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a b s t r a c t

T his re p o rt in v e s tig a te s  th e  cu rren t methods o f ea r th in g  mobile 

e le c t r i c a l l y  d riven  machinery in  a s t r i p  mining environm ent. A tten tion  
is  paid to  the  p ro te c tio n  of people in th e  v ic in i ty  o f mobile equipment 
from lig h tn in g  and power frequency o v e rv o ltag es , and recommendations are 
made in th i s  regard . The e f f e c ts  o f cu rren t flow on th e  human body are  
d isc u sse d , and l im ita tio n s  on power frequency and lig h tn in g  touch 
p o te n t ia ls  a re  s e t .  An ea r th in g  arrangement is  proposed and analysed .
I t  is  expected th a t  th i s  system w ill r e s u l t  •> lower and more c o n s is te n t 

values o f power frequency and surge impedance to  e a r th  than the systun  
p re se n tly  in use.
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CHAPTER 1 
INTRODUCTION

This p ro je c t was undertaken in  o rd e r to  address th e  follow ing  a rea s  of 
concern to  o p era to rs  o f mobile e l e c t r i c a l l y  d riven  machinery in a s t r i p  mining 
environm ent:

a) A number o f equipment f a i l u r e s ,  p a r t ic u la r ly  to  sk id  mounted 
tra n sfo rm e rs , have been experienced during  previous summer seasons. The 
m ajo rity  o f th e se  f a i lu r e s  have been due to  l ig h tn in g  su rges . I t  was 

f e l t  th a t  the  ea rth in g  arrangement c u r re n tly  employed could be p a r tly  
resp o n sib le  fo r  th i s  s t a t e  o f a f f a i r s .  The need to  c r i t i c a l l y  examine 
the p r a c t ic a l i ty  and tech n ica l in te g r i ty  o f the p resen t ea r th in g  system 
was th e re fo re  apparen t.

b) C urrent opinion a t  th e  time o f i n i t i a t i o n  o f th is  p ro je c t was th a t 
physical sep a ra tio n  o f the 33kV and 6 ,6kV ea r th in g  systems would prevent 
p o te n t ia ls  hazardous to  people occuring on the d rag lin e  and d is t r ib u t io n  
sk id  due to  e lev a tio n s  in  th e  p o te n tia l  o f the transfo rm er sk id  and 33kV 
ea rth in g  system. A need e x is te d  to  t e s t  the  v a l id i ty  o f th i s  assum ption, 

as a number o f f a t a l i t i e s  have occured in  the  United S ta te s  o f America 
due to  e le c tro c u tio n  by touch p o te n t ia ls  p re sen t on mobile machine frames 

( 11 ).

c) A need ex is ted  to  form ulate  p ra c tic a l measures which should be taken to  

p ro te c t  people working on mobile equipment from dangerous touch 
p o te n t ia ls ,  whether these  be caused by power frequency f a u l t s  o r by 
lig h tn in g  d isch a rg es.

The q u estio n  of the  ea r th in g  o f mobile e l e c t r i c a l l y  d riven  machinery is  
e s s e n t ia l ly  one of s a fe ty  to  p e rso n n e l. The machinery is  fed v ia  cab les  and 

allow s f re e  access to  personnel fo r  maintenance and o p e ra tio n . Any p o te n tia l  
which may appear between th e  machine and the surrounding ground which may be 
bridged  by a person must id e a l ly  th e re fo re  be s t r i c t l y  c o n tro lle d  w ith in  well 
defined  sa fe  l im its .  The problem i s  magnified by the fa c t  th a t  mobile 

e le c t r i c a l  machinery is  o ften  fed from power l in e s  of up to  33kV, v ia  mobile 
su b s ta tio n s .  Consequently such systems a re  su sc e p tib le  to  lig h tn in g  
o v e rv o lta g e s ,re q u ir in g  th e  d ischarge  to  ea r th  o f ap p rec iab le  cu rre n ts .

For the  purpose o f t h i s  re p o r t ,  the  s p e c if ic  example o f  an e le c t r ic a l ly  
opera ted  cab le  fed  d ra g lin e  in a s t r i p  mining op era tio n  is  considered . A 

c u r re n tly  accepted method o f  supplying power to  such a machine i s  shown 

diagram m atically  in  f ig u re  1.1.

. 1 '



la y o u t  o f  th e  pow er s u p p ly  t o  e d r a g l i n e

S u rge  d i v e r t s :

33/6 ,6
s k id  e a r th in g  
sy s te m

6 ,6  kV O verhead  l i t

S u rge  d iv e r t !

e a r th in g
sy s te m

e le c tro m a g n e tic

T r a i l i n g  c a b le  
f e e d  t o  d r a g l i n e

D ra g lin e
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An e s s e n t ia l  ■ 
e a .th in g  s y s t

; o f th i s  design is  the  manner in  which the 33kV and 6,f 
> sep a ra ted . The reason fo r  th i s  is  as fo llow s.

As i t  i s  im practical to  provide an e a r th  e le c tro d e  in the  v ic in i ty  o f the 
d ra g lin e , th e  d rag lin e  frame is  connected v ia  th e  f le x ib le  t r a i l i n g  cable 
ea r th  conductor to  th e  d i s t r ib u t io n  sk id  fram e, and thus to  e a r th  v ia  the 
6,6kV ea r th in g  e le c tro d e  system. Any r is e  in  p o te n tia l  experienced by th e  

d i s t r ib u t io n  sk id  w ill th e re fo re  be tra n sm itte d  to  the  d ra g lin e ,  which w ill 
then r i s e  to  th a t  p o te n tia l  above the surrounding ea r th .

P resen t p ra c tic e  is  to  employ a neu tra l e a r th in g  r e s i s to r  on the 6,6kV 

d is t r ib u t io n  system which lim its  the power frequency f a u l t  c u rre n t to  25A.

The p o te n tia l  o f the d i s t r ib u t io n  sk id  would a lso  r i s e  when a p o te n tia l  surge 
of s u f f ic ie n t  magnitude occurred on the 6,6kV l in e s  to  enable  th e  surge 
d iv e r te r  to  o p e ra te . This p o te n tia l  is  a fun c tio n  o f the d iv e r te r  discharge 
c u r re n t ,  the  surge impedance o f the 6 ,6kV ea r th in g  e le c tro d e  system , and the 
io n isa tio n  c h a ra c te r i s t ic s  of the  so il medium around th e  e le c tro d e s ,  and could 
be a p p rec iab le . However, as t h i s  sec tio n  o f H ne  i s  only about 15m long , 

cu rren t op inion of mine o p e ra to rs  is  th a t  l ig h tn in g  surges to  th i s  l in e ,  
e sp e c ia lly  those caused by d i r e c t  lig h tn in g  s t r i k e s ,  should be r e la t iv e ly  ra re  
occurrences.

I

The transfo rm er sk id  experiences p o te n tia l  r is e s  by s im ila r  mechanisms to 
those a p p licab le  to  the  d is t r ib u t io n  sk id , However, in the case o f a power 
frequency f a u l t  on the 33kV system , the to ta l  p rosp ec tiv e  f a u l t  c u rre n t is  

la rg e ly  determined by the ea rth in g  arrangem ent o f the supply a u th o r i t ie s  
transfo rm er neu tra l p o in t,  over which the consumer has l i t t l e  c o n tro l . I t  i s  
a lso  expected th a t  lig h tn in g  induced surges w ill  occur f req u en tly  on the 33kV 
s ide  o f the transfo rm er.

The tran sfo rm er and d is t r ib u t io n  sk id s  and th e i r  re sp e c tiv e  ea r th in g  systems 
a re  th e re fo re  p h y s ica lly  se p a ra te d , in  o rd e r to p revent as f a r  as p o s s ib le , 
r i s e s  in p o te n tia l  o f the transfo rm er sk id  being re f le c te d  onto the 

d i s t r ib u t io n  sk id  and thereby to  the d rag lin e  fram e, This a sp ec t o f the 
p resen t design Is  d iscussed  in  more d e ta i l  in chap ter 3.

 .
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w ith the epiderm is in ta c t  gave th e  re la tio n sh ip  
1 shown in Table 2 .2  (2 ).

EPIDERMIS INTACT

Touch P o te n tia l (v o U s) kdy Reiiitance ((Ww).
30 100 000

100 40 000
200 -

1 OCO 600

__________________



A p o rtio n  of the re la t io n s h ip  shown in 1 

graph 2 .1 . However, when co n tac t was ra< 
c o rp ses , body re s is ta n c e  was found to  be 
vo ltag es  (2 ) . This r e la tio n s h ip  1s shov

ble  2 .2  is  graphed as curve B is  < 

e below the epiderm is o f human 
con stan t a t  600 ohms a t  a ll  

as curve C on graph 2 .1 .

The in te rn a l re s is ta n c e  o f the human body i s  g e n e ra lly  accepted to  be no 
g re a te r  than 1000 ohms (2 ,1 0 ) , This co n d itio n  Is graphed as curve D on 
graph 2 .1 .

Curves C and 0 o f graph 2 .1  c o r re la te  well w ith curve A for co n tac t p o te n tia ls  
of above about 250 v o l t s .  Below th i s  l e v e l ,  however .curves C and D ignore th e  
accepted  phenomenon o f in c rea sin g  body re s is ta n c e  w ith decreasing  touch 
p o te n t ia l .

;ed th a t  the  v a r ia tio n  o f body re s is ta n c e  w ith touch p o te n tia l  as 
dep ic ted  in curve A of graph 2.1 be adopted. Curve A 1s more conserva tive  
than th e  measured r e s u l t s  shown by curve B, but 1s not unacceptably 
co n se rv a tiv e , as cognizance is  s t i l l  taken o f the  increase  in body re s is ta n c e  
w ith decreasing  touch p o te n t ia l ,

2 .3  CURRENT TIME RELATIONSHIP

Graph 2 ,2  shows the re la t io n s h ip  between power frequency c u rren t through the 
body, the  time fo r  which the c u rre n t flows and the l ik e ly  e f f e c t  o f the 
c u r re n t flow . This graph is  reproduced from t,E ,C , P ub lica tio n  479 and is  
based on the fo llow ing assum ptions:

a ) Body mass o f not l e s s  than 50kg.
b) C urrent flows from hand to  fo o t through the h ea rt.

Assuming a maximum power frequency f a u l t  c lea rance  time of 500ms, g r 
p re d ic ts  the fo llow ing human body re a c tio n s ;

tph 2.2

Zone 1 I<0,5mA No re a c tio n  e f f e c t .
Zone 2 0,5mA <I^35mA No pa th o p h y sio lo g ica lly  dangerous e f f e c t .
Zone 3 35mA < i4H 0niA  U sually no danger of f i b r i l l a t i o n .
Zone 4 110mA < 1<500mA Up to  50% danger of f i b r i l l a t i o n ,
Zone 5 500mA <1 G rea te r than 50% ' o f f i b r i l l a t i o n ,

r.

. & ■____S



A second im portant c r i te r io n  In determ ining the allow able c u rre n t to  which a 
body may be su b jec ted  i s  the l e t  go c u r re n t ,  th is  being the value o f cu rren t 
above which vo lun tary  con tro l over muscle a c tio n  i s  l o s t .  The experim ental 

d e te rm ina tion  o f l e t  go c u rre n ts  is  quoted by Smith (2 ) . T ests  were conducted 
on 134 men and 28 women. The average value of l e t  go c u rre n t was e s ta b lish e d  

as 15,87mA fo r  men and 10,5mA fo r  women, w ith a ca lc u la te d  99 ,55! o f men being 
ab le  to  r e le a se  a g ripped conductor a t  a c u r re n t lev e l o f 8,8mA.

I t  i s  recommended th a t  the power frequency c u r re n t flow  be lim ited  to  50mA, 
The s e le c tio n  o f t h i s  value o f c u rren t is  j u s t i f i e d  fo r  the  follow ing  reasons:

a) Only a d u lt  males w ill be su b jec t to  e l e c t r i c  shock in a s t r i p  mining 
op e ra tio n .

b) P ro tec tio n  w ill  norm ally o pera te  in  a sh o r te r  time than 500 ms, th is  
being the expected time fo r  backup p ro te c tio n  to  o pera te  should
the prim ary p ro te c tio n  f a i l  to  c le a r  the  f a u l t .

c) The re la t io n s h ip  between f i b r i l l a t i n g  cu rre n t and shock du ra tio n  can be 
rep re sen ted  by th e  expression  (9 ):

y r

vihere 1 = R.M.S. c u r re n t ,  mA 
t  « shock d u ra tio n , s.

For a shock d u ra tion  o f 500ms th e  f i b r i l l a t i n g  c u rre n t would, from the above 
e x p re ssio n , be 164mA. The value o f 50mA chosen i s  th e re fo re  con se rv a tiv e .

Curve E on graph 2.1 i s  a p lo t o f V = tl$body w' th 1 " 50wAl The
in te r s e c t io n  of curves £ and A gives the maximum perm itted  touch p o te n tia l  of 
80V fo r  ah a l te rn a t in g  c u rren t o f 50mA imposed ' i r  500ms.

This r e s u l t  compares favourably w ith s ta tu to ry  maximum perm issab le  touch 
p o te n t ia ls  in o th e r co u n tr ie s . In Europe the l im it  v a rie s  from 24 v o lts  in 
France to  50 v o lts  in  o th e r c o u n tr ie s  (2 ) . In th e  U.S.A. s t r i p  m ines, touch 
p o te n t ia ls  a re  lim ite d  to 100 v o lts  (11).



The f o r e g o in g  d is c u s s io n  d e a l t  w ith  p e r m i s s ib le  to u c h  p o t e n t i a l  when a 

pow er f re q u e n c y  c u r r e n t  o f  500ins d u r a t i o n  f lo w s  th ro u g h  th e  b o d y . When 

how ever, a  p e r s o n  i s  s u b je c t e d  to  a l i g h t n i n g  d i s c h a r g e ,  th e  d u r a t i o n  o f  

c u r r e n t  f lo w  i s  a b o u t 8 ,3  ms ( 4 ) .  T h is  c o rr e s p o n d s  to  a  peak  c u r r e n t  

m a g n itu d e  o f  ( 9 ) .

= 1 ,8  Amps

I f  a s ta n d in g  p e rso n  r e c e iv e s  a  d i r e c t  l i g h t n i n g  s t r i k e  to  h i s  h e a d , 

e x t e r n a l  f l a s h o v e r  b e tw ee n  he ad  and f e e t  w i l l  o c c u r  when th e  p o t e n t i a l  

a c r o s s  th e  b o r  r e a c h e s  a p p ro x im a te ly  lOOOkV. The p o t e n t i a l  d i f f e r e n c e  

a c c r o s s  th e  body w i l l  th e n  c o l l a p s e  to  a b o u t 4kV ( 4 ,1 0 ) .  Such h ig h  

im posed v o l t a g e s  t h e r e f o r e  le a d  to  th e  c o n c lu s io n  t h a t  a  body r e s i s t a n c e  

o f  be tw een  500 ohms and 1000 ohms w i l l  o b t a in  u n d e r  l i g h t n im  :e 

c o n d i t io n s  ( s e e  G raph 2 .1 )  ( 4 ,1 0 ) .

The maximum p e r m i s s ib le  couch p o t e n t i a l  u n d e r  l i g h t n i n g  c o n d i t io n s  c an  

th e r e f o r e  be c o n s e r v a t iv e ly  l im i t e d  t o :

^  to u c h  * ® body 

-  1 ,8  X 500

I t  sh o u ld  be n o te d  t h a t  t h i s  l i m i t a t i o n  p la c e d  on couch p o t e n t i a l  a p p l i e s  

s p e c i f i c a l l y  to  th e  c a s e  o f  a  s in g l e  s t r o k e  f l j s l i  o f  8 ,3  ms d u r a t i o n .  I t  

i s  r e c o g n is e d  t h a t  th e  a l lo w a b le  couch p o te n t i a l  may v a ry  when a p e rso n  

i s  ex p o sed  to  a m u l t i p l e  s t r o k e  f l a s h .  M ult i,l-> s t r o k e  f l u s h e s  have  a 

mean d u r a t i o n  o f  148 ma and a  m edian d u r a t io n  , . o ’’ ms (1 3 ) .



F if ty  p ercen t o f time in te rv a ls  between s tro k e s  exceed 35ms w hile 90? 

exceed 10ms and 1,5% exceed 300ms (1 3 ). About 20% o f lig h tn in g  fla sh e s  
have 6 o r more component s tro k e s  (13 ).

A more rigo rous d e te rm ina tion  o f th e  maximum allow ab le touch p o te n tia l  
under lig h tn in g  s tro k e  c o n d itio n s , which made allow ance fo r  th e  e f f e c t  o f 

m u ltip le  s tro k e  f la sh e s  could r e s u l t  in  a decrease  in the perm issib le  

l im i t  o f 900 v o l ts  p rev io u sly  determ ined . Any such reduc tion  would not 

however, have any e f f e c t  on th e  co n c lusions u lt im a te ly  drawn in th is

• £ i

■■
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3 .1. OVERVOLTAGES CAUSED BY POWER FREQUENCY FAULTS

A pow er f re q u e n c y  f a u l t  to  £ 

f lo w  th ro u g h  th e  f a u l t  bock

s u p p ly in g  th e  d r a g l i n e .  The p r o s p e c t iv i  

l im i t e d  to  25 Amps by t  r e s i s t o r  p la c e ;  

s u p p ly . T h is  a rra n g e m e n t i s  shown d ia | 

th e  a rro w s  th e re o n  show ing th e  p a th  o f

th e  d r a g l i n e  fram e  w i l l  r i s e  i s  th e  

i r r e n t  and  th e  im pedance  b e tw een  th e  

o f  th e  p o in t  o f  s u p p ly . The e a r th  

10 g r e a t e r  th a n  0 ,3 8  -  j  0 ,1 3  ohms p e r  

riaufii c a b le  le n g th  o f  6 k i l o m e t r e s ,

r e t u r n  p a th  im pedance  w i l l  be

\ , r . ■





3.2  OVgSTOlTASES C A U S E D  BY LI G H T N I N G

When lig h tn in g  s t r ik e s  an Item o f mobile equipment, the s troke  
: flows through a l l  a v a ila b le  paths to  e a r th . The mobile

ime w ill experience a maximum r i s e  in p o te n tia l  equal to 
th e  product o f the peak stro k e  c u rre n t and th e  surge impedance 
between the frame and th e  mass o f th e  e a r th .  The peak cu rren t 
am plitude of l ig h tn in g  can be taken as having a median value of 

. 34kA, w ith a p ro b a b ili ty  o f exceeding 100 kA of 2,5% fo r  s tru c tu re s  
having a he igh t o f le s s  than 60m (7 ).

s

Should a l ig h tn in g  discharge occur through th e  transfo rm er sk id , 
e i th e r  by a d i r e c t  s t r ik e  to  the  sk id  or by a surge d iv e r te r  
d isch a rg e , e q u ip o ten tla l l in e s  w ill be e s ta b lish e d  in the  ground 
around the sk id , as the d ischarge  c u rre n t flows from th e  source 
(tran sfo rm er sk id ) to  the  sink  (e a ~ th ) . This s i tu a t io n  Is  shown 
diagram m atically  in F igure 3 .2 . I t  » ' ' ^ i r s b l e  to  p lace the  
d i s t r ib u t io n  sk id  a t  such a p o in t • 1 l.. “q u ip o te n tia l  l in e  
in te rs e c te d  by the d i s t r ib u t io n  sk • ■ ig arrangem ent does not
have a value exceeding the p e ra is s ih .  . uch p o te n t ia l . The 

lo c a tio n  of th i s  p o in t,  f o r  any s p e c if ic  value of peak c u rre n t and 
e a rth  e le c tro d e  system surge impedance, is  a func tion  of the shape 
of the r e s is ta n c e  versus d is tan ce  cu rue around the d i s t r ib u t io n  
sk id .

 . . . "  _____
g a m
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CHAPIEM

RESISTANCE AND RESrSTIVITY MEASUREMENTS

INTRODUCTION
In o rder to  design an e a r th  e lec tro d o  system i t  i s  necessary th a t  desigi 
param aters such as e a r th  r e s i s t i v i t y  be known. The au thor took 

measurements of ea rth  r e s i s t i v i t y  and o f th e  re s is ta n c e  to  ea rth  of 
various item s o f mobile equipment to  ea rth  on s t r i p  mines. In a d d itio n , 
e a r th  r e s i s t i v i t y  surveys have been c a rr ie d  o u t on some o f the mines. 
The r e s u l ts  o f these  su rveys, to g e th e r w ith the measurements tak en , 

provided th e  basis  fo r c e r ta in  assumptions to  be made in  regard to  the 
design param aters which should be <

?

4 .2 .1  Soil R e s is tiv ity

The fou r term inal Wenner a rray  method was used fo r  measuring ea r th  
r e s i s t i v i t y  (3 ) . In th is  method, four e le c tro d e s  a re  p lan ted  in to  
the ground, uniform ly spaced in  a s t r a ig h t  l in e ,  I t  can be shown 
th a t ; (3)

P  = ZaRTT
where a = spacing between e le c tro d e s  (m etres)

R = measured re s is ta n c e  (ohms)
P  -  r e s i s t i v i t y  (ohm metres}

Values of r e s i s t i v i t y  were ob tained  fo r  various e le c tro d e  spacings 
a t  each r e s i s t i v i t y  measurement s i t e .  I f  r e s i s t i v i t y  is  p lo tte d  
a g a in s t e lec tro d e  spacing a so c a lle d  "depth curve" is  ob tained .

The in te rp re ta t io n  of such curves is  th e  su b jec t o f much controversy  
(1 ,3 ) .  For the purposes o f th is  re p o rt the v a r ia tio n  in  r e s i s t i v i t y  
w ith e lec tro d e  spacing was in te rp re te d  as giv ing  no more than a very 
rough in d ic a tio n  of the  v a r ia tio n  o f r e s i s t i v i t y  w ith depth. I t  was 

f e l t  th a t  lack of comprehensive geological inform ation  a t  the 
measurement s i te s  p recluded any more d e f in i t iv e  conclusions being 
drawn.

__________ _



4 . 2 . 2  R e s is t a n c e

app v o x i

n o b ile  equ ip m en t i n  o rd e r

r e s i s t a n c e  v e r s u s  d is t a n c e  c u rv e

Measurem ent 

t h i s  methoc 

e l e c t r o d e s , 

c o n s id e ra c J  

in  th e  g ro t 

e l e c t r o d e "

th e  c u r r e

@ made u s in g  th e  " F a l l  o f  Po t; 

e n t  i s  c au se d  to  f lo w  th ro u g h  t 

o f  th e s e  e l e c t r o d e s  b e in g  th e  e 

nd th e  o th e r  b e in g  an  a u x i l i a r y  < 

me d is t a n c e  from  th e  f i r s t .  A so  c a l l e d  " p o t e n t i a l  

ien p la c e d  a lo n g  th e  l i n e  j o i n i n g  th e  two c u r r e n t  

i s  I  d ro p  b e tw een  th e  e l e c t r o d e  u n der t e s t  

ode  i s  th e n  m easu red  and a s  th e  m agn itude  of 

c a u s in g  t h i s  v o l t a g e  drop  i s  know n, th e  p o t e n t i a l  

in v e rte d  to  a r e a d in g  o f  r e s i s t a n c e  be tw een  th e  

: p o t e n t i a l  e

i d i s t a n c e  away

when m aking r e s i s t a n c  

vo lum es o f  th e  e l e c t r o o e

:s to  e n su re  c h a t

d e g re e  o f  o v e r la p  o f  th e s e  two r e s i s t a n c e  vo lum es c an  be a p p ra is e d  

from th e  s lo p e  o f  th e  c u rv e  a t  i t s  f l a t t e s t  p o in t ,  w h ich  o c c u rs  

a p p ro x im a te ly  midway be tw een  th e  two e l e c t r o d e s .  The f l a t t e r  th e  

cu rv e  i s  a t  t h i s  p o in t  th e  g r e a t e r  i s  th e  d e g re e  o f  s e p a r a t io n  

be tw een  th e  two r e s i a to n c e  v o lu m e s . I t  s h o u ld  b e  n o te d  t h a t  i t  i s  

n o t t h e o r e t i c a l l y  p o s s ib l e  to  o b t a in  a p e r f e c t l y  f l a t  cu rv e  a t  t h i s

The v a lu e  o f  t h e  r e s i s t a n c e  to  e a r t h  o f  th e  e l e c t r o d e  u nder t e s t  i s  

g iv e n  by th e  r e s i s t a n c e  v a lu e  r e a d  from  th e  r e s i s t a n c e  v e rs u s  

d is t a n c e  c u rv e  a t  a  d i s t a n c e  from  th e  e le c t r o d e  u n d e r  t e s t  to  th e  

p o t e n t i a l  e l e c t r o d e  e q u a l  to  61,8%  o f  th e  d i s t a n c e  b e tw een  th e  two 

c u r r e n t  e l e c t r o d e s  ( 3 ) .  The a c c u ra c y  o f  th e  v a lu e  o f  th e  r e s i s t a n c e

 , '
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to  e a r th  dius ob tained  i s  a fu n c tio n  of th e  f la tn e s s  o f the  curve a t 

th e  m idpoint. This is  a func tion  of the d is ta n c e  between the two 
c u rre n t e le c tro d e s . Accuracy th e re fo re  in c rea se s  w ith d is tance  

between the two c u rren t e le c tro d e s .

Wherever p r a c t ic a l ly  p o s s ib le , the  d is ta n c e  between the two c u rren t 
e le c tro d e s  was made to  be g re a te r  than 5 tim es th e  la rg e s t  dimension 

o f the  e lec tro d e  under t e s t .  Where i t  was not p r a c tic a l to  achieve 
th is  degree o f s e p a ra tio n , the re s u l t in g  r e s is ta n c e  versus d is ta n c e  
curve was examined to ensure th a t the r e s is ta n ces  a t 51% and 67% o f  
the  d is ta n c e  between th e  two cu rre n t e le c tro d e s  did no t vary by more 
than 5% from the re s is ta n c e  a t 61,8%. This degree o f accuracy was 
considered  accep tab le  fo r  the fo llow ing reasons:

a) The value o f r e s is ta n c e  to  e a r th  would vary g re a tly  in  the  
normal course o f even ts due n  f a c to rs  over which no con tro l 
could be ex erc ised  such as r a i n f a l l ,  which would change the 

r e s i s t i v i t y  of the s o il  over an app rec iab le  range.

b) The shape o f the  re s is ta n c e  versus d is ta n c e  curve in the 

v ic in i ty  o f the  e a r th  e le c tro d e  was o f g re a t in te r e s t .  This 
shape, e sp e c ia lly  c lo se  to  th e  ea r th  e le c tro d e ,  is  la rg e ly  
independent of th e  l im itin g  value o f the  r e s is ta n c e  to  e a r th , 
and is  independant of th e  r e s i s t i v i t y  around the earth  
e le c tro d e , assuming th a t the s o il  r e s i s t i v i t y  is  uniform 
throughout the  e le c tro d e  r e s is ta n c e  volume.



Although a wide v a r ia tio n  in  s o il  r e s i s t i v i t y  was 

encountered during f ie ld  measurements, i t  was decided th a t  
a s in g le  value o f r e s i s t i v i t y  should be used fo r  the  design of e a r th  
e lec tro d e  systems in a l l  c a se s . This approach would obviously lead 
to  a s in g le  recommended ea rth  e le c tro d e  design . The d isadvantage o f  
th is  approach is  th a t  in  in s ta l l in g  an ea r th in g  e lec tro d e  system a t 
any p a r t ic u la r  lo c a tio n  advantage would not be taken of any value of 
s o il  r e s i s t i v i t y  a t  th a t lo ca tio n  which may be s ig n if ic a n t ly  lower 
than the ov e ra ll r e s i s t i v i t y  value assumed. This would r e s u l t  in an 
unnecessarily  expensive system being in s ta l le d .  The advantage of 

such an approach is  th a t  a s in g le  ea r th in g  arrangem ent would ob tain  
on a l l  s t r i p  mines in the group. This would f a c i l i t a t e  m onitoring 
by management o f th e  c o rre c t i n s ta l la t io n  o f ea r th in g  systems and 
make accep tab le  design of the  e le c tro d e  system independant o f so il 

r e s i s t i v i t y  ap p ra isa ls  a t  in d iv idua l lo c a tio n s .

I

Data from r e s i s t i v i t y  measurements have t 
th ree  sources:

!ien taken from

Work c a r r ie d  ou t by J E Pontin (P ty .)  Ltd. on Ouvha 
Mine on 1 March 1983 and 3 rd  March 1983, The 
m oisture  con ten t o f the  s o il  during these  t e s t s  is  

no t known. The r e s u l t s  o f t h i s  work a re  summarised 

in  Appendix 1.



4.3 D IS C U S S IO K

Although a wide v » '’a tio n  in  s o il  r e s i s t i v i t y  was 
encountered durini, a id  m easurements, i t  was decided th a t  
a s in g le  value o f r e s i s t i v i t y  should be used fo r  the design of ea r th  
e le c tro d e  systems i-- a l l  c a se s . This approach would obviously lead 
to  a s in g le  recommended e a r th  e le c tro d e  design . The disadvantage of 
th is  approach is  th a t  in in s ta l l in g  an ea rth in g  e le c tro d e  system a t 

any p a r t ic u la r  lo c a tio n  advantage would not be taken o f any value of 
so il  r e s i s t i v i t y  a t  th a t lo c a tio n  which may be s ig n if ic a n t ly  lower 
than the ov e ra ll r e s i s t i v i t y  value assumed. This would r e s u l t  in  an 
un necessarily  expensive system being in s ta l le d .  The advantage of 
such an approach is  th a t a s in g le  ea r th in g  arrangement would o b ta in  
on a l l  s t r i p  mines in the group. This would f a c i l i t a t e  m onitoring 
by management o f the c o r re c t i n s ta l la t io n  o f ea rth in g  systems and 
make accep tab le  design of the e le c tro d e  system independent o f so il 
r e s i s t i v i t y  ap p ra is a ls  a t  in d iv idua l lo c a tio n s .

Data from r e s i s t i v i t y  measurements have been taken from 
th re e  sources:

Work c a r r ie d  out by J E Pontin  (P ty .)  Ltd. on Duvha 
Mine on 1 March 1983 and 3rd March 1983. The 

m oisture  con ten t o f the  so il during these  t e s t s  is  
not known. The r e s u l ts  o f th is  work a re  summarised 

in  Appendix 1.
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B D N t f t i n o a o  j o  A a N a n t i a t i d



The ea r th in g  p ra c tic e  p re se n tly  being followed on some s t r i p  mines 
has been form ulated to  overcome the two recognised m ajor problems, 

namely;

a) The high s o i l  r e s i s t i v i t i e s  which commonly p re v a il and
b) The d e s i r a b i l i ty  o f sep a ra tin g  th e  33 kV and the 6,6kV ea rth in g  

sysr.ems.

The problem o f high s o il  r e s i s t i v i t y  i s  addressed by sp ec ify in g  an 
e le c tro d e  depth o f  between 8m and 22m, depending on lo ca tio n .  This 

is  done in an a ttem pt to  u t i l i s e  lower s o il  r e s i s t i v i t y  normally 
found a t  g re a te r  depths below the su rfa c e . An attem pt is  made to  
fu r th e r  reduce r e s is ta n c e  to  e a r th  by in s ta l l in g  fou r such 
e le c tro d e s  in p a r a l l e l . Surge impedance i s  reduced by connecting 
these  fou r e le c tro d e s  in  th e  form o f a "crows fo o t" .

The problem o f s e p a ra tio n  of the transfo rm er and d is t r ib u t io n  skid 
ea r th in g  systems is  addressed by in s ta l l in g  th e  two ea r th in g  systems 
approxim ately 50m a p a r t .  The ea r th in g  systems are  then connected to  
t h e i r  re sp e c tiv e  sk ids by means o f in su la te d  cab le s . The sk ids can 
be as c lo se  to g e th e r as 10m. A ty p ica l e a r th in g  arrangement is  shown 
in  f ig u re  5.1

The p re se n t ea rth in g  system , although based la rg e ly  on judgement 
r a th e r  than  on a more rigo rous engineering  ap p ra isa l o f the problem, 
rep re sen ts  a s ig n if ic a n t  advance on previous ea rth in g  arrangements 

g e n e ra lly  employed in  the  in d u stry .

The p re sen t system  does however, s u f f e r  from a number o f p ra c tic a l 
and tech n ica l drawbacks, These a re  as follow s;

a ) The four v e r t ic a l  rods a re  p laced in  the form of a square , w ith 
a s id e  dimension o f about 5 m etres. There i s  th e re fo re  

co n sid erab le  overlap  o f th e  r e s is ta n c e  Volumes o f  the 
ind iv id u a l rods w ith each o th e r . The p o te n tia l f o r  lowering



th e  e a r th in g  r e s i s t a n c e  o b ta in a b l e  by u s in g  fo u r  ro d s  in  

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

b )  D r i l l  r i g s , n o rm a lly  u n d e r  th e  c o n t r o l  o f  th e  P ro d u c tio n  

D e p a rtm e n t, a r e  r e q u i r e d  to  d r i l l  th e  deep  h o le s  n e c e s s a r y  f o r  

th e  i n s e r t i o n  o f  th e  a u r th  e l e c t r o d e s .  Moving th e s e  d r i l l  r i g s  

to  th e  o k iJ  s i t e s  i s  a tim e  consum ing  e x e r c i s e  and lo w ers th e  

prod--:,.c ive  u t i l i s a t i o n  o f  w hat i s  e s s e n t i a l l y  a p ro d u c tio n  

m a ch in e . As a c o n seq u e n ce  , pow er h a s  b e e n  a p p l ie d  to  s k id s  

b e f o r e  th e  n e c e s s a r y  e a r th in g  sy s te m  h a s  been  i n s t a l l e d .  When 

t h i s  occurs , th e  E l e c t r i c a l  D epartm en t n o rm a lly  i n s t a l l s  a 

te m p o ra ry  a rra n g e m e n t o f  f o u r  1 m e tre  lo n g  s t a k e s  in  a crow s 

f o o t  p a t t e r n .

c )  The f o u r  v e r t i c a l  e l e c t r o d e s  a r e  in te r c o n n e c te d  by b a re  c o p p er 

c o n d u c to r s .  T hese  c o n d u c to r s  a re  se ldom  b u r i e d .  As th e  

r e s i s t a n c e  co e a r t h  o f  th e  e a r th in g  sy s te m  i s  d i r e c t l y  

p r o p o r t i o n a l  to  th e  a re a  o f  c o n d u c to r  i n  c o n ta c t  w ith  th e  s o i l  

th e  p o t e n t i a l  o f  th e  i n t e r c o n n e c t i n g  c o n d u c to r s  f o r  f u r t h e r  

lo w e rin g  th e  re s is ta n c e  o f  th e  e a r th in g  sy s te m  co e a r th  i s  n o t 

u t i l i s e d .

d) In  d e te r m in in g  th e  r e q u i r e d  p h y s ic a l  s e p a r a t i o n  o f  th e  

t r a n s fo r m e r  and d i s t r i b u t i o n  e a r th in g  s y s te m s , th e  r e s i s t a n c e  

co e a r th  o f  th e  s k id s  th e m se lv e s  i s  assum ed to  app roach  

i n f i n i t y .  T h is  a s su m p tio n  h a s  been  shown by a c t u a l  m easurem ent 

to  be e r r o n e o u s ;  th e  lo w e s t  r e s i s t a n c e  to  e a r th  o f  a sk id  

a lo n e  was m easured  by th e  a u th o r  a t  130 ohms on s o i l  o f  a b o u t 

1200 ohm m e tr e s  r e s i s t i v i t y ,  w h ile  th e  h ig h e s t  was m easu red  a t  

375 ohms on s o i l  o f  a b o u t 5800 ohm m e tr e s  r e s i s t i v i t y .
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5 .2  ALTERNATIVE METHODS OF t 
OF. AN EARTH ELECTRODE

( I N C  EARTH RESISTA N CE A M  SURGE W E D A K E

The re s is ta n c e  to  e a r th  o f an e a r th  e le c tro d e  is  a 
func tion  o f:

a) The su rface  area o f the  e le c tro d e  fn co n tac t w ith the 
surrounding so il and,

b) The r e s i s t i v i t y  o f the  so il in the v ic in i ty  o f the 
e le c tro d e , Of p a r t ic u la r  re levance is  the 
r e s i s t i v i t y  of th a t  volume of so il over which most o f 
the  re s is ta n c e  is  dropped, th is  being n the 
immediate v ic in i ty  of the e lec tro d e .

The ea rth in g  system p re sen tly  employed endeavours to  
reduce e a r tk re s is ta n c e  by in creasin g  th e  su rface  area of 
the  e le c tro d e s  through the use o f  longer e le c tro d e s , and 
by using longer e le c tro d e s  in  o rd e r to take advantage of 
lower so il  r e s i s t i v i t i e s  which ty p ic a lly  occur a t  g re a te r  
depths below the su rfa c e . However, as the  r e s i s t i v i t y  
decreases w ith dep th , so too does the leng th  o f the 
e le c tro d e  in  co n tac t w ith th e  lower r e s i s t i v i t y  s o i l , In 
ad d itio n ,  the  p ra c tic a l asp ec ts  o f having deep holes 
d r i l le d  in the  f i e ld  remain p ro b lem a tica l.

I t  was th e re fo re  decided to  in v e s tig a te  th e  f e a s ib i l i t y  of 
reducing e le c tro d e  ea rth  re s is ta n c e  by using a la rg e r  

diam eter e lec tro d e  (in c rea sin g  e le c tro d e  su rface  a r e a ) , 
and by w etting  the so il in  the immediate v ic in i ty  o f the 
e lec tro d e  (low ering so il r e s i s t i v i t y ) .



An Experimental Wetted E lectrode

An e le c tro d e  was construc ted  In accordance w ith f ig u re  5 .2 :

-10 /  H o les  a t  100 p i t c h  d r i l l e d  
a t  4 p o in t s  a ro u n d  c irc u m fe re n c e  
o f  p ip e

G a lv a n is e d  m ild  s t e e l  p ip e

Figure 5.2

E xp erim e n ta l..w eb b e d  .g lao tC n d e

. . ''-.I ■
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A hole was made in th e  ground using a p o rtab le  auger machine and the 
e le c tro d e  then in s ta l le d .  The pipe was f i l l e d  w ith coal dust and 
th e  r e s is ta n c e  to  e a r th  was measured a t  1,49 k ilo  ohms.

One kilogram  of ta b le  s a l t  was then poured in to  the fu n n e l, which 
was then f i l l e d  w ith po tab le  w ater.

A drop in  the measured value of re s is ta n c e  to  640 ohms was 
recorded w ith in  10 minutes of adding w ater and ta b le  s a l t  to  the 
funnel. A fte r  ? hour the r e s is ta n c e  had dropped to  412 ohms. The 

r e s is ta n c e  to  e a r th  was then measured a t  re g u la r  in te rv a ls  over the 
ensuing weeks. The r e s u l ts  o f these  measurements are  p lo tte d  on 
graph 5 .1 .

The r e s i s t i v i t y  o f the s o il  a t  the  t e s t  s i t e  was then measured.

The r e s u l t s  o f these  measurements a re  shown in Table 5 .1 .

TABLE 5,1
SOIL RESISTIVITY AT EXPERIMENTAL jlECTROOEJTEST SITE

Electrode Measured R e s is t iv i ty

separation(m ) re s is ta n c e  (ohms) (ohm m etres)

1 371,0 2321
2 304,0 3821

6 143,6 4510

The r e s u l ts  o f th is  work in d ic a te  th a t  a w etted e lec tro d e  may 

prove to  be a v iab le  a l te rn a t iv e  to  the  i n s ta l la t io n  of deep 
e le c tro d e s . The e le c tro d e  r e s is ta n c e  to  e a r th  when w etted was 
shown to  be approxim ately one f i f t h  o f th a t  when d ry . In 
a d d itio n ,  a lthough no fu r th e r  w ater was added to  th e  e le c tro d e , 

e i th e r  a r t i f i c i a l l y  o r by na tu ra l p r e c ip i ta t io n ,  during the 
period  of th e  te s t*  the re s is ta n c e  d id not increase  
s ig n if ic a n t ly  over the twenty days th a t  the  t e s t  was conducted.

j..



I t  was concluded from th i s  work th a t  the observed reduction  in  the 
measured r e s is ta n c e  to  ea r th  of the  t e s t  e lec tro d e  may be asc rib ed  

to  any one o r a com bination o f the fo llow ing f a c to rs :

's t i v i t y  due to  the s o i l  beinga) The reduction  in  soi? i

b) The reduc tion  in s o il  r e s i s i t l v i t y  due to  ta b le  s a l t  being 
mixed w ith th e  water in the  fu n n e l.

c) The enhanced e le c tro d e  to  so il c o n tac t which would occur 

when th e  e lec tro d e  and surrounding s o il  was w etted.

- - '" '- ." V





5 .3  TRIAL EARTHING_SYSTEM EMPLOYING VIETTED El

fo r  the sk id  a lo n e , fo r  the sk id  connected to  th e  bu ried  conductors, 
fo r the  sk id , buried  conductors and e le c tro d e s  In te rco n n ec ted , and 
f in a l ly  w ith the e le c tro d e s  f i l l e d  w ith w ater. These measurements 
are  summarised on graph 5 .2 .

Soil r e s i s t i v i t y  was measured a t  the t e s t  s i t e ,  
these  measurements a re  given in ta b le  5 .2

The r e s u l ts  of

E lectrode 
Spacing (m)

Measured 

R esistance (ohms)

R e s is tiv ity  
(ohm m etres)

2 530 3 330
2 230 2 890
5 63 1 979

22 1 382



I r i t s r c o n n a c t in g  b a re  
c o p p er  c o n d u c tio ts  /  
b u r ie d  300mm deep



The s o i l ,  a t  th e  tim e  t h a t  th e  r e s i s t i v i t y  m e asu rem en ts  w ere 

m ade, was d r y ,  no r a i n  h a v in g  f a l l e n  s in c e  th e  p re v io u s  

r a i n f a l l  s e a s o n .

F u r th e r  m e asu re m en ts  o f  r e s i s t a n c e  w ere  made o v e r  t h -  e n su in g  

w eeks, T hese  a r e  d e t a i l e d  i n  A ppendix  4 and a re  sum m arised  on 

G raph 5 .2

The f o l lo w in g  c o n c lu s io n s  can  be  draw n from  a  p e r u s a l  o f  th e  

r e s u l t s  o b ta in e d  from  th e  t r i a l  sy s te m  and th e  e x p e r im e n ta l  

w e t te d  e l e c t r o d e .

( a )  I t  i s  e s s e n t i a l  t h a t  a l l  c o n d u c tiv e  com ponents o f  th e  

e a r th in g  sy s te m  be b u r i e d ,  i n  o r d e r  to  m axim ise  th e  

c o n d u c to r  a r e a  in  c o n ta c t  w ith  th e  su rro u n d in g  s o i l ,  T h is  

i s  b o rn e  o u t  by th e  d ro p  in  r e s i s t a n c e  o f  635 ohms when 

c o n n e c t in g  th e  b u r ie d  c o n d u c to r s  tu  th e  s k i d , a s  com pared 

to  th e  f u r t h e r  d rop  i n  r e s i s t a n c e  o f  o n ly  2 ,3  ohms when 

c o n n e c t in g  th e  f o u r  v e r t i c a l  e l e c t r o d e s  to  th e  b u r ie d  

c o n d u c to r s , b e f o r e  a d d in g  w a te r  to  th «  e l e c t r o d e s .

(h) I t  a p p e a rs  to  be a d v a n ta g e o u s  to  add t a b l e  s a l t  to  th e  

v e t t e d  e l e c t r o d e s ,  On 6 th  A ugust th e  t r i a l  sy stem  

e l e c t r o d e s  w ere  w e t te d  w ith o u t  a d d in g  s a l t ,  and th e  

r e s i s t a n c e  had in c r e a s e d  by 1 ,9  ohms by 10 th  A u g u s t, (when 

w a te r  was s t i l l  v i s i b l e  i n  one e l e c t r o d e ) , and by a 

f u r t h e r  2 ,2 0  ohm by 2 8 th  A ugust (when a l l  th e  e l e c t r o d e s  

w ere  d r y ) , On th e  2 8 th  A ugust v o t e r  was a g a in  a dded  to  

th e  e l e c t r o d e s  to g e t  t  w ith  1kg o f  t a b l e  s a l t  p e r  

e l e c t r o d e .  The r e s i s t a n c e  wag th e n  a t  a l l  t im e s  low er 

th a n  i t  w as on 2 8 th  A u g u s t. A lthough  i t  i s  n o te d  t h a t  

r a in  was r e c o rd e d  a f t e r  2 8 th  A ugust ( s e e  g rap h  5 . 2 ) ,  and 

th a t  t h i s  may be  r e s p o n s i b le  f o r  th e  r e s i s t a n c e  d ro p s  

e n c o u n te re d , i t  i s  p o s tu l a t e d  t h a t  some a d v a n ta g e  was 

g a in e d  by a d d in g  s a l t  to  th e  e l e c t r o d e s .  Betw een 

2 8 th  A ugust and 1 7 th  S e p te m b e r , a  d rop i n  r e s i s t a n c e  o f  

4 ,4  ohms (12%) was n o te d ,  a l th o u g h  o n ly  8 mm o f  r a i n  was 

re c o rd e d  o v e r  t h i s  p e r io d ,





(c ) With most o f the ea rth ing  system c o n s is tin g  of conductors 
bu rled  a t  about 300mm below the s u rfa c e , r a in f a l l  
obviously has a s ig n if ic a n t  e f f e c t  in  reducing the 
re s is ta n c e  to  e a r th  of the ea rth in g  system. This can be 
re a d i ly  seen from readings taken a f t e r  17th September.
The e f f ic ie n c y  o f the  Inc lusion  of w etted e lec tro d es 
cannot th e re fo re  be re a d ily  evaluated  on th e  b as is  o f the 
read ings taken to  d a te , as the t r i a l  system was 
e s ta b lish e d  sh o rtly  before  the onset o f the  r a in fa l l  
season. However, on the s tre n g th  o f the  s ig n i f ic a n t  
reduc tion  in e le c tro d e  re s is ta n c e  noted during work with 
the experim ental w etted e le c tro d e ,  i t  i s  p o stu la ted  th a t 
during  the dry season, th e  w etted e le c tro d e s  w ill make an 
im portant c o n tr ib u tio n  to  keeping th e  ea rth in g  system 
re s is ta n c e  lower than would be th e  case w ith dry 
e le c tro d e s . Obviously t h i s  p o s tu la tio n  w ill have to  be 
thoroughly te s te d  by continu ing  to m onitor the  re s is ta n c e  
o f the  t r i a l  system throughout the forthcom ing dry season 
and in to  the next wet season.

5.4 PROPOSED EARTHING SYSTEM

An ea r th in g  system employing sh o rt w ettea e le c tro d e s  w ill be e a s ie r  

to i n s ta l l  and contro l than one employing long e lec tro d es  fo r  which 
deep holes must be d r i l l e d .  In a d d itio n , th e  au thor is  o f the 
opinion th a t  te s t in g  o f the t r i a l  system during the d ry  w in ter 
months w ill show th e  re s is ta n c e  to  e a r th  of th e  t r i a l  system to  be 

s ig n if ic a n t ly  lower and more co n s is te n t than th a t  o f the p resen t 
ea rth in g  system.

An ea rth in g  system based on the t r i a l  system i s  th e re fo re  
proposed.

As i t  i s  d e s ir a b le ,  as f a r  as p o s s ib le , to  e le c t r i c a l l y  s ep a ra te  the 
transfo rm er sk id  and d is t r ib u t io n  sk id  ea r th in g  system s,

(see C hapter 3) an ea r th in g  system layout as shown in  f ig u re  5 .4  is  
proposed. While i t  is  recognised th a t  th is  system d i f f e r s  from the 
t r i a l  system , th e  d iffe ren ces  are  not s ig n if ic a n t .

Corrosion o f the w etted e le c tro d e s  is  not expected to  p resen t any 

problems, as th e  sk ids  a re  moved a t  in te rv a ls  hot norm ally exceeding 
six  months.



g round  l e v e l

W etted  e l e c t r o d e s



I d e a l l y ,  when c u r r e n t  f lo w s  th ro u g h  th e  t r a n s fo r m e r  s k id  to  e a r u h , 

th e  d i s t r i b u t i o n  s k id  s h o u ld  n o t  r i s e  to  a  p o t e n t i a l  i n  e x c e s s  o f 

th e  maximum p e r m i t te d  to u c h  p o t e n t i a l ,  a s  any r i s e  i n  p o t e n t i a l  

o f  th e  d i s t r i b u t i o n  s k id  w ould a l s o  be e x p e r ie n c e d  by th e  d r a g l i n e  

due to  th e  s o l i d  e a r th  c o n n e c t io n  b e tw een  them . The maximum 

p e rm i t te d  to u c h  p o t e n t i a l  has  been  shown to  be 80 v o l t s  f o r  power 

f re q u e n c y  c u r r e n t s , and 900 v o l t s  f o r  l i g h t n in g  d is c h a r g e  c u r r e n t s  

(C h a p te r  2 ) .

I f  th e  p o t e n t i a l  oE th e  d r a g l i n e  i s  e le v a te d  above t h a t  o f  t r u e  

e a r t h ,  t h i s  p o t e n t i a l  w i l l  be d ro p p ed  be tw een  th e  d r a g l i n e  and t r u e  

e a r t h .  A p e rs o n  s ta n d in g  n e x t  to  th e  d r a g l i n e  and to u c h in g  i t  w i l l  

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

shewn in  f i g u r e  5 .5 .  I f  i t  I s  assum ed t h a t  th e  maximum d is t a n c e  

t h a t  a p e rso n  w i l l  be s ta n d in g  away from  a d r a g l i n e  w h ile  to u c h in g  

i t  I s  1 m e t r e , th e n  th e  p o t e n t i a l  o f  th e  d r a g l in e  can  r i s e  to  170 

v o l t s  f o r  pow er f re q u e n c y  c u r r e n t  and  1915 v o l t s  f o r  l i g h t n in g  

d is c h a r g e  c u r r e n t , a s  i t  h a s  been  shown by m easurem ent (A ppendix  3 , 

A 3 .5 , page 59) t h a t  67% o f  th e  r e s i s t a n c e ,  and th e r e f o r e  th e  

p o t e n t i a l  o f  a  d r a g l i n e  to  e a r th  i s  d ropped  o v e r  th e  f i r s t  t t e t r e  

away from  th e  m a ch in e .

I t  c an  be assum ed t h a t  th e  sh ape  o f  th e  r e s i s t a n c e  v e r s u s  d is t a n c e  

c u rv e  away from  th e  t r a n s fo r m e r  s k id  w i l l  be th e  same f o r  Che 

p ro p o sed  sy s te m  a s  f o r  th e  t r i a l  s y s te m , a s  any d i f f e r e n c e s  w hich 

may be p r e s e n t  w i l l  n o t  m a t e r i a l l y  e f f e c t  c o n c lu s io n s  w h ich  c an  be 

draw n from  Che d is c u s s io n  w hich fo l lo w s .1

From a p e r u s a l  o f  r e s i s t a n c e  m e asu rem en ts  ta k e n  on th e  t r i a l  sy s te m , 

a  t y p i c a l  value  o f  r e s i s t a n c e  to  e a r t h  o f  35 ohms was c h o se n . T h is  

v a lu e  i a  o n ly  a p p l i c a b l e  when power f re q u e n c y  and low m ag n itu d e  

c u r r e n t s  a r e  b e in g  c o n s id e r e d .  When th e  e a r th in g  sy s te m  d is c h a r g e s  

a  h ig h  m a g n itu d e  and f re q u e n c y  c u r r e n t  such  a s  l i g h t n i n g  s t r o k e  

c u r r e n t , th e  im pedance  w i l l  be m o d if ie d  by t r a v e l l i n g  wtive and s o i l  

i o n i s a t i o n  e f f e c t s .

S o i l  i o n i s a t i o n  w i l l  o c c u r  i n  th e  v i c i n i t y  o f  an e l e c t r o d e  c a r ry in g  

a h ig h  c u r r e n t  r e s u l t i n g  i n  an in c r e a s e  i n  c o n d u c to r  e f f e c t i v e  

r a d iu s  and c o n se q u e n t d e c r e a s e  in  im pedance . The s u rg e  im pedance 

Can v a ry  from  20% to  80% o f  th e  pow er f re q u e n c y  im p e d an c e , th e  

fo rm er  l iu i ib  a p p ly in g  in  th e  c a s e  o f  a s i l ig le  d i s c r e t e  e le c tr o d e *  

w here th e  c u r f e n t  d e n s i t i e s  i n  th e  su rro u n d in g  a t i i l  medium a re  

h ig h  ( 5 ) .  H ow ever, when th e  e a r th in g  sy stem  i s  m ore d ie t z ' i b u t a d j  a s  

i n  th e  c a se  i n  th e  p ro p o se d  sy s te m , th e  c u r r e n t  d e n s i t i e s  a t e  idW 6t



Curve o f  p o t e n t i a l  v s  d is t a n c e  away from  a 
d r a g l i n e  show ing to u c h  p o t e n t i a l  i n  r e l a t i o n  

to  th e  maximum p o t e n t i a l  t o  w hich th e  d r a g l i n e

Maximum d i s t a n c e  t h a t  
P e rao rt c an  abend from
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i n  Che su r ro u n d in g  s o i l  medium, and Che e f f e c t  o f  s o i l  i o n i s a t i o n  i s  

n o t a s  m arked . I t  i s  t h e r e f o r e  p ro p o sed  t h a t  i n  th e  c a se  o f  th e  

sy s te m  p ro p o sed  s o i l  i o n i s a t i o n  b e  c o n s e r v a t iv e ly  e s t im a te d  to  

d e c r e a s e  th e  im pedance  when d is c h a r g in g  l i g h t n in g  s t r o k e  c u r r e n t  to  

80% o f  th e  pow er f re q u e n c y  im pedance  v a lu e ,  i . e .  to  28 ohms from  35

When a b u r ie d  e le m e n t o f  an e a r th in g  sy s te m  i s  s u b je c t e d  to  a h ig h  

f re q u e n c y  c u r r e n t  im p u lse  th e  b u r ie d  e lem e n t a c t s  a s  a  t r a n s m is s io n  

l i n e  and v a r io u s  r e f l e c t i o n s  ta k e  p la c e  b e fo r e  th e  s te a d y  s t a t e  

c o n d i t io n  i s  r e a c h e d . The e f f e c t  o f  t h i s  b e h a v io u r  can  be  to  e i t h e r  

m arked ly  i n c r e a s e  o r  d e c r e a s e  th e  i n i t i a l  im pedance  o f  th e  e a r th in g  

sy s te m  ( 5 ) .  I t  h a s  b e en  shown th a t  th e  m ost f a v o u r a b le  e f f e c t  can  

be a t t a i n e d  by em p lo y in g  o c o m b in a t io n  o f  a h ig h  c a p a c i ta n c e  sy stem  

o f  b u r ie d  r a d i a l  c o n d u c to r s  i n  c o m b in a t io n  w ith  a h ig h  c o n d u c ta n ce  

sy s te m  o f  d i s t r i b u t e d  d r iv e n  r o d s .  The e a r th in g  sy s te m  p ro p o sed  

a p p ro x im a te s  to  su c h  a sy s te m . I t  i s  th e r e f o r e  assum ed th a t

t r a v e l l i n g  wave e f f e c t s  w i l l  c a u se  a  f u r t h e r  r e d u c t io n  o f  20% in  th e

i n i t i a l  v a lu e  o f  im pedance  when d is c h a r g in g  l i g h t n i n g  s t r o k e  c u r r e n t  

com pared to  th e  pow er f re q u e n c y  v a lu e .  The i n i t i a l  im pedance o f  th e

p ro p o sed  sy s te m  u n d e r  l i g h t n i n g  im p u lse  c o n d i t io n s  was th e r e f o r e

ta k e n  a s  0 ,8  X 0 ,8  X 35 -  2 2 ,A ohms.

A t y p i c a l  r e s i s t a n c e  v e r s u s  d i s t a n c e  c u rv e  f o r  a r e s i s t a n c e  to  e a r th  

o f  35 ohms was a v a i l a b l e  fro m  m easu rem en ts  made on th e  t r i a l  sy s te m . 

I f  th e  asym cou lc  v a lu e  o f  r e s i s t a n c e  w ere d e c r e a s e d  to  2 2 ,4  ohm s, 

th e  sh a p e  o f  t h i s  c u rv e  w ould b e  th e  same a s  t h a t  f o r  35 ohms,

i . e . t h e  p e rc e n ta g e  o f  e s y m to tic  r e s i s t a n c e  d ro p p ed  betw een  any two 

p o in ts  a lo n g  th e  a b c i s s a s  o f  b o th  c u rv e s  Would b e  th e  sam e. A c u rv e  

o f  im pedance  v e r s u s  d i s t a n c e  away from  th e  t r a n s fo r m e r  s k i d , as 

shown on g ra p h  5 .3  was th e re b y  d e r iv e d .  A v a lu e  o f  l ig h t n in g  s t r o k e  

c u r r e n t  o f  34kA ( s e e  C h a p te r  3) was th e n  assum ed in  o r d e r  to  d e r iv e  

a c u rv e  o f  th e  f a l l  in  p o t e n t i a l  v e rs u s  d i s t a n c e  away from  th e  

tr a n s fo r m e r  s k id .  T h is  c u rv e  i s  shown on g rap h  5 .4 .  The maximum 

p o t e n t i a l  to  w hich  th e  t r a n s fo r m e r  s k id  w i l l  r i s e  i s  34kA X 2 2 ,4  

ohms » 7 6 1 j6kV .

On th e  o r d in a t e  o f  g ra p h  5 .4  a p o t e n t i a l  o f  1915 v o l t s  i s  

e q u iv a le n t  to  0 ,0 6  d i v i s i o n s .  The e x a c t  d i s t a n c e  away from  th e  

t r a n s fo r m e r  s k id  a t  w hich  th e  e q u ip o te h t i a l  l i n e  o f  1915 v o l t s



o c c u r s  I s  d i f f i c u l t  Co p r e d i c t  w ith  any d e g re e  o f  c o n f id e n c e  a s ,  

a l th o u g h  g rap h  5 .4  d e p i c t s  t r u e  z e ro  p o t e n t i a l  js o c c u r ln g  a t  35 

m e tr e s  away from  th e  t r a n s fo r m e r  s k i d , th e  c u rv e  o n ly  becom es 

a g y m to c ic  to  t r u e  z e r o  p o t e n t i a l  a t  t h i s  p o i n t .  T h e o r e t i c a l l y ,  t r u e  

z e r o  p o t e n t i a l  o c c u r s  an i n f  i n i c e  d i s t a n c e  away from  th e  t r a n s fo r m e r  

s k id .  The a c t u a l  c u rv e  o f  p o t e n t i a l  v e r s u s  d is t a n c e  may th e r e f o r e  

l i e  0 ,0 6  d i v i s i o n s  on th e  o r d in a t e  ( c o r re s p o n d in g  to  1915 v o l t s )  

above t r u e  z e ro  p o t e n t i a l  a t  a  d i s t a n c e  g r e a t ly  in  e x c e s s  o f  

35 m e tre s  from  th e  t r a n s f o r m e r  s k id .

I t  i s  t h e r e f o r e  c o n c lu d e d  t h a t  no p r a c t i c a l  s e p a r a t io n  o f  th e  

t r a n s fo r m e r  and d i s t r i b u t i o n  s k id  e a r th in g  sy ste m s can  e n s u re  th a t  

no d a n g e ro u s  r i a e  in  p o t e n t i a l  o f  th e  d i s t r i b u t i o n  s k id  w i l l  o c c u r  

when l i g h t n i n g  s t r o k e  c u r r e n t  i s  d is c h a r g e d  th ro u g h  th e  t r a n s fo r m e r  

s k id  e a r th in g  s y s te m . I t  i s  how ever r e c o g n is e d  t h a t  th e  p r o b a b i l i t y  

o f  a l i g h t n i n g  d is c h a r g e  th ro u g h  th e  t r a n s fo r m e r  s k id  e a r th in g  

sy s te m  c a u s in g  a  d a n g e ro u s  r i s e  i n  th e  p o t e n t i a l  o f  th e  d i s t r i b u t i o n  

s k id  d e c r e a s e s  w ith  i n c r e a s in g  p h y s ic a l  s e p a r a t i o n  o f  th e  two s k i d s .

When a power f re q u e n c y  f a u l t  to  e a r th  o c c u rs  on th e  t r a n s fo r m e r  

s k i d , th e  maximum p o t e n t i a l  to  w hich Che s k id  can  r i s e  i s  th e  

t r a n s fo r m e r  s u p p ly  p o t e n t i a l  o f  19 kV ( p h a s e ) . The v a lu e  of 

r e s i s t a n c e  to  e a r th  o f  35 ohms p r e v io u s ly  assum ed w i l l  n o t be 

m o d if ie d  in  any  way by t r a v e l l i n g  wave e f f e c t s .  S o i l  i o n i s a t i o n  can 

how ever o c c u r , a l th o u g h  i t  i s  f e l t  th a t  th e  a f f e c t s  o f  t h i s  w i l l  be 

i n s i g n i f i c a n t .  P e r s u in g  a s im i l a r  argum en t to  th a t  p u t fo rw a rd  f o r  

th e  c a s e  o f  a l i g h t n i n g  d is c h a r g e ,  i t  can  be shown t . id t  a  p o t e n t i a l  

o f  170 v o l t s  v t l l  c o rr e s p o n d  t o  0 ,3 )  d i v i s i o n s  on th e  o r d in a t e  o f  

th e  p o t e n t i a l  v e r s u s  d i s t a n c e  g ra p h . A gain  th e  d is t a n c e  from  th e  

t r a n s fo r m e r  s k id  lo  th e  170 v o l t  e q u i p o t e n t i a l  l i n e  c an n o t be 

c o n f id e n t ly  p r e d i c t e d .

I t  i s  t h e r e f o r e  c o n c lu d e d  t h a t  no p r a c t i c a l  s e p a r a t io n  o f  th e  

t r a n s fo r m e r  and d i s t r i b u t i o n  s k id  e a r th in g  sy ste m s W ill p r o t e c t  

p e r s o n s  i n  th e  v i c i n i t y  o f  6 ,6  kV equ ipm en t from  e x p e r ie n c in g  

d a n g ero u s  o v e r v o l t a g e s  s h o u ld  e i t h e r  pow er f re q u e n c y  o r  l i g h t n i n g  

s t r o k e  c u r r e n t  b e  d is c h a r g e d  th ro u g h  th e  t r a n s fo r m e r  s k id  e a r th in g  

s y s te m . The s k id s  s h o u ld  t h e r e f o r e  be l o c a te d  a s  f a r  a p a r t  iis 

p r a c t i c a l l y  p o s s ib l e .



i v e r s u s  d is t a n c e  
a  34 kA l i g h t n i n g  s t r o k e
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS

THE EARTH ELECTRODE SYSTEM

I t  i s  recommended th a t  the  transfo rm er and d is t r ib u t io n  sk ids  be 
earthed  by means o f an ea rth in g  system employing w etted e le c tro d e s . 

Such a system i s  more fu l ly  described  in  Chapter 5. This system has 
the follow ing more im portant advantages over the system p re se n tly

a ) The recommended system is  e a s ie r  to  in s ta l l  than the p resen t 
system, w ith one fu nc tiona l department of th e  mine being 
re sponsib le  fo r  a l l  a spec ts  o f the in s ta l la t io n .  Management 
contro l over the  c o rre c t ea rth in g  system in s ta l la t io n  w ill 
th e re fo re  be ’"proved.

b) I t  i s  expected th a t  the  proposed ea rth in g  system w ill ex h ib it  a 
lower and more co n s is te n t value o f impedance to  e a r th , both fo r 
power frequency and lig h tn in g  stro k e  cu rren t d ischarges than 
the p resen t system.

PROTECTION OF PEOPLE FROM OVERVOLTAGES DUE TO LIGHTNING

Nothing can be done to  ensure th a t  dangerous s tep  or touch 
p o te n tia ls  w ill  not occur due to  the flow  o f lig h tn in g  cu rren t 
through e i th e r  the transfo rm er or d is t r ib u t io n  sk id  earth ing  
system s. I t  is  th e re fo re  necessary  to  ensure as f a r  as p o ssib le  
th a t people in the v ic in i ty  of equipment do n o t come in to  con tac t 
w ith these  p o te n t ia ls .  In o rder to  achieve th is  the fo llow ing l i s t  

o f recommendations i s  proposed,

a ) The transform er and d is t r ib u t io n  sk id s  should be in s ta l le d  as 

f a r  a p a r t  as p r a c t ic a l ly  p o s s ib le , as the  s e v e r ity  of 

overvoltages occur!ng on th e  d is t r ib u t io n  sk id  due to  lig h tn in g  
s troke  cu rren t discharges through the transfrom er sk id  ea rth ing  
system decreases as th e  d is tan ce  between the two sk ids 
in c rea se s .



b) A b lanke t p ro h ib itio n  st-.-ild be e s ta b lish e d  on people touching 
mobile equipment from the ground when lig h tn in g  a c t iv i ty  is  
p re sen t.

c ) Gates on a l l  transfo rm er and d is t r ib u t io n  sk ids  should be in se t 
by about 1 metre from the edge o f the  sk id , as is  c u rre n t 
p ra c tic e  on some mines. This measure ensures th a t  one must be 
standing  w ith both f e e t  on the sk id  before the r e la t iv e ly  time 
consuming task  of unlocking the gate  can be undertaken,

d) H andrails o f a l l  sta irw ays lead ing  onto mobile equipment should 
be in su la te d , o r manufactured from in su la tin g  m a te r ia l.  This 
w ill  ensure th a t  should the equipment be a t  a dangerous 
p o te n tia l the path o f cu rren t flow w ill be from foo t to  fo o t, 
and not hand to  fo o t. The in su la tio n  used should be 
s u b s ta n t ia l , p re fe rab ly  e x h ib itin g  an impulse f la sh o v e r value 

o f  not le s s  than 200kV.

e) A ll workers should wear th ick  so led rubber b o o ts , which should

be kept in  e good cond ition ,

f )  Although human f a t a l i t i e s  a re  ra re  due to s te p  p o te n t ia ls  in
the ground, the c u rre n t flow always being from foo t to
fo o t (10 ), i t  i s  recommended th a t  people be p ro h ib ited  from 
approaching mobile equipment 0nd sk ids on foo t when lig h tn ing  

a c t iv i ty  is  p re sen t.

g) People should not stand c lo se r  than ?. metres away from mobile
equipment o r sk ids  when lig h tn in g  a c t iv i ty  is  p re se n t, in  order

imselves ag a in s t s ide  fla sh es from the equipment.



6 ,3  PROTECTION OF PEOPLE FROM POWER FREQUENCY OVERVOLTAGES

The 1 Im ita tio n  o f e a r th  f a u l t  c u rre n t on the 6,6kV re t ic u la t io n  
system to  25 Amps is  s u f f ic ie n t  to  ensure th a t  dangerous step  and 
touch p o te n tia ls  w ill  not occur due to  f a u l t s  on th is  system. 
(Chapter 3),

Earth f a u l t  . v ren t on the 33 kV system is  not l im ite d . T herefore , 
In ad d itio n  to tak ing  those  s tep s suggested fo r  avoiding dangerous 
lig h tn ing  overv o ltag es , i t  i s  suggested th a t con sid e ra tio n  be given 
to  increasing  thp  zero  sequence impedance o f  th e  33 kV system  in 

ord e r to  lim it t  c u rre n t. A lim itin g  value of 200 Amps to 
300 Amps would be ap p ro p ria te  (9 ) . In a d d itio n , the 33kV 
p ro tec tio n  scheme could be checked to  ensure th a t  e a rth  f a u l t s  are
c leared  In th e  s h o r te s t  p o ssib le  time.

PROTECTION OF EQUIPMENT DUE T0 LIGHTNING 0VERV0LTA5ES

Although a rigo rous in su la tio n  co -o rd in a tio n  study should be c a rr ie d
o u t, i t  i s  suggested th a t  the fo llow ing s tep s  could co n tr ib u te  to 
reducing the ra te  o f eq ipment f a i lu r e  p re sen tly  being experienced.

a) Surge d iv e r te rs  a re  p re sen tly  in s ta l le d  a t  the  overhead lin e  
term ina tion  to the transfo rm er sk id . While these  a r re s to rs  
provide adequate p ro te c tio n  o f the sk id  mounted voltage 
transfo rm er and c i r c u i t  b reak er, s im ila r  p ro te c tio n  is  not 
afforded  to  th e  tran sfo rm er, as the d is tan ce  between the surge 
d iv e r te rs  and th e  transfo rm er 33kV te rm in a ls  is  too g re a t (8 ). 
A dditional d iv e r te rs  should th e re fo re  be mounted on the 
te rm ina ls  o f the transfo rm er. The connection between these 
surge d iv e r te rs  and the grounding po in t common to  the 
transform er should be so arranged so as to  be as sh o rt  as 
p o ssib le  and to  have as low a reactance as p o ssib le .

fc>) The 5,6kV overhead l in e  connection between the transfo rm er and 
d is t r ib u t io n  sk ids  should be p ro tec ted  a g a in s t lig h tn in g  
s t r ik e s .  This can most e a s i ly  be achieved by e re c tin g  a f in ia l  
on the transfo rm er sk id , o f s u f f ic ie n t  heigh t to  provide an 
acceptab le  level o f p ro te c tio n  to  the 6,6kV l in e s .
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15 16 17 18

INTERVAL RESISTIVITY RESISTIVITY RESISTIVITY RESISTIVITY
(m etres) (Ohm m etres) (Ohm m etres) (Ohm m etres) (Ohm m etres)

2 61,47 1319,85 321,79 155,87
4 60,06 1723,92 369,41 138,97
6 62,58 1534,39 317,43 130,44
B 74,90 1060,70 321,23 125,17
10 77,91 747,68 362,53 130,69
12 81,43 581,33 324,97 134,97
14 88,84 467,95 318,42 147,77
16 443,34 292,54 133,70
18 444,48 252,21
20 436,04 228,70



APPENDIX 3

RESISTANCE AND RESISITVHY MEASUKEMESTS HADE BY THE

AUTHOR -  A REPRESENTATIVE SELECTION OF MEASUREMENTS 'OK2%



i te m s  o f  m o b ile  m ach ines and e l e c t r o d e  c o n f ig u r a t io n s  

made by th e  a u th o r .  R e s i s t i v i t y  & .isu re m e n ts  w ere  mac

r e p r e s e n ta t i v e  o f  a l l  th e  m easu rem en ts  made.
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1. EARTHING SYSTEM DESCRIPTION

id o f a sk id , burled  in te rconnec ting  
e lec tro d es  as shown diagram m atically

The ling

below.



Date 6 August 1984 

Soil cond itions:
D irec tion  of measurement: A
D istance to  c u rre n t e lec tro d e : 55m

D istance to 
p o ten tia l 
E lectrode (m)

Case 1 
(Ohms) (Ohms) (Ohms) (Ohms)

5 645 22,1 21,2 20,0

10 657 24,5 23,8 22,4

20 665 31,1 28,7 27,5

30 671 36,0 M .3 33,7

40 675 39,4 38,4 36.9
50 701 68,0 66,5 66,1

Case 1: R esistance of sk id  alone
Case 2: R esistance o f sk id  connected to  buried  conductors.
Case 3: R esistance of sk id , buried conductors and e lec tro d e

in te rconnec ted .

Case 4 As fo r  ° b u t 20 minutes a f t e r  the e lec tro d es  were f i l l e d  
with w a 'iv  (no s a l t  added),
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Date: 28 August 1
Soil cond itio n s: Dry
D irec tio n  of measurement: B
Distance to  c u rren t electrode:50m  
All e le c tro d e s  d ried  out

Distance to 
P o ten tia l 
E lec trode  (m)

Measured
R esistance

(Ohms)

10 31,2
20 33,4

30 37,8
40 42,1
46 M .Z



Date: 28 August 1984

Soil C onditions: Dry
D irec tion  o f measurement: 8
D istance to  cu rren t electrode:50m
A]] e le c tro d e s  f i l l e d  w ith w ater and one kilogram o f ta b le  s a l t

R esistance measured a t  61,8% o f d is tan ce  to  c u rren t e lec tro d e  
meas'ired immediately a f t e r  f i l l i n g  e lec tro d es  w ith w ater and 
s a l t :  36,4 ohms

Date Measured R esistance 

to  e a r th  (Ohms) 
(Note 1)

R ainfall 
(Note 2)

30/08/84 6mm
3/09/84 34,9 -

10/09/84 34,0
14/09/84 - 2mm

17/09/84 32,0 -
2/10/84 - 18mm
3/10/84 16mm

4/10/84 20,5
12/10/84 - -
13/10/84 - 15mm

16/10/84 22,8 12mm
1.6/10/84 - 12mm
31/10/64 20,6

NOTE: 1 R esistance measurement taken w ith p o te n tia l e le c tro d e  a t  
61,8% of d is tan ce  from earth ing  system to  c u rren t 

e lec tro d e  (50m)
NOTE: 2 No fu r th e r  w ater was added to  the e le c tro d e , Other than 

th a t  added by n a tu ra l p r e c ip ita tio n ,



FOR R E S IS T A N C E

AMD RESISTIVITY

1 . ________________ ^



A M etra te rr 2 e a r th  re s is ta n c e  m eter was used to  measure re s is ta n c e  

r e s i s t i v i t y .  S a lie n t s p e c if ic a tio n s  o f th i s  instrum ent a re  as fo il

a) Frequency o f measuring v o ltage : 108 + 3 Hz.
b) Measuring range: 0 ,1  ohms to  9 ,99 k ilo  ohms.
c) Rated opera ting  co n d itions : To VOG 0413 P art 5.
d) O peration tem perature range: 10oC to  + 55oC.

Measuring
range

Open c i r c u i t  

vo ltage

Short c i r c u i t  
c u rren t

0 - 9 , 9 9  ohms 
0 - 9 9 , 9  ohms 
0 - 999 ohms 
0 -  9,99 K ohms

40V A.C. 
40V A.r 

250V A.C. 
250V A.C.

40 mA A.C. 
40 mA A.C. 

3 mA A.C. 
3 mA A.C.
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