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1. SUMMARY 

Due to the recent energy consciousness of the nation and the 

need to conserve energy, a review of the barriers and incentives for 

using sodium conductor distribution cable was performed. With 

escalating energy costs, fuel costs, material costs, etc., it was felt 

that more economic distribution cable conductor metals (sodium over 

aluminum) and distribution cable with lower losses might provide 

sufficient incentive for the utility and commercial markets to switch 

to cable constructed with other materials. The Nacon Corporation, 

a sodium conductor distribution cable company which operated in the 

sixties, its customers, and their experiences formed the primary data 

base for this study. A detailed computer index and library literature 

search was performed. Interviews with Nacon Corporation technical 

people, utility engineers and tradesmen, and cable manufacturers were 

also conducted. The design of sodium conductor cable, terminations, 

installation, safety, handling, dig-ins, faults, performance, etc., 

were analyzed in comparison with aluminum conductor cable. Economic 

analyses were also performed for typical distribution installations and 

first cost, discounted cost of losses, future cost of.capital, etc. 

were considered in the comparison. As a result of considering these 

environmental, safety, energy conservation, electrical performance, 

and economic factors, barriers and incentives for using sodium conductor 

distribution cable were derived. 



2. CONCLUSIONS 

Af te r  ex t ens ive  a n a l y s i s ,  i n t e rv i ews ,  and d i scuss ions  wi th  

i n t e r d i s c i p l i n a r y  s tudy  team members, t he  fol lowing conclusions were 

formed f o r  t he  b a r r i e r s  and i n c e n t i v e s  f o r  using sodium conductor 

d i s t r i b u t i o n  cable :  

H i s t o r i c a l ,  ,Sa fe ty ,  Environmental 

A cons ide rab le  amount of sodium c a b l e  exper ience  

(hundred6 of mile-years) has been amassed over  t h e  , 

p a s t  1 3  y e a r s ,  and t h i s  exper ience  i s . w e l 1  documented 

i n  t h e  l i t e r a t u r e .  

There i s  no doubt about t h e  t e c h n i c a l  mer i t  and 

performance of sodium cab le  a s  an e l e c t r i c a l  . 

conductor ,  p a r t i c u l a r l y  f o r  d i r e c t  bu r i ed  under- 

ground a p p l i c a t i o n .  

Terminals f o r  sodium cab le  have been t h e  cause of more 

than 98% of  t h e  sodium cab le  f a i l u r e s .  Fu r the r  

connector  development is requi red .  

Sa fe ty  hazards  r e l a t i n g  t o  t h e  sodium-water r e a c t i o n  

a r e  t h e  g r e a t e s t  concern of u t i l i t y  personnel  i n  

relation t o  oodium cab le  t l s t .  Il~>wever, the safuty  

record r e l a t i n g  t o  t he  manufacture,  t r a n s p o r t a t i o n ,  

i n s t a l l a t i o n  and ope ra t ion  of sodium c a b l e  over  t h e  

p a s t  1 3  yea r s  has  been e x c e l l e n t .  

Most u t i l i t i e s  r e p o r t  t h a t  sodium cab le  would have 

t o  show a c l ea r - cu t ,  s u b s t a n t i a l ,  t o t a l  i n s t a l l e d  

c o s t  advantage be fo re  i t  would be s e r i o u s l y  considered 

f o r  widespread use. 



I n  a d d i t i o n ,  sodium cab le  te rmina ls  and o t h e r  

hardware would have t o  be r e l i a b l e ,  wi th  a v a i l -  

a b i l i t y  assured ,  before  sodium cab le  would be 

accep tab le  t o  most u t i l i t i e s .  

Sodium cab le  should only be employed i n  d i r e c t  

bur ied  o r  duct  i n s t a l l a t i o n s .  

E l e c t r i c a l  Performance 

On t h e  b a s i s  of equ iva l en t  overload ampacity,  t h e  

e l e c t r i c a l  performance of sodium conductor cab le  is  

equal  t o  o r  b e t t e r  than  t h a t  of aluminum o r  copper 

cable .  

a Polyethylene.,.insulation th icknesses  s p e c i f i e d  by 

IPCEA, NEMA, and ~ E I C  f o r  convent ional  cab le  w i l l  

provide s u f f i c i e n t  mechanical p u l l  s t r e n g t h  f o r  

sodium cab le  i n s t a l l a t i o n  i n  duc ts .  Cross-linked 

polyethylen'e w i l l  no t  be requi red .  
. , 

A vapor b a r r i e r  j acke t  appears  necessary  f o r  t h e  

long l i f e  performance of sodium conductor cab le  

i f  i t  i s  operated a t  r a t e d  ampacity and h igh  moisture 

condi t ions .  

The corona onse t  vo l t age  behavior  of sodium cab le  

is  b e t t e r  than  t h a t  of t h e  equ iva l en t  aluminum o r  

copper cable .  

Economic Considerat ions 

am he p r e sen t  worth c o s t s  of owning and ope ra t ing  

sodium d i s t r i b u t i o n  cab le  on a t y p i c a l  underground 

primary d i s t r i b u t i o n  system y i e l d s  a sav ings  of 

approximately lO%'when compared t o  aluminum. 



Genera l ly ,  t h e r e  a r e  no sav ings  on a  secondary 

d i s t r i b u t i o n  system wi th  e x i s t i n g  connector  des igns  

because of t h e  increased  c o s t  and l a r g e r  number of 

connec tors  r equ i r ed .  

With an o p t i m i s t i c  market p e n e t r a t i o n ,  energy sav ings  

could  approach 2 b i l l i o n  kh% annual ly  by t h e  yea r  

2000. ( = n u c l e a r  power p l a n t  produces 7 b i l l i o n  

kWh annua l ly  base  l o a d ) .  

Energy alld M a t e r i a l s  - 
Thc differel lc t !  i n  energy expended t o  o b t a i n  sulllum 

e l e c t r i c a l  c a b l e  m a t e r i a l s  over  aluminum cab le  

m a t e r i a l s  i s  l e s s  t han  1% of t h e  d i f f e r e n c e  i n  

energy l o s s e s  between t h e s e  two equ iva l en t  cab l e s  

over  a 25 yea r  l i f e .  

Although t h e  energy r equ i r ed  t o  r e f i n e  aluminum i s  

expected t o  drop due t o  a  new process ,  and t h a t  of 

copper should i n c r e a s e  due t o  lower concen t r a t i on  

o r e s ,  and sodium r e f i n i n g  ene rg i e s  should remain 

ur lchang~d,  t h e s e  cono ide ra t i oa s  should p re sen t  no 

s e r i o u s  impact on t h e  r e l a t i v e  e n e r g i e s  o r  c o s t s  

of sodium o r  aluminum cab le .  

World and United S t a t e s  s u p p l i e s  of copper,  aluminum, 

an3 so32um are p r o j e c t e d  t o  be adequate  t o  permit 

ulanufacture of c a b l e  from any of t h e s e  conductor 

m a t e r i a l s .  

The to l luwlng  cab l e s  p re sen t  t h e  b a r r i e r s  (Table 2-1) and 

i n c e n t i v e s  (Table 2-2) f o r  us ing  sodium conductor d i s t r i b u t i o n  cab l e .  

Although bo th  t a b l e s  could be of cons ide rab l e  l e n g t h ,  on ly  items 

cons idered  t o  be of  major p e r t i n e n c e  have been presen ted .  



TABLE 2-1 

B a r r i e r s  Aga ins t  Using Sodium Conductor D i s t r i b u t i o n  Cable  

Concern about  sa£.ety because  o f  t h e  h i g h l y  r e a c t i v e  

n a t u r e  o f  sodium w i t h  w a t e r .  
., <. 

The r e l i a b i l i t y ,  expense and a v a i l a b i l i t y  of sodium 

c a b l e  c o n n e c t o r s  and o t h e r  hardware.  

Re luc tance  t o  change.  

Concern about  s p e c i a l  t r a i n i n g  o f  p e r s o n n e l  f o r  - 
h a n d l i n g  sodium c a b l e .  

Concern about  l i a b i l i t y  o f  abandoned sodium c a b l e  

. . . .  o r  t h e  expense of removal and d i s p o s a l  o f  d i s c o n t i n u e d  

c i r c u i t s .  

P o s s i b i l i t y  o f  sodium c a b l e  f a i l u r e  due t o  a l o n g  

term s l i g h t  o v e r l o a d  c a u s i n g  t h e  sodium t o  l i q u i f y .  

P o s s i b l e  requirement  f o r  a vapor  b a r r i e r  j a c k e t .  

Connector  c o s t s  a t  p r e s e n t  a r e  s i g n i f i c a n t l y  h i g h e r  

( 1 . 1  t o  2 t i m e s )  f o r  sodium t h a n  aluminum. Even w i t h  

improved d e s i g n s  t h e r e  a r e  r e a s o n s  t o  b e l i e v e  sodium . 

connec tor  c o s t s  w i l l  remain above aluminum. 



TABLE 2-2 

Incen t ives  f o r  Using Sodium Conductor D i s t r i b u t i o n  Cable 

Owning and ope ra t i ng  c o s t s  10% less than aluminum 

c a b l e  f o r  a t y p i c a l  d i s t r i b u t i o n  system. Th i s  

could  be 30% f o r  exp re s s  type  feeder .  

L i g h t w t i g l ~ ~  and f l ex ib l e  n a t u r e  of  sodium c a b l e  

makes handl ing  e a s i e x .  

Greater r e s i s t a n c e  t o  i n s t a l l a t i o n  damages. 

A b i l i t y  of  sodium c a b l e  t o  withst.and h igh  s h o r t  

c i r c u i t ,  s h o r t  d u r a t i o n  c u r r e n t s  without i n s u l a t i o n  

f a i l u r e .  

High corona i n c e p t i o n  vo l t age  of sodium cab le .  

The close. t l i e m l  expansion match of sodium and 

polye thylene .  



3. INTRODUCTION 

In 1965 the Union Carbide Corporation announced the development of 

. a new underground cable using sodium as a conductor. For five years the 

. Nacon Corporation promoted sodium conductors and over 112-million 

conductor feet of sodium conductor solid dielectric distribution cable 

was installed and energized at many utilities. The espoused economic 

advantages did not materialize - utility demand for the cable was 
insufficient to support the capital investment in plant and facilities. 

In mid-1970 Nacon announced that it was withdrawing from the sodium 

conductor market. The sodium cable failed commercially because the 

cost savings on a complete installation basis did not yet yield the 

advantages that the base metal cost analysis indicated and the utilities 

expressed serious concerns over safety and disposal (these specific 

problems were not at that time addressed in sufficient detail to 

provide informed answers). 

Recently, the economic situation has changed significantly as ' 

the cost of energy has increased. From an energy conservation standpoint 

and an economic viewpoint, sodium distribution cables may be 

economically justifiable, but the utility safety concerns over the use 

of sodium conductor cables havc nevar been fully quantified. 

The objective of this study has been to assess the barriers 

and incentives for using sodium conductor distribution cable. The 

assessment has considered environmental, safety, energy conservation, 

electrical performance and economic factors. Along with all of these 

factors considered in the assessment, the sodium distribution cable system 

was.also compared to thepresent day alternative - an aluminum conductor 
system. 



A literature search and utility survey were conducted to . 

determine the current use and problems associated with sodium distribution 

cables in service. or those removed after trial evaluations. The 

following information was obtained: (1) Cable specifications; (2) Load 

history, operating experience and operating expenses; (3) Installed 

cable cost and difficulties encountered during installation; (4) 

Maintenance cost and special procedures followed; and (5) Safety . 

problems if any. 

The amuunr: sf feedstock materials required to fabricate 

sodium vs. aluminum vs. rnpper cablc was faua~ l ,  aud the energy expended 

to obtain those feedstocks from raw materials was noted. Continued 

ulaLerials availability and long-term market projections for base 

materials were made. 

Environmental and safety considerations were developed' for 

sodium conductor cable and included:' (1) Cable handling by the 

manufacturer, shipper, and utility contractor; (2) Field installation; 

(3) Dig-in consequences; (4) Fault consequences, either system fault 

or cable breakdown; (5) Scrap handling; and (6)' Discontinued circuit 

removal or abandonment. 

An economic assessment was also completed. It included 

considerations of: (1) Cable costs; (2) Installation - both direct 
buried and in ducts; (3) Operating and maintenance costs over a 25 

year life; (4) Cost of losses capitalized to 1977, using referenced 

cost and annual carrying charges; and (5) Ultimate disposal custs. 

An analytic computer program was written for thc economic 

analysis and was operated with input data for sodium and for aluminum 

cbnduc~ur dlsLrlburion cable. The program was general so that future use 

would be possible with appropriate data in that use period. Also, 

provision was made for the future inclusion of copper conductor data 

by others. Economics and energy use factors were considered in three 

time frames - present, 10 years in future, and 25 years in the future. 
All future extrapolation of expected costs, material availability, 

energy costs, etc. were based (and. documented) on extrapolations by 



accepted indiistry sources. The economic analysis considered the 

600V, 15 kV, 25 kV and 35 kV voltageclasses with equivalent aluminum 

conductor sizes of 250-kcmil, 350-kcmil, 750-kcmil, and.lOOO-kcmil as 

a minimum consideration. 

Considerable explanation must be presented at this point to 

clarify the selection forbasis upon which to perform the comparative 

Na:A1 conductor analysis. Consider Figure 3-la. Each of the commercially 

rated aluminum 'conductor distribution cables of Table 3-1 (i. e. , 
ampacities A ) were evaluated for rated performance at a steady state 

i j 
conductor temperature of 90°C at a ground temperature of 20°C and a 

ground thermal resistivity (rho) of 90 ("C cmlwatt). The overload 

rating (i.e., steady state A' . )  of the same aluminum conductor cable 
13 

at a conductor temperature of 130°C was also identified, i.e., Figure 3-lb. 

The steady state overload ampacity rating of the aluminum 

conductor cable for the 130"~ conductor temperature was also selected 

as the overload ampacity of the sodium cable. However, the steady state' 

overload temperature of fhe sodium conductor was selected as 95OC. 

Thus the sodium, for normal overload and fault conditions, was not 

permitted to liquify,. This conservative appruach was expected to be 

more palatable to potential utility customers, and would reserve the 

heat of fusion of the liquid sodium as an overload short circuit delay 

to permit breakers. and other equipment to operate. 

The A&. overload,ampacity at a 95'~ conductor teu~perarure 

allowed the diameter of the sodium cable to be determined (Figure 3-lc). 

Since the electrical insulation will act as a thermal barrier, several 

iterations of the diameter calculation were made with varying 

insulation thicknesses to observe the impact of such insulation 

thickness variations on the overload diameter. The sodium cable 

insulation thickness was not influenced by other parameters such as 

required tensile strength for duct installation (i.e., pull strength), 

water vapor intrusion protection, as well as existing insulation thickness 

standards for voltage ratings and conductor sizes. 
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Cable 

Aluminum 
Cable 

Overlo#@ A:- 130° 11 C A'. 95O IJ . C 

Fiq. 3 l b  

Fig. 5 l c  

I Fig. 3 1 d  
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Fig. 3-1 - Deriving the  equivalent diameter and steady state 
temperature of sodiiirt~ conductor cable with respect to 
aluminum conductor cable 



TABLE 3-1 

Ampacity Ratings Aij for Conductor 
Cables (Aluminum Cable) 

Conductor 
Area 600V 1 5 k V  2 5 k V  3 5 k V  - 



Once the overload diameter for a 9 5 O C  conductor temperature 

for the sodium conductor cable was established, the steady state 

operating condition at normal ampacity ratings (i.e., A ) was 
i j 

determined. The same.ground thermal resistivity and earth temperature 

(20°C) as those of Figure 3-la prevailed. Thus, Table 3-2, the 

ampacity:. diameter ratings for sodium conductor distribution cable, 

was formed. These diameters were the smallest diameters that one would 

use in fabricating a sodium conductor distribution cable of ampacity 

rating A . . 
iJ 

The ampacity ratings A . ;  of Tablco 3 1 and 3-2 were 
ZJ . 

employed to generate Figures such as that shown in Figure 3-2. The 

y-axis is present worth in $/ft (installed) and the x-axis is conductor 

diameter. Plots of Figure 3-2 were made for each of the three time 

periods (present, 10 years, 25 years future). The materials cost 

. increases with increasing diameter 'for each, whereas the cost of losses 

decreases' with increasing diameter of each. The optimum minimum present 

worth occurs at a different diameter and'temperature for each, but not 

necessarily at the same present 'worth. The graphics were calculated 

as follows: 

The present worth of ' the cost  of installed r.ahl>e PWcc is $/ft 

and/or $/mi. + installed connector + energy losses + capacity costs + 
operation and maintenance and salvage, and can be written as: 

N (Cmo + COB*) 
pwcc = 1 ACC I .  

i= 1' (l+d) 

+ OAM + SAL 
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Conductor Diameter Economy 

Fig. 3-2- Calculation of present worth of sodium and aluminum 
conductor distribution cable total cost as function of cable 
diameter for one rated ampacity A. .. ( Direct burial ) 

IJ 



TABLE 3-2 

Ampacity (Co.nductor Diameter) Ratings for 
Program Conductor Cables (Sodium Cable) 

* 
where Aij is the same as the ampacity for aluminum 
conductor cable shown in Table 3-1, but D.ij 
identifies a sodium conductor diameter (area). 



where CABo = installed cable costs in base year per unit length 

CONo = iqstalled connector costs in base year per unit 

. length 

g = growth rate of cable load over cable lifetime 

e = growth rate of capacity power costs over time 
C 

e = growth rate of operating power costs over time 
0 

ACC = annual carrying charge 

d = discount rate 

PC = average cost of power supply capacity in the base 
0 

year ($ per kWyr) 

P = average cost of operating power in the base year 
40 

($ per kwyr) 

I = initial cable load current in the base year 
0 

r = conductor resistance ~ / m  

LsF = loss factor of the cable (assumed 30-332) 

OAM = present worth of maintenance costs 

SAL = present worth of salvage 

Ke note that CABo, CONo, r, OAM, SAL will vary for A1 or Na conductor 

cable. Also note that CABo, CONo, OAM, SAL will also be different 

for the three starting points; present, 10 yrs. in future, 25 yrs. 

in future. 

Additional considerations to the above economic analysis 

xere also made. A typical installation length and network was defined 

for aluminum and for sodium conductor distribution cables. Also, only 

new duct installations were considered for sodium conductor c a h l e  - 
xhe~! buried in duct analysis was performed. Appropriate codes for duct 

void volume were followed. Cost of terminations and connectors was 

inc!uded (retained) in the analysis and was found to have an important 

bearing on the outcome of the study. 



A splice to a riser was used.for the sodium conductor cable 

analysis since most centers presently use a heavier riser to the 

distribution center. Different thicknesses of insulation were considered 

for direct burial versus duct installation of sodium conductor cable. 

The selection of insulation material polyethylene (PE) vs. cross-linked 

polyethylene (XLPE), was based upon thermal, mechanical, and electrical 

stress considerations. The cost of insulation was also considered 

as a function of time. The growth rate of load current (g) over the 

cable lifetime was used to show ~ensitivity for one voltage r . lass  fnr 

each case. The growth rates of power cost (ec &meo) over time can vary 

by factors of 6 or 7 depending upon area of country and utdlity selected. - - - -  - - 
Appropriate rationale for the selected values of ltec & eo It was presented 

in the analysis. To cost the sodium conductor distribution cable 

installation, a typical network system was assumed to join an existing, 

operating facili'ty, thus permitting easy expansion. 

An assessment of the electrical capability of the sodium vs. 

aluminum conductor cables was performed and included consideration 

of: (1) Nopal vs. emergency ampacity; (2) Fault consequences; (3) 

Temperature limitations and consequences of a thermal runaway situation; 

(4) Dig-in consequences; (5) Splice and termination limitations; and 

(6) Jacket limitation0 A part of the electrical perforniaiice capability 

assessment included consideration of insulation thickness requirements 

for electrical, installation, and .thermal performance of the sodium 

conductor distribution cable. Equal pulling lengths of aluminum and 

sodium conductor cable were used to set the cross-sectional area of 

polyethylene (PE) or cross-linked polyethylene (XLPE). Sidewall 

pressures were included in consideration in determining pull strength, 

l.e., bearing on insulacfan thickness. It was assumed that a concentric 

neutral (or ground wire) provides no strength. All strength was 

assumed to derive from the insulation and conductor. The pull 

strength required was calculated using the highest temperature i~o~u~ally 

found during installations (% 100-120°F in sumnier); for a duct installation, 

the active cable was assumed to be at the lower duct temperature. A 



rationale fo'r when to use or not use XLPE was developed. based not 

only on.pull strength, but temperatures, electrical stress, etc. 

All of these considerations, environmental, safety, economic, 

energy conservation, etc., were included in the ass,essment of the 

barriers and incentives for using sodium conductor distribution cable; 

and are described in detail in their respective sections of this report. 



4. GOALS OF THE STUDY 

The goals of the study, after a thorough assessment of 

safety, economic, environmental, and electrical performance characteristics 

of both sodium and aluminum conductor distribution cable, are to 

projcct whcthcr oufficicnt Pncentive/barriers exist for a clcar JrcLsLu11 

t o  be made for or against the employment of sodium conductor distribution. 

cable. The selection of the basis for comparison between these two 

cables was thought to be critical to this assessment in the economic 

and electrical performance analysis, but not to the more subjective 

safety, environmental, etc. analysis. The criterion of equivalent 

ampacity at overload conditions, with sodium cable at 95OC maximum 

(i.e., - solid), was conservatively chosen as being most acceptable 
to potential utility and commercial customers. Fortunately, the 

economic analysis showed larger diameter conductors for both cables to 

be lower in overall cost (i.e., including losses discounted to the present) 

and thus supported the basis tor comparison as a lowest diameter 

allowable. Figure 4-1 reiterates earlier f i g u r e s  (1 .e . .  Figure 3-11 in showing 

that comparing Na:Al at equal overload ampacities (maximum steady state 

temperatures 130°C A1:95OC Na) results in a larger sodium conductor 

diameter, and a lower operating temperature at rated ampacity. 

The methodology of performing the study is shown in Figure 4-2.  

which shows the natural progression of analysis from Information Source, 

to Performance Analysis, to Economic Comparison, to Conclusions. Each 

area of analysis or consideration was performed by a specialist in that 

area, and crosslinking of analytical considerations was achieved in 

project team meetings. 



4. l a  - Aluminum at Rated Ampacity 4. Id - Sodium at Rated Ampacity 

Fig. 4-1 - Example of equivalent cable dimensions ( A l :  Na ) fo r  35 kV, 
1000 kc m i l  rat ing ( A l  
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5. ' INFORMATION SOURCES 

5 . 1 '  L i t e r a t u r e  Search 

5.1.1 Methodology 

A l i t e r a t u r e  s ea rch  was conducted f o r  in format ion  r e l a t i n g  t o  

sodium conductor cab le  experience.  The major t h r u s t  of t h e  s e a r c h  cen- 

t e r e d  on t h e  computer s ea rch  of r e l e v a n t  d a t a  bases .  These i nc lude  NTIS 

(Nat iona l  Technical  Information Se rv i ce )  1964-1977, INSPEC ( E l e c t r i c a l  

and E l e c t r o n i c s  Abs t r ac t s )  1969-1977, COMPENDEX (Engineering Index) 1970- 

1977, and EDB (U.S. Department of Energy Data Base) 1976-1977. 

Various s t r a t e g i e s  were employed i n  t h e  search .  The most 

s u c c e s s f u l  coupled t h e  keyword "sodium" wi th  va r ious  o t h e r  keywords such  

a s  "cable ,  " "conductor" o r  "underground t ransmiss ion .  " The most produc- 

t i v e  d a t a  base  was COMPENDEX which produced 9 r e f e r ences  d i r e c t l y  app l i cab l e .  

A manual s ea rch  was a l s o  conducted of " E l e c t r i c a l  Engineer ing 

Abs t rac t s"  from 1955-1975. This  s ea rch  was no t  very product ive ,  t u rn ing  

up only 5 r e f e r ences ,  4 'o f  which had a l r eady  been l i s t e d  i n  t h e  computer 

s ea rch .  A s ea rch  was made of t h e  r e f e r ences  l i s t e d  i n  each a p p l i c a b l e  

sodium cab le  paper  rece ived  and s e v e r a l  a d d i t i o n a l  r e l e v a n t  p u b l i c a t i o n s  

were found. 

5.1.2 Bibl iography of  P u b l i c a t i o n s  

A t o t a l  of  40 pub l i ca t i ons  concerned wi th  sodium conductor 

cab les  was c o l l e c t e d  from t h e  l i t e r a t u r e  search .  These a r e  l i s t e d  i n  

Appendix A 1  a long  wi th  an a b s t r a c t  o r  sumnary of  each p u b l i c a t i o n  i f  

a v a i l a b l e .  

5.1.3 P e r t i n e n t  References 

A l l  of t h e  40 p u b l i c a t i o n s  l i s t e d  i n  Appendix A 1  have some 

re levance  f o r  those  i n t e r e s t e d  i n  sodium cable .  The 12  p u b l i c a t i o n s  l i s t e d .  

below, however, cover t h e  important  aspects  of  sodium cab le  expe r i ence  , 
up t o  t h e  e a r l y  1970's.  



1. "Eva lua t ion  of Sodium Conductor Power Cable," A. E. Ruprecht and 

P. H. Ware, IEEE T r a n s a c t i o n s  on Power Apparatus and Systems, 

Vol. PAS-86, No. 4 ,  A p r i l  1967. 

The s u i t a b i l i t y  o f  t h e  newly developed p o l y e t h y l e n e  i n s u l a t e d  

sodium conduc tor  f o r  u s e  i n  e l e c t r i c a l  power c a b l e s  was e v a l u a t e d  e l e c -  

t r i c a l l y  and mechan ica l ly .  P o l y e t h y l e n e - i n s u l a t e d  sodium conduc tors  a r e  

shown t o  l e n d  themse lves  t o  a wide range  o f  c o n s t r u c t i o n s  manufactured on 

s t a n d a r d  c a b l e - f a b r i c a t i n g  equipment. Because o f  t h e  p l a s t i c  n a t u r e  o f  

m e t a l l i c  sodium, n e i t h e r  conduc tor  s t r a n d i n g ,  n o r  h e l i c a l  assembly i n  t h e  

case of miileicoriductor c a b l e s ,  is r e q u i r e d  f o r  f l e x i b i l . i t y .  

2. "insulated Sodium Conductors," L. E. Humphrey, R. C. Hess,  and 

G. I. Addis,  IEEE T r a n s a c t i o n s  on Power Apparatus and Systems, 

Vol. 86, No. 7, J u l y  1967. 

The development and c h a r a c t e r i z a t i o n  o f  a new p o l y e t h y l e n e  

i n s u l a t e d  sodium conduc tor  are d e s c r i b e d .  The r e s i s t i v i t y ,  s p e c i f i c  

g r a v i t y ,  and c o s t  of sodium are compared t o  cor responding  p r o p e r t i e s  of 

copper  and aluminum. While t h e  a l k a l i  and a l k a l i n e  e a r t h  m e t a l s  have 

... r e l a t i v e l y  good e l e c t r i c a l  c o n d u c t i v i t y ,  sodium was chosen because  o f  i t s  

l i g h t  we igh t ,  low c o s t ,  and a v a i l a b i l i t y .  P h y s i c a l  p r o p e r t i e s  o f  t h e  

p o l y e t h y l e n e  i n s u l a t e d  sodium conductor  were  determined.  P o t e n t i a l  ' a reas  

o f  q u e s t i o n ,  s u c h  as s e r v i c e  l i f e ,  r e a c t i o n  of w a t e r  w i t h  damaged c a b l e s ,  

and combustion c h a r a c t e r i s t i c s  are covered i n  d e t a i l .  

3.  "The Development of Connectors f o r  I n s u l a t e d  Sodium Conductor," 

I. F. Mat thysse  and E. M. Scoran ,  IEEE T r a n s a c t i o n s  on Power Apparatus 

and Systems, Vol. 86, No. 7, J u l y  1967. 

The c h a r a c t e r i s  t i c s  o f  i n s u l a t e d  sodium conductor .  r e q u i r e d  

t h e  development o f  a new t y p e  of connec tor  and a new i n s t a l l a t i o n  t e c h n i q u e  

The problems i n v o l v e d  making s t a b l e  e l e c t r i c a l  c o n t a c t  t o  t h e  sodium, 

s e a l i n g  a g a i n s t  chemical  a t t a c k ,  i n s t a l l a t i o n  w i t h  a minimum exposure  of 

sodium, s e c u r e l y  g r i p p i n g  t h e  i n s u l a t i o n ,  e f f e c t s  of t h e  m e l t i n g  p o i n t  of 

sodium, and t e m p e r a t u r e  l i m i t a t i o n s  o f  t h e  i n s u l a t i o n .  



4. " F i e l d  T r i a l s  on 15-kV and 600 Vol t  Sodium Cable," Edward J. S t e e v e  

and James A. Schne ider ,  IEEE T r a n s a c t i o n  on Power Apparatus and 

Systems, Vol. 86, No. 7 ,  J u l y  1967. 

The u s e  of sodium conduc tor  c a b l e  p r e s e n t s  an o p p o r t u n i t y  

f o r  r e d u c t i o n  i n  c o s t  o f  c a b l e  f o r  underground r e s i d e n t i a l  d i s t r i b u t i o n  

sys tems .  I n  o r d e r  t o  e v a l u a t e  i ts  usage a d i r e c t  b u r i e d  t e s t  i n s t a l l a t i o n  

w a s  made i n v o l v i n g  b o t h  1 5  kV and 600 v o l t  sodium' c a b l e .  T e s t i n g  t h e  

1 5  kV c a b l e s  c o n s i s t e d  i n  l o a d  c y c l i n g ,  s h o r t - c i r c u i t  f a u l t i n g ,  and f a u l t  

l o c a t i o n  t 6 s t s .  A f t e r  t h e  complet ion of t e s t s  on t h e  1 5  kV sodium c a b l e ,  

a s e r v i c e  i n s t a l l a t i o n  was made i n  a r u r a l  a r e a  wes t  o f  Chicago. Load 

c y c l e  t e s t s  were  a l s o  made on t h e  600 v o l t  sodium c a b l e .  Th i s  i n c l u d e d  

an over load  which r e s u l t e d  ' i n  t h e  f a i l u r e  o f  t h e  c a b l e  a t  t h e  t e r m i n a l .  

I n s u l a t i o n  damage t e s t s  were  made t o  de te rmine  t h e  c o r r o s i v e  p r o p e r t i e s  

o f  t h e  conductor .  F a u l t  l o c a t i n g  t e s t s  made on t h e  600 v o l t  c a b l e ,  a s  

on t h e  1 5  kV c a b l e ,  showed t h a t  p r e s e n t l y  a v a i l a b l e  equipment s h o u l d  b e  

adequate .  

5. "Improved Connectors f o r  I n s u l a t e d  Sodium Conductors," S. Gerhard,  

Paper  45, PRN, IEEE Winte r  Power Conference,  January  1968. 

P r o g r e s s  toward t h e  development of a new connec tor  f o r  insu-  

l a t e d  sodium power conductor  i s  r e p o r t e d .  Performance and d e s i g n  c r i ' t e r i a  

a r e  o u t l i n e d  and t h e  development program t o  a c h i e v e  t h e  c r i t e r i a  i s  d i s -  

cussed.  The connec tor  c o n s t r u c t i o n  and i n s t a l l a t i o n  t echn iques  a r e  des- 

c r i b e d  and p r e l i m i n a r y  perfuwlauct! Cesl: d a t a  presented; 

6. "Dig-in T e s t s  on Sodium Cables ,"  E. J. S t e e v e ,  IEEE Winter  Power 

Meeting,  New York, New York, January  28 - February 2 ,  1968. 

Two sets of d i g - i n  tests on sodium conduc tor ,  p o l y e t h y l e n e  

i n s u l a t e d .  c a b l e s  were  made by t h e  Commonwealth Edison Company. The f i r s t  

s e r i e s  n f  tests were made on de-energized 1 5  kV and 600 v o l t  c a b l e s  u s i n g  

b o t h  power machinery and hand t o o l s .  About one y e a r  l a t e r ,  a second  

s e r i e s  of d i g - i n  tests was made on 600 v o l t  c a b l e s  e n e r g i z e d  a t  1201240 

a l t e r n a t i n g  v o l t s ,  1.1sing t h r e e  t y p e s  of power machinery.  I n  most c a s e s ,  

t h e  degree  of r e a c t i o n  was less than expec ted  d e s p i t e  ex t remely  wet s o i l  



cond i t i ons  from heavy r a i n f a l l s  previous t o  t h e  t e s t s .  It appears t h a t  

t h e  p r q b a b i l i t y  of causing human i n j u r y  due t o  t h e  c u t t i n g  of an energized 

sodium conductor c a b l e  is  no g r e a t e r  than  t h a t  f o r  e i t h e r  a copper o r  an 

aluminum conductor cable .  However, during va r ious  digging ope ra t ions ,  

t h e r e  i s  always a chance t h a t  sma l l  r a w  sodium chips  can be brought t o  

t h e  s u r f a c e  of t h e  ground; t h i s  p re sen t s  a p o s s i b l e  s a f e t y  hazard i f  they 

a r e  no t  removed. 

7. "A Progress  Report on Sodium Conductor Power Cable," T. H. Kel ly 

and C .  G. Gnerre,  IEEE Paper No. 68, CP 62-PWR (1968). 

Experimental sodium ciruductor cab les ,  i n s u l a t e d  wi th  poly- 

e thy lene  were manufactured wi thout  ~ t r a n d  s h i e l d i n g  and t e s t ed ,  t o  determine 

t h e  s u i t a b i l i t y  of t h i s  cons t ruc t ion  f o r  s e r v i c e  under high humidity 

cond i t i ons  and f o r  volt 'ages above 15 kV. Samples were t e s t e d x f t - e r - - f i v e - .  . .. 

months immersion i n  75OC wa te r  wi th  no s i g n i f i c a n t  decrease  i n  corona 

l e v e l .  Cable samples r a t e d  at 34.5 kV and 69 kV and wi thout  s t r a n d  

s h i e l d i n g  have been eva lua ted  by d i e l e c t r i c  s t r e n g t h  and load  cyc le  t e s t s  

w i t h  s a t i s f a c t o r y  r e s u l t s .  

8. " I r r a d i a t e d  Polyethylene I n s u l a t i o n  f o r  Sodium Conductor cable ,"  

R. M. Eichhorn and G. I. Addis, IEEE Winter. Power Meeting, New 

York (January 1968). 

Laboratory s t u d i e s  of s eve re ly  overloaded sodium conductor 

c a b l e s ,  i n s u l a t e d  wi th  both normal and i r r a d i a t e d  polyethylene,  h.ave 

been made. Excessive over loads  cause mel t ing  of t h e  sndii~rn and subse- 

quent  open c i r c u i t i n g  of t h e  conductor.  In  an  overloaded v e r t i c a l  r i s e r ,  

p r e s s u r e  develops from t h e  formation of a h y d r o s t a t i c  head. I r r a d i a t e d  

polye thylene  provides  two advantages over  r e g u l a r  polyethylene i n  t h i s  

s i t u a t i o n .  F i r s t  i t  wi ths t ands  t h e  h y d r o s t a t i c  p re s su re  and prevents  

t h e  r e l e a s e  of molten sodium and second i t  provides  moderately longer  

l i f e  under t he  given overload.  



9 .  "Bi s t ab l e  Operating Temperatures and Current Rat ing of Sodium 

Conductors," J- Hus, IEEE, Feb. 1968, PAS-87, pp. 367-371; 

Unlike convent ional  cab le s ,  t h e  ope ra t ing  temperature of 

sodium cab le  l i e s  c l o s e  t o  i ts  mel t ing  po in t .  Although t h i s  does not  

a f f e c t  t h e  cu r r en t  r a t i n g  a t  normal ambients,  one cannot reap t h e  f u l l  

cu r r en t  r a t i n g  b e n e f i t s  which normally accrue  from a lowered ambient 
, 

temperature.  This  paper descr ibes  how t h e  ambient temperature a f f e c t s  
. . 

t h e  maximum ope ra t ing  temperature of sodium cable .  

10. "Field Se rv i ce  Experience wi th  Sodium Conductor Cable,'.' R. L.  

Garr ison,  IEEE Conf. Rec. Spec ia l  Tech. Conf. on Underground . 

D i s t r i b u t i o n ,  Anaheim, C a l i f o r n i a ,  pp. 386-95, May 12-15, 1969. 
.+ - 

..- 

This  paper d iscusses  t h e  experience -wi-th--&'dium. conductor 

cables  i n  f i e l d  s e r v i c e  i n s t a l l a t i o n s .  It inc ludes  : 

1. Summary of t h e  s i z e s  and vo l t age  c l a s s e s  o'f sodium 

cable  i n s t a l l e d  by t h e  u t i l i t i e s .  

2. Descr ip t ion  of t y p i c a l  i n s t a l l a t i o n s  of var ious  

vo l t age  c l a s s e s .  

3. Accessory 'hardware problems encountered. 

4. Observations from t h e  f i e l d  on work p r a c t i c e s  and 

' r e s u l t s  recorded t o  da te .  

5. Product modi f i~ca t ions  designed t o  assist Operat ing 

Departments i n  t h e  handl ing of t h e  sodium conductor 

cable .  

6. Conclusions. 

11. "Measurement of Water Vapor Transmission Through Polyethylene 

E l e c t r i c a l  In su la t ion , "  R. M. Eichhorn, Polym. Eng. S c i . ,  Vol. 10,  

No. 1, pp. 32-7, January 1970. 

A method is  descr ibed  f o r  measuring t h e  r a t e  of water  vapor 

t ransmiss ion  thrvugh t h i c k  s e c t i o n s  of polyethylene used as i n s u l a t i o n  

on e l e c t r i c a l  cnnductors o f  pure sodium metal .  The technique could be 



gene ra l ly  u s e f u l  f o r  m a t e r i a l s  which do not  r e a c t  w i th  sodium, and f o r  

c y l i n d r i c a l  samples which can be  f i l l e d  wi th  molten sodium i n  a dry box. 

For samples wi th  uniform dimensions t h e  r e s u l t s  a r e  extremely p r e c i s e  

because s e n s i t i v e  e l e c t r i c a l  measurements a r e  used. Specimens of products 

i n  f i n a l  form can be  employed t o  determine t h e  e f f e c t s  of v a r i a t i o n s  i n  

process ing .  

12. "PP&L Co. Experience wi th  15  kV Sodium Conductor Cables," 

Frank R. Nickel ,  Pennsy1vani.a Power & Light  Co., Allentown, 

Pennsylvania ,  D0bl.e. CJ. J el1.t Conf o r ~ n c u ,  Eoo ton ,  P f b s s a ~ l ~ d ~ e L L s ,  

A p r i l  13, 1970. 

This  paper  desc.ribes t h e  exper ience  of the F e r ~ n s y l v a n l a  Power 

and Light  Company wi th  a 1 5  kV sodium cable  i n s t a l l a t i o n  inc lud ing  pre- 

l imina ry  background t e s t s  and acceptance t e s t i n g  t h e  cable .  

5.2 U t i l i t y  Survey 

5.2.1 Methodology 

A survey was conducted t o  obta-in s n d i ~ ~ m  cnnductor cabla  

exper ience  informat ion  from u t i l i t i e s  t h a t  have i n s t a l l e d  t h e  cab le  f o r  

test o r  s e r v i c e .  Forty-nine u t i l i t i e s  wi th  sndi-urn cab le  experience 

were i d e n t i f i e d  from records  supp l i ed  by t h e  Union Carbide Corporation. 

A q u e s t i o n n a i r e  was mailed t o  fo r ty - th ree  of t h e s e  u t i l i t i e s ,  t h r e e  

u t i l i t i e s  were surveyed by te lephone,  and t h r e e  by pe r sona l  v i s i t s .  These 

u t i l i t i e s  were d i s t r i b u t e d  geographica l ly  ac ros s  t h e  United S t a t e s  and 

were both  l a r g e  and smal l ,  r u r a l  and urban. The t h r e e  u t i l i t i e s  v i s i t e d  

were "Whitley County REMC," Columbia Ci ty ,  Ind iana ,  "Commonwealth Edison 

Company ," Chicago, I l l i n o i s  and "Port land General E l e c t r i c  ," Por t l and ,  

O ~ r g u u .  These were s e l e c t e d  because of t h e i r  cons iderable  experience 

wi th  sodium cab le  and because they r ep resen t  a c ros s  s e c t i o n  of urban 

and r u r a l  l o c a t i o n s .  I n  depth in t e rv i ews  were conducted a t  each l o c a t i o n  

w i t h  d i scuss ions  h e l d  n n t  nnly wi th  management and engineer ing  personnel  

b u t  a l s o  wi th  workmen t h a t  had i n s t a l l e d  and r epa i r ed  sodium cable .  

Information gained i n  t h e s e  d i scuss ions  i s  included i n  t h e  survey r e s u l t s  

i n  Sec t ion  5.2.3. 



5.2.2 ~ u e s  t i o n n a i r e  

A q u e s t i o n n a i r e  was devised  ( s e e  ~ ~ ~ e n d i x  A2) t o  g a t h e r  t h e  

fol lowing informat ion  about sodium cable  experience:  

a q u a n t i t y  i n s t a l l e d  

cab l e  s p e c i f i c a t i o n s  

a i n s t a l l a t i o n  d e s c r i p t i o n  

a load  h i s t o r y  

ope ra t i ng  exper ience  

o p e r a t i n g  expenses 

i n s t a l l e d  cab l e  c o s t  

a i n s  t a l l a t i o n  experience 

maintenance 

s a f e t y  p rov i s ions  

a opin ions ,  obse rva t ions  and recommendations 

cos t  of convent ional  d i s t r i b u t i o n  cab l e  i n s t a l l a t i o n s  

5.2.3 Resu l t s  of  t h e  Survey 

Thir ty-seven of t h e  for ty-n ine  u t i l i t i e s  surveyed (75.5%) 

responded wi th  a t  l e a s t  p a r t i a l l y  completed ques t i onna i r e s .  (See t h e  

% of response t o  each ques t i on  on ques t i onna i r e  i n  Appendix A2). The 

respondees r epo r t ed  a t o t a l  of 142,529 f t .  (43,443 m) o f  sodium cab le  

i n s t a l l e d ;  64% o r  91,044 f t .  (27,750 m) was r a t e d  at 600 v o l t s  wh i l e  

36% o r  51,485 f t .  (15,693 m) was r a t e d  a t  15  kV. Some of t h e  cab l e  was 

i n  ope ra t i on  f o r  only s h o r t  term t e s t s  ( a  few hours )  w h i l e  other. c a b l e  

has  been i n  normal s e r v i c e  f o r  about 1 3  yea r s .  The t o t a l  sodium cab le  

exper ience  r epo r t ed  was 249 mile-years (401 ki lometer-years)  of  ope ra t i on .  

5.2.3.1 Cable S p e c i f i c a t i o n s  

A l l  of  t h e  sodium cab le  r epo r t ed  i n  t h e  survey was supp l i ed  

by Nacon Corporat ion,  Boston, Massa&,usetts,  and was r a t e d  f 9 r  e i t h e r  

600 v o l t s  o r  1 5  kV. Table  5-1 g ives  t h e  number of c i r c u i t  f e e t  of each 

copper equ iva l en t  (CUE) s i z e  f o r  each v o l t a g e  c l a s s  r epo r t ed .  A comparison 

of diameter ,  weight  and d-c r e s i s t a n c e  f o r  copper and sodium conductors 



TABLE 5-1 

C i r c u i t  
f c. 

2,838 

U t i l i t y  Survey: I n s t a l l e d  Sodium Cable Specifications 

I 

Outer 
Vol tage  Siz? Cross Linked Semieon Con c . 
Class Cu.E P o l y e t h y l e n e  Lay tr N e u t r a l  - 
600 V 2 /0 Yes no no 

600 V 4!0 Yes 

600 V 4,'O no 

EOO V 350 L:cm Yes 

600 V 5C0 kcm no 

15 kV 11 4 no 

y e s  

no 

no 

no 

no 

yes  Yes 

Y =  Yes 

Y- Y e s  

Yes Y es 

y e s  Yes 

y e s  y e s  

y e s  Yes 



r epo r t ed  by t h e  Nacon Corporat ion is given i n  Table  5-2. A comparison 

o f  t h e  ampaci t ies  of some s i z e s  of po lye thylene  i n s u l a t e d  copper and 

sodium conductors a l s o  r e p c r t e d  by t h e  Nacon Corporat ion is  shown i n  

Table  5-3. 
I 

Most of t h e  sodium cab le  was manufactured wi th  h igh  molecular  

weight po lye thylene  (HMWPE) i n s u l a t i o n  (approximately 10,000 f t .  of t h e  

142,529 f t .  r epo r t ed  was c ros s l i nked ,  s e e  Table  5-1). The 600 V secondary 

cab l e  cons i s t ed  of  a s o l i d '  core  of  pu re  sodium wi th  0.100 inches  t o  

0.150 inches  of  HMWPE i n s u l a t i o n .  The 1 5  kV cab le  was i n s u l a t e d  w i th  

0.175 inches  t o  0.220 inches  of HMWPE and t y p i c a l l y  contained a semi- 

conducting polye thylene  o u t e r  s h i e l d  0.030 inches  t h i c k  and a one t h i r d  con- 

c e n t r i c  n e u t r a l  of t i nned  copper wi re .  These cab les  were r epo r t ed  t o  meet 

t h e  requirements  of IPCEA S-61-402. 

5.2.3.2 I n s t a l l a t i o n  Desc r ip t i on  

Approximately 93% (132,694 f t )  .of a l l  t h e  sodium c a b l e  
> i n s t a l l a t i o n s  r epo r t ed  i n  t h e  survey were d i r e c t  bur ied .  About h a l f  of 

t h e s e  i n s t a l l a t i o n s  te rmina ted  t h e  sodium cab le  below ground whi le  t h e  

o t h e r  h a l f  r epo r t ed  b r ing ing  t h e  sodium c a b l e  above ground to- make t h e  

te rmina t ion .  Approximately 7% (9,585 f t )  of t h e  sodium cab le  was in -  

s t a l l e d  i n  duc t s  and only  250 f t .  (%2%) was i n s t a l l e d  a s  a e r i a l  c ab l e .  

5.2.3.3 Load Hi s to ry  

Exact records  of t h e  load  h i s t o r y  of  i n d i v i d u a l  cab l e s  a r e  

no t  r o u t i n e l y  a v a i l a b l e  from t h e  i ndus t ry .  However, n ine t een  of  Lhe 

th i r ty -seven  q u e s t i o n n a i r e  responses  d id  provide  some informat ion  about  

t h e  load  h i s t o r y  of t h e i r  sodium cab le s .  This  in format ion  i s  compiled 

i n  Table  5-4 and i n d i c a t e s  a range of c a b l e  load ing  from very  l i g h t  t o  

heavy. One cab l e  was r epo r t ed  t o  have been opera ted  a t  138% of i ts  

r a t e d  c u r r e n t  f o r  2 112 hours ,  which caused i t  t o  f a i l .  



TABLE 5-2 

Comparison of Diameter ,  Weight and d-c R e s i s t a n c e  
(@ 25OC and 75°C) f o r  Copper and Sodium Conductors* 

Copper Conductors N .  T. 
Cond. 
S i z e  
AWG S c l i d  Nom. Nom. d- c R e s i s t a n c e  

o r  o r  D i a m .  W t .  ohms /M f t . 
MCM S t r d .  - - Inch # / ~ f t .  @25OC @7S0C 

I 0  7 S t r d .  
9 I 1  

0 I t  

7 11 

6 11 

5 11 

4 I 1  

3 11 

2 11 

1 19 Strd. , 3 3 8  265.6 . I29  . I54  
110 I 1  .376 330.0 . l o 2  . I 2 2  
210 I t  .423 416.0 ,0811 .0968 
310 I 1  .475 526.0 .0642 .0766 
410 11 .532 659.0 .0509 ,0607 

250 37 S t r d .  .580 782.0 .0431 . 0 5111 
300 I i .637 944.0 .0360 .0429 
350 I I .687 1099.0 .0308 .0367 
400 II 733 1249.0 .0270 -0'322 
4 50 11 ,779 1412.0 .0240 ,0286 
500 I 1  .819 1561.0 .0216 ,0258 

1250 9 1  S t r d .  f .312  3894.0 .00863 .0103 
1-500 I I 1.416 4656.0 .00719 .00858 
1 7  127  S t r d .  1..546 511/12,0 . UUGl6 .00735 
2000 II 1.634 6202.0 .00539 .00643 

Sodium S o l i d  Conductors 

Cond. Nom. Nom. d-c R e s i s t a n c e .  
S i z e  Diam. W t .  O ~ ~ S / M  f t .  
SE Inch  # / M f t .  @25OC @75OC -- 

*From t h e  Nacon Refe rence  Manual, Courtesy o f  R. M. Eichhorn of 
t h e  Union Carb ide  Corpora t ion .  



TABLE 5-3 

Ampacit ies of P o l y e t h y l e n e  I n s u l a t e d  Copp r and 
Sodium Conductors i n  Air and E a r t h  f 

I. S t r a n d e d  Copper Conductor 

Cable OhmsIMft .  
V o l t s  Rdc Rac I n  Air* D i r e c t  Buried* 

Cond. S i z e  Diameter KV 25°C 75°C R'ca  Amps R'  c a  - - Amps 

11. S o l i d  Sodium Conductor 

* ~ ' c a  = T o t a l  the rmal  r e s i s t a n c e  o f  t h e  c i r c u i t .  

Ampacity c a l c u l a t i o n s  based  on: 

, 
( a )  I n  a i r ;  T = 75OC, T = 40°C, 3-1/C t r i p l e x e d  i n  a i r ,  30-100% LF. 

C A 

(b) D.B . ;  TC = 75OC, T = 20°C, 3-1/C spaced  7.5" i n  t r e n c h ,  3 - f t .  deep,  
A 

Thermal r e s i s t i v i t y  o f  p o l y e t h y l e n e  = 360°C cm/watt. 

From t h e  Nacon Refe rence  Manual, Courtesy o f  R. M. Eichhorn o f  
t h e  Union Carbide  Corpora t ion .  



TABLE 5-4 
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f 9 . q  < .,; :. +. . ,  . ' 

, .  : . ..I , . 
,. ,I . ' . . . ' 

C i r c u i t  Rated Energized S i z e  Rated Aver age Max Time at Time i n  
F t .  Vol tage  Vol t  age  C uZ Cur ren t  Cur ren t  Cur ren t  Max Cur ren t  S e r v i c e  

9 ,000 1 5  kV 12.47 kV 500kcn 649*** 240 A 300 A 4 h r s .  9  y r .  
500 15  kV 7.62 kV // 2 210*** 2 A - - - - 5 y r .  

,, ; , : 80 0 ,:, ' r  .' ' 1 5  kV 7.20 kV # 2 210*** 20 A -- - - , ,:P ' : ... 6 y r .  
$5:: , d  ., ,3 - a 1 0 ,  090.::. 1 5  kV 13.00 kV 500kcm 659*** 377 A 550 A 2 h r s .  9  y r .  4 "  
'.', c 
Q 2 1 = ,  .:,. 1. . 

: 50$: - 1 5  k v  13 .80  kv 110 210** 160 A 290 A 2 112 h r s .  9  mo. 
?.G ,.; f ,c: < 

'k' . 1 ,200  1 5  kV 7.29 kV /I 3 210*** 1 0  A . 42 P! few h r s .  11 y r .  
. ,M. 5 . ; I., 5013 ' 1 5  kv 18.00 kV /I 2 2:0*** - - -- -- 10  y r .  
i 

" .  
# ' 

, . l t ' ,  . 800 1 5  CrV ' 12.47 kV /I 2 210*** 1% A 20 A 9 h r s .  10  y r .  
150 1 5  '.V 2.40 kV /I 2 2iO*** 1 5  A 30 A - - 9 y r .  

75 1 5  kV 7.20 kV /I2 210*** 10  A 1 5  A - - 1 0  y r .  
17 ,400 15  kV 12.47 kV 410 403*** (Heavi ly  Lozded) 10  y r .  

CI: 
I\; 

5,000 . 600 V 120!240 V 4/C 344* 70 A 300 h -- 7 y r .  
3  75 600 V 480,'277 V 500kcx~ 625" -- 214 A - - 9 y r .  

1 ,410 600 V 120,'240 V 210 306* 60 A 140 A - - 9 y r .  -:.- . , 

' . 100 : 600 V 120j240 V 210 306* ' 70 A - - - - 
> .. 9 y r .  

. : ; ,- '&. .' 30.p - '  600 V 600 V 350kcm 516* 325 A 630 A -- 8 mo. "< t F;j 5%. 
.>,4,\.., c ; : ,.. 200,) . v.:;, ' * " . ' ' . 600 V 120/240 V 210 306* 75 .4 200 A few h r s  . 11 y r .  Qg .*, :.!. *'. , , :: 

-.*a ./if$5w ;<? $., ,. 2Q2,;$,; ,  : 600 ir . 120/  240 V 410 394* , . 75 A , 200 A few h r s  . 11 y r .  
: ; , . , . , . , . 3,6~0,'-..!,t .! .'$QO v , - . 240 .V, , 500kcm: 625* 216 A 360 A 4  h r s .  9  y r .  -,&y.)jj . y ! >*: ,-. .I 4 . - .  ..+*%- li' . . . . " 5 4 .... , . .. . , '.; . I . ?  

I . . , . . ( .  - . 2 , ' :  3 .>. , .f -* . . . .-I . .' . , , - 
" . a  .. , ' .  

. . . . t 

. -, : 4 y' ' . 
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5.2.3.4 Operat ing Experience 

The ope ra t i ng  experiencc .eported f o r  sodium cable  does not  

d i f f e r  g r e a t l y  i n  most cases  from t h a t  f o r  aluminum o r  copper.  I n  a few 

in s t ances  a very high f a i l u r e  r a t n  f o r  sodicm cab le  compared t o  o t h e r  

types  of cab l e  was repor ted .  See s e c  ,.L 5.2.3.5 f o r  a d i s cus s ion  of 

sodium cab le  f a i l u r e s .  A t  one u t i l i t y ,  customer complaints about l i g h t s  

dimming, TV p i c t u r e  r o l l ,  and o t h e r  problems a s s o c i a t e d  w i t h  low o r  

f l u c t u a t i n g  v o l t a g e  have been fewer f o r  homes s e r v i c e d  w i t h  sodium cab le  

than f o r  t hose  s e r v i c e d  by aluminum cable .  

5.2.3.5 Sodium Cable F a i l u r e s  

Twenty-seven of  t h e  37 r e p o r t i n g  u t i l i t i e s ,  r ep re sen t ing  

432,591 f t -yea r s  (%82 mile-years) of sodium cable  ope ra t i on ,  repor ted .  

zero  sodium cab le  f a i l u r e s .  The remaining t e n  u t i l i t i e s  r epo r t ed .  a 

t o t a l  of  237 f a i l u r e s ,  i n d i c a t i n g  an o v e r a l l  f a i l u r e  r a t e  of  about one 

f a i l u r e  pe r  mile-year of opera t ion .  Table  5-5 l is ts  t h e  sodium c a b l e  

f a i l u r e  h i s t o r y  f o r  a l l  37 respondees.  

The sodium cab le  f a i l u r e  r a t e  w a s  much h ighe r  f o r  600 v o l t  

secondary cab l e s  than f o r  1 5  kV primary cab l e s .  Two hundred thir ty- two 

f a i l u r e s  were r epo r t ed  f o r  t h e  600 v o l t  c ab l e s ,  i n d i c a t i n g  a f a i l u r e  r a t e  

of  1.59 f a i l u r e s  p e r  mile-year ,  wh i l e  t h e r e  were only 5 f a i l u r e s  r epo r t ed  

f o r  t h e  1 5  kV cab le  i n d i c a t i n g  a f a i l u r e  r a t e  of  .0556 f a i l u r e s  p e r  

mile-year.  The main reason  f o r  t h i s  d i f f e r e n c e  i n  f a i l u r e  r a t e  can 

probably be  r e l a t e d  t o  t h e  mode of f a i l u r e .  

Two hundred t h i r t y - f o u r  of  t h e  237 r epo r t ed  f a i l u r e s  (98.7%) 

occurred at t h e  sodium cab le  t e rmina l s .  Most of t h e  t e rmina l  f a i l u r e s  

were r e l a t e d  t o  t h e  p e n e t r a t i o n  of mois ture  t o  t h e  sodium. The mois ture  

r e a c t e d  w i th  t h e  sodium g radua l ly ,  causing t h e  conducting a r e a  t o  diminish.  

A t  some p o i n t  t h e  i nc reased  r e s i s t a n c e  caused overhea t ing  a t  t h e  t e rmina l  

causing t h e  po lye thylene  i n s u l a t i o n  t o  f a i l .  The 1 5  kV t e rmina l s  appear 

t o  b e  more e f f e c t i v e  i n  prevent ing  mo i s tu re  i n g r e s s  i n t o  t h e  c a b l e  t han  

t h e  600 v v l ~   terminal.^, thus  t h e  lower f a i l u r e  rate. Of course,  t h e r e  

a r e  normally fewer te rmina ls  p e r  m i l e  of 1 5  kV cab le  than  f o r  600 v o l t  



TABLE 5-5 

U t i l i t y  
No. 

U t i l i t y  Survey: 

C i r c u i t  Voltage 
F t .  Class  

17,400 15  kV 
4,500 600 V 

6 6 5 1 5  kV 
2,100 600 V 

Sodiw: Cable F a i l u r e  His tory  

Operat i on  
Ft-Yrs -- 

f 3;' ,200 
43,875 

8,645 
18,900 

313,000 

102,600 
2,500 
5,20U 
90, 1300 
35,300 
12,000 

135  
2 7 

375 

4,080 
6,930 

400 
20,218 

6,345 
900 
225 

13,200 
4,400 

10,500 
3,520 
8,000 

12,800 
45,000 
18,000 
94,500 
32,400 
21, UUU 

2,300 
234 

15,840 
190,080 

8,000 
4,800 

16  
30 

F a i l u r e s  F a i l u r e  F a i l u r e s  
Reported Mode per Ft-Yr 

0 . - - 
1 don' t know 2.2 8 x l 0 - ~  
0 - - 
0 - - 

a11 at 
''Io8 connectors  

3 .45x10-~  

= - 
potheads 3 .85x10-~  

- - 
a t  connector  2 . 5 5 ~ 1 0 - ~  

(pref  a u l t e d )  - 
 r re fault ed) - 
ove rcu r r en t  in- 2 .67x10-~  
s u l a t i o n  melted - - 

- - 
a t  connector  3 .15x10-~  

- - 
mecll. s L ress 2 . 2 2 ~ 1 0 - ~  

- - 
- - 

over  c u r r e n t  in- 
s u l a t i o n  melted 3 .33x10-~  



TABLE 5-5 (Cont 'd) 

U t i l i t y  
No. 

U t i l i t y  Survey : Sodium Cable  F a i l u r e  H i s  t o r y  

C i r c u i t  
F t .  

Vol tage  
Class 

Operat  i o n  
Ft-Yrs 

F a i l u r e s  
Reported 

0 
0 
1 * 
1 * 
0 
0 
0 
- 

F a i l u r e  F a i l u r e s  
Mode p e r  Ft-Yr 

( p r e f  a u l t e d )  - 
( p r e f a u l t e d )  - 

*A f a i l u r e  o c c u r r e d  b u t  w a s  n o t  counted because  t h e  c a b l e  
had been p r e f a u l t e d  as p a r t  of a t e s t .  



cab le ,  t h e r e f o r e  t h e  number of f a i l u r e s  is  h ighe r  f o r  600 V c i r c u i t s .  

One u t i l i t y  r epo r t ed  t h a t  a p l a s t i c  s l e e v e  designed t o  p r o t e c t  t h e  t e rmina l  

of  600 v o l t  sodium cab le s  had r e s u l t e d  i n  a nea r  100% f a i l u r e  r a t e  when 

u t i l i z e d .  Experience showed t h a t  t ap ing  t h e  t e rmina l  wi th  rubber  t ape  

covered wi th  p l a s t i c  t a p e  was e f f e c t i v e  i n  prevent ing  t e rmina l  f a i l u r e .  

This  u t i l i t y  r epo r t ed  t h a t  t h e r e  have been no t e rmina l  f a i l u r e s  when t h i s  

t a p i n g  method was employed. Two of t h e  237 r epo r t ed  f a i l u r e s  were caused 

by s u s t a i n e d  ove rcu r r en t s .  I f  t h e  sodium cab le  is  opera ted  above i t s  

r a t e d  allpacity f o r  an extended pe r iod  of t ime, t h e  r e s u l t i n g  hea t  buildlip 

can cause t h e  sodiiim t o  l i q u i f y  and/or  t he  po lye thylene  i n s u l a t i o n  t n  

f a i l .  The f a i l u r e  i s  most l i k e l y  t o  occur  i n  an a r e a  of poor cool ing 

sl ich SF 1 r i o c r  i n  a "U" guard. ,Lhe t i n a l  f a i l u r e  of  t h e  237 was a t t r i b u t e d  

t o  mechanical stress on t h e  cab l e ,  which was an a e r i a l  i n s t a l l a t i o n .  

5.2.3.6 -rating Expense 

Nune O f  t h e  3 /  survey respondees professed  any knowledge of 

t h e  power' l o s s  o r  o t h e r  ope ra t i ng  expenses a s s o c i a t e d  w i th  t h e i r  i n s t a l l e d  

sodium cable .  . Two d i d  v e n t u r e  t h a t  t h e  l o s s e s  appeared t o  he  l e s s  than 

w i t h  s i m i l a r  a lw inum cahl P .  

5.2.3.7 I n s t a l l e d  Cable Cost 
. -- 

. Informat ion  about i n s t a l l e d  sod.ium cab le  cos t  was no t  w e l l  

r e p o r t e d  i n  t h e  survey .  Informat ion  t h a t  was r epo r t ed  i s  compiled i n  

Table  5-6. Some of  t h i s  in format ion  is  q u a l i t a t i v e  w i th  s t a t emen t s  t h a t  

the aodiull~ cable. i n s t a l l a t i o n  c o s t  was more, less o r  the same a s  t h a t  f o r  

a l u u l n m  cable .  The two cases  t h a t  g i v e  f a i r l y  complete in format ion  

i n d i c a t e  t h a t  Llle i n s t a l l e d  c o s t  f o r  secondary sodium cab1.e i s  h ighe r  

than  t h a t  f o r  primary sodium cable .  Thi.s i s  probably because 01 Lllt! 

h igh  c o s t  of t e rmina l s .  and bcr.nii.sc t l ie  uumbcr 'of t e r m i i ~ a l s  p e r  biiit 

l e n g t h  is  g r e a t e r  f o r  secondary cab l e  than  primary. 

A s e c t i o n  of  t h e  survey q u e s t i o n n a i r e  was devoted t o  t h e  

average  i n s t a l l e d  c o s t  f o r  aluminum and copper cab les .  Table  5-7 is  a 

compilat ion of  t h e s e  r epo r t ed  c o s t s  and Table  5-8 g ives  a breakdown on 

t h e  d i s t r i b u t i o n  of t h e s e  c o s t s .  There is  cons iderab le  v a r i a t i o n  i n  
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TABLE 5-7 

Voltage 
Class  

600 V 
GOO V 
600 TI 
GOO v 
600 V 
600 V 
bOO V 

U t i l i t y  Survey: Compilation of Reported I n s t a l l e d  

Cost f o r  D i r ec t  Buried A 1  and Cu Cable 

Conductor 
S i z e  - M a t e r i a l  

* 
I n s t a l l e d  Cost 

Pe r  Conductor F t .  

* 
U t i l i t y  survey  conducted i n  1978, however, no common base  for 
d o l l a r s  was e s t a b l i s h e d .  



TABLE 5-8 

U t i l i t y  Survey: Compilation of Reported Cost Breakdown f o r  

I n s t a l l i n g  D i r e c t  Buried A 1  and Cu Cable 

T o t a l  
Cable P r e p a r i n g  I n s t a l l i n g  Making Terminal  I n s t a l l e d  
Cost D i  t ch Cable Terminat ions  Cost Cost 

Secondary 
600 V 

33.5% 51.5% 7.5% 4.5% 3 % 100% 

Primary 
1 5  kV 

35X 16% 11% 

TOTAL 
.a1 Classes  

453 



t h e s e  r e p o r t e d  c o s t s ,  b u t  as expec ted ,  i n  most c a s e s  t h e  copper  c a b l e  i s  

more c o s t l y  t h a n  aluminum c a b l e .  Also ,  t h e  h i g h e r  t h e  v o l t a g e  and s i z e ,  

t h e  more c o s t l y  t h e  c a b l e .  A comparison o f  t h e  breakdown of c o s t s  f o r  

sodium, aluminum, and copper  c a b l e s  show t h a t  t e r m i n a l  c o s t  f o r  sodium 

c a b l e  i s  h i g h e r ,  b u t  t h e  c a b l e  c o s t  i s  l e s s .  These c o s t s  a r e  ana lyzed  i n  

more d e t a i l  i n  S e c t i o n  9 .  

5 .2 .3 .8  I n s t a l l a t i o n  Exper ience  

G e n e r a i i y ,  t h e r e  were  no major  d i f f i c u l t i e s  r e p o r t e d  i n  in -  

o t a l ' l i n g  oodium conduc tor  coblc .  Tho moro f r c q u c n t  romarlcc woro t h a t  moro 

c a r e  had t o  b e  e x e r c i s e d  w i t h  sodium c a b l e  t h a n  w i t h  aluminum. More 

p r u b l r u ~ s  wlL11 cu~lurcLurs  alld ulure persul luel  Lral1111lg welt: a l s u  ~ u e l ~ L l u ~ l r d .  

T a b l e  5-9 l is ts  t h e  i n s t a l l a t i o n  e x p e r i e n c e  summary o f  t h e  37 responding  

u t i l i t i e s .  T h i r t e e n  i n d i c a t e d  t h a t  sodium c a b l e  was more d i f f i c u l t  t o  

i n s t a l l ,  3 s a i d  i t  was e a s i e r ,  and 1 7  s t a t e d  i t  w a s  about  t h e  same as 

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

5.2.3.9 Maintenance 

There was nn r n ~ ~ t i n ~  main t ~ n p n c p  p ~ r f n r m ~ d  and no maintenance 

problem r e p o r t e d  by any o f  t h e  respondees  e x c e p t  f o r  t h e  f a i l u r e s  d i s -  

cussed  i n  s e c t i o n  5.2.3.5 and a few a c c i d e n t a l  d ig - ins .  

5 .2 .3 .10 S a f e t y  P r o v i s i o n s  

Most o f  t h e  su rvey  respondees  r e p o r t e d  t h a t  t h e  workmen in- 

s t a l l i n g  sodium c a b l e  wore  eye p r o t e c t i o n  and g l o v e s .  One u t i l i t y  s t a t e d  

t h a t  t h e i r  workmen wore  f a c e  s h i e l d s  because  e y e  p r o t e c t i o n  a l o n e  was n o t  

c o n s i d e r e d  s u f f i c i e n t .  S p e c i a l  p r e c a u t i o n s  were  a l s o  t aken  i n  t h e  sodium 

c a b l e  s t o r a g e  a r e a .  The c a b l e  ends were  t a p e d  t o  exc lude  m o i s t u r e  and 

thc c a b l c  wao o t o r c d  o u t  o f  t h o  wea ther .   sign^ ident i fy ing  the s o d i u m  

were  p o s t e d  and s p e c i a l  f i r e  e x t i n g u i s h e r s  were l o c a t e d  nearby.. 

I n  most cases t h e  cut-off  ends  o f  t h e  sodium c a b l e  were  

. . r e p o r t e d  t o  b e  s e a l e d  , in  a.pag o r  c a n ' a n d  s e n t  back  t o  t h e  m a n u f a c t u r e r ,  
' 

f o r  d i s p o s a l .  A few of  t h e  u t i l i t i e s  r e p o r t e d  a x i a l l y  s l i t t i n g  the 



TABLE 5-9 
. , U t i l i t y  Survey: Summary of I n s t a l l a t i o n  Exper ience  

f o r  Sodium Conductor Cable 

U t i l i t y  
NO. 

C i r c u i t  
F t .  

*Not r e p o r t e d  
TOTAL 

No. of I n s t a l l a t i o n  N a  compared t o  ~l 
Terminals  D i f f i c u l t i e s  h a r d e r  e a s i e r  same 

* A v a i l a b i l i t y  . J 
* of t e r m i n a l s  J 
* None 
* J 

None ./ 
Hundreds None ./ 

2 6 None 
2 

J 
None .I 

1 0  None d 
1 2  More t r a i n i n g  J-, 

100 Connectors ., / * None 
1 * 

J 
* * 
0 None 
3 None i/ 

1 5  None d 
* * 

70 None 
60 Connectors J . 

6 * 
3.2 None 
1 0  I n s t a l l i n g  

128  Connectors 
24 S a f e t y  concern * 
1 2  None 
* * 

' J 

1 0  . D i s p o s a l  
5 0 o f  s c r a p  

1 1 5  None 
1 6  S p e c i a l  h a n d l i n g  
* None ' 

* * 
J 

* * 
* * 
* * 
A None 
* None 

J 
J 

6 None 
8 None' 

J 
d' 

2 G e t t i n g  Connectors J 
7 None 
* * J 
6 Terminals'  * * J 
3 New s p l i c i n g  
3 method 

J 
. * - * 

717 + hundreds  1 3  3 1 7  



i n s u l a t i o n  on s h o r t  c a b l e  s e c t i o n s  and bury ing  them. A few a l s o  r e p o r t e d  

d i s p o s i n g  o f  t h e  sodium c a b l e  ends d i r e c t l y  i n  wa te r  o r  by burn ing .  

I n  answer t o  t h e  q u e s t i o n ,  "What w a s  done o r  what do you p l a n  

t o  do w i t h  t h e  sodium c a b l e  when removed from s e r v i c e , "  43% s a i d  they  

would remove t h e  c a b l e ,  24% s a i d  t h e y  would abandon t h e  c a b l e  i n  p l a c e ,  

and 5% d i d n ' t  know what they would do. F o r t y - s i x  p e r c e n t  cons idered  an 

abandoned c a b l e  a  h a z a r d  w h i l e  22% s a i d  i t  was n o t .  

5.2.3.11 O p i a i o a ~  , O b ~ c r v a t i o n s  and .Recommendat i1-1ns 

I n  answer t o  t h e  q u e s t i o n ,  "What a r e  your  o b s e r v a t i o n s  and 

f e e l i n g s  about  t h e  sodium c a b l e  used by your  o r g a n i z a t i o n ? " :  F i f  ty-one 

p e r c e n t  i n d i c a t e d  t h a t  t h e  sodium c a b l e  e x p e r i e n c e  h a s  been s a t i s f a c t o r y ,  

22% i n d i c a t e d  t h a t  i t  was u n s a t i s f a c t o r y ,  19% had no comment, and 8% 

thought  t h e  advan tages  and d i sadvan tages  c a n c e l l e d .  

The q u e s t i o n ,  "Would you recommend t h a t  y o u r  o r g a n i z a t i o n  

u s e  sodium c a b l e  i f  i t  were  r e a d i l y  a v a i l a b l e  and i f  t h e r e  was a c o s t  

advantage?"  was answered as f o l l o w s :  Twenty-four p e r c e n t  i n d i c a t e d  yes, 

19% i n d i c a t e d  - no, 43% i n d i c a t e d  p o s s i b l y  (with' some q u a l i f i c a t i o n s  s t a t e d )  , 
and 14% d i d n ' t  know o r  d i d  n o t  respond.  The major  advantages  and d i s -  

advan tages  r e p o r t e d  by  t h e  respondees  ate l i s t e d  i n  Table 5-10. The 

p e r c e n t a g e  f i g u r e s  a t  t h e  l e f t .  i n  the, t a b l e  show t h e  p e r c e n t  of t h e  

respondees  t h a t  i n d i c a t e d  each o f  t h e s e  advan tages  and d i s a d v a n t a g e s .  

5.3 Conclusions  

Sodium c a b l e  e x p e r i e n c e  h a s  been w e l l  r e p o r t e d  i n  t h e  

l i t c r a t u r c  w i t h  more t h a n  f o r t y  p u b l i c a t i o n s  ; 

Response t o  t h e  u t i l i t y  su rvey  was v e r y  h i g h  (>75%) 

i n d i c a t i n g  a wi l . l ingness  on  t h e  p a r t  of  t h e  u t i l i t i e s  

t o  s h a r e  t h e i r  sodium c a b l e  e x p e r i e n c e  and l e t  t h e i r  

views b e  known; 



TABLE 5-10 

Major Advantages and Disadvantages of Sodium 

Cable a s  Reported i n  t h e  U t i l i t y  Survey 

ADVANTAGES : 

(51%)" P o s s i b l e  Lower Cost 

(32%) E a s i e r  Handling, L igh te r  Weight, More F l e x i b l e  

(11%) Future  A v a i l a b i l i t y  of Sodium Assured 

( 5%) No~ie 

( 3%) Less Suscep t ib l e  t o  I n s t a l l a t i o n  Damage 

DISGVANTAGE : 

(51%) Safe ty  Hazard of  Sodium 

(49%) Terminal I n s t a l l a t i o n ,  Cost and R e l i a b i l i t y  

(27%) Disposal  of  Scrap Sodium 

(27%) Need f o r  S p e c i a l  Tra in ing  and I n s t a l l a t i o n  Techniques 

( 8%) L i a b i l i t y  Problem wi th  Abandonment and S torage  

( 8%) Low Emergency Ampacity 

( 5%) No Economic Advantage 

( 5%) Need t o  Stock S p e c i a l  Cable Accessories  

*Percent of survey respondees c i t i n g  t h i s  f a c t o r  



a Genera l ly ,  t h e  u t i l i t i e s  wi th  t h e  g r e a t e s t  sodium 

c a b l e  exper ience  were t h e  most p o s i t i v e  about sodium 

cab le ,  wh i l e  u t i l i t i e s  wi th  very l i m i t e d  sodium cable  

exper ience  were t h e  mos t ' nega t ive  about i t ;  

Most of  t h e  survey respondees mentioned a problem wi th  

sodium c a b l e  connectors  o r  an op in ion  t h a t  more 

connector  development is r equ i r ed ;  

a Informat ion  about sodium cable  ope ra t i ng  and i n s t a l l a t i o n  

c o s t s  is  not r e a d i l y  a v a i l a b l e  o r  kept  by t h e  u t i l - i t i e s .  



6. ENVIRONMENTAL AND SAFETY CONSIDERATIONS 

6 .1  Sodium Descr ip t ion  and P r o p e r t i e s  

Sodium is  t h e  s i x t h  most abundant meta l  on e a r t h  and t h e  most 

abundant of t h e  a l k a l i  meta l s .  It is  a s i l v e r y  meta l ,  s o f t  and d u c t i l e  

and has  a dens i ty  s l i g h t l y  l e s s  than t h a t  of water .  (Densi ty  of sodium 
3 @ 20°C = 0.968 g/cm ). Sodium me l t s  a t  about 98°C (208°F) t o  form a 

s i l v e r y  l i q u i d  having about .0 .7  t h e  v i s c o s i t y  of  water  a t  20°C. Its 
(1) volume change on mel t ing  is  +2.7% a t  one atmosphere . 

Sodium meta l  is  manufactured commercially by t h e  e l e c t r o l y s i s  

of a e u t e c t i c  mixture  of NaC1-CaC1 I t  i s  used p r i n c i p a l l y  i n  chemical 
? ' 

manuf a c t u r i n g ( 2 )  and a s  a h e a t  ' t r a n s f  e r  medium. Approximately 300 

m i l l i o n  pounds of sodium a r e  consumed annual ly  i n  t h e  U.S.A. 

Sodium r e a c t s  v i o l e n t l y  w i th  water  t o  form sodium hydroxide 

and hydrogen. The r e a c t i o n  is  exothermic and may i g n i t e  t h e  hydrogen 

gas l i b e r a t e d .  Sodium forms an exp los ive  mixture  wi th  halogenated 

hydrocarbons, carbon t e t r a c h l o r i d e ,  and wi th  carbon d ioxide  i n  any 

form. Refer  t o  t h e  Nat iona l  F i r e  P r o t e c t i o n  Assoc ia t ion(3) ,  "Manual of  

Hazardous Chemical React ions,"  f o r  a compilat ion of  such  r e a c t i o n s  of  

sodium. 

The sodium/water r e a c t i o n  r a t e  depend's on a number of 

f a c t o r s  ( i . e . ,  temperature ,  con tac t  a r e a ,  p r e s su re ,  r a t i o  of sodium- 

, water ,  and mixing r a t e ) .  I f  t h e   odium i s  i n  t h e  ~ o l i d  s t a t e  and t h a  

wa te r  is i n  t h e  l i q u i d  s t a t e  and complete r e a c t i o n  i s  assumed, t h e  f i n a l  

cond i t i on  of  a iodium/wat'er r e a c t i o n  can be  expressed by t h e  fo l lowing  
( 1 ) .  equa t ion  . 

Na + H 0 + NaOH + 112 H2 + 33.92 Kcal ( ~ e r  mole) a t  2 5 " ~  
2 .  (6-1) 

. % 
. . 

.- .. / 
* . ?  

. . .  . . Calcula t ions  of t h e  f r e e  ene rg i e s  show t h a t  t h e  $ , e x t i o n  qf s.odium and, . .. _ , . . 
. . . ' 

_, n . 
wate r  below t h e  mel t ing  p a i n t  o f .  sodium hydroxide.  ( i '31!J°C) w i l l  proceed . . * v  

.. . 

t o  sodium hydroxide and hydrogen even i n  excess  sodium. I f  t h e  temperature  
& .  . 



i s  allowed t o  exceed t h e  melt ing po in t  of sodium hydroxide, then  sodium 

hydroxide w i l l  r e a c t  w i t h  a d d i t i o n a l  sodium t o  produce sodium oxide and 

hydrogen. 

The phys i ca l  p r o p e r t i e s  and c h a r a c t e r i s t i c s  of sodium a r e  

g iven  i n  Table 6-1. This  in format ion  i s  from The Manufacturing Chemists 

Assoc ia t ion(4)  chemical Sa fe ty  Data Sheet  SD-47 on t h e  p r o p e r t i e s  and 

e s s e n t i a l  in format ion  f o r  s a f e  handl ing and use of sodium. It i s  

recommended t h a t  anyone involved wi th  sodium handl ing  become f a m i l i a r  

w i th  Chemical Sa fe ty  Data Sheet SD-47. 

6.2 Cable Handling by Manufacturer,  Shipper  and U t i l i t y  Contractor  

Sodium e l e c t r i c a l  cab le  manufactured by  coextruding sodiulu 

and polye thylene(5)  i s  inhe ren t ly  s a f e r  than  bulk  sodium because t h e  

polyethylene i n s u l a t i o n  func t ions  a s  an e f ' fec t ive  b a r r i e r  t o  a i r  and 

water .  The major danger occurs  a t  t h e  ends of t h e  cable  o r  i f  t h e  

polye thylene  i n s u l a t i o n  is  breached. The danger is  i n  t h e  form of 

f i r e ,  explosion and/or  c o r r o s i v i t y  . 
The i g n i t i o n  temperature of sodium i n  a i r  i s  above 115°C 

(23g°F),  b u t  t he  h igh  thermal conduct iv i ty  of sodium makes maintenance of 

combustion i n  e l e c t r i c a l  cables  d i f f i c u l t .  L. E. Humphrey e t  a 1  
(5) 

r epo r t ed  on experiments t o  s tudy  t h e  e f f e c t s  of i g n i t i n g  i n s u l a t e d  sodium 

conductors wi th  a t o rch .  A 0.5 inch  (1.27 cm) diameter  sodium cable  

was h e l d  i n  a h o r i z o n t a l  p o s i t i o n  and t h e  open end i g n i t e d . w i t h  a gas 

t o rch .  The i n s u l a t i o n  took f i r e  and burned u n t i l  t h e  t o r c h  was removed 

I L e ~ ~ u l s l ~ e d  L T l~e  sudlulll d ld  L I U L  Lake I l ~ e  L U L  i e d c ~ e c l  

r a p i d l y ,  forming a ha rd  tenacious c r u s t  of ox ide  o r  carbonate  which 

p ro t ec t ed  i t  from f u r t h e r  r eac t ion .  

Another sample of t h e  same i n s u l a t e d  conductor,  h e l d  i n  a 

v e r t i c a l  p o s i t i o n ,  was s i m i l a r l y  i g n i t e d  a t  t h e  lower end. Again t h e  

polye thylene  i n s u l a t i o n  took f i r e  a s  expected, bu t  upon removal of 

t h e  to rch  i t  soon ex t inguished  i t s e l f .  The sodium w a s  expected t o  

mel t  and flow from t h e  i n s u l a t i o n ,  bu t  aga in  t h e  oxide  o r  carbonate  



TABLE 6-1 

P h y s i c a l  P r o p e r t i e s  and C h a r a c t e r i s t i c s  of Sodium* 

P h y s i c a l  s t a t e  and Densi ty  

B o i l i n g  Poin' t  (760 mm) 

Color  

C o r r o s i v i t y  

C r i t i c a l  P r e s s u r e  - - 
C r i t i c a l  Temperature 

De l iquescence  

Heat o f  Fus ion  

Heat of V a p o r i z a t i o n  

Hygroscop ic i ty  

I g n i t i o n  Temperature  

I g n i t i o n  Temperature;  Autogenous 

M e l t i n g  P o i n t  

Odor 

R e s i s t i v i t y  

R e a c t i v i t y  

S p e c i f i c  Heat 

Thermal C o n d u c t i v i t y  

Water S o l u b i l i t y  

Thresho ld  L imi t  Value (OSHA) 

S o l i d  a t  0°C 0.9725 
S o l i d  a t  20°C 0.9684 
L i q u i d  a t  M.P. 0.9516 
L i q u i d  a t  882.g°C 0.7414 

882.g°C (1621°F) 

S i l v e r y  w h i t e  changing t o  g ray  on 
exposure  t o  a i r  

I n  p r e s e n c e  of  m o i s t u r e ;  i t  w i l l  be  
c a u s t i c  

343 a t m  

2000°C (3632OF) 

With m o i s t u r e  from t h e  a i r ,  i t  forms 
c a u s t i c  which is d e l i q u e s c e n t  

Hygroscopic  

I n  e x c e s s  o f  115OC (239°F) 

I n  d ry  a i r ,  n e a r  i t s  b o i l i n g  t e m p e r a t u r e  

O d o r l e s s  

4.879 microhm-cm a t  20°c ( 6 8 " ~ )  

Very a c t i v e ;  v i o l e n t l y  r e a c t i v e  w i t h  
w a t e r ,  hal.ogen hydrocarbons  and s o l i d  C02 

S o l i d  a t  O°C 0.2930 cal /gm 
S o l i d  a t  97.6OC 0.3266 cal/gm 
L i q u i d  a t  97.7OC 0.334 cal/gm 
L i q u i d  a t  150°C 0.337 ca l lgm 

A t  O°C 0.335 c a l l c m  deg. s e c .  
At 75OC 0.270 cal /cm deg. s e c .  

R e a c t s ,  t o  form NaOH and Hydrogen 

2 mg1cu.m. i n  mois t  a i r ,  as NaOH 

*Chemical S a f e t y  Data  Shee t  SD-47, Manufactur ing Chemists A s s o c i a t i o n ,  
Washington, D. C. 20009 



c r u s t  which formed a t  t he  s u r f a c e  prevented dr ipping  of t h e  sodium 

even though t h e  lower p o r t i o n  of t h e  sodium i n  t h e  conductor was molten. 

Thus, i n  e i t h e r  case ,  i g n i t i o n  proceeds i n  much t h e  same manner a s  wi th  

a convent ional  conductor wi th  t h e  sodium con t r ibu t ing  l i t t l e ,  i f  any, 

toward combustion. 

The major d i f f e r e n c e ,  t hen ,  between sodium cable  and conven- 

t i o n a l  cab le  as f a r  a s  f i r e  is  concerned i s  t h e  p o s s i b i l i t y  of s t a r t i n g  

a f i r e  w i th  water .  T . ,  E .  Humphrey c t  a 1  (5) a l s o  r epo r t ed  on experiments 

t o  study the pf fpc l .s  ~f water  on i n s u l d ~ e d  sudlum conductors subjected t o  

va ry ing  degrees of  i n s u l a t i o n  damage. A s e r i e s  o f , h o l e s  ranging i n  s i z e  

from 1/32 inch  (. 794 mm) t o  114 inch  (6.35 mm) were d r i l l e d  through t h e  

i n s u l a t i o n  t o  t h e  sodium. The p r e f a u l t e d  cahle  was then  immersed i n  

w a t e r  and t h e  r e a c t i o n  s tud5ed.  Even wi th  t h e  1 / 4  inch  (6.35 mm) h o l e  

s i z e  t h e  r e a c t i o n  subsided w i t h i n  a. few minutes due t o  formation of a 

sa l t  l a y e r  and a gas cush ion . in  t h e  d r i l l e d  hole .  The 114 inch  (6.35 mm) 

h o l e  r e p r e s e n t s  approximately t h e  l a r g e s t  s i z e  ho le  which w i l l  auto- 
. . 

m a t i c a l l y  seal i t s e l f  againi ' t  r e a c t i o n  wi th  f r e e  water.-  

The open end of a 0 .5  inch  (1.27 cm) sodium conductor was 

p a r t i a l l y  immersed i n  f r e e  wa te r  w i t h  t h e  r e s u l t  t h a t  evolved h y d r a p r ,  pas 

caught f i r e .  The flame w a s  r e a d i l y  ex t inguished  L y  covering t h e  exposed 

end w i t h  l o o s e  sand,  s o i l  o r  even mud. I n  another  case  t h e  open end of 

a 0.5 inch  (1.27 cm) sodium conductor was plunged i n t o  a puddle of mud. 

There w a s  e s s e n t i a l l y . n o  r e a c t i o n  except  f o r  a few gas bubbles per- 

. c o l a t i n g  t o  t h e y s u r f a c e  of the mud. 

F r u k  R.. Nickel bi Pennsylvania Power and Light  Company (PP&L) 

r epor t ed (8 )  r e s u l t s  of t e s t s ' o n  1 5  kV, 112 CnF sndiom cable: 

1. " A  s h o ~ . L  l e ~ i g t h  of cable  was cu t  and a blowtorch played 

over  t h e  exposed cable  end. The polyethylene insl. l lation 

: burned j'us t ' i t  does w i t h  copper.  d r  .aluminum cab le .  
,E ' . .  " . . -  . . .. . .  . . .  . . /  The sodium. cadductor: l u r i ~ e d '  back- i n t o  t'h'e ' polyethylene 

.; ." . 
L - . . 

i n s u l a t i o n  approximately one-half - inch  and .stopped burning. 

-- . The po lye thy lene  i n s u l a t i o n  stopped burning approximately 

10 seconds - a f t e r  t h e  flame was removed. 
-: < .  . . 



A heavy,' sharp-edged p i e c e  of  s t e e l  arranged l i k e  a 

g u i l l o t i n e  was dropped on a s e c t i o n  of  sodium cable  

energ ized  a t  7200 v o l t s  t o  ground and bu r i ed  under 

approximately f i v e  inches  of w e t  e a r t h .  When t h e  

g u i l l o t i n e  was dropped on t h e  energized cab le ,  t h e  

p r o t e c t i v e  f u s e  l i n k  opera ted  immediately and t h e r e  

was very l i t t l e  v i s i b l e  r e a c t i o n  of t h e  exposed sodium 

conductor w i t h  t h e  wet e a r t h .  Water was poured onto  

t h e  cab l e  which had been c u t  approximately th ree-quar te rs  

of  t h e  way through. The sodium r e a c t e d  wi th  t h e  water  a s  

i t  was poured, but  t h e  r e a c t i o n  was no t  a t  a l l  explos ive .  

3.  Shor t  p i e c e s  of cab l e  were c u t  and completely submerged 

i n  a p a i l  of water  i n  o r d e r  t o  demonstrate  t h e  v i o l e n t  

r e a c t i o n  of sodium meta l  w i t h  water .  Our tests confirmed 

t h a t  t h e  degree of v io l ence  r e s u l t i n g  from t h e  r e a c t i o n  

w i t h  water  depends upon t h e  amount of s u r f a c e  exposed. 

These tests convinced PP&L Co. t h a t  t h e i r  personnel  could 

s a f e l y  handle  and i n s t a l l  sodium conductor cab le  if they u t i l i z e d  

s a f e  work p r a c t i c e s . "  

'Cor ros iv i ty  connected w i t h  sodium conductors is  a r e s u l t  

of mois ture  r e a c t i n g  w i t h  sodium t o  form sodium hy.droxide. Sodium 

hydroxide is  hygroscopic  and w i l l  form an aqueous s o l u t i o n  which i s  

h igh ly  c a u s t i c  and can cause chemical burns upnn r n n t a c t  wi th  t h e  

s k i n .  It is a l s o  h igh ly  co r ros ive  t o  most common meta l s  and could thus 

r e s u l t  i n  damage t o  equipment s t o r e d ,  t r anspo r t ed  o r  i n s t a l l e d  w i th  t h e  

sodium conductor. 

P o s s i b l e  hazards  t h a t  could be  encountered i n  t h e  handl ing of 

sodium are l i s t e d  i n  Table  6-2. Although t h e s e  hazards  a r e  r e a l ,  some 

s imple  precaut ions  reduce t h e  p o t e n t i a l  hazard  t o  a very  low p r o b a b i l i t y .  

These a r e  l i s t e d  i n  Table  6 - 3 .  . 



TABLE 6-2 

Possible Personnel Hazards from Handling Sodium 

a. Fire and explosion from hydrogen evolved if the sodium comes in 

contact with water. 

ti. Sodium hydroxide burns f t n m  the residue of n oodium water 

- - resot ion. . . 

c. Eye injuries from small pieces of .sodium or caustic soda. 

d. Burns from clothing ignited by clinging particles of burning 

sodium. 

e. Irritation of the eyes and mucous membranes of the nose and 

throat due to breathing fumes from burning sodium. 

f. Flesh burns from contact with sodium. 



TABLE 6-3 

Safe ty  Precaut ions  f o r  Handling Sodium Conductors 

a .  Education and t r a i n i n g  of a l l  personnel  involved wi th  handling 

sodium i s  e s s e n t i a l .  

b. Precaut ionary  l a b e l i n g  must be used t o  i d e n t i f y  t h e  sodium, 

the  p o s s i b l e  danger, and t o  spec i fy  methods of  f i r e  f i g h t i n g  

and f i r s t  a id .  

c. S t o r e  and t r a n s p o r t  sodium conductors so t h a t  con tac t  wi th  

.water is .avoided. 

d. Do n o t  s t o r e  sodium conduetors i n  an a r e a  without  adequate 

v e n t i l a t i o n  ( t o  prevent  t h e  bui ldup of hydro.gen). 

e. Wear eye p r o t e c t i o n  and dry  gloves .when handling sodium. 

f .  Avoi'd con tac t  of sodium wi th  any p a r t  of t h e  body. 



6.3  F i e l d  I n s t a l l a t i o n s  

More than 114 m i l l i o n  conductor f e e t  of sodium cab le  r epq r t ed ly  

have been i n s t a l l e d  and energ ized  a t  more than 50 u t i l i t i e s  around t'he 

count ry .  These i n s t a l l a t i o n s  range from s m a l l  30 f o o t  long test i n s t a l l -  

a t i o n s  t o  thousands of conductor f e e t  i n  normal e l e c t r i c a l  s e r v i c e .  No 

s e r i o u s  sodium r e l a t e d  acc iden t  h a s  been r epo r t ed  wi th  workmen i n s t a l l i n g  

sodium cab le  i n  the  f i e l d .  

The major environmental and s a f e t y  concern wi.th sodium 

conductors  being i n s t a l l e d  i n  the f i e l d  involves  t h e  cable termi-natbonc. 

Terminat ing sodium conductors"' r e q u i r e s  c u t t i n g  t h e  cab l e  t o  t h e  

d e s i r e d  l eng th  thus exposing t h e  sodium core .  The exposed sodium must 

n o t  be  allowed t o  come i n t o  c o n t a c t  w i th  water  o r  any p a r t  uf t h e  

person.  Also t o o l s  o r  equipment t h a t  con tac t  t he  sodium must be wiped 

c l e a n  of any res idue . .  When t h e  cab l e  is  te rmina ted ,  t h e r e  are usua l ly  

s c r a p  end s e c t i o n s  which must be disposed.  See Sec t ion  6.6 f o r  a d i s cus s ion  

of s c r a p  handl ing.  

The most s e r i o u s  acc iden t .  t h a t  is  l i k e l y  t n  nrc.ur when 

t e rmina t ing  a sodium conductor  i s  eye damage due t o  p a r t i c l e s  of  

sodium o r  sodium hydroxide e n t e r i n g  t h e  eye. This can he prevented by 

t h e  wurkmen wearing s a f e t y  goggles .  Thermal and chemical burns can 

occu r  i f  t h e  sodium comes i n t o  con tac t  w i t h  wet o r  damp s k i n .  P r o t e c t i v e  , . 

c l o t h i n g  such a s  dry l e a t h e r  g loves  and heavy work c l o t h e s  should prevent  ' 

t h i s  k ind  of  a burn. I n  t h e  event  t h a t  sodiuln g e t s  smeared on t h e  

c l o t h i n g ,  sodium hydroxide w i l l  form and probably cause chemical burns 

i f  t h e  cluL11ing is not  removed soon a f t e r .  Ser ious  personnel  i n j u r y  can 

b e  avoided by immediate removal o f  t h e  contaminated c l o t l ~ i l ~ g  an4 I l u s h i n g  

t h e  a f f e c t e d  a i e a  w i t h  copi.ous q u a n t i t i e s  of water .  The c l o t h i n g  should 

be  washed b e f o r e  be ing  worn aga in .  

Most sodiwn conductor f i e l d  i n s  t a l l a t i o n  s a f e t y  hazards  

i nvo lve  water .  I f  t h e r e  is s t a n d i n g  wa te r  around t h e  handl ing  a r e a  

and t h e  exposed end of a sodium conductor i s  acc iden t ly  dropped i n ,  

then  spa rk ing ,  smal l  explos ions ,  smoke, f i r e ,  and flames could r e s u l t .  



I n  most cases  t h e  f i r e  would ex t ingu i sh  i t s e l f  i n  a s h o r t  t ime, bu t  

secondary f i r e s  could r e s u l t  i f  flammable m a t e r i a l s  were nearby. .  Also, 

some of  t h e  burning sodium could be sprayed on personnel .  This could be 

prevented by no t  a l lowing sodium conductor work t o  proceed when t h e r e  i s  

s t and ing  water  i n  t he  v i c i n i t y .  

Another p o s s i b l e  danger involves  t h e  accumulation of  hydrogen 

i n  a r e a s  t h a t  a r e  no t  p roper ly  v e n t i l a t e d .  I f  sodium i s  exposed t o  

mois ture ,  hydrogen w i l l  b e  genera ted  a t  a r a t e  determined by t h e  mixing 

r a t e  of t h e  mois ture  and t h e  sodium. I f  t h e  hydrogen were allowed t o  

accumulate, an exp los ive  mixture  could r e s u l t .  Although t h i s  i s  n o t  

l i k e l y  t o  happen i n  open. t rench  i n s t a l l a t i o n s ,  occur rence  i n  duc t s ,  

' t ransformer  v a u l t s  and o t h e r  enc losures  is  a p o s s i b i l i t y .  

F i e l d  i n s t a l l a t i o n s ,  where sodium conductors a r e  used above 

ground, p r e s e n t  a p o s s i b l e  hazard t o  t h e  gene ra l  p u b l i c .  A sodium 

conductor i n  a t r i a l  i n s t a l l a t i o n 0 )  f a i l e d  due t o  a s u s t a i n e d  over load  

wi th  t h e  r e s u l t  t h a t  sodium escaped t h e  po lye thylene  i n s u l a t i o n  and 

caught f i r e .  No one was i n j u r e d  i n  t h i s  acc iden t  and t h e  f i r e  caused 

no ex t ens ive  damage, bu t  t h e  p o t e n t i a l  f o r  i n j u r y  and p rope r ty  damage 

i s  obvious.  It would appear  from an environmental and s a f e t y  viewpoint  

t h a t  sodium conductors can b e s t  be  u t i l i z e d  underground. 

6.4 Dig- i n  Consequences 

The consequences of an a c c i d e n t a l  dig- in  t o  sod.ium conductor 

cab l e  has  concerned p o t e n t i a l  c ab l e  'customers s i n c e  t h e  cab l e  was f i r s t  
,. . . 

in t roduced .  I n  1968, E. J. Steeve  reported(9 '  t h e  results of  sodium 

conductor cab l e  dig- in  tests by Commonwealth Edison cbmpany.  he followdng 

a r e  conclusions based on t h e s e  tests: 
, . ., .. 

. .. . 

1. "The hazard of i n j u r y  t o  personnel  dur ing  t h e  damaging , . . , . 
& . .  . 

of l i v e  se&ndary ,  sodium c o n d u ~ t o r  cab l e s  is  no g r e a t e r  

than w i t h  .conventional copper o r  aluminum cab le s  .. . ' . '  . . . . . . . . .  . .. 
. , -. . .. . Because ,of , t h e  s t r e t c h  'and.  snap:*breaking a c t i o n  o f  . . + 5 t  , a  ...-.. 

w . .. .- 
. (  - . .  , . . , . . -_ V L . . .  ) . 

' . the  sodium cable ,  th'e 'danger  . to  e l e c t r i c a l  bhock i s  
. . 7 7 .  

. . . . probably less . than i t  i s  f o r  oth.er t y p e . c a b l e i .  , ' . '. 
. . . . . I ' . . > ,  . .. . .. . ' . .'. . ' /  . . _  - .  

: :  . .. 
-f' 

' f. 
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2 .  It is d i f f i c u l t  t o  cu t  sodium conductor cable  wi th  

hand d igging  t o o l s .  I f  a workman does manage t o  

cu t  a cab le  t h e r e  is  probably no s e r i o u s  hazard 

present.ed t o  him unless  f r e e  s tanding  water  i s  i n  

con tac t  w i th  t h e  raw sodium. 

3.  The r e a c t i o n  of t h e  exposed sodium conductor t o  wet 

s o i l  during o r  a f t e r  dig- ins  does not  appear t o  be  

s ~ c r i o u o  onfc ty  hazard. Ayyar e l l  1.1 y f rep varr?r mml~st 

bc present L e f u ~ e  serluus Pfare ups or exp.l.asians 

can take  p lace .  The auger,  because of i t s  gr inding  

~ C L ~ U I I ,  exposes a r e l a t i v e l y  Large amovnt of  raw 

sodium t o  t h e  J,nosened s o i l  and some of t h e  sodium 

may be  brought t o  t h e  s u r f a c e  a s  t h e  t o o l  i s  r a i sed .  

However, t h e  l i m i t e d  supply of  oxygen i n  t h e  auger 

h o l e  minimizes t h e  r eac t ion .  

4. There does no t  appear t o  be  any g r e a t  problem i n  

handl ing  t h e  damaged cable  i n  .wet s o i l  s o  t h a t  

r e p a i r s  can be made t o  r e s t o r e  s e r v i c e .  However, 

gloves and goggles should always be worn a s  a 

minimum sskety precaution, I '  

An a c c i d e n t a l  dig-in was r epo r t ed  by E .  P. Verheiden (10) 

of Por t land .  General E l e c t r i c  a s  fo l lows:  

11 
A wa te r  d i s t r i c t  crew i n  PGE's s e r v i c e  t e r r i t ~ r y  c u t  an 

energ ized  sodium sec,ondary t o  an incomplete house, and s e v e r a l  weeks 

passed be fo re  PGE crews knew i t .  Af t e r  roughly l o c a t i n g  t h e  break by 

i n s p e c t i n g  the  t e r r a i n ,  PGE's crew had t o  pump water  from t h e  ho le  be fo re  

they could ,get down and l o c a t e  and r e p a i r  t h e  cable .  The break,  once 

loca t ed ,  was e a s i l y  r e p a i r e d  by c u t t i n g  o f f  s e v e r a l  inches of cable  on 

each s i d e  of t h e ,  open s p o t  and i n s t a l l i n g  two sodium cable  terminators-.  

The te rmina tors  were connected wi th  a compression s l e e v e ,  taped. and 

b u r i e d  again.  



The damaged PE j acke t  around t h e  sodium allowed i t  t o  r e a c t  

t o  water ,  and the  r e a c t i o n  quick ly  subsided s e a l i n g  i t s e l f  o f f  wi th  

a c a u s t i c  l a y e r .  I' 

Other a c c i d e n t a l  dig- ins  were r epo r t ed  by R. L. Garr ison (11) 

of ~ a c o n  Corporation a s  fol lows : 

' khree  a c t u a l  dig- ins  have been' repor ted  i n  s e r v i c e  i n s t a l l a t i o n s  

by two u t i l i t i e s  through October,  1968. A l l  t h r e e  were secondary cab le s ,  

and were r epa i r ed  by s p l i c i n g  i n  s h o r t  l engths  of  equiva len t  copper cable  
I t  and re turned  t o  s e r v i c e  wi th  no d i f f i c u l t y .  

During t h e  u t i l i t y  survey ( see  Sec t ion  5 . 2 )  s e v e r a l  dig- in 

i n c i d e n t s  were mentioned. None of t h e s e  r e s u l t e d  i n  i n j u r y ,  however, 

t h e r e  were r e p o r t s  of unaware equipment ope ra to r s  be ing  f r igh tened  when 

a sodium conductor was dug i n t o  i n  t h e  presence of water .  

Two main conclusions can be  drawn from t h e s e  repor ted  

dig- ins  : 

1. The consequence of a dig-in t o  a powered sodium 

conductor i s  no g r e a t e r  than  a s i m i l a r  occurrence 

wi th  a convent ional  cable .  

2 .  A dig-in t o  an  unpowered sodium conductor could be a 

g r e a t e r  s a f e t y  hazard. I n  t he  presence of water ,  small  

explos ions  and burning of sodium could r e s u l t s .  I n  dry  

cond i t i ons ,  t h e  sodium p a r t i c l e s  could be handled 

by unaware persons and cause s k i n  burns o r  eye i n j u r y .  

6.5 Fau l t  Consequences 

The consequences of an e l e c t r i c a l  f a u l t  i n  r e spec t  t o  

sodium conductor cables  can b e  considered from two aspec ts :  

I. A fau l t .  ii; the sodium c o n d ~ ~ c t o r  cable  such a s  a 

dig- in o r  i n s u l a t i o n  breakdown. 

2. A f a u l t  a t  some o t h e r  l o c a t i o n  i n  t h e  c i r c u i t  o t h e r  

than  t h e  sodium conductor t h a t  s u b j e c t s  the cable  t o  

high. c u r r e n t s .  

5 5 



The most l i k e l y  type of f a u l t  i n  t he  f i r s t  case i's t h e  r e s u l t  

of a  dig-in.  Resul t s  of dig- in . t e s t s  by Commonwealth Edison Company 
(12) were repor ted  by Edward J. ~ t e e v e " )  and by Steeve and Schneider . 

Dig-in t e s t s  were conducted on 600 v o l t  210 CUE sodium cable  energized 

a t  1201240 v o l t s  from a  37 112 kVA t ransformer.  The primary of t h e  

t ransformer  was p ro t ec t ed  by a  15-A type-K f u s e  and o i l  c i r c u i t  b reaker ,  

b u t  t h e r e  was no c i r c u i t  p r o t e c t i o n  on t h e  secondary s i d e .  The c i r c u i t  

was loaded t o  about 60 amperes and an osc i l l og raph  was i n s t a l l e d  t o  

r eco rd  values of  f a u l t  cu r r en t .  

Three s e p a r a t e  dig-in t e s t s  were made, one each us ing  an 

e i g h t  inch  cha in  type  t r enche r ,  a 21-inch power auger, and an l & i n c h  

Lack hoe. There was no v i s u a l  o r  aud ib l e  evidence of a  cahle  f a i l u r e  ' 

when i t  was dug through by t h e  t rencher .  There were no f la re -ups  o r  

o t h e r  i n d i c a t i o n s  of s e r i o u s  r eac t ion .  No f a u l t ' c u r r e n t  was recorded and 

t h e  load  c u r r e n t  was broken c leanly .  

Thc dig- in wi th  t h e  auger produced some minor muffled explo- 

s i o n s  from beneath t h e  loosened d i r t .  Fau l t  c u t r e n t s  recorded by t h e  

osc i l l og raph  showed evidence of t h e  g r ind ing  a c t i o n  of t h e  auger wi th  

a  peak va lue  of 145 amperes f o r  fou r  cycles, fnllowed by about 36 cycles  

and L11e connected load  of 68 amperes be fo re  a clean break t o  zero - .  . . . . 
. -. 

c u r r e n t .  During t h e  n e x t  s i x  second3 alsrsu~  en small dis turbances  . . 
.. . . - _ .  . . 

were recorded,  ranging from fou r  amperes up t o  85 amperes and l a s t i n g .  .. . . . 
. . 

I.! from one t o  s i x  cyc l e s  each. - . -. ..-. . . . , 
. . 

The records  nf t!~e back hoc dig- ius  showed a  c lean  break of 

l oad  t o  zero cu r r en t  with nn ~ v i d o n o e  of f a u l ~  cu r r en t .  -1he so'dium ' . . , .  . . 
, I .  

conductor necked down t o  about 50% of t h e  o r i g i n a l  c ros s  s e c t i o n  before-' .' !. . .-. . . . . .  
1 '  

, . .  _ 
i t  broke. There were no f la re -ups  o r  o t h e r  i n d i c a t i o n s  o f  scriou6: . .' ; * . - .  . . . . . - 

. ., . .  . 2 .  

r e a c t i o n s  by t h e  exposed sodium conductors.  ... .. .r . * . . .  . . e <.' .:'%. . 
* .  ; _I .. 

Simulated dig- in t e s t s  were conducted on 15  kV so'dium cab le  ' ' ?  
3 : - 

. . .  l. .- .' - , 
> c .  

, #  . .. . . by i n f l i c t i n g  d e l i b e r a t e  damage on 20-foot lengths  of .energl ied . . -  +odi&n ', .s - .," . .  . . - " . ' .  
,*,. . . . + . ...' ' " 

-. 
' ..' 

-+ , . , ' . '  .. . , _. .. . 
- . . .  conductor cable  on top of t h e  ground. F a u l t i n g  was a c c ~ m ~ l i s b e d , . ~ ~ , :  ..-. 1:: .-:.. , . .;, ,. - 

. ;.: . - . .: 
.. . . <.. .i '. . "  
. '. '. . d r i v i n g  a  needle.  through t h e  i n s u l a t i o n  by means 'of a  0.22 c a l i b e i  .. . . . 

. 2 , -  ' . -  ). .. .. . . : 
3 .. a"- . 

0 ,  . b lank  , f i r e d  by 4 device  pos i t i oned  v e r t i c a l l y  over  t h e  .cable.  . ."- . 
- .  . .  . , , ; * . ,  . : - . . ' - , .  . ' ,  . ". 'I; - ' . ,"< . -;a ., 

. . . -. . ,- . _ + - - .  ' .  



Repeated s t r i k e s  of f a u l t  c u r r e n t  were o b t a i n e d  by t h e  u s e  of 

an o i l  c i r c u i t  r o c l o s e r  and f u s e  connected i n  s e r i e s  w i t h  t h e  7200 v o l t  

s o u r c e  and t e s t  c a b l e .  V a r i a t i o n s  i n  c u r r e n t  magnitude and d u r a t i o n  were 

o b t a i n e d  by u s i n g  d i f f e r e n t  s i z e  f u s e s  and by i n s e r t i n g  o r  bypass ing  

a  l i n e  r e a c t o r  a t  t h e  g e n e r a t i n g  s t a t i o n  1 2  kV bus .  

S i x  f a u l t  t e s t s  were  made w i t h  f a u l t  c u r r e n t s  from 2300 amperes 

t o  6000 amperes f o r  d u r a t i o n s  from 1 112 t o  8 114 c y c l e s  and r e c l o s e r  

s p a c i n g s  from 2 t o  3  112 seconds .  Observa t ions  i n d i c a t e d  t h a t  t h e  sodium 

c a b l e  behaves much l i k e  a s t a n d a r d  aluminum conductor  c a b l e .  Heat 

g e n e r a t e d  by t h e  a r c  from t h e  f a u l t  me l ted  t h e  p o l y e t h y l e n e  around t h e  

f a u l t .  Some conductor  m a t e r i a l  was mel ted  o u t  o r  eroded away by t h e  a r c .  

There  w a s  no subsequen t  r e a c t i o n  of t h e  sodium a f t e r  t h e  c i r c u i t  b r e a k e r  

r e c l o s e r  locked  o u t  excep t  when t h e  test was conducted under  w a t e r .  When 

t h e  c a b l e  was f a u l t e d  under  w a t e r ,  t h e  r e a c t i o n  con t inued  f o r  approx imate ly  

s i x  minu tes  a f t e r  t h e  r e c l o s e r  locked  o u t .  See  S e c t i o n  6 .4  f o r  d ig - in  

test c o n c l u s i o n s .  

Other  l i k e l y  t y p e s  o f  damage t o  sodium conduc tor  c a b l e s  

b e s i d e s  d ig - ins  a r e :  
r ' 

1. Damaged i n s u l a t i o n  caused by h a n d l i n g  and i n s t a l l a t i o n .  

2. F a i l u r e  at  t h e  t e r m i n a t i o n s  and c o n n e c t o r s .  

3. I n s u l a t i o n  breakdown due t o  a h i g h  v o l t a g e  s p i k e  

s11r.h as f rnm l i g h t n i n g .  

4. F a i l u r e  o f  t h e  i n s u l a t i o n  due t o  e x c e s s i v e  o v e r c u r r e n t .  

Exper ience  h a s  i n d i c a t e d  t h a t  sodium conductor  c a b l e s  a r e  

more r e s i s t a n t  t o  h a n d l i n g  and i n s t a l l a t i o n  damage t h a n  c o n v e n t i o n a l  

c a b l e s .  Th i s  i s  b e c a u s e  t h e  s o f t  sodium c o r e  y i e l d s  under  p r e s s u r e ,  

p r e v e n t i n g  damage t o  t h e  p o l y e t h y l e n e ,  whi le .a luminum and copper  are 

q u i t e  h a r d  by comparison. S t e e v e  repor ted( ' )  t h a t l l a  long-handled,  p o i n t e d  

garden  s h o v e l  w a s  used t o  d i g  a h o l e  d i r e c t l y  o v e r  some 600 v o l t  sodium 

c a b l e s .  D e s p i t e  numerous a t t e m p t s  by two p e r s o n s ,  none of t h e  600 v o l t  



cab le s  could be  severed  by t h e  shovel .  Had t h e  cab le s  been aga ins t  a 

s o l i d  s u r f a c e  such a s  a rock then i t  probably would have been poss ib l e  
II t o  s e v e r  them. 

This  r e s i s t a n c e  t o  damage was noted i n  f i e l d  t e s t s  repor ted  

i n  R e s i d e n t i a l  Underground D i s t r i b u t i o n  Research Program No. 51 (13) 

which s t a t e s :  

I 1  The appearance of t h e  cab le  samples a f t e r  being i n s t a l l e d ,  

energ ized  for 1 8  months i n  t h e  e a r t h ,  and removed was of i n t e r e s t .  There 

was a n o t i c e a b l e  absence of t o o l  marks which a r e  usua l ly  present on cables  

w i t h  copper o r  aluminum conductors t h a t  have been removed from t h e  e a r t h .  

A p o s s i b l e  explana t ion  i s  t h a t  t h e  sodium conductor o f f e r s  almost no 

r e s i s t a n c e  t o  e x t e r n a l  p re s su re .  The polye thylene  i n s u l a t i o n  tends t o  

d i s t o r t  r a t h e r  than  b e  c u t  when s t r u c k  by a digging t o o l  such a s  t h e  

edge of a shovel .  " 

I f  t h e  polye thylene  i n s u l a t i o n  is breached, chances a r e  q u i t e  

h igh  t h a t  the cab le  w i l l  f a i l .  Resul t s  of f i e l d  t e s t s  (13,143 15)  indicated 

a 75% f a i l u r e  r a t e  of b u r i e d  sodium cab le  a f t e r  6 months where t h e  

polye thylene  i n s u l a t i o n  had been d e l i b e r a t e l y  punctured. These r e s u l t s  

c o n t r a d i c t  the  pred ic t ed  r e a c t i o n  of t h e  sodium s e l f  s e a l i n g  a sma l l  
(5) h n l e  i n  the i n s v i a t i o n  t h a t  was demonstrated i n  t h e  l abo ra to ry  t e s t s  . 

The d i f f e r e n c e s  between t h e  l abo ra to ry  t e s t s  and t h e  f i e l d  t e s t s  were t h a t  

t h e  f i e l d  t e s t s  were conducted over  a longer  pe r iod  of t ime and t h e  sodium 

core  w a s  energized a t  120V t o  480V. The energ ized  core  poss ib ly  caused 

an e lec t rochemica l  r e a c t i o n  which prevented t h e  puncture from plugging 

and acce l e ra t ed  t h e  sodium-moisture r eac t ion .  

Sodium c a b l e  experience has i nd ica t ed  t h a t  t h i s  iiiode o f  f  a ' i l u r r  

is  very r a r e  where t h e  cab le  i s  used i n  normal s e r v i c e .  There have beefi 

no repor ted  f a i l u r e s  of  a sodium cab le  a t  an i n s u l a t i o n  breach except 

a t  connectors,  and wi th  t h e  except ion of an extended o ~ e r c u r r e n t ( ~ )  where 

t h e  i n s u l a t i o n  w a s  melted o r  where . t h e  cab le  w a s  under mechanical s t r e s s .  

F a i l u r e  a t  t h e  te rmina t ion  o r  connector  i s  t h e  most f requent  

mode of sodium cab le  f a i l u r e .  The u t i l i t y  survey ( see  Se'ction 5.2) 



revea led  t h a t  t h e  connector 'and te rmina tor  f a i l u r e  r a t e  wi th  sodium 

cab le  i s  much h igher  than  t h a t  wi th  aluminum o r  copper. The probable 

mechanism f o r  f a i l u r e  i n  most cases  is t h e  i n g r e s s  of moisture causing 

t h e  sodium cross  s e c t i o n  t o  decrease  thereby inc reas ing  e l e c t r i c a l  re-  

s i s t a n c e .  This  causes t h e  temperature of t h e  cable-connector i n t e r f a c e  

t o  i n c r e a s e  u n t i l  t h e  i n s u l a t i o n  me l t s ,  causing t h e  cable  c i r c u i t  t o  open. 

The f a i l u r e  r a t e  of 600 v o l t  secondary cable  connectors is  h ighe r  than 

15 kV primary connections. The probable reason f o r  t h i s  i s  t h a t  t he  

15  kV connectors a r e  b e t t e r  p ro t ec t ed  from moisture i n g r e s s .  

Sodium cable  performance dur ing  a f a u l t  a t  some othc; p a r t  

of t h e  c i r c u i t  has  been inves t iga t ed .  Fau l t  condi t ions  were s imulated i n  

t e s t s  repor ted  by Steeve  and schneider (12)  by s h o r t  c i r c u i t i n g  one end 

of a sodium cable  t o  ground, then s u b j e c t i n g  the  o t h e r  end t o  7.2 kV. 

An o i l .  c i r c u i t  r e c l o s e r  was used i n  s e r i e s  wi th  fu ses  of va r ious  s i z e s  

t o  provide a group of f a u l t  loadings .  A recorder  was placed i n  t h e  

c i r c u i t  t o  monitor t h e  magnitude and du ra t ion  of t h e  f a u l t  c u r r e n t s .  

Temperature was monitored by means of a thermocouple taped t o  t h e  s u r f a c e  

of t h e  cable .  Shor t  c i r c c j t  cu r r en t s  were: 2400 amperes f o r  2 cyc l e s ,  

3200 amperes f o r  3 cyc les  and 2700 amperes f o r  4 cyc les .  Eight  t o  

f i f t e e n  minutes e lapsed  between each cu r ren t  l e v e l .  No temperature change 

could be de t ec t ed  a t  t h e  s u r f a c e  of t h e  j acke t  of  t h e  sodium cable .  

Res is tance  measurements showed t h a t  con t inu i ty  of t h e  conductor was 

maintained a f t e r  each high momentary overload.  

Severa l  u t i l i t i e s  i n  t h e  survey (Sec t ion  5.2) i n d i c a t e d  t h a t  

t h e i r  sodium cable  had been sub jec t ed  t o  through f a u l t  c u r r e n t s .  

L. B. Burleson of P.U.D. No. 1 of Snohomish County (WA) s t a t e d  t h a t ,  

"each 34 c i r c u i t  has had approximately 25 through f a u l t s .  The magnitude 

of t h e s e  f a u l t s  ranged up t o  8700 amps a t  1 3  kV. These cables  withstood 

t h e s c  through fai-~l.t.s without  any ,problem." There has been no sodium 

c a b l e  f a i l u r e  r epo r t ed  as a r e s u l t  of a through f a u l t .  



6.6 Scrap Handl ing 

One problem t h a t  is  unique t o  sodium c a b l e  i n s t a l l a t i o n s  is 

t h e  d i s p o s a l  of  s c r a p  conta in ing  sodium. Cut o f f  ends and unused sodium 

cab le  cannct be  l e f t  s c a t t e r e d  around a job  s i te .  These could become a 

hazard  i f  picked up by t h e  p u b l i c  o r  i f  somehow placed  i n  a s t anda rd  

rubbish  conta iner .  The r e s u l t  could be  a burn,  o r  eye i n j u r y ,  o r  t h e  

s t a r t i n g  of a f i r e .  

K. L. Ga r r i son  (11) r epo r t ed  t h e  fo l lowing  on s c r a p  handli,ng: 

I t  S c r a k  Disposa 1 . Ur ig ina l  r~csmn~e~ic laLlur l~  of t h e  manufacturer  

were t o  t a p e  a l l  l o o s e  ends i n  t h e  f i ~ l d ,  co ' l l ec t  them irn a c o r ~ t a l n ~ r ,  

and r e t u r n  them t o  t h e  manufac turer ' s  p l a n t  f o r  d i sposa l .  Containers  

were made a v a i l a b l e  f o r  this -purpose. Also, a t r i a n g u l a r  meta l  con ta ine r  

has been developed t h a t  f a s t e n s  between t h e  r a d i a l  spcj:.?r- of t h e  

r e t u r n a b l e  sh ipping  r e e l .  Scrap can b e  put . i n t o  t h i s  .:el ~ a i n e r  and, 

r e tu rned  t o  t h e  manufacturer  w i th  t h e  r e e l .  Longer s e c t i o n s  of cab l e  have 

been r e tu rned  on t h e  me ta l  r e e l  a f t e r  re-applying t h e  t h i n  s h e e t  meta l  

l i n e r  aild wood l agg ing  t o  t h e  r e e l .  

Some u t i l i t y  o p e r a t i n g  departments have e x g r e s s ~ d  t.n 

c c rn  for Lhe exc ra  t i m e  and l a b o r  r equ i r ed  t o  Ilandle .qcrap i n  t h i s  manner, 

and suggested hury ing  small s r r a p  piecet; d i r e c t l y  i l l  t h e  trench. I n i t i a l  

r e s u l t s  of sodium cab le  s c r a p  bu r i ed  d i r e c t l y  i n  t h e  ground i n d i c a t e  

t h a t  b u r i a l  of s h o r t  l e n g t h s  of s c r a p  having exposed ends would be an 

e f f e c t i v e  method of  d i s p o s a l  i n  a r ea s  of moderate r a i n f a l l  (Tablc 6 - 4 ) -  

Sodium cab le  scraps three anaheo o r  l a s s  i l l  l e l ~ g ~ h  wirh ends 

exposed w i l l  completely decompose w i t h i n  seven months. I f  t h e  cab l e  

s c r a p s  a r e  s l i t  l o n g i t u d i n a l l y  be fo re  b u r i a l  rnmplete decompooitinn 

w i l l  occur  i n  less than  two months. It is seldom necessary  t o  cu t  

more than  two inches  o f f  t h e  end of  t h e  cab l e  t o  preDare i t  f o r  t h e  

connector .  " 

An i n c i d e n t  was r e l a t e d  i n  t h e  u t i l i t y  survey (see Sec t ion  5.2) 

t h a t  emphasized t h e  importance of sodium c a b l e  s c r ap  c o n t r o l :  



TABLE 6-4 

Sodium - S c r a p  D i s p o s a l  T e s t  (11) 

Cable S e t  /I1 

b Sodium ~ o n d u c t o ' r  S i z e  (CUE) a Buried Examined R a i n f a l l  Reacted 
C 

4/61 68 6/3/68 210 -.. ends exposed 11.14 i n .  .75 i n .  
410 - ends exposed II I I 

I I .88  i n .  . 
500MCM - ends exposed I I I I 

I! .75 i n .  . 
210 -. s l i t d  I I I I 

I I Complete 
410 - s l i t  11 11 11 I t  

500MCM .-. s l i t  $1 II II . II 

, , ! .  
. . Conductor S i z e  (CUE)'. 

. - .., . . 
' 2 / 0  - ends exposed 

. - .  ' 410. - ends exposed 
500MCM - ends exposed. 

.. - , _ .-. . ' . . T I 0  -'.slit. .: 

. h; -. . " 410 - s l i t ,  
500MCMa- s l i t  ' 

. . ,.<_ , . . 
.. . 

Cable S e t  /I2 

Buried Examined 

4 /6 /68  11 /3 /68  
II 11 

II I 1  

11 I I 

11 I I 

I I I I 

Sodium f 
R a i n f a l l  Reacted 

25.53 i n .  1 . 6 3  i n .  
II 1 . 5  i n .  
II 1.56 i n  
11 Complete 
I 1  I I 

I 1  I f  

, . a .  . . .  . . 

. . 

6 .  . , 'a - A l l  samples 6 i n c h e s  l o n g  
" '  . 

.' ' b ' -  'A l l ' s amples  b u r i e d  i n  1 4  i n c h e s  of loam' 

2 '  . . -  . . , .- c - Both 'ends  of sample  exposed 
., . . - .  I . . _  . ' .  

. .. . .. . u . - - d -... Samplec. o l i t ,  i n t o  h a l f  c y l i n d e r s  
5 . ,  . . . . -  _ .  

. ; .  . . . e .- ~ h i r d .  .set sti3-l 'under  test 
. - . + . , I  

. t .!, . . f '- - 'Several  e n d s  were  p a r t i a l l y  plugged w i t h  a c r u s t  sodium % .  

. .  . 
' , hydrox ide  b u t  t h i s  d i d  n o t  appear  t o  i n h i b i t  decomposi t ion.  ; - .. I ,  . 

P "  . \  . . 



A lineman making a  r e p a i r  on a  sodium cab le  acc iden t ly  

d i sposed  of  s e v e r a l  sma l l  p ieces  of  cab le  i n  a  s t anda rd  t r a s h  can. When 

t h e  can was emptied i n t o  a  garbage t ruck ,  a  f i r e  s t a r t e d .  The t ruck  

o p e r a t o r  poured wa te r  on t h e  f i r e  which caused s e v e r a l  smal l  explosions 

a s  t h e  sodium reac t ed .  No s e r i o u s  damage was done bu t  t he  p o t e n t i a l  f o r  

p rope r ty  damage and i n j u r y  i s  obvious.  

6.7 Discont inued C i r c u i t  Removal and Abandonment 

What should  be  done w i t h  a  bu r i ed  sodium cab le  once i t  i s  

removed from s e r v i c e ?  Every u s e r  o f  sodium cab le  w i l l  have t o  r e so lve  

t h a t  ques t i on  sooner  o r  l a t e r .  The choices  a r e :  

1. Abandon t h e  cab le .  

2.  Dig-up, remove and d ispose  of t h e  cab le .  

3.    eve lo^ a  technique  f o r  removing t h e  sodium wi thout  

d igg ing  up t h e  cab le .  

The consequence of  abandoning t h e  cqble  i s  the p o s s i b i l i . t y  

of  i n j u r y  o r  p rope r ty  damage a t  some l a t e r  d a t e  due t o  a  dig- in  and 

handl ing  of sodium cab le  p i e c e s  by inexper ienced  people .  The l o c a t i o n  

of  t h e  bu r i ed  cab l e  could have an e f f e c t  on t h e  dec i s ion .  I f  t h e  cab le  

w e r e  l oca red  on u t i l i t y  p rope r ty ,  dig- ins  could b e  c o n t r o l l e d  by proper  

record  keeping.  I f  l o c a t e d  elsewhere,  however, record  keeping would no t  

p r even t  dig- ins .  

nit! ~ i t i l i t y  could seek  in su rance  f o r  t h i s  t ype  of hazard.  

The unde rwr i t e r  would need t o  a s s e s s  t h e  p r o b a b i l i t y  of  t h e  occurrence 

of an i n j u r y  o r  p roper ty  damage. The major f a c t o r s  a f f e c t i n g  t h i s  pro- 

b a b i l i t y  a r e  t h e  amount of cab l e  abandor~ed, t h e  l o c a t i o n  of t h i s  cab l e  

and the l e n g t h  of t i m e  u n t i l  t h e  sodium would no longe r  be  r e a c t i v e .  

Another important  cons ide ra t i on  f o r  the  underwr i te rs  would 

be  t h e  probable  s e v e r i t y  of  an acc iden t .  The p r o b a b i l i t y  of t h e  abandoned 

sodium cable  caus ing  dea th  is  ve ry ,  very  smal l .  Also very smal l  is t h e  

p r o b a b i l i t y  of s e v e r a l  people  being i n j u r e d .  The most s e v e r e  i n j u r y  



t h a t  would b e  p o s t u l a t e d  i s  a n  eye  i n j u r y  o r  s k i n  burns  caused by h a n d l i n g  

p i e c e s  o f  sodium c a b l e  exposed by a d ig - in .  P r o p e r t y  damage caused by 

a f i r e  s t a r t e d  by dug-up sodium c a b l e  i s  a n o t h e r  p o s s i b i l i t y .  

The s u r e s t  method f o r  d i s p o s i n g  o f  t h e  abandoned c a b l e  i s  

t o  d i g  i t  up and d i s p o s e  of i t  by b u r n i n g ( 4 )  o r  c o n t r o l l e d  b u r i a l .  Th i s  

would b e  t h e  most expens ive  t e c h n i q u e  b u t  would p r e v e n t  p o s s i b l e  f u t u r e  

l i a b i l i t y  problems. 

An i n t e r e s t i n g  compromise between t h e  above two methods o f  

removing sodium c a b l e  from s e r v i c e  i s  t o  remove t h e  sodium w i t h o u t  

removing t h e  c a b l e .  The technology e x i s t s  f o r  c o n t r o l l e d  r e a c t i o n  o f  

t h e  sodium by i n s e r t i n g  a f l e x i b l e  t u b e  i n t o  one end of t h e  c a b l e  and 

i n j e c t i n g  a r e a c t a n t .  The t u b e  would b e  pushed through t h e  p o l y e t h y l e n e  

s h e l l  as t h e  sodium was r e a c t e d  away. Th is  t e c h n i q u e  would r e q u i r e  

development. 

6.8 Conclusions  

The use  of sodium conduc tor  c a b l e  i n v o l v e s  h a z a r d s  n o t  

p r e s e n t  w i t h  aluminum o r  copper  c a b l e s .  

These h a z a r d s  r e s u l t  from t h e  h i g h l y  r e a c t i v e  n a t u r e  

of sodium w i t h  w a t e r .  

Exper ience  has  shown t h a t  p r o p e r l y .  t r a i n e d  p e r s o n n e l  

can s a f e l y  h a n d l e  sodium conductor  c a b l e .  

A f t e r  t h i r t e e n  y e a r s  o f  sodium c a b l e  p r o d u c t i o n ,  

i n s t a l l a t i o n  and maintenance by more t h a n  50 d i f f e r e n t  

crews, t h e r e  h a s  been no r e p o r t e d  i n c i d e n t  of s e r i o u s  

i n j u r y  o r  p r o p e r t y  damage. 

The u s e  o f  sodium conductor  c a b l e  above ground p r e s e n t s  

a cont inuous  p o t e n t i a l  h a z a r d  because  of t h e  p o s s i -  

b i l i t y  of sodium e s c a p i n g  t h e  p o l y e t h y l e n e  i n s u l a t i o n .  

The p o t e n t i a l  f o r  s e r i o u s  i n j u r y  t o  p e r s o n n e l  i n s t a l l i n g  

and m a i n t a i n i n g  sodium conductor  c a b l e  i s  much less 

t h a n  t h e  h a z a r d  p r e s e n t e d  by e l e c t r i c a l l y  a c t i v e  c a b l e .  



7. ELECTRICAL PERFORMANCE OF SODIUM CABLE -.--.-- 

E l e c t r i c a l  Basis. f o r  Colnp_arison of Cables --. 

I n  o r d e r  t o  compare sodium c a b l e  t o  aluminum cab le ,  i t  i s  

of course  f i r s t  necesssary  t o  dec ide  what sodium and what aluminum 

cab le s  s h a l l  be compared. In  t h i s  s tudy ,  aluminum cab le s  of f o u r  vo l t age  

c l a s s e s  and f o u r  conductor s i z e s ,  s p e c i f i e d  i n  Paragraph 7.4.3, were 

compared wi th  sodium c a b l e s  of t he  same vo l t age  c l a s s  dnd same overload 

ampacity.  The d e f i n i t i o n  of t h i s  equivalence is given i n  Sec t ion  3 

and i n  Paragraph 7.1.1, and the  requi red  c a l c u l a t i o n s  a r e  descr ibed  

i n  Sec t ion  7.4. 

7 . 1 . 1  D e f i n i t i o n  of Equivalent  -.. Sodium c a b l e  

I n  comparing sodium cab le  to 'aluminum cab le ,  i t  i s  f i r s t  necessary 

t o  d e f i n e  t h e  parameters  f o r  t h e  p a r t i c u l a r  sodium cab le  which is  

considered equ iva l en t  t o  a given aluminum cable .  I n  t h i s  s tudy ,  equivalence 

imp l i e s  equal  overload ampaci t ies  f o r  both cab le s .  The d e f i n i t i o n  i s  

made by a four -s tep  process:  

1. The ampacity I of t he  aluminum cable  a t  normal 1 
cond i t i ons  (conductor a t  90°C) i s  determined. 

2 .  The overload ampacity I2 of t h i s  same alvminum 

cable (conductor at 1 3 0 ' ~ )  i s  a1.m dotermjned. 

3.  Tho oonductor diameter  f o r  a sodium eab le  which, 

f o r  t h e  same overload c u r r e n t  I*, w i l l  ope ra t e  

a t  a conductor temperature o f  9 S ° C ,  i . s  detemd.ned. 

4. The conductor temperature a t  which t h i s  sodium 

c a b l e  w i l l  ope ra t e  wi th  t h e  normal cu r r en t  I1 i s  

detenni.ned. 



The sodium c a b l e  wi th  conductor d iameter  determined as i n  S tep  3 

above i s  def ined  a s  t he  equ iva l en t  of t h e  aluminum cab le  of  S t eps  1 

and 2. The methods of c a l c u l a t i o n  used i n  t he se  s t e p s  a r e  desc r ibed  

i n  s e c t i o n  7.4. 

7.2 Choice of  Type of Cable f o r  Comp~. in - 
I n  t h i s  s e c t i o n  w e  d i s c u s s  t h e  gene ra l  type of c o n s t r u c t i o n  

of t h e  cab l e s  t o  be  compared, and t h e  chosen ' t ypes  of  i n s t a l l a t i o n  and 

t h e  i n s t a l l a t i o n  parameters .  The chosen s t r u c t u r e  i s  t h e  on ly  one i n  

which bo th  sodium and aluminum cab le  have been made; t he  i n s t a l l a t i o n  

i s  t y p i c a l  of  a ma jo r i t y  of  URD cab l e ,  and t h e  i n s t a l l a t i o n  parameters  

a r e  i n  accord w i t h  IPCEA (16,18,19) Nm (I6 3 l8 ,19) and AIEC ( I7)  s p e c i f i c a t i o n s .  

7.2.1 ' ~ ~ ~ e  of  Cons t ruc t ion  

The c o n s t r u c t i o n  of t h e  c a b l e s  cons idered  i n  t h i s  s tudy  

i s  shown i n  F igure  7-1. For .600  v o l t  ope ra t i on ,  each c a b l e  i s  simply 

a heavy i n s u l a t e d  w i r e ,  comprising only a c e n t r a l  conductor ( s t randed  

f o r  t h e  aluminum, s o l i d  f o r  . the sodium) and a surrounding i n s u l a t i o n ;  

no semiconducting s h i e l d s  o r  o u t e r  j a c k e t s  a r e  employed. For  t h e  

15,  25, and 35 kV cab le s ,  concen t r i c  n e u t r a l  wires and a semiconducting 

o u t e r  s h i e l d  a r e  employed, and a semiconducting conductor  s h i e l d  around 

t h e  s t r anded  aluminum conductor (but  none around t h e  s o l i d  sodium) 

i s  a l s o  included.  This  type  of c o n s t r u c t i o n  was chosen as a b a s i s  f o r .  

coiiiparisoii Lecaiisi a l ~ i i l u u  c a b l e  of  t h i s  type  is  approved by IPCEA (16,18,19) 

( I n s u l a t e d  Power Cable ~ n g i n e e r s  Assoc ia t ion)  and AEIC(~" (Assoc ia t ion  o f  

Edison I l l umina t ing  Companies) and i s  widely used, and because t h e  on ly  

sodium c a b l e  eve r  made, t h a t  produced by t h e  NACON Corporat ion,  is  o f  t h i s  

des ign .  (20) 

7.2.2 Types of  I n s t a l l a t i o n  

For  i l l u s t r a t i o n ,  two types  of  i n s t a l l a t i o n  have been 

cons idered  - i n s t a l l a t i o n  i n  duc t s  and d i r e c t  b u r i a l  i n  e a r t h .  In 

each case a s i n g l e  balanced three-phase c i r c u i t  of t h r e e  equally-spaced 

c a b l e s , b u r i e d  a t  a common depth i s  assumed; a l l  c a l c u l a t i o n s  w i l l  r e f e r  
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Fig. 7 .1  -Construction of cables of this report 



t o  t he  c e n t r a l  cab le ,  t h e  h o t t e s t  of t he  t h r e e  by v i r t u e  of being heated 

by both ou td r  cab le s  a s  w e l l  a s  by i t s  own l o s s e s .  No s p e c i a l  b a c k f i l l  

m a t e r i a l  has been assumed. In  t he  duct  ca se ,  f i b e r  duc t s  embedded i n  

concre te  o r  placed d i r e c t l y  bur ied  i n  e a r t h  ( t hese  two cases  a r e  

( I 6 \  were assumed. It was f u r t h e r  assumed. considered equiva len t  by IPCEA 

t h a t  each i n s t a l l a t i o n  of c a b l e  r e q u i r e s  a new i n s t a l l a t i o n  of duc t  

a s  w e l l ,  s o  t h a t  each cab le  is  i n s t a l l e d  i n  an o therwise  vacant  duc t .  

7.2.3 I n s t a l l a t i o n  Parameters -. 

D i r e c t l y  bur ied  c a b l e s  a r e  assumed bur ied  91.4 cm (36 i n . )  

deep and 19 cm (7.5 i n . )  a p a r t  (dimensions t o  cab le  c e n t e r s ) .  Ducts, 

when used, a r e  assumed bur ied  91.4 cm (36 i n . )  deep t o  duct  c e n t e r  and 

spaced 19 cm (7.5 i n . )  between c e n t e r s .  F ibe r  duc t s  6f  12.7 cm (5 i n . )  

I . D .  and .64 cm (1/4 i n . )  w a l l  a r e  used, t he  m a t e r i a l  having a thermal 

r e s i s t i v i t y  of 4 8 0 " ~  cmlwatt. Ear th  thermal r e s i s t i v i t y  is taken a s  

90°C cmlwatt, and the  e a r t h  ambient temperature a s  2 0 ' ~ .  

7.3 Basis  f o r  Choice of Type and Thickness of I n s u l a t i o n  

The comparisons made i n  t h i s  r e p o r t  w i l l  f o r  t he  most 

p a r t  be based upon polye thylene  o r  c ross - l inked  polye thylene  i n s u l a t i o n ,  

us ing  t h e  same va lues  f o r  t h i ckness  f o r  sodium c a b l e  a s  a r e  p r e s e n t l y  

s p e c i f i e d  and used f o r  aluminum and copper cable .  IPCEA s p e c i f i e s  t h e  

i n s u l a t i o n  th ickness  f o r  15  kV, 1000 KCM (KCM denotes  thousands of 
2 c i r c u l a r  m i l s ;  1000 KCM = 0.78654 i n 2  = 5.067 cm ) and smal le r  a s  

0.445 ca (0.175 i n . ) ;  f o r  1 5  kV, over  1000 K M ,  0.483 cm (0.190 i n . ) ;  

f o r  35 kV, 1000 KCM o r  l e s s ,  0.876 cm (0.345 i n . ) ;  and f o r  35 kV, over  

1000 KCM, 0.914 cm (0.360 i n .  ) . AEIC(17) ag rees ,  adding a s p e c i f i c a t i o n  

of 0.660 cm (0.260 i n . )  f o r  25 kV, 1000 KCM o r  l e s s .  For 600 v o l t  

cab le ,  NEMA and IPCEA both s p e c i f y  polyethylene th icknesses  a s  0.241 cm 

(0.095 i n . )  f o r  a 225 t o  500  KC^'^) (0.239 cm (0.094 i n . )  f o r  cross-  

l i nked  polyerhylme)(19); 0.279 cm (0.110 i n . )  f o r  501 t o  1000 KCM 

(0.277 cm (0.109 i n . )  f o r  c r o ~ s - l i n k e d ) ( ~ ~ ) ;  and 0.318 cm (0.125 i n . )  f o r  

over 1000 KCM. The semiconducting i n s u l a t o r  s h i e l d  th i ckness  was assumed 

a s  0.076 cm (0.030 i k . )  f o r  a l l  c ab le s  but  t h e  600 v o l t ,  f o r  which i t  

was omit ted.  The bases  f n r  t he se  choices  w i l l  be d iscussed  i n  t h e  fol lowing 

s e c t i o n s .  



7.3.1 Polye thylene  vs .  Cross-Linked Polyethylene vs .  Ethylene- 
Propylene Rubber 

Ethylene-propylene rubber  (EPR) was i n i t i a l l y  cons idered  a s  a  

candida te  i n s u l a t i o n  m a t e r i a l  because i t  i s  ex t ens ive ly  used by Okonite 

Compan)(21) i n  i t s  c a b l e s .  However, no  aluminum cab le  of  t he  cons t ruc t ion  

descr ibed  i n  .7.2.l ,and no sodiumcable ,  i s  a v a i l a b l e  wi th  EPR i n s u l a t i o n .  

EPR was t h e r e f o r e  no t  considered f u r t h e r  i n  t h i s  s tudy .  In s t ead ,  

po lye thylene  and c ross - l inked  polyethylene were considered.  The 

d i f f e r e n c e  between t h e s e  two m a t e r i a l s  w i l l  appear  p r imar i l y  i n  t h e  

thermal  and mechanical p r o p e r t i e s  of t he  m a t e r i a l s .  

7.3.2 E l e c t r i c a l  S t r eng th  *.. - . . - - ,  . -  

The e l e c t r i c a l  s t r e n g t h s  of po lye thylene  (PE) and of c ros s -  

l i n k e d  polye thylene  (XLPE) a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t ,  and t h e i r  

e l e c t r i c a l  l o s s  t angen t s  a r e  a l s o  s i m i l a r ;  (22) f u r t h e r ,  t h e  i n s u l a t i o n  

d i e l e c t r i c  l o s s e s  a r e  n e g l i g i b l y  small compared t o  conductor ohmic 

l o s s e s  i n  t h e  c a s e s  s t u d i e d  here .  E l e c t r i c a l l y ,  t h e r e f o r e ,  t h e s e  two 

may be cons idered  equ iva l en t .  There i s  some divergence of op in ion  

on t h e  r e l a t i v e  s u s c e p t i h i l i  t y  of t h e  two t o  t r c c i n g  ( t h e  fa rmat ioa ,  

by repea ted  e l e c t r i c a l  d i scharge ,  of  e longa ted  t r e e l i k e  void channels  i n  

the uaterial ,  e v e n t u a l l y  r e s u l t i n g  i n  e l e c t r i c a l  failure). Okonite,  

f o r  i n s t a n c e ,  does n o t  use XLPE i n  the j - r  higher-vol tage cob lc s  becauae 

of concern f o r  i t s  s u s c e p t i b i l i t y  t o  treeing.(!') Recent Comparative 

s t u d i e s  i n d i c a t e  t h a t  XLPE is  more r e s i s t a n t  t o  t r e e i n g  than PE. (23,241 

For purposes of t h i s  s t udy ,  t h e  e l e c t r i c a l  d i f f e r e n c e s  a r e  i n s i g n i f i c a n t .  

7.3.3 Thermal and - -.- n r o p e r t i e s :  Cahle  T n s t a l l a t i s n  

The thermal  and mechanical p r o p e r t i e s  of t h e  I n s u l a t i o n  

a r e  s i g n i f i c a n t  in r e l a t i o n  t o  t h e  i n ~ t a l l a t ~ n n  of the cable, and ro 

i t s  overload and s h o r t - c i r c u i t  ope ra t i on .  Regarding i n s t a l l a t i o n ,  

s i n c e  the sodium has  n e g l i g i b l e  t e n s i l e  s t r e n g t h ,  t h e  insul .a t ion must 

f u r n i s h  t h e  e n t i r e  t e n s i l e  s t r e n g t h  needed t o  p u l l  t h e  cab l e  i n t o  t h e  

duc t  o r  t o  deploy i t  from a  reel and p r o t e c t  t h e  conductor dur ing  

b u r i a l  o r  plowing-in. The r equ i r ed  p u l l i n g  s t r e n g t h  f o r  duct  i n s t a l l a t i o n  



depends on the length of the cable run, the coefficient of friction of 

the cable aginst the duct. inner surface, the weight of the cable, the 

number and severity of the bends in the duct, and the stiffness of 

the cable (horizontal runs are assumed). The insulation tensile 

strength depends on the temperature of the cable when installed; 

utilities generally specify this as up to 35'C (95'~), but 49'~ 

(120°F) was used in this study as a possible upper limit. The 

question is whether the insulation thicknesses normally specified for 

PE-insulated aluminum cable will provide sufficient pulling strength - 

in sodium cable, or whether thicker insulation, or XLPE, will be required. 

Before looking at this question, some specific examples of 

actual tensile measurements and pull tests can be cited. Ruprecht and 

Ware '(25) report that a set of three PE-insulated sodium conductors, 

of 1.27 cm (0.500 in.) conductor diameter and with 0.127 cm (0.050 in.) 

thick insulation, were pulled into a 6.35 cm - /  in.) diameter steel 

duct 30.5 m (100 ft.) long, with four standard 90' bends, with a total 

pulling force of 289 newtons (65 pounds), or 96.4 newtons (21.7 pounds) 

per cable (temperature not reported). Each conductor weighed 0.174 

kg/m (0.117 lbslft.). Since the PE cross-section per cable was 0.557 cm 2 

2 2 (0.0864 in ), these results give a stress of 173 N/cm (251 psi) on the 

PE. No difficulty was experienced in this pull, and on the basis of 

this stress none would be expected, as the next example will show. 

Humphrey, Hess and Addis (2h)  report tensile tests on 15 kV 'sodium cable, 

which they rated equivalent to i14 copper.' These cables had sodium 

conductors of 1.27 cm (0.500 in.) diameter, and were insulated with 

0.559 cm (0.220 in.) of PE covered with a 0.076 cm (0.030 in.) semi- 

conducting PE shield, giving a total PE cross-section of 3.85 cm 2 

2 (0.589 in ); cables of both high molecular weight PE of specific 

gravity about 0.92 and XLPE insulation were tested for tensile strength 

vs. temperature. Their results for yield strength, to which we have 

added yield stress calculated by dividing the yield strength by the 

above insulation cross-section, are given in Table 7-1. 



TABLE 7-1 

PE a n d  XLPE C a b l e  Y i e l d  S t r e n g t h  vs .  Temperature  
( A f t e f  Humphrey, Heis a n d  ~ d d i s ( ~ ~ ) )  



2 From these  s t r e s s  va lues  i t  appears  t h a t  t h e  173 ~ / c m  (251 psi.) s t r e s s  

i n  t h e  i n s t a l l a t i o n  r epor t ed  by Ruprecht and Ware '25) w a s  less than 22% 

of t h e  PE y i e l d  s t r e s s  a t  25"C, and about  one-third of t h e  expected y i e l d  

s t r e s s  a t  120°F o r  49°C. These f i g u r e s  i n d i c a t e  tha t ,  f o r  t h i s  i n s t a l l a t i o n ,  

even t h i s  r a t h e r  t h i n  PE i n s u l a t i o n  w a l l  would have possessed adequate  

s t r e n g t h  a t  49°C (120°F). S imi l a r  t e n s i l e  s t r e n g t h s  have been r epor t ed  

by Matthysse and Scoran. (28) 

Consider now t h e  more gene ra l  ca se  of p u l l i n g  a cab le  i n t o  a 

duc t ,  which we assume unoccupied by any o t h e r  cab le s .  W e  denote t h e  

t o t a l  cab le  c ros s - sec t iona l  a r e a  i n  square  inches  a s  B, and t h e  f r a c t i o n  

of t h i s  which 'is i n s u l a t i o n  as A ,  s o  t h a t  t h e  i n s u l a t i o n  c r o s s  s e c t i o n  

i s  XB. Since t h e  s p e c i f i c  g r a v i t y  of sodium is 0.97 whi le  t h a t  of t h e  

BE normally used f o r  c a b l e  i n s u l a t i o n  is  about 0.92, t h e  average d e n s i t y  

of t h e  cab le  is very n e a r l y  0.94 gms/cc no ,matter what X is, and t h e  

c a b l e  weight i n  l b s / f t  i s  then  0.41 B. I f  t h e  c a b l e  l eng th  i s  F f e e t ,  

i t s  weight i s  then  0.41 BF; and i f  t h e  c o e f f i c i e n t  of f r i c t i o n  between 

c a b l e  and duct  s u r f a c e  is n ,  t h e  f r i c t i o n a l  p u l l i n g  f o r c e  is  0.41 BFn. 

The t e n s i l e  s t r e s s  S on the  i n s u l a t i o n  is then,  i n  pounds p e r  square  

inch ,  

From t h i s  r e l a t i o n  we can e s t ima te  t h e  r equ i r ed  i n s u l a t i o n  f r a c t i o n  X 

from va lues  of S, F, and TI. Typical  u t i l i t y  p u l l  d i s t a n c e s  a r e  about 

180 meters  (600 f e e t ) ,  and a reasonable maximum appears  t o  be about  240 

meters  (800 f e e t ) .  The c o e f f i c i e n t  of f r i c t i o n  f o r  polyethylene-insulated 

conductors ,  w i th  o r  without  concen t r i c  n e u t r a l  wi res ,has  been measured 

a g a i n s t  f i b e r  s u r f a c e s  a t  2S°C, a s  about 0 .3 t o  0.4. The d a t a  from t h e  

t e n s i l e  t e s t s  of Humphrey e t  a1(26) , i n t e r p o l a t e d ,  sugges t  a PE y i e l d  
2 

s t r e s s  a t  49°C (129°F) of about 503 N/cm (730 p s i )  which is about 63% 

of t ha t .  a t  25°C (77°F). Tens i l e  s t r e n g t h  d a t a  r epo r t ed  by commercial 

s u p p l i e r s  f o r  po lye thylene  of t h i s  d e n s i t y  i s  somewhat h igher  than  t h e s e  
(27) . . values ;  one r e p o r t  g ives  1310 N/cm2 (1900 p s i )  a t  25°C (77"F), w i th  



about 65% of this value ratained at 4g°C (120°F). This latter value is for 

an elongation rate, as specified by ASTM D638,of 0.085 cm/sec (2 inlmin). 

The elongation rate for the cable tests of Humphrey et a1 is not specified, 

but was probably considerably less than 2 in/min and would thus be expected 

to show a lower yield stress. One can.therefore assume S = 730 psi at 

120°F, which with n = 0.4 and F = 800 ft gives 

l.e., the polyethylene must occupy 18% of the cah1.e cross-section, 

or its thickness must be at least 10.5% of the conductor radius in 

order for conventional polyethylene insulation to afford sufficient strengths 

for a 240 m (800 foot) duct pull-in at 4g°C (120°F). The insulation 

thicknesses assumed in the sodium cables to be described are all well 

in excess of this value; the smallest X for any case is that for a 

600-volt sodium cable of conductor radius 1.89 cm (0,745 in.) and 

insulation thickness 0.318 cm (0.125 in.), giving X = 0.27, a safety 

factor of 1.5 even under these extreme conditions. It is possible that 

at such high installation temperatures the coefficient of friction n 
will exceed 0.4; this might affect the-preceding conclusion for thc 

largest cables of the 600 volt class. For the smaller cables, and for 

all of the higher-voltage cables, X is considerably larger; further, 

all of the higher-voltage cables are wrapped with concentric neutral wires 

whose coefficient of friction with the duct will not vary appr~riahly 

with installation temperature. The insulation tensile strength is 

thus still more adequate for these cases. 

Snmo idea of the r~lative effects of berids l u  1;he ducts may 

be gained from consideration of the installation reported by Ruprecht 

and  are'^^). The weight of their conductors, quoted by them and 

verified by calculation, was 0.174 kg/m (11.7 lbs/100 feet). With a 

coefficient of friction of n = 0.4, the pulling force due to friction 

aloge for a straight duct would have been 21 N (4.7 lbs) per conductor. 

Since the total was 96.5 N (21.7 lbs) per conductor, the remaining 



75.5 N (17 l b s )  can be a sc r ibed  t o  t h e  four  90' bends.' I f  evenly 

d i s t r i b u t e d ,  t h i s  would mean about  19 N (4.3 l b s )  per  bend, making a 

90' bend equal. t o  about 27 m (90 f e e t )  of s t r a i g h t  duc t  a s  regards  

p u l l i n g  f o r c e .  I f  i n s t e a d  n = 0.3 i s  assumed, t h i s  f i g u r e  becomes 

40 m (130 f t ) .  It is  no t  expected t h a t  t h e  e f f e c t s  of t h e s e  bends would 

add l i n e a r l y ;  t h e  t ens ion ,  and t h e r e f o r e  t h e  f r i c t i o n ,  a t  t h e  bend c l o s e s t  

t o  t h e  pu l l ed  end of t h e  cab le  must be more than  a t  t h e  nex t  bend, and s o  

on. However, a s  a rough guide, t h e s e  f i g u r e s  sugges t  t h a t  a 90' s tandard  

bend i s  about t h e  equ iva l en t  of 30 m (100 f e e t )  of duc t  i n  p u l l i n g  fo rce .  

Many thousands of f e e t  of sodium cab le  w i th  convent ional  PE 

i n s u l a t i o n  have been i n s t a l l e d  i n  duc t s  and d i r e c t l y  bur ied .  No 

d i f f i c u l t i e s  have eve r  been r epor t ed  i n  i n s t a l l i n g  any of t h e s e  cables .  

On t h e  b a s i s  of t h i s  f i e l d  experience and t h e  foregoing a n a l y s i s ,  i t  

appears  t h a t  sodium c a b l e s  i n s u l a t e d  wi th  convent ional  po lye thylene  i n  

accordance wi th  IPCEA, NEMA, and AEIC recommendations a s ' d e s c r i b e d  a t  

the  beginning of Sec t ion  7.3 w i l l  have adequate  s t r e n g t h  f o r  d i r e c t  

b u r i a l  o r  new duct  i n s t a l l a t i o n  under a l l  a n t i c i p a t e d  circumstances,  

i nc lud ing  l eng ths  up t o  240 m (800 . f e e t )  a t  cab le  temperatures  up t o  . 

4g°C (120°F), and t h a t  t h e  e x t r a  s t r e n g t h  a f fo rded  by XLPE o r  by t h i c k e r  

i n s u l a t i o n  is no t  r equ i r ed  on t h e  b a s i s  of t e n s i l e  s t r e n g t h  f o r  i n s t a l l a t i o n .  

7.3.4 Thermal and Mechanical P rope r t i e s :  Overload Performance 

The second a r e a  i n  which t h e  thermal and mechanical p r o p e r t i e s  

of t h e  i n s u l a t i o n  a r e  important  i s  t h e  cab le  overload performance. For 

bur ied  o r  duct  i n s t a l l a t i o n s ,  t h e  mechanical s t r e n g t h  of  convent ional  

polyethylene i s  q u i t e  adequate  i n  a l l  c a s e s  where t h e  sodium conductor 

remains s o l i d .  This  s tudy  has recommended t h a t  t h e  sodium s t a y  s o l i d  even 

under overload condi t ions .  However, s i n c e  s h o r t  c i r c u i t s  o r  i nadve r t en t  

excess ive  overloads might r e s u l t  i n  co re  mel t ing ,  t h i s  c i r c d t a n c e  must 

be considered.  

The f a c t  t h a t  t h e  h e a t  of fu s ion  of t h e  sodium i s  advantageous i n  

l i m i t i n g  t h e  cab le  temperature rise i n  s h o r t  c i r c u i t s  o f  a few cyc le s  t o  

a few seconds du ra t ion  i s  w e l l  recognized. ( 25'29* 30) Ruprecht and 

Ware (25) have analyzed such f a u l t  behavior  i n  d rCa i l ,  and f i n d  t h a t  the 



s h o r t ' c i r c u i t  ampacity of sodium cable is  roughly 1.5 t i m e s  t h a t  of copper 

o r  aluminum f o r  shor t -c i rcu i t  durat ions of a  few seconds o r  l e s s ,  assuming 

t h a t  i n  each case t h e  i n i t i a l  temperature is  7S°C, the  conductor temperature 

r i s e  is  150°C, and the  dura t ion is  s h o r t  enough t h a t  the  heat  t r ans fe r red  

t o  t h e  insu la t ion  is negl ig ib le .  

For longer-duration f a u l t s ,  t h i s  advantage i s  reversed, because 

the  r e s i s t i v i t y  of sodium increases  by about 42% upon melting r e s u l t i n g  

i n  more rapid heat ing t h e r e a f t e r .  Hus (29) has discussed t h i s  case i n  

d e t a i l ,  noting t h a t  a f t e r  melting, a new, higher steady-state temperature 

w i l l  be a t t a ined .  See a l s o  Paragraph 7.5.4 of t h i s  r epor t .  

The course of events a f t e r  melting is i n i t i a t e d  w i l l  vary with the  

cab le  insu la t ion  and i n s t a l l a t i o n .  I f  the  insu la t ion  i s  PE, sus ta ined 

opera t ion with a molten conductor w i l l  very l i k e l y  cause considerable . . 

sof ten ing  of the.PE. I f  the  cable i s  buried,  t h e  surrounding e a r t h  w i l l  

probably maintain t h e  insu la t ion  near ly  i n  i t s  o r i g i n a l  shape i f  the  

overload i s  no t  too severe;  i f  the  insulat ion.eventuaSly ruptures,  a  

small amount of sodium w i l l  escape and possibly i n t e r r u p t  the  current .  

It i s  unl ikely  t h a t  any damage w i l l  r e s u l t  o the r  than t h e  need t o  r e p a i r  

t h e  cable  a t  t h e  rupture.  I n  a duct i n s t a l l a t i o n  of PE cable,  t h i s  same 

process might occur more read i ly  because of the  l ack  of e a r t h  r e s t r a i n t  

around the  cable;  a l t e r n a t i v e l y ,  s u f f i c i e n t  l o c a l  sof tening and swell ing 

might develop a gap i n  t h e  conductor which would terminate the  current  

without insu la t ion  rupture.  This se l f - fus ing ac t ion  of sodium cable 

has been noted by severa l  inves t iga to r s ,  some of whom consider i t  an 
(319 32.36) advancage. 

Another mode of f a i l u r e  ou sus ta ined o.ve.rload has a l s o .  been 

observed i n  PE cables  (31) i n  which, a f t e r  softening,  the  insu la t ion  

slowly con t rac t s  on the l i q u i d  sodium, c o n s t r i c t i n g  t h e  conductor and 

eventual ly  completely pinching i t  off  and in te r rup t ing  t h e  current .  This 

is  another example of a  se l f - fus ing mechanism. This type of f a i l u r e  does 

not occur with XLPE, nor with th ick  PE; only f a i r l y  thl-I PE f a i l s  i n  

t h i s  manner. 



I n  a e r i a l  i n s t a l l a t i o n s ,  such as overhead cab le s  o r  v e r t i c a l  

po le  r i s e r s ,  t h e  p o s s i b i l i t y  of molten sodium being f o r c i b l y  expe l l ed  

r ep re sen t s  a s i g n i f i c a n t  hazard. One such f a i l u r e  of an  overhead 

cab le  a c t u a l l y  occurred on September 23, 1966, a f t e r  2-114 hours  a t  

a 40% overload.  (33s34) Laboratory t e s t s  of  r i s e r s  under overload have 

shown (31) t h a t  PE-insulated cab le s  may f u s e  ( i  l , i n t e r r u p t  t h e  

c u r r e n t )  wi th  o r  without  rup tu re  of t h e  i n s u l a t i o n  and expulsion of 

sodium; XLPE-insulated cab le s ,  on the  o t h e r  hand, l i kewise  fused under 
I 

overload b u t  never  ruptured  o r  expel led  sodium, and i n  f a c t  d i s t o r t e d  

only very s l i g h t l y .  More work i n  t h i s  a r e a  is  requ i r ed  t o  e s ' t a b l i s h  

s a f e  p r a c t i c e .  On t h e  b a s i s  of a v a i l a b l e  d a t a ,  i t  i s  recommended t h a t  

f o r  a e r i a l  i n s t a l l a t i o n s ,  e i t h e r o v e r h e a d  o r  r i s e r ,  t h a t  XLPE i n s u l a t i o n  

be used because t h e r e  seems t o  be no way of  i n s u r i n g  t h a t  occas iona l  

long-term overloads may not  occur ,  which could r e s u l t  i n  d ischarge  o f  

molten sodium. For  d i r e c t - b u r i e d ' o r  ducted cab le ,  t h e  l i k e l i h o o d  of 

sodium escape and t h e  hazard i f  i t  does a r e . b o t h  much reduced, and PE 

appears  s a t i s f a c t o r y  f o r  t h e s e  a p p l i c a t i o n s ,  

7.3.5 Moisture Dif fus ion  

The d i f f u s i o n  of moisture i n t o  t h e  in suka t ion  of sodium 

cab le  i s  p o t e n t i a l l y  a more s i g n i f i c a n t  problem than  f o r  copper o r  

aluminum cable .  The i n d i f f u s i n g  water  w i l l  r e a c t  w i th  t h e  s u r f a c e  of 

t h e  sodium conductor t o  form nonconducting sodium hydroxide, thereby 

p rog res s ive ly  reducing the  conductor c ross -sec t ion .  This  well-  

recognized process  (26328'33) has  indeed been used by Eichhorn (35) as 

t h e  b a s i s  f o r  a r a t h e r  complete and a c c u r a t e  de te rmina t ion  of t h e  r a t e  

of moisture d i f f u s i o n  i n  t h e  p a r t i c u l a r  polyethylene (high molecular  

weight,melt  index 0.2; low dens i ty ,  about  0.92 gmslcc) used f o r  cab le  

i n s u l a t i o n .  H e  measured t h e  change i n  r e s i s t a n c e ' w i t h  t ime f o r  cables -  

(sodium conductor diameter  0.508 cm (0.200 i n . ) ,  i n s u l a t i ~ n  th i ckness  

0.102 cm (0.040 in.))imrnersed i n  water  a t  c o n t r o l l e d  temperatures  

between 40 and 80°c, o r  i n  a i r  a t  c a n t r o l l e d  r e l a t i v e  humidity and 

temperature.  The r e s u l t s  were c o n s i s t e n t l y  descr ibed  by t h e  r e l a t i o n  



where d = conductor diameter, mils 

x = insulation thickness, mils 

f = fraction of Na converted to NaOH (0 < f < 1.0) - - 
P = permeability of insulation to water, gram 2 100 in day 

H = relative humidity fraction (0 - < H - < 1.0) 

t - time i l l  yeam to convert 8 fraction f of the Na cross- 

reaction to NaOH 

The permeability calculated from these data was found to vary with 

temperature according to the relation 

where P is in the preceding units, chosen by Eichhorn for practical 

reasons, and T is average insu1ation.temperature in O~elvin. (Some o'f 

the units of the above equations differ from those used by Eichhorn). 

Values of P calculated from Equation 7-4 are presented in 

Table 7-2 for a range of tempratures from '0 to 95OC. With these values 

and Equation 7-3 it is possible to calculate, for various cable 

geometries, the service lifetime for a sodium cable conductor to be 

reduced 10% l a  area. On the basis of such calculations, Humphrey et a1 (26) 

have aa id ,  "A uocful s t r v l c c  11fe u1 40 years under nafmal ambient conditions 

is predicted for direct-buried [polyethylene insulated sodium] cable." 

For' im jafik:e.te.h cable o f  thc construction of. Figure 7-1, as mclde by 

Nacon, these predictions appear to be far too optimi:stic if the cable 

is assumed to operate at full rated load and high humidity from the 

date of installation. The relevant calaulations by Humphreys were not. 

published, but appear to have been based on an average insulation 

temperature in the neighborhood of 25OC, indicating a very lightly loaded 



TABLE 7-2 

Perineability of Cable Polyethy e e t o  Mofsture 
(After Eichhorn) h r. 
gm mils 

2 T°C 100 i n  day 
gm - cm s e c  



cable. It will be shown in Section 7.5 that the full-load conductor 

operating temperature for sodium cable, as defined in Section 7.1, is 

about 69'C (ambient 20°c, rise 49'C) for most circumstances, and that 

the thermal drop across the insulation is no more than 10°c in nearly 

all cases. The average insulation temperature is then about 65"C, and 
2 the appropriate value of P is, from the table, 9.1 gm mils/100 in day. 

Assuming the pessimistic combination of constant full load and 100% 

relative humidity, we may then calculate a minimum life for sodium cable 

from Equation 7-3 by serting f = 0.1, P = 9.1, and H = 1. Choosing, 

for example, a 15 kV sodiutn cable equivalent to 1000 KCM of aluminum 

(which from Table A3-6 has d - 3.73 cm (1468 mils). x = 0.521 cm (120.5 inils)) . - 

one finds that t = 2.46 years. Choosing as another example a 600 volt 

cable equivalent to 750 KCM of aluminum (which from Table A3-8 has 

d = 3,.246 cm (1278 mils) and x = 0.406 cm (125 mils), the same insulation 

thickness actually used by Nacon for cable of this voltage class but 

with d = 1165 mils) one finds that t = 1.36 years. 

These disturbingly low predicted lives raise the questions, 

"What about the service record of cables already iri~talled'?" and "What 

other data are available to check these predictions?" Regarding the 

second question, Kelly and tifierre 07' reporc on measuremenrs on 

three cables which were immersed in water at 75'C for five months; 

conductor resistance measurements were made monthly at 25'C. Table 7-3 

shows their cable dimensions and the resistance change over five months; 

added in'the last two columns are the times which are predicted by 

Equation 7-3 to reach those resistance changes, using H = 1.0 and P = 
2 

18.9 gm mils/100 in day. It can be seen that these are from 1 to 

3 months, in fair agreement with observed values. It is curious that 

Kelly and Gnerre were not alarmed by this rapid degradation; apparently 

they too felt that service temperatures would be far below 75'. It 

should be added here that they found no decrease of corona onset 

voltage with time; apparently the sodium hydroxide forms as a dense 

and void-free insulator. 



TABLE 7-3 

Resistance ~ncreases of Five-Month Water-Immersed Sodium Cables 
(After Kelly and Gnerre (373 and Calculated ~imks* 

for This Increase to Occur (Equation 7-3) 

Resistance 
t *  * Cable d,mils x,mils Initial Final f yrs tmos 

Ill0 CUE 534 5 0 .I43 .I17 ,222 .243 2.9 

Concerning the service record of installed sodium cable, it 

is probable that their observed longevity is due to the fact that high 

temperature and high humidity have not occurred simultaneously. (In this 

connection see Table 5-4, which shows very light load service for almost 

all sodium cables). It is in fact to be expected that if the cable is hot, 

water will migrate away from it; (I6' 38 s39) this, and the consequent 

increase in local soil thermal resistivity, is the basis on which IPCEA 

specifies (I6) a maximum earth interface temperature. Conversely, if 

soil is wet, the temperature of the cable may be below tabulated values, 

reducing the permeability, P. Further, in a practical case, it is to be 

expected that newly installed cable will initially be lightly loaded, 

and will not approach rated load and temperature for some years. In 

such a situation the assumptions of maximum temperature and humidity are 

probably too stringent; an operating temperature of, for example, 45°C 

,rather than 6S°C, and humidity of H = 0.5 rather than unity, would result 

in ten times the life calculated for T = 65°C and H = 1.0. For any assumed 

curve of load vs. time (and corresponding hymidity) Equation 7-3 can be 

used to determine the fraction of reacted sodium for each time segment. 

and thus the expected life. In the extreme cases where one must assume 

constant full load and wet conditions (T = 65"C, H = 1.0, P = 9.1 gm mils/ 
2 100 in day), it i~ clear from Equatton 7-3 that no reasonable insulation 



thickness will provide enough moisture resistance to assure a 40 year 

life. To pick an extreme case, if one considers a sodium conductor 

diameter of 3.73 cm (1468 mils) as in' the first case, and an insulation 

thickness of 1.27 cm (500 mils), then t = 5.1 years for 10% sodium 

reaction. It appears, therefore, that for operation at rated ampacity and 

wet conditions polyethylene-insulated sodium cable should have a vapor- 

barrier jacket, although in many practical installations load and humidity 

may be low enough that a jacket can be omitted. 
, 
This jacket, when required, must furnish an adequate vapor barrier 

at a cable surface temperature of about 6 5 ' ~ .  This might be provided by, 

for example, either a very thin metallic sheath, or a PVC jacket. PVC is 

stated (40) t o  have a bermeability to water vapor of less than 2% of that 

of cable polyethylene. However, this value depends very strongly on 

crystallinity and presence of fillers; the foregoing ratio is stated 

bo be for crystalline PVC and "somewhat crystalline" PE. Even in 

conventional (aluminum or copper) cables it is sometimes argued that a 

waterproof sheath is necessary to prevent cable failure by water treeing 

caused by indiffusing moisture. Opinion of- both utilities and cable 

manufacturers is divided on this point; some manufacturers will only 

furnish, and some utilities only install, lead-sheathed cable, while 

others find unsheathed cable satisfactory. Even a thin layer of 

helically half-lapped aluminum adhesive tape (probably protected from 

abrasion by a plastic outer jacket) would probably be adequate, even 

though small amounts of moisture might diffuse through along the 

adhesive layer. Since it is not at this time clear what the jacket 

will be, the jacket has been ignored in the ampacity calculations of 

this study. In Paragraphs 7.3.6 and 7.7.4, which describe the 

sensitivity of ampacity to insulation thickness, it is shown that the 

effecc of the jacket on ampacity will be very small. 

The effect of crosslinking on the moisture permeability of 

polyethylene is generally negligible; crosslinking links chains together 

locally but does not greatly affect the overall molecular structure. 

On the basis of moi-sture transmission, therefore, PE and XLPE are 



essentially equivalent. In the following presentations, it will be 

assumed that moisture protection, if deemed necessary, will be provided 

by a jacket, and will therefore not be a determining factor in the choice 

of insulation material or thickness. 

7.3.6 Sensitivity of Ampacity to Insulation Thickness 

IPCEA (16,18,19) and AEIC (I7) have specified insulation 

thicknesses for polyethylene-insulated cables with aluminum or copper 

conductors. Since, however, in sodium cable the mechanical tensile 

strength is derived almost entirely from the insulation, it is a 

priori possible that thicker insulation might be required than for 

aluminurh or copper. It is therefore of interest to know how such 

thicker insulation will affect the ampacity of sodium cable, and this 

was accordingly calculated by methods which are described in Section 7.4. 

Results are shown in Figure 7-2 for several conductor sizes, both 

for duct installation and for direct burial. The conductor temperature 

assumed for this calculation is 6g°C, because this is the operating 

temperature obtained in Step 4 of the comparison equivalency procedure 

of Section 7.1.1 for a wide range of cable sizes. It can be seen 

that for the direct burial case, increasing the insulation thickness 

reduces the ampacity as is to be.expected on the basis that 

thickening the insulation merely replaces some of the earth, having a 

thermal resistivity of 90°C cmlwatt, with insulation of a higher 

thermal resistivity). For the duct case, the dependence is much less 

and may be in either direction. The 2196 KCM cable shows a slight 

but continuous decrease in ampacity as insulation thickness increases 

over the range of 0.318 to 1.067 cm (0.125 to 0.420 in.). The 530 

KCM shows a slight continuous increase, and the 1000 and 1690 KCM 

sizes show broad maxima of ampacity at about 0.838'and 0.457 cm (0.33'0 

and 0.180 in.) thicknesses respectively. For practical purposes, 

in these duct cases, the ampacity I s  ilidtpsndcnt of insi~lation thickness. 

.The figure also demonstrates the variation of ampacity with conductor 

cross-section. 
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Fig. 7-2-Ampacity of sodium cable as a function of insulation thickness and 
conductor size 



7.4 Desc r ip t ion  of Ampacity Ca lcu la t ion  

The c a l c u l a t i o n  of cab le  ampacity is  r a t h e r  complicated 

and depends on many v a r i a b l e s .  The procedure which i s  used he re  i s  

based on the  work of Neher and McGrath, (41) which has,  s i n c e  i t s  

p u b l i c a t i o n  i n  1957, become t h e  accepted s tandard  of t h e  cab le  

i ndus t ry .  Because of i t s  sound mathematical b a s i s  and wide i n d u s t r i a l  

acceptance,  t h i s  work has been adhered t o  a s  c l o s e l y  a s  p o s s i b l e  i n  

developing a s e t  of equat ions  f o r  ampacity c a l c u l a t i o n .  These 

equat ions  were then t e s t e d  by comparing t h e i r  p r e d i c t i o n s  f o r  

convent ional  aluminum and copper cab le  t o  t h e  s tandard  IPCEA ampacity 

t a b l e s  !I6) wi th  which they agreed e x c e l l e n t l y .  Following t h i s  

v e r i f i c a t i o n ,  the  equat ions  were used t o  determine sodium and aluminum 

equ iva l en t  cables .  The fol lowing s e c t i o n s  desc r ibe  the  c a l c u l a t i o n s  

i n  d e t a i l .  

7.4.1 Der iva t ion  of Basic Equations 

(41) The fol lowing procedure, l i k e  t h a t  of .Neher and McGrath, 

i s  based upon t r e a t i n g  t h e  cab le  system a s  a s e t  of l i n e  h e a t  sou rces ,  

and c a l c u l a t i n g  t h e  cable  c u r r e n t  r equ i r ed  t o  cause a s p e c i f i e d  

temperature r i s .e  a t  t h e  conductor a s  a r e s u l t  of t h e  flow of  t h e  

generated h e a t  from t h e  conductors ,  through t h e  cab le  i n s u l a t i o n ,  i n t o  

t h e  surroundings.  It i s  convent iona l ly  assumed (39s41) t h a t  t h e  e a r t h  

s u r f a c e  i s  an isotherm a t  t h e  ambient temperature,  h e r e  taken a s  20'~. 

Considering f i r s t  t h e  ca se  of  d i r e c t l y  bur ied  cable, i t  was assumed 

t h a t  w i th in  t h e  cable  a l l  h e a t  i s  generated i n  t h e  conductor and flows 

r a d i a l l y  and uniformly'outward. Outside t h e  cab le ,  h e a t  flow is  a s  

though from p a r a l l e l  l i n e  sources  of s t r e n g t h  Q and -Q watts lcm, l oca t ed  

a d i s t a n c e  h below and above a h o r i z o n t a l  midplane r e s p e c t i v e l y ,  i n  an 

i n f i n i t e  and thermally uniform medium. Then t h e  midplane temperature 

T w i l l  be  uniform and w i l l  be t h a t  of ' t h c  medium. f a r  away, The midplane 
0 

then  r ep resen t s  t h e  s u r f a c e  of t h e  e a r t h ,  and t h e  h e a t  flow below t h e  

midplane models t h e  a c t u a l  h e a t  flow i n  t h e  e a r t h .  



Refe r r ing  t o  F igure  7-3, one de f ines :  

Q = c a b l e  conductor d i s s i p a t i o n ,  wattslcm 

p e  = e a r t h  thermal r e s i s t i v i t y ,  O C  cmlwatt 

L = b u r i a l  d i s t a n c e ,  e a r t h  s u r f a c e  t o  c e n t e r  of cab le ,  

inches  

h = depth ( inches)  below e a r t h  s u r f a c e  of f i c t i t i o u s  l i n e  

h e a t  source  of s t r e n g t h  Q which, with i t s  image, 

Ecnerafec c i r c u l a r  isoeherms coinciding wi th  e a r t h  

s u r f a c e  an3 cable s u r t a c e  

R = o u t e r  r a d i u s  of cab le ,  i nches  

The temperature r i s e  6T above ambient a t  any p o i n t  x ,y  d i s t a n t  dl from 

t h e  lower hea t  source and d2 from t h e  upper (image) h e a t  source is  then  

given by 

where 

2 
dl 

=1/x2 + (y-h) and d2 = d x 2  + (y+h)2 (7-6) 

Mote t h a t  h i s  not t h e  l o c a t i o n  of the c a h l ~  centar) the circular i s o t h e m  

genera ted  by t h i s  heaL source  and i t s  image, and which r ep resen t s  

t h e  o u t s i d e  of t h e  rable, io cantered. zif a depth L s l i g h t l y  g r e a t e r  than  
(39) h .  It can be shown t h a t  h ='JL 2 -R 2 . Then f o r  t h e  p a r t i c u l a r  

c a s e  where y = L 
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Fig. 7-3-Thermal geometry of a bur ied cable 



For a three-phase group of t h r e e  cab le s  bur ied  a t  equal  depths L 

and separa ted  by x ,  t h e  r i s e  6Tm (mutual hea t ing )  a t  t he  c e n t r a l  cab le  

caused by the  h e a t  from both. o u t e r  cab le s  w i l l  be  twice t h i s  f i g u r e .  To 

t h i s  must be added t h e  r i s e  6Ts ( se l f -hea t ing )  caused by t h e  hea t  from 

t h e  c e n t r a l  cab le  i t s e l f ,  which i s  

Thus t h e  t o t a l  r i s e  ATcs a c  che s u r l a c e  - uf  he c e n t r a l  eab la  i o  givcn by 

Th i s  assumes t h a t  a l l  t h r e e  cab le s  a r e  i d e n t i c a l  hea t  sources  of Q 

watts/cm. If  l o s s e s  i n  conducting s h i e l d s  a r e  s i g n i f i c a n t ,  t h i s  Q 

should be rep laced  by (l+a)Q where a i s  t h e  r a t i o  of s h i e l d  l o s s e s  

t o  conductor l o s s e s .  

Within the  cab le  a l l  hea t  i s  assumed t o  be generated a t  

t h e  conductor and t o  flow r a d i a l l y  outward. (Because of t h e  very  low 

l o s s e s  i n  polye thylene ,  d i e l e c t r i c  h e a t i n g  can be neglec ted  a s  i n  t he  

IPCEA t a b l e s ) .  The temperature r i s e  6TI ( i n t e r n a l  hea t ing )  from t h e  

c a b l e  o u t e r  s u r f a c e  t o  t h e  conductor s u r f a c e  caused by t h i s  hear  flow 

i s  given by 

where p i s  t h e  thermal r e s i s t i v i t y  of  t h e  i n s u l a t i o n  i n  'C cmlwatt, 
i 

r i s  t h e  conductor r a d i u s  i n  inches  and K and Q are as defined e a ~ l l i e r .  P 
T h e i n s u l a t i o n t h i c k n e s s t  i s  then g i v e n b y  R-r  I n c a l c u l a t i n g  ATI, 

i 1 * 
t h e  i n s u l a t i o n  thermal. r e s i s t a n c e  must inc lude  no t  on ly  t h a t  of t h e  

e l e c t r i c a l  i n s u l a t i o n  bu t  a l s o  t h a t  of t h e  semiconducting s h i e l d s  

a t  t h e  conductor and a t  t h e  cab le  o u t e r  su r f ace ,  i f  t h e s e  a r e  p re sen t .  



Since these are composed of a carbon-loaded polyethylene and have 

thermal characteristics essentially identical to those of the unfilled 

polyethylene, they are properly accounted for by taking the insulation 

thickness to include all three. 

The total temperature rise 6T of the conductor above the 

ambient (earth surface) temperature is then given by 

L +  F2] L - R  
R 

6 2 The loss Q in watts/cm is in turn euqal to 10 I Rac where I is the 

current in amperes and Rac is_@.e conductor alternating-current resistance 

in microhms/cm. Then I = '/Qx=, or 

This is the relation used to calculate the ampacity for directly buried 

cable. Although the iinits of x, L, R, and rl were all specified as inches, 

they can equally well all be specified as cm in Equation 7-13. 

The conductor resistance Rac which is required for thts 

calculation is greater than the direct-current resistance Rdc because 

of the phenomenon called skin effect, in which alternating currents in 

a conductor are crowded toward the outer surface of the conductor by 

the magnetic fields produced by el~e current. Because t h e  effect 

depends on the rate of change of the magnetic field, it is a function 

of frequency. A rigorous mathematical treatment of this effect can be 

given for a solid round conductor 
( 4 3 )  , for this case, numerical results 



a r e  given by Dwight i n  t h e  Radio Engineers  Handbook. (42)  va lues  f o r  

convent iona l  s t r anded  conductors  a r e  given i n  t h e  Standard Handbook 

f o r  E l e c t r i c a l  Engineers.  (44) I f  t h e  sk in -e f f ec t  r a t i o  B =.Rac/Rdc 

is  p l o t t e d  aga ins t  t h e  r a t i o  of conductor c ros s - sec t iona l  a r e a  A t o  t h e  

dc r e s i s t i v i t y  pdc ,  i t  i s  found t h a t  t h e  curves f o r  s o l i d  and s t randed  

conductors  a r e  i d e n t i c a l  t o  w i th in  t h e  t a b u l a t e d  accuracy,  s o  t h a t  a 

s i n g l e  r e l a t i o n  s u f f i c e s  f o r  both.  A p l o t  of A l p d c  v s .  Rac/Rdc- 1, 

i . e . ,  13-1, is given i n  F igure  7-4. Here A is  i n  thnusands of c i r c u l a r  

m i l s  and pdc  i n  microhm cm. This  curve a p p l i e s ,  w i th in  f t s  tange,  

t o  both s o l i d  and s t randed  r , n ~ d u c t o r s  of any ma te r i a l .  

It i o  a l s o  necessary  co know t h e  r e l a t i o n  bntwccn csnducLur 

r a d i u s  and c ros s - sec t iona l  a r e a .  For s o l i d  conductors ,  t h i s  i s  j u s t  

A = 4000 rZ, where aga in  A i s  i n  thousands of c i r c u l a r  m i l s  and r 

i s  i n  inches .  For s t r anded  conductors ,  t h e  d a t a  given i n  t h e  Standard 

Handbook f o r  ~ l e c t r i c a l  Engineers  (44) a r e  descr ibed  very c l o s e l y  by 
2 t h e  r e l a t i o n  A = 3016 r . 

With t h e s e  r e l a t i o n s  i t  i s  p o s s i b l e  t o  w r i t e  a s imple 

calculaLur program f o r  c a l c u l a t i n g  ampaci ty. .  For t h i s  purpose i t  i s  

convenient  t o  have an a n a l y t i c a l  r e l a t i o n  f o r  t h e  dependence nf f3 on 

A/pdc from F i g u r e  7-6. T h i s  curvc i s  very  c l o s e l y  f i e  by t h e  r e l a t i o n  

which was employed i n  ou r  program. 

It i s  3600 necessary LU kxiow ehe conductor dc r e s i s t i v i t y  

a u  a funcefon of t eupe ra tu re .  For aluminum, t h e  r e s i s t i v i t y  i s  taken 

as (45) 
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Fig. 7-4-Skin-effect@ 60 Hz for round wire or stranded cable vs. ratio of cross-sectional area A b 
resistivity Q~DC 
A i n  thousands of circular mils (KCMI, pDc in  micmhm cm 



where o is in microhm cm and T in O C .  For sodium the resistivity 

There is significant variability in the literature concerning the 

resistivity of sodium. The relation given appears to be the most 

reliable. Tables of the dc resistivities of aluminum and sodium as 

calculated from these equations are given in Appendix A3 ( T ~ h ~ s s  A3-1 

and A3-2). 

In addLLlun to calculating the ampacity of a given cable, 

it is also of interest to calculate the individtial components of the 

total thermal rise, which have already beell designated as 6Tm, 6Ts, 

and 6TI. The power loss per unit length, Q, in wattslcm, in the 

conductor is also calculated. The inputs and outputs for these 

calculations are summarized in Appendix A3 which contains tables of 

all of the calculations used in this report. 

Since in a stranded conductor the strands wind helically 

about the cuater, all gtrands but the central one are somewhat longer 

than the actual cable length. This leads to a slightly higher actual 

resistance per unit length for stranded cable than t11irL calculared on 

the area and resistivity (the area of stranded conductor is conventionally 

taken as the cross-section of each strand, taken normal to the strand 

axis, times the number of strands, and is thus less than would be 

the conductor area exposed by a single plane cut normal to the 

conductor axis). This correction, called the lay factor, has teen 

neglected in these calculations. If included, its effect would have 

been to slightly reduce the ampacities calculated for stranded rable, 

the reduction being not over about one-half precent. Further, 

all of the calculations have been made on the basis of continuous 

load (loss factor and load factor both unity), since this is the most 

severe circumstance. 



For cable installed in buried ducts, the calculation must 

be modified to include the thermal resistance of the duct walls and 

of the cable-to-duct air gap. Referring again to the direct-burial 

ampacity equation, it is evident that this can be considered as 

of the form 

where the coefficients Rk are effective thermalresistances, relating 

the heat flow Q to the various thermal drops. In the cable-in-duct case, 

one now has for R (the thermal resistance relating Q to the thermal 
m 

rise of the outside wall of the center duct due to the heat from the 

outer two cab1es)the relation 

where % is the outside radius of the duct. The thermal resistance Rs 

relative to the corresponding thermal rise due to the central cable 

is given by the relation 

, IPCEA (16)def ines a standard duct as being 5, 6, or 8 inches . 

inside diameter. The standard wall thickness for fiber duct is 114 inch. 

Minimum diametral clearance between cable O.D. and duct I . D .  is 

specified as 3/4 inch, so that a- 5-inch I . D .  duct could accommodate a 

4-114 inch O.D. cable. Since none of the cables considered in this 

report is that large, and since every new cable-in-duct installation 



is assumed t o  involve  new duct a s  w e l l ,  a  5-inch I.D. f i b e r  duct  of 

114-inch wa l l  has been assumed throughout,  with a  thermal r e s i s t i v i t y  

of  p D  of 480°C cmlwatt. Again a  b u r i a l  depth of L = 36 inches and spacing 

of x = 7.5 inches  has been assumed. With RD = 2.75 inches ,  t hese  va lues  

y i e l d  

where.Rs, R m ,  and p o  a r e  a l l  i n  O C  cm/watt. The duc t  w a l l  t h e m 1  
r e s i s t a n c e  R i s  a cons t an t  throughout t he  c a l c u l a t i o n s  s i n c e  t h e  

dw 
(41) duct  i s  f i x e d ;  from Neher-McGrath 

where pD i s  t h e  thermal r e s i s t i v i t y  of t h e  duct  m a t e r i a l  and D and t 

a r e  t h e  o u t s i d e  diameter  and wa l l  th ickness .  T~I;. foregoing va lues  then 

y i e l d  

For t h e  cable-to-duct a ir-gap thermal r e s i s t a n c e  R Nchex 
ag' 

and McGrath (41) s p e c i f y  a semi-empiri.cn1 expression which, f o r  t h i s  

duc t ,  reduces t o  

where R is, a s  b e f o r e ,  t h e  cable  o u t e r  r ad ius .  The i n t e r n a l  thermal 

r e s i s t a n c e  of t h e  cab le  is  the  same a s  f o r  d i r e c t  b u r i a l .  The ampacity 

equa t ion  f o r  c a b l e  i n  duc t  then becomes 



f o r  t he  foregoing assumed cond i t i ons .  I n  t h i s  equat ion  R and rl must 

be i n  inches ,  because t h e  numerical cons t an t s  a r e  not  dimensionless.  

For t he  cable-in-duct case ,  t h e  program was w r i t t e n  t o  

c a l c u l a t e  t h e  same components of t he  thermal r i s e  a s  were done f o r  

d i r e c t  b u r i a l ,  and i n  a d d i t i o n  t h e  d i f f e r e n c e s  6Tdw a c r o s s  t h e  duc t  

w a l l  and bT ac ros s  t h e  cable-to-duct a i r  gap. These r e s u l t s  a r e  
a g 

included i n  t h e  ampacity t a b l e s  i n  Appendix A3. 

7.4.2 V e r i f i c a t i o n  of Ampacity Equations by IPCEA -- Tables 

Before apply ing  these  equat ions  t'o sodium cab le ,  i t  was 

f e l t  d e s i r a b l e  t o  compare t h e i r  p r e d i c t i o n s  f o r  convent ional  aluminum 

and copper cab le s  t o  t h e  s tandard  IPCEA ampacity va lues ;  t h i s  was 
1 

done f o r  15  and 35 kV cab le ,  of 1000, 750, 500, 350 and 212 KCM s i z e ,  f o r  

assumed pe va lues  of 90 and 120°C cmlwatt, f o r  both d i r e c t  and duct  

b u r i a l .  A 100% load  f a c t o r  and no s h i e l d  l o s s e s  (a = 0) .were assumed. 

Resul t s  gene ra l ly  agreed wi th  IPCEA values  t o  w i th in  a . p e r c e n t  o r  l e s s ;  

a t a b l e  of t he  comparisons i s  given i n  Append,ix A 3 .  This  c l o s e  agreement 

i n d i c a t e s  t h a t  ampaci t ies  c a l c u l a t e d  by the  foregoing formulae a r e  c o n s i s t e n t  

wi th  indus t ry  s t anda rds ,  and t h a t  they a r e  r e l i a b l e  f o r  t h e  cases  of 

t h i s  r e p o r t .  

7.4.3 ' ~ e s c r i ~ t i o n  of Procedure f o r  Ca lcu la t ion  of Equivalent  
Sodium Cable 

With t h e  previous ly  developed ampacity r e l a t i o n s ,  t h e  process  

o u t l i n e d  i n  Sec t ion  7.1.1 can now be implemented. This  was done f o r  a 

mat r ix  of s i x t e e n  cases  each f o r  d i r e c t  b u r i a l  and f o r  duc t ;  600 v o l t ,  

15 kV, 25 kV; and 35 kV i n  s i z e s  of aluminum conductor of 1000, 750, 

350, and . 250 . -. KCM; For each case ,  t h e  aluminum c a b l e  ampacity a t  normal 

load (conductor a t  90°c, ambient 20°C, t h e r e f o r e  bT = 7 0 ' ~ )  and a t  



overload (conductor at .130°C, 6T =.llO°C) was determined. The sodium 

conductor size required to give a conductor temperature of 95'~ for 

the aluminum overload current was then found, and finally the conductor 

operating temperature was calculated for this sodiuin conductor at 

the normal-load aluminum current. 

7.4.4 Choice of Shield Loss Factor, and Other Parameters -.- 

It was desirable to choose fixed values of some of the 

parameters, such as a and p for the equivalence calculations. This e' 
then required that the sensitivity of the results to these choices 

be estimated. For a, it seemed reasonable and convenient to 

choose a = 0 (open or ungrounded shields, no shield 1osses);for p the 
e ' 

generally-accepted value of 90°C cmlwatt was chosen. (38,41) The 

effect of other choices for these parametersis discussed in Section 7.6. 

Ambient temperature was taken as 20°C, excepting for the calculations 

to verify the procedure against IPCEA tables where it was taken as 25OC 

as in the IPCEA tables. Burial depth and spacing were everywhere taken 

as 91.5 cm (36 in.) and 19.1 cm (7.5 in.), as specified by IPCEA. (16) 

The insulation thicknesses for the sodium cable were chosen 

to be equal to those for the corresponding aluminum cable. This was 

done because, as stated earlier, these thicknesses appear to be 

mechanically sufficient, and because they satisfy IPCEA and AEIC 

electrical requirements. The IPCEA-AEIC thickness specification for 

outer semiconducting shield thickness was also followed for sodium, 

but no semiconducting conductor shield was assumed. This is because, 

as might be expected and as has been experimentally found, the sodium 

conductor surface is very smooth and tightly bonded to the polyethylene. ( 2 5 )  

The conductor shield, whose purpose is to present to the inner surface 

of the insulation an electricaily smooth and void-free conducting 

surface without stress-concentrating asperities, is thus unnecessary 

with sodium (see also Paragrph 7.7.1). 



7.5 Resu l t s  of Equivalence Ca lcu l a t i ons  

This  s e c t i o n  d i s cus se s  t h e  r e s u l t s  of  t h e  equivalence c a l c u l a t i o n s ,  

whose b a s i s  has  a l r e a d y  been descr ibed .  Complete r e s u l t s  of  a l l  

c a l c u l a t e d  ca se s  a r e  t abu la t ed  i n  Appendix,A3. Table  7-4 summarizes 

t h e  r e s u l t s  of t h e s e  c .a lcu la t ions .  Seve ra l  i n t e r e s t i n g  conc lus ions  

which appear t o  be v a l i d  f o r  a l l  vo l t age  and ampacity r a t i n g s  a r e  

presen ted .  I n  connect ion wi th  t h e  d i s cus s ion  of temperature  d i s t r i b u t i o n  

and power l o s s e s ,  i t  b a s  a l s o  a p p r o p r i a t e  t o  cons ider  molten sodium 

conductor ope ra t i on ,  which has  some p rope . r t i e s  q u i t e  d i f f e r e n t  from 

those  found wi th  aluminum o r  copper conductors .  

7.5.1 Tables  of Equivalence Resu l t s  

T h e . r e s u l t s  of t h e  c a l c u l a t i o n s  descr ibed  above show t h a t  t h e  

diameter  of t h e  sodium conductor corresponding t o  a given aluminum 

conductor i s  q u i t e  i n s e n s i t i v e  t o  t h e  vo l t age  c l a s s i f i c a t i o n  o r  type  

of i n s t a l l a t i o n  of  t h e  cab l e .  Table  7-4 shows a summary of  t h e  c ross -  

s e c t i o n s  f o r  sodium equ iva l en t  t o  1000, 750, 350, and 250 KCM of  aliminum, 

i n  600V, 15  kV, 25 kV, and 35 '3 r a t i n g s ,  bu r i ed  d i r e c t l y  o r  i n  d u c t ,  

and a l s o  shows t h e  r a t i o  of t h e  sodium cross -sec t ion  t o  t h a t  of t h e  

aluminum. For t h e  ca se s  cons idered ,  t h i s  r a t i o  ranges from 2.108 t o  

2.220. Thus fo l lows  t h e  gene ra l  conclusion t h a t ,  w i t h  a 2-112 percent  

accuracy,  t h e  sodium cro 'ss-sect ion equ iva l en t  t o  a g iven  aluminum 

c ros s - sec t ion  i s  2.16 t imes t h a t  of t h e  aluminum, independent of 

cab l e  r a t i n g  o r  i n s t a l l a t i o n .  

7.5.2 Operat ing Temperatures a t  Thermal F u l l  Load 

The temperature  a t  which t h e  conductors  of t h e s e  equ iva l en t  

sodium cab le s  w i l l  o p e r a t e  a t  t h e  normal f u l l  l oad  c u r r e n t  of t h e  

equ iva l en t  aluminum cab le  (conductor a t  90°C) i s  a l s o  inc luded  i n  

t h e  t a b l e .  Again i t  is  observed t h a t  t h i s  number, 6g°C, o r  65°C f o r  

600 v o l t  c a b l e s ,  i s  p r a c t i c a l l y  iridependent of r a t i n g  o r  i n s t a l l a t i o n ,  

except  t h a t  it i s  lower f o r  60OV cab le s  t han  f o r  t h e  o t h e r s .  One 

can conclude + h a t ,  t o  w i t h i n  one-half degree accuracy,  t h e  conductor 



TABLE 7-4 

Summary o.f - t h e  P r o p e r t i e s  o f  Sodium Cab le  Compared t o  t h e  Z c c i v ~ l e n t  Aluminum C a b l e  

Aluminum Direct ~ u r i a l  Cab le  i n  Duct  
Area ,  KCM S ~ d i u m  600 V 1 5  kV 25 kV 35  kV 600 V 1 5  kV 25 kV 35' k~ - - 

1000  Aria, KCM 2196 2155 2149 2199 2220 2214 2214 2208 

Ratio:  t o  .41 Area  2.196 2.155 2.149 2.199 2.220 2.214 2.214 2.208 

Normal Tenp. R i s e  4 5 4 9 49 4 9 44.5 48 .5  48 .5  48.5 

Power. Loss  R z t i o  to. A1 .647 .736 .738 .738 .655 . 7 2.0 .719 . 7 2 1  

6 2 . ~ e  22.9 1 6 . 8  1 5 . 9  1 5 . 1  12 .9  1 0 . 5  1 0 . 6  1 0 . 5  

750 Area ,  KCM 1 6 3 3  1608 1 6 0 3  1598 1654 1649 1649 1649  

R a f i o  t o  A 1  Area 2.177 2.144 2.137 2 .131 - 2.205 2.199 2.199 2.199 

Normal Temp. R i s e  4 5 49 4 9 4 9 44 .5  48 .5  48 .5  48 .5  

Power Loss  R a t i o  t o  A1 .643  .736 .740 .721 .654 .717 .717 ,717 

62 ~e 22.5 16 .4  1 5 . 5  14.8 1 2 . 4  1 0 . 2  1 0 . 1  1 0 . 1  

. 350 Area ,  KCM 760 740 740 740 764' 767 764 764 

R a t i o  t o  A 1  Area  2 . 1 7 1  2.114 2.114 2.114 2 .183 2 .191 2 .183 2 .183 

Normal Temp. R i s e  ,44.5 49 49 49 44.5 48.5 48 .5  48 .5  

Power L o s s  R a t i o  t o  A 1  .624 .739 .740 .744 .656 .715 ,716  .714 

250 Ares, KCM 542 5 30 527 527 545 548 548 545 

R a t i o  t o  I I Area  2 .168 2.120 2 .108 2.108 2.180 2.192 2.192 2 .180 

N o r n a l  Temp. X i s e  4 4 . 5  4 9 4 9 49 44 .5  48.5 48.5 48.5 

Powsr L o s s  R a t i o  t o  A 1  , 6 2 3  .740 .741  .742 .655 .712 .714 .715 

62 re 22.4 1 4 . 9  1 3 . 9  1 3 . 1  1 0 . 3  8 . 8  8 . 8  9 . 0  



ope ra t ing  temperature a t  r a t e d  cu r r en t  f o r  t h e  equiva len t  sodium cab le  

( s e l ec t ed  -- by our overload c r i t e r i o n )  w i l l  be 6 5 " ~  f o r  600V cable  and 6 9 ' ~  -. 

f o r  15, 25, o r  35 kV cab le ,  r ega rd l e s s  of r a t i n g  o r  i n s t a l l a t i o n .  

7 .5.3 Temperature D i s t r i b u t i o n s  and Power Losses 

It is  a l s o  of i n t e r e s t  t o  compare t h e  power d i s s i p a t e d  by the  

equ iva l en t  sodium cab le  a t  normal c u r r e n t  (or  a t  any o t h e r  c u r r e n t )  t o  

t h a t  f o r  t h e  aluminum cab le  a t  t h e  same c u r r e n t .  This  r a t i o  is  a l s o  

given i n  t he  t a b l e ;  f o r  t h e  600 v o l t  cab le  i t  i s  between 0.623 and 

0.656; f o r  t he  higher-vol tage c l a s s e s  i t  i s  between 0.736 and 0.744 f o r  

d i r e c t  b u r i a l  and between 0.712 and 0.721 f o r  duct  i n s t a l l a t i o n s .  

Therefore,  w i th in  about  2-112 percent  e r r o r ,  one can conclude t h a t ,  

over  t he  e n t i r e  range s tud ied ,  power d i s s i p a t i o n  l o s s e s  i n  600 v o l t  

sodium cab le  w i l l  be 64% of t h a t  i n  t h e  equ iva l en t  aluminum cab le ,  

and f o r  t h e  h igher  vo l t ages  w i l l  be 73% of t h a t  i n  equiva len t  aluminum 

cable .  

A l l  of t hese  conclusions a r e  based on the  assumption t h a t  t h e  

i n s u l a t i o n  th icknesses  p re sen t ly  s p e c i f i e d  f o r  aluminum cable  w i l l  

be mechanically s t r o n g  enough f o r  sodium. I n  view of t h e  e a r l i e r  

c a l c u l a t i o n s  of Sec t ion  7.3.3, and of ope ra t ing  experience,  t h i s  

assumption appears  reasonable.  I f  t h i c k e r  i n s u l a t i o n s  a r e  deemed 

necessary ,  t he  r a t i o  of t h e  equiva len t  sodium cross-sec t ion  t o  t he  aluminum 

w i l l  i nc rease .  The amount of t h a t  i nc rease  can be  r e a d i l y  determined 

[rum Figure  7-2, which shows t h e  v a r i a t i o n  of ampacity w i th  i .nsulat ion 

th ickness  and conductor a r ea .  The f i r s t  o f  t h e s e  t h r e e  conclusions w i l l  

thus  be modified. The o t h e r  two, however, a r e  e s s e n t i a l l y  independent 

of i n s u l a t i o n  th i ckness ,  assuming of course  t h a t  f o r  each choice of 

th ickness  t h e  sodium cross-sec t ion  i s  chosen according t o  Sec t ion  7.1.1. 

De ta i l ed  c a l c u l a t i o n s  from which t h e s e  conclusions a r e  drawn a r e  included 

~ I , I  Appendix A3. 

The d i s t r i b u t i o n  of t h e  t o t a l  temperature r i s e  among t h e  

var ious  cab le  components has  a l r eady  been d iscussed  i n  Sec t ion  7.4.1. 

These temperature increments a r e ,  a s  noted,  i nd iv idua l ly  t abu la t ed  

i n  Appendix A3. I n  t h i s  connect ion i t  may be noted t h a t  t h e  "ea r th  



i n t e r f a c e  temperature" Te, i . e . ,  t h e  temperature  a t  t h e  cab l e  o u t e r  

s u r f a c e  f o r  d i r e c t  b u r i a l  o r  of t h e  duc t  o u t e r  s u r f a c e  f o r  cab l e  i n  

d i r ec t -bu r i ed  duc t s ,  is  o f t e n  of some concern. I f  t oo  h igh ,  i t  r e s u l t s  

i n  a dry ing  of t h e  s o i l  (16s38s39)and a r e s u l t i n g  i n c r e a s e  i n  t h e  s o i l  

thermal  r e s i s t i v i t y  pe,  t hus  caus ing  f u r t h e r  r i s e  of temperature  and 

p o s s i b l y  even thermal  runaway. Because of  t h e  lower hea t  l o s s  i n  

t h e  equ iva l en t  sodium i n s t a l l a t i o n s  s e l e c t e d ,  Te i s  l e s s  and t h e  problem 

of  thermal  runaway is  t h e r e f o r e  less severe. For e i t h e r  d i r e c t l y  bur ied  

c a b l e , - o r  duc t  i n s t a l l a t i o n .  one f i n d s  bye = &'Irn + 6Ts, where 6Te = Tc - 
t h e  d i f f e r e n t  6 2 ~ e  = 6Te Al - 6Te Na i s  a measure of how 

Tambient ' 
much lower t h e  e a r t h  i n t e r f a c e  temperature  w i l l  be f o r  sodium cab1.e 

than f o r  aluminum. Th i s  d i f f e r e n c e  i s  a l s o  t abu la t ed  i n  Table 7-4. 

It  w i l l  be seen  t h a t  Te i s  from 9 t o  23OC lower f o r  sodium than f o r  

aluminum, t hus  reduc ing  t h e  l i k e l i h o o d  of  thermal  runaway. 

7.5.4 Molten Conductor Operat ion 

It has  been recommended throughout t h i s  r e p o r t  t h a t  both 

normal and over load  o p e r a t i o n  of sodium cab1.e should occur  w i t h  a 

s o l i d  conductor.  A l l  c a b l e - r a t i n g s  have been c a l c u l a t e d  on t h a t  b a s i s ,  

r e s e r v i n g  t h e  h e a t  of  fu s ion  of t h e  conductor f o r  t h e  abso rp t ion  of 

s h o r t  c i r c u i t  c u r r e n t  o r  similar thermal  t r a n s i e n t s .  Occas iona l ly ,  

u t i l i t y  ope ra t i on  of c a b l e s  a t  s u s t a i n e d  over loads  beyond t h e  overload 

r a t i n g  of  t h e  c a b l e  w i l l  occur  (33934).  The behavior  of a sodium cab le  

i n  t h i s  s i t u a t i o n  i s  q u i t e  d i f f e r e n t  from t h a t  of an aluminum o r  copper 

c a b l e .  If t h e  sodium c a b l e  is  ope ra t i ng  neaf  bu t  below i r s  

conductor  mel t ing  p o i n t  (e.g. ,  a t  t h e  over load  ampacity a s  we have 

de f ined  i t ) ,  'and i f  a moderate i n c r e a s e  of c u r r e n t  t emporar i ly  occurs ,  

o u f f i c i e n t  t o  melt the conductor bu t  not t o  t r l p  a s s o c i a t e d  p r o t e c t i v e -  

dev i ce s ,  t h e  conductor  w i l l  n o t  r e s o l i d i f y  when t h e  c u r r e n t  i s  reduced 

t o  i t s  prev ious  over load  va lue .  The sodium conductor w i l l  remain molten, 

and i t s  temperature  w i l l  rise t o  a new equ i l i b r ium va lue  near  140°C. 

I n , o r d e r  t o  r e s o l i d i f y  t h e  co re ,  t h e  c u r r e n t  w i l l  have t o  be  reduced 

below a s t e a d y - s t a t e  va lue  no more than 85 percent  o f  t h e  o r i g i n a l  

over load  r a t i n g .  The aluminum o r  copper,  on t h e  o t h e r  hand, w i l l  



r e t u r n  t o  i t s  overload temperature when t h e  c u r r e n t  r e t u r n s  t o  i t s  

overload value.  This  s i t u a t i o n  has  been t r e a t e d  i n  d e t a i l  by Hus. (29) 

One can e a s i l y  e s t a b l i s h  t h e  aforementioned temperature f i g u r e s  

a s  fol lows.  A t  normal overload ampacity, t h e  sodium temperature i s  

95OC, j u s t  below t h e  97.8OC mel t ing  po in t .  The h e a t  flow from t h e  
2 

I R l o s s e s  t o  t h e  sur roundingsgenera tes  a r i s e  of 75OC above t h e  

20°c ambient. Assuming t h a t  the  same cu r ren t  is  maintained a f t e r  

core  mel t ing  by a temporary cu r r en t  i nc rease ,  and t h a t  t h e  thermal 

r e s i s t a n c e s  of t he  surroundings do no t  change, one f i n d s  t h e  h ighe r  

r e s i s t i v i t y  of t h e  l i q u i d  j u s t  above t h e  mel t ing  p o i n t  (9.6 0 cm) t o  

be 1 . 4  t imes t h a t  of t h e  s o l i d  j u s t  below melt ing.  ~ h u s ,  t h e  h e a t  

evo lu t ion ,  and temperature r i s e  above ambient, w i l l  be  1.4 t imes as 

g r e a t ,  o r  105OC, l ead ing  t o  a temperature of 1 2 5 ' ~ .  The f u r t h e r  r i s e  

i n  r e s i s t i v i t y  a t  t h i s  temperature,  i n  t u r n ,  causes a s t i l l  h ighe r  

r i s e  i n  temperature,  and an eventua l  equi l ibr ium temperature i s  reached 

a t  which t h e  r e s i s t i v i t y  is i n  t h e  same r a t i o  t o  t h a t  of t h e  s o l i d  

j u s t  below mel t ing  a s  t h e  r a t i o  of t h e  temperature r i s e  i s  t o  75OC. 

Values of t h e  liquid-sodium r e s i s t i v i t y  from S i t t i g  (47)  a r e  given i n  

Table 7-5; from these  t h i s  equ i l i b r ium temperature i s  simply found a s  

about  141°C. I n  o rde r  t o  r e s o l i d i f y  t h e  sodium, t h e  h e a t  d i s s i p a t i o n  

must be reduced t o  i t s  previous overload va lue ,  b u t  s i n c e  the  l i q u i d  

sodium a t  t h e  mel t ing  p o i n t  w i l l  have a r e s i s t i v i t y  1.4 t imes t h a t  of 

t h e  o r i g i n a l  s a l i d ,  t h e  c u r r e n t  w i l l  have t o  be reduced below t h e  

o r i g i n a l  overload c u r r e n t  d iv ided  by t h e  square  r o o t  of 1 .4 ,  o r  about  

85 percent  of t h e  o r i g i n a l  overl,oad r a t i n g ,  This  a n a l y s i s  makes t h e  

p e s s i m i s t i c  assunpt ion  ( i n  t h e  case  of t h r e e  d i r ec t -bu r i ed  cab le s  i n  

three-phase) t h a t  a l l  t h r e e  conductors mel t ,  whereas i n  f a c t  only t h e  

c e n t r a l  one w i l l  mel t ,  a t  l e a s t  a t  f i r s t .  However, t he  e x t r a  hea t  

from the  c e n t r a l  cab le  w i l l  probably then melt  t h e  o u t e r  two a s  wel l .  

Temperatures of t h i s  o r d e r  would almost s u r e l y  r e s u l t  i n  f a i l u r e  of 

PE i n s u l a t i o n  wi th  r e l e a s e  nf a q u a n t i t y  of sodium, al though XLPE could 

probably su rv ive  such temperatures  f o r  a cons iderable  time without  

rupture .  Even though such a usage i s  w e l l  beyond t h e  cab le  r a t i n g ,  i t s  



TABLE 7-5 . . 

R e s i s t i v i t y  of  Molten Sodium a t  Various Temperatures 

Liquid Sodium 
T O C  R e s i s t i v i t y , n c m  



possible occurrence must be considered because of the different 

behavior of sodium cable.. . It should also be noted that while in the 

molten. state, the sodium cable does not have the advantage of its heat 

of fusion for absorption of transients, and is in fact at a considerable 

disadvantage because of its higher resistivity when molten. 

7.6 Sensitivity_of Results to.Changes in Assumed Parameters 

Some examples were calculated to show the effect .of variations 

in the selection of the cable or earth parameters, particularly a and 

For example, for 25 kV 1000 KCM direct buried aluminum'cable, 

the radius of the equivalent sodium conductor is 1.862 cm. (0.733. 

in.) for a = 0, and 1.877 cm (0.739 in.) .for ci = 1 (equal conductor. 

and shield losses). From this considerati.on, it appears that the 

results will be essentially independent of the choice of a. These 

results are for pe = 90°c cmlwatt. For a = 0 but pe = 130'~ cmlwatt, 

the radius of the sodiunl is 1:869 cm (0.736 in.) rather than 1..862 cm 

(0.733 in.). These results suggest that the selected values 0f.a and 

e are reasonable and that the equivalence results are not significantly 

sensitive to these choices. Sensitivity of ampacity to insulation 

thickness has already been discussed in Paragraph 7.3.6 and Figure 7-2. 

All of the remaining parameters are well specified, and sensitivity to 

variations in them is not relevant.. 

7.7 Possibilities for, and Conseq_uences of, Thinner Insulation 

This section explores the possibility of reducing the 

insulation thickness for sodium cable below the values specified 

by industry for aluminum cable, and considers the e.ffects on electrical 

stress, thermal distribution, mechanical strength, ampacity, and 

moisture penetration, and the cost savings which might result. The 

general conclusion of these considerations is that appreciable reductions 

in thickness of insulation are probably permissible; it is not yet 

clear if the savings in cable cost, installation, and operation will be 

significant. 



7.7.1 E l e c t r i c a l  S t r e s s e s  

The p o s s i b i l i t y  of us ing  t h i n n e r  i n s u l a t i o n  on sodium cab le  . 

i s  suggested by t h e  observed f a c t  t h a t  t h e  s u r f a c e  of t h e  sodium 

conductor i n  coextruded cable  a s  manufactured by Nacon appears  very 

smooth and t i g h t l y  bonded t o  t h e  polyethylene.  There i s  t h e r e f o r e  

cons iderably  reduced l i k e l i h o o d  of  vo ids  between conductor and i n s u l a t i o n  

o r  -of e l e c t r i c a l  s t r e s s  concen t r a t ions  a t  t h e  conductor s u r f a c e  such 

a s  a r e  somefimes caused by mechanical damage t o  aluminum o r  copper 

conductors  be fo re  t h e i r  i n su l a t io r l  is  appl ied .  Such voids  a r e  absent  

i n  sodium because t h e  conductor i s  l i q u i d  a t  t he  time of c.ah1.e manufacture,  

ciud because the sodium i s  s o f t  and f l e x i b l e  t o  mechanical impact. For 

t h e s e  reasons ,  a s  w e l l  a s  because of the  s t randed  n a t u r e  of aluminum 

and copper conductors ,  a  semiconducting conductor s h i e l d  of carbon- 

f i l l e d  polye thylene  i s  app l i ed  d i r e c t l y  over  t h e  conductors  of 

convent iona l  cable .  However, i n  a d d i t i o n  t o t h i s  e x t r a  c o s t  and 

compl ica t ion ,  t h i s  s h i e l d  a l s o  causes i t s  own e l e c t r i c a l  problems i n  

t h e  form of conduct ing p r o t r u s i o n s  i n t o  t h e  surrounding i n s u l a t i o n ,  

caused p r imar i ly  by d i e  b leed  a t  t he  f a c e  of t h e  conductor s h i e l d  d i e .  (48 

Thi s  process  can a l s o  i n j e c t  conducting clumps i n t o  t h e  h igh - f i e ld  

r eg ions  of t h e  i n s u l a t i o n .  This  would no t  occur  wi th  sodium cab le ,  

which has  no conductor s h i e l d .  A r e c e n t  s tudy (48 ) on ex t ruded-d ie l ec t r i c  

t ransmiss ion  c a b l e s  l i s t e d  t h e  t h r e e  most important f a c t o r a  i n  

d i e l e c t r i c  s t r e n g t h ,  i n  o rde r  of importance, a s  e l e c t r i c a l  smoothness 

o f  t h e  conductor s h i e l d ,  conduct ive contaminants w i th in  t h e  i n s u l a t i o n ,  

and voids  w i t h i n  t h e  i n s u l a t i o n  and a t  :he insulat ion-conductor  s h i e l d  

i n t e r f a c e .  Sodium c a b l e  has  ev ident  advantages on a l l  t h r e e  counts .  

It should f u r t h e r  be  noted t h a t  because sodium conductors  a r e  l a r g e r  

than  t h e i r  e q u i v a l e n t s  i n  copper o r  aluminum, t h e  e l e c t r i c  f i e l d  a t  t he  

sodium c u ~ ~ d u c t u r  w i l l ' b e  somewhat l e s s ,  t y p i c a l l y  .3 t o  4 percent  l e s s .  

A s i g n i f i c a n t  i n d i c a t o r  of t h e  e l e c t r i c a l  q u a l i t y  of t h e  

i n s u l a t i o n  i n  a  cab le  is t h e  corona onse t  vo l t age ,  t h e  vo l t age  a t  which 

i n t e r n a l  p a r t i a l  d i scha rges  begin.  The few d a t a  r epo r t ed  f o r  sodium 

c a b l e  i n  t he  l i t e r a t u r e  05'39 ) g ive  va lues  t y p i c a l l y  1 .5  t o  2 t imes t h e  



minimum specified by IPCEA. On the above basis, it is reasonable to 

expect that, insofar as electric strength is concerned, significant 

reductions in insulation thickness are permissible for sodium cable, 

perhaps to 65 percent of presently accepted values for aluminum 

and copper cables. Further measurements would be necessary to confirm 

this. 

7 . 7 . 2  Thermal Distribution and Ampacity 

The effect of a reduced insulation thickness on the 

thermal distribution would be to reduce the insulation thermal drop 

which has been denoted as 6Tr This assumes that the conductor cross- 

section and current were held the same. This would also result in a 

lower conductor temperature and resistance, and hence a small increase 

in ampacity for the same loss. Also, a larger'increase in ampacity 

would result for the same (original) conductor temperature, or a 

smaller power loss for the original current. Thus, the conductor 

diameter might be decreased for the original current and temperature, 

or still other tradeoffs can be made. These effects will probably not 

be very large, however If the same conductor temperature is maintained, 

the effect of a reduced insulation thickness would also be to raise the 

earth interface temperature T slightly,although not to the values e 
presently found in the equivalent aluminum cable. However, this rise 

would not be significant. As can be seen from the tables of Appendix 

A 3 ,  the insulation thermal drop 6TI is generally only a rather small 

part of the total thermal rise 6T. Thus, moderate insulation thickness 

reductions will not alter the thermal distribution significantly nor 

will they signi$icantly raise auipacities. For low voltage cables, 

especially the 600 volt class, 6T is so small that even if it were I 
eliminated entirely the increase in. ampacity would only be of the order . . 

of 3%. For the higher voltage cables, the possible increases are not 

much greater, as is evident from Figure 7-2. It can be concluded that 

moderate insulation thickness reductions are permitted by thermal 

considerations and would yield small increases in ampacity. 



7.7.3 Mechanical S t rength  

It has a l r eady  been shown i n  Sec t ion  7 . 3  t!:~t i f  the  r a t i o  ). 
. , 

of i n s u l a t i o n . c r o s s - s e c t i o n  t o  t o t a l  cab le  cross-sect ior!  were a t  l e a s t  

1 8  percent  ( i n s u l a t i o n  th ickness  a t  l e a s t  10 .5  percent  of the  conductor 

r a d i u s ) ,  t hen  PE i n s u l a t i o n  would provide s u f f i c i e n t  t e n s i l e  s t r e n g t h  

f o r  duct  i n s t a l l a t i o n  i n  240 m (800 f o o t )  s t r a i g h t  runs a t  a cable  

temperature of 49°C (120°F). I n  a l l  of t h e  cab le s  t abu la t ed  i n  t h i s  

r e p o r t ,  X i s  cons iderably  abuve 1 8  pe rcen t ,  t he  c l o s e s t  case being 

che l a r g e s t  600 v o l t  cab le  (conductor r a d i u s  1,492 cw ( . 745  in.), 

i n s u l a t i o n  th i ckness  0.318 cm (0.125 i n . ) ,  X = 27 ~ e r c e n t ) .  A p o s s i b l e  

except ion  t o  t h i s  18  percent  f i g u r e  was noted f o r  l a r g e  600 v o l t  

cab le  a t  h igh  i n s t a l l a t i o n  temperatures ,  i f  t h e  c o e f f i c i e n t  of f r i c t i o n  

of  PE on t h e  duc t  s u r f a c e  were t o  r i s e  above 0.4. For t he  higher-vol tage 

c a b l e s ,  t h e  presence of concen t r i c  n e u t r a l  w i re s  w i l l  prevent  i n su la t ion -  

to-duct con tac t  so  t h a t  t he  f r i c t i o n  is  no t  dependent on i n s t a l l a t i o n  

temperature.  It appears  t h a t s o  f a r  a s  t e n s i l e  s t r e n g t h  f o r  i n s t a l l a t i o n  

i s  concerned, t h e  i n s u l a t i o n  th i cknesses  f o r  a l l  of t he  high-voltage 

PE-insulated cab le s  (15 kV o r  more) could be reduced considerably.  For 

t h e  t a b u l a t e d  th icknesses ,  t h e  range of X f o r  those  cab le s  i s  from 

38 ,percent  t o  76 pe rcen t ,  whi le ,  f o r  t h e  600-volt c l a s s ,  X ranges from 

27 percent  t o  4 1  pe rcen t .  Reduction of t h e s e  t o  30 percent  would s t i l l  

l e a v e  a comfortable  s a f e t y  f a c t o r  over  t h e  18  percent  necessary f o r  

i n s t a l l a t i o n  s t r e n g t h .  

7.7.4 Cost Savings 

To t h e  e x t e n t  t h a t  t he  m a t e r i a l  cost  of t he  i n s u l a t i o n  i s  a 

s i g n i f i c a n t  p a r t  of t h e  t o t a l  c o s t  o f  t he  cab le ,  i t  may be p o s s i b l e  i n  

t h e  h igher - ,vo l tage  c l a s s e s  t o  make an  apprec i ab le  sav lng  by ~ r d u c l n g  

i n s u l a t i o n  th ickness .  For t h e  high-voltage cab le s ,  t he  i n s u l a t i o n  

th i ckness  s p e c i f i e d  by IPCEA('~) appears  t o  be  more than  adequate 

f o r  mechanical s t r e n g t h  ( s ince  i t  has  been concluded t h a t  f o r  t h e  same 

conductors ,  t h e  much lower i n s u l a t i o n  th i ckness  of t h e  600-volt c l a s s  

i s  mechanically adequate) .  I f  t h e  p r o j e c t i o n s  of Paragraph 7.7.1 a r e  



r e a l i z e d ,  perhaps one-third of t h e  i n s u l a t i o n  could be e l imina ted .  

This  would a l s o  r e s u l t  i n  a  somewhat l i g h t e r ,  sma l l e r ,  and more 

f l e x i b l e  cab l e ,  which might reduce i n s t a l l a t i o n  c o s t s .  However, 

u n t i l  f i r m  d a t a  on e l e c t r i c a l  and mechanical performance and , i n s t a l l a t i o n  

become a v a i l a b l e ,  t h e  ma t t e r  remains s p e c u l a t i v e .  

7.7.5 Moisture Pene t r a t i on :  J a c k e t  Requirements 

The s u b j e c t  of mois ture  d i f f u s i o n  through t h e  PE o r  XLPE 

i n s u l a t i o n  was d i scussed  i n  d e t a i l  i n  Paragraph 7.3.5. It was 'concluded 

t h a t  e a r l i e r  p r e d i c t i o n s  by o t h e r s  (26) of 40-year l i f e  t imes f o r  

unjaclceted cab l e s  were probably i n  e r r o r  by v i r t u e  of  t h e i r  choice  of  

an  u n r e a l i s t i c a l l y  low cab le  ope ra t i ng  temperature  (25OC). Typica l  

expected l i f e t i m e s  a t  a  reasonable  ope ra t i ng  temperature  of 65OC 

a r e  1 t o  5  yea r s .  It was t h e r e f o r e  recommended t h a t  a l l  PE o r  XLPE- 

i n s u l a t e d  sodium cab le  have a  vapor -bar r ie r  j a c k e t .  With t h i s  p rov i s ion ,  

mois ture  r e s i s t a n c e  i s  no longer  a  determining f a c t o r  i n  i n s u l a t i o n  

th ickness .  Thus, i f  t h i cknes s  r educ t ions  a r e  permi t ted  by o t h e r  

cons ide ra t i ons ,  they may be c a r r i e d  o u t .  

The proposed j a c k e t  w i l l  be  e n t i r e l y  r e spons ib l e  f o r  mois ture  

p r o t e c t i o n  of t h e  cab le .  Such p r o t e c t i o n  i s  c e r t a i n l y  a t t a i n a b l e  by a  

m e t a l l i c  f o i l  covering which i s  s o  t h i n  t h a t  i t  i s  completely 

i n s i g n i f i c a n t  i n  t h e  thermal  a n a l y s i s .  Such a f o i l  b a r r i e r  would 

r e q u i r e  a  mechanical ly  p r o t e c t i v e  cover ing ,  f o r  example of PE o r  PVC, 

bu t  t h i s  can a l s o  be  n e g l i g i b l y  t h i n  a s  shown by t h e  thermal a n a l y s i s  

i n  F igure  7-2. Even i f  t h e  b a r r i e r  i s  t o  be  fu rn i shed  e n t i r e l y  by 

a  p l a s t i c  j a c k e t ,  i t  i s  probable  t h a t  t h i s  w i l l  have only a  sma l l  

e f f e c t  on c a b l e  ampacity. 

7.7.6 Other Ma te r i a l s  

I n s u l a t i o n s  o t h e r  than PE o r  XLPE have n o t  been d iscussed  i n  

Lhls r e p u r l  because  tllesc arc the only  ones w i t h  which sodium cob lc  hoc 

y e t  been manufactured. Other p o s s i b i l i t i e s  which might be  cons idered  

a r e  b u t y l  rubber ,  and ethylene-propylene rubber  (EPR) o r  terpolymer.  



These have been widely used as cable insulation, and are reported 
(18,191 

to have less permeability to water vapor than PE (quoted relative values, 

in gm mile/100 in2 day at 25OC,are butyl rubber at 0.04 and EPR at 0.18 

compared to'PE at 0.30). It is possible that butyl rubber might be 

sufficiently impermeable to permit its use in an unjacketed cable which 

would still have an acceptable service life (compare Paragraph 7.3.5). 

This cannot be decided without data on moisture permeability at higher 

temperatures. It would also be necessary to determine whether adverse 

chemical reactions might occur with the sodium, especially if molten, 

or with sodium hydroxide formcd at thc aodium ourface by whatever 
(50 j 

moisture diffusion occurred. There is also evidence that water 

vapor t rarrstuissiuu t l l ruugh sull~u polymers is greatly enhaaced by 

electric fields of the magnitudes found in cables, although this did 

not appear to occur for polyethylene. Other information and further 

reference on water vapor permeability of polymers are given in 

References 36 and 37. 

7.8 Connectors 

The most critical. technical needs for the impiementation of 

sodium,cable appear to be in the development of connectors.- Two 

general types of connectors have been made; one ( 28' had an auge;-shaped 
(53) 

bit which was screwed info. the sodium, while the other emp3.nye.d a 

cylindrical element with a conical point which was pushed into the 

sodium without rotation. . Opinions of the.utilities (54-58' who tried 

these were quite varied. Some reported that the connectors were quite 

satisfactory while others felt that major developments were still needed. 

Primary concern in the present report is the cable itself, and the 

design of connectors was not addressed. However, the nature of sodium 

cable generates connector requirements which.are not shared by conventional 

cable, and it appears appropriate to denote those requirements here. 

7.8.1 Availability - 
The Burndy Corporation, Norwalk,Connecticut, in cooperation with 

(16s17)for the sodium the Union Carbide corporation, developed connectors 



cable produced by the Nacon Corporation. These connectors were manufactured 

by Burndy in the late'14601s and distributed through the normal Burndy 

representatives. The manufacture of sodium cable connectors was 

discontinued by the mid 1970's and these connectors are no longer 

available commercially. Several utilities with large quantities of 

installed sodium cable still have a small inventory of connectors for 

their.own use. The Utility Survey (Section 5.2.) indicated, however, 

that most utilities have very few, if any, sodium conn.ectors in stock. 

The lack of availability of these connectors is a major concern to 

many of the utilities with sodium cable in service. 

7.8.2 Cost .- 

This section skarizes a detailed cable connector cost analysis 

which appears in Section 9.3.5. 

The expense of connectors associated with the sodium cable 

installation in the 1966'-1969 peri.?d were'a frequently' cited source 

of concern in the Task 1 Survey. It is also recognized that,these first . 

sodium connectors (see Figure A5-3) were hastily designed and were 

not 'cost-improved in any measure. In our comparison of connectors, 

some might, argue that optimized and cost improved aluminum designs.are 

being compared to prototype sodium designs. While this is true, the 

connector data.and costs available at present preclude any other 

analys'is. The connector systems used in this cost comparison could be 

available now with very minor design modifications. 

There are two basic facts which imply that sodiup cable connectors 

might be more expensive than those for.aluminum cable even with an improved 

design. The first involves the low tensile strength of the ,sodium.metal. 

Relatively complicated .designs (Figure ~5-7) are needed to take advantage 

.of the strength o£.the insulation in making connections. This is 

especially a concern in hOQV secnndary and service applicstiono where 
I I standard aluminum practice" involves tightening an Allen type set' 

screw directly against a stranded aluminum conductor (Figure A5-4). 

. The second fact i s  that'since,sodium and aluminum react, copper is most 

probably required in even the improved designs. Just on:a materials 

cost basis, this results in a 25% dost penalty over aluminum. 



For an aluminum cable system, deadbreak type elbow connectors 

similar to those shown in Figures A5-1 and A5-2 might be used. In calculating 

these costs, list prices were used for the various size connectors as 

given below: 

Voltage - Size Deadbreak Elbow Connector Cost 

15 kV & 25 kV 250-400 MCM $ 42.50 each 
500-1000 MCM $ 94.00 
1000-1500 MCM $141.00 

35 kV 250-400 MCM 
5UU-1000 MCM 
1000-1509 MCM 

Thoco c o s t s  were a..f..l.ncared. nvet a Wtal  of  2 miles (10,560 ft) 

of three phase primary feeder circuit to obtain per foot costs for aluminum 

cable. For the sodium cable system "copper pin type" connectors similar 

to those shown in Figure A5-3 and A5-7 were assumed to be used. The 

copper rod or pin extension of the sodium conductor was then used with 

a standard loadbreak elbow connector as in the aluminum cable connections. 

These "copper pin type" connectors were priced by comparing their size, 

weight and conductor termination with a price list for similar copper 

connectors shown in Figure A5-6. Thus the sodium per foot connection 

costs were increased over the aluminum by the cost of a "copper pin 

type" connector. Sodium cable connectors were found to be approximately 

0.5-3.0 cents per 341 foot more expensive than aluminum cable connectors 

for 39 primary feeder. 

While it is recognized that splice costs would also be higher 

for sodium than aluminum, these costs have been neglected. The number 

of splices would be considerably less than the number of connections and 

wn~ild not alter the comparative economics significantly. 

For single phase laterals, a connector cost analysis for 

12 customers per pad-mounted transformer and 37.5 KVA per transformer 

resulting in 14 transformers per lateral and a total lateral length 

of 5400 ft was performed. 



Two "loop through" type primary connections were used at 

each transformer with two connections at the switch tie point to the 

primary feeder. This resulted in 26 connections per lateral. Deadbreak 

elbow connectors were used for the aluminum and "copper pin type" 

connectors with elbow connectors for the sodium. The resulting per 

unit length costs showed sodium cable connectors to be 0.7 to 5.0 

i 
cents per foot more expensive than aluminum cable connectors for single 

phase laterals. 

Costs for both aluminum and sodium connectors were estimated 

based on list prices from Reference 80.as shown below: 

600V Secondary-Service 

Aluminum Sodium 
Connector Connector 

Size - Costs ($ ea,) Costs ($ ea.) 

250 MCM $ 2.15 $ 3.70 

350 $ 2.48 $ 4.35 

750 $ 6.24 $11.45 

1000 MCM $12.50 $23.28 

The costs on a Rer unit length basis showed sodium connectors 

to cost roughly double that 'of aluminum connectors. Many more 

connections are made in the secondary-service system than in the 

primary system 0n.a per unit length basis. This results in a cost 

penalty for sodium connectors that negates the savings made in the 

cable itself for the secondary service system (see Section 9.3.5). 



7.8.3 Ease of Installation 

Installation of connectors on sodium cable requires cutting off 

the end of the cable to expose new unoxidized sodium. First generation 
\ Burndy connectors utilized a copper cork screw that threaded into the 

soft\sodium core. The joint was sealed by compressing the outer 

sleeve of the cork screw assembly with a standard compression 

tool. Although this type of connector was adequate electrically, the 

cost W ~ S  relatively high; therefore a second generation connector 

wao dovoloped. 

'l'he second generation connector was constructed of a pointed 

copper rod with a lug attached to the end. The penetrator rod was 

installed by first threading a thermopiastic fitting into the ID of the 

sodium cable insulation,then driving the penetrator into the sodium 

by threading a thermoplastic nut onto the fitting. The cosc of this 

connector was lower because less copper was used and installation was 

claimed to require only a pair of pliers and a wrench. 

The extra safety precautions required (i.e., saIe~y glasses 

and leather gloves) and disposal of the scrap sodium ends was claimed 

by some to bc o nuisance. Other in .s ta l lat ion gruuys claimed that the 

ease with which the cable could be cut, its lightweight, and its flexibility 

made terminating sodium cable easier then aluminum cable. See Section 5.2 

for results of the Utility Survey. 

7.8.4 Reliability Requirements 

A satisfactory connector for sodium cable must be reliable 

in several respects, particularly regarding mechanical strength, 

watertight integrity, elecrrical cuntiauity and thermal stability. 

.These will be discussed in turn, although all are closely interrelated. 

a. Mechanical strength. It is not likely that cable 

connectors will intentionally be subjected to large 

long-term mechanical forces, but it must be anticipated 

that situations may occur where a'connector is inadvertently 

put into long-term tension or bending, Because of the 



softness and chemical reactivity of sodium, it is 

important, much more than in the case of copper or 

aluminum, that the connector not transmit stress to 

the conductor nor expose it to atmosphere. It 

must therefore maintain a firm mechanical contact 

with the insulation. 

b. Watertight integrity. Ingress of water into the 

connector may lead to failure either by high-voltage 

breakdown across wet insulator surfaces, or by 

chemical reaction with the sodium conductor at the 

termination. It is therefore essential that the 

connector remain watertight, or more specifically, that 

it not permit water to reach either the sodium conductor 

or the electrically-stressed surface of the insulation 

at the end of the cable between conductor and outer 

insulation shield. 

c. Electrical continuity. Because of the softness and low 

mechanical strength of sodium, it is necessary that the 

connector make reliable electrical contact to the 

sodium without subjecting the sodium itself to tension, 

or indeed to any forces excepting compression. Corkscrew 

connectors of the type originally made by Burndy 

Corporation (28) would appear to be a good design concept 

Truut the point of view, since the insertion of the 

corkscrew not only provides a large surface area of 

contact to the sodium but also puts the local sodium 

into compression, any tensile forces being almost all 

carried by the insulation. In their paper on these 

connectors, Matthysse and Scoran (28)  note the necessity 

Tor suitable surface treatment of the screw to maintain 

a low electrical contact resistance; the nature of this 

treatment is described elsewhere as the application of 

a mercury coating. IR selection of the screw material, 



consideration should be given to ,the possibility that some 

metals.may, promptly or slowly, form alloys with the 

sodium at the contact surface. Such alloying occurs, 

for example, with the mercury coated,surface described 

above. It is not clear whether such alloying will 

always be desirable, but its effects on conductor 

performance may be significant. Copper, however, has 

shown excellent long-term compatibility with sodium 

at ambient temperatures. 

d. Tlierrnal otability. IL Is clear that all of the foregoi~~~ 

requirements must be maintained over the limits of the 

operating temperaturerange,, including the effec~s uf 

thermal cycling. Matthysse and Scoran (28) have 

described a series of thermal tests made on two versions 

of screw-type connectors, and have noted the need for 

a NEMA standard to apply to this case. Their results 

suggest that adequate performance can be obtained with 

such connectors, although further development and testing 

are needed. 

7.8.5 Corona Performance 

For cables of sufficiently high voltage, above about 5 kV, care 

must be taken to insure that the cables and connectors are free of 

corona (partical discharges). These discharges appear when gas-filled 

spaces, such as voids in the cable insulation or expused insulation 

surfaces at the termination, are highly electrically stressed. Such 

discharges are und~sirablc because they locally erode the insulation and 

may ultimately cause failure, and becavse they locally erode the insulation 

and may ultimately canse failure, and because they cause radio 

interference. There is little discussion of, or data on, discharges in 

sodium cable connectors. This aspect must be considered in the 

design of connectors for high-voltage cable, although this prublem 

is not likely to occur in 600 volt cable. It is probable that a 

connector of the type described by Matthysse and Scoran (28) can be 

made corona-free (the voltage rating of the one they describe is not 



specified, but was later identified as 600 volt). The termination 

which they show makes electrical contact to the sodium while 

'isolating it from the atmosphere; and the problem of preventing corona 

over the insulation surface from the termination to the end of the 

stripped-back semiconducting shield is not significantly different than 

for aluminum cable connectors (for which the corona problem has been 

solved). .It is thus expected that c0ron.a-free connectors. can be 

readily designed for sodium conductor cable but it will be necessary 

to verify the corona performance by test. 

7.9 Conclusions for Electrical Performance 

This section summarizes the significan~ comparisons between 

the electrical performance of sodium cable and conve'ntional cable; and 

the technical developments yet needed for the practical implementation 

of sodium cable. 

.7.9.1 Overall Electrical Comparison: Sodium vs. Aluminum 

On the basis of the electrical performance of an aluminum 

cable compared to its. sodium cable equivalent, as defined in Paragraph 

7.1.1, the sodium cable appears to be equal to or superior.to the 

aluminum cable. The ampacities at, normal load and at overload are, 

be definition, equal. The .normal-load resistance of the sodium cable 

is lower than that of the aluminum; for all of the cables studied 

in this report, the ratio Sa/RA1 is 0.65 to 0.66 for 600 volt cable 

ar~d  0.71 to 0.74 for all others. 'l'his results in 1ess.voltage drop 

at houses serviced by these cables, and (in the same ratio) less 

resistive power loss in the cables. The corona performance and voltage 

endurance of these cables would be expected.to be excellent because' of 

the very smooth surface of the sodium and its intimate bond to the 

polyethylene. This expectation is supported by observed corona 

data, (25?37) although rhe necessary definitive voltage endurance tests 

have not yet been reported. 



A sifuation in which sodium cable behaves differently from 

aluminum or. copper is that of sustained heavy overload, leading to 

conductor melting. (25,29931s33,34) Paragraph 7.5.4 described the 

bistable .nature of this case, and probable consequences of such 

operation. This circumstance is far in excess of the cable rating, 

and failures in such a situation should probably not be blamed on 

the cable; nonetheless such overloads do sometimes occur in the 

course of utility operation, and sodium cable behavior in such 

a case should be considered. 

7.9.2 Remaining Electrical Requirements for Sodium Implementation 

The major remaining requirement for Implementing the use ul: 

sodium cable is, by far, an assurance of the availability of satisfactory 

connectors-. The connector status has been described in Section 7.8. 

Opinion of utilities on the merits of the two connector designs which 

have been manufactured has been divided. Agreement has been universal 

that sodium cable will not see significant use until suitable connectors 

are not only designed and manufactured at an acceptable cost, but are 

,assured available in the future. This assurance of availability is at 

least as important as 'the connector performance. 

The other area in which development i s  still required is that 

of a,vapor-barrier jacket for sodium cable. Such a jacket,has not 

been present on the sodium cable so far manufactured. As detailed in . 

Paragraph 7.3.5, a 40-year service life may be unlikely without it. It 

is s,till to be shown that a suitable jacketcan be provided at: a. 

competitive cost. The presence of such a.jacket will of course have 

some bearing on connector design as well. 



8. ENERGY AND MATERIALS IMPACT 

A comparison of.the energy expended to .obtain cable materials 

was performed. The energy expended to mine, refine, and create cable 

feed stocks was evaluated. Although these energies were found to be 

fractions of the total energy lost during cable operation (i.e., 

I ~ R  losses) for the proj.ected cable lifetimes (25 years), a review 

of their comparative values is presented. ~ l s d ,  long term projections 

of base material availability and costs were made. 

8.1 Energy Requirements of Cable Material 

Several sources were searched for recent information 

concerning energy expended to obtain refined feedstock material for 

cable manufacture. Computer library searches of NTIS and EI sources 

using keywords such as sodium, copper, aluminum, plastics, polyethylene 

and intersecting them with energy consumption, energy demand, energy 

accounting, production, manufacturing, industry, etc. failed to yield 

major references with the information sought. Telephone discussions 

with various industry associations: 

Society of the Plastics Industry 

Society of Plastics Engineefs 

Copper Development Association 

Aluminum Asoociatlcn, etc. 

were surprising in that none could supply' the information sought. 

Several organizations had on-going active search projects in this area, 

but had not completed their. compilations. Telephone calls to several 

manufactu=ers found them to be cooperative and interested, except that 

energy expended to obtain various cable materials or expended in varisus 

fabrication processes were deemed proprietary, and were thus unavailable. 



Library  and j o u r n a l  s ea rches  were used t o  assemble t he  d a t a  

presen ted  i n  Table  8-1. A s  can be seen ,  t h e  d a t a  i n  Table  8-1 was 

compiled from many sources .  Energy expended t o  o b t a i n  raw feedstock was 

presen ted  i n  ~ t u / l b ,  Btu / ton ,  kW(t)hr / ton , kWh(e)/ton, e t c .  An 

e f f o r t  was made t o  reduce a l l  of t h e  d a t a  t o  a comparative b a s e l i n e ,  

o r  r e f e r ence  energy u n i t s .  Good agreement was found f o r  aluminum 

between d a t a  from t h e  U.S. Bureau of Mines, (") Banbury Conference, (60) 

Underground Cable Corp., (61) B a t t e l l e  Memorial I n s t i t u t e ,  (62)  and 

Copper Development Assoc ia t ion .  (63' Simi l a r ly ,  good c r o s s  c a r n p a r i s o ~ ? ~  

were found f o r  copper ( r e f i n e d )  from t h e  same sources. VaLuoc f o r  

sodium meta l ,  a s  produced by Downs c e l l s ,  a s  found i n  r e f e r ences  64 and 

65 were i n  good agreement wi th  t h e  U.S. Bureau of Mines d a t a  (59) and 

w i t h  i n d u s t r y  sources .  (66) 

Extreme problems were encountered i n  determining t h e  energy 

expended t o  manufacture po lye thylene  i n t o  a form amenable t o  cab l e  

f a b r i c a t i o n .  Seve ra l  r e f e r ences  (61962963) chose t o  i nc lude  t h e  

energy conten t  ( i . e . ,  combustion energy) w i th  t he  energy expended f o r  

manufacture.  Th i s  was argued a g a i n s t  by Roberts (60) on t h c  premise 

t h a t  t h e  energy con ten t  was s t i l l  recoverab le  through combustion. 

Most sou rces  followed t h i s  t e n e t .  

V a r i a t i o n s  i n  t h e  d a t a  i n  Table  8-1 were found t o  be l a r g e  

i n  s e v e r a l  ca se s  and can be a t t r i b u t e d  t o  s e v e r a l  f a c t o r s :  (1) Some 

d a t a  i n c l u d e s  r e c y c l e  of m a t e r i a l s .  There is  an i n t e r n a l  p roces s  p l a n t  

s c r a p  r ecyc l e ,  as w e l l  a s  an external. recycl,e. (2)  The ef f j . c i ency  of 

p l a n t  i n  each d a t a  base  may vary  depending on the process  used, type  

of f u e l  consumed, p l a n t  ope ra t i ng  p r a c t i c e .  (3)  A s  o r e  grades  vary  

( d e p l e t e ) ,  t he  amount of energy expended t o  r e f i n e  t h e  minera l  becomes 

greater ( i . e . ,  - more energy i n t e n s i v e  and thus  c o s t l y ) .  (4) Some 

d a t a b a s e s w i l l  i nc lude  energy c o s t s  f o r  mining, d r i l l i n g ,  and 

t r a n s p o r a t i o n ,  a s  w e l l  a s  f o r  p rocess ing  and manufacture. 

Table 8-2 summarizes t h e  f i n d i n g s  of Table 8-1, and p r e s e n t s  t h e  

in format ion  necessary  t o  c a l c u l a t e  t h e  energy expended t o  o b t a i n  feeds tock  

m a t e r i a l s  f o r  each  u n i t  l e n g t h  of c a b l e  manufactured. 



TABLE 8-1 

Energy Expended t o  Obtain M a t e r i a l s  

B a t t e l l e  t o  (62) 

Banburv (60) (61) 
U.S. Bur. Mines 

Underground and t o  Copper 
3 i n e s  Conference ~ a b i e  Corp. Dev. ~ s s o c ,  (63) Other 

Aluminum 
2 4 4 x 1 0 ~  Btu/ton (Al-ingo t ) 

I 6 
50% b a u x i t e  o r e  . (71 .5~10 '  W(t)hr/ tor$ 80x10 W(t)hr / ton (64x106 W(t)hr / ton)  ( 6 8 . 4 ~ 1 0 ~  W(t)hr / ton)  
Bayer Process  

(67) 
16x106 W (e)  h r /  ton  17x106 w (e )  h r /  ton  1 6 . 4 ~ 1 0 6  W ( e )  h r /  ton  

Copper 
(Cu-ref ined)  112x10' 3 t u /  ton  ( 9 5 . 6 ~ 1 0 ~  Btu/ ton)  8 0 x 1 0 ~  Btu / t o n  (66) 

(1-112% o r e s )  (32 .,8x106 W(t)hr /  ton)  1 6 . 5 ~ 1 0 ~  ~ ( f  ) h r /  ton 2 8 x 1 0 ~  W(t )h r / ton  

Sodium 
I-' 
r (Na-metal) 
V 

9 2 x 1 0 ~  ~ t u / t o n  

(Downs C e l l s )  (26.9~106 W(t)hr / ton)  

(?r 7x106 W ( e )  h r /  ton)  

( 3 2 x 1 0 ~  W ( t ) h r / t o d  

8 x 1 0 ~  W(e)hr/ ton  

40x106 W(t )h r / ton  
(66) 

(64) 
1 6 . 5 ~ 1 0 6  W(e) h r /  t a n  

9 . 6 ~ 1 0 ~  W (e )  h r /  t o n  
(65) 

Polyethylene 
(PE) 8 2 x 1 0 ~  W(t)hr/  ton 

1 2 x 1 0 ~  W (e)  h r /  ton 

NOTE: Btu/ ton x 2.93 x 10 -4 kW(t)hr = kW(t)hr/ ton 
' 

Btu 

~ e t r i c  Ton x 2204.6 = l b s  (avo i r )  



TABLE 8-2 

Data to Calculate Energy Expended to Obtain 
Feedstock Materials for Cable 

Energy Expended 
to 0h ta i . n  . 

Material (kW (e) hr/ ton) npnr ( l l ~ / L x l  tr ) 
- 

Aluminum 16,500 0.103. 

Copper 7,500 0.323 

Sodium 8,250 0.034 

Polyethylene 3,000 0.034 



8.2 Energy Expended per  Length of Cable 

The information presented i n  Table 8-2 was used t o  c a l c u l a t e  

t h e  energy expended t o  o b t a i n  feedstock m a t e r i a l s  f o r  each f o o t  of cable .  

Table 8-3 p re sen t s  t h e  dimensions f o r  t h e  equiva len t  sodium and aluminum 

d i s t r i b u t i o n  cab le s  t h a t  were compared. The energy expended f o r  

m a t e r i a l s  per  u n i t  l eng th  of cab le  was then found by c a l c u l a t i n g  the  

volume of each m a t e r i a l  per  f o o t  of l eng th ,  and then mul t ip ly ing  by t h e  

dens i ty  and energy expended pe r  u n i t  weight i n  o r d e r  t o  o b t a i n  energy 

va1ue.s f o r  each feeds tock  m a t e r i a l .  These c a l c u l a t i o n s  a r e  summarized 

i n  Table 8-4 and i l l u s t r a t e d  i n  F igures  8-1 (a and b ) .  

8.3 Energy Requirements and Savings 

A s  can be s e e n  i n  Table 8-4, f o r  a l l  c a ses ,  t h e  energy 

expended t o  o b t a i n  feeds tock  m a t e r i a l s  f o r  sodium c a b l e  is  roughly 

one-third of t h a t  needed f o r  aluminum cable .  Although t h e  sodium 

conductor is  l a r g e r  f o r  equ iva l en t  cab le ,  i t  r e q u i r e s  1 e . s ~  energy f o r  i t s  

r e f i n i n g  and i t  does n o t  use i n s u l a t i o n  f o r  s h i e l d  o r  conductor;  t hus  t h e  sav ings  

The sav ings  i n  energy expended f o r  equ iva l en t  sodium conductor cab le  

over aluminum conductor cab le  is  never g r e a t e r  than  8 kWhr(e) /f t .  

Sec t ion  9 of t h i s  r e p o r t  desc r ibes  t h e  economics of sodium 

vs. aluniinum conductor cab le  and shows t h a t  f o r  35 kV cable ,  t h e  d i f f e r e n c e  

i n  l o s s e s  between the  two equiva len t  conductors i s  approximately 

790 kWhr(e)/ft  f o r  20 yea r s  s e r v i c e  a t  r a t e d  loads .  Thus, over  t h e  

cab le  r a t e d  l i f e t i m e ,  1% of t h e  sav ings  i n  l o s s e s  would equal  t h e  

savi.ng.s i n  energy expended t o  o b t a i n  feedstock i f  one used sodium 

conductor cab le  over  aluminum. The energy expended t o  o b t a i n  

sodium cab le  m a t e r i a l s  over  aluminum cab le  m a t e r i a l s  i s  f a r  l e s s  than  

t h e  energy of l o s s e s  saved by s e l e c t i n g  equ iva l en t  sodium conductor 

c a b l e  over  aluminum conductor.  

The energy expended f o r  m a t e r i a l s  i s  a l s o  a minor cons ide ra t ion  

when you inc rease  the  conductor diameter  from 250 kc m i l s  t o  1000 kc m i l s  

i n  a l l  t h r e e  kV ranges. The r e s u l t i n g  increment i n  energy expended i s  

lOkWhr(e) /f t  f o r  aluminum, o r  3 kWhr(e)/ft  f o r  sodium. Yet t h e  sav ings  

i n  reduct ion  i n  l o s s e s  i s  considerably g r e a t e r .  This  i s  descr ibed  i n  

greater d e t a i l  i n  Sec t ion  9, 
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TABLE 8-3 

Comparison of Equivalently Rated Aluminum and Sodium Cable 
to Obtain Energy Expended for Materials 

Cable Conductor 

Rating (kV) 

Conductor Shield (in) 
Insulation Shield (in) 

Insulation Thickness (in) 
Conductor Radius (in) 

250 kc mil 
350 
750 

1000 

None 
None 



TABLE 8-4 

Comparison of  Energy Expended f o r  Base Materials  f o r  
Aluminum and Equivalent Sodium Cable 

Energy Expended in kWhr(e)/ft 

Cable 
Equivalence Cable Cablc Rating - 

(kc m i l )  Material  15 kV 25 kV 35 kV 



A comparison of t he  energy expended t o  manufacture t h e  two 

cab le s  from t h e i r  feeds tock  m a t e r i a l s  has  been done i n d i r e c t l y  i n  

Sec t ion  9. These va lues  a r e  r e f l e c t e d  i n  t h e  d i r e c t  c o s t  and c o s t  of 

l o s s e s  curves,  s i n c e  t h e s e  f i r s t  c o s t s  ( d i r e c t )  inc lude  energy c o s t s  

( i . . ,  a r e  l a r g e l y  energy c o s t s ) .  

8.4 Ma te r i a l s  A v a i l a b i l i t y  and Long Term Market P r o j e c t i o n s  

There appears  t o  be l i t t l e  immediate concern over  t h e  a v a i l a b i l i t y  

of copper,  aluminum, o r  sodium f o r  t h e  balance of t h i s  century.  (59, 

60,69) Aluminum makes up about 8 percent  of t h e  e a r t h ' s  c r u s t .  However, 

t h e  baux i t e  o r e  from which t h e  meta l  is  processed i s  found i n  only a 

l i m i t e d  number of p l aces .  World r e se rves  of baux i t e  have increased  

considerably over  t h e  last two decades. P re sen t  Aus t r a l i an  r e se rves  

a lone  a r e  equal  t o  t he  known t o t a l  of t h e  e a r t h  i n  1950. (69) A 

r e c e n t l y  announced new Alcoa smel t ing  process  i n d i c a t e s  r educ t ion  i n  

energy requirements t o  r e f i n e  a l k i n u m  of up t o  30 percent .  (70) 

Within t h e  next  few decades aluminum i s  expected t o  be , sme l t ed  i n  a 

wider v a r i e t y  of p l a n t s  than  a t  p re sen t .  The newer. p rocesses  

(To t h  (60) and Alcoa (60370) )may be ope ra t ing  on a l a r g e  s c a l e ,  providing 

a cons iderable  sav ings  i n  e l e c t r i c a l  energy compared wi th  t h e  Hall-  

Heroul t  process .  P r e d i c t i o n s  a r e  t h a t  a s  good q u a l i t y  baux i t e  o r e s  

become sca rce  and a r e  exhausted (Figure 8-2) use of t h e  more p l e n t i f u l  

resources  of ano r thos i t eand  c l a y  type  minera ls  w i l l  occur.  No i n c r e a s e  

i n  cncrgy oonsumption pe r  u n i t  outpiit: is pro jec ted .  (60) Alcoa has  

r e c e n t l y  purchased 8000 a c r e s  of l and  i n  Wyoming wi th  a depos i t  of 

a n o r t h o s i t e  t h a t  i s  l a r g e r  than  a l l  of t he  wor ld ' s  baux i t e  r e se rves  

combined. (69) 

Copper c o n s t i t u t e s  only  one p a r t  i n  20,000 of t h e  e a r t h ' s  

c r u s t ,  y e t  ranks  t h i r d  i n  i n d u s t r i a l  importance. i69) up t o  now, 

d i s c o v e r i e s  of new copper d e p o s i t s  have kept  pace wi th  demand. Although 

unce r t a in ty  clouds t h e  f u t u r e  r e l i a b i l i t y  of high grade copper o r e s  

i n  Chi le ,  Zambia, and Za i r e ,  much low grade o r e  i s  being developed 

i n  B r i t i s h  Columbia, Panama, Bougainvi l le ,  e t c .  The United S t a t e s ,  
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which r e l i e s  a lmos t  e n t i r e l y  on low grade  o r e s  (F igure  8-2), h a s  n e a r l y  

one-four th  o f  t h e  w o r l d ' s  r e s e r v e s .  (69) The a d r a g e  g r a d e  of t h e  U.S. 

o r e  is  d e c l i n i n g  as shown i n  F i g u r e  6-2, and o r e s  c o n t a i n i n g  a s  l i t t l e  

a s  0.4 p e r c e n t  a r e  now b e i n g  mined i n  t h e  Southwest.  I f  t h e  world  average  

copper  o r e  b e i n g  worked were t o  go t o  0.6 p e r c e n t  from t h e  1 . 5  p e r c e n t  

b e i n g  worked today,  t h e n  t h e  energy t o  r e f i n e  copper  would double ,  

approach ing  t h a t  of aluminum (F igure  8-3) .  It i s  u n l i k e l y  t h a t  t h e  world  

w i l l  run  o u t  of copper ,  b u t  i t  w i l l  b e  used more s e l e c t i v e l y .  

Sodium i s  one o f  t h e  most abundant e lements  found i n  t h e  

e a r t h ' s  c r u s t  and i s  commonly formed by e l e c t r o l y s i s  p r o c e s s e s  from common 

s a l t  (NaC1) mixed w i t h  halogen f l u x i n g  a g e n t s .  There  i s  no a p p a r e n t  

concern over  sodium's l o n g  range a v a i l a b i l i t y ,  n o r  are any t e c h n i c a l  

b reak throughs  a n t i c i p a t e d  t o  reduce i t s  energy requ i rements  f o r  manufacture .  

When one c o n s i d e r s  t h e  a r e a  of t h e  t h r e e  c a b l e  conductor  

m a t e r i a l s ,  Al ,  Cu, Na, o n l y  copper  a p p e a r s  t o  be i n  danger  of 

e s c a l a t i n g  r e f i n i n g  c o s t s  due t o  d e p l e t e d  o r e s .  The l o n g  term a v a i l a b i l i t y  

o f  b o t h  sodium and aluminum can be assumed. 

8.6 Conclusions  

Both sodium and aluminum o r e s  are v e r y  p l e n t i f u l ,  w i t h  t h e  

energy r e q u i r e d  t o  manufacture  sodium be ing  abou t  one-half  t h a t  r e q u i r e d  

f o r  aluminum. The energy r e q u i r e d  t o  manufacture  aluminum i s  expec ted  

t o  d e c r e a s e  about  30 p e r c e n t  w i t h  t h e  i n t r o d u c t i o n  of t h e  new Alcoa 

s m e l t i n g  p r o c e s s ,  b u t  i n c r e a s e d  energy c o s t s  cou ld  o f f s e t  t h e  g a i n .  

Sodium, a l s o  produced e l e c t r o l y t i c a l l y ,  p r o j e c t s  no changes i n  

technology o r  energy f o r  i t s  manufacture .  
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9. ECONOMIC ANALYSIS 

The purpose of the Economic Analysis Task is to provide an 

objective comparison between the costs of owning and operating aluminum 

and sodium underground distribution cable. A comparison of cable costs 

and the present worth of operating losses for cables operating at unity 

load factor and at their thermal limit is first performed. Then the 

comparisons are evaluated for more practical application; primary 

feeders, laterals, and secondary service. Subsequently, the effect of 

connector costs, installation in ducts, salvage, and disposal are 

introduced into the analysis. The comparison is performed based on 

present costs, and costs estimated for 10 and 25 years in the future. 

For the applications defined, energy savings based on assumed market 

penetration are calculated. 

9.1 Methodolopy Used 

The total owning and operating costs of cables over an assumed 

lifetime was selected as the parameter to be compared between aluminum 

and sodium cables. As discussed in Section 7, the basis of comparison 

is the requirement that both the sodium and aluminum cables have equal 

overload and normal load ampacities. This is required because of the 

impracticality of an electric utility treating sodium and aluminum 

cable differently for an emergency overload condition. 

The total costs for comparing cables is calculated from 

PWt = CI + CON + CAB + PWL (9-1) 

where PWt = present worth of total costs ($/ft) ($/m) 

CI = installation costs of cable and connectors ($/ft) ($/m) 



CAB = c a b l e  c o s t s  ( $ / f t )  ($/m) 

CON = connector  c o s t s  

where 

(NOTE: Ac tua l  c o s t s  a r e  used r a t h e r  than annual  ca r ry ing  

charges.  S ince  sodium and aluminum c o s t s  are' 

r e l a t i v e l y  c l o s e ,  t h e  p re sen t  worth d i f f e r e n c e  

between t h e  two methods would be  n e g l i g i b l e ) .  

PWL = presen t  worth of cab l e  ope ra t i ng  l o s s e s  over  t h e  

l i f e  of che cable ($Iff) ($/m) 

T l ~ e  prusuxii worch of  losses, uw is  eva lua ted  us ing  L ' 

F y  = peak power d i s s i p a t i o n  Sn t he  cab l e  a t  t h e  time 

of c a b l e  peak load  c u r r e n t  (kW) 

PWF = presen t  worth f a c t o r  over  c a b l e  l i f e t i m e  

LSF = average l o s s  f a c t o r  of t h e  cab l e  def ined  a s  

t h e  r a t i o  af cab le  average l o s s  Lu peak 
(71,721 

l o s s  

YKREEB = peak r e s p o n s i b i l i t y  f a c t u ~ '  deIiried as t h e  r ae fo  

of c a b l e  peak load  t h a t  i s  p re sen t  a t  t he  time 

of t o t a l  e l e c t r i c  u t i l i t y  system peak load 
(71) 

POENG = average annual  c o s t  of energy suppl ied  t o  t h e  

d i s t r i b u t i o n  system ($/kW-yr) 

POCAP = average annual c o s t  of supplying c a p a c i t y  t o  

meet t h e  e l e c t r i c  u t i l i t y  system peak load 

(SIkW-yr) 

The p re sen t  worth f a c t o r  summarizes t h e  e f f e c t s  of c a b l e  

load  growth, e l e c t r i c  power and energy c o s t  i n c r e a s e s ,  and d iscount ing  

e f f e c t  of c o s t s  i n  t h e  f u t u r e  over  t h e  assumed cab le  l i f e t i m e .  



The p re sen t  worth f a c t o r  i s  c a l c u l a t e d  us ing  

where N = number of yea r s  of assur.. : a b l e  I - I fe t ime (25 yea r s )  

/ 

e = annual  r a t e  of i n c r e a s e  of e l e c t r i c  power and energy 

c o s t s  

g = annual  growth r a t e  of cab l e  load  

d = annual  d i scount  r a t e  f o r  f u t u r e  ope ra t i ng  t o s t a  

To e v a l u a t e  t h e  p re sen t  worth of l o s s e s  PWL (Equation 9-2) one 

must f i r s t  e v a l u a t e  t h e  peak power l o s s  PWR,. Th i s  power l o s s  i s  

c a l c u l a t e d  (73) by 

where Il - peak input  o r  feed phase c u r r e n t  t o  t h e  uniformly 

loaded cab l e  being analyzed (amperes) 

I2 = peak output  c u r r e n t  from t h e  cab l e  s e c t i o n  (amperes) 

R = a-c phase conductor (conductor + concen t r i c  n e u t r a l  

f o r  s i n g l e  phase l a t e r a l )  r e s i s t a n c e  (ohms) a t  

ope ra t i ng  temperature  determined by I1 and I2 

K = cons tan t  depending on the  a p p l i c a t i o n  
P 

e .  g. , uniformly loaded f eede r  

3I#I balanced main f eede r ,  K = 1 
P 

1I#I l a t e r a l  f eede r ,  K .  = ,6667 
P 

secondary and s e r v i c e ,  K = 1 
P 

Equat ions 9-1 t h roug l~  9-4 a r e  used t o  eva lua t e  t h e  t o t a l  p r e sen t  worth 

f o r  comparing a l l  cab le  s i z e s ,  v o l t a g e s  and a p p l i c a t i o n s  appearing i n  

t h e  fol lowing s e c t i o n s  of t h i s  a n a l y s i s .  



9.2 Construction of Cable Costs 

The essential basis for any cconomic analysis is an accurate 

description of costs and prices. Ideally, one would like a detailed 

representation of all cost components as shown in Figure 9-1. For an 

established cable product with a _..:.ixn volume, a given manufacturer 

might be able to quantify these costs. However, for a cable no longer 

in production such as sodium, this type of detailed cost data is unavailable. 

First, an examination of what data is available guides one 

in the approach to be used. Prices of materials that are used in 

constructing both the aluminum and sodium cables are available. The 

purchased prices of aluminum cable in the sizes used by the electric 

utilities are available and were obtained in the Task 1 Survey. 

Selling prices for sodium cable (NACON Corp. to electric atilities) in 

the 1966-196'8 period are available. Because of the proprietary nature 

manufacturers generally will not release information on scrap rates 

for product lines, specific fabrication costs and indirect product costs. 

The U.S. Census of Manufacturers publishes data on cost of 

materials, value added by manuiacture, and value of shipments for 

particular product groups within the total. wire and cable industry. 

Included in the cost of materials is the cost of scrap so that the actual 

cost of material used in manufacturing the volume of cable shipped is 

not known. However, the numbers do provide a general guide for estimating 

how much value is added for the input cost of materials. The ratio of 

the cost of materials to the value of shipments varies from approximately 

9 5 %  for aluminum wire involving only a drawing operatio11 to 67% for more 

complex products in the insulated wire and cable product group. 

The approach finally selected for estimating the cable costs to 

electric utilities began with calculating the volume of material of 

each type used per unit length for each voltage class and size. Then 

using the specific gravities (Table 9-1) the weight of each material 

component per unit length was calculated. Using the material prices 

(Table 9-2), the cost of each component (e.g., conductor, conductor screen 

etc.) was evaluated and summed to get total material costs as given in 

the following. 
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C A B L E  C O S T  C O M P O N E N T S  
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Figure 9-1 



TABLE 9-1 

Material Specific Gravities and Insulation Thickness Used In 
Constructing Cable Material Costs 

Aluminum 

Copper' 

Csdiuri~ 

Polyethylene (thermoplastic) 

Polyethylene (thermosetting) 

Semi-conductive Polyethylene 

Specific Cravity 

2.70 

Insulation Thickness (mils) 



TABLE 9-2 - 

Material Prices Used in Estimating the Cable Costs 

Aluminum 54cllb. 

Copper 67cIlb. 

Sodium 37~1lb. 

Semiconducting Thermosetting Screen 76cIlb. 

Polyethylene (thermoplastic) 40~1lb. 

Polyethylene (thermosetting) 51~1lb. 

*Aluminum conductor and copper concentric neutral is stranded 
and spiraled (assumed 3% increase in weight per foot for 
spiraling) 



The c ros s - sec t iona l  a r e a ,  A,in c i r c u l a r  m i l s  of  any uniform 
2 3 cover ing  on a c y l i n d r i c a l  core  i s  D -d tfhere D and d a r e  t h e  o u t s i d e  

and i n s i d e  d iameters ,  r e s p e c t i v e l y ,  of  t h e  covering i n  m i l s .  Knowing 

t h i s  a r e a  A,  t h e  volume f o r  a u n i t  l eng th  i s  a l s o  known and t h e  weight 

pe r  u n i t  l e n g t h  i s  c a l c u l a t e d  from 

where W = weight per  u n i t  leilgL11 of a p a r t i c u l a r  component of 

t h e  cab l e  (1L.) 

SG = Speciti-c g r a v i t y  of m a t e r i a l  (Table 9-1) 

A = c ros s - sec t iona l  a r e a  of t h e  m a t e r i a l  being cons idered ,  

i n  c i r c u l a r  m i l s  

Cable m a t e r i a l  c o s t  f o r e c a s t s  f o r  10  yea r s  and 25 y e a r s  i n  

t h e  f u t u r e  a r e  given i n  Table  9-3. These c o s t  f o r e c a s t s  were taken 

d i r e c t l y  from t h e  Data Resources Inc.  Cost Fo recas t i ng  Serv ice .  (74) 

These c o s t s  w i l l  be used i n  Sec t ion  9.3.6.5 t o  e s t ima te  l ~ u w  che c o s t  

d i f f e r e n c e  between aluminum and sodium cab le  might change i n  t h e  

f u t u r e .  

From a te lephone survey of cab l e  manufacturers  and t h e  Task I 

survey t h e  s e l l i n g  p r i c e s  of some aluminum d i s t r i b u t i o n  cab l e s  t o  e l e c t r i c  

u t i l i t i e s  were ob ta ined .  These p r i c e s  a r e  shown i n  Table  9-4. The 

t o t a l  m a t e r i a l  c o s t s  of t h e s e  aluminum cab le s  were c a l c u l a t e d .  The 

d i f f e r e n c e  between t h e  s e l l i n g  p r i c e  and t h e  m a t ~ r i a l s  c o ~ t  was used as 

an aggrega te  f o r  t h e  "o the r  d i r e c t  and i n d i r e c t  product  cos t s . "  

I n  developing the p r i c ~ s  f o r  sodium m b l e  111e "ocheil d i r e c ~  and 

i n d i r e c t  product cos t s "  f o r  an equ iva l en t  ampacity aluminum c a b l e  were 

used. The reasoning  f o r  t h i s  was t h a t  a competing sodium cab le  would 

have sc r ap  r a t e s ,  s a l e s  voluine, and i n d i r e c t  c o s t s  comgarab3.e t o  t h e  

aluminum i n  a mature market.  The f a b r i c a t i o n  processes  f o r  both sodium 

and aluminum cab le  a r e  s i m i l a r  enough t h a t  c o s t s  should be comparable. 



TABLE 9-3 

Cable Material Cost Forecasts ($/lb) 

1978 1988* - - 2003** 

Copper (WPI 10220106) 0.67 2.126 4.1 

Aluminum (WPI 10220101) 0.54 2.291 6.8 

Sodium (Electricity Price Index) 0.37 1.842 4.6 

Semiconductive PE (Thermosetting) 0.76 1.870 4.07 
(WPI 061) 

Semiconductive PE (Thermoplastic) 0.56 1.870 4.07 
(WPI 061) 

XLPE (WPI 061) 0.52 1.870 4.07 

Thermoplastic PE (WP 061) 0.40 1.870 4.07 

CPI (consumer price index) 1.0 1.634 3.07 
~1 (wholesale price index) 1.0 1.738 3.36 

* 
Relative to 1978 (includes inflation) from Data Resources 
Inc. Cost Forecasting Service,First Quarter, 1978. 

** 
Extrapolated from DRI Cost Forecasting Service using average 
of 1988, 1989, 1990 increases in cost index. 



TABLE 9-4 

ESTIMATED COST OF CABLE TO ELECTRIC UTILITIES ( t j f t )  

- (Aluminum) (1  ) 

Conduc to r  
Area 

250 MCM 
300 
350 
400 
500 
600 
750 

1000 
1250 
1500 MCM 

Sodium (8) 

Cond~rr:t o r  
Area 

250 MCM 
300 

, 35n 
400 
5 00 
600 
7 50 

1000 
1250 
1500 MCM 

(1 ) A1 uminum conductor, 600 vo l t  with 100 mi 1 s XLPE 
15 K V ,  25 KV,  35 KV w i t h  175, 260, 345 mils of XLPE,  15 mil conductor 
and 30 m i  1 semi conducti ve' insula t ion screen. 

(2) '11.3 reduced Cu concentric neutra l .  

(3 )  List pr ices  Kaiser Aluminum, May 11, 1978. 

(4 )  From P. L. Fontaine, "Underground Distr ibution To Large. Shopping 
Centers and Industr ia l  Parks ," IEEE Conference Record, 1976, 
Underground Transmission and Distr ibution Conference. 

(5) Ratios developed from April 1978 Phelps Dodqe and Okonite 1 i s t  
pr ices .  These r a t i o s  used t o  extrapolate  values in (4 ) .  

(6 )  Proportioned from 25 KV based on mater ia ls  cos t  r a t i o s .  

( 7 )  These pr ices  agree w i t h  task 1. survey data within 25%. 
Survcy data not ava i lab le  f o r  o the r  s i z e s  o r  voltages. 

(8) Sodi urn conductor, no conductor screen, copper concentric neutral  . 
(9 )  Checked against  NACON pr ice  l i s t s  as  follows: 

(1978) x NACON pr ice  Na cable prices.  
WPI 1026 (1 968) 



Whereas sodium requires a pumping plant,aluminum requires a wire drawing 

and stranding operation. A similar extruding process is used for both. 

The major advantage of this approach is that differences between sodium and 

aluminum cable costs are traceable to differences in quantity and cost of 

materials used rather than some fluctuating and difficult to define 

"markup." Consultation with cable manufacturers has assured the author 

that this is a more reliable approach to use. The sodium ,price is then 

estimated by adding its materials cost to the "other direct and indirect 

costs" as shown in Table 9-5. 

Comparing sodium and aluminum cable costs in Table 9-4 shows 

a significant advantage for sodium for the same size and voltage class. 

However, one must remember that the same size sodium and aluminum 

cable are not equivalent electrically as explicitly shorn? in Section 7 .  

A more valid comparison between equivalent cables (see Section 7)  

is given in Table 9-5 for the 15 kV voltage class. The cables both have 

a concentric copper neutral with conductivity 1/3 of that of the main 

conductor. As shown in Section 7, to have equal ampacity in the overload 

condition a 15 kV, 250 MCM A1 cable must be replaced with a 15 kV, 

530 MCM sodium cable. 

Comparison of the conductor costs in Table 9-5 shows a metal 

savings of approximately 50% relative to aluminum. The required metal 

volume for sodium is approximately twice that for aluminum but the 

relative weight is 1/3 and relarive c u s ~  only 213. No condirr.t.or screen 

is required with sodium (Section 7)  yielding a slight savings. Since 

the sodium diameter is larger,both insulation and insulation screen 

costs are increased relative to the aluminum. The requirement that 

the copper concentric neutral must have "113 of the conductor resistance 

per foot" at overload condition results in a cost disadvantage to sodium 

for the concentric neutral. Examination of the electrical design tables 

in Section 7 shows a resistance per unit length for sodium that is 

73% of that for aluminum at normal full load and operating temperatures. 

Requiring this lower resistance in the neutral requires about 35% more 

copper than in the aluminum case. This "extra conductivity" would most 



TABLE 9-5 

COMPARISON: SODIUM AND ALUMINUM CA'BLE COSTS ( $ / f t )  

1 5  KV  

m a t e r i a l  A1 2 5 0  KCM F1R 5 3 0  MCM 

conductor  
conductor  screer; (P,1=15, NA=O) 
i n s u l a t i o n  (1  75 mi 1s)  
i n s u l a t i o n  screen (30 m i l s )  
c o n c e n t r i c  n e u t r a l  ('1!3) 

m a t e r i a l  s u b t o t a l  

o t h e r  d i r e c t .  and i n d i r e c t  
p roduc t  cos t s  

e l e c t r i c  u t i l i t y  p r i ce  

conductor  
conductor  screen (A1 =15, NA=O) 
i n s u l a t i o n  (1 75 mi Is) 
i n s u l a t i o n  screen (30 mi 1  s)  
c o n c e n t r i c  n e u t r a l  (1/3) 

m a t e r i a l  s u b t o t a l  

o t h e r  d i r e c t  and i n d i r e c t  
p roduc t  cos t s  

e l e c t r i c  u t i  I i t y  p r i c e  

A1 1 0 0 0  M C M  N4 2155  MCM 

(Note: I f  a  vapor b a r r i e r  i s  r e q t i r e d ,  then t h e  2u d r a i n  w i res  would be removed 3nd a  l e a d  sheath c o n c e n t r i c  (80 m i l s )  
m igh t  be used as bo th  vapor b a r r i e r  and concen t r i c  i i e u t r a l .  Th is  would add a ~ p r o x i m a t e l y  5 0 d / f t  t o  t h e  cab le  p r i c e s  
shown. I f  t h e  b a r r i e r  i s  r , e q ~ i r e d  on bo th  A1 and Na cable,  t h e  c o s t  comparison i s  e s s e n t i a l l y  unchanged. Please see 
Sec t ion  7  (7.3.5, 7.7.5) f o r  a t e c h n i c a l  d i scuss ion  o f  t h i s  i ssue .  I f  t h e  b a r r i e -  i s  r e q u i r e d  o n l y  f o r  Na, then  f o r  
t y p i c a l  case (15 kV, 250 k c m i l ) ,  tlhe fJa cab le  wou-'d c o s t  approx imate ly  40% more than t he  A1 and t o t a l  p resen t  wor th  c o s t  
o f  Na would be 6% h ighe r  th.n A1 . 
If an LC ("copper f o i l " )  c o n s t r u c t i o n  w i t h  PE were used as t h e  j a c k e t  ( h e r m e t i c a l l j  sea led)  then j a c k e t  cos t s  would be 
a p p r o x i ~ = + s l y  equal t o  t h e  l e a d  sheath. Sec t ion  7.3.5 i n d i c a t e s  t h a t  a  h e l i c a l l y  w g n d  aluminum adhesive tape  may 
serve a: I adequate mo i s tu re  b a r r i e r ;  3 l ower  c o s t  than sheath b a r r i e r s .  



probably be needed in the case of a fault while in the overload condition. 

As explained previously,the other direct and indirect costs are assumed 

equal for sodium and aluminum. This cost number was calculated by 

subtracting the total aluminum cable materials cost (37.85~) from the 

electric utility purchase price (78.3~). 

Comparison of costs for this case (Table 9-5) shows only about 

a 2~ per foot cost advantage for sodium for this particular cable. 

However, one must remember that the full load losses for this sodium cable 

are only 74% of those for the aluminum cable. A decision on savings 

based only on cable cost would be incorrect. A value for reduced losses 

is included in the comparison made in Section 9.3. 

Component cost breakdowns for sodium and aluminum cable 

600V, 15 kV, 25 kV, 35 kV, 250 MCM, 350 MCM, 750 MCM and 1000 MCM 

are given in Appendix A4 Tables A4-1 through A4-4. 

9.2.1 Substitution of High Molecular Weight Polyethylene (HMWPE) 
for XLPE 

It is interesting to evaluate the influence on cost of substituting 

high molecular weight polyethylene (HMWPE) for cross linkable type 

polyethylene (XLPE). Essentially we are substituting a thermoplastic 

type insulator (41~ per lb.) for the thermosetting type insulation 

(51~ per lb.). A thermoplastic screen material (56~1lb.) is also 

substituted for the thermosetting screen (76~1lb.). These substitutions 

reduce the 15 kV 530 MCM sodium cable cost (Table 9-5) to 72.88CIft. 

and double savings relative to aluminum to 5.42~1ft. This substitution 

will be evaluated more fully in Section 9.3. 

9.3 Comparision of Aluminum and Sodium Cable Costs 

The total present worth of aluminum and sodium cable costs 

as defined by Equation 9-1 are evaluated within various applications. 

9.3.1 Comparison at Unity Load Factor and Rated Thermal Arnpaciry 

A comparison of sodium and aluminum cable total present 

worth costs at unity load factor and full load rated ampacity is presented 

in Table 9-6. The simplifying assumption of unity load factor and rated 



TABLE 9-6 

Aluminum and Sodium Cable Ownlng and Opezating Cos ts ;  
Tnermal Ampacity Limit (Sec t ion  7) Loss Fac tor  = 1 .0  

Peak Respons ib i l i t y  Fac tor  = 1.0 

P-lumir-um Sodium T o t a l  PW 
Cable Cost of' Cable Cost of D i f f e r ence  

Voltage,  A 1  Size-& S i z e  C,osts ( $ / £ t o )  Losses ( $ / f t . )  Costs  ($!ft. 1 Losses ( $ / i t . )  A1-Na ( $ / f t . )  

250 MCM - 542 MCM* 

350 MCM - 760 MCM* 

750 MCM - 1633 MCK* 

1 O O O  MCM - 2136 MCM* 

250 MCM - 53C MCM** 

350 MCM - 74C MCM** 

750 MCM - 1608 NCW* 

1000 MCM - 2155 MCM* 

250 MCM - 530 MCM** 

350 MCM - 740 MCM*k 

750 MCM - 1608 MCM** 

1 O O O  MCM - 2155 MCW** 

250 NCM - 530 MCM** 

350 MCM - 740 MCM** 

750 MCM - 1608 MCMx* 

1000 MCM - 2155 MCM*= 

* s ing l e  phase cable;  conductor  and i n s u l a t i o n  only  
**3 phase cab l e ,  113 Cu concen t r i c  n e u t r a l  



ampaci ty  makes t h e  c a b l e  c o s t  comparison independent  of t h e  c a b l e  

a p p l i c a t i o n .  Both sodium and aluminum c a b l e s  compared i n  T a b l e  9-6 

a r e  o p e r a t i n g  a t  t h e  same f u l l  l o a d  c u r r e n t s  w i t h  o p e r a t i n g  t empera tu res  

s p e c i f i e d  a s  i n  S e c t i o n  7 . .  

For t h e  600 V c o m p a r i s o n s , f u l l  l o a d  s i n g l e  phase  c u r r e n t  ( 1  

conduc tor )  is  assumed and f o r  a l l  h i g h e r  v o l t a g e s  a  ba lanced  t h r e e  phase  

sys tem ( 3  conduc tors )  i s  cons idered .  Cable  c o s t s  f o r  t h e  3  phase sys tem 

a r e  3 t imes  t h o s e  shown i n  Tab le  9-4 f o r  s i n g l e  c a b l e s .  

Examination of c a b l e  c o s t s  and c o s t  of l o s s e s  i n  Tab le  9-6 shows 

c o s t s  of l o s s e s  a n  o r d e r  o f  magnitude o r  more h i g h e r  t h a n  c a b l e  c o s t s .    his 
g r e a t l y  i n c r e a s e s  sodium c a b l e  s a v i n g s  o v e r  aluminum. The s a v i n g s  a r e  

composed a lmost  whol ly  of a s a v i n g s  i n  l o s s e s  (30% of aluminum, PW c o s t ) .  

T h i s  u n i t y  l o a d  f a c t o r  and f u l l  l o a d  c u r r e n t  e v a l u a t i o n  l e a d s  t o  a n  

overemphasis of t h e  s a v i n g s ,  i n  l o s s e s .  From ~ e f e r e n c e s  71' and 72 and o t h e r  

g e n e r a l  i n f o r m a t i o n  i t  i s  b e l i e v e d  t h a t  most d i s t r i b u t i o n  system c a b l e s  

a r e  " l i g h t l y  loaded" and t h u s  t h e  h i g h  s a v i n g s  i n  l o s s e s  would n o t  be  r e a l i z e d .  

I n  S e c t i o n s  9 .3 .3  and 9.3.6 t h e  c o s t  o f  l o s s e s  a r e  e v a l u a t e d  under  what i s  

b e l i e v e d  t o  be more r e a l i s t i c  assumptions  f o r  l o a d  and l o s s  f a c t o r s .  

Comparison of t h e ' c a s e s  i n  T a b l e  9-6 shows t h a t  maximum s a v i n g s  

is  ach ieved  f o r  t h e  lowes t  v o l t a g e ,  l a r g e s t  s i z e  conduc tor  (600 V ,  

1000 MCM A l ,  2196 MCM Na). The c a b l e  c o s t  s a v i n g s  is l a r g e s t  because  

of t h e  r e l a t i v e l y  h i g h e r  pe rcen tage  o f  m e t a l  i n  t h e  t o t a l  c a b l e s .  The 

l o s s  s a v i n g  i s  h i g h e r  because  o f  t h e  h i g h e r  ampaci ty  r a t i l i g  of t h e  600 V 

c a b l e  as compared t c  t h e  h i g h e r  v o l t a g e .  

To p r o v i d e  c l a r i f i c a t i o n  on how t h e  numbers i n  Tab le  9-6 were  ca lcu-  

l a t e d ,  t h e  1 5  kV, 250 MCM e n t r i e s  are c a l c u l a t e d  below u s i n g  Equa t ion  9 .2  

th rough  9.4 i n  r e v e r s e  o r d e r .  



cm -6 30.5 - = = 1 (3752 + (375) (375) + 3752) 2 . 8 9 8 ~ 1 0  cm 
w a t t s  

f  t 
37.66 - f  t ( f o r  Al) 

-6 C2 cm 
f t  

watts ( f o r  Na) = 1 (3752 + (375) (375) + 3752) 2 . 1 3 3 ~ 1 0  30.5 - = 27.445 ---~f-- 

N 
PWR = 1 ( I + ~ ) ~  ( ~ + e ) ~  = 25 1 ( 1 . 0 5 ) ~  = 12.0,,2 (9.. 7) 

, i-1 (l+d) i=1 (1 .12)~  

P W ~  = [ (T.SF x POENC) -I- (PKRESB x P ~ C W ) ~  x PWRL x PWF (9-8)* 

rW = [ ( I  x .094 + ( 1  x . 073 j j  x  37.66 x 12.012 = $76.46/f t  ( f o r  A l )  
L 

PWL = [ ( 1  x .094) + (1 x .075)]  x 27.445 x 12.012 = $55.14/f t  ( f o r  N a )  

Uni ty  Load f a c t o r  imp l i e s  u n i t y  l o s s  f a c t o r  which imp l i e s  a  

u n i t y  peak r e s p o n s i b i l i t y  f a c t o r .  

The o p e r a t i n g  c o s t s  and c a p a c i t y  c o s t s  of t h e  e i e c t r i c  u t i l i t y  

a r e  taken  from Referencco 75 and are cariverted t o  t h e  proper  u n i t s  f o r  

Equation 9.2 by 

* 
POENG and POCAP taken from t h e  20th Steam S t a t i o n  Cost Survey, E l e c t r i c  
World, Nov. 16,  1977. 

1 1  1 1  e -bus bar  energy cost  e s c a l a t i o n  app rox lua t e ly  from 1 5 t h ,  1 6 t h ,  1 7 t h  
E l e c t r i c a l  World Steam S t a t i o n  Survey. Thinking a t  t h e  t ime of t h e s e  
c a l c u l a t i o n s  (mid 1978) was t h a t  long term e l e c t r i c  c o s t  e s c a l a t i o n  
would approximate long  term i n f l a t i n n  (1~5%)~ RiCeuL: forecasts (March 14,  
1979) i n d i c a t e  t h a t  t h i s  number might be increased  t o  about  8%. Using 8% 
f o r  e  i n  Eq. (9-7) would i n c r e a s e  t h e  PWF by 35%. F u r  the t y p i c a l  
15  kV case ,  t h i s  would i n c r e a s e  Na sav ings  t n  11.6% from 10% uf A1 costs.  

The 25 year  l i f e  used is  a p lanning  l i f e  of t h e  d i s t r i b u t i o n  c a b l e  system 
and is  used throughout  t h e  economic a n a l y s i s .  The 40 yea r  l i f e  r e p r e s e n t s  
t h e  phys i ca l  l i f e  (degrada t ion ,  e f f e c t i v e  c ross -sec t ion  r educ t ion  e t c . )  
of t h e  cab le .  Because of  t h e  h igh  d iscount  f a c t o r ,  12% of the  PWF f a c t o r  
increases only  13% if planning l i f e  i s  inc reased  t o  40 years .  For  t h e  
nominal 15 kV case ,  t h i s  would i n c r e a s e  sodium sav ings  by 0.8% (e .g . ,  
10.8% of  A 1  c o s t s  a s  con t r ac t ed  wi th  10%).  



$. 01077 8760 h r  
'OENG = ( kwhr ] (-1 [ yr  ] 

$. 094 =-  
w-yr 

POCAP =.Average Capaci ty  Cost a t  Peak x Annual 
Carrying Charge 

$415 = -  $75 $.075 (.18) = - = - 
kw kw-yr w- y r 

A s  an added i n d i c a t i o n  of t h e  i m p r a c t i c a l i t y  of u n i t  load  f a c t o r  

f u l l  load  c u r r e n t  f o r  eva lua t ing  l o s s e s ,  one can examine t h e  vo l t age  drop 

system r e g u l a t i o n  problem. 

The necessary  sending end v o l t a g e  t o  o b t a i n  7200 v o l t s  

phase t o  ground (15 kV c l a s s  l i n e  t o  l i n e )  a t  t h e  d i s t r i b u t i o n  t ransformer  
(76) would be 

where 

Vs = J(vR cos e + RI)Z + (VR s i n  e + XI)' 

VR = vo l t age  a t  r ece iv ing  end of l i n e  

cose = power f a c t o r  

R = phase conductor r e s i s t a n c e  

X = phase i nduc t ive  r eac t ance  

I = phase c u r r e n t  

I f  we assume a  10,000 f o o t  f eede r  then 

= 7564 v o l t s  

% r e g u l a t i o n  = 
Ivsl - IvRl x  100 = 5.05% 

lvRl 

Thi s  v o l t a g e  drop i s  w e l l  above t h e  u sua l  upper l i m i t  f o r  good r e g u l a t i o n  



9.3.2 Comparison of Cable Costs Neglecting Losses 

The results of comparing sodium and aluminum cable when losses are 

neglected are presented in Table 9-7. Cost savings for sodium over 

aluminum cable are dramatically lower than the previous comparison in 

Table 9-6. The maximum savings are in the lowest voltage, largest size 

case (600 V, 1000 MCM A1 - 2196 MCM Na). The cable cost savings 

increase with size of conductor because of the larger percentage of 

metal content for a gi.ven volume pcr unit lengC11. The cost savings 

decrease with inrreaoing voltagc because u1 Ll~e increased insu:lation costs 

required by the largerdiameter sodium cable. If HMWPE is substituted 

for: XLPE,the.n savings for 600 V 1000 llCM - 3.996 WCM csma incrcase frnw 

$.22 to $.25 or about 15%. Savings increase much more significantly 

for higher voltage cases. For example for 15 kV 1000 MCM - 2155 MCM 
savings itlcrease to $.44 or 168% of the former. For the 35 kV case 

savings are increased to $.40, 263% of the former. 

9.3.3 Sensitivity of 'costs To Application Parameters 

The data presented in Table 9-8 examine the effect on the 

present worth of losses of changing loss factor and peak responsibility 

factor. Case 1 represents the unity load factor, unity peak respunsibility 

factor case. Cdsr 2 reduces the loss factor and peak responsibility 

factors to values more typical of secondary applications. (''I However, 

the load is still at the ampacity rating which would most likely result 

in too large a voltage drop. Case 4 reduces load current to a tolerable 

voltage 3iup level as well as lowering loss factor and peak responsibility 

factor. probably a more practical comparisou. Case 9 neglects losses 

thus underestimating savings. 

9 . 3 . 4  Dellnirion of the Application for Distribution System 
Comparison 

In the previous sections aluminum and sodium cable have been 

compared in what might be called a "theoretical sense." To achieve 

added insight these cables are now evaluated for two particular applications 

which are schematically shown in Figures 9-2 and 9-3. A goal of the study 



TABLE 9-7 

Aluminum and Sodium Cable Cos ts  Neglect ing Losses  

Aluminum Sodium PW 
- c a b l e  Costs  Cable Cos ts  D i f f e r ence  

Voltage,  A 1  S i ze  - Na S ize  ( $ / i t >  ( $ / i t )  A1-Na ( $ / i t )  

600 V ,  250 MCM - 542 MCM* 

600 V,  350 MCM - 760 MCM* 

600 V,  750 MCM - 1633 MCM* 

600 V,  1000 MCM - 2196 MCM* 

15  kV, 250 MCM - 530 MCM** 

15  kV, 350 MCM - 740'MCM** 

15 kV, 750 MCM - 1608 MCM** 

15  kV, 1000 MCM - 2155 MCM** 

25 kV, 250 MCM - 527 MCM** 

25 kV, 350 MCM - 740 MCM** 

25 kV, 750 MCM - 1603 MCM** 

25 kV, 1000 MCM - 2149 MCM** 

35 kV, 250 MCM - 530 MCM** 

35 kV, 350 MCM - 740 MCM** 

35 kV, 750 MCM - 1608 MCM** 

35 kV, 1000 MCM - 2155 MCM** 

* s ing l e  phase cab l e ,  conductor and i n s u l a t i o n  only  
**3 phase cab l e ,  113 Cu concen t r i c  n e u t r a l  



TABLE 9-8 

S e n s i t i v i t y  of Aluminum and Sod%~m Cable 
Owning and Operating Costs  t o  Chznges i n  

A?pl ica t ion  Parameters (See ~ b t e s )  

Aluminum Sodium T o t a l  PW 
Cable Cost of s a b l e  ; Cost of Di f fe rence  n 

V o l t a g e , A l S i z e - N a S i z e  Coszs ( S i f t . )  Losses ( $ / f t . )  Costs  ($!'ft.) Losses ($ I f  t .  ) A1-Na ($ / f t . )  

(1) 600 V ,  1000 MCM - 2196 MCM* 1.54 59.97 1.32 

(2) 600 'V, 1000 MCM - 2196 >ICM* 1.54 13.99 1.32 

(3) 600 V ,  1000 MCM - 2196 XCMx 1.54 9.08 1.32 

(4) 600 V ,  1000 MCM - 2196 YLCM* 1.54 0.80 1.32 

(5) 600 V ,  1000 MCM - 2196 !XCM* 1.54 

(1) Thermal ampacity l iei t  (814 aaps)  
Loss f a c t o r  = 1.0, Peak r e s p o n s i b i l i t y  f a c t o r  = 1 .0  

(2) Thermal ampacity l i m i t  (814 amps) 
Loss f a c t o r  = $ 1 8 ,  Peak r e s p o n s i b i l i t y  f a c t o r  = . 3  

(3) Thermal ampacity E i m f i t  (814 anps)  
Loss f a c t o r  = .06, Peak r e s p o n s i b i l i t y  f a c t o r  = .266 

(4) Reduced load (271 amps) 
Loss f a c t o r  = .06, Peak r e s p ~ r . s i b i l i t y  f h c t o r  = .266 

*Maximum savings  case  from Table 5-7. 
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Figure 9 - 2  



A Transf~rmsr FIWXABY LENGTH: b75'4 
I-' 

75 Peetx 6 Lots = 37,57cume 
1'2 Customers - X emices (4! 
SECONDARY LENGTH: 

75 Feet x 4 Lots = 25fC 

12 CUSTOMERS/'TIUPQS~RMER 
12 Customers 

'75' LOT WIDTH 

100' LOT DEPTH 

SERVICE LENGTH 
r 

*:FROM 'TRANSMISEI9N AND DISlTIBUTTO/J SYSTEM LOSS STUDYr FI.VAL. DOE REPORT 
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Figure 9-3 



required evaluating the relative cost of connectors for the two cable 

systems. The connector number, size, voltage rating and current rating 

depend on the particular application. Defining an application also helps 

one select more practical values for load factors, loss factors, peak 

load currents, and cable structure (e.g., neutral or none). 

In Figure 9-2 a feeder design schematic is shown. This 

feeder arrangement with three phase primary and a single phase lateral 

is used to compare 15 kV, 25 kV, and 35 kV aluminum with sodium cable. 

A single tie point is used thus allowing the laterals to be fed from 

either of two substations (77) in an emergency condition. This contingency 

for emergencies requires a 40% reserve capacity in the 3 phase main 

feeder. Under emergency conditions the 3 phase main must feed its own 

laterals plus those of the adjoining feeder through the tie point. The 

normal peak load current must then be equal to or less than one-half 

of the overload rating. In the cable comparison the peak load current 

was set at one-half the overload rating as specified in Section 7. 

The load factors and loss factors for a practical feeder of this type 

were chosen from Reference 71. 

In Figure 9-3, a schematic diagram of the secondary service 

application which was used to compare sodium and aluminum cables is 

shown. From References 78 and 71 this is selected as a practical 

and probably typical underground distribution application. 

9.3.5 Estimating Connector -*.,.- Costs 

The connector costs developed in the following are based on the 

3 phase main feeder design shown in Figure 9-2. 

The expense of connectors associated with the sodium cable 

installation in the 1966-1969 period were a frequently cited source 

of concern in the Task 1 Survey. It is also recognized that these first 

sodium connectors (see Figure A5-3) were hastily designed and were 

not cost-improved in any measure. In our comparison of connectors 

some might argue that optimized and cost improved aluminum designs 



a r e  be ing  compared t o  pro to type  sodium des igns .  While t h i s  i s  t r u e ,  

t h e  connector  d a t a  and c o s t s  a v a i l a b l e  a t  p r e sen t  preclude any o t h e r  

a n a l y s i s .  The connector  systems used i n  t h i s  c o s t  comparison could be 

a v a i l a b l e  now wi th  very '  minor des ign  modi f ica t ions .  

There a r e  two b a s i c  f a c t s  which imply t h a t  sodium cab le  connectors  

might be  more expense than t h o s e . f o r  aluminum cab le  even wi th  an improved 

des ign .  The f i r s t  i nvo lves  t h e  low t e n s i l e  s t r e n g t h  of t h e  sodium meta l .  

R e l a t i v e l y  complicated des igns  (Figure A5-7) a r e  needed t o  t a k e  

advantage of t h e  s t r e n g t h  of t h e  i n s u l a t i o n  i n  making ~ .onnes t iono .  Th i s  

i s  e s p e c i a l l y  a conacrn i n  GOOV secondary and service a p p l i c a t i o ~ ~ s  where 
11 s t anda rd  aluminum p r a c t i c e "  involves  t i g h t e n i n g  an Al len  type  s e t  

screw d i r e c t l y  a g a i n s t  a  s t r anded  aluminum conductor (Figure A5-4). 

The second f a c t  i s  t h a t  s i n c e  sodium and aluminum r e a c t ,  copper i s  most 

probably r equ i r ed  i n  even t h e  improved des igns .  J u s t  on m a t e r i a l s  . 

c o s t  b a s i s  t h i s  r e s u l t s  i n  a  25% c o s t  pena l ty  over aluminum. 

9 .3 .5 .1  Three-Phase Main Feeder Connector Costs  

F igure  9-4 provides  c i r c u i t  d e t a i l  f o r  t h e  t h r e e  phase main 

f e e d e r  and s i n g l e  phase l a t e r a l 0  show~l s chema t i ca l l y  i n  F igure  9-3,. 

Examining F igure  9-4 shows t h a t  t h e r e  a r e  32 connect ions needed i n  t h e  

3 phaoc priinary f eede r .  T t  4,s ascurncd tliaL riitlh rap po in t  and d isconnec t  

swi tch  p o i n t  i s  brought up t o  a  j u n c t i o n  box. Each of t h e s e  t a p  and 

swi tch  p o i n t s  r e q u i r e  two connec t ions  t o  t he  cab l e .  

For t h e  aluminum cab le  system deadbreak type  elbow connectors  

s i m i l a r  t o  those  shown i n  Figures A5-1 and 85-2 might be used. 

I n  c a l c u l a t i n g  t h e s e  c o s t s  list. prtcos wcrc used Lur che va r ious  s i z e  

connec tors  a s  given below: 

Voltage S i z e  Deadbreak Elbow Connector Cost 

1 5  kV & 25 kV 250-400 MCM 
500-1000 MCM 

1000-1500 MCM 

35 kV 250-400 MCM 
500-1000 MCM 

1000-1500 MCM 

$ 42.50 each. 
$ 94.00 . 
$141.00 
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An extensive primary feeder circuit showing extended use of three-phase mains and single-phase laterals- 
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Figure 9-4 



These costs were allocated over the total 2 miles (10,560 ft.) 

of three phase circuit to obtain the costs shown for aluminum in Table 

9-9 (a) . 
For the sodium cable system "copper pin type" connectors similar 

to those shown in Figure A5-3 and .A5-7 are assumed to be used. The 

copper rod or pin extension of the sodium conductor is then used with 

a standard loadbreak elbow connector as in the aluminum cable connections. 

These "copper pin type" connectors are priced by comparing their size, 

weight and conductor termination with a price list for similar copper 

connectors shown in Figure A5-6. Thus thc sodium per foot connection 

costs are increased over the aluminum by the cost of a "copper pin 

type" connector for each of the 32 connections (Table 9-9(a)). 

While it is recognized that splice costs would also be higher 

fur sodium than aluminum, these costs have been neglected. The number 

of splices would be considerably less than the number of connections and 

would not alter the comparative economics significantly. 

9.3.5.2 Single-Phase Lateral Connector Costs 

Foi the slllgle phase farerals shown fii Figure 9-2, it has been 

assumed that there will be 12 customers per pad-mounted transformer 

and 37.5 KVA per transformer resulting in 14 transformers per l a t e r a l ,  

and a total lateral length of 5400 ft. 

Two "loop through" type primary connections will be used at 

each transformer with two connections at the switch tie point to the 

primary feeder. This results in 26 connections per lateral. Deadbreak 

elbow connectors are again used for the aluminum and "copper pin type" 

connectors with elbow connectors for the sodium. The resulting per 

unit length costs are shown in Table 9-9(b). 

9.3.5.3 Secondary-Service Connector Costs 

Connector costs for the secondary-service system are based on 

rhe typical system shown in Figure 9-3. This system has secondary 

extending over 4 lots (4 lots x 75 ft. = 300') and service connection to 

12 customers with an average length of 63' (12 x 63 ft. = 756'). 



TABLE 9-9 

Connector Cost Per  Foot of  Cable; Based on 
Appl ica t ion  Shown i n  F igures  9-2 and 9-3 

(a )  Three Phase Primary Feeder ( s ee  F igure  9-2) 

Aluminum (C pe r  34 f t  .) 

1 5 k V  2 5 k V  35kV 

250 MCM 12.9 12.9 25.9 

350 12.9 12.9 25.9 

750 28.5 ' 28.5 53..3 

1000 MCM 28.5 28.5 51.3 

Sodium (C p e r  34I. f t .  ) 

1 5 k V  25kV 3 5 k V  

250 MCM 13.4 13.4 26.4 

350 13.5 13.5 26.5 

750 30.1 30.1 ' 52.9 

1000 MCM 31.8 31.8 54.6 



TABLE 9-9 

Connector Cost Per Foot of Cable; Based on 
Application Shown in Figures 9-2 and 9-3 

(b) Single Phase Lateral (see Figure 9-2) 

A l . ~ t m i n ~ i m  (c, p e r  f t  ) 

15kV ' 25kV 35kV 

250 MCM 20.5 20.5 41.2 

350 20.5 20.5 41.2 

750 45.3 45.3 81.6 

lUUU MCM t 4 5 . 3  45.3 81.6 

Sodium (C  per ft.) 

15 kV 25 kV 35 kV 

250 MCM 21.2 21.2 41.9 

350 21.4 21.4 42.1 

751) 47.8 47.8 84.1 

1000 MCM 50.4 50.4 86.8 



The total 1,056 ft. of secondary and service requires 3 wire 

service (3 wired cables) x 1056 ft. = 3168 ft. of insulated 600V 

conductor cable). There are 14 segments in the secondary-service system 

requiring a total of 84 connections (14 segments x 3 cables x 2 connectors). 

For the aluminum system an aluminum bus bar (Figure 12.5-4) 

is threaded onto the secondary stud of the pad-mounted transformer. 

The stranded aluminum conductors are inserted directly into the bus bar 

and secured by tightening the set screws. The entire assembly is 

covered with a device as shown in Figure A5-5. 

For the sodium cable an identical aluminum bus system is assumed 

to be used. Again "copper pin type" connectors are first inserted into 

the sodium cables which are secured to the bus. 

Costs for both aluminum and sodium connectors are estimated 

based on list prices from Reference 80 as shown below: 

Aluminum Sodium 
Connector Connector 

Size Costs ($ ea.) Costs ($ ea.) 

250 MCM $ 2.15 $ 3.70 

750 $ 6.24 $11.45 

1000 MCM $12.50 $23.28 

The costs on a per unit length basis are as shown in 

Table 9-9(c). Examination of Table 9-9(c) data shows a considerable 

increase in sodium connection costs over aluminum. Many more connections 

are wade in the secondary-service system than in the primary system 

on a per unit length basis. This results in cost penalty for sodium 

that negates the savings made in the cable itsell. 



TABLE 9-9 

Connector Cost Pe r  Foot of Cable; Based on 
App l i ca t i on  Shown i n  F igures  9-2 and 9-3 

(c )  600V Secondary and Se rv i ce  Cable (C  per  f t . )  

Aluminum Sudlum 

250 MCM 5.7 4.8 

350 6 . 6  11.6 

750 16.6 30.42 

1000 MCM 3 3 . 2  61.84 



9.3.6 Comparison of Cable Costs  f o r  t h e  Appl ica t ions  

A p i c t o r i a l  r e p r e s e n t a t i o n  of  t h e  t o t a l  p r e sen t  worth s av ings  

of sodium over  aluminum cab le  systems is  given i n  F igure  9-5. The diagram 

r e p r e s e n t s  r e l a t i v e  c o s t s  f o r  t h e  scope of t h i s  s tudy  i n  terms of vo l t age  

c l a s s  and cab l e  s i z e .  

The message of F igure  9-5 i s  three- fo ld  i n  terms of (1) c a b l e  c o s t s ,  

(2 )  connector  c o s t s  and (3) presen t  worth of l o s s e s . .  

The cab l e  c o s t  sav ings  of sodium over aluminum i n c r e a s e  wi th  

conductor s i z e  and decrease  w i t h  increased  vo l t age .  On a  cab l e  c o s t  

b a s i s  a lone  t h e  l a r g e s t  s av ings  occurs  a t  600V, 1000 MCM because of t h e  

r e l a t i v e l y  l a r g e  meta l  conten t  of t h e  cab le .  

Sodium connectors  a r e  more expensive than  aluminum and t h i s  

pena l ty  i n c r e a s e s  w i th  s i z e .  More connectors  a r e .needed  f o r  t h e  600V 

secondary-service system, s o  connector  c o s t s  on a  pe r  u n i t  l e n g t h  b a s i s  

decrease  from 600V t o  15  kV then rise aga in  as vo, l tage i n c r e a s e s  t o  

35 kV. 

Ampacity r a t i n g . d e c r e a s e s  w i th  i nc reas ing  v o l t a g e  l e v e l .  This  

i s  r equ i r ed  because t h e t h i c k e r  i n s u l a t i o n  f o r  h igher  v o l t a g e s  r e s u l t s  i n  

an increased  thermal  drop from conductor t o  ground source.  Thus t o  

main ta in  t h e  same ope ra t i ng  temperature  of t h e  conductor t h e  load  

c u r r e n t  and subsequent ly  t h e  cab l e  l o s s e s  must be reduced. S ince  l o s s e s  

decreaoc f o r  both sod i~~rn  and aluminum,the p re sen t  worth s av ings  i n  

l o s s e s  a l s o  decreases  wi th  i nc reas ing  vo l t age  i n  p ropor t i on  t o  t h e  

drop i n  l o s s e s .  A s  s i z e  i nc reases ,  t h e  d i f f e r e n c e  i n  r e s i s t a n c e  pe r  

u n i t  l e n g t h  between sodium and aluminum decreases  more s lowly than  t h e  

r a t e  of t h e  c u r r e n t  squared. Th i s  r e s u l t s  i n  s l i g h t l y  h igher  p re sen t  

worth l o s s  sav ings  a t  l a r g e r  s i z e s .  

It i s  i n t e r e s t i n g  t o  extend Lhe reasoning i n  Figure 9-5 

somewhat. The r e s u l t s  shown a r e  f o r  t h e  s p e c i f i c  s i z e s  of aluminum 

and sodium c a b l e  given t h e  approximate f u l l  load  ampacity equ iva l en t .  

I f  sodium cab le  s i z e s  a r e  reduced r e l a t i v e  t o  aluminum s i z e s  then  cab le  
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Figure 9-5 



savings increase, connector penalties are reduced, but loss savings 

reduce and at some point become loss penalties. Likewise if sodium 

cable sizes are increased relative to aluminum then just the opposite 

effect occurs. 

9.3.6.1 Selecting the Optimal Size Sodium and Aluminum 
Cable 

When selecting either a sodium or an aluminum cable for a 

particular application one would like the optimal or best selection in 

either case. The optimal selection here is defined as the one which 

minimizes the total present worth costs of the cable (Equation, 9-1) 

including installation, cable costs, connector costs and cost of losses. 

When one selects the optimal cables for a given application, one 

usually does not arrive at the exact thermal ampacity equivalents shown 

in Table 9-6. For example,.if the cables are "heavily loadedl',then 

larger sizes are dictated to bring cost of losses in line with cable 

costs. For "lightly loaded" cables, first co.st of cable becomes the 

primarycriterion and cable sizes may be reduced as far as voltage regulation 

limits will allow. 

Table 9-10 displays the total present worth savings of sodium 

over aluminum cable for the different voltage classes and sizes as evaluated 

for the applications defined by Figures 9-2, 9-3 and 9-4. In each of the 

16 cases shown the phase current is 60X (112 of overload current) of 

the full load ampacity rating of the designated aluminum cable. More 

detail on the components of the total present worrh savlngs is shown 

in Table 9-11. 

~xamination of Tables 9-10 and 9-11 shows that maximum savings 

for sodium cable occurs at the largest sizes analyzed. Aluminum is less 

rxpalssive for thc 600V secondary applicatinns only because of the cost 

of connectors. If cost of connectors are disregarded,then the 600V, 

1000 MCM case results in the maximum savings for sodium over aluminum. 

The savings for the large sizes (1000 MCM case) stays relatively 

constant with increasing voltage. Examination of Table 9-11 shows that 



TABLE 9-10 

T o t a l  P re sen t  Worth Savings ( $ / f t . )  Inc luding  Savings f o r  
Cable, Connectors,  and Present  Worth of Losses 

Rased on 5Q% of O v c ~ ~ l u a d  
Current o f  ~l Cable 600 V *  

259 MCM ( .0883) 

350 MCM (.12) 

750 MCM (.28) 

1000 MCM (. 363) 

*Single  Phase Secondary System 
**3 Phase Primary Feeder (Balanced) 

(Note: D o ~ l l  Ll~r A 1  and Na cabLe used i n  c a l c u l a t i n g  tlle savings  were 
optillrcllly slzed. The peak normal load c u r r e n t  used was 60% of 
ampacity r a t i n g  (50% of overload r a t i n g )  al lowing margin f o r  
emergency over load  c o n d i t i o n s ) .  



TABLE 9-11 

D e t a i l s  o f  P r e s e n t  Worth Savings  ( $ / f t . )  

600V, 250 MCM A 1  Overload Cur ren t  C a p a b i l i t y  ( s e e  F i g u r e  9-6  f o r  
added d e t a i l s )  

Cable  Cost  Connector  Cost  Losses  . T o t a l  

A 1  530 MCM ,8418 . I 4 8 1  1.0499 2.0399 
Na 900 MCM .5773 .5384 1.0123 2.1280 

Savings  ,2645 (. 3903) .0'376 (. 0991) 

600V, 1000 MCM A 1  Overload Cur ren t  C a p a b i l i t y  

Cab le  Cost  Connector Cost  Losses  T o t a l  

A 1  1200 MCM 1 .835 .4185 2.0427 4.296 
N a  1700 MCM 1.026 1.2545 2.3787 4.659 

Sav ings  .809 ( .836) ( .336) (. 363) 

1 5  kV, 250 MCM A 1  Overload Cur ren t  c a p a b i l i t y  , 

Cable  Cost '  Connector Cost  ~ o s s e s  T o t a l  

A 1  500 MCM 3.576 .204 2.310 6.09 
Na 950 MCM 3.231 ,322 1 .985 5.538 

Savings  .345. . (118) .325' ,552 

15 kV, 1000 MCM A 1  Ovri luaJ .  C u r r e a t  C a p a b i l i t y  

Cable  Cost  Connector Cost  Losses  T o t a l  

A 1  1300 MCM 6.375 .388 4.031 10.794 
Na 2500 MCM 5.643 .624 3.416 9.683 

Savings  .732 (. 236) .615 1.111 

35 kV,, 750 MCM A 1  Overload Cur ren t  C a p a b i l i t y  

Cable Cost  Connector Cost  Losses  T o t a l  

A1 850 MCM 6.450 ,4734 4.2912 11.215 
Na 1700 MCM 

. - 
6.030 .6990 3.2860 10.015 

Savings.  .420 (. 2256) 1.0052 1 . 2 0  



whi le  sav ings  due t o  lower sodium cab le  c o s t s  drop wi th  inc reas ing  vo l t age ,  

t h e  l o s s  savings inc reases .  This  i nc rease  i n  l o s s  sav ings  is  a r e s u l t  

of changes i n  cab le  s i z e  d i c t a t e d  by t h e  opt imal  s e l e c t i o n .  

The t o t a l  p resent  worth sav ings  f o r  sodium over aluminum a r e  

about 10% of t h e  p re sen t  worth c o s t s .  

I f  t he  use  of HMWPE i s  s u b s t i t u t e d  f o r  XLPE then  an added 

$.40 sav ings  i s  p o s s i b l e  f o r  t h e  35 kV case ,  thus  i n c r e a s i n g  t o t a l  

sav ings  t o  $1.60 o r  14.2% of aluminum p resen t  worth c o s t s .  

The fol lowing s e c t i o n s  p re sen t  more d e t a i l  on some of the  

c a s e s  summarized i n  Tables  9-10 and 9-11. 

9.3.6.2 Analysis  of 15  kV Direc t  Buried Cable 

The informat ion  i n  F igure  9-6 and 9-7 provides added d e t a i l  
f& 

on t h e  15  kV case .  A s  shown i n  F igure  9-6, t o t a l  p re sen t  worth c o s t s  

f o r  sodium a r e  minimum a t  950 MCM and f o r  aluminum a t  ,500 MCM. The 

f u l l  l oad  c u r r e n t ,  l o s s  f a c t o r s  and peak r e s p o n s i b i l i t y  f a c t o r s  a r e  

as shown in Figure  9-6. F igure  9-7 shows t h e  p re sen t  worth c o s t  breakdown 

f o r  l o s s e s ,  cab le ,  and connectors  f o r  both sodium and aluminum. Because 

of t h e  minimal number of t h r e e  phase connectors  considered i n  t h e  a p p l i c a t i o n ,  

. the  connector  c o s t s  f o r  t h i s  ca se  a r e  a r e l a t i v e l y  smal l  a d d i t i o n  t o  

t o t a l  p re sen t  worth c o s t s .  

9.3.6.3 Analysis  of 15  kV Cable i n  Ducts 

Sec t ion  7 p r e s e n t s  t h e  cable  engineering d e t a i l s  f o r  t h e  

sodium and aluminum cab le  i n  duc ts .  Only t h e  c o s t s  a s soc i a t ed  wi th  the  

15  kV case  a r e  e x p l i c i t l y  presented  here .  The c o s t s  f o r  o t h e r  vo l t ages  

and s i z e s  a r e  r e l a t e d  i n  t h e  same manner a s  t h e  15  kV case.  Therefore,  

no new information could be presented  through an exhaus t ive  t rea tment  

.. . of t h e s e  o t h e r  ca ses .  

F igures  9-8 and 9-9 p re sen t  t h e  d e t a i l e d  d a t a  on t h e  1 5  kV 

cab le  i n  duc ts .  A t h r e e  phase f eede r  i s  considered w i t h  one phase cab le  

i n  each non-metallic duc t  ( see  Sec t ion  7).  For t h e  s i z e s  of i n t e r e s t  

i n  t h e  s tudy (250 MCM t o  1000 MCM) no change i n  duct  s i z e  i s  necessary.  

Therefore  duc t  c o s t s  a r e  t he  same f o r  both sodium and aluminum. 
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A s  d i scussed  i n  Sec t ion  7,  t h e  thermal  r e s i s t a n c e  i s  increased  

because of t h e  added duct  a i r  space ,  t h e r e f o r e  ampacity l e v e l s  a r e  reduced 

r e l a t i v e  t o  t h e  d i r e c t  bu r i ed  case .  Th i s  r e s u l t s  i n  lower l o s s e s  

(Figure 9-9) f o r  both t h e  sodium and aluminum cab le s .  The r educ t ion  

i n  l o s s e s  r e s u l t s  i n  t h e  optimum sodium and aluminum cab le  being 

sma l l e r  i n  s i z e  t hus  reducing t h e  n e t  sav ings  of sodium over  aluminum. 

The optimum aluminum s i z e  f o r  t h e  duct  c a s e . i s  400 MCM and f o r  sodium 

i s  740 MCM. The t o t a l  p r e sen t  worth s av ings  f o r  t h e  15  kV 250 MCM 

ca se  i s  $0.39 o r  about. 70% of t h a t  achieved i n  t h e  d i r e c t  bur ied  case .  

The peak load  c u r r e n t  used i n  t h e  e v a l u a t i o n  i s  188 amps o r  about 85% 

of t h e  c u r r e n t . i n  t h e  15  k ~ , ' 2 5 0  MCM d i r e c t  bu r i ed  case .  

The 30% reduc t ion  i n  p re sen t  worth sav ings  may be e x t r a p o l a t e d  

t o  o t h e r  s i z e s  and vo l t age  r a t i n g s .  

9.3.6.4 Analys i s  of t h e  600 Volt  Secondary Appl ica t ion  

De ta i l ed  in format ion  on t h e  600 v o l t  secondary a p p l i c a t i o n  

i s  shown i n  F igures  9-10 through 9-13. F igures  9-10 and 9-11 p re sen t  

t h e  ca se  w i th  connector  c o s t s  included whi le  F igures  9-12 and 9-13 

n e g l e c t  connector  c o s t s .  

9.3.6.5 T o t a l  P re sen t  Worth Savings 1 0  Years and 25 Years 
i n  t h e  Future  

P re sen t  worth sav ings  i n  f u t u r e  yea r s  i s  presen ted  i n  Tables  

9-12 aud 9-13. Cable and connector  c o s t s  i n  the f u t u r e  are pro j ec t cd  

by us ing  t h e  i n d i c e s  i n  Table  9-3 t o  e s t ima te  component m a t e r i a l  c o s t .  

The i n d i r e c t  c o s t s  a r e  e s c a l a t e d  a t  an annual  r a t e  of 6%. Power cos2s 

a r e  e s c a l a t e d  a t  5% annual  t o  e s t i m a t e  l o s s e s  i n  f u t u r e  yea r s .  

S ince  the indices i n  Table 9-3 p r o j e c t  sodium and polyethylene 

c o s t s  t o  grow more slowly than  aluminum c o s t s ,  c ab l e  c o s t  s av ings  

i n c r e a s e  s i g n i f i c a n t l y  i n  t h e  f u t u r e .  Since power c o s t s  a l s o  a r e  

assumed t o  e s c a l a t e , t h e  sav ings  i n  l o s s e s  i n c r e a s e s  proport ional1.y.  

Savings f o r  t h e  35 kV case (Table 9-13) i n c r e a s e  by 2 i n  1988 

and by 5.73 by 2003. For t h e  15  kV case   a able 9-12), sav ings  

i n c r e a s e  by 2.4 by 1988 and 6.6 by 2003. 
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TABLE 9-12 

P r e s e n t  Worth S a v i n g s ; P r e s e n t , l O  Years, a n d . 2 5  Years  I n  
t h e  F u t u r e  f o r  1 5  kV Cable  

P r e s e n t  ( i rom T a b l e  9-11] 

15 kV, 250 MCM A1 Overload Cur ren t  C a p a b i l i t y  

Cab le  Cost  Connector Cost  Losses  Tokg1 ---."--..,-..--..-..-a. .--.. ,,  ..-, .,...-, -.--..- ..... . . . , , -. . . , . 

A1 500 MCM $3.576 $. 204 $2.310 $6.09 
N a  950 MCM $3.231 $. 322 $1.985 $5.538 

$ .345 $ (. 118) $ .325 $ .552 

1 0  Years I n  F u t u r e  

Cab le  Cost Connector Cost  Losses  T v t a l  

A1 500 MCM $7.120 $. 424 $3.762 $11.306 
N a  950 MCM $6.093 $. 665 $3.233 $ 9.991 

$1.027 $ ( * 2 4 1 )  $ . 5 2 9  $ 1 . 3 1 5  

25 Years  I n  F u t u r e  

Cable ,Co.sr: Cc-n-necjor Css~ L o s s e s  T o t a l  , 
A1 SUU PlCM Slb.82 $1.11 $7.82  $25.75 
Na 950 MCM $13.. 71 - $1.66 $6.72 $22.09 

$ 3 .11  $ ( . 5 5 )  $1.10 $3.66 



TABLE 9-13 

P r e s e n t  W o r t h ~ a v i n g s ;  Present ,  1 0  Years ,and 25 Years  I n  
t h e  F u t u r e  f o r  35 kV Cable  

P r e s e n t  (from Table  9-11) . 

35 kV, 750 MCM A 1  Overload C u r r e n t  C a p a b i l i t y  

Cable Cost  Connector Cost  Losses  T o t a l  

A 1  850 MCM $6.450 ,4734 4.2912 11.215 
Na 1700 MCM 6.030 ,6990 3.2860 10.015 

.420 (. 2256) 1.0052 1 .20  

1 0  Years i n  F u t u r e  

Cable Cost  Connector Cost  Losses  T o t a l  

A 1  850 MCM 12.636 .984 6.99 20.61 
Na 1700 MCM 11.397 1 .444 5.35 18.10 

1 .239 ( .46)  1 .64 2.42 

25 Years  i n  F u t u r e  

Cah1.e Cnst Connector C o ~ t  Losses  T o t a l  

A 1  850 MCM 30.315 2.576 1 4 . 5 3  47.42 
N a  1700 MCM 25.869 . 3.603 11.07 40.542 

4 ,446 (1.027) 3.46 6 .88  



Savings  i n c r e a s e  from approx imate ly  10% o f  t o t a l  p r e s e n t  

wor th  c o s t s  i n  1978 t o  15% by 2003. 

9.3.6.6 Coniparison o f  I n s t a l l e d  C o s t s  

The i n s t a l l e d  c o s t s  f o r  t h e  1 5  kV and 600V c a b l e  sys tems 

are shown i n  T a b l e  9-14. The c a b l e  and connec tor  c o s t s  a r e  t h o s e  p r e v i o u s l y  

developed based on  F i g u r e s  9-2, 9-3 and 9-4. I n s t a l l a t i o n  c o s t s  a r e  

t a k e n  fro111  he Task I survey  o f  c l c c t r i c  u t i l i t i e s .  

Fruu~ ~ l l r  S U L V ~ ~  of u t i l i t i c a  uoing codiurn sab l e ,  i t  was 

determined t h a t  i n s t a l l a t i o n  c o s t s  were approx imate ly  t h e  same f o r  

e i t h e r  t h e  sodium or '  aluminum sysrem. A l t l l v u ~ l ~  connectors were 

mentioned t o  be much more expens ive  f o r  sodiui i , they were n o t  c la imed 

t o  b e  any more t ime  consuming o r  expens ive  t o  instaJ.1.  

Examinat ion of T a b l e s  9-11 and 9-14 shows t o t a l  p r e s e n t  

worth  s a v i n g s  f o r  t h e  1 5  kV system t o  be approx imate ly  10% of t h e  sum of  

t o t a l  p r e s e n t  worth  c o s t s  t o t a l  i n s t a l l e d  connec tor  and c a b l e  

, , c o s t s .  

9.4 Sa lvage  and D i s p o s a l  C o s t s  

Once a p a r t i c u l a r  sodium d i s t r i b u t i o n  c a b l e  h a s  reached t h e  

end o f  i t s  u s e f u l  l i f e , t w o  l o g i c a l  p rocedures  may b e  fol lowed.  E i t h e r  

t h e  c a b l e  i s  de-energized and abandoned o r  i t  i s  dug up and r e p r o c e s s e d .  

Because of t h e  hypothes ized  h a z a r d s  of sodium, some have 

c o n j e c t u r e d  t h a t  t h e  s o d i m  c a b l e  must be Leeovered and t e c y c l c d .  Tho 

e s t i m a t e d  c o s t s  f o r  t h i s  r e c o v e r y  and r e c y c l e  are tilluw~~ i i l  Table  3 3,s- 

Recover ing and r e c y c l i n g  r e s u l t s  i n  added c o s t  f o r  t h e  

s m a l l e r  s i z e s  t h a t  o f f s e t s  almosr 50% uf the i t i i t i a l  s a v i n g s .  Recovery 

f o r  t h e  l a r g e r  s i z e s  r e s u l t s  i n  an added s c r a p  v a l u e  due mainly  t o  t h e  

copper  recovery .  

C o n s i d e r a t i o n  of s a l v a g e  and d i s p o s a l  c o s t s  w i t h  p r e c e d i n g  

c o s t  a n a l y s i s  i n  T a b l e s  9-10 and 9-11 once a g a i n  emphasizes t h e  

i n c r e a s e d  s a v i n g s  f o r  sodium i n  l a r g e r  s i z e s .  



TABLE 9-14 

Estimated ~nstalled Costs Per Foot For 
Sodium and Aluminum Cahle 

15 kV 34 Primary 

Prepare Ditch 

Cable Cost 

Installing Cable 

Connector Cost 

A1 (500 MCM) 

Installing Connectors $ .60 

Total Installed Connector $5.14 
and Cable Cost 

600V Secondary 

Prepare Ditch 

Cable Cost 

Installing Cable 

Connector Cost 

Installing Connectors 

Total Installed Connector 
and Cable Cost 

Na (950 PICM) 

Na (900 MCM) 

$ .45 

$ .58 

$ .16 

5 . s4 

$ .09 

$1.82 



TABLE 9-15 

Cable  Sa lvage  and D i s p o s a l  C o s t s  P e r  Foot 

1 5  kV 39 Primary 

O p e r a t i o n  N a  (950 MCM) 

Padigging and Rcf i l l i n g  Trcnc l~  ? (. 45) 

Land Reclamat ion $( -20)  

FullL11g Cab1 e $ ( . 3 1 ) -  

Cable  Reprocess ing  $ ( * 0 4 )  . 

Sodium Sa lvage  Value .25 

Copper Sa lvage  Value - 5 3  -- 
Net Recovery Value $ ( .22)  



9.5 Future  Market Survey f o r '  Energy Savinps 

I n  Table  9-16 the . annua1  energy sav ings  of sodium over  aluminum 

cab le  f o r  a  s p e c i f i e d  market p e n e t r a t i o n  i s  es t imated .  It is  assumed 

t h a t  sodium cab le  would achieve a ' 1 0 %  market sha re  by 1980, 50% by 1985 

and 100% by 2000. Th i s  o p t i m i s t i c  s cena r io  i s  used only  t o  g e t  a  

maximum c r e d i b l e  sav ings  f o r  sodium. With t h i s  s cena r io  and the  

assumptions foo tnoted  i n  Table  9-16,almost 2  b i l l i o n  kWh could be 

saved annual ly  by year  2000 o r  e q u i v a l e n t l y  3.4 m i l l i o n  b a r r e l s  of 

o i l .  

9.6 Conclusions from t h e  Economic Analys i s  
-- 

A summary of t h e  ana lyses  performed i n  t h i s  s e c t i o n  may be 

expressed i n  terms of t h e  economic i n c e n t i v e s  and b a r r i e r s  f o r  us ing  

sodium d i s t r i b u t i o n  cab le .  

The p re sen t  worth c o s t s  of owning and op,erat ing sodium 

cab le  on a  t y p i c a l  underground primary d i s t r i b u t i o n  

f eede r  y i e l d s  a  sav ings  of approximately 10% when 

compared t o  aluminum. 

For an "express  type feeder"  ope ra t i ng  a t  un i ty  load  

f a c t o r s  a  p r e sen t  worth sav ings  of 30% f o r  sodium 

r e l a t i v e  t o  aluminum i s  p o s s i b l e .  

a A cnmparisnn of equ iva l en t  ampacity sodium and 

aluminum cable  c o s t s  on ly ,  y i e l d s  a  range of sav ings  

from 1% t o  15% depending on s i z e  and vo l t age  and 

choice  of  i n s u l a t i o n .  The maximum savings  i n  t h e  

scope of t h i s  s tudy  i s  t h e  lowest vo l t age ,  l a r g e s t  

s i z e  (A1 600V, 1 O O O  MCM - Na 6UUV, 2196 MCM).  

e With an  o p t i m i s t i c  market p e n e t r a t i o n ,  energy sav ings  

could approach 2 b i l l i o n  kwh annual ly(by  t h e  year  

2000. (& n u c l e a r  power p l a n t  produces 7 b i l l i o n  

kwh annual ly  base l o a d ) .  



TABLE 9-16 

Annual Energy Savings of  Sodium Over Aluminum Cable 
f o r  S p e c i f i e d  Market Pene t r a t i on  

Na Loss Savings R e l a t i v e  t o  A 1  

peak l o s s  (kW/mi) 6.336* 
avg. l o s s  (kW/mi) 1.140 

T o t a l  UG D i s t r i b u t i o n  Cable 9730 
I n s t a l l a t i o n  each yea r  
(mi) ** 

Sodium UG' D i s t r i b u t i o n  Cable 973 
I n s t a l l e d  Cumulative (mi) 

Annual Energy Savings Due t o  9717 
Curnulati* N a  Cable 
Ius LallaLluxi *** 

E l e c t r i c  Generat ion Fue l  Annual 
Savings 

. . 

m i l l i o n  B tu ' s  6 .097 x 10  
equiv.  l o 6  b b l s  of o i l  .01.7 

* 
C a l c u l a t i o n  of peak and average  l o s s  assume uniformly loaded 34 f eede r  
250 kcmil  cab l e  s i z e  used f o r  t h i s  e s t i m a t e  s i n c e  i t  i s  c l o s e s t  t o  
t y p i c a l  u t i l i t y  s i z e .  

Average ampaci t ies  f o r  15  kV, 25 kV, and 35 kV taken from Tables  A3-3 
and A3-6: 

f eede r  i n ;  
I1 feede r  o u t ;  I 2  

nmapcity 36 7 3G 7 36 7 
f u l l  l oad  c u r r e n t  (amps 36 7 217 70 

2.9 2.73 2.24 
2.14 2.03 1.75 
90°C ?70°C ~ 2 0 ° C  
h q O c  %506c q*2C1°~  

2 2 cm f t-kW 
Papeak ('1 + '1'2 + '2 ) 'ac(avg. ) 

x 30.5 - x 5.28 - f t w-mi 

2 2 kW 
Papeak (Al) = (217 + 217 x 70 x 70 ) 2.49 x 30.5 x 5.28 = 26.9 mi 

2 2 k W 
Papeak (Na) = (217 + 217 x 70 x 70 ) 1.89 x 30.5 x 5.28 = 20.5 mi 

= 6.336 kW/mi; PWL = PWLpeak kW 
PWLpeak x L S F ;  YWL = (6 .336)  ( .18) = 1 . 1 4 -  

avg avg m i  

* * 
1 3 t h  E l e c t r i c a l  World T&D Survey, August 15 ,  1978, Reference 81  
S i n g l e  Phase Converted t o  Equivalent  3 Phase m i l e s  

*** 
Assumed 10,000 Btu/kWh Heat Rate 



Connector c o s t s  a t  p r e sen t  a r e  s i g n i f i c a n t l y  h ighe r  

(1 .1  t o  2 t imes)  f o r  sodium than  aluminum. Even w i t h  

irimproved des igns  t h e r e  a r e  reasons  t o  b e l i e v e  sodium 

connector c o s t s  w i l l  remain s i g n i f i c a n t l y  above t h e  

aluminum. 

A sa lvage  and d i s p o s a l  c o s t  pena l ty  f o r  sodium 

cab le  f o r  s i z e s  below 1000 MCM is  poss ib l e .  
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APPENDIX A 1  

Annotated Bibliography of Pub l i ca t ions  

Related t o  Sodium Conductor Cable 



BIBLIOGRAPHY OF PUBLICATIONS RELATED TO 
SODIUM CONDUCTOR CABLE 

1. "A 4000-Ampere Sodium Conductor",  R .  H. Boundy, Trans .  Electrochem. 
SOC. ,  62, (1932).  

The i n s t a l l a t i o n  o f  a 4000 amp. conduc tor ,  850 f e e t  (259 m) 
l o n g  c o n s i s t i n g  o f  i r o n  p i p i n g  f i l l e d  w i t h  sodium m e t a l  i s  
d e s c r i b e d  i n  d e t a i l .  The weight  p e r  u n i t  c o n d u c t i v i t y  i s  
d e c i d e d l y  less t h a n  f o r  copper ,  and t h e  c o s t  p e r  runn ing  
f o o t  of conduc tor  i s  approx imate ly  t h e  same. The i n s t a l l a -  
t i o n  h a s  been i n  s u c c e s s f u l  u s e  f o r  s e v e r a l  y e a r s .  

2 .  "Surface  and Volume Phenomena i n  D i e l e c t r i c  Breakdown of  ~ o l y e t h y l e n e " ,  
' 

E. J .  McMahon, J .  R. P e r k i n s ,  AIEE T r a n s a c t i o n s ,  Vol.  PAS-82, 
pp. 1128-35 (December 1963) .  

T h i s  is  a p r o g r e s s  r e p o r t  on t h e  a u t h o r s '  s t u d i e s  o f  t h e  
mechanism of long-term d i e l e c t r i c  breakdown i n  p o l y e t h y l e n e ;  
t h e  r e p o r t  was f i r s t  g i v e n  i n  1948. T e s t i n g  h a s  been 
a c c e l e r a t e d  by u s i n g  h i g h e r  t h a n  power f r e q u e n c i e s .  E a r l i e r  
t e s t i n g  concerned t h e  e f f e c t s  o f  s u r f a c e  i o n i z a t i o n  on l i f e ;  
c u r r e n t  s t u d i e s  i n c l u d e  s o l i d  breakdown. To d a t e  t h e  a u t h o r s  
have been unab le  t o  produce s o l i d  breakdown i n  p o l y e t h y l e n e  
which was n o t  preceded and caused by s u r f a c e  i o n i z a t i o n .  

3. ,"Sodium Meets T e s t s  a s  E l e c t r i c a l  Conductor", E l e c t r i c a l  World, 
February  21,  1966. No A b s t r a c t .  

4 .  "Sodium - Cu Wire Replacement", Susan C.  S u l z y c k i ,  The Purdue 
Engineer ,  October  1966. No A b s t r a c t .  

5. "Sodium Cables  wexe Used f o r  a l l  Secondar ies  i n  URD Development", 
P. E. Watson, R. M. Ventura ,  J e r s e y  C e n t r a l  Power and L i g h t  Co., 

' ~ e w  J e r s e y  Power and L i g h t  Company, A p r i l  1967,  " ~ r a n s m i s s i o n  and 
D i s t r i b u t i o n . "  110 A b s t r a c t .  



6. " E v a l u a t i o n  o f  Sodium Conductor Power cab le" ,  A. E. Ruprecht and 
P. H. Ware, IEEE T r a n s a c t i o n s  on' Power Apparatus  and Systems, Vol. 
PAS-86, No. 4 ,  A p r i l  1967. 

The s u i t a b i l i t y  of t h e  newly developed p o l y e t h y l e n e  i n s u l a t e d  
sodium conduc tor  f o r  use  i n  e l e c t r i c a l  power c a b l e s  was 
e v a l u a t e d  e l e c t r i c a l l y  and mechan ica l ly .  P o l y e t h y l e n e - i n s u l a t e d  
sod%um c o n d u c t o r s  are shown t o  l e n d  themse lves  t o  a wide 
range  o f  c o n s t r u c t i o n s  manufactured on s t a n d a r d  c a b l e - f a b r i c a t i n g  
equipment.  Because o f  t h e  p l a s t i c  n a t u r e  of m e t a l l i c  sodium, 
n e i t h e r  conduc tor  s t r a n d i n g ,  n o r  h e l i c a l  assembly i n  t h e  c a s e  
nf  m ~ ~ l t i c s n d u c t o r  cables, i s  required f o r  f l e x i b i l i t y .  

Within the l i m i t a t i n n s  nf polyethyl.ene insulat iual .  sodium con- 
d u c t o r s  w i t h s t a n d  g r e a t e r  s h o r t  c i r c u i t  c u r r e n t s  f o r  any g iven  
d u r a t i o n  than do cupper. u r. a l u l i ~ i u i ~  ~ o i l d . i i c t ~ r ~ .  Corona l c v c l o  
and o v e r - v o l t a g e  t e s t  r e s u l t s  a r e  s a t i s f a c t o r y  . Conductor 
sh ie ld i .ng  a p p e a r s  t o  be unnecessa ry  u p - t o  1 5  kV. Higher a c  
s t e p - r i s e  d i e l e c t r i c  s t r e n g t h s  a r e  o b t a i n e d  t h a n  t h o s e  normal ly  
found i n  c o n v e n t i o n a l  c a b l e s  u s i n g  t h e  same i n s u l a t i o n .  Impulse  
and l o a d  c y c l e  tests show normal r e s u l t s .  

P o l y e t h y l e n e - i n s u l a t e d  sodium conduc tors  may b e  p u l l e d  i n t o  
c o n d u i t s  much more e a s i l y  than  i n s u l a t e d  copper conduc tors .  
Exper ience  w i t h  f i e l d  hand l ing  o f  a e r i a l  and o f  d i r e c t - b u r i e d  
sodium-conductor c a b l e s  h a s  been e x c e l l e n t .  The c a b l e s  wi th-  
s t a n d  modcra tc ly  c c v e r e  p h y s i c a l  abuse withoii t  m a .  They 
have t h e  un ique  a b i l i t y  t o  be  s t r e t c h e d  25 p e r c e n t , a n d  t h e n  t o  
r e c o v e r  s u b s t a n t i a l l y  t h e i r  o r i g i n a l  l e n g t h  and e l e c t r i c a l  

' r c s i s t c m c e .  



7. "Sodium as a Conductor of the Future", L. E. Whitmore, New 
Scientist, May 11, 1967, pp. 347-348. No Abstract. 

8. "Drawing of Insulated Sodium Conductor", L. E. Humphrey, G. I. Addis, 
and Raymond C. Hess, XEEE Transactions on Power Apparatus and 
Systems, Vol. 86, No. 7, July 1967. 

The preparation of high strength, small diameter sodium wire 
is discussed. A new production method consisting of spon- 
taneous extrusion of conductor and insulation followed by 
,high speed drawing and annealing of the composite is described. 
The influence of polyethylene properties and process condi- 
tions on the characteristics of the wire is shown. Resistance 
to damaie through crushing .is of particular note because the 
soft coiiductor does not act as an anvil to cut the insulation. 
The wire has high tensile strength, especially in the smaller 
sizes. Permeability to water vapor is a problem but practical 
means of combating it already are in use in other services. 
Development of reliable long life connectors is required for 
future applications. 

9. "Insulated Sodium Conductors", L. E. Humphrey, R. .C. Hess, and 
G. I. Addis, IEEE Transactions on Power Apparatus and Systems, Vol. 
86, No. 7, July 1967. 

The development and characterization of a new polyethylene 
insulated sodium conductor are described. The resistivity, 
specific gravity, and cost of sodium are compared to corres- 
ponding properties of copper and aluminum. While the alkali 
and alkaline earth metals have relatively good electrical 
conductivity, sodium was chosen because of its light weight, 
low cost, and availability. Physical properties of the poly- 
ethylene insulated sodium conductor were determined. Potential 
areas of question, such as service life, reaction of water 
with damaged cables, and combustion characteristics are 
covered in detail. 

10. "The Development of Connectors for Insulated Sodium a on duct or", 
I. F. Matthysse and E. M. Scoran, IEEE Transactions on Power Apparatus 
and Systems, Vol. 86, No. 7, July 1967. 

The characteristics of insulated sodium conductor required 
the development of a new type of connector and a new instal- 
lation technique. The problems involved making stable elec- 
trical contact to the sodium, sealing against chemical attack, 
installation with a minimum exposure of sodium, securely 
gripping the insulation, effects of the melting point of 
sodium, and temperature limitations of the insulation. 



11. "Field Trials on 15-kV and 600 Volt Sodium cable", Edward J. Steeve, 
and James A. Schneider, IEEE Transaction on Power Apparatus and 
Systems, Vol. 86, No. 7, July 1967. 

The use of sodium conductor cable presents an opportunity 
for reduction in cost of cable for underground residential 
distribution systems. In order to evaluate its usage a 
direct buried test installation was made'involving both 15 
kV and 600 volt sodium cable. Testing the 15 kV cables 
consisted in load cycling, short-circuit faulting, and 
fault location tests. After the completion of tests on the 
15 kV sodium cable, a service installation was made in a 
rural area west of Chicago. Load cycle tests were also 
made on the 600 volt svdium cable. This included an over- 
load which resulted in the failure of the cable at the 
terminal. Insulation damage tests were made to determine 
the corrosive properties of the conductor. Fault locating 
tests made on the 600 volt cable, as on the 15 kV cable, 
showed that presently available equipment should be 
adequate. 

12. "Comparative Costs of European Distribution Cables in Economics of 
Reliability of Supply", N. B. Hennett, IEEE cont. Publ. 34, 1967, 
pp. 277-287. No Abstract. , 

13. "The Economics of Sodium Cable.Changes the Design of Underground 
Systems", by E. P. Verheiden, Portland General Electric (T&D). 
No Abstract. 

14. "Improved Connectors for Insulated Sodium Conductors", S. Gerhard, 
Pages 45, PRN, IEEE Winter Power Confcrcnce, January 1968. 

Progress toward the development of a new connector for insu- 
lated sodium power conductor is reported. Performance and 
design criteria are outlined and the development program to 
achieve the criteria is discussed. The connector construction 
and installation techniques are described and preliminary 
performance test data presented. 

15. "~ig-in Tests on Sodium Conductor Cables," E. J. Steeve, IEEE Winter Power 
Meeting, New Yot-k, New York, January 28 - Fehr~ , l a ry  2 ,  1..968. 

Two sets of dig-in tests on sodium conductor, polyethylene 
insulated cables were made by the Commonwealth Edison Company. 
The first series of tests were made on de-energized 15 kV 
and 600 volt cables using both power machinery and hand tools. 
About one year later, a second series of dig-in tests was 
made on 600-volt cables energized at 1201240 alternating 
volts, using three types of power machinery. 



In most cases, the degree of reaction was less than expected 
despite extremely wet soil conditions from heavy rainfalls 
previous to the tests. It appears that the probability of 
causing human injury due to the cutting of an energized 
sodium conductor cable is no greater than that for either 
a copper or an aluminum conductor cable. However, during 
various digging operations, there is always a chance that 
small raw sodium chips can be brought to the surface of the 
ground; this presents a possible safety hazard if they are 
not removed. 

"A Progress Report on Sodium Conductor Power Cable", T. H. Kelly, 
IEEE Paper No. 68, CP 62-PWR (1968). 

Experimental sodium conductor cables, insulated with poly- 
ethylene were manufactured without strand shielding and 
tested to determine the suitability of this construction.for 
service under high humidity conditions and for voltages above 
15 kV. Samples were tested after five months immersion in 
75OC water with no significant decrease in corona level. 
Cable samples rated at 34.5 kV and 69 kV and without strand 
shielding have been evaluated by dielectric strength and 
load cycle tests with satisfactory results. 

17. "Irradiated Polyethylene ~nsulation' for Sodium Conductor Cable," 
R. M. Eichhorn and G. I. Addis, IEEE Winter Power Meeting, New York, 
Paper No. 68 CP 61-PWR (1968). 

Laboratory studies of severely overloaded sodium conductor 
.cables, insulated with both normal and irradiated poly- 
ethylene, have been made. Excessive overloads cause melting 
of the sodium and subsequent open circuiting of the conductor. 
In an overloaded vertical riser, pressure develops from the 
formation of a hydrostatic head. Irradiated polyethylene 
provides two advantages over regular polyethylene in this 
sltuacion. First it withstands the hydrostatic pressure 
and prevents the release of molten sodium and second it 
provides moderately longer life under the given overload. 

18. "Bistable Operating Temperatures and Current Rating of Sodium 
Conductors", J. Hus, IEEE , 1968, PAS-87, pp. 367-371. 

Unlike conventional cables, the operating temperature of 
sodium cable lies close to its melting point. Although this 
dues not affect the current rating at normal ambients, one 
cannot reap the full current rating benefits which normally 
accrue from a lowered ambient temperature. This paper 
describes how the ambient temperature affects the maximum 
operating.temperature of sodium cable. 



19 .  "Sodium Cable? 'Why Not,  Ask PGE, ' " E r i c  P. Verheiden,  E l e c t r i c  
L i g h t  and Power, August 1968. 

Sodium c a b l e  i s  d i f f e r e n t ,  n o t  d i f f i c u l t ,  c l a ims  PGE a f t e r  
i n s t a l l i n g  11,000 f t  t o  s e r v e  36 l o t s .  But a complete review 
of URD d e s i g n  s t a n d a r d s  and o p e r a t i n g  p r a c t i c e s  may b e  needed 
t o  f u l l y  e x p l o i t  t h i s  c a b l e  i n  t h e  f u t u r e .  

20. "Sodium is New Cable  Conductor, ' '  Norman Peach,  Power, 
September, 1968. 

Sodium h a s  many advan tages  as a  c a b l e  conduc tor ,  among them , 

1.ig'ht w e i g h t ,  ~.xtreme flexfbfliry. abundant  s u p p l y ,  eclse of 
lilaauf a c t , u ~ c .  Its major  d ioadvan tagc  -- i t s  x e a c t i v i t j r  T J ~  t h  
w a t e r  and oxygen -- can be  o f f s e t  by r e a s o n a b l e  p r e c a u t i o n s .  

21. "Sodium Conductor f o r  Power Cables," R. J. McAnulla, E l e c t r o n i c s  and 
Power, 1968, 14 ,  pp. 434-436. 

Large economies i n  e l e c t r i c i t y - s u p p l y  costs  have  been ach ieved  
i n  t h e  p a s t  few y e a r s  owing t o  t h e  changeover from copper  t o  
aluminum as a m a t e r i a l  f o r  c a b l e  conduc tors ;  t h e  p r o s p e c t  o f  
f u r t h e r  s i z a b l e  s a v i n g s  h a s  prompted t h e  i n v e s t i g a t i o n  and 
development of p o l y t h e n e - i n s u l a t e d  sodium conduc tors .  As  w e l l  
a s  g i v i n g  a p o s s i b l e  c a p i t a l  s a v i n g  of up t o  50% o v e r  aLuminum 
c a b l e s ,  t h e  u s e  o f  sodium c a b l e s  can a l s o  l e a d  t o  g r e a t  
economies because  of t h e  e a s e  o f  h a n d l i n g  and j o i n t i n g .  

22. "Kable M i t  N a t r i u m l e i t e r n " ,  Von Hans K. V i e r f u b ,  KiJln-ETZ-B Bd. 20 
(1968) H. 9.  (Cables  with  Sodium Conducturs)  

I n  t h e  las t  few y e a r s  c a b l e s  w i t h  sodium conduc tors  and poly-  
e t h y l e n e  i n s u l a t i o n  have been developed i n  t h e  Uni ted  S t a t e s .  
I n  o r d e r  t o  assess t h e  v a l u e  of t h i s  new t y p e  o f  c a b l e ,  s h o r t  
l e n g t h s  of sodium conduc tor  c a b l e s  have been manufactured 
a ~ ~ d  s u b j e c t e d  t o  t e s t s .  Among t h o  fact0 c ~ t d b l i c h o d  it: that 
sodium c o n d u c t o r s  w i t h s t a n d  p r a c t i c a l l y  no t e n s i l e  f o r c e s .  
A f t e r  t h e  i n s u l a t i o n  h a s  been damaged, t h e  conduc tor  i n  a  
c a b l e  l a i d  i n  a i r  r e a c t s  chemica l ly  w i t h  t h e  a i r  m o i s t u r e .  
The r e a c t i o n  w i t h  w a t e r  may r e s u l t  i n  e x p l o s i o n .  The sodium 
collductor i n  a n  undamaged e a b l e  i e  decompooecl o n l y  v e r y  s lvwly 
a s  a r e s u l t  of d i f f u s i o n  o f  m o i s t u r e  th rough  t h e  polyethy-  
l e n e  i n s u l a t i o n .  A t  p o i n t s  where t h e r e  i s  a s h o r t - c i r c u i t  i t  
may i g n i t e .  Comparisons of c o s t s  showed t h a t  w i t h  t h e  u s u a l  
t y p e s  o f  c a b l e  c o n s t r u c t i o n  i n  Germany, and t h e  conductor  
c r o s s - s e c t i o n s  g e n e r a l l y  used,  a t  l e a s t  when compared w i t h  
c a b l e s  hav ing  aluminum c o n d u c t o r s ,  no p r i c e  advan tage  i s  t o  
be expec ted  a t  t h e  moment from t h e  use  o f  sodium c a b l e s .  



23. "RF Performance E v a l u a t i o n  o f  Sodium Conductors",  R. S. Hartman and 
R. Gardner ,  Tracor  I n c .  New York, New York'Lab, Report  No. 
Trancor-NYL-69-8, March 1 5 ,  1969. 

The r a d i o  f requency  performances  of e q u i v a l e n t  copper  and 
sodium conduc tors  i n  e q u i v a l e n t  t y p i c a l  ground p l a n e  con- 
f i g u r a t i o n s  were measured and cca?ared.  Ground p l a n e  l o s s e s  
d e r i v e d  from f i e l d  measurements o f  b o t h  e l e c t r i c a l l y  s h o r t ,  
and q u a r t e r  wavelength ,  v e r t i c a l  a n t e n n a s  were e s s e n t i a l l y  
t h e  same f o r  r a d i a l  ground p l a n e s  composed of e i t h e r  sodium 
o r  t i n n e d  copper r a d i a l s  used on t h e  s u r f a c e  of t h e  ground, 
o r  b u r i e d  s i x  i n c h e s .  No ev idence  was found of n o n l i n e a r  
e f f e c t s  i n  t h e  sodium-copper m e t a l  j u n c t i o n  used t o  j o i n  
t h e  sodium donductor  t o  a copper  connec tor  i n  e i t h e r  t h e  
f i . e l d  measurements o r  i n  l a b o r a t o r y  t e s t s  when a good 
c o n n e c t i o n  and s e a l  was ' i n  e f f e c t  . ~ a b o r a t o r ~  tests,  con- 
duc ted  under s e v e r e  c o n d i t i o n s ,  however, showed p r o b a b l e  
f a i l u r e  o f  t h e  connec tor  s e a l  w i t h  t ime. 
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Anaheim, C a l i f o r n i a ,  pp. 386-95, May 12-15, 1969. 

Th is  p a p e r  d i s c u s s e s  t h e  e x p e r i e n c e  w i t h  sodium conductor  
c a b l e s  i n  f i e l d  s e r v i c e  i n s t a l l a t i o n s .  I t  i n c l u d e s  : 

1. Summary o f  t h e  s i z e s  and v o l t a g e  c l a s s e s  o f  sodium 
c a b l e  i n s t a l l e d  by t h e  u t i l i t i e s .  

2. D e s c r i p t i o n  of t y p i c a l  i n s t a l l a t i o n s  o f  v a r i o u s  v o l t a g e  
c l a s s e s .  

3 .  Accessory hardware problems e?.ncnu.n t.sret:l, 

4. O b s e r v a t i o n s  from t h e  f i e l d  on work p r a c t i c e s  and 
r e s i ~ l t s  r ~ c n s d c d  t o  d a t e .  

5. Produc t  m o d i f i c a t i o n s  des igned  t o  assist Opera t ing  
Departments i n  t h e  h a n d l i n g  o f  t h e  sodium conductor  
c a b l e .  

6. Conclusions .  
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No. 1, pp. 32-7, January  1970. 

A method is d e s c r i b e d  f o r  measur ing t h e  r a t e  o f  w a t e r  vapor  
t r a n s m i s s i o n  through t h i c k  s e c t i o n s  of p c l y e t h y l e n e  used a s  
i n s u l a t i o n  on e l e c t r i c a l  conduc tors  OF p u r e  sodium m e t a l ,  
The t e c h n i q u e  could  b e  g e n e r a l l y  u s e f u l  f o r  m a t e r i a l s  which 
do n o t  r e a c t  w i t h  sodium, and f o r  c y l i n d r i c a l  samples which 
can b e  f i l l e d  w i t h  mol ten sodium i n  a d r y  box. Fur samples 
w i t h  un i fo rm dimensions  t h e  r e s u l t s  a r e  extremely p r e c i s e  
because  s e n s i t i v e  e l e c t r i c a l  measurements a r e  used.  Speci-  
mens of p r o d u c t s  i n  f i n a l  form can b e  employed t o  de te rmine  
t h e  e f f e c t s  of v a r i a t i o n s  i n  p r o c e s s i n g .  
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Permanent Power Fuse, which is called by 'the abbreviated 
name'P.P.F., is .an entirely new reusable fuse with excellent 
current limiting performance developed by Mitsubishi 
Electric Corp. of Japan. Since our first announcement on the 
development of the P.P.F., the low voltage series up to 800 A 
has been completed by establishing the refined reasonable 
design specifications of the P.P.F. The applications of the 
P.P.F.. have thus been remarkably advanced. In this paper, 
the design considerations and the typical applications of the 
P.P.F.s are described. 
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This paper suggests that many of the failures of high voltage 
solid dielec~rlc cables are tl~e result of a mismatch in 
thermal expansion and deformation modulus between the metallic 
and d'ielectric components of the cable. For a ~luiulser of cable 
designs the differential thermal expansion has been calculated. 
When this quantity is less than one percent the cable perfor- 
mance appears to be satisfactory. A qualitative analysis of 
the thermally induced forces and motions is presented, It 
reveals that a mechanically weak conductor, such as sodium, 
greatly reduces mechanical stresses and plastic deformation 
of the high voltage insulation. 
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U t i l i t y  Survey 

This  appendix p r e s e n t s  t h e  q u e s t i o n n a i r e  s e n t  t o  49 u t i l i t i e s  

t o  o b t a i n  i n f o r m a t i o n  abou t  t h e i r  sodium conductor  c a b l e  i n s t a l l a t i o n s .  

Noted on t h e  q u e s t i o n n a i r e  form a r e  t h e  response  r a t e s ' t o  each q u e s t i o n .  

A s u r p r i s i n g  number o f  u t i l i t i e s  (75%) d i d  respond t o  t h e  q u e s t i o n n a i r e ,  

which s a y s  much about  t h e i r  i n t e r e s t  i n  sodium c a b l e ,  and t h e i r  p u b l i c  

s p i r i t .  



OUESTIONNAIRE FOR UTILITY SURVEY 

Date : 

U t i l i t y  Name: 

U t i  1 i t y  Address : . - 

----.--- ,. - 

Telephone Number: 

U t i l i t y  S i t e  o r  Branch: 

1 s t  Person Contacted: 

T i t l e :  
-- 

2nd Person Contacted: 

T i t l e :  

3 rd  Person Contacted: 

T i t l e :  

How Contact  Was Made: 

Remarks : 



1.0 SODIUM CABLE EXPERIENCE 
Response 

Rate 

1 . I '  How much Na cab le  have you used o r  t e s t e d ?  100% 

1.1.1 Was cab1 e procured f o r  normal se rv i ce?  o r  spec ia l  97% 
t e s t ?  

1.1.2 Was cab1 e purchased? I f  so what p r i c e ?  84% 

1.2 Cable S p e c i f i c a t i o n s  

1.2.1 V o l t a g e c l a s s  - 95% 
*\. 

1.2.2 S i ze ,ampac i t y  o r  cu e q u i v a l e n t  89% 

1.2.3 Was Po lye thy lene  i n s u l a t i o n  c ross  l i n k e d ?  Yes - N o - 86% 

1.2.4 Does cab le  have a semiconduct ing l aye r?  Yes - No - -86% 

1.2.5 I s  t h e r e  a concen t r i c  n e u t r a l ?  Yes - No - 
1.2.6 I s  t h e r e  a Jacke t?  I f  so what t ype?  89% 

1.2.7 Does cab le  meet any i n d u s t r y  s tandards? 

IPCEA Sec t ion  

AE I C Sec t ion  

NEC Sec t i on .  
1- 
\ UL s e c t i o n  

Other 

1.3 Cable I n s t a l l a t i o n  89% 

1.3.1 D i r e c t  Bu r i ed  f t 

1.3.2 I n  Duct f t  

1.3.3 . A e r i a l  f t  . 

1.3.4 Other 

* 
Who determined t h e  CUE Rat ing?  Mfg. U t i  1 i t y  

199 



1.4 Cable Load H i s t o r y  
Response 

Rate 

1.4.1 Energized Vol tage T i  me 

1.4.2 Avg. Cur ren t  Duty Cycle 

1 . A .  3 Maximum Cur ren t  T i  me 

1.5 Operat ing Experience 

1.5.1 Date cab le  went i n t o  se rv i ce  o r  s t a r t e d  t e s t i n g  

1.5.2 Date cab le  removed f rom se rv i ce  o r  completed t e s t  

1.5.3 Were t h e r e  any ope ra t i ng  d i f f i c u l t i e s  o r  f a i l u r e s ?  

1.5.4 Was ope ra t i on  any d i f f e r e n t  than w i t h  Cu o r  A 1 7  

1.6 Operat ing Expenses 

1.6.1 Operat ing c o s t  i n  power l o s s  

1.6.2 How does t h i s  compare w i t h  e q u a l l y  r a t e d  Cu 9 

A1  

1 . 6 . 3  Other ope ra t i ng  cos ts  

1.7 I n s t a l  l e d  Cable Cost 

1.7.1 What was i n s t a l l e d  cable cos t?  

1.7.2 How does t h i s  compare w i t h  A1 9 

C u 

1.7.3 How does c o s t  break down? 

Digging t r e n c h  o r  i n s t a l  1 i n g  duc t  

Lay ing o r  p u l l i n g  cab le  

Cable c o s t  
- *, -- 

Making te rm ina t i ons  o r  connect ions 

Connector c o s t  

Other 



Response 
Rate 

,I. 7.4 ~ e p r e c i a t i o n  Schedule 39% 

I s  i t  the  same as f o r  A1 Cu 

1.8 I n s t a l  l a t i o n  D i f f i c u l t i e s  o r  Observations 

1.8.1 What i n s t a l l a t i o n  . d i f f i c u l t i e s  were encountered 84% 

1.8.2 Compare i n s t a l l a t i o n  experience w i t h  A1 and Cu o f  same 
r a t i n g  62% 

1.8.3 How many connect ions o r  te rmina t ions  were made? 70% 

1.8.4 Compare i n s t a l l a t i o n  o r  connector w i t h  those f o r  A1 and Cu 
59% 

1.9 Maintenance 

1.9.1 What were cab le  maintenance cos ts?  59% 

1.9.2 Were the re  any maintenance problems? 68% 

1 .9.3 Compare mai n'tenance w i  t h  ' ~ l  , 49% 

1.9.4 Were the re  any spec ia l  maintenance p r a c t i c e s  fo l l owed  f o r  tia 
cable? 62% 

1 -10  . Sa fe ty  Prov is ions  

1.10.1 Were the re  any spec ia l  s a f e t y  p r o v i s i o n s  fo l l owed  f o r :  

1. S t o r i n g  cab le  70% 

2. I n s t a l l i n g  cable 

3. Operat ing cab le  

4. Disconnect ing cable 

1.10.2 What was done w i t h  c u t  o f f  sections when makina connect ions? 

1.10.3 What was done o r  what do you p lan  t o  do w i t h  cab le  when 
removed from se rv i ce?  76% 

1.10.4 Do you consider  an abandoned Na 'cable a problem? 73% 
I f  so, how? 



2.0 OPINION OF SODIUM CABLE FOR DISTRIBUTION NETWORKS Response 
Rate 

2.1 What a r e  you r  observa t ions  and f ee l i ngs  about t h e  sodium cab le  used 92% 
by .your  o r g a n i z a t i o n ?  

2.2 Would you recomnend t h a t  you r  o r g a n i z a t i o n  use sodium cab le  i f  i t  89% 
were r e a d i l y  a v a i l a b l e  and i f  t h e r e  was a  c o s t  advantage? 



Response 
Rate 

2.3 What do you t h i n k  i s  t h e  b i gges t  obs tac le  t o  t h e  u t i l i t i e s  86% 
accept ing  sodi  um cab le  f o r  ex tens i ve  use i n  d i s t r i b u t i o n  systems? 

2.4 What o t h e r  disadvantages a re  t h e r e  f o r  us i ng  Na cab le?  

2 . 5  What a re  t he  b e n e f i t s  o f  us i ng  Na cab le?  

2.6 Any o t h e r  comnents about sodium cab le?  

2 . 7  What t e n s i l e  s t r e n g t h  and what. p ~ u l l i n g  temperature would you 
s p e c i f y  f o r  sodium cab le?  



3.0 COST OF DISTRIBUTION CABLE INSTALLATIONS 

3.1 What i s  t h e  average i n s t a l l e d  c o s t  ( pe r  ft. o r  m i l e )  o f  d i r e c t  b u r i e d  
250 kcmi 1 : 

3.1.1 600 V A1 

3.2 What i s  average o p e r a t i n g  cos t s  f o r  d i r e c t  b u r i e d  15 kV: 

3.3 How do these cos t s  break down? 

3.3.1 Prepar ing  d i t c h  o r  d u c t  % 

3.3.2 I n s t a l l i n g  cab le  % 

3.3.3 Cable c o s t  -... " . A  . .- 7P-- - X 

3.3.4 Connector c o s t  X 

3.3.5 I n s t a l l i n g  connectors  % 

3.3.6 Opera t ing  c o s t  
-..---- % 

3.3.7 Maintenance c o s t  ff /o 

3.3.8 Other 

Response 
Rate 



APPENDIX A3 

Ampacity Tables 

In order to calculate the ampacity of a sodium or aluminum 

cable it is necessary to know the alternating current resistivity of 

the conductor. This is the product of the skin-effect factor B (see 

Paragraph 7.4.1 and Fig. 7-4) and the direct-current resistivity. The 

latter is given for sodium in Table A3-1, calculated by Eq. 7-16, and 

for aluminum in Table A3-2, calculated by Eq. 7-15. Values are given at 

1°C temperature intervals from 0°C to 98°C for sodium. (A supplementary 

table in the test, Table 7-5, gives some values for molten sodium). 

The calculation of ampacities in the tables, when the 

temperature is given, proceeds straightforwardly by use of Eq. 7-13 

for directly buried cable or Eq. 7-26 for cable in duct. This'was 

conveniently done via a programmable disk calculator. When, however, 

the current is known and the operating temperature is desired, the 

calculation is not so direct since the dc resistivity (and therefore 

also the skin-effect faator) depends on the as-yet-unknown temperature. 

It was found to be very easy to run the calculation for a few temperatures 

and interpolate to find the temperature which yielded the known current; 

after a little initial experience this inverted procedure required 

only two or three repetitions to yield the desired temperatures. For 

brevity, only the final results of such calculations are tabulated. All 

ampacities are to the nearest ampere, and temperatures.are to the 

closest half-degree centigrade. 

Tables A3-3 through A3-6 are those for the calculation, in 

the direct-burial case, of the equivalent sodium cable, as outlined 

in Paragraph 7.1.1, for aluminum cable of conductor cross-sections of 

1000, 750, 500 and 350 KCM, in voltage ratings of 15, 25, and 35 kV. 

Tables A3-7 and A3-8 repcat the process but for 600 volt cable, using 

the insulation thicknesses specified by IPCEA for that voltage. In 



cons ide ra t ion  of t h e  p o s s i b i l i t y  t h a t  t h i c k e r  i n s u l a t i o n  might be 

of i n t e r e s t  f o r  reasons  of mechanical s t r e n g t h  (al though a s  concluded 

i n  Paragraph 7.3.3 t h e  IPCEA s p e c i f i e d  th i cknesses  appear adequate) ,  

and i n  o rde r  t o  i l l u s t r a t e  t he  v a r i a t i o n  of t h e  equiva len t  sodium 

cross-sec t ion  wi th  choice  of i n s u l a t i ~ n  th i ckness  f o r  a f i x e d  ampacity, 

t hese  equiva lence  c a l c u l a t i o n s  were repea ted  us ing  ( f o r  t he  sodium 

only ,  not  f o r  t h e  aluminum) g r e a t e r  i n s u l a t i o n  th icknesses ,  . I60  inches  

i n  Table A3-9 and .205 inches i n  Table A3-10. Tables  A3-11 through 

A3-18 r epea t  this same sequence of c a l c u l a t i o n s  f o r  cab le  i n  duc t ,  

Tables  A3-19 and A3-20, which desc r ibe  t h e  ampacity v a r i a t i o n  wi th  
- - - 

i * ~ i i i a t = o n  th i ckness  f o r  a  f ixed 'sodium conductor s i z e  f o r  d i r e c t  

b u r i a l  and f o r  c a b l e  i n  duct  r e s p e c t i v e l y ,  a r e  t he  b a s i s  f o r  Fig. 7-2. 

TablesA3-21 and A3-22 r epea t  the equivalence c a l c u l a t i o n  of Tables  

A3-3 through A3-6 f o r  t h e  25 kV case  but wi th  p, = 130 in Tahle A3-21 

and wi th  a = 1 i n  Table A3-22, t o  i l l u s t r a t e  t h a t  t h e  diameter  of t h e  

equ iva l en t  sodium conductor is  very i n s e n s i t i v e  t o  t h e  choice of t hese  

parameters.  Tables  A3-23 and A3-24 were prepared i n  o rde r  t o  v e r i f y  

t h e  c a l c u l a t i o n  procedure of Paragraph 7.4.1 by comparing i t s  p r e d i c t i o n s  

t o  t h e  IPCEA t a b l e s .  Di f fe rences  from t h e  l a t t e r ,  as noted i n  the 

t a b l c o ,  arc of t h e  order of cl p e ~ C e l i L . ,  

The d e f i n i t i o n  and u n i t s  f o r  t h e  symbols used i n  t h e  t a b l e s  

a r e  given i n  t h e  fol lowing l ist .  



DEFINITIONS FOR APPENDIX A 3  TABLES 
. . 

I n  t h e s e  t a b l e s :  

6~ = temperature  rise from e a r t h  ambient t o  c a b l e  conductor 

' ( l a t t e r  assumed i so the rma l ) ,  O C .  

a = r a t i o  of s h i e l d  ( n e u t r a l ,  d r a i n  wi res )  l o s s e s  t o  c o r e  l o s s e s .  

e 
= e a r t h  thermal r e s i s t i v i t y ,  O C  cmlwatt. 

t = i n s u l a t i o n  t h i cknes s  i n c l u d i n i  conductor and i n s u l a t i o n  semiconducting 
i 

s h i e l d s .  Values a r e  taken a s  recommended by IPCEA: conductor 

s h i e l d  .015 i n . ,  i n s u l a t i o n  s h i e l d  .030 i n . ;  i n s u l a t i o n  t h i cknes s  

. I75 i n .  @ 1 5  kV, .345 i n .  @ 35 kV. AEIC ag rees ;  s p e c i f i e s  

a l s o  .260 in .  @ 25 kV. 

r = conductor r a d i u s ,  inches ,  n o t  inc lud ing  conductor s h i e l d .  
1 - 

pi = i n s u l a t i o n  thermal  r e s i s t i v i t y ,  O C  cm/watt. 

x = h o r i z o n t a l  c ab l e  s epa ra t i on ,  inches .  

L = b u r i a l  dep th ,  inches.  

PC  
= conductor dc r e s i s t i v i t y  a t  ope ra t i ng  temp., v k m .  

A = conductor c r o s s  s e c t i o n a l  a r e a ,  thousands of c i r c u l a r  m i l s  (KCM). 

%C = conductor DC r e s i s t a n c e  a t  oper .  temp., ~ / c m .  

D - s k i n  e f f e c t  r a t i o ,  R ~ ~ / R ~ ~  @ 60 i l r .  

R~~ 
= conductor AC r e s i s t a n c e  a t  oper .  temp., Wcm. 

I = c a l c u l a t e d  ampacity, amperes RMS. 

6TS = temp. rise a t  c e n t r a l  c a b l e  o u t e r  s u r f a c e ,  o r  duct  o u t e r  s u r f a c e ,  

i f  p r e sen t ,  caused by d i s s i p a t i o n  of c e n t r a l  c ab l e ,  O C .  

6TM = temp:rise a t  c e n t r a l  c a b l e  o u t e r  s u r f a c e ,  o r  duc t  o u t e r  s u r f a c e ,  

i f  p r e sen t ,  caused by d i s s i p a t i o n  of bo th  o u t e r  c a b l e s  t oge the rYoC.  

6T1 = temp. rise from c e n t r a l  c a b l e  o u t e r  s u r f a c e  t o  conductor ,  O C .  



DEFINITIONS FOR APPENDIX TABLES (Continued) 

6TDW = temp. r i s e  across duct wal l ,  O C .  

6TAG = temp. r i s e  across air-gap from inside of duct t o  outside 

of cable, " C .  

Q = diss ipat ion ( i n  conductor only) of central cable,watts/cm. 



TABLES A3-1 and A3-2. DC Resistivities of Sodium and Aluminum vs. Temperature 

Table 10 4.4902 4.5104 4.5305 4.5507 4.5911 4.5911 4.6114 4.6316 4.6519 
A3-1 
Sodium 20 4.6925 4,7128 4.7332 4.7535 4.7739 4.7944 4.8148 4.8352 4.8557 



TABLE A3-3. Aluminum Cable Ampacitv at Yornal Load 
~ i r e c t  Burial (Conductor at 90" : )  



TABLE A3-4; Aluminum Cable  h p a c i t y  a t  Overload 
D i r e c t  B u r i a l  (Conductor a t  130°C) 



TABLE A3-5.  Scdium GB1.e hpacr i . tv  at Dverload 
D i r e c t  E u r i a l  (Conductor a t  95OC) 



TABLE A3-6.  Sodium Cable Conductor Temperature at Normal Load Current 
Direct Burial 



TABLE A3-7. Aluminum #:able Amparity a t  Normal.-Load (Conductor a t  9 0 ' ~ )  .znd a t  Overload (Conductor a t  130°C) 
Di rec t  Bur i a l ,  600 Volt Cable 

No ma1 Overload 

I n s u l a t i o n  th icknesses  employzd above arc t hose  s p e c i f i e d  by IPCEA S61 402 f o r  normal HMWPE. 



TABLE A3-8. S 0 d i . m  Cable  Ampacity a t  Overload (Conductor a t  95'~) and Conductor Temperature a t  Normal Load Cur ren t  
. D i r e c t  B u r i a l ,  600 V o l t  Cable  

Overload Normal Load 

6T 7 5 75 '. 75 7 5 4 5 45 44.5 44.5 

I n s u l a t i o n  t h i c k n e s s e s  employed above are t h o s e  s p e c i f i e d  by IPCEA S61 402 f o r  normal HMWPE. 



TABLE A3-9. Sodium Cable Ampacity a t  Overload (Conductor a c  95'C) and Coniuctor Temperature a t  Normal Load Current  
3 i r e c t  Bur i a l ,  600 Volt CaSle 

Overioad 

6 T 7 5 7 5 7 5 7 5 

~ - 

I n s u l a t i o n  th icknesses  above a r e  a l l  . I60 in .  



TAELE A3-10. Sodium Cable Ampacity a t  Overload (Conductor 
D i rec t  Bur i a l ,  

Overload 

6~ 75 7 5 7 5 7 5 

a 0 0 0 0 

e 
90 9 0 9 0 90 

ti 
.205 .205 .205 .205 . 

=1 .753 .650 ,446 .378 

400 400 4 00 400 

X 7.5 7.5 7.5 . 7.5 

L 3 6 3 6 3 6 3 6 

a t  95OC) and Conductor Temperature a t  Normal Load Current  
600 Volt Cable 

Normal Load 

45 4 5 44.5 44.5 

- -- - 

I n s u l a t i o n  th icknesses  above a r e  a l l  .205 i n .  



TABLE A3-11. Aluminum Cable Ampacity at Normal Load,Cable ir. Duct 
(Conductor at 90°C) 



TABLE A3-12. Aluminum Cable Arnpacity a t  Overload, Cable i n  Duct (conductor 
a t  130°C) 

15  kV 25kV . 35 kV 



TABLE A3-13. Sodiun Cable Ampacity a t  0 - ~ ~ l r l o a d ~ c a b l e  i n  Duct 
(Conductor a t  9 5 O C )  



TABLE A3-14. Sodium Cable Conductor Temperature a t  Normal Load Curren t  
Cable i n  Duct 



TABLE A3-15. Alurinum Cable Ampacity a t  Normal Load (Conductor a t  9Q°C: and a t  Overload (Conductor a t  1 3 0 ' ~ )  
Cable i n  Duct, 600 Volt  Cable 

Nonral F u l l  Load ~ ~ e r ~ o a d  

I n s u l a t i o n  t h i cknes se s  employed above are those  s p e c i f i e d  by IPCEA S6 l  402 f o r  normal HMWPE. 



TABLE A3-16. Sodium Cable  Ampacity a t  Overload (Conductor a t  9 5 ' ~ )  and Conductor Temperature a t  Normal 
Load C u r r e n t ,  Cable  i n  Duct, 600 Vol t  Cable 

Normal Load 

44.5 4.4.5 44.5 44.5 

0 0 0 0 

90 90 90 90 

. I 2 5  . I 2 5  . I 1 0  ,110 

.745 ,643  .437 ,369 

400 , 400 400 400 

5.1963 5.1963 5.1963 5.1963 

2220 1654 764 545 

.4619 .6200 1.342 1.882 

1.054 1 .031 1.007 1 .003 

.4867 .6392 1 . 3 5 1  1 .888 

673 573 370 30 4 

1 0 . 3  9 . 8  8.6 8.2 

14 .3  13.6  12.0  1 1 . 3  

1 . 6  1 . 5  1 . 3  1 . 3  

1 6 . 1  1 7 . 1  19.9 20.8 

2.2 2.4 2.6 2.9 

.220 .210 . I 8 5  . I 7 5  

I r - s u l a t i o n  t h i c k n e s s e s  employed above a r e  t h o s e  s p e c i f i e d  
by IPCEA S61402 f o r  normal HMWPE. 



TABLE A3-17. Sodium Cable Hmp~City  a t  Overload (Conductor a t  95OC) and Conductor Temperature a t  Normal 
Load Cur r ex t ,  Cable i n  Duct, 600 Vol t  Cable  

Overload 

6T 75 7 5 75 75 

Normal Load 

44.5 44.5 44.5 44.5 

o a o o 
90 S 0 90 90 

.160 .160 . I 60  . I60  

.746 .643 .436 .368 

4 00 4 00 400 400 

5.1963 5.1963, 5.1963 5.1963 

2226 1654 7 60 542 

.4607 .6200 1.349 1.892 

1.054 1.031 1.007 1.003 

.4855 .63 9.2 1.358 1.898 

674 574 370 3 05 

10.3 9 . 8  8.7 8.2 

14 .3  13 .7  12 .1  11.4 

1 .6  . 1.5 1 . 3  1 . 3  

15.6  16.5 18.7 19.5 

2.7 3.0 3.7 4.0 

.220 .210 . I 86  . I76  

I n s u l a t i o n  t h i c k n e s s e s  above a=e a l l  . I 60  i n .  



TABLE X3-18. Sodium Cable Ampacity a t  Overload (Conductor a t  95OC) and Conductor Temperature a t  Normal 
Load C u r r e n t ,  Cable  i n  Duct, 600 V o l t  Cable  

Overload 

6T 7 5 7 5 75 75 

a 0 0 0 0 

Normal Load 

44.5 44.5 44.5 44.5 

0 0 0 0 

9 0 90 90 90 

.205 .205 .205 .205 

.747 .644 .436 .367 

400 400 4 00 400 

5.1963 5 .I963 5.1963 5.1963 

2232 1659 760 539 

.4594 .6181 1.349 1.903 

1.054 1.031 1.007 1.003 

.4843 .6373 1.358 1.909 

674 575 371 305 

10 .3  9.8 8.7 8.3 

14.3 13.7 1 2 . 1  11.5  

1 .6  1 . 5  1 . 4  1 . 3  

14.9 15.8  17.7 18.4  

3.4 3.7 4.6 5 .0  

.220 .211 . I87 . I77  

/ 

/'//* 
I n s u l a t i o n  t h i c k n e s s e s  ,above are a l l  .205 i n .  

/ 



\\\- TABLE A3-19. Sensitivity of Sodium Cable Ampacity to Insulation Thickness 
Direct Burial, Sodium at 69OC 

\ 
GT 4 9 49 4 9 49 49 49 4 9 4 9 49 4 9 

This table ccntinced on next ps3e. 



TABLE A3-19 cont. Sensitivity of Sodium Cable Ampacity to Insulation Thickness 
Direct Burial; Sodium at 6g°C 



"ABLE A3-20. Sensitivity of Sodium Csble Ampacity to Insulation Thickness 
Cable in Duct; Sodium at Eg°C 

This tz3le continued on next page. 



TABLE A3-20 cont .  S m s i t i v i t y  of Sodium Cable Ampacity t o  I n s u l a t i o n  Thickness 
Cable i n  Duct; Sodium a t  6 9 ' ~  



TABLE A3-21. An Example of Na-A1 Equivalence at pe = 130 

25 kV Insulation; A1 1000 KCM 
Direct Burial 

- 
A1 A1 Nn 

~ a - - - .  

NO m a  1 Overload Overload Normal 

. BT 7 0 110 7 5 4 9 



TABLE A3-22. An Example of Na-A1 Equivalence at a = 1 

25 kV Insulation; A1 1000 KCM 

Direct Burial 
-- 

Al A i  . Na ma. 
Normal Over load Overload Normal 



TABLE A3-23. Cable In Duct Ampacity 2alculations 
to Verify Against IPCEA Tables 

IPCEA I 653 

Difference 7 



IPCEA I 757 . 

TABLE A3-24.  Direct Burial Ampacity Calculations to Verify Against IPCEA Tables 

Difference . 8 



APPENDIX A4 

Aluminum and Sodium Cable Cost D e t a i l s  



TABLE A4-1 

15 kV Aluminum and Sodium Cost Details 

15 kll Aluminum Distribution Cable Costs (~/ft. ) 

250 MCM 350 NCM 750 MCM 1000 MCM 

Cost Allocation 

Conductor 12.79 17.91 38.38 51.17 
Conductor Screen 1.02 1.21 1.75 2.02 
Insulation 10.02 11.38 15.43 , 17.41 
Insulation Screen 3.41 3.78 4.87 5.41 
Concentric Neutral 10.59 14.83 31.77 42.37 

Material Subtotal 37.85 49.10 92.21 118.38 
Other Direct and 40.50 44.22 42.98 63.00 
1ndirect.Prodnct Costs 

Electric Utility Price 78.35 93.32 135.19 181.38 

15 kV Sodium Distribution Cable Costs (~/ft.) 

Cost Allocation 

Conductor 
Conductor Screen 
Insulation 
Insulation Screen 
Concentric Neutral 

Material Subtotal 
Other Direct and 
Indirect Product Costs 

250 MCM 350 MCM 

Electric Utility Price 52.04 60.18 90.30 113.67 



TABLE A4-2 

25 kV Aluminun: and Sodium Cable Cost D e t a i l s  

25 IrV Aluminum D i s t r i b u t i o n  Cable Costs  ( ~ I f t . )  

250MW 350MCM 750P:CM BO00MCM 

Cost A l loca t ion  

Conductor 12.79 
Conductor Screen 1.02 
I n s u l a t i o n  16.52 
I n s u l a t i o n  Screen 4.00 
Concentr ic  Neut ra l  10.59 

Mate r i a l  Sub to t a l  44.93 
Other  Direcc and I n d i r e c t  40.6 

Product Costs  

E l e c t r i c  U t l l i t y  P r i c e  85.53 

25 kV Sodium D i s t r i b u t i o n  ' c ab le  Costs ( ~ 1 s t  .) 

250 M& 350 MCM 750 MCM 100.3 MCM 

Cost A l loca t ion  

Conductor 3.14 
Conductor Screen 0. OC 
I n s u l a t i o n  14.51 
I n s u l a t i o n  Screen 3.64 
Conlcentric Neut ra l  6.39 

Mate r i a l  S u b t o t a l .  27.69 
Other Direcc and I n d i r e c t  28.42 

Product Costs, 

E l e c t r i c  U t i l i t y  P r i c e  56.11 



TABLE A4-3 

35 kV Aluminum and Sodium Cost D e t a i l s  

35 kV Aluminum D i s t r i b u t i o n  Cable  Cos t s  ( ~ / f t . )  

250 MCM 350 MCM 750 MCM 

Cost  A l l o c a t i o n  

Conductor ' 12.79 
Conductor Screen 1 .02 
I n s u l a t i o n  24.06 
~ n s u l a t i o n  Screen 4.59 
C o n c e n t r i c  N e u t r a l  10.59 

M a t e r i a l  S u b t o t a l  53.07 
Other  D i r e c t  and I n d i r e c t  44.53 

Produc t  C o s t s  

E l e c t r i c  U t i l i t y  P r i c e  97.60 

35 kV Sodium D i s t r i b u t i o n  Cable C o s t s  ( ~ / f t . )  

250 MCM 350 MCM 750 MCM 

Cost A l l o c a t i o n  

Conductor 3.14 
Conductor Screen 0.0 
I n s u l a t i o n  21.41 
I n s u l a t i o n  Screen 4.23 
Concen t r i c  N e u t r a l  6.39 

Material S u b t o t a l  35.17 
Other  D i r e c t  and ~ n d i r e c t  28.50 

Produc t  Cos t s  

E l e c t r i c  U t i l i t y  P r i c e  63.67 

1000 MCM 

1000 MCM 



TABLE A4-4 

600V Alurninurri and .Sodium Cost D e t a i l s  

60.3V Aluminum D i s t r i b u t i o n  Cable Costs  ( ~ / f t .  ) 

250 MCA 350 MCM 750 KCM 1000 MCM 

Cost A l loca t ion  

Conductor 12.79 17.91 38.38 51.17 
Conductor Screen 0.00 0.00 0.00 C.00 
I n s u l a t i o n  4.96 5.73 8.05 9.18 
I n s u l a t i o n  Screen 0.00 0.00 0. O D  0.00 
Conzentr ic  Neut ra l  0.00 0.06 0.03 0.00 

Ma te r t a l  Sub to t a l  17.75 23.64 46.43 60.35 
Other D i r e c t  and I n d i r e c t  23.0 33.5 63.0 93.1.3 

Product Costs  

E l e c t r i c  U t i l i t y  P r i c e  40.75 57.14 109.43 

600Y Sodium D i s t r i b u t i o n  Cable Costs  ( c / f t .  1 

2WMCPd 350MCM 750MCM 

Cost A l loca t ion  

Cond.1~ t o r  3.14 4.40 9.43 
Conductor Screen 3.00 0.00 0. OC 
I n s u l a t i o n  4.41 5.08 7.09 
I n s u l a t i o n  Screen 0.00 0.00 0.00 
Concentr ic  Neut ra l  0.00 0.00 0.00 

Ma te r i a l  Subt3ta.i 7.55 9.48 16.53 
Other D i r ec t  and I n d i r e c t  10.58 15.41 33.47 

Product  Costs  

E l e c t r i c  U t i l i t y  P r i c e  18.13 24.89 50.00 

1 O O O  MCM 



APPENDIX A5 

Connector Cost Details 



154LR 
2 0 A m p  Elbow Connecror 

(Dead break) 

One-piece moldeel rubber; fully shieldec 

For use om dead-Wont transformers, 
switchgear and motors. 

Hot-stick eperabb; plugs onto bushings 
installed on apparatus. 

100% procuction test. 

. .................... Voltage class thru 26 kv 
...................... Current rating .200 amp 

............ Cable insulation range .49W to 1.1 7 5  
(1 2,6 mm p 23,9 mm) 

. . . . . . .  Conductor renge No. 4 AI/Cu t6ru 4?Q AI/Cu 

650L R 
GOO-Amp, 15-kv and 25-kv 

Elbow Connector 
(Dead break) 

One.pj=e molded rubber; fully st,ielded. 

For use on dead-front transfcrmers, switchgear 
and motors. 

Plugs onto bushingd installed on apparatus 
or can be used with accessories to  form 
modular splices lse pa~at 23 and 49). 

100% production tbst. 

...................... Voltage class thru 25 <v 
...................... Current rating .600 amps 

........... Cable insulation range .a76 to 1.785" 
t22,2 mm to 45.3 mm) 

Conductor range . .No. 2 AItCa t h r ~  750 kcmil AIICU 
800 C.cmil Al thru 1000 kcmil Al 

Figure A5-1. TYPICAL CABLE I=O??NECTORS SIiYILAB TO THOSE YSED IN 
ESTIMWIBG COSFS FOR 15 AND 25 KV.LZ~?OM ELASTI:VOLD CATALOGUE) 



354LR 
200-Amp, 35kv  
Elbow Connector 

(Dead break) 

One-piece molded rubber; fully shielded. 

For use on dead-front transformers, 
witchgear and motors. 

Hot-stick operable; plugs onto bushings 
installed on apparatus. 

100% production test. 

Voltage class ........................... 35 kv 
Current rating ...................... .2W amps 
ClMe insulation range ........... .825" to 1.395 

(21.0 to 35.4 mm) 
Conductor range . . . . . . . . . . .  No. 1 thru 410 AllCu 

750LR 
600-Amp 35kv  Elbow Connector 

(Deadbreak) 

One-piece molded rubber; fully shielded. 

For use on dead-front transformers, mitchgear 
and motors. 

Plugs onto bushings installed on apparatus or 
can be used with accessories to form modular 
splices (see 26 and 51). 

100% production test. 

Voltage class ........................... 35 kv 
Current rating ...................... .6W amps 
Cable insulation range ........... .875 to 2.235 

(22.2 mm to 56.8 mm! 
... Conductor range 110 AllCu thru 750 kcmil AllCu 

800 kcmil Al thru 1000 kcmil Al 

Figure-A5-2TYPICAL CABLE CONNECTORS SIVILAR TO THOSE USED IN ESTIMATING 
COSTS FOR 35KIr.(FROM ELASTIMOLD CATALOGUE) 



' -&N &WE&TQRS, shewn &*, Wore con- 
nection ,&d s@$ open. ace .a+ prim'@@!& * 15kV cable 't , I  

U(POSED ENb of the condud 5 completely enclosed by the 
connector before any penetration of the sodium by the screw 

JOINT IS SEALFCI by compressing the sleeve will1 standard 
Compression tool. Section view shows completed installation 

Figure AS-3, SODIlXY CABLE CONNECTORS (F8OM 'SODIUM I S  
iNEW CABLE C0IVZ)UCTORt POWER , SER'. 1968 .I 



TYPE PTF-J 
(SLIP FIT) 

Figure A5-4. TYPICAL 600 VOLT SECODARY COIJNECTIOIJ SCHB:YE USED IN 
ESTINATING GOSTS. 

FOR USE ON TRANSFORMERS WITH THREADED STUD SECONDARY. DESIGNED FOR QUICK 
DISCONNECT WITHOUT REMOVING CONDUCTORS. INHIBITOR SUPPLIED IN STUD HOLE. 

NOTE- Tnp for street light mil&le. 
For prckaging with grease inhibitor odd suffix "P" and $0.20 each to price for 2501350 and $0.30 each tor 5UU connecton. 

*For coven - Contact factory for price and delivery. 

THE UTI CC~MPANY 

Catalog 
No. 

PTFZ-2W-J 
PTF3-250J 
PTF4-2504 
PTF62W-J 
PTF6260-J 
PTF8-260-J 

PTFZ-3BOJ 
PTn-350-J 
PTFC-J 
PTFS-350J 
PTF635GJ 
PTFE350J 

PTFZaOQJ 
PTF3.60aJ 
PTF4-6WJ 
PTF6600J 
PTF&600J 
PTFESOOJ 

PlF3-7W-J 
PTFC7W 
PTFb-7bOJ 
PTFB7bOJ 
PTFE7SOJ 

4730 MADISON ROAD, CINCINNATI, OHIO 45227 TELEPHONE 8714000 AREA CODE 513 

Lbs. Wt. 
Par 100 

32 
36 
41 
45 
50 
58 

40 
46 
52 
58 
66 
77 

48 
58 
a7 
77 
87 

1 03 

235 
282 
330 
390 
480 

A 

3-518 
4-318 
5-114 
6 
6-314 
8318 

4-114 
5-118 
6 
6-718 
7-314 
9-518 

4318 
5112 
6 618 
7-314 
8-718 

11-118 

6 
8-518 

10-114 
11-7l8 
15-114 

1-99 

$ 4.95 
6.25 
7.60 
8.85 

10.25 
12.30 

6.20 
7.65 
9.10 

10.60 
12.00 
14.95 

7.70 
8.60 

11.30 
13.15 
14.95 
18.50 

22.35 
26.45 
30.55 
34-65 
42.a 

No. of 
Cond. 

2 
3 
4 
5 
6 
8 

2 
3 
4 
5 
6 
8 

2 
3 
4 
5 
6 
8 

3 
4 
5 
6 
8 

Rice Each 
100 and Over ' 

5 4.30 
5.45 
6.60 
7.70 
8.90 

10.70 

5.40 
6.65 
7.90 
9.20 

10.15 
13.00 

6.70 
8.25 
9.85 

11 A5 
13.00 
16.10 

19-45 
23.00 
26.55 
30.1 5 
37.30 

Dimensions 

B 

1-118 
1-118 
1-118 
1-118 
1-118 
1-118 

1-318 
1-318 
1-318 
1-318 
1-318 
1-318 

1-314 
1-314 
1.314 
1314 
1314 
1-314 

2 
2 
2 
2 
2 

Cond. Range 
AWG-MCM 

250-1 2 

350-1 2 

500-2 

750-1 K )  

C 

718 
318 
718 
718 
718 
718 

1 
1 
1 
1 
1 
1 

1-318 
1-318 
1-318 
1-318 
1318 
1-318 

2-1 12 
2-1 I2 
2-1 12 
2-1 12 
2-1 12 1 

For 
Transformer 

Stud 

518-1 1 
518-1 1 
518-1 1 
518-1 1 
5/8-11 
5/8-11 

5/8-11 
5/8-11 
5/81 1 
518-1 1 
518-1 1 
5/&11 

1-14 
114 
1-14 
1-14 
114 
1-14 

1-14 
1-14 
1-14 
1-14 
1-14 



PLASTISOL COVERS FOR PTF STYLE CONNECTORS 
FITS PTF AND PTF-J 

Figure AS-5. TYPICAL COIlNECTOR COVER USED IN COST ESTIMATIVG. 

244 

THE UTI L C  COMPANY 
14 4730 MADISON ROAD, CINCINNATI, OHIO 45227 @ TELEPHONE 871-4000 AREA CODE 51 3 

n 

- 

Cavar 
-10s 
Numher 

R6676 
R 6676 
R 66% 
R8830 
R6828 

R 6876 
R 6876 
R88I#) 
R@m 
R082@ 

R6280 
R81110 
R0206 
R82Bb 
R 6831 

R W  
it8880 
R €a80 
R8880 

R8880 
R 6880 
R m  
RgseO 

R 8881 
R 8881 

Connector 
-log 
Number 

PTF a PTF J 

Pl'F3260 
PW4.150 
PTF6-260 
PTF- 
PTFS-am 

PlFssriO 
PTF4-3#) 
PtFS3bCO 
PTCB3bO 
PTF8-3W 

P T F M  
PTF4.600 
PTFSbOO 
PTFsgOg 
PTF&BOO 

Price 
1- 

$3.48 
3.4% 
3.46 
4.20 
4.90 

3.46 
3.4% 
4.20 
450 
4.90 

6.26 
6 a  
6.56 
5.86 
6.W 

6311 

Each 
100a ' 

$3AM 
3 m  
3.00 
3.66 
4.25 

3.00 
3.00 
3-65 
3.66 
4.ZE 

4.65 
456 
4.86 
486 
6.18 

4.80 
4.80 
4.60 
4.80 

4.60 
4.60 
1.80 
4.00 

6-48 
,5A6 

~rr.3~--1 
PTP 44-2601 

PTF-33450 
PTF- 
PTF. -1 
m L i  
PTr-53.600 
PTFU-600 

5.30 
6.30 

:2 
113th 

0.ZS 
a z ~  



TYPE CRA & B 

Figure A5-6. TYPICAL COPPER TYPE SECONDARY COtINECir"0RS USED 
IN DEVELOPING THE ' PIfl TYPE' CON/dECTIO!J COSTS IN 
TIiIS REPORT* 

CRIMP TYPE 
TERMINAL LUGS 

/ 
TYPE CRA & B 

SINGLE INDENT 4Y@vf" 
-/ 

One piece construction for strength. h r e ,  Capper for maximum conductiwity. Flared ceble.hole for easy wire insertion. Sight 
hole for visual cable impaction. D i m v s i m  in iltches - approximete. 

Maximum Contact surface. Uniform construc$ion - precision made. electro-tin plated to minimize corrosion. Wire ran* clearly 
lmrbd. 

D e r i  to fit m6n cornw-ion diw. 

Catalog 
NO. 

CRA.8 
CRA-6 
CRB-6 
CRA-4 

THE UTI LC0 -COMPANY 

Pcs. 
Per 

Carton 

50 
50 
50 
50 

47#1 MADISON ROAD, CINCINNATI, OHIO 45227 TELEPHONE 871-4000 AREA CODE 513 

CUB-4 
CRA-2 
CRB-2 
CRA-1 
CRA-0 
CRB-0 
CRAW0 
CRAW 
CUB310 
CRA4IO 
CUB410 
CRA-250 
CRA.300 
CRA-3!iO 
CRA-400 
CRA-SO0 
CRA.750 
CRA-1000 

Wire Size 

8 Str. 
6. Str. 
6 Str. 
4 Str. 

Price 

Carton 

s 26.30 
29.30 
m.30 
38.H 

Shpg. Wt. 
Lbsll00 

1.5 
1.8 
1.8 
2.1 

Per 100 

10 or More 
Cartons 

s 2270 
25.26 
25.25 
33-60 

Tang 
Length 

112 
112 
112 
112 

Bolt 
Size 

3/16 
3/16 
1 14 
3/16 

2.1 
3.6 
3.6 
3.6 
4.3 
4.3 
6.2 
7.6 
7.6 
7.7 
7.7 

13 
14. 
19. 
25. 
40. 
82. 

120 

112 
314 
314 
314 
314 
314 
718 

1 
1 
1 
1 
1-118 
1-118 
11/8 
1-112 
1-112 
1-15/16 
2-118 . 

1 14 
1 14 
511 6 
5/16 

511 6 
3/8 
3/8 
318 

112 
318 
112 
112 
112 
112 
5/8 
5/8 
5/8 
518. 

38.S 
74.70 
74.70 
79.95 
8- 
83.90 
90.76 

116.78 
116.76 
133.00 
133.00 
164.70 
179.~5 
186.M 
220.86 
260.70 
520.66 

1478.76 

Overall 
Length 

1-118 
1-112 
1-112 
1-112 

33.60 
64.30 
84.30 
68.00 
72-36 
72.36 
66-16 

100.70 
100.70 
114.70 
114.70 
133.48 
164.70 
161.05 
190.28 
231.60 
lr i8.7~ 
930.05 

4 Str. 50 
2 Str. I :: 

Width 

13/32 
13/32 
13/32 
112 

1-112 
1-27/32 
1-27/32 
1-718 
1-718 
1-718 
2-3/32 
2-5/16 
2-5/16 
2-1 1 132 
2-11/32 
2-518 
2-518 
2-11/16 
3-5/16 
3-112 
4-11132 
4-718 

2 Str. 
1 Str. 

110 ~ t r .  
110 Str. 
2f0 Str. 
3 / 0 S t ~ .  

310 Str. 
410 Str. 
4ID'Str. 
250 n I ~ m  

300 mcm 
3 5 0 ~ 1 ~ m  
400 t n ~ m  
500mcm 
750mcm 

10QO m ~ m  

112 
19/32 
19/32 
11 116 
314 
314 

13/16 
29/32 
29/32 

1 
1 
1-3/32 
1-3/16 
1-9/32 
1-318 
1-17/32 
1-29/32 
2-3/16 

10 
10 
10 
10 
10 
10 
10 
10 
1Q 
10 
10 
10 
19 
6 
6 



RIN-ANPNW. CONWiCTDl? can be instellsd wing an adjust- 
able wrench. This latest debign is speeffically made for 600 V 

INSTALLATION SEQUENCE, after cable praparation, is shown 
top to bottu~tl. Pin fi advanced into sodium by tightening nut 

B- ,--.w* 

.'. 12 :>+c 
1 &hLl. 

I W l u C 1 ,  rOOY(YOI, < m3:7 $q -- r l r s  - E 
ir' 

SP4ICES are show11 top and third row along with several con- 
nector variations. Ratings are in cropper equivalents (CUE) 

Figure AS-7. 600 VOLT SODIUM CABLE COINECTORS 
!FROM 'SODIUM I S  NRi CABLE CONDUCTOR' 
BY N .  PEACH ,POWER, SEPT. 1968) - 



APPENDIX A6 

Additional Application Cost Data 



OUTPLT 

S-SODIUM 

R I A 
1" I A (  A 9s' 
!I I Is p' S 

I A,k  s' 
S $7.-1 -48 .s# 

/ 
F 

I \ ?' 
T 

I s, 
I ,ss $ 

.ss 
I bs.4 
I 

$6.-+---------------------------------------- 

I I I I 1 
0 2,000,013~ ' I  ,000,000 

CABLE CONDUCTOR AREA, C I N d I L S  

Figure A6-1. TOTAL PRESENT WORTH COSTS VERSlIS CONDUCTOR S I Z E  
.35KV DIRECT BURIED. 

GABLE PARA;W?TERS t 
UNIFORVLY LOADED 3 PriASE MAIN FEEDER 
34 5 MILS  XLPE I?JSULATIO!J 
1 5  M I L S  CONDUCTOR SCREEN FOR AL .  0 FOR NA 
30 MILS  INSULATIO~J SCREEN . 

OPERATING FARAf4ETERP: 
LOSS FACTOK=.18 PEAK RESPOSIBILI ,TY FACTOR=.82 
FEEDE'H INPUT CURBENT 213 AMPS 
FEEDER OUTPUT CURRENT 67 ANPS 



I 
I C-CABLE COSTS 

P I 
R I L-OPE2ATI.VG LOSSES 

' L - - L - L ,  
L- L- L-L- G-L , r-r 

r- r- r- r- r- r- r- r- r- r- r- r- r- r so.-+-----------------:---------------------- 
I I I I I 

200,000 600,000 1,000,000 
CABLE CO!JnUCTOR AREA, CIRYILS 

SODI UV 

E 
ib' 

I \ 
I L  

T I \ 
w $5.-I L 
0 I ' L  
R I \ ,C- C-C 
T I 

\ 8 
C-C-C 

H I L-L C-C-C 
I / C<<L 

$ - I /C-C-C 'GL-L 
/ I c-c ' - L -  L-L 
F I ' L - L  
T I 

I 
I r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r 

$o.-+-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
I I I I I 

200,000 600,000 1,000,000 
CABLE CONDUCTOR AREA, C I W I L S  

Figure A6-2. PRESENT WORTH COSTS VS .  CONDUCTOR SIZE 
35KV MAIN FEEDER, 3PHASE. 249 



VULTACE DROf LIMIT 

I b' 
T I 

I 
I $o.oo-+- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
I I I I I 
0 1,000,000 2,000,000 

CABLE CONDUCTOR AREA. C I @ I L S  

Figure A6-3. TOTAL PRESENT WORTH COSTS VS . CONDUCTOR 
SIZE-600 VOLT SERVICE, 

CABLE PARAIdETERS : 
600V DIRECT BUIJIED SINGLE: PHASE ,CERIIICP 
125 MILS ALLJ,%' IN$ULATTON 

OPERATING PARAMETERS: 
LOSS FACTOR=,06 PEAK RESPOSIBILITY FACiiUR=.3 
SERVICE CURREPIT FROM SECOIJRAEY 4n AVFS 



32. uu- 1 
I 
I 
I 

P I 
iZ I 
E21.50- 1 
$9 I 
E I 
I? I 
1" I 

I 
W $ l . O O -  1 
0 I 
R I 
1" I 
H I 

I 
$SO. 50- 1 
/ I 

L - OPEI~ATIIVG LOSSES 
c ' 

C'O 

I- -CONiiI?C[L'OR COSTS / 

c/ 
-1 

c / 

F I ,I-r 
T I 1 r- r- r- r-r 

I r-r- r- r 
I L - L - ~ - L - L & L - L ,  

s O . O O - + - - - - - - - - - - - - - - - - - - - - - -  5=6-6--6--&-6--L-6 

I I I I I 
200; 000 600,000 1,000,000 

CABLE COtiUUCTOR AHEA, CI"IY!ILS 

62.00- 1 
I 
I 
I 

P I 
R I 
ES'1.50- I 
S 
P 

I 
L, I 
W I 
T I 

I 
h'$1.00- I 
0 . I  
R I 
T I 
H I C . 

I ,c-c-c:r 
$$o -5'0 - I c-C- 6-r-r/ 
/ I c-c) i-r/ 
F 1 / 

1 c-c-c,r-r/ T I c-c-c r - I - r  
I c'%r-r' 
I r- r L-L - L L-L- L- L-GL-L- L- L-,L-L 

$0.00-+---------------------------------------- 

I I I I 
200,000 

I 
600,000 1,000,000 

CABLE; C'OIJDUCTOR ARRA , CIRMILS 

Figure Ad-4. PRESENT WORTH OF CABLE, CONNECTOR AND 
OPERATING LOSSES-600 VOLT SERVICE. 



APPENDIX A7 

Functions Used In Computer Analysis of Present Wcrth Costs 
and Cable Material Costs 

(APL Language Used on Scientific 
Time Sharing Corporation System) 



vCARLECS!ZCOIV 
V CAB LECST 

ill T P O  DC+(AREAC)*0.5 
L 2 I DCDcDCxDCSTRD 
'; 3 1 . DCS+DCD+CST 
4 1 DI~VS+DCS+IIYSLT 
5 I DI:VSR+DI!K+IST 
i 6 I DCJi+DINSR+CWP 
1 7 I DJ+DCN+ JT 
L 8 I WCOND+( DC*2 xCOiVDSGxl.03 
C9 I CSTCOND+UCONDxPCO/JD 
... 101 CS~TS+C:<DCS*~)-(DCD*~))XSGSC)XPCS 
1 11 1 CSTINS+( < i DI!iS*2 ) - (DCS*2 ) ) xSGINS) xPI1VS 
C 12 1 CSTIIJSR+( ( (DIlJSR*2 - ! DIrJS*2 )xSGSC) xPCS 
:I31 CS~Tf+((CDC!JT*2)xCNCxCNSG)xPCN)xl.03 
5141 CSTJ+( ( ( D J * ~ ) - ( D C I J * ~ ) ) ~ ~ . ~ E - ~ ) ~ P J  
L 1 5 1 CBLCS~WSLTOIVD+CSES+CSTI:VS+CSTINSR+CSIY= Ii+CSTJ 
L161 CRLSPc(CBU:SEY%FARFCT)+OCST 
,171 +19xr(TYP=l) 
8 CAB;lA+CBLSP 0 CABNA3Pc3xCASNA 0 435 
1191 CARAL+CBLSP 
i201 CAAAL3Pt3xCABAL 

v 
VTPCcilV 

V TP 
111 -+9xliTYP=l) 
2 1 DCSTRDCl 

L 3 1 DCIU+( AREACx0.368 )*0.5 
C41 CSP-0 

c ' 

i 5 1 COPiDSct3 .3~-  7 
i61 PCONDCPNA 
7 1 PIVS+PI IVSIJ A 
8 I FABFCT+!'ABFCT,'YA .Z. +1 G 
9 1 DCSTRDtl . 1 5 
!:lo] DCNP(AREACXO.~~)*O,~ 
1111 CSlP30 
1: 12 1 CONVSCt9 .2~-7 
ll31 EONDcPAL 
L 14 1 PIIJS+PINSAL 
L' 15 I FARFCP-FAAFCY'AL 

V 
vP~~CBLUIV 

V PWCB 
~ 1 1  ~~:il+~)-;((l+~)*2)x(l+~)))+(((l+~)*2)~(1+~)) 
L21 mJFt(1-(l+DT)*;N))+DT 
;31 I C O M  (I1*2)+(IlxI2)+(12*2) 
;4] FWRAL+KPxICONxRACALx3.05,??-5 
15 1 P ~ J R N ' A + K ~ I c o N ~ R A C " V A % ~ .  05~-5 
C 6 I LOAL+PWRALx LSF 



VTEMC 01 V 
V TEV 

11 IWl 43 I+Il 0 ITEeO 3 AREA+( AREACxl . 15 
21 R+( :! AREA)*O. 5)+2)+( (CST+IST+INSL1')+2) 0 WR+1000 0 LSQ+L*2 3 RS&tR*2 
31 DELS+RHE~(@((L+((LSQ-RSQ)*O.S))+R))~!~+ALP) 0 XSQ+X*2 
41 DELM~RHE~(@((XSQ+(L+((LSQ-RSQ)*O.~))*~)+(XS~+(L.-~(LSQ-RS&)*O.~))*~)))~~~+ALP) 
51 DELL+RHLX(@(R+(((AREAC)*O.~)+~OOO))) +GTH+DELS+DELM+DELL 
61 TEMPAL+(20+( (I*2)~2.8624+( ( ( G . ~ ~ ~ ~ ~ X A R E A C X ~  .07~-6)+( (DELS+DE~+DELL)~~E-6) 1-(0.0115~1*2) ) ) I  
73 T E : V P N ~ ( ( ( ~ ~ ~ , ~ ~ ~ ~ A R E A C ~ ~ . ~ ~ ) ~ ( ( I * ~ ) ~ ( G T , ~ ) ) ) + ~ . ~ ~ ) ~ ( ( ~ ~ . ~ ~ ~ ~ ~ A R E A C ~ ~ . O ~ ) + ( ( I * ~ ) ~ ~ C T H ) ) ) - O . O ~ ~ S  
81 ZVPALCIM;I+TEWAL 0 TMPPJALIPI;]+TMPNA O+llx~(TY@l) 

. . 

91 R H O N A + ~ . ~ ~ + ~ . O ~ ~ ~ ~ ~ T H ~ P N A + ~ . ~ ~ ~ E - ~ ~ ( T E M P N A * ~ )  
10 3 RWRHONA 0 +I3 
111 RHOAL+2.8624+0.0115x(TEMPAL-20)1 
12 1 RflO+Rlffl4L 
131 Z + ( ( A R ~ ~ A C X S . O Y E - ~ ) + R I . I O )  
141 ~~~~1+0.0070664x((Z+172)*2)x(1+(0.66046+~~Z+172~+~172+Z~~~~ 
151 RACi-BETAX'( RHO+ (AREAcx5.07~-6) ) 
161 +19x1 (IN=2) 
173 RKl+RAC 0 IN+2 0 I412 
181 +2 
191 RAC2+RAC 
201 RX+( (RACl+RAC2)+2) 
211 +23x1 (TYP-1) 
221 RACNA+RAC 0 +30 
23 1 RACAL-tRAC 

v 
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