
s c a l e  model. A s  such t h e  p e r t u r b a t i o n s  i n t r o d u c e d  by t h e  p r e s e n c e  of a  
m e t a l o b j e c t  may be  more pronounced i n  such a  r educed-sca le  model t h a n  
i t s  c o r r e s p o n d i n g  e f f e c t  i n  t h e  f u l l - s c a l e  model. I n  f a c t ,  t h e  p r o b a b l e  
d i f f e r e n c e s  i n  t h e  c h a r a c t e r  of  t h e  f i e l d  b e h a v i o r  can c r e a t e  a  more 
s e v e r e  problem t h a n  t h e  n e g l e c t i n g  of  a s m a l l  te rm i n  t h e  wave e q u a t i o n  
f o r  a  single-medium problem,  t h e r e b y  making i t  t o o  r i s k y  t o  p roceed  w i t h  
such modeling w i t h o u t  f i r m e r  a s s u r a n c e s  of u t i l i t y .  I n  summary, mixed- 
media model ing a l t e r n a t i v e s  f o r  t h e  f u l l - s c a l e  m a t e r i a l s  r e q u i r e d  by t h e  
a p p l i c a t i o n  of  i n t e r e s t  a r e  e i t h e r  h i g h l y  i m p r a c t i c a l  o r  of  q u e s t i o n a b l e  
v a l i d i t y  ; ( as conf i rmed by subsequen t  v i s i t  w i t h  K.  I zuka  o f  Harvard 
U n i v e r s i t y  and r e p o r t e d  i n  Appendix C ) . 
D . CONCLUSIONS 

On t h e  b a s i s  of t h e  above f i n d i n g s  t h e r e  a p p e a r s  t o  be  no q u e s t i o n  
t h a t  s c a l e  modeling is  f e a s i b l e  f o r  models t h a t  i n v o l v e  o n l y  good con- 
d u c t i n g  m a t e r i a l s ,  and t h a t  20 t o  1 d i m e n s i o n a l  s c a l i n g  f a c t o r s  can be  
e a s i l y  a c h i e v e d  f o r  t h e  f r e q u e n c i e s  of  i n t e r e s t  w i t h o u t  a p p r e c i a b l e  e r r o r s ,  
by s imply  s c a l i n g  f r equency  by t h e  squa.re of t h e  i n v e r s e  of  t h e  d imens iona l  
s c a l e  f a c t o r .  T h i s  c a s e  w i l l  app ly  f o r  c o n d u c t i n g  o b j e c t s  c o m p l e t e l y  sub- 
merged i n  s e a  w a t e r  and f a r  from t h e  s u r f a c e ,  p rov ided  non-conducting o b j e c t s  
e i t h e r  a r e  n o t  p r e s e n t  o r  whose p r o p e r t i e s  a r e  s c a l e d  a s  d e s c r i b e d  i n  
S e c t i o n  G . 3 .  

For  r educed-sca le  models i n  mixed (conduc t ing  and non-conduct ing)  
media p a r t i c u l a r l y  when a  conduc t ing  o b j e c t  i s  l o c a t e d  n e a r  t h e  i n t e r f a c e  
between two media ,  s i z a b l e  e r r o r s  can  b e  i n t r o d u c e d  i f  t h e  s c a l i n g  con- 
d i t i o n s  p r o p e r  t o  each medium a r e  n o t  fo l lowed .  I n  a  s e a  w a t e r / a i r  a p p l i -  
c a t i o n  r e q u i r i n g  a  s i z e  r e d u c t i o n  on t h e  o r d e r  of 20 t o  1, i t  becomes 
i m p r a c t i c a l  o r  i m ~ o s s i b l e  t o  change t h e  m a t e r i a l  p r o p e r t i e s  a s  r e q u i r e d  
t o  s a t i s f y  these s c a l i n g  c o n d i t i o n s  . * Consequent ly  a d d i t i o n a l  i n v e s t m e n t  o f  
t i m e  and e f f o r t  i n  t h e  p u r s u i t  of s e a  w a t e r / a i r  mixed media model ing i s  
n o t  w a r r a n t e d .  

* A s  s t a t e d  i n  t h e  ** f o o t n o t e  on t h e  p r e v i o u s  page ,  i n  mine overburden /  
a i r  i n t e r f a c e  a p p l i c a t i o n s  i t  may b e  more p r a c t i c a l  t o  s a t i s f y  t h e s e  
c o n d i t i o n s .  I n d e e d ,  f o r  t h e  100-to-1 o r  g r e a t e r  s c a l i n g  f a c t o r s  t h a t  may 
b e  r e q u i r e d  t o  o b t a i n  p r a c t i c a l l y - s i z e d  models f o r  1000-foot  f u l l - s c a l e  
o v e r b u r d e n s ,  s e a  w a t e r  may p rove  tlo b e  a  s u i t a b l e  m a t e r 2 a l  f o r  t h e  over -  
burden  i n  t h e  model. I n  any c a s e ,  c a r e f u l  c o n s i d e r a t i o n  and p r o p e r  p re -  
c a u t i o n s  must  b e  t a k e n  b e f o r e  embarking on a l l  mixed-media model ing 
e n t e r p r i s e s , t o  e n s u r e  n o t  o n l y  t h a , t  s i g n i f i c a n t  e r r o r s  w i l l  n o t  b e  
i n c u r r e d  b u t  a l s o  t h a t  t h e  e x p e c t e d  r e s u l t s  w i l l  j u s t i f y  t h e  e f f o r t  
and expense  r e q u i r e d .  
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APPENDIX A 

HIGH CONDUCTANCE ELECTROLYTES 

FOR SEA WATERIAIR INTERFACE MODELS 

1. Overview 

The requirement  i s  f o r  e l e c t r o l y t e s  having conductances  o f  0.4 mho/cm 
( 40 mholmeter) ,  as a  minimum. Only t h e  f o l l o w i n g  k i n d s  of e l e c t r o l y t e  
might come up t o  t h i s  e x a c t i n g l y  h igh  requ i rement .  

1 )  Aqueous s o l u t i o n s  o f  s a l t s ,  
2) Aqueous s o l u t i o n s  o f  a c i d s  and a l k a l i s ,  
3) Fused s a l t  sys tems ,  
4) Netal-ammonia s o l u t i o n s  

P r a c t i c a l i t y  e l i m i n a t e s  t h e  l a s t  two p o s s i b i l i t i e s .  An examinat ion of 
t h e  d a t a  a v a i l a b l e  f o r  t h e  f i r s t  two c a t e g o r i e s  s u g g e s t s  t h a t  on ly  
s t r o n g  a c i d  o r  a l k a l i  aqueous s o l u t i o n s  a r e  l i k e l y  t o  b e  adequate ,but  
t h e s e  p r e s e n t  a  s a f e t y  hazard f o r  t h e  c o n c e n t r a t i o n s  needed. 

2 .  S a l t  S o l u t i o n s  

Recent ,  a c c u r a t e  d a t a  on c o n c e n t r a t e d  aqueous s o l u t i o n s  a r e  few i n  
number; Tab le  One c o a t a i n s  a  l i s t  of s a l t s  and r e f e r e n c e s  t o  conductance 
d a t a .  It i s  a  g e n e r a l  r u l e  t h a t  1:l e l e c t r o l y t e s  have t h e  l a r g e s t  
s p e c i f i c  c o n d u c t i v i t i e s  o f  a l l  t h e  k i n d s  o f  e l e c t r o l y t e s .  Of t h e s e ,  
t h e  s a l t s  w i t h  t h e  l a r g e s t  c a t i o n s  have t h e  g r e a t e s t  c o n d u c t i v i t i e s .  
Cost  c o n s i d e r a t i o n s  e l i m i n a t e  a l l  b u t  sodium, po tass ium and ammonia 
s a l t s . ,  Tab le  7ho g i v e s  v a l u e s  o f  s p e c i f i c  conductance f o r  some 
common s a l t s  o f  t h e s e  c a t i o n s .  E v i d e n t l y  o n l y  5.0 molar NH4C1 and 
8.0 molar  M4N03 cou ld  p r o v i d e  t h e  conductances  r e q u i r e d .  These 
s o l u t i o n s  a r e  ve ry  s t r o n g ,  on ly  m a r g i n a l l y  e q u a l  t o  t h e  t a s k ,  and 
may be e x c e s s i v e l y  c o r r o s i v e .  

S u b s t i t u t i o n  of an o r g a n i c  amine, such a s  methylamine,  f o r  ammonia, 
might n a r g i n a l l y  i n c r e a s e  conductance . This  i s  n o t  c e r t a i n ,  above 
a  c e r t a i n  s i z e  o f  c a t i o n  conductance v a l u e s  b e g i n  t o  f a l l ,  and 
s o l u b i l i t i e s  a l s o  a r e  d i f f e r e n t .  

3. Acid and A l k a l i  S o l u t i o n s  

Ti13 S r c a t c r  c o n d u c t i v i t y  o f  t h e s e  s o l u t i o n s  a r i s e s  from t h e  conduct ion 
o f  hydrogcn and hydroxyl  i o n s  t h r o u ~ h  hydrogen bond t r a n s i t i o n s .  
Tables  Three  and Four show t h a t  H2SO4 and KOH s o l u t i o n s  c o n t a i n i n g  between 
25 and 35% of t h e  e l e c t r o l y t e  have h i g h  conductances .  However, t h e  a c i d  
s o l u t i o n  i s  h i g h l y  c o r r o s i v e  t o  most m e t a l s  and b o t h  s o l u t i o n s  can e f f e c t  
c o n s i d e r a b l e  damage t o  human body t i s s u e .  I n  a d d i t i o n  s in 'ce  t h e  mechanism 
of conduc t ion  i n  a n  a c i d  i s  d r a s t i c a l l y  d i f f e r e n t  t o  t h a t  i n  a  s a l t  s o l u t i o n ,  
( s e e  Chemical Oceanography, Academic P r e s s ,  1965) t h i s  r a i s e s  a l l  manner 
of o t h e r  doubts .  The same remarks a p p l y  t o  u s i n g  a l k a l i  s o l u t i o n s .  
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Table A2 

S p e c i f i c  Conducrnnces of Several  S ~ i t s  

mho/cm a t  25°C 

0.385 0.111 0. ill 0. LO1 

a.L5G 0.210 0.210 0.154 

0.196 0.298 0.300 0.256 

0.229 0.374 0.380 0.305 

0.247 0.440 0.347 

0.375 

0.396 

0.456 
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Table A 3  

Naxinurn Conductance Solut i .ons  o f  1: SO 
2-4 

r-# lenp. O C  3 G 2 5 2 0 10 0 

Spec. Coaduct cnce mho/cm (3.886 0.S24 0.763 0.64i 0.518 

Spec. R e s i s t a n c e  ~ h n .  cm 1.129 1.213 1.3iO 1.562 1.925 

Cor:.posiLion Z 31.5 31.1 30.6 29.8 28.8 

Table  A4 

Conductance of  KOH S o l u t i o n s  a t  18OC 

Composition . %  10 2 0 2 5 3 0 35 45 

Spec.  Conductance mho/cn 0.313 0.500 9.537 0.543 0.510 0.390 

Spec R e s i s t a n c e  ohm.cn 3.2 2.0 1.80 1.84 1.96 2.56 
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APPENDIX B 

ESTIMATES OF APPROXIMATION ERRORS 

WHEN DISPLACEMENT OR CONDUCTION 

CURRENTS ARE NEGLECTED 

This Appendix presents a closer look at the type and magnitude of 

a€ 0 
errors introduced by neglecting the terms - or - in the wave equation, 

0 WE 

for good and poorly conducting media respectively. Assuming harmonic 

jut 
time variation e as before,the wave equations in a source free medium 

maybe written as 

where 

In order to emphasize the leading term in the two approximations, 

let us denote for the low loss - high frequency case 

0 
where - << 1 

0 W E  W E  

and for conductive media 

W E  where - << 1 
a 
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and 

7 

In Equations ( B 4 )  and ( B 6 )  the term 4 G A  has been separated out for 
W E  0 

e~amination,~h~~- A is given alternatively as - and - for good or poorly 0 W E  

conducting media respectively. It is of interest to find the variation of 

the above square-rooted quantity as a function of A. 

Good 
Conducting: 

Poorly 
Conducting: 

Since 2, c c  1 Equations ( B 7 )  and ( B 8 )  can be approximated by neglecting 

higher order terms. Thus: 

Arthur D Little Jnc. 



Neglecting higher than second order terms in A the magnitude of the complex 

quantities in Equations (B9) and (B10) become 

So Equations (B4) and (B6) can be rewritten as: 

-- 

K~ = I~.. (1 - j2)' ; a~ (. + I ~ ) ' )  £0. ~ O W  loss media (312) 

I".) 1 [.%?-)('+j 5)' 1 G('+ (E)~) for lossy media. '(513) 

There is also a corresponding phase angle change in the K vector due to 

the presence of the however small, but not negligible, A. 

What can then be said about the error one makes when neglecting 

either the conduction or displacement part of the total current? Consider 

the poorly conducting case first. Judging from Equation (B10) for nearly 

lossless media (air), a first order attenuation term , and a second order 

term in the propagation constant that reduces the wavelength in the medium, 

are being neglected when conduction currents are ignored. Using Cartesian 

coordinates in the example, the elementary solution of Equation (Bl) takes 

the following form: 
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where t h e  e x p r e s s i o n  i n  t h e  s q u a r e  b r a c k e t  i s  t h e  q u a n t i t y  b e i n g  n e g l e c t e d  
A 

1 0 
and where t h e  f a c t o r  (K) i s  t h e  r a t i o  of wave leng ths  - A i n  a s l i g h t l y  

0 C 

27T 
l o s s y  medium where  (X = - = - and X = 2n6 m). X i n  t h e  c a s e  

O fJEll C P a w  0 

of  no c o n d u c t i o n  c u r r e n t  p r e s e n t ,  and X i n  t h e  c a s e  o f  o n l y  c o n d u c t i o n  
C 

c u r r e n t  p r e s e n t .  According t o  Equa t ion  ( B 1 4 )  t h e  s m a l l  a t t e n u a t i o n  t h a t  

would b e  n e g l e c t e d  i s  s p e c i f i e d  by t h e  l a r g e  s k i n d e p t h  o f  a i r ,  and even 

t h a t  i s  f u r t h e r  r educed  by b e i n g  m u l t i p l i e d  by  a  f a c t o r  which is  p ropor -  

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

- 3  
which i s  a  s m a l l  q u a n t i t y  (10 t o  depending on what c o n d u c t i v i t y  

one a s s o c i a t e s  w i t h  a i r ) .  The imag ina ry  component o f  t h e  exponent  i n  t h e  

s q u a r e  b r a c k e t  i n  E q u a t i o n  (B14) i s  a n  even s m a l l e r ,  t r u l y  second o r d e r  

0 - 3  - 1 0  ( v e r y  u n l i k e l y  i n  a i r ) ,  q u a n t i t y  wh ich ,  even  i f  assuming A = - -  
' > )  c. 

would cause a p ? r  t u r S a t  i o n  I n  thr  ~ r o : i ; ~ g ; - . t i o n  c o n s t a n t  ( 'wavelength) nf 
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approximately one ten millionth of the original value. Certainly practical 

measurements couldn't be performed to show up this kind of inaccuracy of 

error. 

Let us now consider the good conducting case. A more interesting 

part of this investigation on error is concerned with the sea water medium; 

since this is a medium that is not as good a conductor, as the air is a 

good dielectric, the approximations can be expected to give larger errors. 

Therefore, we are interested in finding the frequency regime defined by 

W E  the upper limit which the - (<< 1) value may take, but shouldn't exceed 
0 

W E  in order that errors introduced by neglecting the - term will not be 
0 

W E  
excessive. If 6 is infinitesimally small, then it can be neglected with- 

out worrying about the after effects. In this case, from Equation (B6) 

the propagation constant is given by: 

Therefore in Cartesian coordinates the elementary solution may take the 

form: 

There is both an attenuation and propagation term. The wavelength 

of propagation in this lossy medium, is given by 
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where 6 i s  t h e  s k i n d e p t h  i n  t h e  medium. The added t e rm i n  Equa t ion  ( B 6 )  

means added t e r m s  i n  E q u a t i o n  (B16) t h a t  we c a n  e a s i l y  e x p r e s s  w i t h  t h e  

h e l p  o f  E q u a t i o n  (B9).  Usink C a r t e s i a n  c o o r d i n a t e s  a g a i n  t h e  s o l u t i o n  

W E  
t o  E q u a t i o n  ( B l )  t a k e s  t h e  f o l l o w i n g  form: (assuming now, t h a t  C = - << 1 )  

0 

Now, u n l i k e  i n  E q u a t i o n  (B14) f o r  a i r ,  botln t h e  a t t e n u a t i n g  and p r o p a g a t i n g  

W E  
t e rms  have  l i n e a r  and second o r d e r  t e rms  i m  A ( =  -) i n  t h e  exponen t  of  

0 

t h e  s o l u t i o n .  The l e a d i n g  ( l i n e a r )  t e rms  i n  A a r e  t h e  i m p o r t a n t  o n e s ,  

W E  
s i n c e  - << 1. 

CJ 

The l i m i t  on t h e  maximum v a l u e  o f  A t h a t  c a n  be n e g l e c t e d  w i l l  b e  

d e t e r m i n e d  m o s t l y  by what  a c c u r a c i e s  can  b e  e x p e c t e d  from t h e  e x p e r i m e n t s  

per formed i n  t h e  model env i ronment .  I n  p r a c t i c e ,  e x p e r i m e n t a l  d i f f i c u l t i e s  

i n  underwa te r  measurements ,  and t h e  p e r t u r b i n g  e f f e c t s  of  s u p p o r t s ,  l e a d s  

and c a b l e s  w i l l ,  i n  most c a s e s ,  make a  5% e x p e r i m e n t a l  e r r o r  q u i t e  a c c e p t -  

-2  
a b l e .  N o w  a  maximum v a l u e  o f  A t l o  w i l l  g e n e r a l l y  b r i n g  a  0 . 5 %  e r r o r  i n  

b o t h  t h e  r e a l  and imag ina ry  p a r t s  of  t h e  exponen t  o f  t h e  f i e l d  s o l u t i o n  

A 
a s  d e p i c t e d  by t h e  7 l i n e a r  c o r r e c t i o n  t e rms  i n  E q u a t i o n  (B18).  S i n c e  t i le  

L 

measurements w i l l  be  conduc ted  w e l l  w i t h i n  abou t  t e n  s k i n d e p t h s  (10 6 i n  

t h e  medium) of  t h e  s o u r c e ,  t h e  0 .5% e r r o r  i n  t h e  r e a l  p a r t  of t h e  exponen t  

w i l l  produce an  c?npli t :~(!e e r r o r  c f  ,e.>s ;.;lan 5% i n  t h e  f i e l d  a t t e n u a t i o n  

f a c t o r .  A s i m i l a r  0.5X e r r o r  i n  t h e  ~ n a g i n a r y  p a r t  3 f  t h e  exponen t  ( t h e  
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argument of a trigonometric or Bessel function) will in turn, produce a 

shift in the position of an instantaneous null location by less than 1% 

of a wavelength at the same 10 6 distance away from the source. 

In theory at least any field configuration,including sources, can 

be given by a linear combination of homogeneous and inhomogeneous plane 

waves. Sometimes it is more convenient (especially in an angularly 

symmetric case such as a loop in a half space, with its plane parallel 

to the interface) to use cylindrical coordinates and Bessel functions 

instead of the Cartesian coordinates and trigonometric functions, which 

we have used to demonstrate the effect of perturbation by the minority 

current. A similar treatment of errors can also be carried through in 

cylindrical coordinates (or in spherical coordinates for that matter). 

However, in view of the extremely favorable results obtained for the 

W E  
elementary s~lutions in Cartesian coordinates for values of - up to 

0 

0.01, and the general similarities in the nature of the resultant fields 

in all three coordinate systems, the arbitrary 0.002 upper limit for 

W E  - imposed in the body of this memo should be more than adequate to 
0 

cover the small differences that may occur in a single media problem. 

Arthur D Little, Inc 



APPENDIX C 

TRIP TO HARVARD UNIVERSITY* 

FOR DISCUSSIONS ON MODELS 

ADL and c l i e n t  s t a f f  v i s i t e d  D r .  ECiego Izuka ,  a  p r o f e s s o r  a t  Harvard 
U n i v e r s i t y  working w i t h  e l e c t r o m a g n e t i c  model ing,  i n  o r d e r  t o  g e t  a  more 
p r a c t i c a l  f l a v o r  of t h e  p r e c a u t i o n s ,  p i t f a l l s ,  a d v a n t a g e s ,  and hardware  
i n v o l v e d  i n  t h e  u t i l i z a t i o n  of models.  

The f i r s t  h a l f  of t h e  v i s i t  was s p e n t  d i s c u s s i n g  modeling problems 
when d e a l i n g  w i t h  mixed media,  i n  p a r t i c u l a r ,  environments  which i n c l u d e  
a  s e a  w a t e r - a i r  i n t e r f a c e .  The second h a l f  of t h e  v i s i t  was s p e n t  d i s -  
c u s s i n g  and o b s e r v i n g  D r .  I z u k a ' s  f a c i l i t y  f o r  modeling p r o p a g a t i o n  i n  
media where t h e  c o n d u c t i v i t y  d o e s  n o t  remain c o n s t a n t  b u t  v a r i e s  i n  some 
p r e s c r i b e d  manner w i t h  d i s t a n c e .  

1. Modeling Problems w i t h  Mixed Media 

D i s c u s s i o n  of t h e  s e a  w a t e r - a i r  modeling problems d i v i d e d  n a t u r a l l y  
i n t o  t h r e e  a r e a s .  The f i r s t  d e a l t  w i t h  s i n g l e  medium problems c o n s i s t i n g  
of e i t h e r  d i e l e c t r i c  o r  conduc t ing  medial. Genera l  agreement was reached  
on t h e  m a t t e r  of  which terms i n  t h e  wave e q u a t i o n  cou ld  be  n e g l e c t e d  f o r  
each  media.  Namely, t h e  d i s p l a c e m e n t  c u r r e n t  term i n  conduc t ing  media,  
and t h e  conduc t ion  c u r r e n t  t e rm i n  low-loss d i e l e c t r i c  media. 

D i s c u s s i o n  c o n t i n u e d  on t h e  s u b j e c , t  of  whether  n e g l e c t i n g  t o  model 
t h e  a i r  medium p r o p e r l y  i n  a  s c a l e  model i n v o l v i n g  a  s e a  w a t e r - a i r  i n t e r -  
f a c e  would make much of a  d i f f e r e n c e .  To t r y  t o  g e t  a hand le  on and 
i l l u s t r a t e  t h i s  p o i n t ,  D r .  Izuka p r e s e n t e d  two c a s e s .  The f i r s t  invo lved  
a  model c o n f i g u r a t i o n  i n v o l v i n g  two d i f f e r e n t  d i e l e c t r i c  media,  s e p a r a t e d  
by a n  i n f i n i t e  i n t e r f a c e  a s  i n  t h e  a i r - s e a  w a t e r  problem. It was c l e a r  
i n  t h i s  c a s e ,  t h a t  i f  a 100 t o  1 change i n  t h e  upper  d i e l e c t r i c  c o n s t a n t  
was n e g l e c t e d ,  t h e  e f f e c t s  on t h e  f i e l d  i n  t h e  two r e g i o n s  would b e  
s t a r t l i n g ,  and c e r t a i n l y  cou ld  n o t  be  n e g l e c t e d .  I f  such  a  c a s e  were 
now extended t o  one i n  which t h e  lower d i e l e c t r i c  medium was g r a d u a l l y  
made more and more l o s s y ,  t h e  e f f e c t s  of n e g l e c t i n g  a  100  t o  1 change 
d i e l e c t r i c  c o n s t a n t  i n  t h e  upper  medium would s t i l l  e x i s t ,  b u t  would 
g r a d u a l l y  become l e s s  i m p o r t a n t .  However, t h e  c o n c l u s i o n  reached  a t  t h e  
mee t ing  w a s  t h a t  i t  was n o t  obv ious  t h a t  such  a  100 t o  1 change i n  d i e l e c -  
t r i c  c o n s t a n t  i n  t h e  upper  medium cou ld  be  ignored  a s  n e g l i g i b l e  f o r  a  
conduc t ing  medium such  a s  s e a  w a t e r  whose c o n d u c t i v i t y  was o n l y  a  moder- 
a t e l y  l a r g e  one.  Secondly ,  D r .  Izuka d i d  n o t  know of any s imple  way t o  
e s t i m a t e  t h e  magni tude of t h e  e r r o r  invo lved  shou ld  a  f a c t o r  on  t h e  o r d e r  
of 100  t o  1 i n  d i e l e c t r i c  c o n s t a n t  be  n e g l e c t e d  i n  a  modeling s i t u a t i o n .  
However, t h e  one p r e c i s e  way of  o b t a i n i n g  t h i s  e r r o r  i n f o r m a t i o n  would 

* During a p r e v i o u s  government p r o j e c t  i n  1968.  
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b e  t o  d e r i v e  a n a l y t i c a l  e x p r e s s i o n s  f o r  t h e  f i e l d s  expec ted  i n  b o t h  media 
a t  t h e  l o c a t i o n s  of i n t e r e s t ,  and t h e n  t o  s imply e v a l u a t e  t h e s e  e x p r e s s i o n s  
f o r  b o t h  v a l u e s  of d i e l e c t r i c  c o n s t a n t  ( 1  t o  1, and 100 t o  1 change) .  
Comparison of t h e  answers f o r  t h e s e  two s i t u a t i o n s  would g i v e  t h e  answer 
of how much d i f f e r e n c e  i t  makes t o  i g n o r e  t h e  s c a l i n g  of d i e l e c t r i c  con- 
s t a n t .  U n f o r t u n a t e l y  t h e  dilemma a t  t h e  p r e s e n t  t ime  is  t h a t  such a n  
e x p r e s s i o n  is  n o t  r e a d i l y  a v a i l a b l e  t o  us  f o r  s u b s t i t u t i n g  t h e s e  v a l u e s  
of d i e l e c t r i c  c o n s t a n t  and e v a l u a t i n g  t h e  e f f e c t s  on t h e  f i e l d  w i t h i n  t h e  
s p a c i a l  regimes of t h e  s o u r c e  t h a t  a r e  i m p o r t a n t  t o  our  a p p l i c a t i o n .  How- 
e v e r ,  D r .  I zuka  d i d  s a y  t h a t  p a r t i c u l a r l y  i n  c a s e s  i n v o l v i n g  more compli- 
c a t e d  geomet r i e s  i n  which t h e  d i s t a n c e s  from t h e  s o u r c e  t o  t h e  m e t a l  
o b j e c t  t o  t h e  s u r f a c e  i n t e r f a c e  and t h e  d imensions  of t h e  m e t a l  o b j e c t  
a r e  a l l  comparable t o  each o t h e r  and t h e  wave leng th ,  t h e n  t h e r e  was 
ex t remely  h i g h  p r o b a b i l i t y  of i n c u r r i n g  s i g n i f i c a n t  e r r o r s  i n  f i e l d  be- 
h a v i o r  i f  t h e  p r o p e r t i e s  of t h e  m a t e r i a l s  i n  q u e s t i o n  were n o t  s c a l e d  
p r o p e r l y  i n  t h e  model. T h i s  u n f o r t u n a t e l y ,  h e  h a s  s e e n  happen s o  many 
t imes  w i t h  exper imente r s  w i s h i n g  t o  g e t  q u i c k  r e s u l t s ,  and f i n a l l y  winding 
up w i t h  mean ing less  r e s u l t s  a s  a  r e s u l t  of t h e i r  h a s t e  and l a c k  of f o r e -  
s i g h t .  

(Dr. Izuka a l s o  b rough t  up a  c u r i o u s  p o i n t  i n  d e a l i n g  w i t h  modeling 
problems w i t h  i n f i n i t e  i n t e r f a c e s ,  namely t h a t  t h e r e  may b e  c a s e s  i n  which 
i t  i s  a l s o  n e c e s s a r y  t o  s c a l e  t h e  m a t e r i a l  p r o p e r t i e s  of even l o s s l e s s  
media when a t t e m p t i n g  t o  s c a l e  t h e  problem. Apparen t ly  c o n s i d e r a t i o n s  
such  a s  t h e s e  become i m p o r t a n t  when t h e  c o n f i g u r a t i o n  i s  a n  unbounded one 
i n v o l v i n g  i n f i n i t e  i n t e r f a c e s ,  however, t h i s  p o i n t  was n o t  made e n t i r e l y  
c l e a r . )  The upsho t  of t h i s  t a l k  was one of extreme c a u t i o n  i n  model ing;  
e i t h e r  model p r e c i s e l y  a s  d i c t a t e d  by t h e  e q u a t i o n s  o r  b e  ex t remely  s u r e  
b e f o r e  hand,  t h a t  your  approx imat ions  w i l l  indeed r e s u l t  i n  s m a l l  e r r o r s .  

2 .  D r .  I z u k a ' s  Modeling F a c i l i t y  

The second h a l f  o f  t h e  v i s i t  w e  s p e n t  l o o k i n g  a t  D r .  I z u k a ' s  model- 
i n g  f a c i l i t y .  S i n c e  D r .  I z u k a  i s  i n t e r e s t e d  i n  examining p r o p a g a t i o n  
phenomena i n  media whose c o n d u c t i v i t y  is  a  f u n c t i o n  of p o s i t i o n ,  h i s  
problems a r e  s l i g h t l y  d i f f e r e n t  t h a n  t h e  ones  i n  which we a r e  i n t e r e s t e d .  
I n  p a r t i c u l a r  h i s  problems app ly  d i r e c t l y  t o  p r o p a g a t i o n  w i t h i n  t h e  e a r t h ' s  
man t le  i n  which t y p i c a l l y  t h e  c o n d u c t i v i t y  of t h e  e a r t h  w i l l  d e c r e a s e  
q u i t e  r a p i d l y  between z e r o  and 5  k i l o m e t e r s  b e n e a t h  t h e  s u r f a c e ,  m a i n t a i n  
a  minimum v a l u e  t o  a n  approximate  dep th  of 1 5  k i l o m e t e r s  and t h e n  g r a d u a l l y  
i n c r e a s e  a g a i n  t o  abou t  t h e  a v a l u e  n e a r  t h e  s u r f a c e  a t  d e p t h s  on t h e  o r d e r  
of pe rhaps  30 k i l o m e t e r s  b e n e a t h  t h e  s u r f a c e  of t h e  e a r t h .  These changes 
i n  c o n d u c t i v i t y  w i t h  dep th  occur  i n i t i a l l y  because  i n c r e a s i n g  p r e s s u r e  
t e n d s  t o  squeeze  a l l  m o i s t u r e  o u t  of t h e  m a t e r i a l s  t h e r e b y  c r e a t i n g  a  min- 
imum i n  c o n d u c t i v i t y .  However, t h e  t r e n d  i n  c o n d u c t i v i t y  r e v e r s e s  i t s e l f  
a g a i n  b e c a u s e  of t h e  i n c r e a s e  i n  t empera tu re  a s  one decends f u r t h e r  i n t o  
t h e  e a r t h ' s  c r u s t .  T h i s  i n c r e a s e s  t h e  c o n d u c t i v i t y  a g a i n ,  t h e r e b y  forming 
a  t y p e  of wave g u i d e  s t r u c t u r e  i n  which waves can p r o p a g a t e  i n  a  guided 
manner. 
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To model t h i s  s i t u a t i o n  D r .  I z u k a  h a s  had t o  c o n s t r u c t  a  f a i r l y  
e l a b o r a t e  model ing  p r o c e d u r e .  S i n c e  h e ' s  working a t  UHF f r e q u e n c i e s  h i s  
s t r u c t u r e  i s  on t h e  o r d e r  of 1 5  by  1 5  f e e t  s q u a r e  by 3 f e e t  i n  h e i g h t .  
The most  c r i t i c a l  p a r t  of h i s  problem was t o  f i n d  a  way t o  v a r y  t h e  con- 
d u c t i v i t y  of h i s  medium i n  ways s i m i l a r  t o  t h a t  i n  t h e  e a r t h ' s  m a n t l e .  
He accompl i shes  t h i s  by u s i n g  a  s o l u t i o n  of Agar-Agar ( a  b a c t e r i a l  sub- 
s t a n c e )  d i s s o l v e d  i n  w a t e r ,  which  when a l lowed  t o  c u r e ,  becomes a  g e l a t a n -  
o u s  s u b s t a n c e .  The d e s i r e d  c o n d u c t i v i t y  p r o f i l e s  c a n  now b e  o b t a i n e d  i n  
t h i s  s u b s t a n c e  by a l l o w i n g  aqueous  s o l u t i o n s  of  v a r i o u s  s a l i n i t i e s  
d i f f u s e  themse lves  a s  a  f u n c t i o n  of t i m e  th rough  t h i s  Agar-Agar g e l a t i n e .  
D i f f u s i o n  t i m e s  t o  o b t a i n  t h e  p r o p e r  c o n d u c t i v i t y  p r o f i l e s  c a n  t a k e  on  
t h e  o r d e r  of weeks.  So t o  o b t a i n  t h e  p r o p e r  p r o f i l e  t h e  s a l t  w a t e r  i s  
a l lowed  t o  d i f f u s e  t h e  p r o p e r  number of d a y s  o r  weeks i n t o  t h e  Agar-Agar 
u n t i l  t h e  d e s i r e d  p r o f i l e  i s  o b t a i n e d .  R e p e a t i b i l i t y  i n  r e p r o d u c i n g  a  
g i v e n  c o n d u c i t i v i t y  p r o f i l e  i s  e x t r e m e l y  d i f f i c u l t  o r  n e a r l y  i m p o s s i b l e .  
But t h i s  is  n o t  of g r e a t  c o n c e r n  t o  D r .  I z u k a  s i n c e  h i s  i n t e r e s t  i s  ~ r i n -  
c i p a l l y  i n  p r o f i l e s  of t h e  g e n e r a l  s h a p e  t h a t  h e  c a n  p roduce  and n o t  
n e c e s s a r i l y  i n  s p e c i f i c  p r e c i s e l y  c o n t r o l l e d  p r o f i l e s .  He h a s  found h i s  
t e c h n i q u e s  t o  b e  q u i t e  s u c c e s s f u l  i n  o b t a i n i n g  t h e  p r o p e r  model ing  con- 
d i t i o n s  of i n t e r e s t  t o  him and i s  now modi fy ing  h i s  s e t u p  t o  make measure-  
ments  more c o n v e n i e n t .  D i s c u s s i o n  of h i s  f a c i l i t y  a l s o  c e n t e r e d  around 
s e v e r a l  p r e c a u t i o n s  t h a t  h e  h a s  t o  t a k e  t o  g e t  r e l i a b l e  r e s u l t s .  (Using 
a b s o r b e r s  and s t a y i n g  away from e d g e s ,  b r u s h i n g  a i r  b u b b l e s  from s u r f a c e ,  
w a t e r t i g h t  p r o b e s ,  e t c . )  H i s  f a c i l i t y  was i m p r e s s i v e  even though i t  had 
no d i r e c t  a p p l i c a t i o n  t o  o u r  problem. 

3 .  Conclusions 

I n  summary, t h e  conc lus ions  reached dur ing  t h e  meeting w i th  D r .  I zuka  
confirmed those  i n  t h e  body of t h i s  memorandum. Namely, t h a t  s i g n i f i c a n t  
e r r o r s  can be i ncu r r ed  by n o t  modeling t h e  m a t e r i a l  parameters  p rope r ly  
i n  a  mixed media s c a l i n g  problem; t h e r e  i s  no s imple  way t o  e s t i m a t e  t h e  -- 
magnitude of t h e s e  e r r o r s ,  p a r t i c u l a r l y  i n  ca se s  i nvo lv ing  complicated 
geometr ies  a s  expected i n  t h e  in tended  a p p l i c a t i o n ;  consequent ly  one 
could never  be con f iden t  of t h e  v a l i d i t y  of t h e  r e s u l t s  ob t a ined  from 
such i n e x a c t  models i nvo lv ing  mixed media. Since p e o p l e  who have a t tempted  -- 
t o  d i s r e g a r d  t h e s e  f a c t s  i n  t h e  p a s t  have s u f f e r e d  f o r  t h e i r  l a c k  o f  wisdom 
and f o r e s i g h t ,  ADL's p o s i t i o n  on t h e  m a t t e r  i s  t h a t  t h e  p u r s u i t  of expe r i -  
ments w i th  i n e x a c t  -- mixed media models i s  unwise, r i s k y  and u n j u s t i f i e d .  
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I V .  PERMANENT MAGNETS AS SIGNAL SOURCES FOR TRAPPED MINER 
LOCATION AND COMMUNICATION 

During t h e  i n i t i a l  phase  o f  o u r  work, t h e  p o t e n t i a l  u t i l i t y  of permanent 
magnets f o r  t h e  l o c a t i o n  of  and communication w i t h  t rapped  miners  was 
b r i e f l y  examined. Cons idera t ion  was given t o  t h e  d e t e c t i o n  of  n o t  on ly  
t h e  magnet ic  f i e l d  i t s e l f  b u t  a l s o  t h e  f i e l d  g r a d i e n t .  

A. ROTATING BAR MAGNETS 

I n  p r i n c i p l e ,  a  miner l o c a t i o n  o r  communication system could be  b u i l t  
based upon t h e  d e t e c t i o n  of t h e  f i e l d  o f  a  r o t a t i n g  b a r  magnet. At any 
p o i n t  i n  space ,  t h i s  f i e l d  w i l l  o s c i l l a t e  i n  va lue  a s  t h e  r e l a t i v e  
o r i e n t a t i o n  of  t h e  magnet changes dur ing  r o t a t i o n ,  s a y ,  under manual 
power. 

The ampli tude of t he  r a d i a l  component of t h i s  f i e l d  o s c i l l a t i o n  may be 
w r i t t e n  a s  

M 
Ho = -3 

2nr  (1) 

2 
where r is  t h e  range i n  mete rs ,  and M t h e  magnetic moment i n  ampere-meters . 
Taking a  magnet w i th  uniform r e s i d u a l  i nduc t i on  B t h e  magnet ic  moment i s  r ' 
given  by 

BrV V be ing  t h e  volume 
M = -  

9 of  t h e  magnet, and (2 )  
u 0 

p0 be ing  t h e  pe rmeab i l i t y  of f r e e  space .  

The fo l lowing  t a b l e  p rov ides  an i d e a  of t y p i c a l  f i e l d  s t r e n g t h s  and g r a d i e n t s  
t h a t  w i l l  be  produced i n  such a  scheme by a  bar- type magnet about 16 i nches  
l ong  made o u t  of samarium c o b a l t ,  p r e s e n t l y  t h e  b e s t  b u t  most expensive 
permanent magnet m a t e r i a l .  A l l  f i e l d s  a r e  expressed i n  r a t i o n a l i z e d  MKS u n i t s .  

Table  1 

FIELD STRENGTHS AND GRADIENTS FOR SAMARIUM COBALT BAR-TYPE MAGNETS 

Magnet Source Magnet Magnet F i e l d  
Res idua l  ~ a g n e t ' s  Magnetic ~ a g n e t ' s  Range F i e l d  Grad ien t  
Induc t  i o n  

2  
Vol 

B y ,  (weber/m ) m 3 
moment W t  . dH 0 
amp-m2 l b s .  r ,  f t .  Ho, a/m d r  , a/m/m 

2  
For a  magnet of barium f e r r i t e ,  Br  = 0 . 3  weber/m , bu t  a  s av ing  of 3 t o  1 i n  
weight  and 100 t o  1 i n  m a t e r i a l  c o s t  can be  r e a l i z e d  over  a  samarium c o b a l t  
magnet . 
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Magnet r o t a t i o n  r a t e s  on t h e  o r d e r  of 1-3 Hz a r e  r e a s o n a b l e ,  w i t h  10  Hz perhaps  
a  p r a c t i c a l  upper l i m i t .  I n  t h i s  f requency range t h e  d e t e c t i o n  of t h e  r e s u l t a n t  
f i e l d  i s  l i k e l y  t o  be  geomagne t ica l ly  n o i s e  l i m i t e d .  Th is  n o i s e  owes i t s  o r i g i n  
t o  a tmospher ic  and i o n o s p h e r i c  phenomena. It h a s  ampl i tudes  t y p i c a l l y  i n  t h e  
range of 10-6 a/m-10-4 a/m; b u t  can r i s e  t o  l e v e l s  g r e a t e r  t h a n  10-3 a/m a t  
f r e q u e n c i e s  below 1 Hz, and f a l l  t o  l e v e l s  below 10-6 a/m above 10 Hz. The 
n o i s e  i s  t y p i c a l l y  normal ized t o  a  bandwidth of 1 Hz above 1 Hz, b u t ,  below 
1 Hz i t  i s  r e f e r r e d  t o  o c t a v e  f requency i n t e r v a l s  s t a r t i n g ,  f o r  example, from 
0 . 0 1  Hz. 

An i d e a  o f  t h i s  n o i s e  l i m i t a t i o n  may be  o b t a i n e d  on t h e  assumption,  a d m i t t e d l y  
ve ry  approximate ,  t h a t  t h e  geomagnetic n o i s e  a r i s e s  from a  magnet ic  d i p o l e  a t  
a  r ange ,  R ,  f a r  away from t h e  magnet s i g n a l  source .*  The f o l l o w i n g  t a b l e  shows 
t h e  ranges  from a  magnet ic  s o u r c e  a t  which t h e  f i e l d  and f i e l d  g r a d i e n t  of t h e  
geomagnetic n o i s e  i n  a  1 Hz bandwidth a r e  e q u a l  t o  t h o s e  of t h e  150 l b ,  10-~m3 
permanent magnet o f  Tab le  1. Two d i f f e r e n t  r o t a t i o n  f r e q u e n c i e s  were  chosen,  
one between 1 - 3 Hz and a n o t h e r  around 10 Hz. Three r e p r e s e n t a t i v e  v a l u e s  
of t h e  n o i s e  f i e l d  a t  t h e  p o i n t  o f  o b s e r v a t i o n  have been t a k e n .  However, f o r  
t h e  sake of computing g r a d i e n t s ,  i n  a l l  c a s e s  t h e  s o u r c e  o f  t h e  g t ~ m a g n e t i c  
n o i s e  h a s  been assumed t o  b e  a t  two d i f f e r e n t  d i s t a n c e s  from t h e  p o i n t  o f  
o b s e r v a t i o n , i n  o r d e r  t o  de te rmine  t h e  p o t e n t i a l  performance o f  g r a d i e n t  
d e t e c t i o n  schemes v e r s u s  f i e l d  d e t e c t i o n  schemes. 

Tab le  2 

RANGES AT WHICH SIGNAL MiD NOISE FIELDS AND GRADIENTS ARE EQUAL 
(FOR BAR MAGNET SIGNALS AND GEOPYAGNETIC NOISE) 

D i s t a n c e  from I F i e l d  
[Jis t a n c e  from 

F i e l d  G r a d i e n t  
D i s t a n c e  from 

(1)  For an assumed n o i s e  s o u r c e  f requency around 1 0  Hz. 

Geomagnetic 
Noise Source 

R ,  Mi les  

625 

12)  For two d i f f e r e n t  assumed n o i s e  s o u r c e  s t r e n g t h s  i n  t h e  1-3 Hz f requency 
band. 

* T h i s  a n a l y s i s  cannot  be  expected t o  ho ld  i n  t h e  p resence  o f  s t r o n g ,  
l o c a l  thunders to rm a c t i v i t y .  

Noise Permanent Mag- 
F i e l d  n e t  Source  (3) 
Hn,  a/m rd,  f t .  

(1) 8 x l 0 - ~  3900 
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Noise F i e l d  Permanent Mag- 
Grad ien t  n e t  Source (3)  
d ~ ~ / d ~ ,  a/m/m 4, f t .  

(1) 2 . 4 ~ 1 0 - l 2  21500 



( 3 )  D i s t a n c e  from samarium c o b a l t  magnet s o u r c e  where f i e l d  o r  f i e l d  g r a d i e n t  
i s  e q u a l  t o  t h a t  of  n o i s e  s o u r c e .  

These t a b l e s  i n d i c a t e  t h a t  permanent magnets can o f f e r  magnet ic  moments and 
d e t e c t i o n  ranges  t h a t  compare f a v o r a b l y  w i t h  t h o s e  o b t a i n a b l e  from c u r r e n t -  
f e d  l o o p s  and f i e l d  d e t e c t i o n  sys tems .  They a l s o  i n d i c a t e  t h e r e  i s  a  
p o t e n t i a l  advantage t o  b e  ga ined  i n  u s i n g  a  d e t e c t i o n  scheme based  on t h e  
f i e l d  g r a d i e n t  ( r i d )  r a t h e r  t h a n  on t h e  f i e l d  i t s e l f  ( r d ) ,  by making u s e  
o f  t h e  f a c t  t h a t  geomagnetic n o i s e  s o u r c e s  a r e  f r e q u e n t l y  a  g r e a t  d i s t a n c e  
away, e x c e p t  i n  t h e  c a s e  of  v e r y  l o c a l  thunders to rm a c t i v i t y .  Geomagnetic 
g r a d i e n t  n o i s e  measurements a r e  r e q u i r e d  t o  v e r i f y  t h i s  a s sumpt ion ,  which 
u n d e r l i e s  t h e  i n t e r e s t  i n  g r a d i o m e t e r s .  I n  what f o l l o w s ,  a  b r i e f  o u t l i n e  
of t h e  p r i n c i p l e s  behind a  g r a d i e n t  d e t e c t i o n  sys tem is  p r e s e n t e d .  

B e  MAGNETIC F I E L D  GRADIENT DETECTION 

I n  r e c e n t  y e a r s  new t y p e s  o f  magnetometers w i t h  s e n s i t i v i t i e s  t h r e e  t o  f i v e  
o r d e r s  of  magnitude b e t t e r  than  p r e s e n t  d e v i c e s  have been proposed and 
demons t ra ted  i n  t h e  l a b o r a t o r y ,  and i n  c e r t a i n  w e l l  c o n t r o l l e d  a p p l i c a t i o n s ,  
e . g . ,  med ica l*  These d e v i c e s  make use  of  t h e  p r o p e r t i e s  of  s u p e r c o n d u c t i n g  
t h i n  f i l m s .  P a r t i c u l a r l y  a t t r a c t i v e  a r e  magnetometers o f  t h e  Josephson 
t y p e .  s heir o p e r a t i o n  depends upon t h e  o b s e r v a t i o n  t h a t  a s  t h e  magnet ic  
f i e l d  t o  which a  superconduc to r -ba r r i e r - superconduc to r  s t r u c t u r e  -- a  so- 
c a l l e d  Josephson -- i s  s t e a d i l y  i n c r e a s e d ,  t h e  maximum v a l u e  of  t h e  c u r r e n t  
which can b e  d r i v e n  through t h e  s t r u c t u r e ,  w i t h o u t  d e v e l o p i n g  a  v o l t a g e  
t h e r e ,  f i r s t  d r o p s  t o  z e r o  and t h e n  rises t o  a  peak v a l u e  less than  t h e  peak 
when i n  z e r o  f i e l d ;  i t  then  once more f a l l s  t o  z e r o  and a g a i n  r i s e s  t o  a  
s t i l l  lower  peak ,  and s o  f o r t h .  

t h e  t o t a l  f l u x  w i t h i n  t h e  j u n c t i o n  i s  
$0 , t h e n  

I = I, 
max (3) 

$J ,  and t h e  f l u x  quantum i s  deno ted  

where I, 
i s  t h e  maximum c u r r e n t  through t h e  j u n c t i o n  i n  z e r o  f i e l d .  

The b a r r i e r  may b e  a  p o i n t  c o n t a c t  of one superconduc to r  upon t h e  o t h e r ,  o r  
a  c o n s t r i c t i o n  i n  a  s u p e r c o n d u c t i n g  r i n g .  By a p p l y i n g  a  t i m e  dependent  f l u x  
o r  c u r r e n t  t o  a  "weak l i n k "  such a s  a  c o n s t r i c t i o n ,  t h e  c r i t i c a l  c u r r e n t  v a l u e  
th rough  t h e  weak l i n k  may b e  p e r i o d i c a l l y  exceeded d r i v i n g  t h e  weak l i n k  o u t  
of  t h e  ze ro -vo l t age  c o n d i t i o n .  Hence, an  AC v o l t a g e  w i l l  be  produced a c r o s s  
t h e  weak l i n k  which v a r i e s  p e r i o d i c a l l y  a t  t h e  same r a t e ,  and whose ampl i tude  
depends on t h e  background DC magnet ic  f i e l d  p r e s e n t .  I n  p r a c t i c e  a  feedback 
scheme is  employed t o  m a i n t a i n  t h e  f l u x  through t h e  loop  ( o r  t h e  c u r r e n t  th rough  
t h e  weak l i n k )  c o n s t a n t ,  and t h e  c o n t r o l  s i g n a l  i s  t h e  i n s t r u m e n t a l  o u t p u t .  
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Josephson magnetometers a r e  s u f f i c i e n t l y  s m a l l  ( a  few c u b i c  m i l l i m e t e r s )  t h a t  
i t  a p p e a r s  f e a s i b l e  t o  c o n s t r u c t  a  d i f f e r e n t i a l  (g rad iomete r )  sys tem w i t h  l i n e a r  
d imensions  of  t h e  o r d e r  of a  f o o t .  E s s e n t i a l l y ,  2 superconduc t ing  c o i l s  a r e  
connected i n  s e r i e s  o p p o s i t i o n ,  w i t h  a  weak l i n k  i n  t h e  c i r c u i t  s o  t h a t  t h e  
sys tem i s  s e n s i t i v e  o n l y  t o  d i f f e r e n c e s  i n  t h e  f l u x  a c r o s s  t h e  2  c o i l s .  
Provided t h e  c o i l s  a r e  i d e n t i c a l  (and t h i s  r e s t r i c t i o n  i n  p r a c t i c e  p l a c e s  
a  l i m i t  on t h e  a t t a i n a b l e  s e n s i t i v i t y ) ,  t h i s  t r a n s l a t e s  i n t o  a  measurement of 
t h e  d i f f e r e n c e  i n  magnet ic  f i e l d  s t r e n g t h s  a t  t h e  p o s i t i o n  of t h e  2  c o i l s  
and,  hence,  t o  a  measurement of  t h e  magnet ic  f i e l d  g r a d i e n t .  

I t  seems p o s s i b l e  t h a t  sys tems such a s  t h e  one u s t  o u t l i n e d  would have f i e l d  
g r a d i e n t  s e n s i t i v i t i e s  i n  t h e  range of  10-8-10-4 (amps/meter) /mete r .  However, 
t h e r e  a r e  s t i l l  s e v e r a l  major e n g i n e e r i n g  d i f f i c u l t i e s  t o  be  overcome a s  w e l l  
a s  some u n c e r t a i n t i e s  i n  t h e  n a t u r e  of t h e  n o i s e  environment t o  which g rad io-  
mete r s  w i l l  be  exposed.  Hence, some y e a r s  of e f f o r t  w i l l  be r e q u i r e d  f o r  
p r o g r e s s  from t h e  l a b  t o  t h e  f i e l d  i n s t r u m e n t  s t a g e .  The above v a l u e s  f o r  
t h e  s e n s i t i v i t y  a t t a i n a b l e  i n  p r i n c i p l e  have been a r r i v e d  a t  a s  a  r e s u l t  of 
c o n s i d e r i n g  i n h e r e n t  l i m i t a t i o n s  imposed by such f a c t o r s  a s  c o n s t r u c t i o n a l  
t o l e r a n c e s  and the rmal  f l u c t u a t i o n s .  

C . CONCLUDING REMARKS 

I t  w i l l  be  no ted  t h a t  t h e  above Josephson-type g rad iomete r  s e n s i t i v i t i e s  
a r e  n o t  good enough f o r  d e t e c t i n g  s igna.1  f i e l d  g r a d i e n t s  e q u a l  t o  t h o s e  of  
t h e  n o i s e  d i s p l a y e d  i n  Table  2 .  Hence, t h e  cor responding  d e t e c t i o n  ranges  
w i l l  b e  reduced t o  anywhere from 80% t o  30% of t h e  v a l u e s  f o r  rid quoted 
t h e r e ,  b u t  may s t i l l  remain abou t  twice  a s  l a r g e  a s  t h e  d e t e c t i o n  ranges  rd  
f o r  t h e  f i e l d s  themselves .  I n  view of t h e  c u r r e n t  development s t a t u s  of 
t h e s e  g rad iomete rs  and t h e  e n g i n e e r i n g  d i f f i c u l t i e s  t h a t  remain,  t h e  
Josephson grad iomete r  sys tem i s  n o t  worth  pursu ing  f u r t h e r  a t  t h i s  t ime 
f o r  Bureau of Mines communication and l o c a t i o n  a p p l i c a t i o n s .  

However, t h e  t echn ique  of  u s i n g  a  r o t a t i n g  b a r  magnet a s  an underground 
emergency s o u r c e  f o r  EM l o c a t i o n  may be worth  a  b i t  more c o n s i d e r a t i o n ,  
e s p e c i a l l y  i f  t h e  l i g h t e r  and lower  c o s t  barium f e r r i t e  m a t e r i a l  cou ld  be  
used.  Then a  16-inch l o n g  2-inch-square b a r  magnet w i t h  a  magne t ic  moment 
of abou t  250 amp-m2 would weigh on ly  about  5  l b s .  I f  t h i s  b a r  a l s o  had a 
h o l e  through i t  midway between t h e  end p o i n t s ,  i t  cou ld  then  be  mounted 
by a  t r apped  miner t o  a  conven ien t  e n t r y  w a l l ,  l i k e  s a y  a  p r o p e l l e r  o r  
p inwheel ,  by s imply p a s s i n g  a  s p i k e  through t h e  h o l e  i n  t h e  magnet and 
d r i v i n g  t h e  s p i k e  i n t o  t h e  w a l l  w i t h  a  hammer. The magnet cou ld  then  be  
e a s i l y  r o t a t e d  manually l i k e  a  p r o p e l l e r  by s p i n n i n g  i t  o r  c r a n k i n g  i t  
around.  Such a  s imple  and rudimentary  scheme appears  t o  be worth  a  c l o s e r  
examina t ion ,  p a r t i c u l a r l y  s i n c e  i t  r e q u i r e s  no electr ical  power. 
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V. PRELIMINARY FEASIBILITY EXPERIMENT FOR A MINE WIRELESS ALARl4 SYSTEM 

INTRODUCTION 

One Bureau of  Mines approach f o r  p rov id ing  an e f f e c t i v e  and low c o s t  
wireless a la rm system t o  a l e r t  mine s u r f a c e  personne l  of mine emergency 
s i t u a t i o n s  and l o c a t i o n s ,  i s  one u t i l i z i n g  manually-actuated, address-  
a b l e ,  w i r e l e s s  f i r eboxes  l o c a t e d  a t  s t r a t e g i c  l o c a t i o n s  i n  a mine. 
These f i r eboxes  would be  a c t u a t e d  by miners a t  t h e  scene ,  o r  wh i l e  
f l e e i n g  t h e  scene ,  i n  much t h e  same manner a s  s u r f a c e  community f i r e  
a larm boxes.  These boxes could a l s o  s e r v e  a s  miner l o c a t i o n  dev i ce s ;  
marking an escape  r o u t e  fol lowed by miners  who ac tua t ed  t h e  boxes a s  
they  passed them, and i n d i c a t i n g  t h e  r e s t i n g  p l a c e s  of t rapped  miners  
o r  t h e  cont inued e x i s t e n c e  of l i f e  a t  a l o c a t i o n  i f  t h e  boxes were 
capable  of  be ing  r e a c t i v a t e d  and reused .  

A p o t e n t i a l l y  a t t r a c t i v e  candida te  f o r  such a f i r e b o x  system is  a s imple  
s i n u s o i d a l  s e i smic  f o r c e  gene ra to r ,  s i m i l a r  t o  a sma l l  p o r t a b l e  u n i t  
developed f o r  t h e  Limited Warfare Lab (LWL) s e v e r a l  yea r s  ago, i f  used 
w i t h  geophones and a narrowband waveform ana lyzer  on t h e  s u r f a c e .  

This  approach appeared p a r t i c u l a r l y  a t t r a c t i v e  because of t h e  i n h e r e n t  
s i m p l i c i t y  of t h e  gene ra to r  and t h e  d e t e c t i o n  advantages o f f e r e d ,  i n  
t h e  presence  of background se i smic  n o i s e ,  by t h e  s i n u s o i d a l  f o r c e  (and 
corresponding displacement)  s i g n a l  produced by t h e  gene ra to r .  A c a l l  
t o  t h e  LWL i n v e s t i g a t o r s  r evea l ed  t h a t  l i t t l e  documentation e x i s t e d  
regard ing  LWL tests wi th  t h e  dev ice .  The p r i n c i p a l  i n v e s t i g a t o r s  could 
on ly  remember t h a t :  d e t e c t i o n  ranges  of 300-400 yards  w e r e  ob ta ined  by 
us ing  t h e  gene ra to r  w i t h  t h e  narrowband r e c e i v e r  and t h a t  background 
se i smic  n o i s e  was g e n e r a l l y  t h e  l i m i t a t i o n  t o  performance. 

R e l i a b l e  exper imenta l  d a t a  was indeed n o t  a v a i l a b l e  f o r  t h e  f o r c e  gener- 
a t o r  and i t s  p o s s i b l e  d e t e c t i o n  range ,  s o  a s imple  crude experiment was 
de f ined  and performed t o  s e e  i f  t h e  approach was worth pursu ing  f u r t h e r .  
The r e s u l t s  ob t a ined  were p o s i t i v e  enough f o r  us  t o  recommend t h a t  ano the r  
s imple  bu t  more r e f i n e d  experiment was worth doing,  i n  a c o n t r o l l e d  mine 
environment such a s  t h e  Bruceton Sa fe ty  Research mine, t o  s e e  i f  f u r t h e r  
i n v e s t i g a t i o n  i s  war ran ted .  

EQUIPMENT 

The equipment used f o r  t h e  experiment is  shown i n  b lock  diagram form i n  
F igure  1 and desc r ibed  below. 

(1) f o r c e  gene ra to r ,  

(2)  senso r  and a s s o c i a t e d  a m p l i f i e r s  and f i l t e r s ,  and 

(3) minicomputer narrowband waveform ana lyze r .  
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A s i n u s o i d a l  f o r c e  gene ra to r  s i m i l a r  t o  t h e  LWL u n i t  was ob t a ined ,  on 
l o a n ,  from a l o c a l  ADL c l i e n t  f o r  whom we had f a b r i c a t e d  such a u n i t  
some t ime ago f o r  ano the r  a p p l i c a t i o n .  A photograph of  t h e  f o r c e  gen- 
e r a t o r  i s  shown i n  F igure  2 .  This  gene ra to r  produces a v e r t i c a l  s i n e  
wave of  f o r c e  by counte r  r o t a t i o n  of two unbalanced l oads  ( 1  l b .  weigh ts )  
a t t a c h e d  t o  two s h a f t s .  Rota t ion  of t h e  s h a f t s  is  by a geared-up hand 
crank.  The f o r c e  produces s i n u s o i d a l  s e i smic  waves i n  t h e  ground, which 
a r e  in - tu rn  sensed by a geophone and de t ec t ed  i n  t h e  presence of n o i s e  
a f t e r  narrowband a n a l y s i s  o r  f i l t e r i n g .  

The v e r t i c a l  f o r c e  waveform produced by t h i s  gene ra to r  i s  given by f ( t ) =  
2 2mw r s i n  w t ,  where m i s  t h e  mass of  each weight ,  w i s  t h e  angula r  r o t a -  

t i o n  f requency and r i s  t h e  r a d i u s  of t h e  e f f e c t i v e  c e n t e r  of  each weight  
from t h e  a x i s  of i t s  s h a f t .  This  u n i t  produces approximately 140 l b s  o f  
peak f o r c e  (280 l b s .  peak-to-peak) when t h e  weights  a r e  r o t a t i n g  a t  a 
20 Hz r a t e .  

This  p a r t i c u l a r  gene ra to r  can b e  used most s imply by f i n n l y  s ecu r ing  i t  
t o  a t r e e ,  f i r m l y  p l an t ed  p o l e ,  o r  v e r t i c a l  member, by means of t h e  
a t t a ched  b e l t  and t e n s i o n  adjustment  screws. Tension must b e  s u f f i c i e n t  
t o  p revent  s l i p p a g e  up and down dur ing  ope ra t i on .  The gene ra to r  i s  
opera ted  by t u r n i n g  t h e  handcrank s lowly a t  f i r s t ,  and then  i n c r e a s i n g  
t h e  speed t o  t h a t  corresponding t o  t h e  d e s i r e d  frequency. The speed i s  
then  maintained by observ ing  t h e  speed i n d i c a t o r ,  a crude v i b r a t i n g  r eed  
temporar i ly  a t t a c h e d  t o  t h e  gene ra to r  f o r  t h i s  experiment.  Opera t ing  
f requenc ies  i n  t h e  v i c i n i t y  of 20 Hz were de s i r ed  f o r  t h i s  experiment.  

The s enso r  was a Mark Produc ts ,  I n c . ,  Model L-1B geophone w i th  550 ohm 
outpu t  impedance. The geophone was connected t o  t h e  a m p l i f i e r s  and 
f i l t e r s  v i a  approximately 100 f e e t  of geophone cab l e .  The p r e a m p l i f i e r  
was a P r ince ton  Applied Research (PAR) Model CR-4 w i th  a d j u s t a b l e  upper 
and lower cut-off  f r equenc i e s .  The f i l t e r  was a Krohn-Hite Model 3200 
lowpass f i l t e r  wi th  a 2 4 d ~ l o c t a v e  r o l l - o f f  r a t e  ( t h e  lowpass cut-off  
was set t o  40Hz). A Tek t ron ix  scope plug-in  u n i t  was a l s o  used a s  an 
a m p l i f i e r  t o  g e t  a d d i t i o n a l  ga in ,  because t h e  PAR u n i t  d i d  n o t  p rov ide  
an ou tpu t  v o l t a g e  l a r g e  enough t o  e f f i c i e n t l y  d r i v e  t h e  A I D  conve r t e r  
of t h e  s i g n a l  p roces s ing  and a n a l y s i s  equipment. 

The narrowband waveform ana lyze r  used was a Computer S i g n a l  P roces so r s ,  
I nc .  (CSPI) CSS-3 d i g i t a l  s i g n a l  p rocess ing  system l i k e  t h a t  purchased 
f o r  t h e  Bureau of  Mines CMRSS se i smic  l o c a t i o n  subsystem. It i s  shown 
i n  b lock  diagram form i n  F igure  3. The CSS-3 c o n s i s t s  of a Varian 620R 
minicomputer and an ex t ens ive  s i g n a l  p rocess ing  sof tware  package; a 
minimum of  8192 words of core  memory; a 12-bi t  A/D conve r t e r  and two 
12-b i t  D/A c o n v e r t e r s ;  a CRT d i s p l a y ,  d i s p l a y  cu r so r  and a x i s  gene ra to r ;  
an X-Y p l o t t e r  i n t e r f a c e ;  and a t e l e t y p e w r i t e r  w i th  paper  t a p e  r e a d e r  
and punch. The CSS-3 system was used f o r  t h i s  experiment because:  i t  
could prov ide  t h e  f l e x i b l e ,  r e a l - t ime ,  h igh- reso lu t ion  spectrum a n a l y s i s  
d e s i r e d  t o  d e t e c t  a s i n u s o i d a l  s e i smic  s i g n a l  i n  t h e  mids t  of h igh  
s e i smic  background n o i s e ;  t h e  Bureau of  Mines p r e s e n t l y  has  two of t h e s e  
CSS-3 systems i n  i t s  inven to ry ;  and CSPI which i s  convenien t ly  l o c a t e d  
i n  t h e  Boston a r e a  was most coopera t ive  i n  p rov id ing  a demonstrat ion of 
t h e  CSS-3 by making i t  a p a r t  of t h i s  experiment performed a t  t h e i r  p l a n t  
i n  Bur l i ng ton ,  Mass. 

9.40 
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FIGURE 2 SEISMIC SINE WAVE FORCE GENERATOR 

Weight - 200 Ibs. 
Dimensions - Height 48 .5 ,  Width 22". Depth 26.5" 

FlGUR E 3 SIMPLIFIED CCS-3A AND B FUNCTIONAL DIAGRAM 
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A Tekt ronix  p o r t a b l e  scope and t ape  r eco rde r  were used t o  monitor t h e  
rece ived  s i g n a l s  and background n o i s e ,  t h e  t ape  r eco rde r  being used t o  
playback some of t h e  more i n t e r e s t i n g  waveforms through t h e  CSS-3 f o r  
a d d i t i o n a l  a n a l y s i s  us ing  d i f f e r e n t  r e s o l u t i o n s  o r  o t h e r  a n a l y s i s  
parameters .  

C . EXPERIMENT 

The experiment w a s  performed l a t e  i n  t he  a f te rnoon of 8 May 1972 by 
R. Lagace and R. Spencer of ADL and M. Schrage and J. Ferguson of CSPI 
a t  t h e  CSPI p l a n t  i n  i n t e r m i t t e n t  l i g h t  r a i n .  It was a quick ly  con- 
ceived and executed pre l iminary  experiment with a purposely l i m i t e d  
o b j e c t i v e :  t o  o b t a i n  an answer t o  t h e  ques t i on ,  "Is i t  p o s s i b l e  t o  
sense  and d e t e c t  over  moderate d i s t a n c e s  a s i n u s o i d a l  se i smic  s i g n a l  
generated by t h e  s m a l l  ADL f o r c e  genera tor  i n  t h e  midst  of background 
se i smic  n o i s e ,  by u s ing  a geophone and t h e  CSS-3 and i t s  h igh- reso lu t ion  
Fas t  Four i e r  Transform (FFT) rea l - t ime  spectrum a n a l y s i s  sof tware?" 

The spectrum a n a l y s i s  sof tware  i s  similar t o  t h a t  r e c e n t l y  used by NBS 
on a l a r g e  computer and by WGL on t h e  CSS-3 t o  analyze EM n o i s e  wave- 
forms i n  and above c o a l  mines. I n  p a r t i c u l a r ,  we began w i t h  t he  Basic  
CSS-3 Four i e r  Transform Funct ion,  which i s  equiva len t  t o  512 cons tan t  
bandwidth f i l t e r s  covering t h e  range from DC t o  a d e s i r e d  upper f r e -  
quency (50 Hz i n  our  experiment) ;  bu t  qu ick ly  changed t o  t h e  Zoom 
Four i e r  Transform Function which p l aces  a l l  t h e  512 narrowband f i l t e r s  
i n  a band about t h e  s p e c i f i c  f r equenc i e s  of i n t e r e s t ,  thereby provid ing  
g r e a t l y  i nc reased  r e s o l u t i o n  i n  t h e  Zoom frequency band. For t h i s  
experiment,  a 10-12 Hz band cen te red  around t h e  nominal gene ra to r  
frequency of 20 Hz was chosen. Analysis  bandwidths ( o r  r e s o l u t i o n s )  
of 0 . 1  Hz and 0.2 Hz were found t o  be t he  most p r a c t i c a l  w i th  r e s p e c t  
t o  t h e  h i g h e s t  r e s o l u t i o n  c o n s i s t e n t  w i th  good d e t e c t a b i l i t y  of a s i n e  
wave s i g n a l  from a source  whose frequency could n o t  be p r e c i s e l y  con- 
t r o l l e d  under t h e  manual ope ra t i ng  cond i t i ons .  During t h e s e  l i m i t e d  
t e s t s ,  s e v e r a l  a n a l y s i s  parameters were v a r i e d  i n  an at tempt  t o  f i n d  
those  most f avo rab l e  t o  t h e  p r e v a i l i n g  s i g n a l  and n o i s e  cond i t i ons .  
Values of 114 and 118 f o r  t h e  Zoom f a c t o r ,  and va lues  of 112 and 114 
f o r  t h e  exponent ia l  weight ing f a c t o r  f o r  averaging gave t h e  most use- 
f u l  r e s u l t s .  

S igna l  d e t e c t i o n  experiments were performed wi th  t h e  f o r c e  gene ra to r  
a t t ached  t o  t h r e e  d i f f e r e n t  o b j e c t s  i n  o r  ad jacent  t o  t h e  CSPI parking 
l o t ;  a te lephone po le ,  a t r e e ,  and an unhi tched t r a i l e r .  The app rop r i a t e  
l o c a t i o n  of t h e  o b j e c t s  and corresponding geophone l o c a t i o n s  a r e  shown 
i n  t h e  ske tch  of F igure  4.  No a t tempt  was made t o  bury t h e  geophone o r  
o therwise  provide b e t t e r  coupl ing t o  t h e  ground. 

Arthur D Little, Inc. 



- 5 ft. Middlesex Turnpike (Undivided Highway) 
I I 

~ e ~ e p h o n k  POI; -a Geo~hone Sidewalk 

Geophone 
Driveway Paved Parking Lot 

-- 8 ft.  Drop in Grade 
/fi:r I C S P  Building 

Below Sidewalk 

Paved Parking Lot 

-- 300 ft.  

Edge of Paved Lot 
,, .. . : ' . : A , .  :..'. : , :  .- .  . ....:. . ' , ' . , : ,  . '  . .'..". .... :...,, , ' ., '.'.'.., .'..... . , . . . . . . . . . . - , . . ................................................. ..:.,. 

Muddy Swampy Area . Tree (- 6" diarn.) 

FIGURE 4 EXPERIMENT GEOMETRIES 

9 .43 

Arthur D Little lnc 



When s i g n a l l e d  by t h e  l a b  team, t h e  f o r c e  gene ra to r  ope ra to r  cranked 
t h e  gene ra to r  a t  a s  cons t an t  a speed a s  he could main ta in  f o r  about one 
o r  two minute i n t e r v a l s .  The l a b  team i n  t u r n  processed t h e  incoming 
s i g n a l  and n o i s e  on t h e  CSS-3 i n  real- t ime t o  produce h igh- reso lu t ion  
s i g n a l  spectum p l o t s ,  wh i l e  a l s o  record ing  t h e  waveforms on magnet ic  
t a p e  f o r  l a t e r  r ep roces s ing  and a n a l y s i s  i f  d e s i r e d .  The s e i smic  back- 
ground n o i s e  was a l s o  analyzed and p l o t t e d  e i t h e r  j u s t  b e f o r e  o r  j u s t  
a f t e r  t h e  s i g n a l  was tu rned  on and o f f  r e s p e c t i v e l y .  The waveform mag- 
n i t u d e  (o r  "voltage") spectrum outpu t  was d i sp layed  on t h e  CRT on t h e  
f r o n t  of  t h e  CSS-3 cab ine t  and p l o t t e d  on t h e  a s s o i c a t e d  X-Y p l o t t e r ,  
bo th  on l i n e a r  s c a l e s  a s  opposed t o  dB s c a l e s .  To o b t a i n  t h e  s i g n a l  
power spectrum, t h e  p l o t t e d  v a l u e s  must be  squared.  

A s  a r e s u l t  of t h e  p r e l im ian ry  n a t u r e  of t h i s  exper iment ,  no a t tempt  was 
made t o  c a l i b r a t e  t h e  equipment, and though an i n i t i a l  a t t empt  was made 
t o  r eco rd  a l l  equipment ga in  s e t t i n g s  and ad jus tments ,  t h e  number of  
spur-of-the-moment changes made i n  t r y i n g  t o  op t imize  performance dur ing  
t h i s  s h o r t  experiment proved t o  be  t oo  burdensome t o  record  completely .  
Therefore  t h e  v e r t i c a l  s c a l e s  of t h e  s p e c t r a  a r e  n o t  c a l i b r a t e d  o r  i n  
a b s o l u t e  u n i t s  and may d i f f e r  from Figure  t o  F igure .  However s i n c e  t h e  
experiment cond i t i ons  were kept  t h e  same f o r  t h e  s igna l -p lus -no ise  and 
noise-alone runs  of each t es t ,  t h e s e  curves  i n  each F igure  can b e  com- 
pared d i r e c t l y  w i th  each o t h e r .  

1. The T r a i l e r  T e s t  ' 

The 135 f t .  t r a i l e r  test  was t h e  most s u c c e s s f u l  one of  t h e  a f t e rnoon ,  
producing a p o s i t i v e ,  extremely wel l -def ined d e t e c t i o n  and i d e n t i f i c a -  
t i o n  of  t h e  f o r c e  gene ra to r  s i g n a l ,  w i th  a vo l t age  s igna l - to -no ise  r a t i o  
i n  excess  of 8 t o  1, a s  dep i c t ed  i n  t h e  X-Y p l o t  of F igure  5 .  This  
success  was a t t r i b u t e d  t o  t h e  f i r m  at tachment  of  t h e  gene ra to r  t o  t h e  
t r a i l e r ,  t h e  good coupl ing  provided by t h e  t r a i l e r  t o  t h e  pavement on 
which t h e  geophone was a l s o  r e s t i n g  and we l l - con t ro l l ed  gene ra to r  
r o t a t i o n  frequency . 
2. The Telephone Pole  Tes t  

The o t h e r  tests were n o t  s o  d r ama t i ca l l y  s u c c e s s f u l ,  because of poor 
coupl ing  of t h e  gene ra to r  t o  t h e  medium i n  t h e  ca se  of t h e  t r e e  i n  t h e  
swamp and t h e  te lephone  po l e  i n  t h e  s idewalk ,  and poor frequency c o n t r o l  
i n  a lmost  a l l  c a se s .  F igure  6 is  an X-Y p l o t  f o r  t h e  te lephone  p o l e  t e s t ,  
a t r i a l  run t o  t e s t  t h e  equipment. The f o r c e  gene ra to r  was s t r apped  t o  
t h e  te lephone  po l e  and t h e  geophone p laced  above f i v e  f e e t  away on t h e  
s idewalk.  The Zoom FFT was no t  used i n  t h i s  f i r s t  run ,  bu t  only t h e  
Bas i c  F o u r i e r  Transform Funct ion.  So t h e  frequency s c a l e  i s  n o t  cen- 
t e r e d  around t h e  gene ra to r  frequency b u t  runs  from 0 t o  50 Hz, and a wider  
a n a l y s i s  bandwidth of  0.6 Hz i s  used. I n  s p i t e  of a somewhat i n s e c u r e  
p o l e  a t tachment  and a h igh  background n o i s e  environment be ing  s o  c l o s e  
t o  t h e  road ,  t h e  X-Y p l o t  revea led  a vo l t age  s igna l - to -no ise  r a t i o  
g r e a t e r  t han  7 t o  1 f o r  t h e  0.6 Hz bandwidth, which would i n c r e a s e  t o  a 
r a t i o  g r e a t e r  t han  12 t~ 1 i f  t h e  0.2 Hz bandwidth had been used. 
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Two more runs were made with the  generator  s trapped t o  t h e  telephone pole ,  
but  wi th  the  geophone placed about 40 f e e t  away on the  pavement of the  
parking l o t  which i s  approximately 8 f e e t  below the  l e v e l  of t h e  sidewalk, 
a s  shown i n  Figure 4. A vol tage  signal-to-noise r a t i o  of b e t t e r  than 3 / 1  
i n  a 0.2 Rz ana lys i s  bandwidth was observed d e s p i t e  the  f a c t  t h a t  frequency 
con t ro l  was poor. 

3. The Tree Tes t  

The t r e e  i n  the  swampy ground t e s t  was t h e  l a s t ,  and the  l e a s t  success- 
f u l  o r  conclusive one, p r imar i ly ,  we be l i eve ,  because of t h e  poor coupling 
t o  t h e  medium provided by t h e  swampy ground. The fo rce  genera tor  was 
a t tached t o  a t r e e  about 10 f e e t  beyond the  parking l o t  pavement, and 
approximately 300 f e e t  from the  geophone loca t ion  used f o r  the  previous 
t r a i l e r  135 foot  experiment. 

D. CONCLUDING REMARKS 

On t h e  whole, t h i s  prel iminary experiment with a smal l ,  low power s i n e  
wave force  genera tor  and the  CSS-3 processor ,  has y ie lded  extremely 
encouraging r e s u l t s  regarding the  p o t e n t i a l  u t i l i t y  of such a system a s  
an emergency wi re l e s s  alarm system fo:r coal  mines. I f  the 135-foot 
t r a i l e r  t e s t  r e s u l t s  shown i n  Figure 5 a r e  i n d i c a t i v e  of the  kind of 
performance one can expect when such ia force  genera tor  i s  well-coupled 
t o  t h e  medium and i t s  frequency adequately con t ro l l ed ,  then t h e  prognosis 
looks good. We be l i eve  t h a t  these  i n : i t i a l  r e s u l t s  a r e  favorable enough 
t o  j u s t i f y  another  simple but  more r e f ined  experiment, but  t h i s  time i n  
a con t ro l l ed  benign mine environment such a s  the  Bruceton Safety Research 
mine* t o  see  i f  a more comprehensive i n v e s t i g a t i o n  i s  warranted. Con- 
s i d e r a t i o n  should a l s o  be given t o  performing such an experiment with a 
new vers ion  of t h e  genera tor ,  which w i l l  f i t  i n t o  a package of about the  
same s i z e ,  bu t  be capable of providin,g a 1000 l b .  peak-to-peak fo rce  a t  
20 Hz, thereby inc reas ing  i t s  range of de tec t ion .  Such a u n i t  could be  
e a s i l y  and quickly b u i l t  with improveld frequency con t ro l ,  and more 
f l e x i b l e  ways of a t t ach ing  i t  t o  s t r u c t u r e s  found i n  mines. 

* A s  a prel iminary t o  an experimental t e s t  program i n  an appropr ia te  mine, 
J.  Powell of PMSRC and R. Spencer of ADL conducted some b r i e f  experiments 
a t  t he  Bruceton Safety Research mine using the  hand operated fo rce  gener- 
a t o r .  These t e s t s  were done on J u l y  12 and 13 ,  1972. The geophones 
(Geospace GS-llD), p reampl i f i e r s ,  f i l t e r s  and v i s i c o r d e r  of the  Bureau's 
CMRSS rescue system were used i n  the  experiments. Although success was 
experienced on t h e  su r face  a t  ranges near  40 f e e t ,  in-mine experiments 
with geophone-source ranges from 200 f e e t  t o  15 f e e t  showed no c l e a r l y  
d i s t ingu i shab le  r e s u l t s .  Re la t ive ly  wide r ece ive r  bandwidths of 5 t o  
20 Hz were used i n  these  experiments and the re  were ques t ions  of geo- 
phone and preampl i f ie r  i n t e g r i t y .  Further  work, a s  discussed above, 
i s  needed t o  e s t a b l i s h  the  c a p a b i l i t i e s  of such a fo rce  genera tor  system 
f o r  t 'firebox" app l i ca t ions .  

Arthur D Little, Inc. 
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