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ABSTRACT 

Thi s report documents the cont i nu i n g  effort by the Departmen t o f  

E n ergy to determi ne the condi t i on of e l ectr i ca l  c i rcui ts w i th i n the reactor 

bui l di n g  at Three Mi l e  I s l and Un i t  Two ( TMI-2 ) as affected by the acci den t 

of March 28,  1979 . GEND- I NF -056 TM I -2 Cabl e/Connect i on Program F Y-84 

Status Report (i n s i tu test phase ) i s  back ground for th i s  report , l i st i ng 

each c i rcui t by penetrat i on and g i v i n g  the res pec t i ve end i ns trumen t  or 

dev i ce .  GEND- I NF-056 a l so presents s ketches of e ach c i rcui t  path . 

Thi s  report further con s i ders anoma l i es i n  the e l ectri ca l c i rcu i ts 

l ocated i n  the reactor bui l di ng based on the i n  s i tu test data a n d  rel ates 

them to phys i ca l  anoma l i es ,  known or i mpl i ed .  S i nce the anoma l i es  vary i n  

degree of s ever i ty ,  the number of c i rcui ts w i th anoma l i es i s  not mean i ngf u l  

w i thout an expl anat i on of the anoma l i es .  Thi s report presents tab l es o f  

the anomal i es .  The c i rcui ts have not been phys i ca l l y  i ns pected t o  date, so 

conclus ions  cannot be rendered or veri f i ed for a l l c i rcu i ts . 

Th i s  report a l so presents the resu l ts of l aboratory tests on cab l es 

and term i n a l  b l ocks . The tests measured the vari ation  i n  the cab l e  

parameters for var i ous tes t condi t i ons, i nc l udi n g  a dry a n d  wet c ab l e ,  a 

cab l e  l oopi n g  i n  a cab l e  tray , cabl es i ns erted i nto a dry and water-f i l l ed 

condui t, and a cab l e  termi nated w i th a termi n a l  b l ock submerged in w ater . 

However , because the TMI-2 tes t data were acqui red w i th transmi tters 

a nd other act i ve devi ces i n  the i r  unpowered s tate, the o perat i on a l  s tatus 

on many c i rcu i ts cou l d  not be ver i f i ed .  An eva l uat i on of the ava i l ab l e 

TMI-2 p l ant cab l e  test data i ndi cate that 3 . 5% of c i rcui ts tested are 

nonfunc t i on a l .  
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TMI-2 CABLE/CONNECT IONS PROGRAM 

FY-85 STATUS REPORT 

I NTRODUCT ION  

S hortly  after the March 1 979 acc i dent at  Three Mi l e  I s l and Un i t  2 

( TMI-2), the U . S .  Department of Energy became i nvol ved i n  research rel ated 

to the event a n d  es tab l i shed the Tech n i ca l  I nforma t i on and Exami n a t i on 

Program ( T I&EP ) to ass i s t  i n  so l v i ng techn i ca l  c l eanup cha l l enges and to 

c o l l ect , ana l yze, and  document data that wou l d  benefi t  nuc l ear power p l ant  

safety . An  important part of  the  T I&EP  is  the  I ns trumentat i o n  and 

E l ectr i c a l  ( I &E ) Program . In  1 98 1 ,  I &E personne l i n i t i a ted a major cab l e  

ana l ys i s  effort, c a l l ed the Cab l e/Connec t i on Program . Th i s  effort supports 

acc i dent preven t i on and  mi t i ga t i on ph i l osophy by estab l i sh i ng the phys i c a l  

l im i tat i ons an d performance o f  i nterconnec t i ng cab les for i nstrumenta t i on 

a n d  e l ec tr i c a l  equ i pment exposed to an actua l l oss-of-coo l ant-acc i dent  

( LOCA) env i ronment .  Exam i nat i on, tes t i ng, and ana l ys i s  wi l l  prov i de data 

f or better eva l ua t i on o f  rel i ab i l i ty, a g i ng ,  and performance , and  for 

i mprovements i n  the des i gn ,  manufacture , and i ns ta l l at i on of 

i ns trumenta t i on ,  e l ectr i ca l  equ i pment, and cab l e  systems equ i pmen t .  

The components and cab l e  systems i n  the TMI -2 reactor bui l d i ng were 

e xposed to v ary i ng degrees of rad i at i on ,  s team , h umi d i ty, reactor b u i l di ng 

suppress i on and  gros s decontami nat i on sprays, submergence, a hydrogen burn 

e v en t, and a pos t-LOCA env i ronment .  Study of the  e l ectr i ca l  and phys i c a l  

proper t i es o f  se l ec ted cab l e  system components w i l l  a l l ow assessment of  how 

t h e  cab l es and connec t i ons responded to these acc i dent env i ronments . 

I n  f i sca l year 1 984 , GENO-INF-056 , t i tl ed TMI - 2 C ab l e/Connect i on 

Program FY-84 Status Report , was i ssued
1

. I t  descri bed the env i ronmen t 

i ns i de the reactor b u i l d i ng where the c i rcu i ts eval uated i n  th i s  report 

were l ocated . I t  a l so l i sted the cab l e s  tes ted and showed the i r  

l ocat i ons . I t  descr i bed the tes ts made on the c i rcu i ts ana pre l imi nary 

assessments of the c i rcu i ts .  

Th i s  report u pdates the env i ronmen ta l cond i t ions for TM I -2 that were 

g i ven i n  Reference 1. I t  rev i ews the c i rcui ts tested and the tests made on 

them . Before cons i der i ng the data from TM I -2 ,  some l aboratory measurements 

1 



ar e presented . I n  order to s imu late the pos s i ble wet cab l es of TMI - 2 , 

water was i njected between the jackets and  conductors of cab l e  s ampl es from 

TMI - 2 . Tes t  measurements were then taken on the wet cab l es and  compared 

w i th data obta i ned from dry cab l es .  Tests were a l so made to e v a l uate the 

effects of cab l es on cabl e trays and in  dry and water -fi l l ed condu i ts .  The 

tests a l so measured th e el ectr i ca l  effects of wett i ng termi na l  b l ock s .  

The n ext  sect i on descr i bes  anoma l i es i n  the TMI -2 tes t data that 

i ndi cate degradat i on of the c i rcu i ts . E ach type of a noma l y  i s  descr i bed , 

and tab l es are g i ven that  l i s t  the c i rcu i t s  found  to  h ave each type o f  

a noma l y .  

The l ast  sect i on deve l ops methods t o  eva l uate t h e  funct i ona l  

cond i t i ons  of  the c i rcu i ts and uses t �es e methods w i th the  i n  s i tu TMI -2  

d ata .  The  c i rcu i ts are eva l uated i n  funct i ona l ly s imi l ar groups , and  

resu l ts are thus tabu l ated .  

2 



OBJECT I VE S  

In f i sca l year 1 985 , the l &E program eva l uated the i n  s i t u 

measurements for anoma l ous  behav i or that wou l d  i nd i cate degradat i on of the 

c i rcu i ts and components . The eva l uat i on attempted to determi n e  the 

f unc t i on a l  condi t i on o f  the v ar i ous c i rcu i ts a nd i dent i fy the l ocat i ons a nd  

probab l e  causes of fa i l ures . A common ana l ys i s  method wa s used  on c i rcu i t s 

h av i ng s imi l ar dr i v i ng dev i ces , termi nations , and  functi ons . 

Another objec t i ve of the program was to perform l aboratory tests on 

s ampl es of TMI -2 cab l es ,  wh i ch wou l d  s imu l ate expected types o f  

degrada t i on, and  note t h e  effects of k nown degrada t i on on the tes t 

measurement . Th i s  tes t i ng prov i ded a base l i ne for eva l uat i on of the TMI  i n  

s i tu tes t data . 

• 
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ENVIRONMENTAL CONDITIONS 

Dur i ng the f i rst d ay of the acc i dent ,  the env i ronmen t i ns i de the 

reactor bui l d i ng was one of i ntense r adi ati on ,  steam ,  moderate temper ature 

excur s i ons , and a hydrogen burn res u l t i ng i n  a pressure s p i ke th at 

i n i t i ated a chemi cal suppress i on spray. 

Steam and r ad ioacti ve  reactor coo l ant were d i scharged i nto the 

bu i l d i ng through th e re actor coo l ant dr ai n tank rupture d i s c .  The steam 

rose from the basement through the o pen s tai rwe l l to  the u pper l eve l s .  The 

re l ease of water and steam resu l ted i n  an average ai r temper ature i ncrease  

of about 3 l °F dur i ng the  i n i t i a l hours after the  acc i dent.  Components 

di rect l y  in the steam path exper i enced h i gher temper atures . 

A total of approx imate l y  600 , 000 ga l l ons  of water accumu l ated i n  the 

basement and may have pos s i b l y  reached a max i mum l eve l of approximate l y  

8 . 3 f t  ( 29 1 -ft e l evation ) .  Consequent ly ,  many i nstruments , e l ectr i cal 

components , and cab l e  trays were submerged . Because of the water i n  the 

b asement and conti nuous operat i on of the a i r  handl i ng u n i ts , the re l at i ve 

humi d i ty i n s i de the reactor bu i l d i n g  rema i ned at 100% for a per i od of two 

to three years . 

General ly ,  the dose h i story , exc l udi ng the basement ,  con s i sted of h i gh 

dose r ates for a short t ime fo l l owed by re l at i ve l y smal l dose r ates for a 

l ong  t i me .  The estimated tot al i ntegrated r adi at i on dose v ar ies w i th 

l ocat ion and e l evat i on . Radi at i on l evel s at the 282-ft e l ev at i on ( th e 

reactor bu i l d i ng basemen t )  current ly  are 20 to 40 R/h i n  most acces s i b l e  

areas w i th a peak o f  1 200 R/h near the ai r coo l ers . Th i s  rel ates t o  a 

max imum est imate total i ntegrated dose of 1 0
8 

rads . The i ntegrated dos e  

o n  the 305-ft e l evati on h a s  been estimated at l O S rads , and th e 

i ntegrated dose at the 372-ft e l ev at i on h as been estimated at over 1 06 

r ads . 

The hydrogen b urn occurred approx imate ly  ten hours after the s tart of 

the acc i dent and resu l ted i n  a un i form i ncrease i n  amb i ent  temperature of  
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approxi matel y 81°F . I t  i s  be l i eved that the hydrogen burn started i n  th e 

basement. w i th f l ame propagat i on to the upper reg i ons of the reactor 

bu i l d i ng .  The pressure spike that resul ted from the burn act i vated the 

reactor bu i l di ng pressure suppres s i on s pr ay for about f i ve mi nutes . 
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I N  S I TU MEASUREMENTS 

�ecause entry i nto the TMI -2 reacto r b u i l di ng was restri cted and  

access to  many measurement poi nts was not  expected to  be ava i l ab l e  a ga i n ,  

a l l types of measu rements that m i ght  reasonab l y  give u sefu l data were 

made . I t  was bel i eved better to take more data than may prove usefu l tha n  

t h an to pos s i b l y  m i s s  some pert i nent i nformat i on .  

Test  measurements were on l y  performed on  the reacto r bu i l di ng port i on 

of  the c i rcu i t .  Port i ons  outs i de the reactor b u i l d i ng were d i sconnected at 

termi na l b l ock s or  connectors l ocated at  vari ou s  penetrati ons . Except as  

noted , a l l measurements i n  the reactor b u i l d i ng were made w i th the end 

i nstruments or  dev i ces i nsta l l ed but unpowered . Th i s  caused prob l ems i n  

eva l uat i ng some c i rcu i ts ,  but  was neces sary because access to the end 

dev i ces was not pract i ca l  due to the hazardous env i ronment . 

The v ari ous c i rcu i ts tested were accessed th rough ten d i ffe rent 

penetrati ons  and i nc l uded the cab l es ,  connecti ons , penet rat ion  and the 

termi nat i ng end dev i ces . The c i rcui ts tested i nc l uded 20 d i fferent types 

of cab l e s  and are often c l assed by the end dev i ces wh i ch i nc l ude heaters , 

motors , swi tches , re l ay contacts , t ransmi tters ,  ampl i f i ers ,  res i s tance 

temperature dev i ces ( RTDs ) ,  l oose parts  mon i tors ,  cu rrent t ransformers , and  

neutron detectors . 

The fo l l owi ng series  of i n  s i tu e l ectri ca l  tests were performed on  the 

vari ous  c i rcu i ts l ocated i n  the reactor bu i l d i n g .  

• I n i t i a l vo l tage characteri zat i on 

• Time Doma i n  Reflectometry ( TOR ) s i gnature 

• Capaci tance 

• I nductance 
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• Insu l at i on Res i s tance 

• de l oo p  res i s ta nce 

• ac i mpedance 

• ac res i s tance . 

W i th the pos s i b l e  except i on of TOR measurements , the tests were 

s t r a i ghtforward and are f ami l i ar  to most e l ectr i ca l  ana l ys ts. 

S impl i f i ed ,  the TOR tes t i s  performed by transmi t t i ng a s tep v o l tage 

i nto the tes t c i rcuit and  observ i ng the ref l ec t i ons  that return to the 

s endi ng i ns trument . These ref l ec t i ons occur at  any change i n  

character i st i c  i mpe dance and , s i gn i f i cant l y , a t  any d i scon t i nu i ty or  

defect . The  TOR tes t i s  a v a l uab l e  too l for both i dent i fy i ng an d  l oca t i ng 

defects  i n  a cab l e. 

Append i x  A of Reference 1 descri bes the type of tests a n d  test 

equ i pmen t  used to perform the i n  s i tu tes t i ng .  Data tak i n g was automated , 

a nd data were s tored on a f l oppy d i sc. 

I n i t i a l  vo l tage character i za t i on was pr i mar i l y  made to prev en t  i njury 

to the operator or damage to the i ns truments from u nexpected h i gh vol tage . 

The vol tage of each connect ion  was measured before any other i nstrumen t  was 

a ttached . No i se a n d  power l i ne p i ck up were noted i f  present . 

Mos t de l oop res i s tance measurements were made w i th a Hew l ett-P ack ar d  

Mode l 345 6A d i g i ta l  v o l tmeter . 

I n i t i a l l y ,  capac i tance a n d  i nductance were measured a t  1 20 Hz ,  1 kHz , 

a n d  10 kHz us i ng a Hew l ett  Pack ard LCR Meter mode l HP4 1 61 A or HP4 1 62A .  

L ater measurements were made over the range o f  1 00 H z  to 1 0  kHz i n  1 0 0  Hz 

steps usfng an HP4 1 92A L F  Impedance Ana l yzer . For mos t  analyses , the data  

a t  1 k Hz were u sed. The d i s s i pa t i on factor {D ) a n d  the  qua l i ty factor {Q) 

• 
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were obta i ned fo r capaci tance and i nductance meas u rements  res pect ivel y . 

I ns u l at i on res i stance was measured between cab l e  conducto rs and  s h i e l d  o r  

t o  pl ant ground when there was n o  sh i e l d .  

TOR data were obtai ned f rom a Tek tron i x  Model  7854 sto rage 

osci l l oscope w i th a 7S l 2  TOR s amp l er uni t p l u g  i n .  A Type S5 p l ug- i n 

s amp l i ng head and a Type S54 p l ug- i n  pu l se generator were u sed w i th the 

7512 . Data from th i s  TOR system a l l owed est imates of the propagat i on 

ve l oc i ty and characteri st i c  i mpedance to be made for the conductor pai rs of 

the cab l es .  TOR measurements have the advantage over other measu rements 

because p l ots of the TOR data can a l so show certai n  di scont i nu i t i es of 

e l ectri ca l  cha racteri s t i cs a l ong  the conductor pai r tested , wh i ch can hel p  

to l ocate opens o r  shorts found by de l oop res i s tance measurements . 
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LABORATORY MEASUREMENTS Of ENV I RONMENTAL EFFECT S 

In order to eva l uate the env i ronmenta l effects on the TMI c i rcu i ts , 

two sets of l aboratory measurements were made on var i ous  samp l es of TMI - 2  

c ab l e  types from unused s tock . The f i rst set of measurements were made on 

two cab l es to see what effects  the cab l e  trays , condu i ts ,  and water wou l d  

h ave on the cab l e  parameters . A second set of measurements was made o f  1 5  

d i fferent s amples of TMI - 2  cab l es i n  order to i dent i fy the effects of 

mois ture on the cab l es' parameters . Measurements made on a wet term i n a l  

s tr i p showed the effects on TOR data and some u n i que res u l ts w i th 

c apaci tance and conductance measurements . 

Cable Tray and Condu i t  Tests 

When unshie l ded cab l es ( such as power cab l es )  l ay on metal l i c  trays , 

r esis t i ve ,  i nduc t i v e ,  and capac i t i ve coupl i ng between the cab l es' 

conductors and the cab l e  tray cause the cab l e  parameters to change . A 

s i m i lar effect occurs w i th cab l es i n  condu i ts. I f  the condu i t  i s  f i l l ed 

with water , even i f  the i nter i or of the cab l e  i s  dry , further effects on 

the cab l e  parameters can be seen . V a r i ous tests were conducted on two 

cab l e  types to i dentify , i n  general , the effects  of these cond i t i ons . 

T h ese tests were not made on each cab l e  type because the magn i tude of the 

effects wou l d  depend on pl acement of the cab l e  w i th respect to the cab l e  

tray or condu i t  and the pos i t ion o f  the other cab l es . 

water i njected i n  a cab l e  f i l l s voi ds and d i spl aces the a i r .  Most 

c ab l e  i nsu l a t i on absorbs very l i tt l e  water , so f i l l i ng of the voi ds i s  the 

predom i nant effect . S i nce the die l ectr i c  constant of water i s  about 78 an d 

a i r  i s  I .0,  the effect i v e  die l ectr i c  constant for a cab l e  w i l l  i ncrease . 

The amount of i ncrease w i l l  depend on the percentage of vo i d  i n  the cab l e . 

A s  a res u l t  of t he i ncrease i n  d i e l ectr i c constant , the capac i tance w i l l  

i ncrease , the v e l oc i ty o f  propagat ion w i l l  decrease , a n d  the character i s t i c 

impedance w i l l  decrease . S i nce the permeab i l i ty of water i s  very close to 

that of a i r , the i nductance of the cable shou l d  not change noti ceab l y  • 

• 

9 



To determi ne the magni tudes of  these effects , tes t measurement s  

s i mi l ar t o  those made at  TM I were made o n  the 1 0-ft  s ta ndar d s ampl es o f  TMI 

cab les.  The  cab l e  parameters measured for  vari ous cond i t i ons were compared 

w i th the parameters of the s ame cab l e  measured dry . Except for the 

d i ss i pat i on factor , onl y  the percent change i n  the cab l e  parameters were 

cons i dered. The absol ute magni tude v a l ues were not used  to repl ace control 

cab l e  measurements made at TMI because the accuracy obta i ned w i th a 10-ft 

sect i on of  cab l e  shou l d  be l ess than  60-ft sect i o ns measured a t  TMI . On 

mu l t i conductor cab l es wi th more tha n  three conductors , the d i s tance betwee n 

the conductors var i ed .  The two extremes were adjacent and  oppos i te 

conductors , where oppos i te means two conductors on  oppos i te s i des  of a 

cab l e  d i ameter . F i gure 1 s hows the var ious  cab l e  conf i gurat i ons w i th a n  

i ndi cat ion  o f  the conductor between wh i ch the measurements were made . For 

these cab l es ,  measurements were made on  both adj acent a nd oppos i te 

conductors . Note that onl y  a s i ng l e  set of  measurements were taken for 

each confi gurati o n. Improved s tat i st i ca l  measurement accuracy cou l d  h ave 

bee n obta i ned i f  a l arger number of cab l es had been ava i l ab l e  for test i ng .  

T ab l e  l s ummar i zes the test data for cab l e  tray a nd condu i t  tests . 

Data were taken w i th dry cab l es o n  a cab l e  tray , i n  a dry condu i t ,  and  i n  a 

water f i l l ed condu i t  ( the cab l e  ends were k ept out of the water so that the 

i nter i or of the cab les were kept dry ) . The tab l e  shows the resu l ts as the 

percent change from a dry cab l e  on  a nonmetal l i c s urface for each  parameter 

except for d i ss i pat ion factor for wh i ch the actua l  v a l ues at l kHz  are 

g i ven. For compar i son, data are a l so i nc l uded for the cab l es i njected w i th 

water s imi l ar to that i n  the actua l cab l es at  TM I .  The s i mu l ated so l ut i on 

contai ns 1 ,000 ppm Na+ a nd 3800 ppm of  boron w i th a conduct i v i ty of 1 .32 

ms . Most of  the effects due to the cab l e  tray and condu i t  were sma l l ;  

h owever , the capac i tance of the FR-9HH cab l e  i ncreased noti ceab l y  i n  the 

wet (water f i l l ed )  condu i t .  Th i s  shou l d  b e  due to the e l ectr i c f i e l d 

outs i de the cab l e  bei ng affected by the water d i e l ectr i c .  The 

character i st i c  i mpedance of the FR-9HH oppos i te conductors i ncreased 11 . 71 

when l ayi ng i n  the cab l e  tray .  Th i s  i s  not cons i stent w i th the capaci tance 

and i nductance changes for the same tes t ,  but has  not been expl a i ned . 
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FR-3YY 

FR-9CC 

FR-9EE 

FR-9HH 

FR-9GG 

FR-9JJ 

FR-9KK 

FR·13AA 

FR-15AA 

C · denotes common conductor 
A ·denotes adjacent conductor measured from common 
0 ·denotes opposite conductor measured from common 
X. denotes center conductor measured from common 
-- denotes shield 

FR-1588 

FR-15EE 

FR-15HHH 

FR·15VVV 

FR-15WW 

lUll 

F f gure 1 .  Conductor conf i gurat i on for the var i ou s  types of cab l e  tes te�. 
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TABLE 1 .  SUMMARY OF CONTROL CABLE TEST R ESULTS 

Conductorsb 
Cab l e  I n  C ab l e  In C ab l e  I n  

C ab l e  I D  C ab l e  Wet Drl_ Tral Drl_ Conau i t  Wet Con du i t 

Capaci tancea 

F R-3YY 3/C #1 2 7 9 . 3  - 2 . 4  - 1 .6 2 .  1 
FR-9HH 7/C #1 2 ADJ 43 . 1  1 . 3 1 . 7 14. 5 
FR-9HH 7/C #1 2 OPP 1 45 . 5  3 . 6 5. 9 3 1.0 

Ve l oc i ty of 
Propagati ona 

FR-3YY 3/C #1 2 - 1 0 . 5 o . o  0 . 5  - 5. 3  
FR-9HH 7/C #1 2 ADJ -3 .9  0 . 7  o.o -2 . 5  
FR-9HH 7/C #1 2 OPP - 4 . 4  1 .0 0 . 7  - 4 . 2 

Character i sti c 
Impedance a 

F R-3YY 3/C #1 2 -8 .8  2. 7 1 .0 - 2 . 4  
FR-9HH 7/C #1 2 ADJ -6 . 1 4 . 2  6 .0 1. 4 
F R-9HH 7/C #1 2 OPP -4 .0  1 1 . 7 8 . 9 5.4 

l nductancea 

F R-3YY 3/C #1 2 -4 . 3  - 2. 4  - 3 . 5  - 3 . 1 
FR-9HH 7/C #1 2 ADJ 2.9 2. 5 1 . 7 1. 7 
FR-9HH 7/C #1 2 OPP 1 .6 1 . 6 1 .0 1 .o 

Di ss i pat ion  
Factor 

FR-3YY 3/C #1 2 
wet/dry 

• 1 2/ .  1 1  0 . 1 1  o. 1 1  0 . 1 1  
FR-9HH 7/C #1 2 ADJ .0 1 7/ .0 1 8  0 .0 1 5  0 .0 18 0 . 01 9  
FR-9HH 7/C #1 2 OPP . 0 20/ . 0 1 9  0 . 0 1 8  0 . 0 1 7  0 . 02 0  

a .  Except for d i s s i pation  factor , v a l ues shown i nd i cate percent change 
rel at i ve  to dry cab l e  on a "onmeta l l i c  surface . 

b .  3/C #1 2 mea ns three-conductor #1 2 AWG c ab l e .  
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I n f l uences externa l to the cab l es ,  such as condu i ts ,  have the l arges t 

e ffects on cab l e  parameters when the conauctors of a pa i r  be i ng tested are 

f arthes t apart . Th i s  i s  expected because the f i e l ds of two conductor s 

c l ose together are more conf i ned ana l ess i nf l uenced by externa l factors 

than two more wi de l y  spaced conductors . 

�et Cab l e  Tes ts 

Table 2 l i sts the percent changes observed when compar i ng the 

measurements on dry cab l e  w i th the measurements made on cab les  i nj ected 

with the s imu l ated TMI so l ut i on .  

Because the TM I so l ut ion had a d i e l ectr i c  constant a l mos t equ a l  to 

water and a permeab i l i ty of 1 .0 ,  i t  was expected that the cab l e  capa c i tance 

wou l d  i ncrease accordi ng to the amount of voi d f i l l ed by the so l ut i on and  

that  i n ductance wou l d  not change . The  character i st i c  i mpedance {Z
0

) and  

v e l oc i ty o f  propaga t i on (v p) are  both i nverse l y  proporti onal  to  the 

s quare root of the d i e l ectr i c  constant , a n d  therefore were both expected to 

change by the i nv erse of the square root of the capac i tance rati o .  The 

diss i pa t ion fac tor was expected to increase because of added conductance 

and d i e l ec tr i c  l osses . 

Tab l e  2 shows that Z0 and vp decreased as  expected . The amount 

t hey decreased was approx i ma te l y  equa l , a l so as  expected . The capaci tance 

i ncreased as expected, bu t by a much l arger amount  (i n mos t  cases ) than 

wou l d  be i ndi cated by the Z0 a n d  vp changes . The l arger-than-expected 

i ncrease i n  capac i tance has  not been exp l a i nea . Because on l y  1 0- f t  s amp l es 

o f  each cab l e  type was ava i l ab l e  for measurements , the capac i tance v a l u e  

was sma l l (about 2 00  p i cofarads , dry ) ,  wh i ch made the measurements more 

suscept i b l e  to error s own i ng to s tray capac i tance . The i nductance v a l ues 

were a l so sma l l ,  a n d  a l l i nd i cated i nductance percentage changes were sma l l  

and thought to have been caused by resu l tant measurement errors . 

The d i ss i pa t ion factors are not g i ven as percen tage changes because 

they are i n dependent of l ength , an d because the v a l ues for some of the dry 
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. 
TABLE 2 .  CHANGE I N  CONTROL CABL E TEST R ESULTS ( dry versus wet ) 

Cab l e 
I D  

F R-3L 
FR-3YY 
FR-9CC 
FR-9CC 

FR-9EE 
FR- 9GG 
FR-9GG 
FR-9HH 

FR-9HH 
FR-9JJ 
FR-9JJ 
FR-9JJ 

FR-9KK 
FR-9KK 
FR-9KK 
FR-13AA 

FR-15AA 
FR-15BB 
FR-15 88 
FR-15EE 

FR-15EE 
FR-15HHH 
FR-15HHH 
FR-15VVV 
FR-15WW 

C onments 

3/C #10 
3/C #12 
4/C #9 ADJ 
4/C #9 OPP 

2/C #12 
5/C #12 ADJ 
5/C #12 OPP 
7/C #12 ADJ 

7/C #12 OPP 
9/C #12 ADJ 
9/C #12 OPP 
9/C #12 C NTR 

12/C #12 ADJ 
12/C #12 OPP 
12/C #12 CNTR 

1/C #16 TRIAX 

2/C #16 S 
3/C #16 S B&W 
3/C #16 S B&R 
4/C #14 S ADJ 

4/C #14 S OPP 
6/C #16 S ADJ 
6/C #16 S OPP 

12/C #16 3-PR/S 
6/C #16 3-PR/S 

c 
Cap 

2 .  1 
79 . 3  
3 7 . 5  

111 . 5  

85 . 1  
71 . 5  

123 .8 
43 . 1  

145 . 5  
96 . 9  

187 . 4 
136 . 5  

101 . 1 
153 . 0  
89 . 7  

1 .0  

126 . 6  
13 . 9  
72 . 9  
20 . 6  

29. 3 
44 . 3  
65 . 3  
11. 8  
-0 . 8  

Di ss i pat i on 
Factor 
Dry/Wet 

0 . 012/0 . 014 
0 . 12/0 . 11 
0 . 071/0 . 050 
0 .084/0 . 26 

0 . 012/0 . 19 
0 . 013/0 .014 
0 . 010/0 .013 
0 . 017/0 . 018 

0 . 020/0 .019 
0 . 046/0 . 18 
0 .056/0 . 2 1  
0 . 05 7/0 . 24  

0 .066/0 . 042 
0 . 099/0 .028 
0 .077/0 .033 
0 . 003/3 . 16 

( a )/0 .021 
0 . 00/ ( a )  
( a ) /0 . 31  
( a )/0 . 001  

( a ) / ( a ) 
0 . 008/0.001 
0 . 006/NA 
( a ) /0 . 005 
0 .001/ ( a )  

ADJ - Adj acent conductors measured . 

I nductc 

1 . 35 
- 4. 31 

0 . 91 
1 .89  

2 . 54 
-0 . 45 
-0 . 35 

2 . 90 

1 . 61  
3 . 43 
1 . 13 
1 . 89 

2 .00 
0 . 26  
1.02 

- 11.04 

1 . 90 
-0 . 85 

o.oo 
o.oo 

1 . 11 
0 . 00 
0 . 00 
0 . 40 

-0 . 43 

OPP - Oppos ite  or  nearly  oppos i te conduct ors measured . 

z c 
0 

-1 . 7 
-8 .8  

- 17 .8  
-21. 2 

-19 . l
b - 9 . 5  

-n. ob 
- 6 . 1  

-4 . 0  
-12 . 2 
- 12 . 9 

- 9 . 4  

- 14 . 9  
- 9 . 6  
-8 . 7  
- 0 . 4  

- 7 . 3  
- 2 . 4  
-2 . 2  
- 7. 7  

- 5 . 7  
- 16 . 4  
-22 . 5  

-8 . 8  
+2 . 0  

C NTR - Measu rement made between an outer and center c on duct or.  
B&W , B&R - Measurements between b l ack and  wh i te or b l ack and  red 

c onductors . 
S - Den otes sh i e l ded cab l es . 
3-PR/S - Denotes tw i s ted s h i e l ded pai r cab l e. 

a .  To o sma l l to measure .  

b .  TOR s l ope changed from pos i t i ve to negat i ve .  

v c 
p 

o . o 
- 7 .9  
-18 .2 
-21. 2 

-10 . 5  
- 10 .  1 
- 10 . 5 

- 3 . 9  

-4 . 4  
-10 . 8  
- 12 .8 

- 8 . 5  

- 14 . 1  
-11.9 
-8 .6  
- 3 . 7  

-5 . 1  
- 4 .1  
-6 . 9  
- 5 . 7  

-7 . 5 
-11.9 
-12 . 9  
- 2 . 8  

o . o 

c .  Va l ues shown i ndi cate percent change except for d i ss i pati on factors , 
w h i ch a re actua l  v a l ues at  1 k Hz .  

14 



cab les  are so sma l l that they cou l d  not be re l i ab l y  measured. For th i s  

ana l ys i s ,  the actua l d i s s i pa t i on factors rather than the i r  rat io  are more 

i nformat i ve .  On l y  a few cab l es had s i gn i f i cant i ncreases i n  d i s s i pat i on 

tactors . 

A dd i t i ona l measurements of th i s  type on much l onger cab l es and severa l 

samp l es of each type of cab l e  are needed i f  cons i s tent and accurate resu l ts 
a re to be obta i ned . 

TOR Measurements of a Wet Termi na l B l ock w i th Cab l e  

I n  add i t i on to measurements made o n  the cab l es , others were made on 

term i na l  b l ocks to determ i ne the effects of water on connec t i ons. A number 

of TOR measurements ( see Append i x  B) were made on a termi n a l  b l ock at the 

end of a 28 . 5-ft sect i on of FR-3YY cab l e .  W i th the term i na l  b l ock dry , the 

c ab l e  was effect ive l y  term i nated i n  an  open c i rcu i t. Th i s  was the 

reference case , an d produced the TOR d i s p l ay shown i n  F i gure 2 .  The ope n  

c i rcu i t  at the end o f  t h e  cab l e  i s  seen a t  about two th i r ds of the way 

across the d i s p l ay .  The max i mum l eve l of the TOR d i spl ay i s  greater tha n  

+ 1  because o f  ref l ec t i ons . After they h ave decayed the l evel i s  + 1 .  

f i gure 3 shows the resu l ts when a s i mu l ated TM I  so l u t i on was poured on the 

termi na l b l ock and a l l owed to run off. No effects were not i ced . I n  

F i gure 4 .  the TM I so l u t i on was a l l owed to accumu l ate unt i l the termi na l  

b l ock was part i a l l y  s ubmerged fn the s o l u t i on .  Not ice that the h i ghes t 

l eve l of the TOR d i s p l ay has been not i ceab l y  reduced . Th i s  means tha t  the  

s o l u t i on is  a l l ow i ng con duct i on across the termi nal  b l ock and  l ooks l i ke a 

res i st i ve term i nat i on .  I n  F i gure 5 ,  the term i na l  b l ock i s  tota l l y  

s ubmergea i n  the so l u t i on .  Two effects were noted . F i rst. the conduct i on 

i ncreased unti l the effect i ve term i nat i on res i s tance was a lmost equ a l  to 

the cab l e  i mpedance . I t  i s  computed f rom the TO� data as  119 ohms . 

Secon d ,  a sma l l d i p a t  the end of the cab l e  i nd i cates a sma l l capac i tance . 

F i gure 6 s hows a TOR d i s p l ay of the cab l e  termi nated by a res i s tance that 

was adjusted to g i ve abou t the s ame l evel as  was seen in  Fi gure 5 .  The 

r es i s tance was measured as  1 22 ohms . Not ice that  the capac i t i ve d i p  a t the 

end of the cab l e  fs not present w i th on l y  a res i s t i ve term i nat i on . 
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DRYST2 
RHO: 1 . 1 58 
T: . 1 703 

Cursor 1 

.02 microseconds/div 

Cursor 2 

5 3314 

F i gure 2 .  TOR d i s p l ay of a cab l e  termi nated w i th a dry term i n a l  b l ock. 

MSTST2 
RHO : 1 . 166 
T :  . 1 703 

..------ Cable -----••-11 

.02 mlcroseconds/dlv 

Cursor 2 

53313 

F i gure 3. TOR d i spl ay of a cab l e  termi nated with a termi�a l  b l ock wetted 
wi th a TMI so l ut i on .  
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PWTST2 
RHO: .873 1 
T: . 1 703 

Cursor 1 

Terminal 
block 

.02 mlcrosecondsldlv 

Cursor 2 

F i gure 4. TOR d i sp l ay o f  a cab l e  termi nated w i th a termi nal  b l ock 
part i a l l y  s ubmerged i n  a TMI so l ut i on . 

WETST2 
RHO : .4083 
T: .1 703 

Cursor 1 

Terminal 
block 
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.02 mlcroseconds/dtv 

IUU 

& 3311 

F i gure 5. TOR d i s pl ay of a cab l e  termi nated with a term i n a l  block tota l ly 
s ubmerged i n  a TM I so l ut i on . 
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RHO: .41 2  
T :  . 1 652 
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Fi gure 6. TOR d i s p l ay of a cab l e  termi nated w i th a 122 ohm load . 
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F i gure 7 i s  a repeat o f  F i gure 5 ,  w i th a l arger t i me s ca l e .  F i gure 8 shows 

the TOR di s p l ay when the TMI so l ut i on ( see F i gure 7) i s  rep l aced w i th ta p 

water . Compar i ng F i gures 7 and  8 ,  i t  c a n  be seen that  the conduct i v i ty of 

tap water was l ess  than the conduct i vity of the TM I so l ut i on . I t  had an 

e f fect i ve res i s ta nce of  879 ohms. The c a pa c i tive d i p  was a l so a l i tt l e  

sma l l er .  

Conductance a n a  C apa c i tance Meas urements of a �et Termi na l B l ock 

The conduct i v i ty of the wet termi n a l  b l ock ( w i thout a cab l e )  was 

measured w i th a FLUKE Mode l 8050A di g i ta l  mu l t i meter . W i th the t erm i na l  

b l ock s ubmerged i n  tap  wa ter , a sma l l open c i rcu i t  v o l tage of -2 . 2  mV , 

probab l y  caused by e l ectro-chemi ca l  act i on , was measured before mea s ur i n g  

t he res i s tance . When the ohmmeter was f i r st  a pp l i ed ,  the res i s tance was 

about 3k ohms and  rap i d l y  i ncreas i n g .  After 18 mi nutes the read i n g  was 

about 7 . 2k ohms and f l uctua t i ng .  Sw i tch i ng to the 200k ohm sca l e  gave 

abou t the s ame read i n g .  The meter was swi tched from ohms to curren t to 

d i scharge the sys tem b e i n g  measured . After the current h a d  decayed , the 

�eads were reversed and the meter sw i tched to ohms . Read i ngs were 

a pprox i ma te l y  the same as before revers i ng the l ea ds . 

The measurements were repeated us i n g  the TMI solut i on i n  p l ace of ta p 

w a ter . The open c i rcu i t  vol tage was about 0.0 1 6  vol ts . The meter was 

switched to ohms and  i nd i cated abou t 2.2k ohms a t  the s tart . After 15 

m i nutes , the r ea d i n g  was about 4 . 33k ohms on the 20k-ohm s ca l e  and about 

2.5k ohms on the 200k -ohm sca l e .  As w i th ta p water , i n  addi t i on to dri f t  

there were f l uctua t i ons l ar ge enough to occas i on a l l y  reverse the d i rect i on 

of  change in res i s tance read i ngs. The l eads were reversed and the 

f�d fcateal res i s tance s ta r ted at about -2 . 4 k  ohms a n d  dr i fted to 

a. I ndica ted n ega t i ve res i s tance is caused by a v o l tage source w i th i n  the 
c i rcu i t  be fn g  measured . I n  th i s  case , th e vo l tage was 0.016 vol ts . 
Revers i ng the me ter l eads w i l l  g i ve a pos i t i v e read i n g .  Ne i ther read i n g  is 
correc t . Some meters d f s ab�e the d i s p l ay s i gn (+/- ) i n  the resis tance mode 
a n d  o n l y  d i sp l ay the magn i tu de of the res u l t . The Hew l ett-Pack ard 3456A 
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F i gure 7. TOR d i s p l ay of a cab l e  termi nated w i th a termi na l  b l oc k  
tota l ly  submerged i n  a TMI so l ut i on . 

WETST4 
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T: .4629 

Terminal 
block 

l 
Cable � 

Cursor 1 

.05 microseconds/div 5 3301 

F i gure 8. TOR di spl ay of a cab l e  termi nated w i th a terminal  olock 
tota l ly s ubmerged i n  tap water. 
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- l . l l k ohms i n  8 m i nutes on the 20k-ohm sca l e. Sw i tch i ng to the 2k-ohm 

sca l e  at th i s  po i nt gave a posit i ve res i s tance rea d i ng . The sol u t i on was 

poured o u t ,  the termi na l b l ock r i nsed , and the so l ut i on rep l aced . Af ter 

s i tt i ng for 30 mi nutes , the open c i rcu i t  read 0 . 045 vo l ts ,  and a qu i ck 

r es i s tance rea d i ng gave about 4 . 4k  ohms on the 20k-ohm sca l e .  A q u i ck 

read i ng wi th the l eads reversed gave -2 .4k  ohms . At th i s  po i nt ,  a 

currentreadi ng on the 2 -mA s ca l e  decayed to about 0 . 025  rnA. Then , a qu i ck 

res i s tance rea d i n g  w i th l eads reversed gave about -2k ohms . 

I n  s ummdry , one poss i b l e  cause for abnorma l res i stance v a l ues i s  a wet 

connec t i on that  res u l ts i n  e l ectro-chemi ca l act i on .  The readi ngs depend on 

meter c i rc u i try , sca l e  u sed , po l ar i ty of the l eads , types of meta l s  at  the 

wet connect i on ,  type and concen tra t i on of the so l ut i on ,  and poss i b l y  other 

f actors . Note , however , that a chang i ng de res i stance readi ng on an 

open-c i rcu i t  cab l e  sys tem can be a re l i ab l e  method of detect i ng the 

p resence of  mo i sture . 

Because the de res i s tance measurements were not we l l def i ned , ac 
conductance (reciproc a l  of  ac resistance ) was measured a l ong w i th 

c apac i tance , u s i ng a H P4 192A LCR meter . These measurements were more 

s tab l e  than the de measurements , though some sett l i ng t i me was needed 

b e fore rea d i ngs were taken a t  1ow frequenci es .  These measurements were 

maae w i th both short leads and a 28 . 5-ft cab l e .  

The conductance and  capacitance data obta i ned from the LCR meter were 

for an equ i va l ent  c i rcu i t  of a capac i tor i n  para l l e l  w i th the conductance . 

I f  the conductance and c apac i tance vary w i th frequency , i t  i s  pos s i b l e  that 

the c i rcu i t  i s  more comp l ex than a s i n gl e conductance and capac i tor . Th i s  

w i l l be d i scussed f u r ther after some resu l ts are shown . Measurements were 

taken over the frequency range of 5 Hz to 100 kHz for three d i fferent tes t 

s ys tems DVM h as an offset compensated mode that w i l l  correct for the 
c i rcu i t  vol tage ( offset vo l tage )  caused by therma l ef fects . Th i s  
c ompensat i on shou l d  i mprove measurement  results for c i rcu i ts w i th 
e lectro-chem i ca l l y  generated offset vo l tages , but errors caused by charg i n g  
o f  the o f f set vo l tage source by the ohmmeter currents wi l l  rema i n .  Further 
i nves tiga t i on of these effects are needed for a deta i l ed understan d i ng o f  
the ef fects o f  wet connect i ons . 
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voltages. This frequency range was much wider than the TMI measurement 

frequency range in order to give as much insight as possible into phenomena 

observed. Results for the terminal block submerged in tap water are shown 

in Figures 9 and 10. Figure 9 shows that the conductance varied both with 

frequency and amplitude of the test voltage. These variations have not 

been explained but should be noted for comparison with in situ test data. 
The de resistance cannot be inferred from the data except that it is 

probably much larger than the value at 5 Hz. The in situ data were not 
presented in the form of ac conductance but were given as dissipation 
factor. Figure 10 shows the equivalent capacitance measured for the 
terminal block in tap water. It indicates that the test voltage has no 

significant effect on the capacitance. Figure 10 also indicates two 
unexpected phenomena. First, the equivalent capacitance is extremely large 

compared to that expected from the configuration and dielectric materials. 
-10 A constant 10 F would seem more likely. 

variation of capacitance with frequency. 

Second, there is an extreme 
The resulting frequency 

variations in capacitance and conductance for a terminal block submerged in 
water can be approximately modeled by the equivalent circuit shown in 
Figure 11. Here c1 is probably due to the dielectric effects around the 
Terminal block, G1 due to conduction between the terminals, and G2 and 

c2 because of the electro-chemical effects. The equivalent circuit in 
Figure 11 gives a response similar to that in Figure 10. 

The terminal block was also submerged in the TMI solution and the 

a bove measurements were repeated. Finally, the terminal block was attached 

to the end of a 28.5-ft length of FR-3YY cable, and submerged again. A 

voltage of 1-volt was used for these tests. Figure 12 shows the 
conductance data for three situations. The TMI solution had a much higher 
conductance, as expected, because of the higher concentration of free 
ions. With the TMI solution, the 28.5-ft cable had higher conductance than 

the short leads because the size and length of the exposed conductors was 

larger and some drift in readings were caused by the longer settling time. 

At higher frequencies, the dielectric losses of the cable add extra 

equivalent conductance. 
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F i gure 9 .  Conductance of a term i na l  b lock submerged i n  tap water as  a 
f u nct i on of frequency and tes t v oltage . 
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5 3289 

F i gure 1 1 .  Equ i v a l ent  c i rcu i t  for approximat i ng the c onductance a nd  
capacitance of a termi nal  b l ock s ubmerged i n  water. 

--- Cable, TMI  solution 

1 0  ---- Short leads, TMI solution 
-- Short leads, tap water 

en a 

g 
Q) u c CIS 6 -u ::I '0 c 0 () 4 
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--- ------------

Frequency (Hz) 5 3316 

Figure 1 2. Conductance of a terminal block as a funct i on of frequency 
for the various conditions n oted . 
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F i gure 1 3  presents capac i tance data . Capac i tance w i th the TM I 

s o l ut ion i s  about s ix t i mes l arger than w i th tap wa ter . The decrease i n  

capac i tance a s  frequency i ncreases i s  probab l y  caused by the 

e l ectro-chemi c a l  effect as d i scussed above and mode l ed i n  F i gure 1 1 .  Th i s  

e l ec tro-che.ica l effect makes the capac i tance appear abnorma l l y h i gh a t  l ow 

f requenc i es. The d i vergence o f  the curves a t  h i gher frequenc i es was 

probab l y  caused by transmi s s i on l i ne effects , and wou l d  be more pronounce d 

f or l onger cab l es .  Note that the capaci tance w i th the TMI so l ut i on i s  

about 0 . 2  x 10-6 F a t  1 k Hz where most  of the i n  s i tu measurements were 

made . 

Because the capac i tance of the wet termi nal  b l ock has a very h i gh 

v a l ue at  l ow frequenc i e s  and i s  i ncreas i n g  at  these frequenc ies  wh i l e a l l 

n orma l c i rcu i ts at  TMI have l ower ana cons tant capac i tance val ues at  these 

frequenc i es ,  capac i tance measurements at severa l l ow frequenc i es m i ght  be 

u sed to confi rm cases of s uspected wet connect i ons ( other connect i ons 
shou l d  have character i st i cs s imi l ar to termi na l  b l ocks ) .  

T h e  d i ss i pa t i on factor i s  probab l y  a more usefu l parameter because i t  

i s  the rati o  of  d i s s i pated energy to stored energy and i s  i n  a sense 

normal i zed to be  independent of phys i c a l  s i ze . Us i ng the conductance and 

capac i tance va l ues  from l aboratory data , the d i s s i pat i on factor was 

computed for three d i fferent tes t con d i t i ons and i s  p l otted i n  F i gure 1 4 . 

Note that the d i ss i pat i o n  factor i s  h i gh and i ncreases w i th i ncreas i n g 

f requency . Note that the d i ss i pa t i on factor obtai ned u s i ng tap water i s  

s evera l t imes h i gher tha n  the d i ssipa t i on fac tor obta i ned us i ng the TM I 

s o l ut i on .  

Summary of L aboratory Measurements 

Laboratory measuremen ts i nd i cate that wet cab l es had h i gher 

capac i tance , l ower character i s t i c  impedance , lower ve l oc i ty of propagat i on , 

a nd h fgher d fss i pa t i on factors than dry cab l es .  These resul ts were as 

expected from theoret i ca l  ana l ys i s. The amount of change var i ed for 

d i fferent cab l e  types , from neg l fg i b l e  for a l l parameters for some cab l es , 

25 



1E ·4 

1E ·5 

1E ·6 

� 
Q) 

1E ·7 u c � ·u 
"' 1E ·8 a. 
"' 0 

• 

Cable, TMI solution 
Short leads, TMI solution 
Short leads, tap water 

Frequency (Hz) 5 3214 

Figure 13. Capacitance of a terminal block as a function of frequency 
for the various conditions noted. 
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26 



to +1871 capac i tance change , -22 . 51 character i s t i c  i mpedance change , an d 

-21.21 veloc i ty of propa gat ion change for the worst cases of other cab l es .  

The percent of change was l arger for conductor s  separated farthes t i n  a 

c ab l e. Th i s  was because a v o i d was more l i k e l y  between conductors w i de l y  

separated. The change i n  i nductance caused b y  water i n  the cab l e  was 

pract i ca l l y  zero s i nce the permeab i l i ty of water i s  the s ame as the cab l e  

v o i ds . The measured changes were sma l l and can be attr i buted to 

measurement error s . 

Unsh i e l ded cab l es l yi ng on a dry cab l e  tray or condu i t  had sma l l 

parameter changes . Changes i n  capaci tance , ve l ocity of propagat i on ,  an d 

i nductance were negl i g i b l e  for the cab l e  tray, and  the character i st i c  

impe dance measured a lmost 121 h i gh for one cab l e .  Simi l ar resu l ts were 

obta i ned for the dry condu i t ,  but  water-f i l l ed condu i t  ( but  no water i ns i de 

the cabl e )  had l arger capac i tance changes due to the h i gh d i e l ec tr i c  

c ons tant o f  the water . The d i ss i pation f actor d i d  not seem to be affected 

by thes e  cond i t i ons . 

When the termina l  b l ock at  the end of a cab l e  was part i a l l y  s ubmergea 
i n  water , i t  d i d not show s i gn i f i cant change on the TOR d is p l ay .  Tota l 

i mmer s i on caused the termina l b l ock to a ppear to have a res i stance of  about 

122 ohms for a simul ated TMI so l ut i on ( chem i ca l l y  s im i l ar to water i n  

c on t a i nment ) .  Tap water appeared to have a res i stance of about 880 ohms ; 

the d ifference was probab l y  caused by l ower conduct i v i ty .  The wet term i na l  

b l ock s h owed a sma l l capac i t i ve component on the TOR, but when measured 

w i th an LCR meter at l ow frequenc i es gave much d i fferent resu l ts .  

A t  l ow  f requenc i es , a submerged term i nal  b l ock appeared to h ave a very 

l arge capa c i tance, a bout l 0- 5
F at 5 Hz for the TMI so l ut i on .  Th i s  i s  

thought to be caused by e l ectro-chemica l act i on .  7he same effec t  caused d e  

r es i s tance measurement prob l ems .  Vol tage was generated at  the termi nal 

block , caus i ng certa i n  ohmmeters to g i ve negat i ve res i s tance read i ngs . The 

e ffect shou l d  be i nv es t i gated further to see i f  an offset compensated 

res i s tance meter , such as  the HP3456A, reads correct l y  and if the effec t 

ca� be used to i dent i fy wet termi na l b l ock s .  
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ANOMALI ES 

The i n  s i tu data were eva l uated t o  understand the c ond i t i on of the 

cab l es and other reactor bu i l di n g  c omponents by l ooki ng  for dev i at i on s  

( anoma l i es )  from va l ues expected f or g ood c i rcu i ts . S i n ce a base l i ne of 

preacc i dent measurement data was not ava i l ab l e  for the c i rcu i ts of 

i nterest ,  an  est imate of expected va l ues u sed for the ana lys i s  was obta i nea 

from measurements made on "contr ol " cab l e s  and fr om data on the other 

c omponents . Mos t  of the c ontr ol cab l es were 60-ft l engths of each type of 

cab l e .  Measurements on these cab les  were made w i th the same i nstruments 

u sed for the i n  s i tu measurements . The expected v a l ues for each c i rcu i t  

were ca l cu l ated from the cab l e  data and fr om the best data ava i l ab l e  for 

the other c i rcu i t  c omponents . For s ome c i rcu i t s ,  the  expected v a l ues were 

obtai ned by u s i n g  stat i st i ca l  meth ods on the actua l i n  s i tu  data . The i n  

s i tu data recorded are descr i bed i n  the fol l ow i n g  par agraph s .  

• de l oop res i stance Loop res i stance i s  c omposed of three parts 

that  are n ot separate ly  measurab l e :  res i stances of the 

penetrat i on ,  the cab l e ,  and the connec t ors  and termi nat i on .  When 

the termi nati on was a swi tch or rel ay c ontact , the l oop 

res i stance was expected t o  be equa l t o  the cab l e  res i stance , 

w i th i n  measurement accuracy . A l ower than expected v a l ue of l oop 

res i stance for th i s  type of c i rcu i t can be expl a i ned a s  a l es s  

than expected per u n i t  res i stance f or the cab l e , a s h orter than 

expected cab l e  l ength , or a very l ow res i stance path between 

l eads i n  the cab l e .  The TOR data c ou l d  be  u sed t o  def i ne the 

cause of l ow l oop res i s tance . No  prob l ems such as these were 

observed i n  the data . 

F or c i rcu i ts w i th swi tches and re l ays , the predi cted va l ues were 

made for two cases· .  When the swi tch or rel ay c ontacts were open , 

the pred i cted va l ue was " open , "  i . e . ,  over range on a n  ohmmeter . 

When the swi tch or rel ay contacts were c l osed , the c ontact 

res i s tance was negl i g i b l e  c ompared t o  the res i stance of cab l e  

conduct ors , therefore the l oop res i stance was ca l cu l ated a s  the 
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dOcumented l ength mu l t ipl ied by the res is tance per foot measured 

o n  a contro l cab l e  of the s ame type . The documented l ength was 

the amount of cab l e  shown i ssued for these cab les dur ing 

c onstruct i on .  When the termi nat i ng dev i ce res i s tance was not 

neg l i g ib l e ,  i t  was added to the cab l e  res i stance to get the l oop 

res i stance . In  some cases when the termi nat ing res is tance v a l ue 

was not known and a l arge number of the s ame type c i rcu i ts were 

measured , s tat i s t ic a l  methods were used , i .e . ,  the c ircuits were 

compared to each other . The est imated v a l ue of the cab l e  

r es i stance was subtracted from the measured l oop res is tance for 

each measurement , l eav ing a v a l ue attr ibuted to the terminat ing 

dev i ce .  These v a l ues were then averaged and used a s  the expected 

v a l ue of the termi nat ing dev i c e  res istance . C ircu i ts w ith act i ve 

termi nat i ons , s uch as  transmitters , l oose parts mon i tors , neutron 

detectors , etc • •  d i d not have an accurate ly  predictab l e  v a l ue o f  

d e  res i stance , therefore n o  expected v a l ues were ca l cu l ated for 

them . 

1 C apac itance Methods s imi l ar to those used for l oop res i s tance 

were used for capac itance measurements . One important d i fference 

between the capac i tance and l oop res i s tance measurements was that 

there were cases when no capac i tance measurement was ava i l ab l e .  

These occurred when the react i ve part o f  the impedance bei ng 

measured was induc t i ve .  Th is usua l l y  happened when the cab l e  

t ermi nat ion i mpedance was rel a t iv e l y  sma l l or i nducti ve,  e . g . , 

shorts , pressur i zer heaters , motors , etc . Expected capac i tance 

v a l ues for open-c ircu i ted cab l es were computed as  the cab l e  

documented l ength mul t i p l i ed by the capac i tance per foot measured 

o n  a contro l cab l e  of the s ame type . 

1 I nductance Thes e c a l c u l ations were a n a l ogous to the capac i tance 

c a l cu l at ions . 

1 TOR data Three ma f n  types o f  f nforma t f on were cons i dered when 

TOR data were used . F i rs t ,  the v e l oc ity of propagat i on was 

2 9  



calculated from the time required for the signal to travel to the 

end of the cable, as determined by the TOR system operator, 

divided by the cable documented length. The e xpected value for 

this was found by measuring a con trol cable of the same type. 

Second, the characteristic impedance ( Z0 )  of the cable 

conductor pair was calculated from the TOR da ta. The expected 

v alue for Zo was calculated from the TOR data of the con trol 
cable. Third, the shape of the TOR data display could usually be 

interpreted to give the location of unexpected opens or shorts. 

Symptoms of wet sections of cables were sometimes recognizable. 

The TOR data also indicate whether the fault is series or 

parallel, or inductive, capacitive, or resistive in nature. 

• Insulation resistance Insulation resistance measures the circui t 

leakage through several paths such as the cable insulation, 
terminal blocks, and end device insulation. Individual leakage 
pa ths could not be measured directly because only connections a t  
the penetration were easily accessible. Also with the end device 
connected, it was not possible to directly measure the leakage 
between two conductors in most cases. The only practical 

measurements were from the conductors to the pair or cable shield 

for shielded cables and from the conductors to plant ground in 

o ther cases. The measurement from conductors to a shield gave a 

well defined path from the conductors to the shield. The 

measurement from the conductors to plant ground was not well 
defined because it only measured where the cable touched a 

grounded structure, plus the end device insulation to ground. 

• ac Resistance Methods similar to those used for de loop 
resistance were used for ac resistance. One important difference 
when comparing ac and de resistance values is tha t the effective 
ac resistance was genera l ly slightly higher because of the skin 
effect of certain ca bles. 
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• a c  I mpedance The ac  i mpedance i s  a measure o f  the comb i na t i on of  

the res i s t i ve a n d  reac t i ve par ts of a c i rcu i t .  I t  w i l l  genera l l y 

f o l l ow the s ame pattern as  ac r es i s tance . The ac r es i s tance , de 

res i s tance . and ac impedance at resonance can a l so be used as a 

qua l i ty check of the data . For mos t  c i rcu i ts ,  a l l  three v a l ues 

w i l l  be w i th i n  lOS of each other . 

• I n i t i a l  V o l tage The i n i t i a l  v o l tage read i n g s erves two 

purposes . F i rs t  i t  w i l l  a l er t  the operator to any hazardou s 

v o l tage ex i s t i ng o n  the l i nes . The read i ng w i l l  a l so i nd i cate 

any sma l l ac  and de v o l tage on the l i ne for the i nterpre ta t i on o f 

the data . Any de v o l tage on the l i ne cou l d  i nd i cate 

e l ectro-chemi ca l effects a t  some po i n t  a l on g  the c i rcu i t tha t 

wou l d  b e  con s i dered as  anoma l ous . The de v o l tage w i l l  a l so 

affect the other c i rcu i t  measurements ment i oned i n  th i s  sect i on . 

Anoma ly Types 

About 1 2  types o f  anoma l i es can be descr i bed for the i n  s i tu test 

data ; however , about h a l f  of these are not c l ear l y  i dent i f i ab l e  because of 

v ar i at i ons i n  the n orma l cab l e  data , wh i ch obscure the a noma l i es .  The 

rema i n i ng anoma l i es ,  wh i ch are l i sted in  Tab l e  3 ,  are more eas i l y 

i dent i f i ab l e  a n d  u s ab l e .  The  types o f  anoma l i es are d i scussed b e l ow .  

Low I nsu l at i on Res i s tance 

I ns u l at i on res i stance pr i mar i l y i nd i cates the cond i t i on o f  the 

por t i on s  of a c i rcu i t  tha t are near a ground . For c i rcu i ts w i th cont i nuou s 

grou n ds , s uch as  s h i e l ds ,  condu i ts ,  or cab l e  trays , the overa l l  cond i t i on 

o f  i ns u l at ion  can be assessed . I n  other cases , on l y  the cond i t i on of 

c er ta i n  components , s uch as  term i n a l  b l ock s and termi nat i ons , can be 

assessed . 

Tab le  4 l i sts  the c i rcu i ts w i th i nsu l at i on res i stance v a l ues l ess than 

� 06 ohms . T h ose v a l ues l i s ted as < 1 06 ohms were measured w i th a h i gh 
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TABLE 3. TYP E S  OF ANOMALI E S  

Anomaly Type 

Open or near
6

open loop resistance 
( order of 1 0  ohms ) 

Zero TOR length 

High loop resistance (more than 
two times expected value ) 

Low ins�lation resistance ( less 
than 1 0  ohms ) 

Reduced Z0 section of cable 

High capacitance (in range 
of that caused by wet cable ) 

Very high capacitance 

Possible Cause 

Open conductor, bad connection, 
missing termi nation, o r  failed 
termination 

Open at penetration 

Corroded connection 

Wet insulation or conduction path on 
terminal block 

Wet section of cable 

Wet c able 

Wet connection 
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TABLE 4 .  C IRCUI TS � I TH LOW I NSULAT ION R E S I STANC E ( L ESS THAN 106 ohms ) 

Cab l e  
Cab l e  and  Connect i on I Da Type 

I T 1 S3 S I  JS/8 to G FR- 1 5�� 
IT2433 1 J6/B to G FR- l SAA 
I T2433 1 J6/C to G FR- l SAA 
I T243 7 1  J6/R to X FR- 1 5AA 

I T24 3 7 1 J6/Z to X FR- 1 5AA 
IT244 1 1  J6/k to j FR- 1 5AA 
I T244 1 1  J6/ r to j FR- 1 5AA 
I T244 7 1  J8/D to H FR- 1 5AA 

IT24S l l  J8/ g to b FR - l SAA 
I T3S99 1 28 to 2A FR- 1 38 
IT4 1 1 9 1  J8/r to j FR- 1 5AA 
I T4 12 1 I  J8/M to U FR- l SAA 

I T4 1 2 S I  J8/ d to v FR- l SAA 
M8200C T83/30 to gnd FR-9HH 
MB200C TB3/3 l -gnd FR-9HH 
M843 7C T89/24-gnd FR-9JJ 

M8437C T89/34 to gnd FR-9JJ 
M068C TB4/33 to 34 FR-9JJ 
MS88P T82/22 to gnd FR-3YY 
MS90C T86/28 to gnd FR-9HH 

SP 148P T83/4-S-6 to gnd FR-3N 
S078P T87/ 1 -2-3 to gnd FR-JN 
SOBOP T87/4- S-6 to gnd FR-3N 
S084P T89/ l -2-3  to gnd FR-3N  

S0 14 1 P  T86/ 7-8-9 to gnd FR-3N  
S01 68P T88/ l - 2-3 to  gnd FR-3N  
S01 72P T88/ 7-8-9  to gnd FR-3N 
S01 76P T810/4-S-6 to gnd FR-3N 

H29 1 I  J2/A to E FR- 1 5VV  
H29 1 1  J2/A to  sh i e l d FR- 1 5VV 
H303 1 JJ/8-C to G FR- 1 5VVV 
H303 I J3/A to F FR- l SVVV  

H3 1 S I  J4/A- E to F FR- 1 5VVV  
H3 1 S I  J4/R- Z  to X FR- 1 5VVV  
H3 1 7 I J4/p- n to h FR- 1 5 �W 
H3 1 7 I J4/g-a to b FR- l 5�W 

I n su l a t i on 
Res i s tance 

6 X 10 S 
6 . 7  X 1 0S 
6 .0 X l OS 

5 x 1 os 

8 . 5  X 1 Q5 
4 . 2  ,.. 1 0s 
3 .  1 X 1 JS 
2 . 5  X 1 05 

l . S X 1 04 
1 . 55 X 1 04 

3 . 7  X 1 0� 
3 . 3  X 1 0  

1 . 4 X 1 0s 
27 . 7  
8 . 5  X 10S 

1 . 92 X 1 03 

1 . 62 X 1 0s 
2 .96 X 104 

9 . 3  X 1 04 
1 . 7 X 1 04 

3 . 1  x 1 os 
2 X 1 05 

22 . 5  
1 . 2 X 1 05 

S X 104 
5 X 104 

S X 1 04 
3 . 2  X 1 0 5 

< 106 
< 1 06 
< 1 06 
< 1 06 

< 1 06 
< 1 06 
< 1 06 
< 1 06 

• 
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P robab l e  

Term i na t i on Caus eb 

Transmi tter A 
Transmitter A 
Transmitter A 
Transmi tter A 

Transmi tter A 
Transmi tter A 
Transmi tter A 
Transmi tter A 

Transmitter A 
Ampl i f i er A 
Transm i tter A 
Transmitter A 

Transmitter A 
L i mi t Swi tch 8 
L i mi t  Switch A 
L im i t Swi tch A 

L imi t Switch A 
L i mi t  Sw i tch A 
Motor A 
L im i t Sw i tch A 

Heater A 
Heater A 
Heater 8 
Heater A 

Heater A 
Heater A 
Heater A 
Heater A 

F l ow Sw i tch A 
F l ow Sw i tch A 
Leve l Sw i tch A 
F l ow Sw i tch A 

F l ow Sw i tch A 
Leve 1 Sw i tch A 
Level  Sw i tch A 
Leve l Sw i tch A 



TABLE 4. ( Conti nued ) 

Cab l e  I n su l at i on Probab le  

Cab l e  and Connect i o n I Da 
Tl�e Res i stance Term i n at i on Causeb 

I H3 1 7 I  J4/S-K to T FR- 1 5WW < 1 06 Re l ay A 
I T 1 535 I J5/E to F FR- 1 5 WW < 1 06 Transmi tter A 
IT23 1 2 I  J9/p to h FR- 1 5AA < 1 06 Transmi tter A 
I T2457 1 JB/R to Z FR- 1 5AA < 1 06 Transm i tter A 

IT2459 1  JS/p- n to h FR- l SWW < 1 06 Transm i tter A 
MB200C TB3/28 to gnd FR-9HH < 1 06 L i mi t Swi tch  A 
MB200C TB3/29 to gnd FR-9HH < 1 06 L i m i t  Swi tch  A 
MD68C TB4/24 to gnd FR-9JJ < 1 06 L i m i t  Swi tch  A 

a .  Hyphen i n  connect i on I D  means these termi na l s  connected together dur i ng 
measurement . 

b .  A - contami nated or wet l eakage path 
B - pos s i b l e  meta l l i c  conduct i on path 
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res i s tance meter , hav i ng a l ower l im i t of 10
6 ohms . The other va l ue s  

were measured w i th a meter h av i ng on ly l ow res i s tance ranges . 

The cause of the l ow i n s u l a t ion res istance v a l ues is cons i stent w ith 

c orros ion effects and fore ign con tam i nat i on caused by water i ntrus ion , but  

th i s  rema i ns to  be conf irmed . I t  i s  not con s i s tent w ith radi at i on damage 

b ecause the change i s  too l arge . A test repor ted i n  Reference 2 showed 

on l y  a l OS decrease for a l ength of FR- 1 5AA cab l e  exposed to 

4 .4 x 10 7 rads . 

The res istance of a wet l eakage path can be  l ow but  not we l l  def i ned 

because its v a l ue depends on the measur ing  techn ique . Th i s  i s  be l i eved to 

b e  caused by e l ectro-chemi ca l  acti on that effect i ve l y  a dds to or s ub tracts 

from the actua l res i s tance va l ue through the e l ectr i c a l  current produced . 

Contam i nated l eakage paths are a l so expected to cause l ow i ns u l a t ion 

res i stance measuremen ts . Contami nat i on i s  caused by depos its from 

evaporat i ng water , d us t ,  grease , a n d  o ther foreign mater ia l s  that are not 

wel l def i ned ; therefore the path ' s  res is tances are not pred i ctab l e .  

Because o f  these uncerta i nt i es ,  the res i s tance r ange over wh i ch either wet 

or d i rty l eakage paths are l i k e l y ,  wi l l  be l arge . Except for the two 

measurements w i th l es s  than 30 ohms , a l l the l ow res i s tance v a l ues are 

cons i dered to be caused by either wet or d irty l eakage paths . The two 

v a l ues of l es s  than 30 ohms a re so much sma l l er than the other v a l ues that 

another cause seems l ik e l y ,  perhaps a meta l l i c conduct ion path . S ince 

t hese two v a l ues are eas i l y  d i scer n ib l e  on the TOR ,  i t  mi gh t  be poss ib l e  to 

use the TOR t o  l ocate where the l ow v a l ues occur , i f  they are l oca l i zed . 

The T OR i s  not norma l l y used on the termi na l s  measured for i nsu l at i on 

res i s tance because the h igh res i stance v a l ues are not d iscern i b l e  on the 

TOR d is pl ay .  

I n  s ummary, the l ow insu l at i on res i s tance anoma l i es can be 

character i ze d  as be i ng caused by contami nated or wet l eak age paths , or 

poss i b l e  meta l l ic con duct i on paths . 
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Open or Near-open Loop Res i stance 

Open or near-open l oop res i s tance was not cons i dered for c i rcu i ts 

termi nated by transmi tters , swi tches , or re l ays . Transmi tters were i gnored 

because they were unpowered ; therefore the res i stance v a l ues are not 

predi ctabl e because the c i rcui t becomes non l i near and  va l ues v ary wi th th e 

type of ohmmeter c i rcu i t ,  sca l e used , and po l ar i ty of l eads . L aboratory 

measurements on a s i n g l e  Foxboro un i t var i ed from 28 . 6K ohms to greater 

than 500M ohms . The swi tches and  rel ays were not con s i dered because some 

of them were supposed to be norma l l y  open . Al l cab l es w i th th i s  type of 

anomal y  are l i sted i n  Tab l e  5.  The TOR l ength was i nc l uded to s how where 

the opens were l ocated. Al l opens appear to be l ocated at the penetrat i ons 

based on the zero TOR l ength s .  The near-open l oop res i s tance was a l so seen 

as an open by the TOR because impedance val ues much greater than 50 ohms 

are i nd i sti ngu i shab l e  from opens . 

I n  s i tu data i nd i cates that c i rcu i ts H337C and  H359C h ave experienced 

ser i ous degradat i on at the reactor bui l d i n g  penetrat i on i nner l i ner box . 

The de l oop res i stance i n  conjunct i on w i th the TOR i ndi cates o pen or near 

open condi t i ons  at these l ocat i ons .  Th i s  data i s  con s i stent w i th data 

taken i ndependently dur i ng  1 98 1 .  Both of these cab l es are routed through 

penetrati on R405 wh i ch i s  at the 292-ft e l evat i on Az imuth 52 degrees 

1 3  mi nutes . Th i s  p l aces the penetrat i on i n  a d i rect s team path from the 

rupture d i sk of the reactor coo l ant dra i n tank . I t  i s  be l i eved that th i s  

was a major factor for the severe degradat i on . 

Other i n  s i tu data taken from th i s  area i nd i cate that the phenomenon 

of open or near open c i rcu i ts at the penetrati on occurs for several  

cab l es .  Cons i der i n g  that these c i rcu i ts are connected i ns i de the 

penetrat i on termi na l  box and  the c i rcu i ts h ave  opens or near opens g i ves an 

i n d i cat i on of the sever i ty of env i ronmenta l cond i t i on s  around the southwest 

corner at the basement e l evat i ons . 
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TABLE S .  C IRCU I TS W I TH OPE N  OR NEAR OPE N ( ORDER OF 106 ohms ) 
LOOP RESI STANCE 

C ab l e  a n d  
c onnect i on 1 0  

H33 7C TB l / 1 -4 

H359C T B l /8- 1 0  

H 359C T B l /9- 10 

Loop res i stance 
{ohms} 

> 1 X lo7 

Open 

> � . 5 X 1 o7 

Termi nat i on 

C urrent transformer 

C urrent transformer 

C urrent transformer 

a .  A z ero  TOR l ength i nd i cates the open i s  at the penetrat i on . 

3 7  

TOR l ensth 

oa 

0 
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High Loop Res i stance 

In eval uati ng c i rcu i ts w i th anoma l i es of h i gh l oop res i s tance , two 

sel ect i on cr i ter i a were con s i dered . F i rst , a c i rcu i t  was con s i dered 

abnorma l when i ts l oop res i s tance exceeded twi ce the expected v a l ue .  Th i s  

l i mi t was chosen to def i ne an  anoma ly because the expected va l ue cou l d  not 

be accurate ly determi ned , due to u ncerta i nt i es i n  documented l ength s ,  cab l e  

res i s tance , and  termi nat i on res i stance . Second ,  a c i rcu i t  was con s i dered 

abnorma l i f  i ts res i stance was l ess  than 108 ohms , when the expected 

v a l ue was an  open c i rcu i t .  Transmi tter c i rcu i ts were not con s i dered i n  

th i s  eva l uat i on because of  uncerta i nt i es i n  the i r  res i stance i n  the 

unpowered s tate . 

Tab l e  6 l i sts c i rcu i ts w i th h i gh res i s tance a noma l i es .  S i x  of these 

c i rcu i ts appear to have c l osed contacts that exh i b i t  h i gh res i stance from 

corros i on ;  whereas two c i rcu i ts ,  H303I and H3 1 5 I , a ppear to have open 

contacts w i th h i gh res i stance l eakage paths caused by moi st ure and m i nera l 

depos i ts .  

Cab l e  S01 68P termi nates i n  a de l ta connected l oad ( heaters ) .  An 

eva l uat i on of the l oop res i stance measurements performed on the var i ou s  

e l ements o f  the de l ta l oad i nd i cate that o n e  e l ement of  the de l ta i s  open . 

The h i gh de l oop res i s tance of cab l e  MM1 3 1 P  correl ates w i th a 

d i storti on at  the end i nstrument i n  the TOR data a nd  s u ggests a poor 

connect ion at the motor . However , other data i s  i ncon s i stent and cou l d  

s uggest e l ectro-chemi ca l effect or bad data . Th i s  i n  s i tu data shou l d  be 

repeated. I f  the repeated data are con s i stent , add i t i ona l  i nformat i o n  

cou l d  come from reactor b u i l d i ng i ns pecti ons  or  measurements , wh i ch s hou l d  

be made at the motor to ver i fy the expected cause of the anoma ly .  

TOR Anoma l i es 

TOR records , as a funct i on of t i me ,  v o l tage refl ected back from a 

vo l tage step sent down a cab l e .  The vol tage refl ected back from each po i n t  
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TABLE 6 .  C I RCUI TS � I TH H I GH LOOP R E S I STANCE 

loo� res i stance 
C ab l e  and 

connec t i on I D  Measured E xpected 

H293 1 J2/p- n 63 .8  3 . 6 

H3031  J3/B-C 2 .88 X 1 06 Open 

H3 1 5 1  J4/A-E 6 . 57 X 1 07 Open 

H3 1 7 1  J4/p-n 1 08 . 9  2 .  1 

MB 1 49C T B3/ 10- 1 3  1 . 533 0 . 3 7  

M8200C TB3/28-29 35 . 2  0 . 4 1  

�3 1 3C TB4/20-2 1  7 78 . 6  0 . 65 

S01 68P  TBS/ 1 -2 1 4 . 7  10 . 2  
TBB/ 1 -3 29 . 4  1 0 . 2  
TBS/2-3 1 4 . 6  1 0 . 2  

MM1 3 1 P  T B l /22-23 1 7 1 .0 42 . 7  

MM 1 3 1 P  TBl /22-24 1 79 .9 42 . 7  

a .  C l osed w i th corroded swi tch con tacts . 

Termi nat i on 

leve l swi tch 

L ev e l  swi tch 

F l ow swi tch 

level  swi tch 

L f m f t swi tch 

L fmf t swi tch 

F ue l  Handl i ng 
Transfer 
Carr i age 

Pressur i zer 
heater 

Motor 

Motor 

b .  Ope� w i th corroded or contami nated swi tch contacts . 

C 011111en t s 

See a ( footnote ) 

See b 

See b 

See a 

See a 

See a 

Termi nat i on 
unknown 

Open heater 
e l emen t ;  see c 

I ncons i stent 
data 

I ncon s i sten t  
data 

c .  Heater e l ement res i s tances c a l cu l ated from these term i n a l  v a l ues show 
one heater e l ement open ( between TBB/ 1 -3 )  and two good . 
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i s  a measure of the impedance of that po i nt .  Th i s  a l l ows the TOR to show 

i nformati on about each poi nt a l ong  a cab l e  sys tem . U s i ng the TOR data , 

anomal i es can be i dent i f i ed w i th a speci fi c po i nt i n  a c i rcu i t .  Anoma l i es  

are caused by  cab l e  opens and  s horts , poor connect ions , water i n  cab l es ,  

open or shorted termi nat i ons , and other s i mi l ar c i rcu i t  cond i t i ons . 

Certa i n cab l es i n  penetrat ion R607 had s imi l ar TOR anoma l i es caused by 

water i n  the sect i on of the cab les  near the penetrat i on .  The anoma l i es 

were seen on the TOR d i spl ays as a vo l tage l evel  l ower at the f i rst part of 

the cab l es than for the rema i nder of the cab l es . F i gure 1 5  shows a TOR 

d i spl ay typica l  of a l l cab l es showi ng  th i s  type of anoma l y .  Th i s  wet 

sect i on i s  eas i l y i dent i f i ed i n  F i gure 1 5  and can be used to est imate the 

l ength of cab l e  wi th l owered character i st i c  i mpedance ( a  phenomenon 

resul t i n g from th i s  anoma ly ) . The anomal y  i s  con s i stent w i th i ncreased 

d i e l ectr i c  constant , as wou l d  res u l t  from water i ntrus i on i n  a cab l e .  The 

i ncreased di e l ectri c constant a l s o  causes the ve l oc i ty of propagati on to 

decrease . S i nce the i ndependent var i ab l e  for a TOR d i sp l ay i s  t i me ,  

d i stance i s  ca l cu l ated us i n g  ve l oc i ty of propagat i on .  Look i n g  a t  a TOR 

d i spl ay w i th t i me as the i ndependent var i ab l e  wi l l  g i ve a d i storted measure 

of d i stance when the d i e l ectri c constant changes , as i t  does w i th a wet 

sect ion of cab l e .  The wet sect i on wi l l  appear l onger than i t  wou l d  i f  

dry . Based on the est imated change i n  d i e l ectr i c  constant ,  cab l e  l engths 

shou l d  appear about 2% l onger than i f  they were a l l dry . S i nce cab l e  

l engths are not known t o  th i s  accuracy , th i s  error i n  l ength i s  i gnored an d 

l ength ca l cu l at i ons are b ased on dry d i e l ectr i cs . Tab l e  7 g i ves the 

ca l cu l ated l engths  of the wet sect i on for each cab l e .  The wet secti on s  

were rel ated t o  the cab l e  routes as  s hown i n  F i gures 1 6  through 1 9 ,  the 

common reg i on be i n g  penetrat i on R607 and about 50 ft thereafter except for 

I T4 1 2 1 I .  Tab l e  7 a l so s hows the percent change i n  character i s t i c  impedance 

i n  the anoma l y  secti on for each cab l e . 

I n  conc l us i on , there i s  ev i dence that a cab l e  i s  wet for the l engths 

i ndi cated . Si nce severa l  cab l es are sh i e l ded , the effects of condu i ts and 

metal cab l e  trays shou l d  have very l i tt l e  effect on  the TOR d i spl ays . 
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H3151A-E 
RHO : . 1 389  
T :  .8085 

T Penetration 
Cursor 2 

.2 microsecondsldlv 1 12M 

F i gure 1 5 .  TOR d i s p l ay show i n g  the effects con s i stent w i th moi sture i n  
a sect i on of cab l e  ( H3 1 5 I ) .  
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M tg R2 

El 347 ' ·6" 

IT30821 to M U 1 0-FT4 
IT3081 1 to M U 1 0-FT3 

IT274 1 1  to CFI-PT2 
IT27421 to CF2·L T2 

lnstr mtg R5 
IT27371 to CF1 -PT1 
IT27381 to CF2-L T1 

El  282 ' ·0" 

l nstr mtg R6 
IT28221 to 
IC-1 0-dPT l n str mtg R4 

IT27431 to CF1 -PT4 
IT27441 to CF2-LT4 

I nstr  m tg R3 
IT27391 to Y M-U R-2 
IT27401- no i nstr 

E l  305 ' -o w 

IT30801 to MU1 0-FT2 
IT30791· no instr 

INEL 4 0919 

F i gure 1 6 .  Or i entat i on of penetrat i on R60 7 and  cab l e  runs i n  th e 
reactor b u i l d i ng ( sheet 1 ) .  
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lnstr rack 424 
1141 191 to RC-22-PTS 

l nstr rack 425 
IT4 1 21 1 to AC-22-PTS 

R607 

E l  282 ' .o ·  

F i gure : 1 .  

�---�-..... 

180. 

l nstr. rack 426 
IT24641 to 

SP-1 A·LT2 
SP·1A·LT4 

go• 
I nstr rack 426 
IT1 5351 to SP-1 A·LT3 
SP-1 A-LT5 
IT20741 to RC-22-PT1 
SP-A-L T1 and RC-22-PT2 
IT24681 to RCP-LT3 

l nstr rack 424 
IT245671 to RC1 -LT1 
IT24591 to SP6A-PT2 
IT24781 to RCP·LT2 
lnstr rack 425 
IT1 7691 to RC·3A-PT5 

l nstr mtg R7 
IT23 1 21 to 
WOL-LT- 1 207 

lnstr rack 433 
IT231 01 to 

WOL-PT-1 202 

INEL • 0910 

Or i en ta t i on of  penetrat i on R607 and cab l e  runs 1n th e 
reac tor b u i l d i ng ( sheet 2 ) . 

43 



El 347 ' -6" 

To J 6  IT4071 
IT 407 1 1  cont. to 
RC-VE-7902 
RC-VE-7903 
RC-VE-7904 
RC-VE-7905 
RC-VE-7906 

RC-P-26 
H3151  to T6H315 
H3171  to T6H 1 44 
cont. to 
RCP-61-LS5A 
RCP-61-LS6A 

RC-P-1 6 
H2791 to T6H277 
H281 1 to T6H44 
cont. to 
RCP-61-LS7A 
RCP-61-LS8A 

To J 61T4064 
IT40641 
cont. to 
RC-VE-7897 
RC-VE-7898 
RC-VE-9899 
RC-VE-7900 
RC-VE-7901 

El 282 ' -0" 

RC-P-2A 
H3031 to T6 H 301  
H3051 to T6 H 1 67 

RC-P-7A 
H291 1 to T6H280 
H2931 to T6H67 
cont. to 
RCP-6 1 -LS 1 A  
RCP-61 -LS2A 

To J6 IT4057 
IT40571 cont. to 
RC-VE-7892 
RC-VE-7893 
RC-VE-7894 
RC-VE-7895 
RC-VE-7896 

To J 6  IT4050 
IT40501 
cont. to 
RC-VE-7887 
RC-VE-7888 
RC-VE-7889 
RC-VE-7900 
RC-VE-7901 

INEL 4 0912 

F i gure 18 . Or i entat i on of penetrati on R60 7 and cab l e  runs i n  th e 
reactor b u i l d i ng ( sheet 3 ) .  
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El  347 ' -6• 

l nstr. rack 428 
1124331 to SP·1 B·L 11 
1124371 to SP- 1 B·L T2 
112441 1-to SP1 8-L14 
1124431 to RR-FT-1025 
1124451 to RR·FT-1026 1-------.. 
1124471 to RR·FT-1 027 
1124491 to RC22·PT3 
112451 1  to RC-22-PT 4 
On lnatr. mtg R13 
IT  .t0781 to SP-6B-PT1 

lnstr mtg R 1  
I T 1 3201 to RR-FT-1028 
111 3221 to RR-FT-1029 

l nstr rack 434 
1123 1 41 to WOL-PT- 1 2 1 1 

El  282 ' .o ·  

I nstr rack 429 
IT 4 1 231 to RC·22-PT7 

l nstr rack 430 
IT4 1 251 to RC-22-PT8 

INEL 4 0909 

F f gur'e 19. Ur' f en ta t f on of penet ,. a t f on R60 7 a n d  cab l e  r' u n s  f n  t � e  
r'eacto,. b u f l d f n g  ( sh ee t  4 ) : 
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TABLE 7.  CABLES WITH TOR ANOMAL I E S  

Locat i on of offset 
(end of tran s i t i on ) 

C hange i n  
T ime D i s tance Character i st i c  Impedance 

Cab l e/Connect i on � (ft) (%} 

H3 1 5 I : J4/A-E 449 1 2 5  - 1 4 . 6 

H3 1 5 I : J4/R-Z 44 1 1 23 -8 . 5 

H3 1 7 I : J4/g-a 4 1 8  1 24 -9 . 2  

I T 1 554I : J9/S-K 4 1 0 1 22 -8 .6  

IT23 1 0I : J9/k-r 402 1 22 - 10 . 4  

I T23 1 2 I : J9/p-n 402 1 22 - 1 0.6 

IT2822 I : J9/f-m 394 1 1 9 -9 .8  

I T3079I : J l l /H-0 3 9 1  1 1 7 - 7 . 3 

IT3079I : J l l /H-J 39 1 1 1 7  -3 . 1 

I T3079 I : J l l /J-0 39 1 1 1 7 - 5 . 8  

IT3080I : J l l /R-X 39 1 1 1 7  -6 . 7 

I T3080I : J l l /R-Z 3 9 1  1 1 7 - 6 . 6  

I T  3080 I : J 1 1  I X-Z 39 1 1 1 7  -6 . 9  

I T308 1 I : J l l/b-a 406 1 2 1 -4 .4  

IT308 l l  : J l l/b-g 394 1 1 7 -4 . 1 

I T3081 I :  J 1 1  /a- g - 7 . 5  

IT4 12 1 I  : J8/L -M 254 7 7  - 1 6 . 8 
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low character i st i c  Impedance and H igh C apac i tanc e 

Changes i n  character i s t i c  i mpedance were not used as  anoma l i es beca use 

t hey must be c ompared to an  abso l ute reference . In Reference 1 ,  the 

. reference used was the character i s t i c i mpedance of a con tro l cab l e .  T h e  
control  cab l e  was , i n  mos t  cases , a s i ng l e  s ampl e f rom spare s u pp l y .  At 

th i s  t ime ,  i t  i s  be l i eved that  the cab l e  was not  a good reference due to 
v ar i at i on s  in  the character i s t i c  i mpedance resu l t i ng from v ar i at i ons i n 
manufactur i n g  tech n i ques . The character i s t i c  i mpedance for the cab l es was 
n ot s pec i f i ed or d i rect l y  con trol l ed ( except for coax i a l  c ab l es )  by the 

manufacturers . W i thout s ta t i s t i cs on a l arge n umber of sampl es from 
d i fferent manufacturers , the measureme n t  of a s i ng l e  cab l e  s amp l e  f s  not 

be l i eved to be s u i tab l e  as  an abso l ut e  reference . It  i s  a l so d i f f i cu l t t o  

measure character i st i c  i mpedance ( Z0 ) .  Appendi x B d i scus ses th i s  and  a 

poss i b i l i ty for decreas i ng the d i ff i cu l ty .  Severa l cab l es were cons i dered 

to h av e  l ow character i s t i c  i mpedance i n  Reference 1 ,  the most common 

expl anat i on be i ng water i n  the cab l es ; h owever , v i su a l  i nspect i on of areas 

near these cab l e s  has revea l ed no ev i dence of water damage3 • Wi thout any 

s pec i f i c  manufacturer con trol on Z0 , and a pparen t l y  no water damage i n  

t he a ppropr i ate cab l e  penetrat i ons or termi n a l  boxes , l ow character i st i c  

impedance shou l d  not be cons i dered a s  a rel i ab l e  i nd i cat i on o f  a n  anoma l y .  

I t  i s ,  however , c on s i dered a l ong w i th other factors when a ssess i ng the 

c i rcu i ts .  

Manufacturers o f  the type o f  cab l e  used i n  THI -2 do not s pec i fy or  

d i rect l y  contro l cab l e  capac i tance o f  mos t  cab l es other than coax i a l  

c ab l es . C apac i tance was on l y  measurab l e  o n  i n- conta i nment  cab l es w i th o pe n  

c i rc u i t  termi nati ons . Capac i tance i s  a l so not a re l i ab l e  anoma l y  i nd i cator 

f or the s ame reasons g i ven for Z0 i n  the preced i ng paragraph . However , 

t he capac i tance i s  u sed i n  conjunct i on w i th other 4 nd i cators to assess 

c i rcu i t  con d i t ion  when gros s capac i tance changes occur . 

When av a i l ab l e ,  c a paci tance and  c h aracter i s t i c  i mpedance , a l ong w i th 

capac i tance anoma l i es ,  were used to assess the c i rcu i ts .  On l y  c i rcu i ts 

w i th near ly o pe n  c i rcu i ts s eem to g i ve rel i ab l e  c a pac i tance measurements , 
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so on l y  those w i th l oop res i stance va l ues of lOOk ohms or more were 

eval uated . Tab l e  8 l i sts these c i rcu i ts and  the parameters u sed i n  thei r  

eval uat i on . One env i ronmenta l effect l i k e ly  t o  b e  i dent i fi ab l e  from 

capaci tance and character i st i c  i mpedance i s  water i ntrus i on of the cab l es .  

Water i ntrus ion  wou l d  rai se the capac i tance , l ower the character i st i c 

i mpedance , i ncrease the d i s s i pati on factor , and  decrease the ve l oc i ty of 

propagat i on ,  as compared to the same cab l e  dry . Tab l e  8 shows the 

capac i tance change as percentage dev i at i on from the expected cab l e  

capac i tance . The expected cab l e  capac i tance was computed from the 

documented l ength and the capaci tance per foot measured on a control 

cab l e .  When capac i tance measurements were ava i l ab l e  from e i ther two 

contro l cab l es of the same type or adjacent and separated conductors i n  a 

mu l t i conductor cab l e ,  the mi n imum and maximum va l ues were both con s i dered 

and  the i n  s i tu measurement dev i at i on was based on the c l osest v a l ue .  The 

di fference between measured and expected capac i tance i s  g i ven i n  n F .  The 

maximum control cab l e  capaci tance was used to der i ve the d i fference . On ly 

pos i t i ve d i fferences were used , because th i s  col umn i n  the tab l e  was 

i nc l uded to s how wh i ch capaci tance dev i at i ons mi ght be caused by 

termi nat i n g  dev i ces . The tab l e  a l so shows for compar i son , the l ength as 

determi ned from the TOR data and the documented l ength . The i nstal l ed 

l ength was cut to f i t .  I n  Tab l e  8 ,  " Zo measured " was the character i s t i c  

impedance of  the i n  s i tu cab l e  a s  determi ned from the TOR data . " Zo l ow 

contro l " and " Zo h i gh contro l " were character i s t i c  i mpedance v a l ues for 

the control cab l es .  If more than one measurement was made , e i ther on two 

cab l es or two pa irs  of conductors w i th i n  a mu l t i conductor cab l e ,  " Zo l ow 

control " was the mi n imum v a l ue and " Zo h i gh contro l " was the maximum 

va l ue found. If only one measurement for a contro l cab l e  type was made , 

these va l ues were equal . 

Because c i rcu i ts w i th unpowered act i ve  dev i ces as  termi nati ons had 

w ide var i at ion i n  measurements and were not predi ctab l e ,  most were not used 

when eva l uati ng  c i rcu i ts by capac i tance anoma l i es .  However , some that h ad 

h i gh impedance {measured ) wh i ch wou l d  not obscure the cab l e  capac i tance 

were i nc l uded i n  Tab l e  8 .  Of the 53  c i rcu i ts s hown i n  Tab l e  8, 20 were for 

act i ve c i rcu i ts .  Ten of the c i rcu i ts w i th act i ve termi nati on s showed no  

4 8  
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Cable 
lype Cable Terminal Instrument 

FR-9HH MB149C TB3/15-16 SP. HEATER 
FR-9HH MB193C TB3/24·25 WOL-V271 
FR-9HH MB200C TB3/33-34 SP. HEATER 
FR-9HH MS130C TB616-7 CF-V2B 
FR-9HH MS45C TB6/24-25 RC-V3 
FR-9HH MS76C TB8/19-20 RC-V1 1 7  
FR-9JJ M�37C TB9124-32 MU-V1B 
FR-9JJ M�7C TB9133·34 SP HEATER 
FR-9JJ MD68C TB4133-34 SP H EATER 
FR-9KK MP313C TB4110.11 FH-A48 LMS 
FR-9KK MP313C T84114·15  FH-A48 LMS 

Table 8. Capacitance and Characteristic Impedance Anomalies 

Insulation Delta 
resistance Dlss. capac. 

(ohms) factor � 
3.4E9 0.05 32.07 

0.04 38.72 
0.22 37.5 

7.5E8 0.02 29.53 
1 .5E8 0.04 50.06 
2.4E9 0.03 33.31 
1 .75E5 0.22 -6.95 
1 .05E7 0.05 ·11 .5 
2.96E4 0.2 9.99 
1 .8E7 -0.06 -4.53 

-0.12 ·10.76 

Capacitance zo Zo low Zo high Pull-slip TOR 
dillerence me as. control control length length 

(nF) (ohms) (ohms) (ohms) _(_It) _ _!!!L Commenls 

0.83 55.88 82.3 126. 110 108.88 Probably OK 
1.21 55.46 82.3 126. 134 137.18 Probabiy OK 
1.09 53.7 82.3 126. 124 134.42 Probably OK 
2.44 56.19 82.3 126. 354 353.09 OK 
4.14 56.32 82.3 126. 354 381.81 OK 
2.8 57.94 82.3 126. 380 388.45 OK 

-0.54 45.48 69.1 1 12. 168 169.22 OK 
-3.14 48.04 69.1 1 1 2. 188 168.23 OK 

·1 .82 47.94 69.1 1 12. 152 152.81 OK 
-0.39 48.88 72.8 114.6 190 21 1 .31 OK 
-0.94 51.49 72.8 1 1 4.6 190 200.53 OK 

Note a. Extra capacitance probably due lo active termination whose capacitance Is not known and not 
consistent. 



s i gn i f i cant  anoma l i es .  The other 1 0  had  h i gh capac i tances , wh i ch wer e 

probab l y  caused by the termi nati ons , s i nce the amounts attr i buted to the 

termi nat i on s  were most l y  1 to 3 nF , w i th one case of 6 nF . 

F i ve cab l es h a d  on l y  one or two symptoms o f  a wet cab l e  and  a re l i sted 

as �ybe wet . •  

I n  s ummary, T ab l e  8 l i s ts c i rcu i ts that were exami ned for capac i tance 

and character i st i c  i mpedance anoma l i es , and g i ves conc l us i ons . On l y  f i v e  

c i rcu i ts were found that have enough symptoms t o  be cons i dered poss i b l y  wet . 

Con c l u s i ons  

Of  144  cab l es ,  38  i nsu l a t i on res i stance measurements were found to be  

l es s  than one  megohm. Of these , 36 were attr i buted to wet or d i rty l eakage 

paths a n d  two to damaged i nsu l at i on .  

Of 36 1 l oop res i s ta nce measurements made , 2 c i rcu i ts were open ,  or 

effect i ve l y  so , and these opens were l i ke l y  caused by corros ion  of the i r 

connectors . Twe l ve c i rcu i ts had  h i gh l oop res i s tance , of wh i ch seven were 

be l i eved to be caused by sw i tch contact c l osure prob l ems and two by contac t 

o pen i ng prob l ems .  A pressur i zer heater e l ement or i ts l eads were open , and  

two c i rc u i ts  had  h i gh l oop res i s tance con s i stent w i th a connec t i on prob l em 
common to them . 

Seventeen c i rcu i ts ,  a l l i n  R607 , h a d  o f fsets a t  the s tart of  the i r  TOR 

d i s p l ays . Th i s  i s  con s i sten t w i th wet cab l es ,  and i s  reasonab l e  s i nce the 

b ottom of R607 was u n der water . 

We bel ieve that a l l c i rcu i ts l i sted cou l d  be operat i ona l , w i th 

except i on of the two open c i rcu i ts ,  the open pressur i zer heater , and th e 

pressur i zer hea ter w i th v ery l ow f ns u l a t f on res i s tance • 

• 
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FUNCT IONAL ANALYS I S  

The i n  s i tu measurements were used to f i nd  a noma l i es that i nd i cated 

prob l ems w ith the operat i on or funct i on i n g  of the c i rcu i ts measured . 

Anomal i es were found by compari ng the measured v a l ues to a reference 

va l ue .  For th i s  type of data , probabl y  the best reference v a l ue wou l d  be 

data from measurements made on  each c i rcu i t  when i t  was known to be good. 

Si nce these were not avai l ab l e ,  reference va l ues were ca l cu l ated from 

measurements made on control cab l es ,  dev i ce s pec i fi cati ons , or reasonab ly  

expected va l ues . 

The types of c i rcu i ts are based on  the termi nat i ng dev i ces and  the i r  

funct i on .  The types are l i sted bel ow .  

• Motors 

t RTDs 

• Transmi tters and  l oose parts mon i tors 

• Pressuri zer heaters 

• Current transformers 

• Neutron detectors 

• Swi tches and re l ays for a l arms and annunci ators . 

Effects of Parameter V ari at i on s  on C i rcu i t  Funct i ona l i ty 

Al though numerous  k i nds of measurements were made to eva l uate the TM I 
c i rcu i ts ,  not a l l were usefu l for determi n i ng the funct i onal  cond i t i on of 
the c i rcu i ts .  Th i s  i s  i l l ustrated i n  Tab l e  9 by the smal l effect some 
parameters have on the funct i on i ng  of some the c i rcu i ts .  
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TABLE 9 .  EFFECTS OF DEGRADED PARAMETERS ON C I RCU I T  FUNCT ION I NG 

P arameter 

I ns u l at i on res i s tance 

Loop res i stance 

Capac i tance 

I nductance 

TOR resu l ts 

C har . ilnped . 

TOR l ength 

Efff � t  on  Functi on i ng 

Low v a l ues cause ground fau l t  currents ana shock 
hazards for pressur i zer heaters 

See text 

A l ters motor torque 

No feas i b l e  fau l t  wou l d  cause l arge enough 
change to e ffect c i rcui t  operati on 

No d i rect effects 

No d i rect effects , except for open or shorted 
c ab l es 
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As i nd i cated i n  Tab l e  9 ,  most  of the measured parameters do not have 

i mportant effects on the operat i on of the c i rcu i ts . Th i s  i s becau se most 

c i rcu i ts have very wi de marg i n s  of safety as far as funct i on i n g  of th e 

c i rcu i ts i s  concerned . L oop res i s tance does effect a l l c i rcu i ts h owever . 

These effects are di scussed be l ow .  

Effects o f  Loop Res i s tance o n  C i rcu i t  Operat i on 

An open c i rcu i t  can cause a c i rcu i t to be nonfunct i onal . Except i n  

the case of a short near the far end o f  a cab l e ,  a sma l l negat i ve dev i ation 

from the expected v a l ue of l oop res i s tance wou l d  not adverse l y  affect 

c i rcu i t  operat i on .  A short near the far end of a cab l e  cou l d  not be  

i denti f i ed from the avai l ab l e  data . A smal l pos i t i ve dev i at i on from the 

expected va l ue of loop res i s tance cou l d  be  caused by poor contact or a 

per-un i t  cab l e  res i s tance that i s  l arger-than-expected . The effect of the 

dev i at i on on the operat i on of the c i rcu i t  was ca l cu l ated us i n g 

s peci fi cations of the c i rcu i t  ( out  of the reactor b u i l d i ng ) . L arge 

pos i t i ve dev i at i on s  i n  l oop res i s tance were l i k e ly  caused by poor contact 

res i stance for e i ther connectors or end dev i ce contacts . I f  the 

termi nat i on contacts were open , the operati on of the c i rcu i t  cou l d  not be  

determi ned. An  undes i r ab l e  s hunt  res i s tance across the cab l e ,  i f  sma l l 

enough , wou l d  cause the c i rcu i t  to be i noperab l e . 

I f  the termi nati on was a transmi tter , l oose parts mon i tor , or another 

act i ve c i rcu i t ,  the l oop res i stance was norma l l y h i gh but  not we l l -defi ned 

because i t  was an unpowered act i ve c i rcu i t .  Operat i ona l  eva l uati on based 

on loop res i stance was not attempted for act i ve  c i rcu i ts u n l es s  the TOR 

data showed a short or open at l ess  than the reasonab ly  expected cab l e  

l ength ; none d i d .  Th i s  i s  because what appears to the TOR t o  b e  a short or 

open a l ong  the l ength of a cab l e  i s  very l i k e ly  j ust  tha t .  I t  c a n  b e  a 

norma l act i ve c i rcu i t  i f  i t
. 
appears to the TOR to be at  the end of a cab le . 

For pressuri zer heaters , o pen c i rcu i ts and  l oop res i s tance va l ues near 

the expected cab l e  res i stance are con s i dered i noperab l e .  A h i gh l oop  
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res i s tance wou l d  cause reduced heater power , and for certa i n  v a l ues . 

poss i b l e  f i re h azards . L i m i ts for these were ca l cu l ated . 

Funct i ona l Ana lys i s  by C i rcu i t  Type 

C i rcu i ts requ i r i ng the same funct i ona l ana l ys i s  procedures were 

g rouped.  T he funct i ona l a n a l ys i s  procedures and resu l ts are d i scussed f n  

these groups . The group names ref l ect  the i r  funct i on rather than the 

ana l ys t s  procedure . 

The c i rc u i ts of cab l e  M01 7C are representat i ve of  the c i rcu i ts i n  th i s  

group .  F i gure 20 i s  a schemat i c  of these c i rcu i ts ,  show i ng the reactor 

b u i l d i ng and out-of-reactor b u i l di ng parts . 

The c i rcu i ts are ana l yzed by comput i ng the worst case va l ues of the 

c i rcu i t  parameters that  a l l ow acceptab l e  performance . These v a l ues are 

then compared to those measured i n  s i tu .  I f  the measured va l ues are better 

than the worst case v a l ues , the c i rcu i t  i s  con s i dered functi ona l . 

Impedance . The f i rs t  step i s  to determ i ne the i mpedance for each 

c i rcu i t  e l emen t .  As s h own i n  F i gure 20 , there are two l amp c i rcu i ts ,  two 

contactor coi l c i rcu i ts ,  and a heater c i rcu i t .  Each type i s  cons i dered 

be l ow .  

Lamps--3 watts a t  1 20 vo l ts nomi na l . 

R = vl!P • 1 2oZ13 = 4800 ohms 

where R f s  the res i s ta nce for one l amp , V i s  the nomi na l o perat i ng vo l tage , 

and p f s  the power . S i nce there are two l amps i n  para l l e l  for each 

c i rcu i t ,  the tota l res i s tance i s  2400 ohms for each c i rcu i t .  
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Fi gure 20. W i r i ng  d i agram of typ i ca l  l i m i t swi tch c i rcu i t  showi n g  
compl ete l oop .  
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C on tactor Coi l s--0 .22 amperes at 1 20 vo l t s 

l • V/ 1 • 120/0 . 22 • 545 ohms 

where I i s  the rated current for each contactor coi l ,  and z i s  the coi l 

i mpedance . On l y  one coi l i s  a l l owed to be energ i zed at a t i me ,  so the 

above res i stance i s  the v a l ue seen when the swi tches are c l osed . 

Mi n i� Power or  Vol tage. The secon d str o i s  to determi ne the mi n i mum 

acceptab l e  power or vol tage for each component . 

L amps--Laboratory measurements and observat i ons fo l l owed by 

ca l cu l at i ons i nd i cate that the maximum ser i es res i stance for v i s i b i l i ty o f  

l amps i s  about 421 o f  the rated l amp res i stance . 

C on tactor Coi l s--The m i n i mum contactor vol tage used was 751 of  

na.i na l , a common m i n i mum start ing  vol tage . 

Max i mum A l l owab l e  Ser ies Res i s tance. The th ird  s tep i s  to determi ne 

the max i mum a l l owabl e  ser i es res i stance--the res i stance requ i red to reduce 

the vol tage or power to the va l ue just  cal cu l ated . 

Lamps-- I t  was determi ned ear l i er that the maxi mum ser i es 

res i stance shou l d  be 4 21 of the l amp res i stance , therefore 

R5 = 0 . 42 x 2400 = 1 008 ohms . 

Contactor Co i l s- -The contactor coi l vo l tage i s  g i ven by 

where y i s  the contactor coi l vo l tage , Rc i s  the con tactor coi l 
c 

r es i stance , and  Rs 
i s  the ser i es res i s tance . Th i s  assumes that the 

c ontactor coi l i mpedance f s  predomi nan t l y  res i st i ve .  So l v i ng for Rs to 

g ive a contactor coi l vo l tage of 751 of norma l g i ves 
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Rs = ( R  /0 . 75 ) - R = 1 8 1 . 7  ohms . 
c c 

The measured va l ues for these c i rcu i ts were then compared to the 

maximum va l ues . I f  the measured v a l ues are l es s  than th i s  l im i t i n g  v a l ue ,  

the c i rcu i t  i s  cons i dered funct i ona l  u n l es s  there are other i nd i cat ions to 

the contrary . 

As noted ear l i er ,  there are two contactor coi l c i rcu i ts ,  two l amp 

c i rcu i ts ,  and one heater c i rcu i t . Tab l e  1 0  l i sts the res i stances for these 

c i rcu i ts for the ten cab l es w i th these types of c i rcu i ts . The open 

c i rcu i ts are assumed to be open swi tches for the l amps and  contactor coi l s . 

There are two l amp c i rcu i ts ,  both contro l l ed by swi tches . S i nce these 

swi tches were not under the tester ' s  control , some of them were open and  

some c l osed . Whether or  not they were in  the i r  correct pos i t i ons  is  not 

cons i dered here , s i nce that i s  not part of the c i rcu i t  funct i on .  Al l the 

res i stances are much l ess than the maxi mum a l l owed v a l ue ;  therefore , a l l  of 

the l amp c i rcu i ts are be l i eved to be funct i ona l .  

There are a l so two contactor coi l c i rcu i ts .  The 35 . 2  ohms for cab l e  

MB200C i s  much h i gher than the res i stance for the other contractor coi l 

c i rcu i ts and i s  an  anoma ly ,  but i t  shou l d  not prevent funct i on i ng of th i s  

c i rcu i t  s i nce i t  i s  l es s  than the ca l cu l ated maxi mum va l ue .  

Motors 

C i rcu i ts for ten three-phase motors for v a l ve pos i t i on i ng and  pumps 

were measured . A l l were i n  penetrat i o n  RSOS . F i gure 2 1  i s  a schemat i c  of 

these c i rcu i ts .  Ev a l uat i on was based on motor l oop res i s tance and  

i nductance for each phase , and i nsu l at i on res i stance to the ground . 

S i nce start i n g  shou l d  be the most demandi ng condi t i on for the 

funct ion i n g of a motor , it was checked f i rst . A l i mi t on  the mi n i mum  

start i n g  vol tage of 75% of the norma l vo l tage was  u sed . The case of a 

s i n gl e bad connect ion or other cause of ser i es res i stance was con s i dered to 
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TABLE 1 0 .  MEASURED  LOOP RES I STANCE FOR CABLE C I RCU ITS W I TH L IM I T  Sw i TCHE S 
( see F i gure 20 ) 

Penetrati on/C ab l e  

R504/ 
M81 33C 
M8 149C 
M8 19JC 

Open 
M8200C 
M8367C 
M8437C 
M01 7C 
M068C 

R506/ 
MM1 34C 
MS22C  
MS45C 
MS69C 
MS76C 
MS90C 
M S 1 30C 

Three 
phase 
power 
supply 

Penetration 
terminal 
block 

Lamp C i rcu i ts 
Max  Un l ess  Open 

No .  1 No .  

0 . 20 Open 
1 . 53 Open 
0 . 33 Open 

Open 0 . 29 
0 . 34 Open 

0 . 44 
0 . 48 Open 
0 . 39 Open 

0 . 90 Open 
0 .92 Open 
0 . 96 Open 

Open 1 .06 
0 . 97 Open 
1 . 57 l .  1 2  
0 . 90 Open 

2 

Contactor C i rcu i ts 
181 . 7  ohms 

Ma x Un l ess Open 

No .  1 

0 .2 1  
0 . 32 
0 . 34 

3 5 . 2  
0 . 36 

0 . 73 
0 . 44 

0 . 90 
0 . 90 
0 . 93 
Open 
0 . 99 
1 . 1 4 
0 .92 

Motor 
1 /3, 1/2, or 
1 0  H P  

No . 

Open 
Open 
Open 

0 . 34 
Open 
0 . 44 
Open 
Open 

Open 
Open 
Open 
1 .06 
Open 
Open 
0 . 90 

5 3211 

f 1 gure 2 1  • 
w i r i ng d i agram o f  motor s  as soc i a te d w i th pumps and motor 
o perated v a l v es . 

• 
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determi ne the order of magn i tude of ser ies res i s tance req u i red to cause 

s tart ing  prob l ems . More comp l i cated cases were not cons i dered because the 

s i ze of  th i s  ca l cu l ated res i stance was much l arger than any i n di cated from 

measurements . The s tart i ng  vo l tage was computed u s i n g  a ser i e s  res i s tance 

and the motor i mpedance , as shown i n  F i gure 22 . The motor i mpedance i s  

gi ven by 

Z = ( R  
2 

+ x2 )0 . 5  
x m 

and the tota l i mpedance by 

where � i s  the motor res i stance , Rs i s  the ser i es res i stance caused by 

poor connect i ons , and X is the motor reactance . The motor reactance ( X )  i s  

eq ua l t o  2 x P i  x f x L, where f i s  the power l i ne  frequency ,  L i s the 

motor i nductance , and P i  i s  3 . 1 4 1 589 . The motor res i stance was found by 

subtracti n g  the expected cab l e res i stance from the v a l ue  measured between 

two termi na l s  and tak i n g  1 . 5 t i mes the res u l t  to g i ve the equ i va l ent de l ta 

connected v a l ue for a bal anced de l ta c i rcu i t .  An ana l ogous procedure gave 

the equ i v a l en t  motor i n ductance . 

The motor start i ng vo l tage was found  by ana l yz i ng F i gure 22 . Deta i l s  

are g i ven i n  Append ix  A .  Th i s  ana lys i s  assumed that  reactance changes were 

negl i gi b l e .  

The motors measured were 1 /3 ,  l /2 ,  a n d  1 0  h p .  The l /3-hp measurements 

were about the same va l ues , so a pre l i m i n ary eva l uat ion  was made us i n g  an 

average of the measurements wh i ch were 64 . 1  ohms for the motor res i s tance 

and 0 . 4 1 6  henr i es for the i n ductance . Us i n g  thes e va l ues , the ser i es 

res i stance , Rs , was ca l cu l ated as shown i n  Append i x A , and  found  to be 

32 . 1  ohms . Th i s  ser i es res i s tance w i l l  i ncrease the measured res i s tance 

above the tota l  of the cab l e  res i stance an d the motor res i stance . Al l 

measured i ncreases were much sma l l er that th i s  v a l ue ;  therefore , no  

start i ng  prob l ems were i den t i f i ed .  Two res i s tance meas urements were no t 
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F i gure 22 . Equ i va l ent  c i rcu i t  of a motor w i th ser i es res i stance used i n  
comput i n g  the motor starti ng vol tage • 

• 
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cons i stent , pos s i b ly  because of p i ckup  no i se ,  and  they probab l y  i nd i cate 

c i rcu i t  prob l ems and shou l d  be con s i dered nonfunct i ona l . They were both 

for Cab l e  MM1 3 1 P , l i sted i n  Tab l e  1 1 .  

The l /2-hp motors were from two manufacturers :  four from Tuth i l l  and 

one from Re l i ance . The i r  measurements were di fferent ,  so  separate 

ca l cu l ati ons were made . For the Tuth i l l  motors ,  the average res i s tance 

{ de l ta equ i va l ent ) was 33 . 1  ohms , and the average i nductance { de l ta 

equ i v a l ent ) was 0 . 2 1 3 henr ies . These gave a v a l ue of  1 6 .4 ohms for the 

ser ies  res i stance requ i red to cause s tart i n g  prob l ems . For the Re l i ance 

motor , the del ta equ i va l ent res i stance and  i nductance average v a l ues were 

39 . 5  ohms and 0 . 1 58 henr i es .  The ser i es res i stance c a l cu l ated was 

1 3 . 2  ohms . No i ncreases over average va l ues th i s  l arge for these motors 

were seen so no start i n g  prob l ems were i dent i f i ed .  

On ly  two 1 0-hp motors were measured , and  the i r  average de l ta 

equ i v a l ent  res i stance was 1 . 237 ohms . The correspond i n g  i nductance was 

0 . 0205 henr i es . The ca l cu l ated a l l owab l e  ser i es res i s tance was 1 . 58 ohms . 

Aga i n ,  there was no ev i dence of start i n g  prob l ems . 

As a further eva l uat ion ,  the c i rcu i ts were compared to the i r  

averages . For the l /2-hp motors , the max imum res i stance dev i at i on wa s 

2 . 1 %; for the Tuth i l l  l /2-hp motors , the dev i at i on was 3 . 8% ; and  for the 

Re l i ance 1 /2 hp  motor , the three va l ues had 0 . 5%  vari at ion . The 1 0-hp  

motors showed more dev i at i on between motors but very l i tt l e  v ar i at i on 
between va l ues for one motor , except for the TB3/3-5 measurement on cab l e  

MP 19P ,  wh ich was 7 . 0 % l arger than the other two . Th i s  cannot b e  i n  ser ies 
w ith the cab l e  conductors or there wou l d  be two v a l ues  l arger than the 
th ird .  For the same reason , the i ncrease i n  res i s tance must be  i n  one l eg 
of a del ta connection . Convert i n g  the measured res i stance v a l ues {mi nus 
the cab l e  res i stances ) to de l ta e l ements g i v es 2 . 73 ,  2 . 73 , and  3 . 1 5  ohms . 
The h i gh v a l ue i s  1 5 .4% l arger than the other two . A l though th i s  shou l d  
st i l l  be an operat i ona l  c i rcu i t ,  the cause of the i ncreased res i stance 
shou l d  be determi ned . I t  may be a l oose connec t i on that cou l d cause 
prob l ems . 
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TABLE 1 1 .  F UNCT IONAL COND I T I ONS OF THE VAR IOUS C I RCU I TS TESTED 

Cab l e  

Motors 

Ml78P 
MM131P 

ftl 1 9P 

MP25P 
MP37 
MP43P 
MP45P 
MP5 1 P  
MS88P 
MS1 28P 

RTDs 

T0948 1 

TranSIIi tters 

(R406 )  

I T234 7 1  

T235 1 I 

( R506 ) 

I T2750C 

(R534 ) 

I T2366 l 
I T2368C 
I T2370C 
I T2472 1 
I T40791 
I T4080 1 

Cond i t i on 

F unct i on a l  
Nonfunc t i ona l 

Func t i on a l  

Funct i ona l 
F unct i ona 1 
Func t i ona l 
F u nc t i ona l  
Func t i ona l 
Funct i onal  
F u nct i onal  

Un determi ned 

Undetermi ned 

Undeterm i ned 

Undetermi ned 

Undetermi ned 
Undeterm i ned 
Un determi ned 
Undetermined 
Un determi ned 
Undeterm i ned 

Conments 

Undetermi ned res i stance for 
connec t i ons  TB l /22-23 and TBl /22-24 

Res i s tance at motor 15S h i gher for 
connect i on T83/3-5 than other 
connec t i ons  

I nsu l at i on 4es i s tance l ow ;  va l ue 
i s  9 . 3  x 10 ohms ; poss i b l y  
hazardou s 

Appears func t i onal  from 
extrapo l ated data 

See a ( footnote ) 

See a 

See a 

See a 
See a 
See a 
See a 
See a 
See a 
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TABLE 1 1 .  ( cont i nued ) 

Cab l e  Condi t i on Coll1Tients 

( R607 ) 

I T 1 320I Undetermi ned See a 
I T 1 322 1  Undetermi ned See a 
I T 1 535I Undetermi ned See a 
I T 1 554 1 Undetermi ned See a 
I T 1 7691 Undetermi ned See a 
IT2074I  Undeterm i ned See a 
I T23 10I  Undetermi ned See a 
IT23 1 2 I  Undetermi ned See a 
I T23 1 4 1  Undetermi ned See a 
IT2433 1  Undetermi ned See a 
I T2437 I  Undetermi ned See a 
IT244 1 I  Undetermi ned See a 
I T2443 1 Undetermi ned See a 
IT2445 I  Undetermi ned See a 
I T2447I  Undetermi ned See a 
I T2449I  Undetermi ned See a 
I T245 1 I  Undetermi ned See a 
I T2457 I Undetermi ned See a 
I T2459I Undetermi ned See a 
IT2464 I Undetermi ned See a 
I T2468I Undetermi ned See a 
IT2478 I  Undetermi ned See a 
I T2737 I  Undetermi ned See a 
IT2738 I Undetermi ned See a 
I T274 1 I  Undetermi ned See a 
IT2742 I Undetermi ned See a 
I T2743I Undetermi ned See a 
IT2744 I Undetermi ned See a 
I T2822 1 Undetermi ned See a 
IT3080 I Undetermi ned See a 
I T308 1 I Undetermi ned See a 
IT3082 I Undetermi ned See a 
I T4078I Undetermi ned See a 
IT4 1 1 9 I  Undetermi ned See a 
I T4 12 1 I  Undetermi ned See a 
I T4 1231  Undetermi ned See a 
I T4 1251  Undetermi ned See a 

Loose Parts Mon i tors 

(R406 ) 

IT3566I Undetermi ned See a 
IT3572 1 Undetermi ned See a 
I T3596I Undetermi ned See a 
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TABLE 1 1 .  ( conti nued ) 

Cab l e  Cond i t i on Conmen ts 

(R534 ) 

I T3578 1 Un determi ned See a 
I T358 1 I  Undetermi ned See a 
I T3590 1 Undetermi ned See a 
I T3599 1 Undeterm i ned See a 

P ressur i zer heaters 

S078P F u nct i ona l  
SOSOP Nonfunct i ona l  See b 
S082P f unct i ona l 
S084P Func t i ona l 
S086P F unct iona l 
S088P Func t i ona l 
S01 39P f u nc t i ona l  
S014 1 P  Func t i ona l 
S0143P Func t i ona l  
S0145P Funct i on a l  
S01 4 7P F unct i ona l 
S0149P Func t i ona l 
SU1 56P F u nc t i ona l 
S01 58P Funct i ona l  
S01 60P F unct i ona l  
S0 1 62P Funct i ona l 
S01 64P Fu nc t i ona l  
S0 1 66P Funct i on a l  
S01 68P Nonfunct i ona l  See c 
S01 70P Func t i ona l 
S0 1 72P F u nct i ona l 
S0 1 74P F unc t i ona l 
S01 76P F unct i ona l 
S01 78P funct i on a l  
SP2 7P f u nc t i ona l 
SP29P Funct i ona l 
SP3 1P  Func t i ona l  
SP 12 9P Funct iona l 
SP 1 3 1 P  Funct i ona l 
SP 1 33P Func t i ona l 
SP 1 35P F u nc t i ona l  
SP 1 37P Func t i ona l 
SP 1 39P Func t i ona l 
SP 142P Func t i ona l 
SP 144P F u nc t i ona l 
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TABLE 1 1 .  (cont i nued ) 

SP 1 46P 
SP 148P 
SP l48P 
SP l SOP 
SP 1 52P  

Cab l e  

Current Transformers 

H337C 
H348C 
H359C 

Neutron detectors 

I T2360C 
IT2362 I 
I T2364 I 

Cond i t i on 

Funct i on a l  
Funct iona l  
Funct i ona l 
F unctiona l  
Funct i ona l 

Nonfunct i ona l  
Undetermi ned 
Nonfuncti ona l  

Undetermi ned 
Undetermi ned 
Undetermi ned 

Conments 

TB l / l -4 open 
Probab l y  funct i ona l 
TB l /7- 1 0  open  

Open i nner s h i e l d 
See a 
See a 

Swi tches or rel ays for a l arms and annunc i ators 

A l23C 
WDL-PS- 1 20 1 - 1  & 
WDL-PS- 1 20 1 -3 Functi ona l 

H27 9 I  
RCP60-LS7 C ab l e  funct i ona l  See d 
RCP56-PS 1 6  Funct i on a l  

H28 l i / 
H282C RCP6 1 -LS7A Funct i ona l  
H283C RCP6 1 -LS8A Funct i ona l  
H284C RC-P- 1 8  C ab l e  funct i ona l  See d 

H289C 
RCP56-PS2 , 
RCP56-PS5 , & 
RCP59-FS2 C ab l e  funct i ona l  See d 

H29 1 I 
RCP58-FS 1 Cab l e  funct i ona l  See d 
RCP60-LS1 Funct i ona l 

H293 I /  
H 294C RCP6 1 -LS 1A  F unct iona l  
H295C RCP6 1 - LS2A Funct i on a l  
H296C RC-P- l A  Cab l e  funct i ona l See d 
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TABLE 1 1 .  ( cont i nued ) 

Cab l e  

H30 1 C  
RCP56-PS7 , 
RCP56-PS10 , & 
RCP59-F S4  

H303 I 
RCP58-FS3 
RCP60-LS3 

H305 1 
H 306C RCP6 1 -LS3A 
H307C RCP6 1 -LS4A 
H308C RC-P-2A 

HJ 1 5 1  
RCP58-FS5 
RCP60-LS6 

H3 1 7 I /  
H3 1 8C RCP6 1 -LS5A 
H3 1 9C RCP6 1 -LS6A 
H320C RC-P-28 

I T28 1 0C 
AH-TS-5024 

I T28 14C  
AH-LS-5006 

I T28 1 6C 
AH-LS-5007 

I T28 1 8C 
AH-LS-5008 

I T30 1 6C 
I C-R- 109 1  

I T35 1 9C 
RC- PS-736 1 

I T3528C 
NM-PS-4 1 74 
"'-Ps-4 1 75 
NM-PS- 1454 

Cond i t i on Commen ts 

C ab l e  funct i onal  See d 

Cab l e  func t i ona l  See d 
Cab l e  func t i ona l See d 

F unct iona l  
Func t i ona l 
C ab l e  funct i onal  See d 

Cab l e  funct i ona l See d 
Func t i on a l  

F unct i ona l  Contacts about 1 00 ohms 
Func t i ona l 
Cab l e  funct i on a l  See d 

C ab l e  funct i ona l  See d 

F unct i ona l 

F u nct i ona l  

F unct iona l 

Cab l e  funct i ona l  See e 

Funct i on a l  

C ab l e  funct i onal  See d 
Cab l e  funct i ona l See d 
F u nc t i ona l  

• 
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TABLE 1 1 .  ( conti nued ) 

Cab l e  Condi t i on Comments 

a .  Data avai l ab l e  are i nsuffi c i ent to determi ne i f  c i rcu i t  i s  funct iona l , 
but none of the data shows i t  nonfunct i ona l . 

b .  Very l ow i nsu l at i on res i s tance ( 22 . 5 ohms ) TB7/4-5-6 to ground .  
Poss i b l e  f i re hazard or ground fau l t current i nterrupt caus i ng the the 
heater to be d i sab l ed 

c .  Open i n  heater c i rcu i t  TBB/ l - 3  

d .  Open c i rcu i t .  TOR showed cab l e  not open . 

e .  Three l oop res i stance va l ues ; one norma l , two much h i gher than expected 
but i n  range expected to be funct i ona l . 
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One c ab l e  (MS88P )  had an  i ns u l at i on res i s tance o f  9 . 3  x 104 ohms 

wh i ch i s  les s  than the I EE E  recommended m i n i mum of 1 . 5 x 106 ohms . 

Tab l e  1 1  summar i zes these conc l us i ons . 

Press ur i zer Heaters 

The funct i ona l condi t i on of the heaters was determi ned by compar i ng 

the ca l cu l ated i n  s i tu power to the nomi n a l  expected power for each heater 

e l ement . E ach heater was made up of three heater e l ements connected i n  a 

de l ta confi gurat i on .  Measurements were made between termi na l s  at  

penetrat i ons  R400 , R402 , and  R407 . These termi na l s  were connected to the 

heater s  by a l ength of three-conductor cab l e  and three shorter 

two-conductor cab l es ( see F i gure 23 ) .  The two-conductor cab l es were a part 

of the heater de l ta conf i gurat i on .  Measurements made between a pa i r  of 

t ermi na l s  at  a penetrat i on measured two heater e l ements i n  ser ies 

para l l e l ed by the th i rd e l emen t  at the end of the cab l es .  So that each 

h eater e l ement cou l d  be  eva l uated , i ts res i stance was computed from the 

measurements at the term i na l s .  F i rst , the expected cab l e  res i stances were 

s ub tracted from the res i s tance measured a t  each termi nal  pa i r .  Next , the 

three heater e l emen t  res i s tances were computed from the three modi f i ed 

termi na l  res i stance v a l ues . Th i s  i nvol ved a set of three non l i near 

a l gebra i c  equat i on s  wh i ch were sol ved i terat i ve l y  on a programmab l e  

cal cu l ator . The v a l ues i nd i cate that the e l ement ( or i ts connect i on )  

between termi na l s  1 and 3 for cab l e  S01 68P was open , wh i ch meant that i t  

was  n on functi ona l . Next , the rat i o  of i n  s i tu to expected nomi nal power 

was ca l cu l ated . The expected nomi na l power was 14 k W  at 460 vo l ts .  

Because of a near ly  ba l anced l oad, the i n  s i tu power was ca l cu l ated as 

a pproxi.ate l y  

w here PH i s  the heater power , 460 i s  the l i ne vo l tage , and � i s  the 

c a l cu la ted l i ne res i s tance . The rat i o  of th i s  power to the expected 

no.f na l power wa s ca l cu l ated for each heater e l ement , except the open one , 
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460 V 
3-phase 
power 

Penetration 
terminal 
block 

Three conductor 
cables 

* Two conductor cables 

H eater 
e lements 

5 3211 
F i gure 23 .  Typ ica l  w i r i ng di agram for pressur i zer heater c i rcu i ts . 
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and showed dev i at i on s  from the expected nomi na l power from -8 . 6  to +8 .91 .  

Th i s  narrow range o f  dev i a t i on from expected nomi na l  power i na icates that 

these heaters are l i ke ly  a l l func t i ona l a l though th i s  range of dev i at i on 

d oes not ru l e  out the h i gh l y  u n l i ke l y  poss i b i l i ty that a heater e l ement 

res i stance f s  l ow and i ts connec t i on res i s tance i s  equa l l y  h i gh .  Th i s  

wou l d  g i ve the pos s i b i l i ty of a n  overheated connec t i on . 

As for other c i rcu i ts ,  i nsu l at i on res i stance shou l d  have l i tt l e  effec t 

o n  c i rcu i t  operat i on because i t  i s  a measure of an abnorma l current path . 

However , the very l ow i nsu l at i on res i stance of 22 . 5  ohms for S080P mi g� t  

prevent normal operat i on b y  e i ther exces s i ve ground fau l t  current or a f i re 

caused by excess i ve power d i ss i pated through the l ow i ns u l ati on 

res i s tance . Th i s  current wou l d  be i nterrupted by a ground fau l t  detector . 

Funct i ona l prob l ems for the press ur i zer heater c i rcui ts are g i ven i n  

T ab l e  1 1 .  

Current Trans formers 

Three cab l es connected to current transformers as shown i n  F i gure 24 

were measured . Loop res i stance , i nductance , and TOR measurements were made 

between the common and each of the other conductors . For cab l e  H348C , the 

loop res i stances were w i th i n  the range expected for the cab les  a l one 

i nd i cat i ng that the c i rcu i ts were funct i onal  un l ess the current 

transformers were shorted . However , i nductance measurements i nd i cate tha t  

the current trans formers were not shorted . TOR data show no i nd icat i on of 

prob l ems w i th c i rcu i ts of th i s  cab l e .  Because the l oop res i stances are 

w i th i n  expected v a l ues and no other prob l ems were found , further 

ca l cu l at i ons  are not needed to show that these c i rcu i ts are expected to be 

funct i ona l .  

For H337C term i na l s TB l / 1 -4 and for H359C termi na l s  TB l /7- 10 have open 

c i rcu i ts and therefore are not func t i ona l . TOR data shows each of these to 

be open at the penetrat ion .  
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Penetration 
terminal 
block 

5 3217 

F i gure 24 . Typi ca l w i r i ng di agram for current transformer c i rcu i ts . 
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Neutron Detectors 

Because these detectors are unpowered , they l ook l i ke  open c i rcu i ts at 

norma l de tes t i ng vo l tages . Therefore , any i nformat ion about h i gh l oop 

res i s tance cannot be eval uated , however a few i tems can be checked . F i rs t ,  

the capac i tance meas ured can b e  ana lyzed a n d  compared t o  the expected va l ue 

for the cab l e  a l one ( see Tab l e  1 2 ) .  Tab l e  1 2  shows that two cab l es 

measured about 1 500 to 2000 pF more than expected for the cab les a l one , 

wh i ch s eems reasonab l e ;  however , cab l e  IT236C had on ly the capac i tance 

expec ted for a 6 . 7-ft cab l e  w i th no termi nat i on The TOR data for I T2360C 

i s  shown i n  F i gure 25 for compar i son w i th that for I T2364 I shown i n  

F i gure 26 . The TOR response  d i sp l ay for I T2364 1 wou l d  be expected from 

what i s  k nown about these c i rcu i ts .  Another s i mi l ar cab l e ,  I T2362 1 , l ooks 

the same .  The TOR response for IT2360C i s  compared to I T2364 1 to expl a i n 

the l ower-than-expected capac i tance . The TOR d i spl ay for I T2360C shows a 

s l ow l y  r i s i ng pos i t i v e  ref l ect i on just  pas t the penetrat i on .  I t  a l so shows 

some response at  the end of  the cab l e .  A sma l l capac i t i ve connect i on at 

the penetrat i on w i l l  g i v e  the symptoms observed . The fai l ure that wou l d  

correl ate w i th the TOR data show i ng the capac i t i ve response i s  a n  open 

i nner sh i e l d  on the tr i ax i a l  cab l e  approx imatel y 6 ft  from the i nput . 

I n  conc l us i on ,  I T2362 1 and I T2364 1 data do not i ndi cate any funct i ona l  

prob l ems .  The  data for c i rcu i t  I T2360C i ndi cate a prob l em ,  but  the extent 

of the prob l em  i s  not k nown w i thout ana l yz i ng the output of the neutron 

detec tor . I t  i s  obv i ous from the TOR data that there i s  a commun i cat i on 

path to the detector . Tab l e  1 1  summari zes the neutron detector cond i t i ons . 

Sw i tches for Al arms and Annunc i ators 

These are mechan i ca l  swi tches dr i ven by sensors that are act i vated by 

press ure , temperature , l evel , or f l ow .  F i gure 27 i s  a s i mp l i f i ed schemat i c  

for these c i rcu i ts . On l y  the c i rcu i ts w i th the swi tch con tacts were 

measured . 
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TABLE 1 2 .  CABLE CAPAC I TANCES OF NEUTRON DETECTORS 

Cab l e  
Expected Cab l e  
Capaci tance 

Measured C apaci tance of 
Cab l e  P l us  Termi nat i on 

I T2360C 

IT2362 1  

I T2364 1 

IT2360" aT 
RHO : .6607 
T :  .5781 

4 . 1 7  nF 

4 . 1 8 nF 

4 .  18  nF 

Cursor 1 

.2 microseconds/div 

0 . 1 1  nF  

5 .69 nF  

6 . 10 nF  

F i gure 25 . TOR d i sp l ay for cab l e  IT2360C . 
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IT2364" aT 
RHO : . 1456 
T :  .5742 

Cursor 1 

.2 mlcrosecondsld•v 

F i gure 26 . TOR d i s p l ay for cab l e  I T2364 1 . 

A nnunciator 
panel 

Cable O[d 
Penetration 
term inal 
block 

Cable o :§= 

1 32M 

Level ,  
pressure, 
flow, or 
temperat u re 
switch 

5 3210 

F i gure 27 . S 1 mp 1 1 f 1 ed w 1 r 1 ng d i a gram of a l arm and annunc i ator c i rcu i ts . 
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These c i rcui ts are dr i ven by a Rochester I nstrument  Systems AN- 1 100 

a nnunci ator pane l , wh i ch has an  i nterna l v o l tage source . The c i rcu i t  

current i s  equa l  to the vol tage of the source d i v i ded by the tota l l oop  

res i stance , wh i ch i nc l udes the  annunci ator pane l i nput res i stance that  i s  

nomi na l l y 56k ohms . The manufacturer estimates that the current must  be  

greater than  2 rnA for normal operat i on .  The source v o l tage i s  nomi na l l y  

1 2 5  +/- 30 Vo l ts ,  w i th the l ower vol tage occurr i n g  when l oaded . Because of 

the fai l -safe need at TMI , a l l  swi tches are norma l l y  c l osed and  g i ve 

maximum l oadi ng . The m i n i mum vo l tage wou l d  then be 95 Vo l ts ,  and the i nput 

( l oop ) c urrent for the annunci ator wou l d  be  1 . 7 rnA . Obv i ou s ly ,  these 

l imi ts are not rea l i st i c or the system wou l dn ' t work , s i nce 2 rnA i s  the 

mi n imum i nput current for normal operat i on .  Another approach w i l l  be taken 

to eva l uate these c i rcu i ts . As sume that an  externa l l oop  res i stance of 51  

of the annunci ator i nput res i s tance i s  a reasonab l e  upper l i m i t .  Th i s  i s  

2 .8k ohms , the upper l i mi t for the c i rcu i t w i th c l osed contacts to funct i on 

norma l l y .  To funct i on norma l ly  a shunt o r  l eakage res i s tance cannot 

del i ver more than the 2 rnA g i ven above i f  the contacts are open . The worst 

case wou l d  be for the a l arm vo l tage to be at i ts h i ghest vo l tage . The 

mi n imum a l l owab l e  c i rcu i t  res i stance for th i s  case wou l d  be ( 1 55 V ) / ( 2  rnA) , 

or 7 7 . 5k ohms . Subtracti ng the nomi na l  56k ohms i nput to the modu l es 

l eaves 2 l . 5k ohms externa l res i stance . Th i s  i s  the l ower l i mi t for the 

c i rcu i t  to funct i on as an open c i rcu i t .  The pos i t i on o f  these swi tches was 

not spec i f i ed .  The fo l l ow i n g  assumpt i ons  seem to be the bes t that can be 

made wi thout further i nformat i on :  ( a )  i f  a l oop res i stance measures l ess  

than 2 .8k ohms it  is  a funct i ona l l y c l osed swi tch c i rcu i t ,  (b ) if  the l oo p  

res i stance i s  greater than 2 .8k ohms b u t  l es s  than 2 l . 5k ohms , the c i rcu i t  

i s  nonfunct iona l , (c ) i f  the l oop res i stance i s  greater than 2 1 . 5k  ohms but 

not open i t  i s  a functi ona l ly open c i rcu i t ,  and  ( d )  i f  the c i rcu i t  measured 

open and the TOR showed the open at the end , then the cab l e  i s  good and the 

c i rcu i t  i s  l i ke ly  to be  funct i ona l  • . 

I n su l at i on res i stance shou l d  h ave no effect on  the operat i on of these 

c i rcu i ts because i t  wi l l  not comp l ete a c i rcu i t .  Us i n g  the above 

assumpt i on ,  no swi tch c i rcu i ts were found  to be  nonfunct i ona l .  
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CONCLUS IONS 

One h undred forty four cabl es represent i ng 20 cab l e  types were tested 

from 10 var i ous  l ocat i ons surroundi n g  the reactor bu i l di ng .  Cab l e  types 

r anged i n  s i ze from 14 gauge 3 conductor power cab l es to 1 18 gauge tr i ax 

s i gna l cab l es .  Tes t l ocati ons  at  the penetrat i ons  var i ed from the 292-ft 

e l evat i on az i muth 30 degrees to the 342-ft e l evat i on a z i muth 330 degrees . 

As a resu l t ,  a fa i r  representat i ve cross sect i on of cab l e  types and tes t 

l ocati ons were encompassed dur i ng the phase of i n  s i tu tes t i ng .  

Seventy e ight c i rcui ts had  anoma l i es that were i denti f i ed from the i n  

s i tu tes t i ng .  l t  h as been determi ned that the major i ty of the anomal i es 

wou l d  not affect the func t i ona l i ty of the c i rcu i t .  These c i rcu i ts are , 

h owever , e xce l l en t  candi dates for future tes ti ng to s tudy c i rcui t 

degrada t i on .  F i ve  c i rcu i ts have been determ i ned as nonfunct iona l .  

Forty-four c i rcui ts  had i nsu l at i on res i s tance l ess than 106 ohms 

( see t ab l e  4 )  and two c i rcu i ts had l ess than 30 ohms . 861 of the c i rcu i ts 

w i th th i s  type of anoma l y  were routed through the basement of the reactor 

b u i l d i ng .  The two c i rcu i ts w i th i nsu l ation res i s tance l ess than 30 ohms 

are connected to the pressur i zer heaters and are consi dered i noperat i ve an d 

h azardous i f  e nergi zed . Two current transformers have c i rcu i ts wh i ch are 

open a t  the e l ec tr i ca l  penetrat ion i ns i de the reactor bui l d i ng .  Th i s  

penetrat i on i s  l ocated i n  the suspected d i rect s team path from the ruptured 

disc  of the reactor coo l ant  dra i n  tank . Be ing  i n  the steam path i s  

be l i eved to be a major contr ibutor to th i s  anoma l y .  

Ten c i rcu i ts have h i gh l oop res i stance va l ues . However on l y  one 

c i rcu i t  i s  expected to be i n-operat i ve .  Th i s  i s  due to an open i n  the 

pressur i zer heater ' s  de l ta w i nd i ngs . The other h i gh l oop res i s tance val ues 

are not expected to cause prob l ems due to the nature of the c i rcu i ts . 

These c i rcu i ts conta i n  sw i tches or contacts that have operat i n g  ranges that  

w i l l  to l erate h i gh res i stance va l ues . 
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Seventeen c i rcu i t s i n  penetrat i on R607 have TOR d i s p l ay anoma l i es that 

i ndi cate water i ntru s i on .  The water l eve l  reached the center l i ne i n  th i s  

penetrat i on .  Each cab l e  show i n g  th i s  type anoma l y  fo l l ows the s ame rout i n g  

for approx imate ly 50  ft . These anoma l i es are con s i stent on  the TOR d i sp l ay 

for each cab l e .  

F i ve c i rcu i ts have h i gh capac i tance read i ngs . Each of these c i rcu i ts 

are connected to re l ay contacts or mi cro- swi tches w i th i n  the D-r i ng .  Th i s  

h i gh capaci tance i s  most l i k e ly  due to moi sture a t  the end i ns trument .  

Overa l l ,  the c i rcu i ts w i th anoma l i es are routed through areas o f  k nown 

h arsh env i ronmental cond i t i ons . Those c i rcu i ts that are con s i dered 

nonfunct i ona l  were exposed to the mos t severe acc i dent cond i t i ons . Thus , 

a l l  anoma l i es are cons i s tent w i th env i ronmenta l cond i t i ons . 
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APPENDI X A 

MOTOR START I NG VOLTAGE CALCULAT IONS 

Because the data i nd i cate that the motors were a l most bal anced 

e l ectr i cal ly , the ana lys i s  used a bal anced motor to vas t l y  s i mpl i fy 

computat i ons . The v o l tages and currents  shown i n  F i gure 22 are g i ven by 

Y 
1 

• Y s i n  .. t 

V 
3 

• Y s i n "-' t - 1 20 )  

r ,  • cl s i n  (.. t + a )  

I • I - 1 1 •  c a 

where a and e ar-e the phase ang 1 es for- 1 1 
and I a . and C 1 and c2 

are the magn i tudes of 1 1 and I a . 

The motor impedance , Zm = Rm + � Lm can a l so be expressed i n  

vector nota t i on as  Z = M /& , and the tota l impedance as m m -
Z • R + R + j. l  • or- expressed i n  v ec tor notat i on as 

x s m m 
z • M u ( see F i gure 22 ) .  After wr i t i ng the c i rcu i t  equat i ons and 

X X .D 
s i mpl i fy i ng,  the fo l l ow i ng wer-e obta i ned: 

- o . sv • c
2

Mm cos (e + 8 )  - c 1 Mx cos (• + a ) 

-0 • 866 V = C z"m s 1 n ( e + 8 ) - C 1 M x s i n ( • + a ) • 

• 
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where V i s  the motor vo l tage at  s tart i n g .  

These equat i ons were so l ved to f i n d  the v a l u e  o f  Rs , wh i ch gave a 

motor vol tage of 0 . 75V or c2Mm = 0 . 75 . Subst i tut i ng th i s  i n  the above 

equat ions , and l ett i ng c1 Rs = gV , where g rel ates c 1 Rs to the 

starti ng vol tage , g ives the fo l l owi n g :  

- 1  2 
a 2 = cos [ ( 1 .5625 - g )  1 1 .5 ] 

a = tan- 1 [ - . 75 s i n  a 2 1 ( l  - . 75 cos a 2 ) ]  

a 2 = tan- 1 [ ( 0 . 866 + 0 . 75 s i n  a 2 ) 1 ( 0 . 5  + 0 . 75 cos a 2 ) J 

gx = ( 0 .866 + 0 . 75  s i n  a 2 ) I s i n a 2 

a = e + s 2 

where s 2 , a 2 , and  gx were constants i ntroduced to s impl i fy the 

equat i ons . 

When these were so l ved i terati ve ly ,  v a l ues for Rs were found for 

each type of motor . 
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APPEND I X  8 

CHARACTER IST I C  IMPEDANCE MEASUREMENTS 

Cab l e  character i st i c  i mpedance data were obta i ned from the TOR 

d i sp l ay .  F i gure 8 1  shows a TOR d i sp l ay for a cab l e  i n  Penetrat i on R607 . 

The ver t i ca l  s ca l e  i s  ca l i brated i n  ref l ect i on coeff i c i ent magn i tude ,  wh i ch 

can be used to  compute the cab l e  character i s t i c i mpedance . Th i s  i s don e 

u s i ng two cursors , as  shown . The TOR ' s  C ursor 1 i s  pl aced on the l evel 

sect i on ,  wh i ch corres ponds to a 50-ohm sect i on of  cab l e  that i s  used as an 

i •pedance reference . The TOR ' s  C ursor 2 i s  p l aced at the end of the cab l e  

t o  b e  measured . Th i s  serves two purposes . The hor i zonta l pos i t i on i s  used 

to determi ne the cab l e  l ength . The ver t i ca l  pos i t i on i s  a funct i on of the 

cab l e  character i s t i c  i mpedance and can be used to compute a rel at i ve 

character i s t i c  i mpedance from the v a l ues a t  Cursor 2 and Cursor 1 .  
However , cab l e  ser i es l osses cause th i s  rel at i v e  character i st i c  i mpedance 

to be somewhat i n  error . Th i s  i s  ev i denced by the s l i ght i ncrease i n  

ref l ec t i on coeff i c i en t  a l on g  the l ength of the cab l e ,  as can be seen i n  th e 

f i gure . The correct v a l ue of character i st i c  i mpedance cou l d  be ca l cu l ateo 

i f  C ursor 2 cou l d  be pl aced at the start of the cab l e ;  however , because o f  

ref l ect i ons f r om  t h e  penetrat i on th i s  does not g i ve gooa resu l ts .  

The v a l ue of character i st i c  i mpedance can be foun d by f i tt i ng a 

theoret i ca l  curve to measured data over a porti on of  the cab l e  near the ena 

and as far toward the start of the cab l e  as i t  i s  pos s i b l e to f i n d data not 

d i s turbed by ref l ec t i ons  or other causes . F i gure 82 shows the resu l ts of 

th i s  curve f i tted to TOR data from a l ong ( about 200-ft ) p i ece of RG-58A/ U 

cab l e .  The v a l ue of  character i st i c  i mpedance obta i ned was 49 . 9  ohms . The 

spec i f i ca t i on s  for th i s  cab l e  g i ve the character i s t i c  impedance as 50 ohms 

na.i na l ;  therefore , the v a l ue from the curve seems to be correct . The 

theoret i ca l  curve i s  based on a 50-ohm reference cab l e  as were other TOR 

measurements as shown i n  F i gure 81; hence , any errors i n  the reference 

c ab l e  are reproduced i n  the resu l ts .  For the RG-58A/U meas ured , the 

c haracter i st i c  i mpedance appears to be 60 . 2  ohms i f  ca l cu l ated from the 
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F i gure B- 1 . 

Penetration 
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Cursor 1 

.2 microseconds/div 5 3325 

Typ i ca l  TOR d i s p l ay of a TMI-2  cab l e  show i n g  the cab l e 
penetrat i on and two TOR cursor pos i t i ons  • 
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F i gure B-2 . Theoret i ca l  curve of ref l ected vo l tage f i tted to a curve of 
measured ref l ected vol tage . 
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ref l ec t i on coeff i c i en t  at  the end of the cab l e .  Not ice that th e 

theoret i ca l  curve f i ts the data v ery we l l  over most of the l ength of the 

cab l e , but i s  not i ceab l y  d i fferent at the start of the cab l e .  Th i s  has not 

b een expl a i ned , but i t  ; s  bel i eved to be caused by a phenomenon not 

con s i dered i n  the der i vat i on of the theoret i ca l  curve . The theoreti ca l 

curve was based on  i deal cab l e ,  w i th on l y  ser i es res i stance that d i d  not 

v ary w i th frequency . For rea l cab les , the ser i es res i s tance var i es wi th 

f requency ,  not i ceab ly at  h i gh frequenc i es .  Whether th i s  causes the error 

noti ced i n  F i gure 82 has not been determi ned . 

The theoret i ca l  curve was tr i ed on TMI data for severa l cab l es .  

F i gure 83 shows the resu l ts for Cab l e/Connect i on I T2459/p-n . The 

character i s t i c  i mpedance found us i ng the theoret i ca l  curve was 65 . 1  ohms . 

Us i ng the o l der method , the resu l t  i s  77 .0 ohms . The dev i at i on between th e 

measured data and the theoret i ca l  curve near the start of the cab l e  appears 

to be s i mi l ar to that observed for the RG-58A/U resu l ts .  F i gure B4 shows 

the resu l ts for another set of TMI data . A l l cab l es cons i dered so far are 

be l i eved to have l osses predomi nant l y  caused by ser i es res i s tance . Another 

type of l oss  i s  caused by equ i va l ent shunt res i s tance , probab l y  ow i ng to 

d i e l ectr i c  l os ses . F i gure BS shows what i s  be l i eved to be an exampl e  of 

th f s .  The roughness of  the measured data has not been exp l a i ned but may be 

caused by the i nf l uence of  meta l externa l  to , but very near , the cab l e . 

The d i fference between the measured data and the theoret i cal  curve near the 

s tart of the cab l e  seems to be oppos i te to prev i ous exampl es .  F i gure B6 

shows a nother examp l e  s im i l ar to F i gure BS . 

These examp l es show a method that shou l d  g i ve more accurate 

measurement of cab l e  character i s t i c  i mpedance than prev i ous ly  used . The 

method had not been developed in  t ime to be used for th i s  report . Wi th 

some ref i nement ,  i t  m i gh t  be used for future ana l ys i s  • 

• 
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Theoreti ca l  curve of refl ected vo l tage f i tted to th e 
measured ref l ected v o l tage o f  cab l e  I T2459 • 
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F i gure B-4 .  Theoret i ca l  curve of ref l ected vol tage fi tted to th e 
measured ref l ected vo l tage of cab l e  I T4 1 1 9 .  
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. 72r-

--�r7--�-----r----,-----�r-��--�-----r----�--� .71 

.10 

.69 

.68 
.67 

.66 

.65 
.64 
.83 
.62 
.81 
.60 
.59 
.58 
.57 

.56 

.55 

.54 

Measured 

DEL X = .000000003906 
R = 73000 
zo = 82 
M M 1 Jt • ar 

Theoretical 

.53 

.52 �---L----�--�----�--��--�--��--����--�500 50 1 00  150 200 

F i gure B-6 . 

5 3321 

Theore t i ca l  curve of  ref l ected vo l tage f i tted to th e 
mea sured ref l ected v o l ta ge o f  cab l e  MM 1 3 1 . 

B- 7 






