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Indiana Michigan A
~ . Power Company ‘
> P.0. Box 16631
Columbus, OH 43216

INRIANA
FAICRIGAN
POWER

May 12, 1995 AEP:NRC:0692DF

Docket Nos.: 50-315
50-316

U. S. Nuclear Regulatory Commission
ATIN: Document Control Desk
Washington, D. C. 20555

. Gentlemen:

Donald C. Cook Nuclear Plant Units 1 and 2
ADDITIONAL INFORMATION REGARDING THERMO-LAG
RELATED AMPACITY DERATING CALCULATIONS
TAC NOS. M85538 AND M85539

By your letter dated March 6, 1995, we were requested to submit
representative ampacity derating calculations with respect to
cables in raceways covered with Thermo-Lag used at Donald C. Cook
Nuclear Plant. The calculations and methodologies, including
mathematical models, are addressed in the attachments to this
letter.

Attachment 1 provides an overall summary of our ampacity derating
analyses. Attachment 2 contains the basis of our mathematical
model. Attachment 3 contains cable tray allowable £fill design
criteria. Attachment 4 provides an in-depth discussion of the
development of the mathematical model and analysis. Attachment 5
contains representative calculation results. Attachment 6 provides
results from tests used to verify the accuracy of our computer
model.

Sincerely,
E. E. Fitzp trick{
Vice President
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U. S. Nuclear Regulatory Commission
Page 2

cc: A. A. Blind
G. Charnoff
J. B. Martin
NFEM Section Chief
NRC Resident Inspector - Bridgman
J. R. Padgett
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SUMMARY OF AMPACITY DERATING ANALYSES
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Attachment 1 to AEP:NRC:0692DF Page 1

1.0 Background

In the early 1980’s, compliance with 10CFR50 Appendix "R" was
achieved for Cook Nuclear Plant (CNP) by enclosing certain
raceways with Thermal Science Incorporated (TSI) Thermo-Lag
330-1 fire barriers. Enclosing the power cable raceways with
the TSI material increases the thermal resistance to ambient
thus restricting the quantity of heat released, resulting in
reduced conductor:allowable ampacity. paus

Although TSI material specifications addressed specific
percent derating for the cables in tray and conduit wrapped
with Thermo-Lag barriers, AEPSC took an aggressive approach
to independently determine the reduced allowable ampacities
and documented that the full load currents for power cables
in the TSI wrapped raceways at CNP did not exceed allowable
derated ampacities.

2.0 Theoretical analysis/ Mathematical model

The process included the development of a mathematical model
based on the theoretical analysis and work done by Neher,
McGrath, and Buller in their AIEE transactions papers 57-660
and 50-52 (attachment 2). This analysis :is based on the
phenomena of heat transfer with respect to energized cables
and the effect on the ampacity.

The temperature rating of a cable is the maximum conductor
temperature that will not cause excessive deterioration of
the cable insulation over the expected life of the cable.
This maximum temperature limits the amount of heat which may
be generated by a conductor by resistive heating and
therefore limits the amount of current the cable can carry.

Enclosing the conductor within layers of material
(i.e.,insulation, raceway, or air space) increases the
thermal resistance to the ambient heat sink and restricts the
quantity of heat which may be transferred while still
maintaining the maximum conductor temperature.

The objective then was to determine the allowable ampacity of
cables in wvarious raceway and fire protected raceway
configurations based on the heat transfer through a thermal
resistance while not exceeding the temperature rating of the
cables under steady state conditions.

The phenomena of heat transfer with respect to energized
cables and the effect on cable ampacity were examined. This
included:

«
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e Attachment 1 to AEP:NRC:0692DF Page 2

a) review of basic heat transfer mechanics,

b) evaluation of previous work done in the areaé of cable
ampacity and heat transfer, .

c) analysis of the effects of conduction, convection and
radiation with respect to CNP power cable
installations, and

d) development of*heat’cransfer.theory for low £ill cable
trays.

Per our design criteria (see attachment 3), the power
cables installed in cable trays are positioned in a

) single layer with a minimum space between cables of 1/3
the diameter of the 1larger adjacent cable.
Furthermore, the sum of cable diameters can not exceed
75% of the tray width. The above criteria limits the
number of power cables installed in a cable tray, thus
limiting the total heat generated per foot and limiting
the conductor derating.

3.0 Calculations

A computer program was developed according to the criteria
outlined in the mathematical model. The program calculates
the allowable ampacities for the power cables in the TSI
wrapped raceways. Assuming a maximum allowable cable
temperature of 90°C and an ambient temperature of 40°C, the
maximum allowable heat generated(Q) was calculated for steady
state conditions. The allowable ampacity (I) was then
calculated using the known relationship between Q and I. The
analysis and mathematical model are discussed in depth 'in
attachment 4. '

At CNP, the power cables in all TSI wrapped raceways were
analyzed using this program and it was documented that the
cable full load currents are within the calculated allowable
ampacities. Representative calculation results showing the
allowable ampacities for the cable tray and conduit raceway
design are included in attachment 5.
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4.0

5.0

Tests

Finally, a series of tests was conducted in 1983 at our
Canton test lab to verify the accuracy of the computer model.
These tests simulated exact raceway loading conditions at CNP
and demonstrated that the conductor temperatures for the TSI
enclosed .cables are within the temperature rating of the
conductors- as "predicted by the computer model. Refer to
attachment 6 for the test report #CL-542 dated
December 16, 1983. The highest conductor temperature recorded
for the six tested configurations was 68.8°C. Cable trays and
conduits were both included in this testing.

Conclusion

" At CNP, the calculations for the cables enclosed with TSI

Thermo-Lag 330-1 fire barriers demonstrated that:

a) the connected full ioad currents are well within
calculated allowable ampacities,

b) the calculated heat generated per foot of raceway is
well under the calculated allowable heat generation per
foot of raceway, and

c) the raceway design criteria limits the total number of
cables in a raceway such that the cable temperature
ratings are not exceeded,
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e The_ Ca|cu|atlon of the Temperature Rise

v’,_

J. H. NEHER
MEMBER AIEE

N 1932 D, M. Simmons? published a

series of articles entitled, “Calculation
of the Electrical Problems of Underground
Cables.” Over the intervening 25 years
this work has achieved the status of a
handbook on the subject. During this
period, however, there have been numer-
ous developments in the cable art, and
much theoretical and experimental work
has been done with a view to obtaining
more accurate methods of evaluating the
parameters involved. The adveat of the
pipe-type cable system has emphasized
the desirability of a more rational method
of calculating the performance of cables
in duct in order that a realistic comparison
may be made between the two systems.

In this paper the authors have en-
deavored to extend the work of Simmons
by presenting uader one cover the basic
principles involved, together with more
recently developed procedures for han-
dling such problems as the effect of the
loading cycle and the temperature rise
of cables in various types of duct struc.
tures. Included as well are expressions
required in the evaluation of the basic
parameters for certain specialized allied
procedures. It is thought that a work of
this type will be useful not only as a guide
to engineers entering the field and as a
reference to the more experienced, but
particularly as a basis for setting up com-
putation methods for the preparation of
industry load capability and a-¢/d-c ratio
compilations,

The calculation of the te.mperature tise
of cable systems under essentially steady-
state counditions, which includes the effect
of operation under a repetitive load cycle,
as opposed to transient temperature rises
due to the sudden application of large
amounts of load, is a relatively simple
procedure and involves only the applica-
tion of the thermal equivalents of Qhm’s
and Kirchofi’s Laws to a relatively simple
thermal circuit. Because this circuit
usually bas a number of parallel paths
with heat flows entering at several points,
however, care must be exercised in the
method used of expressing the heat fows
and thermal resistances involved, and
differing methods are used by various en-
gineers. The method employed in this
paper has been sclected after careful con-

732 Neker, McGrath—Ten:percture cnd Load Capability of Cable Systems
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MEMBER AIEE
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sideration as being the most consistent
and most readily handled over the full
scope of the problem.

All losses will be developed on the basis

f watts per conductor foot, The heat
flows and temperature rises due to diclec-
tric lossand tocurrent-produced losses will
be treated sepamtely, and, in the latter
case, all heat flows ‘will be expressed in
termsof the current produced lossoriginat-
ing in one foot of conductor by means of
multiplying factors which take into ac-
count the added losses in the sbeath and
conduit,

In general, all thermal rwstanccs will
be developed on the basis of the per con-
ductor beat flow through them, In the
case of underground cable systems, it is

*convenient to utilize an effective thermal

* resistance for the earth portion of the
_thermal circuit which includes the effect
of the loading cycle and the mutual heat-
ing effect of the other cable of the system.
All cables in the system will be considered
to carry the same 16ad currénts and to be
operating under the same load cycle.

The system’of nomenclature employed
is in accordance with that adopted by the
Insulated Conductor Committee as stand-
ard, and differs appreciably from that used
inmany of the references. This system
represents an attempt to utilize in so far
as possible the various symbols appearing
in the American Standards Association
Standards for Electrical Quantities, Me-
chanics, Heat and Thermo-Dynamics,

"and Hydraulics, when these symbols can
be used without ambiguity. Certain
symbols which have long been'used by
cable engineers have been retained, even
though they are in direct conflict with
the above-mentioned standards.

Nomenclature \

(A F) =attainment factor, per unit (pu)

A;mcross-section area of a shielding tape
or skid wire, square inches

amthermal diffusivity, square ioches per
hour

CI'mconductor area, circular inches

d=distance, inches’

dis ete. = from ceater of cable no. 1 to center
of cable 20, 2 ete,

dis’ ete.mfrom ceater of cable no. 1 to
image of cable no. 2 etc.

‘di¢ ete. = from ceater of cable no. 1 to a
poiat of icterference

-’

dit’ ete.mfrom image of cable mo, 1 to a
point of interference

Dmdiameter, inches

Reainsidescfannularsconductor

Demoutside of conductor~ |

Dymoutside of insulation——.

D;moutside of sheath

Dim=mean diameter of sheathk

Dymoutside of jacket

D,/ meflective (circumscribing cirele) of
several cables in contact

Dpm=iaside of duct wall, pipe or conduit

D,mdiameter at start of the earth pomon
of the thermal circuit

D mfictitious diameter at which the effect
of loss factor commences

Ewmline to neutral voltage, kilovolts (kv)

emcoefficient of surface emissivity

cf-speciﬁc inductive capacitance of insula-
tion

J=frequency, cyclts per. second

F, Fiuumproducts of ratios of distances

F(x)mderived Bessel function of x' (Table
111 and Fig. 1)

G=geometric factor

Gy =applying to insulation resistance (Fig, 2
of reference 1)

* Gymapplying to-dielectric loss (Fig, 2 of

reference 1)

Gymapplying to a duct bank (Fig. 2)

I'mconductor current, kiloamperes

k,mskin effect correction factor for anpular
and segmeatal conductors -

kpmrelative transverse conductivity factor
for calculating conductor proximity
effect

{=lay of a shielding tape or skid wire, inches

Lwdepth of reference cable below a.rths
surface, inches -

Lymdepth to ceater of a duct bank (or
backdfill), inches .

(If)mload factor, per unit

(LF)mloss factor, per unit

n=number of conductors per cable

n'mgumber of conductors within a stated
diameter

Nwmnumber of cables or cable groups in a

system

Pu=eperimeter of 2 duct bank or backﬁll
inches

cos $mpower factor of the insulation

gemrtatio of the sum of the losses in the
conductors and sheaths to the losses
in the coanductors

gemratio of the sum of the losses in the
couductors. sheath and conduit to
the losses in the conductors

Rmelectrical resistance, obms

Reem=d-c resistance of conductor

Rac=total a-c resistance per conductor

R,mdc resistance of sheath or of the
parallel paths in a shield-skid wire
assembly

B = thermal resistance (per conductor losses)
thermal ohm.feet

Ry =of insulation

Bymof jacket

Rigmbetween cable surface and su:rounding
enclosure

s
»
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Paper 57660, recommended by the AIEE Tasulated
Conductors Committee and approved by the AIEZ
Techaical Operations Department for presentation
at the AIEE Summer Ceneral Mecting, Montreal,
Que., Cagada, Juoe 2¢=28, 1957. Maauszipt
submitted March 20, 1957; made available for
pricting April 18, 1057,

J. H. Nzuxa {3 with the Philadelphla Electric
Compaay, Philadelphls, Pa., and M. H. McCrATT
Is with the Cencral Cable Corporation, Path
Awmboy, N, J.
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Py

Ry’ meffective transient thermal resistance
of cable system
Raq'meflective between conductor and am-
bient for dielectsic loss
Bintmof the interference effect
ya=between a steam pipe and ambient
earth

pmelectrical resistivity, circular mil ohms
per foot

Smthermal resistivity, degrees centigrade
ceatimeters per watt

sw=distance in 2 3-conductor cable between
the effective cwrrent center of the
conductor and the axis of the cable,
inches

Sm=axial spacing between adjacent cables,
inches

¢, Tsthickness (as indicated), inches

T'stemperature, degrees centigrade

Te=of ambient air or earth

Te=of couductor

Tm=mean temperature of medium

AT mtemperature rise, degrees ceatigrade

ATe¢=of conductor due to current produced
fosses

AT¢=of conductor due to dielectrin loss

AT tni=of a cable due to extrapeous heat
source

r=inferred temperature of zero mxsmnce,
degrees centigrade (C) (used in
correcting Ra and R, to tempera-
tures other than 20 C)

Vemwind velocity, miles per hour

W mlosses developed in a cable, watts per
conductor foot

OctoBER 1957

duit

Wa = portion developed in the dielectric

Xm = mutual reactance, conductor to sheath
or shield, microhms per foot

Ymthe increment of a-c/d-c ratio, pu _

Yem=due to losses odginating in the cone
ductor, having componeats Y, due
to skin effect and Y., due to proxe
imity eflect

Y, =due to losses originating in the sheath
or shield, havmg components Y
due fo circulating cusrent effect and -
Yie due to eddy current effect

Yp=due'to losses originating in ‘the pipe
or conduit

Yo =due to losses originating in the armor

General Considerations of the
Thermal ' Circuit

THe CALCULATION OF TEMPERATURE
Rise

The temperature rise of the conditctor
of a cable above ambient temperature may
be considered as being composed of a
temperature rise due to its own losses,
which may be divided into a rise due to
current produced (I2R) losses (hereinafter
referred to merely as losses) in the conduc-
tor, sheath and conduit AT, and the rise
produced by its dielectric loss AT..

Neher, McGrathk—Temperalure and Load Copability of Cable Systems
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Ram=of duct wall or asphalt mastic covering ! s d *
Ryemtotal between sheath and diameter
D, including By, By and Ry RATIO Lj /P .
Rombetween conduit and ambieat b,
. R =effective between diameter D, and
- » ambient earth including the effects . .
of loss factor and mutual heating by  We=portion developed in the conductor Thus
other cables - Wi=portion developed in the sheath or
Rey'mefective between conductor and shield . ) T¢=Ta= AT +AT¢ degrees centigrade
ambient for conductor loss JWpmportion developed in the pipe or con- (1)

Each of these component temperature
rises may be considered as the result of a
rate of heat flow expressed in watts per
oot through a thermal resistance ex-

pressed in thermal ohm feet (degrees centi-

grade feet per watt); in other words, the
radial rise In degrees centigrade for a heat

flow of one watt uniformly distributed.

over a conductor length of one foot.

Stuce the losses occur at several posi-
tions in the cable system, the beat flow in
the thermal circuit will increase in staps.
It is convenient to express afl heat flows in
terms of the {oss per foot of conductor, and
thus .

AT = Wg(Rl'*'QcRu'*‘Qch)
degrees centigrade  (2)

in which W, represeats the losses in one
conductor and B¢ is the thermal resistance
of the insulation, ¢ is the ratio of the
sum of the losses in the conductors and
sheath to the losses in the conductors,
Rueis the total thermal resistance between

sheath and cocduit, g, is the ratio of the

surh of the losses in conductors,sheath and

2 eema e temms

Vi

'.'
\!

conduit, to the conductor losses, aad R, /
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is the thermal resistance between tue

‘/ *onduxt and ambient,

» I practice, the load carried by a cable
is rarely constaut and varies according to
¢ daily load cycle having a load factor
(!f). Hence, the losses in the cable will
vary according to the corresponding
daily loss cycle having a loss factor (LF).
From an examination of a large number of
load cycles and their corresponding load
and loss factors, ‘the following general rela.

tionship between load factor and/loss’

factor has been found to exist.?
(LF)=0.3 (If)4-0.7 (If)? per unit (3)

In order to determine the maximum
temperature rise attained by a buried
cable system under a repeated daily load

_ cycle, the losses and resultant heat flows

are calculated on the basis of the maxi-
mum load (usually taken as the average
current for that hour of the daily load
cycle during which the average current is
the highest, i.e. the daily maximum one-
bour average load) on which the loss factor
is based and the heat flow in the last part
of the earth portion of the thermal circuit
is reduced by the factor (LF). If this
reduction is considered to start at a point
in the earth corresponding to the diameter
D:,3 equation 2 becomes

AT = Wc(R('i'QzRu‘*'q«(Rc:+(Lnk:¢)l
. degrees centigrade (4)

In effect this means that the tempera-
ture rise from conductor to"D; is made to
depend on the heat loss corresponding to
the maximum load whereas the tempera-
ture rise from diameter D, to ambient is
made to depend on the average los overa
24-hour period. Studies indicate that the
procedure of assuming a fictitious critical
diameter D; at which an abrupt change
occurs in loss factor from' 1009 to actual
will give results which very closely
approximate those obtained by rigorous
transient analysis, For cables or duct
in air where the thermal storage capacity
of the system i3 relatively small, the maxi.
mum temperature rise is based upon the
heat fow comresponding to maximum load
without reduction of any part of the
thermal circuit,

When a number of cables are installed
close together in thé earth or in a duct
bank, each cable will have a heating effect
upon all of the others. *In calculating
the temperature rise of any one cable, it is

_ convenient to handle the heating effects of

the other cables of the system by suitably
modifying the last term of equatiot 4.
This is permissible since it is assumed
that all the cables are carrying equal cur-
reats, and are operating on the same load
cvele, Thus for an N-cable system

13
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ATem WAR 1+ Rt qulRee+(LFYX
(Bza)+(N=1)Rpal) (5)
- WC(RC‘*T‘R“""YORG )
degrees ceatigrade (5A)
where the term in parentheses is indicated
by the effective thermal resistance B/,
The temperature rise due to dielectric
loss is a relatively small part of the total
temperature rise of cable systems op-
erating at the lower voltags, but at
higher voltages it constxtut& an appre-
ciable part and must be considered. Al-
though the dielectric losses are dis-
tributed throughout the insulation, it may
be shown that for single conductor cable
and multiconductor shielded cable with
round conductors the corvect temperature
rise is obtained by considiring for tran-

sient andvsteady. state -that all of the;:

dielectric loss Wy occurs at the middle
of the thermal resistance between conduc-
tor and sheath or alternately for steady-
state conditions alone that ‘the tempera?
ture rise between conductor and sheath for
a given loss in the dielectric is half as
much as if that loss were in the conduceor.
In the case of multiconductor belted
cables, however, the conductors are taken
as the source of the dielectric loss.!
The resulting temperature rise due to
dielectric loss AT¢ may be expressed

ATs=Weles’ degrees centigrade ()

in which the effective thermal resistance
By is based upon &, B,,, and &,'(at unity
loss factor) according to the particular
case, The temperature rise at points in
the cable system other than at.the con-
ductor may be determined readily from

- the foregoing relationships.

Tue CarcuratioN or Loap CaraBmLITY

In many cases the permissible maxi-
mum temperature of the conductor is
fixed and the magnitude of the conductor
curtent (load capability) required to
produce this temperature is desired.
Equation 5(A) may be written in the form

AT =I*Re(1+ Ye)Red'
. degrees ceatigrade (7)

ig which the quantity, Rs. (14-Y,) which
will be evaluate represeats the

Table . Electrical Resistivity of Various
. Materials

»
Clreular il
Obkms per Poot

Material at20C rnC

Copper (100% TACS®.euueen. 10.371..... 234.8
Aluminum (61% JACS),...... 17.002.....228.1

Commercial Bronze (43.8%. e 23.8 .e.0.564
IACS)
(90 Cu=~10 Zo)
Brass (27.3% IACS)esecesoces 38,0 .....912
{70 Cu=30 Za)

Lead (7.84% IACS).......... 132.3 " .....238
® Isternational Annealed Copper Standard,

Calculation of Losses and
Assaciated Parameters

Cavcutation or D-C st;sgmézs

d&gve dect.n'al resistance of the con-
ducto microhms and which
when mulﬁplied. by I* (I in kiloamperes)
will equal the loss W in watts per conduc-
tor foot actually generated ig the conduc-
tor; and R’ is the effective thermal
resistance of the thermal cireuit.

Rca -R¢+7:Ru+qcﬂ ! thermal ohm-feet
. (8)

From equation 1 it follows that

P ——— A .
[Te=(Tu+aTy)

I -\ Rkl PR’ kiloamperes (9)

Neher, McGroth—Temperature and Load Capability of Cable Sysiems

The resistance of the conductor may be
determined from the following expressions

“which include a lay factor of 2%; see

able 1.

R.,‘-E‘%’-‘ microbms per foot at 20 C
- . (10)
12,9
I for 100% IACS copper *
conductor at 75 C  (10A)

--C;Iz for 619% IACS
aluminum 2t 75 C  (10B)

where CI represents the conductor size in
circular inches and where p. represeats
the electrical resistivity in circular mil
ohms perfoot. To determine the value of
resistance at temperature T multiply the
resistance at 20 C by (r+T)/(r+20)
where r is the inferred temperature of
zero resistance,

The resistance of the sheath is given
by the expressions

R.--—-mxcrohms per foot at20C (11)‘\

4Dmt

=378 11A
Rymp= forlad at 50 C (114)

T 819 aluminum at §0.C
Dm
(11B)

where Dim is the mean diameter of the
sheath and ¢ is its thickness, both in
inches

Dy =D, =1t inches (12)

The resistance of intercalated shields
or skid wires may be determined from the
expression

R. (pes path) -—J 1 +(’D"" )

microhms per foot 2t 20 C  (13)

where 4, is the cross-section area of the
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‘ tape or skid wire and ! is its lay. The
* over-all vesistance of the shield and skid

‘wire assembly, particularly for noninter-
calated shields, should be determined by
«lectrical measurement when possible,

-

CALCULATION OF Losses

It is convenient to develop expressions
for the losses in the conductor, sheath and
pipe or couduit in terms of the components
of the a-c/d-c ratio of the cable system
which may be expressed as gollom‘

Ra:/Rdc“l'l',Yc'*‘ Y.’+/Vv (14)

The a-c/d-c ratio at conductor is 1+ ¥,

and at sheath or shield is 14~ V.4 i’.
and at pipe or conduit is 14- Y.+ V,+Y; -

The corresponding losses physically gen-
erated in the conductor, sheath, and pipe
are .

WemItRs(1+Ye) wattsperconductor foot
(15)

Wy ==I3R4. ¥, watts per conductor foot (16)

Wy =I3Rs,Yp watts per conductor foot (17)

~—=This permits a ready determination of the

losses if the segregated a-c/d-c ratios are
known, aund conversely, the a-c/d-c ratio
is readily obtained after the values of ¥,
Y, and Y, have been calculated.

It follows from the definitions of gs and
Qs that

W¢+Wl 9y Y
@ We =i+ TS A (18)
Wt W +W, .. Yi+Y,
=", -t (19)

The factor Y. is the sum of two compo-
nents, Y., due to skin effect and Yip due
proximity effect.

W "'I’Ra(1+ Vet Ycr)
watts per conductor foot (20)

The skin effect may be determined from
the skin effect function F(x)

-3 Yu-F(x.) . (21)
I3 6.80
x,=0,875
s ‘\/ RoJE, at 60 cycles
(22)

\

r,

in which the factor %, depends upon the
conductor construction.

For solid or
conventional conductors appropnate
values of %, will be Tound in Table IT. Thq

nction F(x) may be obtained from Table’
IIT or from the curves of Fig. 1 in terms
of the ratio Re./k at 60 cycles.

For annual conductors

D -Da(Dc+°Do) "
De+D,\ De+-D,

in whick D, and D, represent the outer

hym (23)

OCTOBER 1957

Table Il. Recommended Values of k, and k,

Coaductor Coastruction Coating on Strends

Treatment X kp

Concentric roundisseeassensse . NOBC srssesorassassese NOD®eassnsasensels0
Concenteic touldiureentesense e TIO Or all0Yeseaeseeses s NOBC verrersocasoesl.0
Ooncenmcround..............None..................Yu.......

Compact segmental.seiievenss e NOBC ceeesssssnncones s NOOC o0t
Compact segmentalieeecccaass Tio or all0Fsceeasssso0. None,....
Compact segmental,cecsernsse s NOBCceeesnvuoesscees Yetisn,

eoseserssessal.0

Compact $eCt0furevrcacorses s NOQCreersesesessanrseeYeBhrreonccrnncesels 0.............(xenou)

Norzs:

1, Theterm “treated’ denotes a completed coaductor which has been subjected to a dryflog and impregnat.
Ing process similar to that employed on paper power cable.

2. Proximity effect on pact sector Juct

s may be takea as one-half of that for compact round

tor
haviog the same cross-sectiona] area and Insulation thickness.
3. Prozimity eflect ou asaular conductors may be approximated by using the value for s conceatric

rouand conductor of the same cross-

area aod spacing,

The focreased dlameter of the asgular

type and the removal of metal from the center decrenses the skin effect but, fora g{ven axisl spacing, tends

to, result io sa lacrease ja proximity. .

‘ 4. Tbe values listed above for compsct segmental celer to four segment coastroctions.

The “uncosted.

treated” values may also be taken as Zpplicable to four segraent compact segmental with’ hollow core (ap-

proximately 0.75 Inch clgar).

For "uncoated.treated’’ six segment hollow core oompact segmeatal H{imited

test data [odicates &, and &y values of 0.39 and 0.33 respectively,

N .

Table lll.  Skin Effect In S5 in Solid Round Conductor and in Conventlonal Rotund Concentric
Sterand Conductors
100 F(:E), Skin Effect %
x 0 1 2 3 4 s 6 7 s 9
0.3... 0.00... 0.00... 0.01... O.01,.. 0O.01.. O.,01... O0.01... 0,01... 0.01l...

0.4... -0.01... 0.01,.. 0.02,.. 0.02...

0.6... 0.07..., 0.07... 0.08...
0.7...:0.12...

0.9... 0.34...
0.52..., 0.54...
0.76... 0.79... 0.81... O.%...
1.2... l107..

1.97...

3.32... 3.40...
4.21...
1.8... $8.24... 8.38...
1.9... 6.44...
2 7.82...

3.49... 3.37...
5.47... $5.58...
8.28...

,02... 0,02... 0.02... 0.03... 0.03...
0.8..." 0.03... 0.04... 0.04... 0.04... 0.05
0.08... 0.09
0.16...
0.8...r 0.2l... 0.22... 0.284... 0.25... 0.26... 0.28... 0.29... 0.30... 0.3l...
0.36... 0.38... 0.39... 0.41
0.61... 0.63... 0.65... 0.68... 0.70...
0:87...
1.18... 1.22
, 1.47... 1..82.,. 1.56... 1.61... 1.68
2.14... 2.20
1.5... 2.88...° 2.65... 2.72... 2.79... 2.88
3.66... 3.7%... 3.8...
4.30... 4.40... 4.%0... 4.60
5.70...
8.57... 6.70... 6.83... 6.97
8.42...

oo
€D e

es. 0.05... 0.05... 0.06... 0.08,..
ses 0.10... 0.11... O0.11...
0.17... 0.18... 0.19... 0.19...

eee 0.43... 0.47... 0.48...

0.97..._ 1.00...
s "L28.. 130, L3460 1.38...
e L7L.. 1.81... 1.86...
e 2.26... 2.32... 2.30... 2.45...
e 2.93... 3.0L... 3.08... 3.16....
3.92... 4.02...
4.91... 5.02...
5.82... S.M... 6.08... 6.19...
7.24... 7.38... 7.83...
8.89... 9.0S...

[ A G2 3) e
SRRE3s8ussE8sR

.

e 4.70...

. @
o
pep=s

ee 7u1l...

2.1... 9.38... 9.84... 9.71... 9.88... 10.05... 10.22... 10.40... 10.58... 10.76... 10.94
2.2... 11.13... 11.3%.., 11.50... 11.69,.. 11.88.,, 12.07.,. 12.27... 12.47... 12.67... 12.87
2.3... 13.07.., 13.27... 13.48... 13.68... 13.90... 14{.11... 14.33... 14.54... 14.76... 14,98
2.4... 15.21... 15.43... 15.66... 15.89... 16.12... 16.35... 16.58... 16.82... 17.16... 17.30
2.5... 17.54,.. 17,78... 18.03... 18,27... 18.52... 18.78... 10.03... 10.28... 19.54... 19.80

20.06... 20.32... 20.358... 20.8S... 31.12... 21.38... 21.65... 21.93... 22.20... 22,48
2.7... 22,75... 2.03... 23.31... 23.80... 23.88
2.8... 28.62.., 25.92,.. 26.21,., 28.51... 26.81

coe 24.17.00 24.45... 24.74,...25.03... 235.33
Tl 27i42.0 27.72... 28.03... 28.34

2.9... 28.65... 28.98... 20.27... 29.88... 29.90... 30.21... 30.53... 30.85... 31.17... 31.49

3.0... 31.81... 32.13... 32.45... 32.78... 33.11... 33.44... 33.77

wee 34.10,.0 34.43... 34,77

3.1... 35.10.., 35.44... 35.78... 38,11.,, 36.45... 36.70... 37.13... 37.47... 37.82... 38,16

3.2... 38.50.., 38.8S5.., 30.20... 39.85... 3

3.3... 42.00... 42.35... 42.71... 43.06... o3

vae 40.24... 40.59... 40.04... 41.29... 41.65
coe 43.78..0 44,14, .. 44.49... 44.85... 45,21

J.b.00 45.57... 45.93,.. 46.20... 48.66... 47.02... 47.38,.. 47.74... 48.11.., 48.47... 48.84
3.5... 49.20... 49.57... 49.94... 50.30... 80.67... S1.04... 51.40... 81.77... 82.14,.. 82.51

3.7... $6.59... 56.96...

52.88... 83.25... 6}.62..- $3.99... 54.36... 54.73... 585.10... 53.48...
87.33... §7.71 .. 88.08

85.85... §8.32
oo» 58.48... 58.82... §0.20... §9.57... &0.04

3.8... 60.31... 60.69... 61.08... 61.44... 61.81... 62.18... 62.56... 62.93... 63.30... 63.68

3.9... 64.08...

84.42... 64.80.,. 65.17... 65.55.,, 65.02... 66.29... 65.87... 67.04... 67.41

4.0... 67.79... 68.16,,, 63.53... 68.01.., €9.28... 69.685... 70.03... 70.40... 70.77... 71.14

4.1... 71.82... 71.89... 72.26... 72

.63... 73.00

see T3.38.00 T3.78... 74.12... 74.49... 74.88

4.2... 75.23... 75.60. . 78.97... 76.34... 76.71.., T7.08... T7.45... 77.82,.. 78.19... 78.56

4.3.., 78.93.., 70.30... 79.67... 80.04... 80.41
4.4... 82.61.,, 82.98..> 83.35... 83.61... 84.08
4.5... 86.28.,. 86.64... 87.0l... 87.37... 87.73

ves 80,78... 81.14,.. 81.51... 81.88... 82.2§
vee 84.48... 84.81... 85.18... 83.55... 85.91
ves 88,10... 88.46... 83.82... 89.19... 89.55

4.6... 89.91.,, 00.28,.. 90.64... 91.00... 91.37... O1.73... 92.09... 92.45... 92.8(... 93.17
4.7... 93.53... 93.80... 04.25... 94.61... 94.97... 95.33... 05.69... 96.05... 96.41.., 96.77

4.8... 97.13... 97.40... 97.85..

. 98.21... 98,57... 98.92... 99.28,,. 99,64...100.00...100.35

4.9...100.71.,,101.07...101.42...101.78...102,14.,.102.49... 102.85...103,21...103.56...103.92

and inner diameters of the anaular con-
ductor. In comparison with the rigorous
Bessel function solution for the skin effect
in an isolated tubular coaductor, it bas

_been found that the 60-cycle skin effect of

Neker, McGroth—Tempercture and Load Capability of Cable Systems

annular conductor when computed by
equation 23 will not be in error by more
than 0.01 in absolute magnitude for
copper or aluminum IPCEA (Insulated
Power Cable Engineers Association) filled
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Table IV. Mutual Reactance at 60 Cycles, Conductor to Sheath (or Shield)

Dim/2S =<0 1 2 3 s (] 7 8 9
0.4.004021.1,40.20.5....10.9.....19 4..... 18.9.....18.3.....17.8. 0,0 17.4.0.0.16.0.,...18.4
0,30000027.7000.26.9..4.26.2,....25.8. 0000 20.8.000.20, 0000 0023.50000022.9:00es 22200000 21.8
0.2.....37.0....35. 9¢00034.8.....33.8.....32.8.....3L1.9..... 31.0..... 30. 1.0 29.3..00. 23.4
0.10000052.9....50,7....48.7,....46.9..... 45.2..... 43.6..... i2.1..... 40.7..... 39.4.....38.2

core conductors up through 5.0 CI and for
hollow core concentrically stranded copper
or aluminum oil-filled cable conductors
up through 4.0 CL.

For values of x, below 3.5, a range
which appear to cover most cases of prac.
tical interest at power frequencies, the
conductor proximity effect for cables in
equ:lateral triangular, formation in the
same or in separdte ducts may be cal-
culated from the following equation based
on an approximate expression’ given by
Arnold® (equation 7) for a system of
three homogeneous, straight, parallel,
solid conductors of circular ¢ross section
arranged in equilateral formation and
carrying balanced 3-phase current remote
from all other conductors or conducting
material. The empirical transverse con-
ductance factor %, is introduced to make
the expression applicable to stranded
conductors, Experimental results sug-
gest the values of 2, shown in Table IT,

y‘,-}:‘(x’)(%f)’x
1.18 De\? )
Reio5s +o.27+°'312('§) ] (24)

6.80 . i
Xy mT = 0 s
) _\/m at 80 cycles (25)
When the second term in the brackets
is small with respect to the first term as it
usually is, equation 24 may be written

ozsswc/sr]
F(z,) 027

-4(-”5‘)’ F(=,) (24A)

where the function F(x,”) is showan in
Fig. 1.

The average proximity effect for con-
ductors in cradle configuration in the
same duct or in separate ducts in a forma-
tion approximating a regular polygon may

Table V. Specific Inductive Capacitance of
* lnsulations

Material o

Polyethylene,cevanss .2
Paper [nsulation (sclid type)
Paperlosulation (other types)
Rubber aod rubber- llke come-
poundsisenssneses seaesasssd
leshed cambric.. PPN

.7 (XPCS.’L value)

(IPCBA vdue)
(IPCEBA vdue)_
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also be estimated from equation 24 and
24(A). In such cases, S should be taken
as the axial spacing between adjacent
conductors.

The factor Y, is the sum of two factors,
¥:. due to circulating current effect and
Y. due to eddy current effects.

W "I’Rdc( Yiet Y-u)
watts per conductor foot (26)

Because of the large sheath losses which
result from short-circuited sheath opera-
tion with appreciable separation between
metallic sheathed single conductor cables,
this mode of operation is usually restricted
to triplex cable or three single-conductor
cables contained in the same duct, The
circulating current effect in three metallic
sheathed single-conductor cables arranged
in equilateral configuration is given by

Ri/Ree
14 (R/Xm)?
. Whea (Ri/Xw)? is large with respect to
uaity as usually is the case of shielded non-
leaded cablts. equation 27 reduces to

Viem (27)

Yiem

approximately . (27A)

R Ra
xm-0.882f log 2SID31‘
microhms per foot (28)
=529 log 25/Den
microhms per foot at 60 cycles (28A)
where S is the axial spacingof adjacent
cables. For a cradled configuration Xm

may be approximated from N
2.525 ¢ S \t
Xm=529 log Dim 1—(D,—S) V
microhms per foot at 60 cycles (29)
=529 log 2.3 S/Din

- approximately (20A)

Table IV provides a convenient means for
determining X for cables in equilateral
configuration,

The eddy-current effect for single-
conductor cables in equilateral configura-
tion with open-circuited sheaths is

3R:/Rae

Vi (5_'-}&) +5(;i.)
()[+3()] o

whea (5.2 R,/f)* is large in respect to 1/5

X

~
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(2 S/Dm) as in the case of lead sheaths,

O DM Dlﬂl
pproximately at 60 cycles_ (30A)

Whean the sheaths are short-circuited, the
sheath eddy loss will be reduced and may
be approximated by multiplying equations
30 or 30(A) by the ratio

RYM(Ra+Xa)

l

In computing average eddy current for
cradled configuration, S should be taken
equal to the axial spacing and not to the
geometric-mean spacing, Equations 30
and 30(A) may be used to compute the
eddy-current-effect for single-conductor
cables installed in separate ducts,
Strictly speaking, these equations apply
only to three cables in equilateral con-
figuration but can be used to estimate
Josses in large cable groups when latter are

so oriented as to approximate a regular
polygon,
The eddy-cusrrent effect for a 3-conduc-

tor cable is given by Amold.$
v 3R (25/Dm)? (2s/D1m)t .
™o T
- Re: ( .2R.) 14 (s.za,) :"
7 + 7 + ‘
—-————(25’/22""): wee | (31)
16 (—f—') +1

When (5.2R,/f)? is large with respect to

unity, _¥

“so) \
R‘&‘ D ()

approximately at 60 cycles (314)

3= 1,185T+0.60Xthe V gauge depth for
compact sectors

»1,1557-4-0.58 D, for round coanductors

\(sz)

and T is the tnsulation thickness, includ-
ing thickness of shielding tapes, if any.
While equation 31(A) will suffice for fead
sheath cables, equation 31 should be used
for aluminum sheaths,

Oa 3-conductor shielded paper lead
cable it is customary to employ a 3- or 5-
mil copper tape or bronze tape inter-
calated with a paper tape for shielding and
binder purposes. The lineal d-c resist-
ance of a copper tape 5 mils by 0.75 inch
is about 2,200 microhms per foot of tape
at 20 C. The d-c resistance per foot
of cable will be equal to the lineal resist-
ance of the tape multiplied by the lay
correction factor as given by the expres-
sion under the square-root siga in equation
13. In practice the lay correction factor
may vary from 4 to 12 or more resulting
in shielding and binder assembly resist-

Y.,
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»  microlms per foot of cable.

ances of approximately 10,000 or more
Even on
the assumption that the assembly resist-
ance is halved because of contact with ad-
jacent conductors and the lead sheath
computations made using equations 27
and 30 show that the resulting circulating
and eddy curreat losses are a fraction of
1% onsizes of practical interest. For this
reason it is customary to assume that the
losses in the shielding and binder tapes
of 3-conductor shielded paper lead cable
are aegligible. In cases of nonleaded rub.
ber power cables where lapped metallic
tapes are frequently employed, tube
effects may be present and may materially
lower the resistance of the shxeldmg asseme-
bly and hence increase the losses to a
point where they are of practical signifi-
cance, ‘

An exact determination of the pipe loss
effect ¥, in the case of single-conductor
cables installed in nonmagnetic conduit
or pipe is a rather involved procedure
as indicated in reference 7. Equation 31
may be used to obtain a rough estimate
of Y, for cables in cradled formation on
the bottom of a nonmagnetic pipe, how-
ever by taking the average of the results
obtained for wide triangular spacing
with s=(Dy~D,)/2 and for close tri-
angle spacing at the center of the pipe
with s=0.578'D,. The mean diameter of
the pipe and its resistance per foot should
be substituted for D,;m and R, respectively.

For magnetic pipes or conduit the
following empirical relationships® may be
employed

1.54s—0.115D,
R4:

(3-conductor cable)

(33)
0.895=0. 115D,
——_.( mgle-conductor,

close triangular) (34)

Yy-

0.345-0.175D,

Yo

(siagle-conductor,
cradled) (35)

“These expressions apply to steel pxpe’
and should be multiplied by 0.8 for iron
conduit.?

The expressions givez for ¥ and Y,
above should be multiplied by 1.7 to find
the corresponding in-pipe effects for mag-
netic pipe or conduit for both triangular
and cradled configurations, *

Cavrcoration or Disrserric Loss
The dielectric loss Wy for 3-conductor

shielded and single-conductor cable is

given by the expression

0.00276E%¢, cos ¢
log{(2T+-D.)/D.
=conductor foot at 60 cycles (36)

Wem tts per
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. tively of reference 1,

and for 3-conductor belted cable byt

0.019E%,cos ¢

G
conductor foot at 60 cycles (37)

We= watts per

where E is the phase to neutral voltage -

in kilovolts, ¢ is the specific inductive
capacitance of the insulation (Table V) T
is its thickness and cos ¢ is its power factor.
The geometric facter G may be found
from Fig. 2 of reference 1.

For compact sector conductors the di-
electric loss may be taken equal to that for
a concentric round conductor having the
same cross-sectional area and insulation
thickness.

Rl VY .-....-

Calculatxon of Thermal Resxstance

THERMAL RESISTANCE OF THE INSULATION
For a single conductor cable,

."\R}-o.omﬁ, log Di/D;  thermal ohm-feet
— (38)

where 3¢ is the thermal resistivity of the
insulation (Table VI) and D¢ is its
diameter. In multiconductor cables
there is a multipath heat flow between the
conductor and sheath, The following ex-

pression? represents an equivalent value.

which, when multiplied by the heat flow
from one conduct.or, will produce the
actual temperature elevation eof the
couductor above the sheath,

R¢-0 005225(01 thermal ohm-feet (39)

Values of t.he geometric factor G; for 3-
conductor belted and shielded cables are
given in Fig. 2 and Table VIII respec.
On large size sec-
tor conductors with relatively thin in.
sulation walls (i.e. ratios of insulation
thickness to conductor diameter of the
order of 0.2 or less); values of Gy for 3-
conductor shielded cable as determined
by back calculation, on the basis of an
assumed insulation resistivity, from lab-
oratory heat-run temperature-rise data,
have not always confirmed theoretical
values, and, in some cases, have yielded
Gy values which approach those for a
nonshielded, nonbeited construction.

Table VI. Thermal Resistivity of Vari;us

Materials
Material 3. C C/Watt
Paper {asulation (solid type)...700 (IPCEA value)
Vacnished cambricicesss vees.600 (IPCEA value)
Paper josulation (other types), .500-550
Rubber and rubbet-likescoennss $00 XPCEA value)
Jute and textile protective
coveriag,
Fiber ductiesecess
Polyethyleae...
Traasite duct.
SormastiCesessse
Coocreteonecsescenss vecsseres

THERMAL RESISTANCE OF JACKETS, Ducr
WaLLS, AND SOMASTIC Co.\rmcs .

The equivalent thermal rcsxstnnce of
relatively thin cylindrical sections such as
jackets and fiber duct walls may’ be
determined from the expression

R-O 010457:( : ) thermal ohmefeet ,
- (40)

with appropriate subscripts applied to
R, 5, and D_in which D represents the
outside diameter of the section and ¢ its
thickness. n'is the number of conductors
contained with the section contributing
to the heat flow through it.

THERMAL RESISTANCE BETWEEN CABLE
SURFACE AND SURROUNDING PIEE,
Conpurr,.0r Duct WaLL

Theoretical expressions for the thermal
resistance between a cable surface and a
surrounding enclosure are given in refer-
ence 10. As indicated in Appendix I,
these have been simplified to the general
form

n'd
e thermal ohmefect
Rue= T+(BHCTnDS = @

in which 4, B, and C are constants, D,’
represents the equivalent diameter of the
cable or group of cables and n’ the aumber
of conductors contained within Di'. Tn
is the mean temperature of the interven-
ing medium. The constants 4, B, and C

Table Vil. Constants for Use in Equations 41 and 41(A)
Coadltion A B c A! B!
Jo metallic condult.ccevcesocrsenannse 17 ceeencens 3.6 ceecncees 0,022 cenueneee 3.200cc0ncan 0.19
In ber duct In ait.ccecessonsannncusn | & S 2.1 cuees 0eed0.018 ,..,.....5.0. 0eee0.33
In fber duct Io coBereteineesscasnnaes 17 teeneeses2id cerneeees0.024 Lonnenane 4600000000 0.27
In transite duct [a alfieecosanacnesnns . . 4.4 .
In traasite duct o conerete..... . . . ee3eTen .
Gas6lled pnpe cable at 200 psi,. . . ealules .
Oil-6lled pipe cable.seesessss sesasnsse 0.84...u0. JO 0.0038.c0ucans 2:lierasnens 2.45

Dy’ =1.00X diameter of cable for one cadble
1.65X diameter of cable for two cables
2,18 X diamcter of cable for three cables

" 2.50X dlameter of cadle for four cables

Nener, M Grath—Tem perature and Load Capebility of Cable Systems
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a , from the experimental data given in refer-
ences 10 and 11, °

« If representative values of Tum60 C

are assumed, equation 41 reduces to

® ot

R:s
\>{ THERMAL RESISTANCE FROM CABLES,

Conpuirs, orR DucTs SUSPENDED IN
Am

D/+B thermal ohm-feet
It should be noted that in the case of
ducts, .4 is calculated to the inside of the
duct wall and the thermal resistance of
the duct wall should be added to obtain

L

(414)

given in Table VII have been determined

Bya=0.0125,l0g d'/d

heating effects of the other cables of the
system. Im-the case of cables in a cons
crete duct bank, it is desirable to further
recognize a difference batween the thermal
resistivity of the comcrete 7 and the
thermal resistivity of the surrounding
earth e,

The thermal r&xstance between any
point in the earth surrounding a buried
cable and ambient earth is given by the
expressigal?
thermal ohm-feet

“43) 7
io which . is the thermal resistivity of the
earth, 4/ is the distance from the image
of the cable to the point P, and d is the

The thermal resistance R. bﬂtwcenm,dxstancc from the cable center to P.

cables, conduits, or ducts suspended in still
air may be determined from the following

i expression which is developed in Ap-
. pendix I,

P fom 15.6’

' ¢ D/ (AT/Dy" )V 14-1.6(1-+0.0167T'n)]
s thermal ohm-feet (42)

In this equation AT represents the differ-

ence between the cable surface tempera-

‘ ture T, and ambient air temperature T, in
: degrees centigrade, T, the.average of
. these temperatures and ¢ the coefficient of
emissivity of the cable surface, Assum-
ing representative values of T,=60 and
Ty=30 C, and a range in D’ of from 2
to 10 inches, equation 42 may be simplified

to
9.51"
b A 171D, (1041 thermal ohm-feet
(424)

The value of ¢ may be taken as equal
to 0.95 for pipes, conduits or ducts, and
“Fainted of braided surfaces, 254 From 0.2
to 0.5 for lead and aluminum sheaths,
depending upon whether the susface is
bright or corroded. It is interesting to
note that equation 42(A) checks the
IPCEA method of determining R, very
closely with ¢=0.41 for diameters up to
3.5inches. In the IPCEA method B, =
0.00411 n’B/D,’ where B=6304-314 D,’
for

D,' w0175 inches and B=1,200 for larger
values of D/

€ -
Ae ErrscrIve. THERMAL RESISTANCE
Berween Casres, Ducts, or Pieges,
AND AMBIENT EARTH  (‘cowanw?d )

As previously indicated, an effective
thermal resistance 8’ may be employed to
represent the earth portion of the thermal
circuit in the case of buried cable systems.
This effective thermal resistance includes
the effect of loss factor ang, in the case of
a muiticable installation, also the mutual
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“to_pipe:type" cables.

From this equation and the principles
discussed in references 3, 12, and 13, the
following expressions may be developed,
applicable to directly buried cables and

1.0 1

-ty

1 £
R/ =0, 0125,n'X

[ Brenn ()]

thermal ohm-feet (44)

in which D, is the diameter at which the
portion of the thermal circuit com-
____/\m

rhences.and »’ is the number of conducs
tors coutained within D,. * The fictitious
diameter D, at which the effect of loss.
factor commences is a function of the
diffusivity of the medium « and the length
of the loss cycle.?

D, =1.02v/a{leagth of cycle in hours)
inches (45)

The empirical development of his equa-
tion is discussed in Appeadix III. Fora
daily loss cycle 2nd 2 representative value
of a=2.75 square inches per hour for
earth, D, is equal 0 8.3 inches, It should
be noted that the value of D: obtained
from equation 45 is applicable for pipe
diameters exceeding D;, in which case the
first term of equation 44 is negative.

The factor F accounts for the mutual
heating effect of the other cables of the
cable system, and consists of the product’
of the ratios of the distance from the,
reference cable to the image of each
of the other cables to the distance to that
cable, Thus,

di'\ {dus’ din"
(d(g)(du) (d‘ )(N { terms)
. (46)
It w:ill be noted that the value of F will

vary depending upon which cable is
selected as the reference, and the maxi.
mum conductor temperature will occur

in the cable for which 4LF/D; is 2 maxi.
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mum. J refers to the number of cablesor
pipes, and Fisequal to unity wheg Nm=1.

* When the cable system is contained
W

ithin a coocrete envelope such as a
duct bank, the effect of the differing
thermal resistivity of the conmcrete en-
velope is conveniently handled by first as-
suming that the thermal resistivity of the
medium i that of concrete 7. through-
out and then correcting that. portion ly-
ing beyond the concrete envelope to the
thcrmal resxst.w:ty of theearth 5e. Thus

- — X

-0 0125;” x \\...._.

0 012

The geometric factor Gy, as developed
. in Appendix II is a function of the depth

to the ceater of the concrete enclosure
Ly and its perimeter P, and may be found
conveniently from Fig. 2 in terms of the
ratio Ly/P and the ratio of the longest to
short dimension’of the enclosure.

For buried cable systems T should be
taken as the ambient temperature at the
depth of the hottest cable. As indicated
in reference 12, the expressions used
throughout this paper for the thermal
resistance and temperature rise of buried
cable systems are based on the hypothe-
sis suggested by Kennelly applied in
accordance with the principle of super-
position, According to this hypothesis,
the isothermal-heat flow field and tem-
perature rise at any point in the soil sur-
rounding 2 buried cable can be represented
by the steady-state solution for the heat
flow between two parallel cylinders
(constituting a heat source and sink)
located iz a vertical plane in an infinite
medium of uniform temperature and
thermal resistivity with an axial separa-
tion between cylinders of twice the actual
depth of burial and with source and sink
respectively generating and absorbing
heat at identical rates, thereby resulting
in the temperature of the horizontal mid-

p!:me between cylinders (i.e., corrcspoud- N

ing to the surface of the earth) remaining,
by symmetry, uadisturbed.

The principle of superposition, as
apphcd to the case at band, can be stated
in thermal terms as follows: 1f the ther-

- mal metwork has more than one source of

temperatuse rise, the heat that flows at
any poiat, or the tcmpcmture drop be-
tween any two points, is the sum of the
heat flows and temperature drops at

. these poiats which would exist if each

source of temperature rise were considered
separately. [n the case at hand, the
sources of heat flow and temperature rise
to be superimposed are, namely, the heat
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from.the cable, the outward flow of heat

from the core of.the earth, and the in.

ward htat flow solar radiation, and, when
present, the heat flow from interfering

sources. By employing as the ambient
temperature in the caleulations the tem-
perature at the depth.of burial of the
hottest cable, the combined heat flow
from earth core and solarradiation sources
is superimposed upon that produced at
the surface of the hottest cable by the
heat flow from that cable and interfering
sources which are calculated separately
with all other heat flows absent. The
combined heat flow from earth core and
solar sources results in an earth tempera-
turewhich decreaseswith depthinsummer;
increases with depth in winter; remains
about constant at any given depth on the
average over a year; approximates con-
stancy at all depths at midseason, and
in turn results in flow of heat from cable
sources to earth's surface, directly to sur-
face in midseason and winter and in-
directly to surface in summer.

Factors which tend to invalidate the
combined Kennelly-superposition princi-
ple method are departure of the tempera-
ture of the surface of earth from a true
isothermal (as evidenced by melting of
snow in winter directly over a buried
steam main) and nonuniformity of
thermal resistivity (due to such phe.
Jomena as radial and vertical migration
of moisture). The extent to which the
Keonelly-superposition principle method
is invalidated, however, is not of practical
importance provided that an over-all or
effective thermal resistivity is employed in
the Kennelly equation.

Special Conditions

Although the majority of cable tem-
perature calculations may be made by
the foregoing procedure, conditions fre-
quently arise whick require somewhat
specialized treatment. Some of these
are covered herein,

' EMERGENCY RATINGS

Under emergency conditions it is fre-
quently necessary to exceed the stated
normal temperature limit of the conductor
Te and to set an emergency temperature
limit T.'. If the duration of the emer-
gency is long enough for steady-state con-
ditions to obtain, then the emergeacy
rating I’ may be found by equation 9
substituting T,/ for T% and correcting Ry,
or the increased conductor temperature.

If the duration of the emergency is less
than that required for steady-state coa-
ditions to obtain, the emergency rating
of the line may be determined from

OcTtoBER 1957

)

- Jr.'-m';ﬁ+ YeXReo' ~Rer')=(Te+-ATq)

Re'(1+Yo)Ret!
in which R.’ is the effective transient

thermal resistance of the cable system for -

the stated period of time. Procedures
for calculating R’ for times up to several
hours are given in reference 14, and for
lggger times in references 15-17.

% *
Tre Errect .OF ExTRANBOUS HBAT

SOURCES |

In the case of multicable installations

the assumption has been made that all
cables are of the same sizé and are sim-
ilarly loaded. When this is not the case
the temperature rise or load capability
of one particular equal cable group may be
determined by treating the heating effect
of other cable groups separately, intro.
ducing an interference temperature rise
AT (s, in equations 1 and 9, Thus

Te=Tym AT4+AT4+AT¢M
degrees centigrade (1A)
Im Tc-(T¢+ATd+AT1M)
Re(14-Ye)Reo!

kiloamperes (9A)

in which AT(a; represents the sum of a
number of interference effects, for each
of which .,

AT tngw= [chc(LF)'*‘Wd]Rm
. degrees centigrade (48)

Bine=0.0125:n" log Fm. thermal ohm-feet

(49)
(die’Xd2i'Xdse')e . .dps’
Finge NG XEs) et N tcnns:s ,
0

where the parameters apply to each sys-
tem which may be considered as a urit,
For cables in duct

Rb_u ~0.012n (5 log Fenet-N(3¢—5¢)Ch]
thermal ohm-feet (49A)

Because of the mutual heating between
cable groups, the temperature rise of the
interfering groups should be rechecked.
If all the cable groups are to be given
mutually compatible ratings, it is neces.
sary to evaluate W, for each group by
successive approximations, or by satting
up a system of simultaneous equations,
substituting for W its value by equation
15 and solving for I,

In case AT'iac Or a component of it is
produced by an adjacent steam maig, the

temperature of the steam T, rather than -

the heat flow from it is usually given.
Thus

Arlnl

[ B e
degrees centigrade (S1)

iGloamperes (47)

»

where Rys is the thermal resistance be-
tween the steam pipe and ambient earth.

ad
AERIAL CABLES

In the case of aerial cables it may be
desirable to consider both the effects of
solar radiation which increases the tem.
perature rise and the effect of the wind
which decreases it.** Under maximum
sunlight conditions, a lead-sheathed cable
will absorb about 4.3 watts per foot per
inch of profile®® which must be returned
to the atmosphere through the thermal
resistance R,/n’. This effect is con-
veniently treated as an interference
temperature rise according to the rela-
tionship .

AT (ny=4.3Dy'Ro/n’ .
degrees ceatigrade  (47A)

For black surfaces this value should be

increased about 75%. . . .
As indicated in Appendix IT, the follow-

ing expression for R, may be used where

. Vu s the'velocity of the wind in miles per

hour

3.5n'

DA VulDy40.62¢)
thermal ohm-feet (42B)

Use or Low-RESISTIVITY BACEFILL
In cases where the thermal resistivity

- of the earth is excessively high, the value

of R, may be reduced by backfilling the
trench with soil or sand having a lower
value of thermal resistivity, Equation
44(A) may be used for this case if 57, the
thermal resistivity of the backfill is sub-
stituted for 7, and G, applies to the

zone having the backfill in place of the-

zone occupied by the concrete,

Smicre-CoNpuctor CABLES @ Ducer
WITH SOLIDLY BONDED SHEATHS

The relatively large and unequal sheath
losses in the three phases which may result
from this type of operation may be deter-
mined from Table VI of reference 1. It

will be noted that
R\ (I} R\ (Ia\.
ram () (3): v () (5):
iRe \ [In?

e () (%) o
where expressions for I,,}/I* etc., appear
in the table. The resulting unequal values
of Y.in the three phases will yield unequal
values of ¢,, and equation 5 becomes for

phase no. 1, the instance given as equa-
tion 5(A) on the following page.
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PR,

’ .ATa - We [Rl'*'QIl‘Ru'i'Rh +(LF)RI', +

" Ngio(LF)Byq] thermal ohm-feet (SA)
where g.q is the average of gu, g1, and gus.

ARMORED CABLES

In multiconductor armored cables a
loss occurs in the armor which may be
considered as an alternate to the conduit
or pipe loss, If the armor is nonmag-
netic, the component of armor loss Y,
to be used instead of ¥, in equations 14
and 19 may be calculated by the equa-
tions for sheath loss substituting the
resistance and mean diameter of the
armor for those of the sheath, In cal-
culating the armor resistance, account
should be taken of the spirallisg effect { for
which equation 13 suitably modified
may be used. If the armor is mag-
netic, one would expect an increase in
the factors Y. and ¥, in' equation 14
since this occurs in the case of magnetic

conduit, Unfortunately, no simple pro-

cedure is available for calculating these
effects. A rough estimate of the induc-
tive effects may be made by using the pro-
cedure given above for magnetic conduit.

A simple method of approximating the
losses in single conductor cables with steel-
wire armor at spacings ordinarily em-
ployed in submarine installations is to as-
sume that the combined sheath and armor
cwrrent is equal to'the conductor current.t
The effective a.c resistance of the armor
may be taken as 30 to 60%, greater than
its d-c resistance corrected for lay as in-
dicated above, If more accurate caleula-
tions are desired references 19 and 20
will be found useful,

ErrrcT oF Forcen CooLmNG

The temperature rise of cables in pipes
or tunnels may be reduced by forcing air
axially along the system. Similarly, in
the case of oil-filled pipe cable, oil may
be circulated through the pipe. Uader
these conditions, the temperature rise is
not uniform along the cable and increases
in the direction of flow of the cooling
medium, The solution of this problem is
discussed ia reference 21,

Appendix |

Development of Equations 41, 42,
and Table VII

Theoretical and semiempirical expressions
for the thermal resistance betweea cables
and an eaclosing pipe or duct wall are
given in reference 10, Further data on the
thermal resistance betweea cables and
fiber and transite ducts are given in ref-
erence 11. For purposes of cable rating,
it is desirable to develop standardized
expressions for these thezmal resistances
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Table VIII. Constants for Use in Equation 53
Aversge
Condition [ b [ AT
Cable o metallic c0adulticsenesesssasseess@:0%invenessonns 0. 12000 h00eess0.0017 000 eennnees20
Cable in Sber duct Ia alr..... .0.07,. .0.038. 0.0009,

Cable Ia treasite duct Ia alr.....

e eni0.00 T s 10

based upoa all of the data available and
including the effect of the temperatuse of
the intervening medium.

The theoretical expression for the case
where the interveaing medium is air or gas
as presented in reference 10 may be generals

ized in the following form:

(53)

) [ ( &t ') +b+c2"..]

R.d-the effective themal resistance be-
tween cable and enclosure in thermal
ohm-feet

D,'mthe cable dismeter or equivaleat

° diameter of three cables in inches

. AT mthe temperature differential in degrees

ceatigrade
Pwmthe pressure in atmospheres
Tmm=mean temperature of the medium in
degrees ceatigrade
n’maumber of conductors jnvolved

The constants g, b, and ¢ in this equation
have been established empirically as follows:
Considering d-+cTw as a constant for the
moment, the analysis given in reference
10 results in a value of a=0.07. With ¢
thus established, the data givea in reference
10 for cable in pipe, aad in reference 11
for cable in fiber and transite ducts were
analyzed in similar manner to give the
values of & and ¢ which are shown in Table
VIIL

In order to avoid a reiterative calculation
procedure, it is desirable to assume a value
for AT since its actual value will depend
upon B.¢ and the heat flow. Fortunately,
as AT occurs to the 1/4 power in equation
83, the use of an average value as indicated

iz Table VIII will not introduce a serious

error,

By further restricting th: range of
Dy to 1-% inches for cable in duct or
conduit and to 3-5 inches for pipe-type
cables, equation 53 is reduced to equation
41.

P n’d
.‘ -

mp—‘, thermal ohm-fest

(41)

in which the values of the constants 4,
B, and C appear in Table VII.

In the case of oil-filled pipe cable, the
analysis given in reference 10 gives the
following expression

nl
0.6040.025(D, " Tw*AT)V?
thermal ohm-feet (S4)

Rld-

Assuming an average value of AT=7 C
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‘formula

and a range of 150-350 for Dy/Tw, equation
54 reduces to equation 41 with the values
of 4, B, and C given in Table VII .

In the case of cables or pipes suspended
in still air, the heat loss by radiation may
be determined by the Stehn-Bolzm:mn

ol wc a w A x"‘

n' W (radiation)
= 0,139D," [( Ty $-273)4 =(T( +273)4] 103
watts per foot (55)

where ¢ is the coefficient of emissivity
of the cable or pipe surfaces Over the
limited temperature range in which we are
interested, equation 55 may be simplified
to® .

n’W (radiation) =0.102D,’AT"¢X
(140.01677w) watts per foot (SSA)

Over the same temperature range the
heat loss by coavection from horizontal
cables or pipes is given with sufficient
accuracy by the expression

' W{convection) = 0.064 D,'AT(AT/D," )+
watts per foot  (56)

in whick the pumerical constant 0.064%
has beea selected for the best fit with the
carefully determined test results reported
by Heilman?® on 1.3, 3.5 aud 10.8-inch
diameter black pipes (e=0.95). Indi-
deatally, this walue also represents the
best fit with the test data on 1.9-4.5 inch
diameter black pipes mported by Rosch,3?
For vertical cables or pipes the value of
this numerical const:mt may be increased

by 22%.%

Combining equntions 55(A) and 56 we
obtain the relationship

AT
& = a'W (total)

- 15.6n’
D/ ((AT/D)V441.6(1+0.0167T)]
* thermal ohm.feet (42)

If the cable is subjected to wind having
a velocity of Vi miles per hour, the follow-
ing expression derived from the work of
Schurig and Frick?* should be substituted
for the convection component.

#' I (convection) =0.286D,’ ATV Vu/ Dy’
watts per foot (56A)

Combining equations 55(A) and 56(3)

with Th=i§ C

Lo AT - 3.5n’

“Ta (ot " D,/ Vs Dr' +0.620)
thermal ohm-feet (42B)
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Appendix’ll

Determination of the Geometric
Factor Gy for Duct Bank

< Coasidering the surface of the duct
bank to act as an isothermal circle of
radius n, the thermal resistance between
the duct bank and the earth’s surface will
be a logarithmic function of r and Ly the
distance of the ceater’ of the bank below
the surface, Using the long form of the
Kennelly Formula!? we may defipe the
geometric factor Gy as -

Go- xog é\ﬂ—w_-r.:

mlog [La/n-{-'\/ (Eo/n)’ l (57)

"In order to evaluate /5 in° iem of the

dimensions of a rectangular duct baak, let .,

the smaller dimension of the bank be =
and the larger dimeansion 5%y, The radius
of a circle inscribed within the duct bank
touching the sides is

[ £3 -3/2

(s8)

and the radius of a larger circle embracing
the four cormers is
Y
Vizity
2

(59)

Ty
Let us assume that the circle of radius ry
lies between these circles and the magnitude
of n is such that it divides the thermal
resistance between r; and ry in direct
relation to the portions of the heat feld

between r; and ry occupied and unoccupied
by the duct bank. Thus

”n xy— "l’

o2e T ()
rn x(rd—r?) gn

rs m’-*xy( fs)
108 = ot e a
ozn i) log n
from which

124 x ! x
log n» 5 y(r-y) log (H-;;) +log 2
(60)
It is desirable to derive 7 in terms of the
perimeter P of the duct bank., Thus

P -2(=+y)-4§(l+y/x) :
and therefore

x P
85~ L) ©n

The curves of Fig. 2 have beea developed
from equations 57, 60, and 61 for several
values of the ratio y/x. It should be
noted in passing that the value of n=

0.112P used in reference 13 applies to a
y/x ratio of about 2/1 only.

Appendix Il

Empirical Evaluation of D;

Ia order to evaluate the effect of a eyclic
load upon the maximum temperature rise
of 2 cible system simply, it is customary to
assume that the heat fow in the final
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Table IX. Comparison of Values of % (AF)
for Stnusoidal Loss Cycles at 30%
Loss Factor

% (AY)
Neher Shankiln Wisemag

Description,

System Inches

Tooeasee 4. 5 plpc.... 63/63 +e.61/62....63/63

6. 56/56...60/57....83/60
0.56/56..,50/58....54/63
IV......!O [ p{pc 000058/58...61/59....58/583
Vesssoes 0.8 cableseeenasorss80/80
Vieeeoas 1.5 anble,... 77/70...77/76....77/77
9 cable....71/7L

Xeceooss 3.4 cable,.. o T1/7
Xa%.... 3.4 cable.,..83/80.,.83/81
XKeoseoo 3.7 cableeee.76/74...74/73
Kilieees 4.2 cable....70/68.,.70/67

XIIL. ... 4.5 cable....00/04...65/64....61/63

¢ Diffusivity =4.7 square [ackes per bour,

»

portion of the thermal circuit is reduced:
by a factor equal to the loss factor of the
cyclic load. The poiat at which this
reduction Sommences may be conveniently
expressed ‘in terms of a fictitious diameter
on Thus .

Bes’ =B+ (LF)Rzq thermal ohm-feet (62)

For greater accuracy, it {s desirable to
establish the value of D; empmally rather
uun to assume that D; is equal to the
hich the earth portion of

the-thermal circuit t_compmences,
Equation 62 may be written in the form

Rca’ 'Ru'*‘RnHLFXRn -Rc)
thermal ohm-feet (62A)
In terms of the attainment factor (4 F), one
may wrigc
R«:' - (‘4 F)Rca "'(A FXRu +R¢¢)
thermal ohm-feet (63)

Equating equatioas 62(A) and 63 obtains
the relationship

-

Beem(1=2)Rog~xB;, thermal ohm.fect (64)

where
x_l-(AF)
1~(LF)
Since
R,:=0.012n'5

(65)

Iog Dg/D‘ .
thermal ohm-feet (66)

log Dg/v.-f—,ﬁ[u-xm.a-xkal (7

The first paper of reference 3 presents
the results of a study in which a number
of typical daily loss cycles and also sinu-
soidal loss cycles of the same loss factor
were applied to a number of typical buried
cable systems. The results indicated that
in all cases the sinusoidal loss cycle of the
same loss factor adequately expressed the
maximum teroperature rise which was
obtained with any of the actual loss cycles
considered.

An analysis by equations 65 and 67 of
the caleulated values of attainmeat factors
for siausoidal loss cycles given in Table I
and the corresponding cable system param.
eters givea in Table I of the first paper of
teference 3 yields a most probable value of

I N o 0 5 U Y B

Cam memees

D,y =83 inches. As indicated in the third

paper of reference 3, however, theoretically
D,shouldvnryasthesqun:erootofthe
product of the diffusivity and the time
leagth of the loading cycle. Hence as the
diffusivity was taken as 2.75 square inches
per bour in the above,

D= 1.02X%
v/ asXleagth of cycle in hours inches
(45)

Table IX presents 2 eoxnpaxison of the
values of per ceat attainment factor for
sinusoidal loss cyclm at 30% loss factor as
calculated by equations 45, 65, 62(A), and 63
and as they appear in Table IT of the first
paper of reference 3.

X

Appendlx IV, Caléulations for
Representative Cable Systems

15-Kv 350-MCM—3-Conductor
. Shielded Compact Sector Paper and
Lead Cable Suspended in Air

D, =0. 616 (equivaleat round); V=gauge
depth =0.539 inch

D,=2.129; T=0,175 inch; §=0,120 inck

12.9 (2345481
Tem81C; Reem 0350(234 s+75)

=37.6 microhms per foot (Eq. 10A)
Dm-2.129—0.120-2 009 inches (Eq. 12)

379
2.00%{0.120)

Rym w157 microhms

k. =1.0; k,=0.8 (equivalent round)
(Table II)
Raefky=37.6; Ve=0.008
(Eq. 21 and Fig. 1)

S=0.6164-2(0.175+0.008) =0.982 inches
Rae/kym62.6; F(z,")=0.003 (Fig. 1)
0.616
Yep= 2[4(0 982) ]ooos =0,002
) (Eq. 244, and nate to Table II)
14 ¥, =140.00840.002=1.010

£=1,155(0.175-+-0.008)-0.60(0.539)
=0.534 inch (Eq. 32)

396 [2(0.534))*
- - —— b =(0,019
Yem ¥ 157(37.6){ 2.009 } 0.1

(Eq. 314)
Rae/Ree=1.01040.010=1029  (Eq. 14)
019
—— . 18~19
Q™ +1 oTo 1 019 (Eqs )
«=3.7(Table V); Em15//Tn8.7;
cos ¢ =0.022
Wem 0.00276 (8.7)%(3.7(0.022)]
¢= 1o 2(0:173)-+0.681
§ 70631

=0.094 watt per coaductor foot
(Eq. 36 and text)

(.\'ote': Ia computing dieléctric loss on

perfootat 50 C (Eq. 114)

I
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sector conductors, the equivaleat diameter
of-the conductor is taken equal to that of a
concentric round coaductor, ie., 0.681
inch for 350 MCM.)

A1=700 (Table VI); Gi=0.45
(Table VIII of reference 1)

R¢=0.00522{700(0.45)} =1.64 -
thermal ohm-fect (Eq. 39)
n'=3; ¢m0.41 (assumed)
P 9.5(3)
T 141.7(2.129(0.41+0.41)]
w=7.18 thermal ohm-feet (Eq. 424)

Rea=1.6441.019(7.18) =~8.96
thermal ohm-feet (Eq. 8)

ATd-O 094(0. 82+7.18)-0 75C (Eq.6)
Ta=40C (assumcd)
- J 81—(40+0.8)
37.6{1.010(8.98)]
=(.344 kiloampere (Eq.9)

If the cable is outdoors in sunlight aad
subjected to an 0.84 mile per hour wind

B 3.5(3)
] -
2.120(~1/0.84/2.129+0.62(0.41)]
=35.60 thermal ohm-fest (Eq. 42B)

Bea’=1.6441.019(5.50) =7.34

thermal ohm-feet (Eq. 8)

AT‘nt-(4.3)(2.129)(-5'T59-) =17.1C

(Eq. 47A)
T2=30 C (assumed)

81 —(30+40.64-17.1)
(37.6)(1.010)7.34)
=().346 kiloampere (Eq.9)

In this particular case the net effect of
solar radiation and an 0.84 mile per hour
wind is to effectively raise the ambient
temperature by 10 degrees, which is a
rough estimating’ value commonly used.
It should be noted,” however, that this
will not always be true, and the procedure
outlined abovc is pref ‘:tble."

- o
69-Kv 1, SOO-MéM—Sm e
Conductor Oil-Filled Cable in Duct

"Two ideatical cable circuits will be
coasidered in 2 2 by 3 fiber and concrete
duct structure having the dimensions
shown in Fig. 3.

Dy=0.600; D.»1.543; D(=2.113;
T=0.285; D,=2. 373' $=0.130 inches

. 3y r2)
!
\\/’ \7'./
o~ =~
]
(! ) (h ) Images

* 9_6'

dy, 78"

|
l
|
|
|
|
1
|
|
L3S . ' Ly® 43,8 . %
|
|

Fig. 3, Assumed duet bank configuration for lypml caleulations on 69-kv 1,500-MCM
Y oil-filled cable (Appendix 1V)
c_ = ‘/« ap . -

- 2.9 . r.\-- Rae/ky=11.9; Yy =0.075 52243 \? - Iy
TG 73 C Rdg-'—ﬁ-s 60 . ,-,.‘ - (Eq 21 and Flg 1) 1'*’;& 2' (9—-0) 0.008 : (Eq- 3.0A)
\// rmc:ohms per foor. (Eq 104) S=9.0 (Fig. 3); Rec/kp=10.75; R.‘/Ra-l 082+0.006=1.088 ., (Eq. 14) ><,
: PN Fz,")=0075 (Fis. 1)
D;m=2,373=0.130 2,243 inches (Eq. 12) L412 g q'-1+_08"-1 003 (Eqs. 18-19)
37.9 ] Yep =il —— 2.0 o 075=0.007  (Eq. 24A) 1 ‘)
Re= s y0.130) - 130 microhms o= (Table V); E=63/v/3m40; W
per foot at 50 C (Eq. 11A) 1+Y¢-l+0075+0004 =1,082 - cos & =0.005
@ Assuming the, sheaths to bc open-circuited, e 0.00276(40)%3.5}{0.005)
4, o 1:543-0.600(1.543-1.200\ Yie=0 = 2.113
™ 1,543 +0.600 \ 1.543+0.600 \ Yy Vm 396 (..-43) y log 753 .
=0.72; ;=08 (Eq. 23 and Table II) NS e 130(8.60)\2(9.0) =0.57 watt per conductor foot (Eq. 30)
~A0 Noher MoCratheeTemberature and Load Cadabilily of Cadle Svstems OcTtoBER 1957
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AT4m0.57 (0.45+1.75+0.24+4.63) =4.0 C

=42,200 (Fig. 3 and Eq. 46)

43.5 27
Ly/P -2(18—_*_27)--0.483, 18-1.5,

Gy=0.87 (Fig. 2)
R, (at so% loss factor) =(0.012)(85X1) X
4(43.5)
(log —+0, 801 [W@mq)

0.012(120~85)(1)(6)(0.80)X0.87)
=6.79 thermal chm-feet (Eq. 444)

R’ (at unity loss factor) m8.44
R th
By’ =0, 9o+1 ooc 7405 2446, 79) et
’ =9, ?2 thermal ohm-feet (Eq. 8)
vy N & .“ [

ATgmo0, 57(0— +174+02448, “ @v-‘ﬁ" '

=32 C (Eq. 6)
Tem25C (assumed); -
foe J 75—(25-+6.2)
8.60(1.082)(9.72)
=0.696 kiloampere (Eq. 9)

To illustrate the case where the cable
circuits are not ideatical,
second circuit to have 750-MCM con-
ductors. For the first circuit, -

N=3; (LF)=0.80 (assumed);

9
Fu (3)(-9— =924 (Eq 46)
Ry =0.012(83%H)X
[m 8 +0.5010g (“(;335’ . 4) +

0.012(120—-85)(1)(3)(0.80)(0.87)
=3.74 thermal ohm-feet (Eq. 444)

98.4\ /87.5\ /78.5
Fine (12 7) (T) (12 7) =456
(Eq. 50)

Rn=0.012(1)X
(85 log 456 +-3(120~83)(0.87))
=3.81 thermal ohm feet..(Eq. 49)

Rea’ =0.90 41, 006(1 .4+o 24-1-3 74)
=6.65 thermal ohm-fect’ (Eq. 8)

bhm. feet (Eq. 44A) ¢

coasider the’

Solving simultancously Iim0.714; L=
\

0.487 kiloampere,
i

138-Kv 2,000-MCM High-Pressure &}J{
Oil-Filled Pipe-Type Cable¢ 8.625-"
Inch-Outsxde—Dxameter Pipe

The cable shielding will consist of an
intercalated 7/8(0.003)-inch bronze tape—
l-inch lay, and a single 0.1(0.2)-inch D-
shaped brass skid wire—1.5-inch lay. The
cables will e in cradled configuration,

D¢-1.532; Dy=2,642; T=0.505;
D,=2.661; D,=8.125

234.5470
Te=70 C; Rec= (z oo) (234.5+75)

=§.35 microhms per foot (Eq. 10A)

For shielding tape 4,=7/8(0,003) =0.00263;
1=1.0; pm23.8; rm564 (TableI)

23.8» 2.66»
R'-4(0.00263) 1+( ) X .

(564+50) = 62,900 microhms

564-4-20
perfootat SO0 C (Eq. 13)

Forskid wire 4, -% x(0.1)3=0.0157;
I=1.5; p=38; r=912 (TableI)

2.66x
Ry= 4(001 T)J”'( )x

(w) =11,100 microhms

91220
per footat S0 C (Eq. 13)

(62.9)(11.1)
Ry (net) = [(62 OX11. 1)] 000

=9,435 microhms per foot at 50 C
ky=0.435; k,=0.37 (Table II)

R‘c/k] - 14.6: Yu -0.052( 1.7) =(,088
(Eq. 21, Fig. 1, and text)

$22,664-0.10 w2.75; Ryc/k,=17.2;
F(z,')=0.035 (Fig. 1)

~ A1m330(Table VI)-. Ds s Y"_ 4(1 632) (0.035X(1.7)=0.083
- . q. 2 . i .
G R.-omz(ssox og 212 : wat : 76 \ i
1.543 iy, of=(1,1)(8.60)(1.082) m9.31 I? (Eq. 24A and text)
=0.90 thermal ohm-foot '(EQ- 38) ! watts per conductor foot (Eq. 15) 14 ¥, m 140.0884-0.083 = 1.171
1(4.6) AT ns =(9.311,2((1.006)(0.80)+0.57])3.81 ’
L ) —— in: o ] o 3 g
n'=1; Bug 2.3740.27 1.74 =2,174-28.5[1? degrees centigrade in » Xmm52.9 loz(-——z’sxz'm)
— thermal ohm-feet (Eq. 41A) circuit no. 2 (Eq. 48) 2.68
(|  7a=480 (Table VI); tm0.25; " . Similar calculations for the second circuit =20.0 microhms per foot  (Eq. 204)
Dy=5.04-0. 5-5 50 for fiber duct ) yield the following values. (20.0)1.7)
P fi= Petggasxean
00104(480)(0 25) ' 0.2 Reo! m7.18; ATyw3d; WamlT.440% (9.435X6.35) .
T 550-025 o024, AT(ny= 171453203 in circuit no. 1 (Eq. 27A and text)
\ thermal ohfoot (Eq. 40) 12 TS HOFLTL 453210 v, ~ 03278 HOITSNBII)
K =120 (asumed); g =85 (Table VI); b O3NEE) a2 i 1 (Ea, 35
LmLy=43.5inches (Fig.3) - - % o=i = 0, 715_0 8591:’ (Eq. 9A) - . Q.
=6; (LF)= . Ree/Rae=1.17140.011+0.372 = 1.554
N=8; (LF)=0.80 (assumed); o T5—(25+3 442,17 4-28.51,%) e (Eq. 14)
06\ (78\ [96.5\ (87.5\/78.5\ L=
Fe(2)(2)(E2) (800} (78.5 < . QT4 718). ¢, 001140372
© O NIINIJMZTIND JNZT) T w0355-02280¢ (Eq, 949 =y =000y =14 ST

=1.327 (Eqs. 18~19)
&=3.5(Table V); . E=138/+/3 =80;
cos $=0,005

0.00276(80)%3.5)X0.005)
2.642
: 1.632
= 1,48 watts per conductor foot (Eq. 36)

F¢550 (Table VI); B;=0.012X
642
(550 log m) =138 thermal
ohm-feet (Eq 38)
n'm3; Dy =2,15(2.66)=5.72;

3(2.1)
Ry -5.72_*'2-45 0.77 thermal

obm-foot (Eq. 41A)
pa= 100 (Table VI); ¢=0.50;
. D¢m8.634-1.0=9.63 for 1/2-inch
wall of asphalt mastic
B _0.0104(100)(3)(0.50)
¢ 9.63-0.50
(.17 thermal ohm-foot (Eq. 40)

Assume 5,»80, L =38 inches, (LF)=0.85;
Nm], Fel

B, (at 85% loss factor) =0.012(80)(3) X

[Iog ~—=+0.851lo (4(36)( 1))]

=285 thermal ohm.feet (Eq. 44)

R/ (at unity loss factor) =3.38
thermal ohm-feet (Eq. 44)

Res' = 1.3841.009(0.77)+
, 1.327(0.174-2.85)
=8.17 thermal ohm-feet (Eq. 8)

ATy =1.48(0.69+0.77+0.1743.38) = 7.4 C
(Eq. 8)

Wym

log

T2=25 C (assumed);

T 70—=(25+7.4)
(6.35)(1.171)6.17)
=0,905 kiloarmpere (Eq.9)

Im
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Discussion

C. C. Barnes (Ceatral Electricity Authority,
Loundon, England): This paper is an excel-
lent and up-to-date study of a most impor-
tant subject. For 25 years D. M., Simmons’
articles have beea used for fundamental
study oa current rating problems, but the
aumerous cable developments and changes
in instaliation techmiques introduced in
tecent years have made a modern assess-
ment of this subject very necessary. The
esseatial duty of a power cable is that it
should tragsmit the maximum curreat (or
power) for specified installation counditions.
There are three main factors which detes.
mine the safe continuous curreat that a
cable will carry.

1. The maximum permissible temperature
at which its components may be operated
with a reasonable factox- of safety.

2. The hcnt-dissipatmg propecties of the
cable.

3. Theiastallation conditions and ambieat
conditions obtaining.,

In Great Britain the basic reference
document is ERA (The British Electrical
and Allied Industries Research Association)
report F/T131% published in 1939, and in
1955 revised curvent rating tables for
solid-type cables up to and includiag 33 kv
were published in ERA report F/T183.
A more detailed report summarizing the
method of computing curreat ratings for
solid-type, oil-filled, and gas.pressure cables
is now being finalized and will be published
as ERA report F/T187 some time in 1958.

Until recent years current ratings in

eat Britain have usually been considered
on a coatinuous basis, but the importance
of taking into consideration cyclic ratings
has gow been carefully studied, since con-
tinued high metal prices have forced cable
users to review carefully the effects of
cyclic loadings. A report has recently been

L 4

issued in which a simaple method is pre-
seated for the rapid caleulation of cyclic
ratings.?

Table V gives specific inductive eapaci-
tance values for paper as: paper insulation
(solid type), 3.7 (IPCEA value); paper
insulation (other type), 3.3-4.2. Is it pos-
sible to list the other types aand their
appropriate specific inductive capacitance
values or altematively simply use an
average specific inductive capacitance value
of 3.7, for example, for all types of paper
insulation?

Reference is made to the adoption of the
hypothesis suggested by Kennelly as the

basis of the paper—this is'a logical approach
but it appears to diffec {rom the basxs of
computing ratings hitherto adopted in the
United States. An amphﬁcntwn of the
authors' viewrpoint on this important issue
will be welcomed,

With reference to the use of low-resistivity
backfill, recent studies {n Great Britain
have shown that the method of backfilling
cable trenches deserves careful consideras
tion as atteation to this point can resuit
ia increases up to 20% ia load currents.

Equation 43 nge:. the thermal resistance
between any point in the earth sumundmg
a buried cable and ambient earth, It is

Table X. Tempesature Limits® for Belted-, Screened- and HSL{-Type Cables

La§4 Direct orln Ale Ia Ducts
Alumisum Alaminum
Sheathed Sheathed
Lead Shesthed Lead Sheathed
Armoured Armored
System Voltage aud Type Une or Un- Uz- or Ug-
of Cable Armored sarmored  armored Armored  armored  armored

Llkey

Siog1ecOfC.cssacvcssassnassssnnsnsscensnaflicacesceeBlivecsrercasvasossressbBiceracssn80

Twin and multicore beltediieses80.veverees80iovorecesBliccnanesss80ernananesO

3.3 kv and 6.6 kv
Slagle-cote.ueersosrener
Threecore beltedtypeacsreseeee80i0sccsres80sea

11 kv

teesances

v

Siux!eccoce...............................70.........TO.....................50.........70'
Three-cote belted typeoeecencreeBScacsrvessBSiceoneriabdSirnsrcraneBSisaaareasdlans .63
Three-core screencd: typc.........o.........70.........70..‘.......10.........50.........70

22 kv
Siggle-corCicascsecvanss
Three-coce belted type,.
Three-cote sereened type

8
Three-coce (SL2 orSAH,.......65....-...............03..........63.............

33 kv (screened)

5i0gle-COfCuvasesnsesssnrnnvnnnsnnnnesanssBSucrasacanansrasnoarenesencenreesd0,

Theee-Cotesnnsss

sesnsnssnenvesnansesc8Siiaiensa 50

Threecord HSLurerooonsosnessB5cieirsannnnsnssnssvansonsnannsesfl

® Measured {a degrees ceatigrade.
+ Hochstater separate lead.

t Sepacate lead sheathed.

§ Separate alumiaum skeathed.







got clear, however, what value of soil
thermal resistivity Is used in this expression
and information ou this important point
is desirable.

In Great Britain 2 wvalue of soil thermal
resistivity (g) of 120 C cm/watt is generally
used but further test data are being slowly
acquired, and ‘where tests have indicated
that a lower value, e.g., 90 C cm/watt,
is justified, this value is used. Current
loading . tables in ERA repert F/T183
provide data for soil thermal resistivity
values of 90 and 120 C cm/watt, and
correction factors for other values of soil
thermal resistivity are also provided,

In the United States buried cables are

. usually pulled into duct banks, but there

must be many cases where' direct burial,
as normally, used in Great Britain, will
result in lower installation costs, Formulas
dealing with this installation technique
are a desirable addition. Permissible tem-
perature limits for the various types of
cables and Installation conditions used in
the United States will be a helpful ap-
pendix, and it is suggested that this informa-
tion should be added to the paper. For
comparison purposes, the limits recom-
mended in Great Britain are summarized
in Table X and in the following:

Plastic-insulated power cables.cvevueueea
70 C maximum conductor temperature

Gas-pressure and oil-filled cable systems
(2Ll tYPes)eiianeneienncnerencnsennans
85 C maximum conductor temperature

Finally, it will be helpful to know if
adoption of the formulas in the paper will
mecessitate revision or amplification of
existing rating tables and, if so, when the
revised tables will be published.
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ryoxr Cantxs Laro Doxecr oR 1 Docrs, H, Goldea«
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H. Goldenberg (Electrical Research Asso-
ciation, Leatherhead, England): The cal-
culation of cable ratings is a subject of
prime importance to cable engineers.
Nevertheless, it seems that until recently
the American standard work on this subject
has been that of Simmons,! while the

corresponding British standard work has’

been recorded by Whitehead and Hutch-
ings.? These papers have been supple.
mented by scattered published papers,
including developments dealing with eyclic
loading.

The paper by Mr, Neher and Mr. Me-
Grath records up to date American cable-
rating practice in 2 manner that will prove
invaluable to engiaeers for many years to
come. It is a plesing feature that the
authors are especially competent to deal
with this subject in view of their valuable
coatributions to the cable-rating field
over 2 number of years. Modem British
cable rating practice has recently been

«

u

recorded in an ERA report? dealing with
continuous current ratings, and in two
IEE (Institution of Electrical Engineers)
paperstd (based on ERA reports) dexling
with cyclic loading, but the majority of
this work Is in process of printing and
publication,

An obvious difference in British and
Armerican technique is the method of cyelic
rating factor calculation, Mr. Neher and
Mr. McGrath's method is based on an
equivalence between typical daily loss
cycles and sinusoidal loss cycles of the same
loss factor, while 2 method recently intro-
duced in Britain®* takes full account
of the form of a daily load cycle. Both
methods are coasiderably shorter than
any that bave been available' hithecto.
Nevertheless - without further study I
would aot feel certain that for British-type
-cables, subject to their typical daily cycles,
the form of the cyclic load can be ade.
quately taken into account by use of the
loss factor independeatly of the cyclic
load wave form giving rise to it. In fact
the conclusion reached in my second IEE

‘paper,t is that a knowledge of the cyclic

load wave form for the 8 hours prior to
peak conductor temperature, together with
the loss factor, are adequate for cyclic
rating factor caleulation. However, it
would be unfair to assess any of the relative
merits of the two methods prior to the
publication of one of them, |

The difference betweea British and
American cable rating technique is not so
marked for coatinuous current rating cal-
culation as might appear to be the case
at first sight. In fact, such differences as
exist are principally due to the different
types of cables employed on each side of
the Atlantic, and to the differeat standard
2-¢ frequencies in use, Nevertheless a
comparison of the present paper witk the
ERA report dealing with continuous current
ratings? gives rise to certain obsecvations.

The present paper is principally directed
to the caleulation of a single current rating,
but one use to which it might well be put
is the large.scale preparation of current
rating tables, with rating factors for non-
standard coaditions. For such an applica-
tion it is often preferable to introduce
explicit formulas for the rating factors, as
these formulas might be independent of
some of the thermal resistances or loss
factors involved, with a consequent saving
in calculation time. -

The method employed for extemal ther-
mal resistance calculation for grouped
cables laid direct in the ground differs
somewhat [rom that. recommended in a
recent paper of mine. For the preparation
of group rating factors for the more com-
monly occurring groups of cables dealt
with in an ERA report,’ the combination
of certain simplified extermal thermal
resistance formulas and my recommended
method has led to 2 substantial saving in
calculation time, I do not favor the
introduction ¢f a geometric-mean distance,
or its equivalent, as it is inconvenient for
unequally loaded cables.

A brief résumé of other points is that
the thermal resistivity values given in
Table VI for thermal resistance calculation
are generally somewhat lower than the
corresponding  British  values, that the
proximity effect on cylindrical hollow
conductors appears to me to be best ob.

tained from Armold's paper, that where
sheath and noaferrous reinforcement losses
occur a parallel combination of sheath and
reinforcement resistance permits the cal.
culation of a single loss factor, that a simple
formula has been derived for the external
thermal resistance of one of three cables
in trefoil touching formation laid direct
in the ground,® and that sector correction
factors are often used in British practice
for 3-core cable rating calculations,
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Elwood A. Church (Boston Edison Com-
pany, Boston; Mass.): The authors preseat
a large amount of useful data and formulas
for the calculation of cable thermal con-
stants and suggest a new approach to the
problem of calculation of temperature rise
for various loss factors including st.a.dy-
load or 100% loss factor. Cable engineers
usually agree on the factors to be taken
into account and the methods of calculation
for steady loads. However, there appears
still to be disagreement on the problem of
cyclic loading, .

At the AIEE General Meeting in January
1953, a group of papers' was presented |
suggesting vacious approaches to the
problems of cyclic loading on buried cables
and on pipe-type cable. Of the methods
suggested in these papers, the one which
appealed to the author the most was Mr,
Neher's method using sinusoidal loss cycles.
In his paper it twas shown that this method
yields reasonably accurate results for the
bigher loss factors. For 2 low loss factor
sharply peaked cycle, the results are ot
as accurate,

A modification of this method would be
to represent the load cycle more accurately
by splitting it into harmonics and com-
puting the temperature rise for each
barmonic separately. This eatails more
work, but with modem methods of machine
calculation it is economical to use the
most accurate method available and let
the machine perforst the laborious cal-
culations. In fact, it takes very little
more time on the machine when the moce
rigorous methods are used instead of any
of the approximate methods which have
been suggested., ..

The author has investigated. the various
methods of calculation of the eyclic com-
ponent of temperatuse cise of 1,250-MCM
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Table XI. Thermal Impedance Functions
1,250-MCM 115.Kv Cable Enclosed in 6¥/Inch-Outside-Diemeter Pipe

Harmonlc TUQe T/ Qe T/ Qe TVQe
O%imnrcirrnneee B030%  reveceesssBu8S10%  wrreverseeesS0TI00  arvernunesss8250108

Ofieerrienssres..10.56]0°

erseresnssss9.08]0°

cerrereneees8 30100 terreeneeeni8.03]0°

Docieerensnnnnes 2.88]=30%uumereneas 167 =430 cnnvnnnnnn L2 =840 00 neneee 0,931 =610
3 eiiinreeinienns 2,201 =38% cenennene e D19 =540t inirenn s 00.82] = 68% cuierenn s 05T =770
C JPPPPPRRINE X 71 Fo o Trewenwuut. K71 [TV L IUURRRORPR. X3 { E : LONORRRRRRN X2 ] 1 0d
4 crenevirnionns 188] =80% cauenensns 0,78 =07 % orreanne 048] =87 % i innnea0.20] =98¢

* Steady-state compoaneat for single pipe

1 Steady.state compoaesnt for two pipes, 18 inches apart,
" Qo= walts copper loss per conductor per foot

Th = temperature rise of conductor S
To= temperature rise of shlddln: tape =
T's= temperature rise of oil {a pipe
T'sestemperature rise of pipe

115-kv cables enclosed in 6%/-inch-outside-
diameter pipe buried in the earth., The
results of three such methods for two
repmmtxve load cycles are presented
in this discussion for comparison. The
three methods’ compared are: (1) the
Harmonic method using Bessel functions
to compute the heat-flow constants of the
cable for each harmonic of the temperature
cycle, (2) the sinusoidal method suggested
by Mr, Neher in his 1953 paper, and (3)
the latest method suggested by Mr. Neher
and Mr, McGrath in their curreat paper.
Space in this discussion does not permit a
complete derivation of the heat-flow equa-
tions for the harmonic components of the
heat-flow cycle, but only the results, as
calculated by an IBM (International
Business Machines) 650, are tabulated in
Table XI. It may be noted that the
machine time to solve the eight simul-
taneous equations necessary for the solution
of the temperatures and heat flows for each
harmoric was approximately § minutes
per matrix, with a separate solution neces-
sary for e:mh harmonic. The whole cost
of the job in reatal time oa the machine
and punching the data on the cards for
msertion in the machine was $150 for three

Table Xll. Harmonic Compenents of Loss
Cycles
Loss Cycla 1 Loss Cycle 2
Hars Loes, Phase Loss, Phase
moale Watts  Angle, Watts Avgle,
Degraes Degraes

Coeeveard03iiinininennnes 2,64

1..-....2 $0.000000000000002:3000000.~ 20
2.. . .+30......0 43..00..4188
. t0000:0,8000000.t 63
+40 seeee0:83ic0iee = 38

4. ......0 83...

Eumplc- The equation of loss cycle 1 usiog the

foregoing data it 2s follows: (Maximum Qs=6.6

watts per foot per coaductor)

Qo »4.034+2.50 sia wi41,10 sin (2w+30%) 4
0.20 siz (3wt =90°%) 40,53 sia (4i+10°) watts

Correspoadiaz temperature cycle foe conductor
temperature is as [ollows for a slagle pipe: (Maxle
mum T1=3%.1%)
T1=32.4+7.24 sin (Wi =30°) $2.57 sin {2ut=8%)+
039 sia (Qui=133%)+0.80 sin (4ut=7%)
degrees ceatigrade

Zero time = 3,00 s.cn. la the foregoing expressions.

o g o Tl .y 9

different sizes of cable (a total of 12 ma-
trixes). The cost of programming was
small since the general program for solution
of complex simultaneous equations was
already available in the IBM library, and
only a small amouat of work was necessary
to set up this particular problem.

The components of the loss cycles with
which the data in Table XI was multiplied
to obtain the temperature cycles are given
in Table XII. These loss cycles are illus.
trated in Figs. 4 and §, with the corre-
sponding tempetature cycles of the com-
ductor and pipe.

In all future caleculations of this sort,
it is planned to carry the programming
still fucther and have the machine calculate
the temperature cycle for each size of cable
and determine its maximum value. This
has been estimated to cost approximately
$500 for programming and $15 extra per
size of cable to compute.

Usually oanly the temperature of the
conductor and the pipe are signifimnt in
caleulation of the current.carrying capa-
bility but the electronic calculator auto-
matically computes the other values listed
in Table XI, and they are recorded for
whatever use may be made of them,

A tabulation of maximum temperatures
for the foregoing two load cycles and the
three different methods of calculation listed
previously are tabulated in Table XIII
in the same order. Examination of this
table will reveal that the sinusoidal method
yields results which are nearer to the more
accurate harmonic method than the latest
method proposed in the paper. The
agreement between the various methods is
seen to be better at the higher loss factors.

It may be argued that the agreement is
close enough betweea the three methods
for all practical purposes and that the
accuracy of the original thermal constants
from which the computations were made
does not warrant the extra work necessary
to use the harmonic method. However,
the danger in using an approximate method
is that someone unfamiliar with its deciva-
tion and its limitations will use it whese it
does not apply. The author does not cons
sider the agreement close enough for 40%
loss factor.

The computation of the pipe temperature
is just as important as the conductor tem-

P . T ) —— - . ¢ - L )

Table Xill, Maximum Temperature Rise for
Cyclle Loading” .
Conductor . Pipe
u‘!éh‘:d Temperatuse, C Temperzature, C
'} e
culation 1 Pifpe 2Pipes .1Pipo 2 Pipes

For Losa Cycle 1
locerees39.10.0..049.2,.....24. 0 ....34.3
2i00000:39.8.0...49.9......24.6 .,..34.8
Bineneae30.9.000:80.000000.23.2°..,.33.4°

For Loss Cycle 2
Toeessed30.9.,0..37.8.000..17.1 .:,.23.8
2i0e000:32.8000..30.2,...,.18.2 ....24.9
3ireneee32.8..0..30.5,00.00.16.1%,,,,22,.8¢

These fgures do not include the tempernturs sise
due to dielectric loss, whick would be added to the
steady-state compoaent, T Fae

® These are average temperatusres. It s oot
possible to compute the mazimum temperature of
the pipe by this method,

peratures, especially in summer when high
earth temperatures prevail and where
higher daily loss factors are more likely
to be encountered: If the ecarth pext to
the pipe exceeds aa average of 50 C, there
is danger of drying out the soil causing
thermal instability. Calculations of cur-
rent-cm'ymg capability should take thxs
Limit into account.’

e

RereRENCE
1. Scereference 3 of the paper,

R. J. Wiseman (The Okonite Compasy, |

Passaic, N. J.): The authors are to be
commended for this very fine technical
paper. The need for an up-to-date com--
pilation of engineering formulas and con-
stants for the caleulation of current-
carrying capacities of cables has been of
increasing importance every year. When
Dr. Simmons wrote his series of papers
about 25 years ago we might say the
electrical cable industry was young in
engineering kmowledge, the types of cable
furnished were cot too great in number,
and the characteristics of the cables were
not too well known. Today our knowledge
of cable design, materials, and operating
conditions along with new types of cables
is far in advance of 25 years ago. We have
been using the formulas as they became
knowa and it was dmmblc to bring them
together in one place and, in addition, all
of us who have occasion to make these
calculations will be using the same formulas
and electrical and thermal constants.
Also, this paper will be of great help to
younger men commg into the cable in-
dustry. Although it summarizes the
formulas, anyone wishing to get a clearer
appreciation of the text can refer to the
bibliography and study the original papers.
To make any text of this kind genesally
useful, it is desirable that the procedure
be easy to follow and the forraulas readily
applied, Theoretical formulas iavolving
h:ghcr mathematics can be used, but they
take time, and very often it is oot possnb%c
to take the time to work u up a case. Again
conditions of ias:allation are variable
daily, so if we attem:pt to make a feld check
of calculations we can find di ercncc5'
therefore, exactness*to a high degree is

I
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Fig. 4. Loss and temperature cycles for 75% load factor, summer  Fig, 5. Loss and temperature cycles for 60% load factor winter
load cycle load cycle .
' Qy=copper loss cycle Values same as in Fig. 4

Ty=temperature of conductor

Timtemperature of pipe

Temperatures 4re in per cent of copper temperature correspond-

ing to steady load equal to the maximum.

not necessary. It has been suggested that
it is now possible to use computers on these
problems. This is true for those who have
a computer, but here also time is taken for
setting up the problem for the computer,
Also we must show how to calculate the
curreats and in a form that will be used.

You will note that many of the formulas
are new to most of you. These formulas
were developed to make the calculations,
easily and quickly and yet do not cause a
large error in the final answer from the
highly theoretical formula. It is natural
that the formulas may be a compromise
and some may feel that a particular formula
that they use may be superior to that recom-
mended. Likewise the thermal constants
may be a compromise. This is true as
far as I am concerned, yet we are willing
to accept the recommendations given in the
paper. The calculation of the various
losses existing in 2 cable system and the
location of these losses is well done and
should be carefully studied by all new
engineers.

The section dealing with the caleulation
of some of the thermal resistances need
careful study in order to appreciate them
as they depart from the usual manner in
which a thermal resistances are calculated.
For example: the thermal resistance
between 2 cable and a surrounding wall,
such as a duct wall or a pipe; see equations
41 and 41(A). Heretofore, we used Rygm
0.00411 B/D, and referred to as the IPCEA
method. This has been revised to take
into coasideration the coadition existing
and the materials. Equation 41(A) is a
general one, and by inserting the correct
values of A’ and B’ as given in Table I,
we can get R,. This is an example of how
we can accept a compromise in order to
get agreement. We at Okonite made
tests years ago to determine the thermal
constants for the oil or gas medium sur.
rounding cables in a pipe. We tried to
use the cylindrical log formula and found

Nrennero 102™

the apparent thermal resistivity varied
due to the convection effects of the oil.
If we took the simple formula Rae
1.60/D where D is the diameter over the
shielding tape we found we got good

agreement with test. We neglected tem- -

perature effects as the actual value of
R4 as compared to the thermal resistance
of the insulation is very low, many times
in the order of one.tenth; therefore,
temperature effects are small. For a gas
medium using 200 pounds per square inch
we use the equation Ry=2.58/D. How
do these formulae compare with equation
41(A) proposed by the authors?

Consider two cases, one having a diam-
eter over the shielding tape of 1 inch and
another haviog a diameter of 2.5 inches.
The following table compares the two types
of equations.

Diameter=~ Diameter =

1 lach, 2.8 Inches,
Thermal Thermal
Medlum Okm-Foot Obkm-Foot

Okonite......1.60 to.f....0.64 to.l.
Oil.cees { Neher aad...1.37
McCrath
Okonite......2.58 to.l....1.03 tol.
Gu....{N’eher sad...2.22
McGrath

The differences are not great and whean
considered in relation to the total thermal
resistance, they are negligible. We can
accept the authors’ equations.

I am glad to see the authors place the
duct system in proper relationship to a
buried cable system and that the same
soil thermal resistivity will be used when
making comparisons. This was the weak-
ness in the duct heating constants originally
set up by NELA and later known’ as
IPCEA coastants. Also a better under-
standing of the effect of multiple cables in 2
duct bank is obtainable, and the determina-

Ao liow XA ormitleeoiT orveinnontiree rmurd T oarnsd Penrhiliter ad Padls Covotonn.

tion of the cable having the highest thermal
resistance is possible.

Appendix III discusses the'derivation of
Dz, a fictitious diameter in the soil up to
which it is assumed that a steady heat
Joad exists and outside which the loss
factor of the load is taken into considera-~
tion. I have not been able to accept this
assumption. It is an endeavor to obtain
a thermal resistance for the soil that will
check with a study that Messrs. Neher,
Buller, Shanklin and myself made and is
referred to in reference 3 in the bibliography
of this paper. A study of the previous
papers will show that the attainment
factor is not exactly the same for all types
of cables studied and all shapes of load
curves,

The authors tabulate in Table IX a
comparison of the attainment factor for
three methods of calculation for a loss
factor of 30% for several cable designs.
Rather than give results for one loss factor
only, it would have been better if they had
covered the range of loss factors which were
studied in 1953. If these attainment fac-
tors were plotted against loss factor as [
did in my paper, it would have been noted
that a straight line could be drawn giving
a good representation of how (A F) varies
with loss factor, namely, (AF)=0.434
0.57 (If) for my method., This equation
follows the plot of (AF) and loss factor
very well dowa to abaout 35% loss factor,
and in some cases, it gave a higher value
and other cases 2 lower value than actually
caleulated. The (AF) values I reported
are based on careful calculations from the
exact load curve and no assumption that
a single sine-wave curve can be taken as
representing any load curve. As it isa
rarity that cables are designed for loss
factocs as low as 30% (50% load factor),
my formula gives results as accurate as
when using Dz and easier to use. However,
for the sake of uniformtity in mcthods of
caleulation, we will accept the authors’
method. .

In this coanection, [ would like to raise
a question whick [ hope will be taken up
by others interested in this subject. The
use of the equation involving D is an

-
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., attempt to increase the thermal resistance

* for the soil for cables or small pipe sizes;
in' other words, the computed wvalue of
thermal resistance is too low, Is it not
likely that we are leaving out of our equa.
tion a term involving a surface contact
between the surface of the cable or pipe
and the soil. This term would be of the
same form as we now use for the case of
cables in air, namely, K=0.00411 B/D.
If we add this term to the log formula for
soil thermal resistance, we will get a higher
total resistance and the influence of the
diameter of the cable or pipe will be greater,
the lower the diameter. It will be neces.
sary to determine the value of B. The
idea of such a term is shown in the paper?
by Mr. Mather and his coauthors, In
Table I they give some thermal data
obtained from tests made by them on a
pipe-type cable, They give a value of
B for surface of Somastic to water of 218
thermal ohms per e¢mt. I like this, Is it
not likely that we have a surface resistivity
between the cable and the soil in immediate
contact?

Rererence

1. Bonnzvitiz Powmr Aowminisrration Hicm.
Voiraor Castx Stuvixs, R. J. Mather, F, J.
McCanns, E. Demlrjlan, AIBE Transoctions,
vol. 78, pt. IUL, 1957 (Paper no. S7-739).

E. R. Thomas (Consolidated Edison Com-
pany of New York, Inc., New York, N, Y.):
The authorsaretobe congratulated in setting
up mathematical equations to evaluate load

carrying capabilities of cable systems, Ire. .

gret that no mention was made of the pio-
neer work by Wallace B, Xirke in the middle
1920's on the rating of cables installed in
duct banks. This work, I believe, fur.
nished the basis of cable rating of the
NELA and present IPCEA published rat-
ings of cable. The work of Kirke was pre-
., seated before the AIEE and published in
the Journal.?

The work on ratings of cable by Kirke .

was based on thousands of field measure.
meats in the New York City area and later
field measurements furnished by utilities
throughout the couatry furnished data
which lead to the NELA-IPCEA rating
value. This was done before the general
use of pipe-type cable. It should be
cbvious that the answer obtained by
mathematical solution is never any better
than the assumptions on which the equa-
tious are developed and the constants used
with the equations.

I believe the actual beat flow in under-
ground cable systems is coasiderably more
complex than has been assumed in this
paper and, therefore, actual ratings which
are obtained may be different from those
obtained by this caleulation,

REerzrence

1. Tom CALcOLATION Or Cast: TEKPERATURES
¢ Suaway Docts, Wallace B, Kleke, AIEE Jour-
nasl, vol, 49, Oct. 1930, pp. 83530,

Y. D, Short (Canada Wire and Cable
Sompany, Toroato, Oat., Canada): Several
of the eagifeers who work with me at Caa-
ada Wire have been studying the Neher.
McGrath paper over the past few months,

768

and have amrived at certain conclusions,
some of which are discussed ia the following
paragraph.

The determination of the losses in the
conductor, shield, sheath or pipe, and the
dielectric have been well established by
the authors and bear no further comment,
The calculation of the thermal resistances
of direct buried cable and pipe-cable
installations appear to bhave® been well
founded; although the method of arriving
at the effect of cyclic loading seems to be
in question amongst the various investiga-
tors (reference 3 of the paper). However,
as far as duct bank installations are con-
cerned, the difference between the NELA
or JPCEA current rating method and that

proposed by the authors is so great that’

one cannot help but wonder at the dearth
of practical data in the paper.

In reading references 10, 12, 13, 16, and
17 of the. paper,- there scems to be very
Little .data oz cable’ temperature measures
ments taken in the field, such as was done
by the various utilities when the NELA
values were established. The work re.
ported in these references is almost all
theoretical, and [aboratory measurements
and analogue methods used are alf approxi-
mations.

I am given to ‘understand that there is
a movement afoot to have this Neher.
McGrath method accepted and to revise
the TPCEA current rating tables accord-
ingly. Iam not sure that this is the case——
but if it is, then pechaps the authors can
tell us upon what factual data their method
is based.

We have used the method given in the
paper to compute the current rating of
quite a number of high-voltage cable cir-
cuits in a duct bank and find complete dis-
agreement with the NELA or IPCEA
method. In every case the Neher-McGrath
method results in a larger conductor size
for a given curreat rating, in some cases
as much as 30% more conductor metal is
required by the Neher-McGrath method.

Here is where our dilemma begins., One
of two things prevails: either Mr. Neher
and Mr. McGrath have comered the
nonferrous metal market or they are
attempting to make a pipe-type cable carry
the same load as a duct-bank installation.
Yet on the face of it, it is incomprehensible
tiow anyone can conceive of a J-conductor
high-voltage cable (and a pipe-type cable
is in fact a direct-buried 3-conductor cable)
competing on a current rating basis with
single.conductor high-voltage cables sepa-
rately spaced in a duct bank where a-c
losses are 2 minimum and heat dissipation
2 maximum. In either event we canaot
understand why so much time should be

- spent on developing 2 new method of cur-

reat rating caleulation for . duct-bank
systems without first having at least
obtained some actual io -service field
measurentents to  substaatiate  their
formulas,

On the other hand, we must sincerely
commend the authors for attempting to
arrive at a realistic comparisoa between
duct-bank and direct-buried systems. It
is unfortunate, however, tkat in doing so
they have not based their formula develop-
ment on exteasive field survey data as was
done at the time the NELA duct constants
were established.

The oanly way in which we have as yet

Neker, AfcGrath—Temperature and Load Capability of Cable Systems

been able to make the Neher-McGrath
method track with the old and well proved
NELA method is to reduce the soil thermal
resistivity to the order™of 40 C to 75 C
cm/watt. The actual value which one
would use to arvive at the same conductor
size as determined by the NELA method
appears to depead upon the number of
cables in the duct bank and the value of the
daily load factor chosen. In contradis-
tinction, Mr, Neher in refereace 13 of the
paper states that his method agrees withia
10% of the NELA methed if a p.-75 o]
cm watt is used.

We bave made some calculations of the
thermal resistance of cables in a duct bank
from the sheath to ground (or sink) using
the Neber-McGrath . method and the
average conditions on which the NELA duct

* coustants were obtained, The average

conditions were: .

1, Most of the measurements were taken
under paved streets with the depth of pave-
ment between 10 and 12 inches.

2. Majority of ducts were made of fibre,

3. Average duct inner diameter=3.75
inches.

4. Concrete spacer between ducts 2
inches, with duct.wallwl/4-inch, 3-inch
outer concrete shell, Spacing between
duct centresm6!/; inches,

5. Average depth of burial to top of duct
bank =30 inches,

.6. Most measurements with 3-conductor

lead sheathed cables from 2 inches to 3
inches outside diameter. Average diameter
2.5 inches,

7. All loaded cables in outside ducts, all
equally loaded.
8. Soil thermal resistivity (in silu)=
120 C cm/watt,

Two cases were studied and the results
are summarized in the following:.

Case [—Three cadles in 2 by 2 duct bank
(one of lower ducts emply).

.NELA Value (ie. 4.93/D,'+L,NH)

Loss factor........100%..62.5%..33%
Rthg-s thermal/
ohms-feet.......5.09 ..3.92 ..3.00

Neher-MceGrath Value

Loss factof...... ++100%. .62.5%..33%

Upper cables y
Rths=a thermal
Johms-feet......8.68

Lower cable
Rthssreeonaess8.63 ..4.99 ..3.70

Average values,...5.66 ..5.01 ..3.71

In order for Neher-McGrath values of
thermal resistances to be equal to NELA
values, soil resistivity would have to be:

At 1009 loss factor p,=65 C cm/n;att
At 62.5%, loss factor p, =60 C ecm/watt
At 33.0% loss factor pem45 C cm/watt

Case II—Six cables in 2 wide by 3 deep
duct bank.

NELA Value
Loss factor......100%. .62.5%..33.0%

Rihge, thermat
[ohms-feet....6.89 ..5.05%..3.60

..5.02 ..3.71

' Neher-McGrath Value

Loss factor...... 100%..62.5%..33.0%

OctoseRr 1957
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“Upper layer
. Rthgey ther-
mal/obms- **
feeteieeessss010.23..7.24
Middte layer
Rthsey ther- .
mal/ohms-
feet.i.v.0....10,95..7.69 ..5.12
Lower layer
Rthg-y ther-
mal/ohms-
feet..........10.63..7.49 ..5.02
Average values,.10.60..7.47 ..5.01

In order for Neher-McGrath values of
thermal resistances to be equal to NELA
values, soil resistivity would have to be:

At 1009 loss factor p,=53 C cm/watt
At 62.5% loss factor ps =50 C em/watt
At 339% loss factor p.-4§ C cm/watt

Other caleulations on  single-conductor
high-voltage cables varying in conductor
size from 300 to 1,150 MCM installed in
outside ducts in a normal duct-bank systems
it was necessary to assume a p,m75 C
cm/watt in order to make the Neher-
McGrath formulas agree with the current
ratings calculated by the NELA method.

The NELA method is of course strictly
cmpirical and the duct constants deter-
mined from an average of a large number
of field surveys. It has been in use for
well over 25 years; and there must of a
consequence be many thousands of miles
of cables operating at current ratings cal-
culated by the use of these duct constants,
So far as our experience in Canada is con.

..4.88

. cemed we know of no hot.spot failures with

high.voltage cables in duct-bank installa-
tions. On the contrary one is led to read
with great interest the recent paper by
Brookes and Starys.!

Do the authors expect utility engineers
operating duct-bank installations to adopt
the method put forward in the paper and
forthwith reduce their loads accordingly?
This is a2 question of great importance,
and we should have a categorical statement
from the authors in this specific regard.

In Appendix IV the authors give a speci-
men caleulation for a typical duct-bank
installation and also a similar ealeulation
for a pipe-type installation, In the ome
they use a p, of 120 and in the other 2
pe of 80. Would the authors enlighten
me on the significance of these two different
values for p,. On this point Dr. Wiseman
stated in his discussion of the paper that
he was glad to learn that we can now base
the duct-bank calculations on the same basis
of pe as pipe-type cable, but the. authors
bave not done this in their Appendix 1V,

The use of the Kennelly formula in the
practical case of cablés buried in the earth
is at best an approximation. For 'the
t.heor.etia:u case of a heat source in a medium
that is homogeneous, of uniform resistivity
and temperature, the formula would apply.
.Howcver, for the practical case of cables
in the earth, there is considerable deviation®
from_ the ideal case such as nonuniform
medx.um, seasonal variation of temperature
g:mdxcnt in the earth, nonusiform distribu-
tion of moisture in the earth, moisture
migration, and other factors, which render
the Kennelly formula more or.less inac.
curate. Thus in its use one must bear in
mind these limitations.

In Europe the Kennelly formula has
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been” used extensively, but the apparent
thermal resistivity inserted in the caleula.
tions are based on that value obtained
in silu, as measured in accordance with
recommended methods. To get a very
accurate value of the apparent thermal
resistivity, it seems that the method to be
used should exactly duplicate the cable and
its operating conditions; ie., the same
diameter as the cable, the same watts loss
dissipated, the same depth of burial, and
at the time when the thermal conditions
arc most onerous. Thus in the caleulation
of thermal resistance from cable to ambient,
it appears that the Kennelly formula can
be used to a high degree of accuracy if an
apparent thermal resistivity of the soil in
situ is used, This measurement should
automatically take into account all the
factors that otherwise limit the Kennelly
formula to a theoretical exercise,

There has been a-great deal’of.investiga.
tion into the influence of moisture on soil
resistivity. However, as yet there seems
to be no general agreement on another

basic problem, and that is the direction of .

the heat flow. The authors and others
maintain that the heat flow is to the surface
of the earth whereas other investigators
claim some heat flow is downwards to a
deep isothermal, about 30 to 50 feet below
the earth’s surface, In reference 12 Mr.,
Neher obtains the heat field pattern by
superimposing the field based on the
Keanelly formula on the temperature
gradient. IL -is obvious from the field -
patterns that in the summer the heat flow
is predominantly down, whereas in the-
winter the heat flow is to the surface. The
authors give no quantitative method of
evaluating the effect of the temperature
gradient on the apparent soil resistivity.
‘This could be one of the reasons for the
difference between the resistivity as meas-
ured in the laboratory and in the field,
An indication of the effect of change of
apparent thermal resistivity is shown in
a paper by de Haas, Sandiford, and
Cameron,? wherein the effect of introducing
a deep isothermal (ground water) in combi.
nation with the earth’s surface as the sink
has a thermal resistance of approximately
25% less than if the earth's surface was

the ouly sink. This would indicate that

the thermal resistivity of the medium is
changed whereas the change in tempera-
ture distribution due to the temperature
gradient should be investigated,

It should be emphasized that the Kens
nelly formula is applicable to steady-state
conditions only. The authors realize this,
of course, and attempt to compensate for
this short-coming by applying a eyclicat
loading factor to the extemnal thermal path.
The factor they use is based upon measured
values obtained on direct buried and/or
pipe-type cables. Siace the thermal circuit
of a2 duct bank is quite different from that
of direct buried cables, we do not agree
that this same cyclical loading factor (as
measured on-direct buried cables) can be
applied to a duct-bank installatioa.

Finally it is pertizent to point out that
the Kennelly formula is premised upon all
the heat energy flowing to the earth's
surface. One must then ask the authors
what they mean by ambient soil tempera-
ture. Theoretically at least the tempera.
ture of the carth at the cable depth of
burial is not the ambieat to be used in the

Kennelly formula if the sink is the earth's
surface. Why is the carth’s surface -tem-
perature not the true ambient to use when
applying the XKennelly formula? Is the
British use of a 2/3 factor in reality a
correction for the virtual sink temperature,
,or sink tanperatures if the deep isothermal
theory is valid,

Rroperence

1. Trexxal AND MzcaaNicAL ProsLzx ox
133.Kv Prrz Cants in Nzw Jxrszy, A, S, Brookes,
T. B. Starrs.  AJBE Transactions, vol. 76, pt. II1,
Oct. 1957, pp. 773-84.

2. An ANotocux SoturioN or Cantx Hsar
Frow Prostsus, B. de Hass, P. J. Sandlford,
A, W. W, Cameron, I¥id., vol. 74, pt. III, June
1085, pp. 31522,

F. 0. Wollaston (British Columbia Engi-
neering Company, Ltd., Vancouver, B. C.,
Canada): This discussioa is confined to the
parts of the paper dealing with cables in
ducts. The paper is in many respects
most admirable, notably the coverage of
skin effect in conductors-of special types,
proximity and eddy current effects, mutual
keating eflect of multicable installations,
and the effect of extranecous heat sources,
For the first time these are all adequately
treated in one paper. The methods of
calculation must, bowever, be ecritically
examined before being accepted. I am
disturbed to find that the methods given
for rating cables in ducts lead to sub.
stantially larger conductor sizes than does
the IPCEA-NELA method. By the
IPCEA-NELA method I mean the method
given in an Anaconda publication I
believe this method is identical to that
used in preparing the existing IPCEA cur-
reat ratings for cables. .

The Neher-McGrath method feads to
much higher values for the duct heating
constant (the thermal resistance from
duct-bank to earth ambient) than does the
IPCEA-NELA method, when the thermal
resistivity of the earth is taken as 120 C
cm/watt in the Neher-McGrath calcula-
tion. The wvalue to be used for earth
thermal resistivity is of paramount im-
portance and will be discussed in more
detail later. A few illustrations of the
difference between the two methods wrill
first be given.

The first application of the Neher.
McGrath method which we made was to
determine the conductor size for a pro-
posed 230-kv cable installation. The cal-
culated conductor size was 1,500 MCM,
whereas by the IPCEA-NELA method the
calculated size was 1,150 MCM. Some
42 miles of cable were involved in the
proposed project, so the Neher-McGrath
result would have meant substagtial extra
cost for the cable compared to the IPCEA-
NELA result.

In another instance, the Neber-MeGrath
method was used to determine the required
size of cable leads for 8 75-mva trans-
former. The calculated size was so large
as to be considered physically impractical,
whereas by the IPCEA-NELA method the
calculated size was practical, Rather than
risk possible trouble if the IPCEA-NELA
result were adopted, it was decided to
use aerial bus instead of cable for these

" leads,

In a third case, the cable leads of a 50-

‘ mva 13.5-kv geaerator were to be changed
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Fig. 6. Cross section of duct bank

because the associated 230-kv step-up
transformer was being replaced with a
345-kv unit. The existing leads coasist
of two 2,500-MCM cables per phase
installed in 2 6-duct bank. According to

the Neher-McGrath method, these cables¥-

should be approximately 3,500 MCM each
if the AEIC allowable temperature of 76 C
is not to be exceeded at full load in summer
time, The unit has run at full load for
bong periods on many occasions since
going into service in 1949. If our applica-
tion of the Neher-McGrath method is
correct, one must coaclude that the existing
cables have been severely overloaded many
times during their service period of 8
years. No evidence of such overloading
has been seen; the cables have been entirely
trouble.free. There are two other units
at this plant, identical in all respects to
the one described above except that one of
them has been in service slightly longer,
the other not quite as long. No trouble
has occurred on the leads of these units,
It was decided to make a temperature
survey to establish the correct facts. The
unit was run at full load for 5 days. Test
results showed that the duct structure
attained equilibrium temperature in 24
hours, ,The bulb of a recording thermom-
cter was inserted 20 feet in the bottom
middie duct. The details of the duct
bank and cable are given in Fig. 6 and

* Table XIV. Cable and Loss Data .

2,500-MCM Segmentsl Copper Conductor,
Paper Insulated-Lead-Sheathed Solid-Type,

13.8 Kv
Cucreat . Waits Loss
Cable During Test, Per Foot
Xo, Amperes of Cable

Loseeeveannesasl, 035, c0enannnnaneas 5.79
078 iacnncrenness 5,13
Sinesssenaaceras 5,03
005 cesernnarese 443
L1 PP X L)
senvanaavaesesl 029, 0icnivinenees 8.73
Total 30,60

Per cable average 5.1

3NN e
dincescecsnnnas

Notes:

Ambient carth temperature durlag test was 10,5 C,
Calles are palred 2-3 {oc A-pbase, 1~4 for B.phase,
58 for C.phase,

Diamacter aver conductor, Inches..ounveres.2.000
Cotton tape thickaess, 0ChES nuceansnsnves0.017
lasulation thickaess, {aches,iuivneenrecnses0.210
‘fameter over [nsulation, incbes.vuvrarnnnsa2.

»pper tape thickness, juches,...
wheath thickaess, inchesicanaa. .
Overall diameter, inches,. ... . sesessnena2.710
A~C resistance at 65 C=5.41 (10~) obms.feet
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..McGrath value is much higher.

Table XIV. It was necessary to measure
the air temperature in an occupied duct,
since there were no empty ducts. The
loading on the machine was recorded and
the current division between the six
cables was determined. The maximum
departure from equal loading of the two
cables on each phase was only 2%. After
5 days the duct air temperature was 43 C.
The ambient ground temperature was 19.5
C at the same depth as the center of the
duct bank. Dividing the temperature rise
by 1/6 of the total losses, a thermal re-
sistance of 4.6 ohms is obtained. Table
XYV shows the thermal resistances pertinent
to this case as determined by the Neher-
McGrath metbod and the IPCEA-NELA
method. The experimental value (occupied
duct air to earth ambient of Table XV) is
in good agreement with the IPCEA-
NELA wvalue given in "duct wall to earth
ambient” of Table XV, while the Neher-
The
Neher-McGrath ‘value should be ap-
proximately equal to the IPCEA-NELA
value if the two methods are to give the
same results, as is obvious by inspection of
Table XV. The Neher-McGrath value
should be lower than our experimental
value, since the former represents the
thermal resistance from the outside surface
of the occupied duct wall to earth ambient,
while the latter represents this same re-
sistance plus the-thermal resistance from
occupied duet air to the outside surface of
the occupied duct wall, .

One is not entitled.to say that the dis.
crepancy  between the Neher-McGrath
value and the IPCEA-NELA value is real
unless the value of the specific thermal
resistivity of the earth p, is the same for
both, The Neher-McGrath value in the
tabulation is obtained when a wvalue of
earth thermal resistivity p, =120 C cm/watt
and thermal resistivity of concrete p.m=85
are used in equation 44(A) of the paper.
There has never beea any general agree.
ment on what walue of earth thermal
resistivity is inherent in the IPCEA-NELA
duct constants, Several years ago Mr.
G. B. Shanklin and his coworkers in the
General Electric Company investigated
this extensively and concluded that the
value is about 180 C cm/watt. If this
conclusion is correct the discrepancy be-
tween the Neher-MceGrath result and the

. IPCEA-NELA duct heating constant is

real and serious. Qur test result cited
above does not give any informatioa on
this point because the earth thermal re-
sistivity was pot measured, due to lack of
facilities, ,

If the discrepancy is real, one is led to
question the soundness of the Kennelly
formula used by the authors. It is based
on the premise that all heat generated in
the cable escapes to the surface of the earth,
Some competent engineers have argued that
part of the heat escapes by another path,
pamely to a sink deep in the earth, Mathe.
matical development of this premise gives
a result for the thermal resistance between
duct bank and earth that is only about
two-thirds as large as the result by th
Kennelly formula. According to this, we
might expect the Neher-McGrath method
to agree with the NELA value if the earth
thermal resistivity is taken equal to 2/3X
180=120 C am/watt in equation 44(A).
It turns out that agreement occurs whea

Neher, McGrath—Temperature and Load Copabilily of Cable Svstems

Table XV. Therma!l Resistances Pe;iaining
: o Test =

Therma! Reslstance, Neher- IPCEA- Erperi-
Cyper Watt/Foot McGrath NELA mental

Insulation..cereeenses0.75 .....0.75

Sheath to duct....v0e.1.52 ,....1.82

Duct wallesereenrans, 0,13

Duct wall to cantk
smbiettessecacaeene8.75% .0 4.9

Octupied duct air to
easth Ambienticeescescnensccrnasnnsse .0l

* Calculated from equatioa 44(A) uslag Fe=120 C
cm/wate.

the earth resistivity is taken as 55 C ecm/
watt in equation 44(A). It does not seem
likely that the value of 55 is representative
of typical soil around duct banks., Many

measurements in several laboratories havesrw- .
consistently shown that the specific thermal: ¥

resistivity of earth varies from about
100 C em/watt for a moisture content of
15%, to about 300 or 400 C cm/watt for
zero moisture content. A value of 180 C
cm/watt scems fairly representative of
average conditions, I conclude that the
validity of the Neher-McGrath method of
calculating the thermal resistance from duct
bank to earth.ambient should be demon-
strated by tests wherein the earth thermal
resistivity is definitely known. Have the
authors verified their findings by such
tests? :

REFERENCE

L Coxxzxr Ratmics ror EuxcrxrcaL Cone
pUcTORS. Anaconda Pxdlication C-51, McGeawe
Hill Book Company, Iac, New York, N, Y., firse
edition, Oct. 1942,

J. B. Neher and M, H. McGrath: We are
indebted to Mr. Bames and Mr. Golden.
berg for thelr discussions in which they
summarize the present cable rating prac-
tices in Great Britain 2ad point out some
differences with American practice. From
this it would appear that in most respects
the practices in the two countries are
similar, While the method of handling
group cable ratings developed by Mr.
Goldenberg may appear to differ from the
method of the paper, actually both methods
are derived from the same basic principles
and should give identical results for the
same set of conditions.

To answer their questions with regard
to temperature limits and the relationship
of this paper to the published rating tables,
we may say that IPCEA, in collaboration
with the AIEE, has under active con-
sideration a revision of the existing cusrreat
rating tables based on the methods of cal-
culation set forth in this paper, The tem-
peratusre limits will be those already
adopted by IPCEA, AEIC, etc., in industsy
specifications.

Mz, Church has outlined a procedure for
determining the effect of the loading cycle
on cable ratings which will be, we fear,
an enigma to most cable engineers despite
the fact that it represeats a challenge
to those matbematically inclined. Mr.
Goldenberg also has referred to a different
but nevertheless mathematically involved
procedure for doiag this. For normal cable
aalculations, the tremendous amount of
computations required for each individual
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(mc is simply not warranted even if a
dxgxtal computer were available to the cable
engineer,

If the apphmtxon of a parucuhr foad
cycle to a given cable system is to be
studied, we suggest that this may be done
more simply, more rapidly, and more
economically by using an analog computer
designed for the purpose. We {cel, how-
ever, that the accuracy of the method given
in the paper as compared to all exact cal-
culations which we have examined, includ-
ing those of Mr. Church, is sufficient, par-
ticularly in view of the fact that any par-
ticular load cycle may never repeat itself,

The method given in the paper is an
approximation, admittedly, but it has been
derived from the same fundamental prine
ciples which undeslie Mr, Church’s method
through a series of carefully coasidered
simplifications, It should be understood
that there is nothing sacred about.the value
of 8.3 inches used for the fictitious diameter
Dz, This value happens to be the best
single value to use based on the studies
described in reference 3. For Mr. Church’s
case values of 7.1 for the 75% load factor
cycle, and of 5.1 for the 609 load factor
cycle are indicated, The errors in using
8.3, however, amount to only 2 and 5%
high, respectively, in the conductor loss
component of conductor temperature rise,
which would be offset by a 10% error in
the value of earth thermal resistivity em-
ployed.

Dr. Wiseman'’s comments in this con-
nection are most interesting since he has
often expressed the opinion that, prac-
tically, it was sufficient to consider Dz to
be equal to D,, or in other words to apply
the loss factor to all of the earth portion
of the thermal circuit. We can agree
with this in respect to pipe-type cables,
but, as be has indicated, we do not consider
this further simplification desirable in
the case of small directly buried cables,
Neither do we consider the formula which
he gives for obtaining attainment factor
directly from Joss factor suitable in this
case. This is readily apparent from Fig. 2
of ‘the first paper of reference 3 in our
paper. Since the use of D has cousiderable
theoretical justification in our opinion, we
feel that it should be made a part of the
general procedure for calculating the effect
of the loading cycle.

The introduction of an additional thermal
resistance to care for surface efects be-
tween cable and earth is an entirely differ-
ent matter since this will increase the
temperature rise both for steady and for
cyclic loads, whereas the use of D: is
intended to give the correct result for cyclic
loads on the assumption that the total
thermal resistance in the circuit which is
unchanged by the value of D: is correct
for steady loading. It is quite possible
that such a surface efect term is preseat
and that it may attain an appreciable
magnitude in the case of small directly
buried cables. We concur in the hope
that this matter will be investigated further.

Mr, Thomas has noted the pioneer work
of W. B, Kirke in connection with cable
in duct and indicates that this work formed
the basis of the present NELA.IPCEA
method. Employing a duct bank con-
figuration such as shown by Wollaston and
utilizing equations 14 and 17 of the Kirke
article, we find that Kirke would use a
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resultant thermal resistance from loaded
duct wall to eacth ambient of 9.0 for the
worst soil in metropolitan New York and
6.00 for the best soil. These values, when
compared with NELA constant of 4.9,
scarcely confirm Mr. Thomas’ statement to
the effect that the present IPCEA-NELA
method is based on or is even closely
related to Kirke’s work., While Kirke
made some attempt to take into account
the configuration of the duct-bank structure,
he did not utilize resistivity as such,
and as previously indicated we believe that
a knowledge of this and other parameters
ignored by Kirke is essential to a realistic
methed of handling this problem, par.
ticularly when oae considers the problem
of comparison between different types of
systems.

As Mr. Thomas has suggested, the heat
flow in a duct structure is complex, but this
complexity results from the superposition
of a number of heat flows any one of which,
due to a particular cable, is readily deter-
mined as indicated in reference 12, Weare
not interested in these heat flows per se,
but only in the resulting temperature
difference between a reference cable and
ambient and the corresponding thermal
resistance which is fully expressed by the
relatively simple equation given. True,
the situation is complicated by the concrete
envelope, but here extensive studies, both
mathematical and on a field plotter, in-
dicate that the equation 44(A) is suffi.
ciently accurate in view of the inhereat
errors in fixing the earth resistivity and
loss factor in a particular situation.

Mr. Short, at the start of his discussion,
states in effect that he considers the method
for determining the load capability .of
direct earth-buried or pipe-type cable to
be “well founded” for a 100% load factor
but, because of questions raised by various
investigators in reference 3 of our paper,
does not seem to be too sure, that this is
the case for other load and loss factors.
All four investigators who undertook to
study the problem for the Insulated Cou-
ductor Committee, however, are on record
as recommending or agreeing to the method
given in the present paper. In accepting
the givea method for buried and pipe-type
cable, Mr. Short does not seem to realize
that this method is based on the Keanelly
formula because in the latter portion of his
discussion he questions the applicability
of this premise to current rating determina-
tions for any type of underground installz.
tion, and proceeds to attempt to resurrect
a aumber of the ghosts which plagued the
Insulated Conductor Committee some 10
years ago when the latter started work on
a critical review of the basic parameters
involved in load capability calculations.
These ghosts were subsequently laid to
rest, at least to the satisfaction of the vast
majority of engineers in this country.
Even at that time the Kennelly formula
had been in existeace for over 50 years.
Despite the fact that this formula is based
on scientific principles found in most text
books on physics and electrical engineering,
some cable engineers bad misgivings as to
its applicability mainly because calculations
by it did not appear to check with measure.
ments in the feld. This situation is dis-
cussed in reference 12 of our paper wherein
it is shown that the disagreement was not
due to the formula but to the fact that the
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field measurements had not been carried
to a steady state, and that laboratory
determinations of the earth resistivity were
not representative of the soil in sifu,
Also, the apparent discrepancy (wkhich
appears because the direction of heat flow
implied in the formula is toward the surface
whereas in summer the total heat flow in
the earth is obviously in the reverse direc.
tion) is explained by the application of
the principle of supesposition to the separate
heat fields involved. As a result, cable
engineers, with very few exceptions, have
accepted the formula for caleulations in-
volving pipe-type and directly buried
cable systems. The method of handling
cables in duct, given in the paper, is 2
logical extension of the principles under-
lying the Kennelly formulz in order to
include in the calculations two very ime.
portant variables which are not a part of
the NELA-IPCEA method, mamely the
duct configuration “and the thermal re-
sistivity of the surrounding soil. This
method is also not mew. It was first
described by N. P. Bailey in a paper in
1929! and subsequently in refereace 13 of
our paper.

Mr. Short also mentions the two-thirds
factor, another resurrected ghost of the
past. Long’ ago the British established
that the two-thirds factor represents a
difference between laboratory and in silx
measurements of soil resistivity and that it
does not stem from any lack of applicability
of the Kennelly formula to the problem.
Numerous British publications point out
that the two-thirds factor is not to be used
where the resistivity is measured in sifx
by buried sphere or by long or short cylinder.
In addition, in recent years the British
have developed a new laboratory sampling
procedure? which checks not only with
the buried sphere, the buried cylinder, the
transient needle, but in addition also
checks with results obtained on loaded
cable installations.

Another ghost mentioned by Mr, Short
is the deep isothermal approach (a proposal
which was first suggested by Levy in 1930)3
citing the de Haas, Sandiford, and Cameron*
paper to give new life to this old suggestion.
However, in so doing Mr. Short fails to
point out that the deep isothermal in this
case consists of a conducting paint electrode
of an analogue model connected electrically
to another electrode representing the
earth’s surface and hence simulating a
flowing (not stationary) ground water
sink, a somewhat unusual condition that
is scarcely pertineat to the problem at
band. Incidentally. Table I of this paper
gives results of an excellent analog check
of the givea method as applied to a duct
bank,

We wish to assure Mr, Short that we
have not comered the nonferrous metal
market, nor are we saying that three
singleconductor cables of a given size
installed in a buried pipe must have the
same rating as three conductors of the same
size installed in separate ducts, We
should point out, however, that this has
been a rule of thumb for the past 10 years
or more and there are now many miles of
high-voltage pipe cable in successful service
which are rated and are being operated at 2
foad capability level which Mr, Short
considers incomprehensible.

Mr. Short's dilemma results solely from
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the fact that he is attempting to compare
the rasults of calculations made under a
set of assumed conditions with the results
of a procedure for which those same condi-
tions are not stated and in fact are unknown,
This is & situation which existed imme-
diately following the war and is one of the
ghosts previously mentioned. Coaductor
size determinations for cable in duct
utilizing the NELA constants require no
knowledge uwor consideration of soil re-
sistivity as such. On the other hand, such
determinations for pipe-type cable systems
by any practicil method require a specific
numerical assumption to be made as to
the value of soil resistivity in order to asrive
at an answer, By taking the stand that
the concealed resistivity in the NELA
constants is 120 or more, it is thus possible
to obtain an advantage in favor of duct-lay
cable. :

Furthermore, because of the use of cable
spacing factors and earth and concrete
thermal resistivities in the proposed method,
it will be obvious that calculations by the
given method will check with those of the
IPCEA method only for certain combina-
tions of the variable parameéters in the
method, Since these parameters were got
fixed and in fact are now unknown as re.
gards the NELA duct heating coastants,
it is obviously impossible to make a factual
comparison of the results obtained by the
two methods. Here again, by assuming
carth resistivities of 120 or 180 as both Mr,
Short and Mr. Wollaston have done, the
given metbod will result in larger conductor
sizes than the IPCEA method.

Despite the fact that both Mr, Short
and Mr. Thomas refer to the presumably
large amount of factual data which underlie
the NELA duct constants, we have been
unable to ascertain the specific "conditions
oa which these constants were based nor
is there aay indication that earth resistivity
measurements were taken as 2 part of the
data. About all that can be done, there.
fore, Is to assume representative cable and

. duct configurations and then to calculate

the earth resistivity required in the given
method to match the value calculated by
the IPCEA method. We cannot agree
to the values given as “the average condi-
‘tions on which the NELA duct constants
“were obtained” as stated by Mr, Short.
Rather, we believe that the conditions
assumed in reference 13 are much more
representative, “on* the basis of which an
average earth resistivity of 75 was obtained

- at 100% load factor,

We take the position, therefore, that
the validity of the proposed method is not
to be judged by whether or not the aalcula-
tions made by it using parameters arbi-
trarily picked by Mr, Short (or by Mr.
Wollaston) agree with calculations made
by the IPCEA method, Rather we feel
that the applicability of the IPCEA
method to a particular case depends upon
how well it checks with the method which
we have proposed, and which takes into
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account more properly the essential param-
eters which are pertinent to the case at
hand.

With respect to Mr., Short’s specific
question, we hope that utility engineers
will adopt the proposed method but we do
not think that they will find it necessary
to reduce loads unless they have very high
values of earth resistivity, Regarding the
need for reduction in loads on existing
circuits, it should be kept in mind that
it is oanly relatively recently that AEIC
specifications have made provision for
increased permissible temperature limits
for emergency periods, and for the greater
portioa of the period that these emergency
limits have been in effect the number of
companies who have utilized them is
relatively small, As a result, the greater

an unpublished 1947 memoraadum by
G. B. Shanklin, that a resistivity-of 180 is
representative of average conditions; conse.
quently, the value of 55 which was obtained
by back calculation from the given method
utilizing his test results indicates a dis-
crepancy in the method. We believe that
if Mr., Wollaston will consult some?d of
the many references which have appeared
in the technical literature over the past
few years on determinations of soil re-
sistivity ia connection with experimental
duct bank, huried cable and pipe-type cable
installations, either alone or in conjunction
with buried cylinders, spheres or transient
needles, that he will ind that there is no
longer any justifcation for an inferred
resistivity of the order of 120 in the NELA
coustants or for his impression that 2 re-

portion of the cables now in service have'.x sistivity of 180 is representative of average

been selected on the basis that vormal

-permissible copper temperature would not

be exceeded under emergency conditions.
Morcover, in recent years a number of
in silu measurements have beea made with
the transient needle, the sphere, or the

. buried cylinder, Theoretical studies have

shown that measurement of ultimate soil
resistivity can be obtained readily with
such devices. While in many cases these
have been made in connection with pipe-
type cable installations, they apply equally
well to duct bank installations ia so far
as the resistivity of the soil itself is con-
cermed. The values in general range from
50 to 100 with some higher values as the
exception at certain times of the year.
Moreover, over the past decade a2 number
of pipe-type installations have been in-
stalled in this country with design re-
sistivities in the 70 to 90 range. Under
the circumstauces, we do not believe that
it will be found necessary in most cases
to reduce the loads on existing circuits.
However, we do believe that engineers
will be well advised to take steps to ascer~
tain the values of thermal resistivity which
are applicable for their conditions because
with the more liberal use of emergency
temperature limits and the tendeacy for
shift in many areas in the load peak from
winter to summer, the existing margin may
be reduced to a low level in the not too
distant future, .

The values of soil resistivity of 80 and
120 used in the examples of Appendix IV
were chosen merely for purposes of illustra-
tion and the value of 120 rather than &0
was used in the duct lay case in order to
emphasize the effect of a difference between
the resistivity of earth at 120 and concrete
at 85. .

Unlike Mr, Short, Mr. Wollaston is very
careful in his discussion to make it quite
clear that his comments relating to 2
comparison of the results obtained by the
given method and the NELA.IPCEA
method is premised on his own arbitrary
assuraption of a concealed soil resistivity
of 120 in the NELA constants and on his
impression, presumably based largely on

"

conditions.

In as much as no actual measurement was
made of soil resistivity at the site at which
Mr. Wollaston obtained an indicated value
of §5, there are, of course, several possible
explanations that suggest themselves, As-
suming the temperature measurements
were made accurately, perhaps the soil
actually had a resistivity of this order of
magnitude, From recent studies on soils
and the effects of such matters as composi-
tion, deasity, compaction, particle size,
ete., it is evident that it is very difficult
to estimate the resistivity of a soil from
appearance alone, Alternatively, it could
be that the measured value of resistivity
is not the ultimate value as a constant load
applied for 5 days would not suffice to bring
the duct structure to its ultimate tempera-
ture rise over ambient, unless, of course,
it bad been carrying substantially fulf load
for some time prior to the test in question.
Mr, Wollaston mentions that the tempera-
ture was measured 20 feet from the man.
hole but does not indicate the length of the
duct run o which the test was conducted.
This raises 2 question as to whether in his
particular case there could have beea any
alleviation of temperature rise by longi~
tudinal heat flow or, alternatively, by loagi-
tudinal convection effects such as were
found in the tests made with ducts opea

and plugged.$
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The Thermgl Resistance Between Cables

L MR Y LT LN

and a Surroundfng Pi;;e or Duct Wé".

F. H. BULLER “-r=J:-H, NEHER

MEMBER AIEE

ONE step in the calculation of under-
ground cable temperatures involves
the determination of the temperature rise
of the cable surface above the immediately
surrounding inclosure such as a duct strue-
ture or a gas- or oil-filled pipe. Since the
intervening medium is a fluid, the mode
of heat transfer simultaneously involves
convection, conduction, and radiation.

The semiempirical methods now in use
for this determination in the case of cables
in duct are not entirely satisfactory, and
with the adveat of gas- or oil-filled pipe-
type cables there has arisen a definite
need for a method of evaluation {or these
cable types as well.

Because of the complex nature of the
problem and the number of independent
variables which are preseat, it is imprac-
tical to cover completely all possible com-’
binations which may be met within prac-
tice solely by tests. By developing a
theoretical relationship between the vari-
ables, however, it is possible to develop
procedures by which the test data avail-
able may be analyzed in such a way that
relatively simple working expressions
may be derived which may be applied
with sufficient accuracy over the entire
working range.

The theoretical relationship for the
case of cables in duct was recently pre-
sented in a paper by one of the authors.}
In the present paper this relationship has
been extended to cover oil and gas pipe
systems as well, and from the test data
presented the requisite working expres-
sions for thermal resistance or surface re.
sistivity factors have been ohtained.

Theoretical Considerations

The theoretical rclationships given in
Appendix II of reference 1 for the case of
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cables in duct have been expressed more
completely to account for the physical
characteristics of the media involved in
Appendix T of this paper. The resulting
equations for the the thermal conductiv-
ity between cable and duct or pipe with
air or gas as the intervening medium are

0 0.092 D,"/saTVp'r
——(gas) =~ 7
AT 1.394-D,’/Dq

0.0213 -
—2C . 10.102D,"¢(1+40.0167
TogaDes Dy T 0-102D4"(1+0.0167Tm)

sratts per degree centigrade foot (1)
and with oil as the medium

2 o) 0.053D,"/aT/s\T,"/¢ | 0.116
aT"’" 130+D,'/Ds  loguwDe/Dy’
watts per degree centigrade foot (2)

For asingle cable D,/ = D,, the diameter
of the'cable. For three cables in the pipe
or duct it is customary to base D,’ on the
circumscribing circle of the cables in tri-
angular configuration, D, = 2,15 D,. For
two cables the relationship D, =1.65 D,
is satisfactory.

It will be noted that the primary vari-
able in equation 1is D,’. Asa result, sub-
sequent analysis and development will be
facilitated if this equation is written in
the equivalent form

Q 0.092ATYp"1
D,'AT  D,"7%(1.394D,’'Da)
0.0213
D,’log D4/Dy’
watts per degree centigrade oot inch  (1A)

+0.102¢(1-+-0.0167 7}

From the method of derivation which
assumes a coaxial arrangement of the
cable within the duct or pipe, the numeri-
cal constants of the first two terms of
equations 1, 1{(A), and 2 must be con-
sidered as being approximate only, They
will serve, however, to evaluate the rela-

Buller, Neher—Therme! Reststance

tive magnitudes of the terms, and the
corresponding values finally employed
will be based on test data. , .. ...

As a practical matter, a high degree of
accuracy is not required since the thermal
resistivity between cable and duct or pipe
represents a ‘relatively small part of the
total-thermal Sreuit, and we are justified
in materially simplifying these equations.
From the standpoint of analysis of the
test data and the subsequent develop-
ment of working expressions, it is desir-
able to utilize the simple linear relation-
ship

ymox+b h €)]

where y and x are variables and @ and §
are constants. Equations 1 and 2 are of
this form provided that the second (con-
duction) and third (radiation) terms may
be considered as constants withia the de-
sired accuracy of the final result. Con-
sidering equation 1A the conduction term
constitutes about 14 per cent of the total
in the case of a typical cable in duct in-
stallation, and about 8 per cent for a
typical gas-filled pipe-type installation at
200 pounds per square inch. The corre-
spoading values for the radiation term are
63 and 43 per cent.

Normal variations in D,’/D4 may pro-
duce considerable variation in the con-
duction term, but the effect on the over-
all picture is small, because conduction is
such a small part of the total heat flow.
Variations of T» can affect the radiation
term by as much as 20 per cent over 2
sufficiently wide operating range; how-
ever, when calculating a cable rating, with
a fixed copper temperature of the order of
70 degrees to 50 degrees centigrade, the
range of this variable is very small, and
an accuracy of the order of 3 per cent to 3
per cent may be expected.  **

In the case of equation 2, the conduc-
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Table L,

Test Data on Gas-Fllled Pipe-Type Cable Systems

Test

Number Source Dy Da

Q_ arheh
P Q@ AT Tw DSaT Dy

1.....Detroit Bdisos Company....3.42,..6.07... 1

»

DA L L L S LI T e ean .

vee23.4..020 .,,52....0.34..

7.8...27.3...15.6...51....0.51..
14.0...28.6...13.1.,.51.
28.9...17.1...50.

0.
28.9...04.4...50....0.50,.....5.48
27.5...14.0...51....0.58......5.43
2.....Cecneral Blectric Company...3.92...6.07... 1.7... 7.3... 6.2...39....0.30,,....1.64
11.4... 9.7...45....0.30,.....1.63
...0 Jareee 1,73

2

15.2...12.4...50
7.8... 6.8... 4.7.,.30
11.8... 7.0...43.
14.9... 8.9...45.
14¢.6....6.8...,3.7..,35,...0.48.
11.2...7538...40....0. 49......] 22 -
15.0... 8.0,..45....0.50,c..0.4.85

3. ¢00.GCeneral Cable Corporation...4.90...6.07,..14.6...25.9... 9.2,,.56....0.87......4.47.
4.....General Blectric Company...4.90.,.6.07,,.14.6...23.1...11,8, . .44....0.40......4.77

«

Tnb}e {l. Test Data on Cables in Fizn:a;d Trni;;};e Ducts Encased in Concrele

Test ) Q . ATV pYr
Number Sourco Duct D/’ De Q AT D/AT DY
S.iessse.Barenseher.iiaeesFiberaresss0.69....3.8 ..00 1.0.04. 6.4.....0.226........1.74

1.13.0.:3.5 o.oa 10,00 405,

1.7....11. 3... .0.203..
2.5...4.15.1,....0.235,,
1.4....24.6.....0,257.. .2
6.6....34.2.....0.281........2.65
8.1....39.7.....0.296........2.76
12.3....86.1.....0.318........3.00
0eee0.2040 00000001041
1eZcene 700000000.207.,00000.1.59
4.5....16.3.....0.248.. .1.95
8.0....30.4.....0.233..
11.0....32.6.....0.300..
14.6....48.5.....0.268..
16.8....52.4.....0. 283......-.2 61
18.4....58.7.....0.278........2.69

3.13.4043.5 1ave 00900, 1.6.....0.104........0.84

6ieooess.Johns-Maaville....Piberereseao3.38....3.85....12.5....16. 8

170000 3.2,..0.0.173,000000.1.00
2.4.... 3.8.....0.203........1.08
4.5...0 7.7,....0.188,. 1.7
8.1....12.1....,0.213..
14.8....21.9,...

14.9....10.2 ....0 230........1 56
17.5....21.7.....0 238........1.80

7........Iobns-Mlnville....Tnusite....3.38....3.88....16.7....16.9.....0.292........l..'»o

19.6....19.4.....0.299........1, 58
23.3....22.0....,0.314........1.60
26.4....24.5.....0.318.,......1.64

tion term coastitutes about 24 per cent of
the total for a typical oil pipe installation.
Variation is more important than is the
case with the gas-pipe cable, but is stiil
within tolerable limits,

One peculiar phenomenon has been ob-
served. The ratio of Ds/D,’, which ap-
pears in the conduction term also, ap-
pears in the first (convection) term of
equations 1 and 2 but in such a way that
a change in this ratio produces aa oppo-
site, though lesser,” effect on the total
value of these equations. A minimum
error should, therefore, prevail when the
conduction term is treated as a constant
if the denominator of the convection
term also is treated as a constant. This
procedure will simplify the convection
term but it will have the effect of approxi-
mately halving its numerical constant as
compared with equations 1 and 2 since

1950, VoLume 69

the numerical value of the denominator
omitted is in the order of two. Actually
the test datd was analyzed both with and
without this simplification, and no ap-
parent change in consistency in the re-
sults was observed.

Analysis of Test Data

1t follows from the preceding discussion
that the test data for cables in duct and
for gas-filled pipe-type installations may
be analyzed by plotting the observed
values of

ATYsp'1

T @

y-m against x=-
The data given in Table T were compiled
from tests on gas-filled pipe-type cable
systems by The Detroit Edison Com-
paoy,! the General Electric Company,

Buller, Neher—Thermal Resistance

and the General Cable Corporation, These
data are plotted in Figure 1 and the values
of a and b in equation 3 are established as
a=0,070; b=0.20.

Table II presents similar data for
cables in single dry fiber and Transite
ducts in concrete taken from the
Barenscher® and Johns Manville tests dis-
cussed in reference 1, These data also are
plotted in Figure 1 where it will be seen
that the Transite duct points fall on the
gas in pipe curve, but the fiber duct
points result in a different curve haviag
the same value of a=0.07 but $=0.10,
This difference may be explained by the
fact that the duct wall departs from an
isothermal as a result of the relatively
high thermal resistance of the materials

used, that of the dry fiber being consider=""" < *

ably higher than that of the trausite.!

The test data for oil-filled pipe-type
cable systems from tests by The Detroit
Edison Company,? the General Electric
Company, and the Okonite Company are
presented in Table III and plotted in
Figure 2. In this case, the analysis has
been made by plotting the observed values
of

7'39-7.: against z-D.;'/‘AT'/‘T..'/‘ (s)

aad results in the values of a=0.025
b=0.60 in equation 3,

It will be seen from the analysis of the
test data that the agreement between
theoretical and observed numerical con-
stants of the simplified convection tecm is
extremely good in the case of oil as the
medium, but in the case of gas, the ob-
served value of 0.07 is somewhat higher
than the expected value of about 0.046.
This is rather surprising since tests num-
ber 2 (with gas) and number 9 (with oil)
which are consistently close to the es-
tablished curves in Figures 1 and 2 were
made with the same physical setup which
remained unchanged throughout the
tests except for the change in the media
employed. Therefore, we should expect
the ratio of values obtained to be the
same as the ratio of the numerical con-
stants of the convection terms in equa-
tions 1 and 2. :

This discrepancy seems to be due to the
fact that in the case of several cables
within the pipe, a condition of the major-
ity of test data, there is an additional cir-
culation of the gas between the cables
themselves which is not properly ac-
counted for by the use of an equivalent
diameter for the three cables, but which is
apparently not effective when a more
viscous medium such as oil is employed.

As indicated before, however, a high
degree of accuracy is not required, and itis
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s Table lll.  Test Data on Oll-Filled Plpe-Type Cable Systems
Test _0_ ' D U
Namber Source DS Du Q AT Ta AT DMNaTY/sr s
Bieeeer e Detroitesesercacenes eneeeset.83,..6.07,,.26,2.,, 8.9....49....2.94.
8.6.., 3.0....37....2.19..

9.c0000.Geaeral Blectric Company. .,3.92.,.8.07. ’

11.4... 4.5.,..44...,2,53,

16.5... 5.
41000 2

0.4, 4.

10.......Okogite Company.......... 4.50...6.13, | Jeires 34

21.8... 8.8

35.2...11.4 .

34.9...11.7.,..48....2.98........133

. - e - . PR T
felt that a working expression based on 40

the foregoing analysxs will be sufficiently
accurate, -

Working Expressions - -

In formulating the thermal resistaace
between cable and duct, it is customary to
express this resistance in terms of an
equivalent surface resistivity factor, as-
suming that the entire resistance was
concentrated at the cable surface, accord-
ing to the expression

H,4=0.00411 == thermal ohm feet

D,’ ©

in which g is expressed in degrees ceati-
grade square centimeters per watt. Since
H,s= aT/Q it follows from equation 6
that

aT . .
B=243 =n degree centigrade centimeter

Q

perwatt (7)
and

ﬁ'/‘Q‘/‘
D7 =—.7— (degrees centigrade)V"

®

It is thus possible to develop working ex-
pressions in terms of 8 in the case of
cables in duct. or gas-filled pipe by sub-
stituting equations 7 and 8 in equations 3
and 4 with the appropriate values of ¢ and
b. In the case of oil-filled pipe a simpler
expression is obtained in terms of H,q.
For cables in single dry fiber ducts

13,700

Vip\ /s
a"'(QD—,P) +5.7
L]

grade square centimeters per watt  (9)

ATV‘ 0.253 ~——

ﬂ-

‘degrees centi-

For cables in other types of single dry

W&Mﬁc

1
? 700 degrees centi-
Q'/'p
"( ) +11.3

grade square centimeters per watt

(10)
For cables in oil-filled pipe

HE

2 Camsanew y me AT -

thermal ohm
feet (11)

The value of 8 from equations 9 and 10 is
plotted in Figure'3 as a function of

H.'/"(QD,""T))" /' 124

(Q”*P/D,)"/* and the value of H,; from

equation 11 appears in Figure 4 as a
function on (QD,*T,%)Y'. Also indi-
cated on these figures are the values of
these parameters for typical conditions.
In the case of cable in fiber duct, the
thermal resistance of the duct wall is
appreciable and should be accounted for,
This is most readily accomplished by
modifying equation 6 to include this re.

.sistance. Thus

H,4'(fiber) -0.00411357-!-0.33 thermal ohm
(]
feet (12)

in which the second term represents the
difference in thermal resistance between a
4-inch fiber duct and the corresponding
section of concrete which it replaces.

Discussion of Values for Cables in
Duct

It will be seen that the method of de.
termining the thermal resistance between
&ble and duct’ presedted herein’ differs
somewhat from the method given in
reference 1, although the results are sub.
stantially the same for terra cotta and
fibre ducts. For Tranmsite ducts, the,
values of thermal resistance derived in a
more fundamental manner in the present
paper, are slightly lower than those
appearing in the reference, being equal to
those assumed for terra cotta,

It will be recalled that %&ns_@j_ng

used in developing algebraic expressions

for these values assumes an isothermal
duct wall. The test data prsentcd in

Figure 1. Analysis of test data for cables in
duct- and gqas-filled pipes

7

.4 4

[

Os AT

3
2 3—ii-s

3
AT"‘ P"‘z
o%

o
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'.{:'tﬁ'-and plotted in Figure 1, how-

s hitdicate a.good correlation even

GTere there is substantial deviation from
AP cumed isothermal as indicated by
ZBasic data on which the table is based.
fithint the range covered by the data, in-
“ng the departure from the isother-

1. changes the resulting constants some-
Fhiat but does not invalidate the method

it gnalysis.
:=It follows therefore that a considerable
dation in g for cables in single-fibre
‘may be expected depending upon
felative thermal resistivities of the
wallvand.the surrounding medjum,
i otier data which has come to the
thore*~attention confirms this. Thus
Seattve of Fi uct should
nsidered as an upper limit.

7 Smilarly, the application of the values
g"‘;@l for single ducts to the case of cables
Yimultiduct structure, depends upon

(]

>

iStect which the total heat field has in
Ty fier changing the temperature gradi-
Ehite'dround the individual duct walls.

?Hata given by Smith in his discussion

multiple-fiber ducts in concrete corre-

\jédmg closely to the curve for cable
Gk ey .

T '::‘indimted in reference 1, addi-
ional test data taken on multiple-duct
;a_,‘ blies are desirable to definitely
tablish the limits under these conditions.
‘reasons also indicated in reference 1

i~ Valties are not directly comparable
«,“'}hg values adopted by the Insulated
Power ‘Cable Engineers Association’ and
ot directly adaptable to their calcula-

gggmeedure.
e
357
s
wonclusions
‘i_".t:"- .
ii‘afrﬁg theoretical relationships between
gyarious quantities involved in the effec.
__,:thcrm.:sl resistance between cables and
.a‘_ggrroundu.xg single duct or pipe have been
=developed in a manner which properly
tocounts for the simultaneous modes of heat
. ;x' by convection, conduction, and
tion,

; - By means of these relationships certain
tgt data on cables in duct and in gas- and
oil-filled pipes have been analyzed and work-
g curves are presented for determining the
rmal resistance for any particular case
may be encountered in practice.

_Qt.‘.'(_{nder typical conditions representative
Vues-of the equivalent surface resistivity
S50t 8 for use in equation 6 arc 800 degree
A.'-I_I{?_dc squarc centimeters per watt for
,,19,' In pipe, single dry terra cotta or
BMsite ducts at atmospheric pressure, 450
{gl_blcs in gas-filled pipe-type installa-
at 200 pounds per square inch, and 350
les in oil-flled pipe-type installations.
sSentative values of 8 for cables in

m'dry fiber ducts will vary from 850 to

el e
On

g, .

z?fm(c_p:nce 1 indicates a value of g8 for "

20

24

H
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U
{
i

o}

“20 0 40 0

of atk

Appendix |. Theoretical -
Development of Thermal Con-
ductivity between Concentric
Isothermal Cyclinders with Gas
or Qil as the Intervening Medium

The mechanism of heat teansfer betiveen a
cylindrical radiator and an enveloping iso-
thermal enclosure through an intervening
fluid medium is such that a portion of the
total heat Gow Q is carried by convection
Qcr. 3 portion by conduction Qes, and the re.
mainder by eadiation Q. In formulating
the components of the thermal circuit,
therefore, it Is wiore convenient to work in
terms of thermal conductances rather than
thermal resistances since the former quanti-
ties are dircctly additive. Thus, if 3T is the
temperatuce drop in degrees centigeade
across the circuit

‘AQ_I"--AQ-'SI!‘ 'g-‘;‘.+ %\vuus per degree centi-

.

grade foot  (13)

Buller, Neher—Thermal Reststance

"

0 70 00 1o 120 130

T3

m

Figure 2.  Analysis of test data for cables in
oil-filled pipe

The phenomenon of convection involves
the conception of the temperature drop
being concentrated in two films, one at the
surface of the eylindrical radiator of diame-
ter substantially cqual to the diameter of the
radiator D, in inches, and one at the surface
of the enclosing isothermal sucface which will
be considered also being cylindrical of
diameter Dg. The following formula based
on McAdams? (equation 42, page 251, Ist
edition only) is applicable to either film.

Qe = 122D,/ AT/ K watts per foot  (14)

in which Dy is in inches, and

$1C,p e\ /¢

K -( "z'-) watts per centimeter /¢ de-
B p

grees centigeade /¢ (15)

The significance of the components of
equation 15 and representative values for
gas (air or nitrogen) and Suniso number 6 oil
are given in Table (V.
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In the case of air or inert gas, these physi-
cal propesties are substantially independent
of temperature over the working range but
the density is a direct function of the
pressure. Thus, if P represents the pressure
in atmospheres, from equation 1§

K, =0.000755P"/* watts per centimeter V/*
degrees centigrade /¢ (16)

When oil is employéd as the medium the
physical constants are- substantially inde-
pendent of pressure and temperatures with
the exception of the viscosity which for the
type of oil commonly employed (Suniso
number 68) may be taken as varying in.
versely as the cube of the temperature ac-
cording to the relationship

Ho ™= grams per centimeter second (17)

T 3
The value of X for oil thus becomes

Ko=0.000434Tm"/* watts per centimeter'/*
degrees centigrade /*  (18)

The solution of equation 14 for the two
films in series and with equation 16 or 18
substituted therein is given with sufficient
accuracy by the expressions K *

Q" '/c ATV 1pYs
arEs) =0 0927 1.39+D,/Dq

gree centigrade foot (19)

Qn .,‘AT;,‘Tm' ‘
(oxl) 00& 139+ D,/ D¢

degree ceatigrade foot (20)

watts per de-

watts per

From a theoretical standpoint the ex.
pression for the conduction component
should take into account any eccentricity
between the cylindrical radiator and the
enveloping isothermal enclosure. In the
practical case of cables in duct or pipe the
cables will not rest usiformly on the bottom
of the duct, and also in the case of a non-
metallic duct the duct wall is not strictly
maintained as an isothermal. Since thesc

. cffects cannot be evaluated, the familiar

Table IV

Symbol Quaatity Taits Gasat$0C Oilat30C

P oo Theramal resistivity.eiaues C cm/watt,.. 3,900, . vu00ss

Mo . s Average absolute vixooi(y grams/cm sec . 0.00019

é.. P o L S graas/eal .. 0.00110

Cricennnanas Specific heat at comuat preuu covatt 30¢/Chrvicanss 0.995.0...

gram
Lovsanannnea Acceleration due €0 £rAVItY.  ueorenseCm/328 hueneevene 9800 oues caress980
€suannns e Thermal coeflicient of espaasion, .. ... e ed/Curevaaevssnrnss 000310, 0ucses, 0.00088
» "
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coacentric cylinders in terms of the dimen-
sions of the cylioders and the thermal re-
sistivity of the medium will be used. Thus

ch 0.0213 CD"\W &\‘OV\
o ——— tts d
ar® i) = logn Da/Ds 0 per degree
centigrade foot  (21)
Q;a 0.116
t d
( il) = fogn De/Ds watts per degree

centigrade foot (22)

The radiation component with gas as the
medium is given with sufficient accuracy by
the followmg expression based on McAdams?

equation §, page 61, ﬁrst editio P
Q' Rada ak»-\.
(gas) =(.102D,¢(14+0.0167Tm) watts

per degree centigrade foot  (23)

in which ¢ is the emissivity coefficient of the
surface of the cable and T, is the average
temperature of the medium. The radiation
term is ineflective whea oil is the medium.
The over-all thermal conductivity is ob-
tained by substituting equations 19, 21, and
23 or cquations 20 and 22 in equation 13.

Appendix Il.  List of Symbols

Q= total heat flow from equivalent sheath
to duct wall or pipe in watts per foot

AT = temperature drop in degrees centigrade

P = pressure inatmospheres

D, = diameter of the sheath in inches

D,’ =cquivalent diameter of a group of
cables in inches )

D¢ =inside diameter of the duct wall or pipe
ininches
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T\ =average temperature of the medium in

° degrees centigrade

<—fcocfﬁcient of emissivity of the cable sur-
ace

x and y=rectangular coordinates

a and bdm=experimentally determined cone
stants

H,q =thermal resistance between equiva-
lent sheath and duct wall or pipe in thee-
mal ohm feet

Hiq' mequivalent thermal resistance be-
tween equivalent sheath and fbre duct
wall including the increased thermal re.
sistivity of the duct wall over that of the
surrounding medium in thermal ohm feet

Bmequivalent surface resistivity factor in

» degrees centigrade square centimeters-per
watt .

o™= thermal resistivity in.degrees centigrade
centimeters per watt -

p==average absolute viscosity in grams per
centimeters second ...

3= density in grams per cubic centimeter

Cpmspecific heat at constant pressure in
watt seconds per degree centigrade gram

g=acceleration due to gravity in centimeters
per second squared

ew thermal coefficient of expansion in centi-
meters per centimeter degree centigrade -«

Kma factor dependent upon the physical
constants of the medium in watts per
centimeter'/s degrees centigrade™s,

s
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Discussion

R. H., Norris and Mres. B. O. Buckland
(General Electric Company, Schenectady,
N. Y.): Efficient work in the heat-transfer
field on a variety of applications requires
awareness of the definitions and units, in
order to avoid confusion and misunder-
standing. In this paper and other papers
written by cable engineers, confusion arises
as to the exact meaning of the expression
*‘thermal resistivity.” Raesistivity as nor-
mally defined (by the American Standards
Association (ASA) for cxample) is a prop-
erty of a substance and is not affected by
its geometry; for example, the resistivity of
copper has a constant value at any specified
temperature, while its resistance depends on
, its size and shape. Then the use of the
word “resistivity" for surface phenomena is
a misuse of the term.
To show how the distinction between
resistance and resistivity eaters into the

1950, VorLume G9 .
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picture, the thermal circuit for a single-
conductor cable in air is given in Figure 1 of
the discussion.

In this figure, Ly, 4a, and £ are tempera-
tures of copper, sheath, and ambieat, re-
spectively, 8 is insulation thickness, p is
thermal resistivity of the insulating material,
Ay is the log mean area of the insulation for
heat flow, A,;a is sheath area, and B and
B, are the cable engiaeers’ terms for “sur-
face resistivity” for free coavection and
fadiation. Each fraction in the Figure is
the thermal resistance; and when resist-
ances and temperatures are known, the heat

. dissipation of the cable is known. Butin

order for the resistances to be dimensionally
consistent, the dimensions of p must be differ-
ent from the diménsions of 8, and therefore
p and 8 sbould not be called by the same
name. * '

Since the definition of p as thermal resis-

tivity conforms to ASA standards, it might

be better to denote 8 as thermaltesistance
of a unit surface. Its reciprocal 4, is defined
as surface heat transfer coefficient, or alter-
patively as surface film conductance. The
concept of conductance is particularly
applicable here, as the total film conduct-
ance is the sum of 4 and A, and therefore
numerically easier to handle.

The units of length used in the paper seem
to be a mixture of metric and engineering
units. A combination of square ceotis
meters with feet has no logical basis. Ifany
cable dimensions were expressed in ceati-
meters, the mixture would be logical al-
though not standard; but since dimensions
are ot 50 expressed, it seems time to aban-
don this ‘practice and use the engineering
system of units throughout.

It is therefore proposed that the AIEE
Comimnittee on Insulated Conductors take
steps to persuade its adherents to become
familiar with ASA standards and to use
them where they apply.

R. W. Burrell (Consolidated Edison Com-
pany of New York, Inc., New York, N. Y.):
The authors have presented a desirable
claboration of Appendix II of a previous
paper by Mr. Neher.! Although the ap-
proach to the problem is uot changed, the
material presented in the Appendix referred
to is of sufficient importance to justify a
morce detailed presentation.

It isapparent to those engaged in the field
of cable heating that the Insulated Power
Cable Engineers Association recommended
value of 8, while perhaps sufficiently conser-
vative for general design, lacks the flexibility
needed in comparing alternative construc-
tions. Precise determinations of 8 *for
various types of installations may not be
possible because of inherent variations in

the physical constants involved: however,..

as additional test data are compiled, the

Lo tn te
s
Awm
4 b
2
Ay
A

Figure 1. " Thermal circuit for single conductor
in air

~
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probable maoge of g, for a particular case,
will be better understood, thereby making
possible more realistic comparisons. The
authors clarify our conception of the effect
of the various parameters iavolved in the
temperature drop between cable surface and
duct or pipe wall. For a given system of
cables in duct or pipe, the thermal resistance
will decrease sensibly with increasing watts
loss. .

W. B. Kirke? introduced this modification
which is taken into account in determining
cable ratings for the Consolidated Edison
system. .

As one follows the assumptions made in
this paper, there appear various points to
which exception,might be taken on the
ground that they are not substantiated,
for example: the assumption of the same
constant in the expression for the convection
flm at the cable surface and at the inaer
_duct wall, the treatment of conduction on
““the ‘basis of a concentric system, and the

arbitrary assumption of an emissivity co-
efficient of the cable surface of 1.0. Yet,
the important poiat is that putting all of
these various assumptions together in the
particular form givea in the paper, the over-
all ead result does produce expressions which
are reasonably satisfactory.

It is unfortunate that, while the basic
equations and the selection of parametecs
havé a reasopably sound theoretical basis,
the final working expressions given are
esseatially empirical and do not allow an
accurate determination of the separate
effect of the three modes of heat transfer.
Ona the average, the caleulated values of
Q/AT for the oil-filled pipes, gas-filled

* pipes, and cable in duct are about 5 per cent
15 per cent, and 55 per cent higher, respec
tively, than the measured values givea i
Tables I, II, and III of the paper. Special-
ists in the field of cable heating would be
interested in knowing which component or
components are responsible for these dis-
crepancies so that extrapolation into aew
fields could be made with confidence.

It is stated in the paper that the agree-
ment between theoretical and empirical
pumerical constants of the simplified con-

. vection term is close for the ease of an oil
medium, but is off appreciably for the case
of 2 gas medium. It also can be said that
the conduction-radiation constant agrees
with theory for the case of a gas medium;
however, for the case of an oil medium, the
constant theoretically appears to raage
from 0.60, as given in the paper, to early
twice that value, depeading upon the values
of D,’ and D¢ involved.

From the over-all standpoint, it neverthe-
less appears that the expressions for 8 and
H,4. as given in equations 9, 10, and 11 of
the paper are quite workable and agree with
test data as well as could reasonably be ex-
pected, A high degree of accuracy in the
calculation of allowable current ratings of
cables is not yet to be expected but impor-
tant work has been done ia the past few
years in clarifying our understanding of heat
flow through duct structures and the earth,
and this paper is an important contsibution
to such understanding.
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R. J. Wiseman (The Okoaite Company,
Passaic, N. J.): I like theauthor's paper very
much, It explains the three methods of
heat flow from a cable to a surrounding
medium, namely, conduction, convection,
and radiaticn. Also, they give the various
parameters which influence each factor
namely, cable diimeter, temperature, and
temperature difference, and viscosity of the
medium. The various formulas look quite
formidable when we note terms raised to
fractional powers. It is not easy to obtain
the constants for each formula as they are
dependent on conditions not easily calculable
so it is necessary to get test data and work
back to numerics which will give the de-
sired results. It so happens that asall three
modes of heat transfer are functioning at
the same time, a change in dimensioning
tends to work in opposite directions, reduc-
ing thereby the effect of diameter, Also the
range in-temperature is not great and as we
take the one-fourth power of temperature
difference and three-fourths power of
temperature, the variation with tempera.
ture is not great.

About two years ago we decided to re-
study the thermal constants we obtained
when we originally set up the Oilostatic
cable system. At that time we used the
cylindrical log formula of ratio of internal
pipe diameter to circumscribed circle over
the assembled conductors, and also a con-
stant which was a function of the tempera-
ture.

Our more recent tests showed that the
thermal resistance was almost independent

"

« of temperature (a variation of about 10 per

cent between 30 and 61 degrees centigrade)
for an oil pressure zone and a very few per
cent for a gas pressure zone at 200 pounds
per square inch. We also noted that
within the accuracy of testing we could
safely assume the thermal resistance to
vary as inversely as the diameter of the
shiclding tape over the insulation., As a
result, we have set up two simple formulas
for the determination of the thermat resist-
ance of the pressure zone for three cables
in a pipe, namely, for oil-pressure system
Hw»1.680/D thermal ohms per foot per con-
ductor where, D is the diameter in inches
over the shielding tape; and H=2.58/D
thermal ohms per foot per conductor for a
gas pressure zone operating at 200 pounds
per square iach., You will nd these values
of thermal resistance for the pressure zones
amply accurate.

As the authors refer to the surface resis.
tivity factor 8, the values of 8 comparable
to the above constants in KH=0.00411 8/D
are 8=390 for an oil-pressure system as com-
pared to 350 given by the authors and f=
627 for a gas-pressure system at 200 pounds
per square inch as compared to 450 given by
the authors. We are quite confident in our,

values and have becn using them for over 2

year.

Paul Greebler (Johns-Manville Corpora-
tion, Manville, N. J.): In this paper the
authors have contributed immensely to-
ward an understanding of the mechanisms
of heat transfer from the cable to its sur-
rounding pipe or duct wall. The theoreti.
cal analysis was necessarily based upon the
simplifying assumption of a coaxial cable in
duct arrangement. This does not, however,
detract from the value of the analysis given

-
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in the paper, since this analysis gives the
order of magnitude contributed by each of
the three mechanisms of heat transfer.

The authors have assumed for cable in
duct that the component of the thermal con-
ductivity due to radiation can be treated asa
constant in the range of normal operating
temperatures. Only the component due to
convection was considered as variable with

 changing cable diameter and heat flow.
This assumption does not lead to a truc pic-
ture of the variation in thermal resistivity
with heat flow, or more fundamentally, with
cable temperature. Mr. Barnctt and | have
stated in our paper’ that the decrease in
thermal resistivity with increasing sheath
temperature is caused primarily by varia-
tion in the radiation component of heat
transfer, and that the cffect of temperature
variations on convection are negligible over
the normal operating-range. . This state.
ment is verified by calculations based upon
equation 1A of the Buller-Ncher paper,
which is repcated here:

( Q ). 000287/

D,'aT/ D,"/*(1.39+4D,’'/Dd)
(convection) .

00 10.102¢(140.0167T)

Dy’ log D4/D 674
' g(c:x{du‘cﬁon) (radiation)

4+ (1A)

in watts per degree centigrade foot inch,
The emissivity factor, ¢, is assumed to be
unity at atmospheric pressure.

Table I of the discussion lists two repre-
sentative sheath temperatures from our test
data on fiber duct in concrete, and these
temperatures might very well be represent-
ative of the operating range of a cable. The
term (Q/D,’ AT) evaluated in equation 1A
is inversely proportional to the surface
resistivity factor, S.

The three terms in the equation give the
thermal conductivity components due to
convection, conduction, aud radiation respec-
tively. As we increase the sheath temperas
ture over the range shown, the increase in
the radiation term produced by substituting
our experimental data in the Buller-Neher
equation is five times greater than that of
the convection term. This shows that the
experimentally observed decrease in 8 over
this range is due almost entirely to the in-
crease in the radiation term. These cal-
culations are based, of course, on the rather
farge cable size that we employed in our
tests. A smaller cable size will increase the
effect of the convection term only slightly,
however, and not nearly enough to make its
variation with temperature equal to that of
the radiation term. Identical calculations
with our data on Transite in concrete,
Transite in air, and fber in aie, show similac

onu v .
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telative variations ia the radiation and con-
vection terms.

The authors bave neglected the variation
in radiation component of conductivity with
temperature, pointing out that these varia-
tions are quite small. This is justifiable
from a practical standpoint. However, the
variations in the convection component with
temperature also should be neglected for
practical considerations, since, us is shown
in Table | of the discussion this factor is
even smaller than the change in the radia-
tion term. This would cousiderably sim-
plify the Buller-Ncher equatious for the sur-
face resistivity factor. In their equations
9 and 10, the surfuce resistivity factor, 8,
depends upon the fourth root of the heat
flow. This does not have much significance
since it is based upon the variation in the
convection term, a Second order effect come
pared with the radiation term. Similarly
the dependence of 8 upon the square root of
the sheath diameter is doubtful, since the
change from-a fourth root to a square root
dependence in the convection term also was
based on the very small change in convection
conductivity with temperatuee.

The foregoing discussion was confined to
cable in duct with air as the intervening

. fluid. Its applicability to cable in gas-filled

‘pipe at high pressures, where convection
becomes the principal mechanism of heat
transfer, requires further study.

The authors have done an exceflent job in
helping to establish the theoretical ground-
work necessary to both encourage and guide
experimental workers in the duct heating
problem,
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A. H. Kidder (Philadelphia Electric Com-
pacy, Philadelphia, Pa.): This paper by
Buller and Neher, together with two pre-
vious papers by Mr. Neher,? completes
preseatation of the steady-state considera-
tions involved in 2 project which was started
about four years ago when Philadelphia
Electric Company interested Mr. Neher in
undertaking an investigation of funda-
mental relationships, as necessary to deter-
mine approximately what pipe-type cable
circuit load ratings would be accurately
comparable with the load ratings of con-
ventional cable circuits in ducts,

The thermal resistance through the spaces
between the cable sheaths and the pipe or

duct wall inclosures is an important link in -z

the thermal circuit. It bad been hoped th?t
a general relationship could be developed in
such a form that all of the diffevences be-

- oes neawar

Table I, Greebler-Barnett Dats .
Gresbler-
BullersNeher Begnett
1aslde Duct Meana Temperature ____ Eauatioa 1A Data
Lead Sheath Wall Surface Temperature Drop  Coavection Radistioa Aian *Clcm)'/w
Temperature Temperature® T AT Tetm Tecm —-

66.2.00cvraraescd8.8iiiiicanar 88800l
7720 hennees 83,6,

NUNTEE
reraee8S4i il 23600000 065...0.213,..,..030

venns 0062,,.0,108....,..900

{ocrease — ¢ 003...0.015....... 60 == decresse

*Temperatures are ia degrees ceatigrade.
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The {aside duct wall 1ucface tempecature is ag aversge value,
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tween cables in air in ducts and cables in
high-pressuce gas or oil-filled pipes could be
cxplained in terms of the physical coastaats
ich characterize the respective fluids and
~ pertinent geometrical relationships.
+ method preseated by Buller and
1. . has approximately achieved this re-
sult, at least to the extent of permitting the
correlation of data obtained by vacious ine
. vestigators at vatious times in various coa.
* structions, It does not disturb me par-
ticularly to find that there is some apparent
difference between the effects of Transite
and fiber duct walls, respectively, under the
coaditions which prevailed at the time the
tests were made. I think we should hesitate
to attach much significance to these appar-
ent differences because there was no attempt
tocontrol the moisture content in the fiber or
the Transite, or even to make the tests
under conditions comparable to those to be
expected in the usual exposures to natural
but variable moisture conditions to be en-
countered in underground structurcs, The
significant point is that Buller and Neher
liave obtiined a correlation which now per.
mits estimating the thermal resistance from
cable to pipe or duct wall with sufficicut
accuracy, so that little, if any, practical
finprovement in cable load ratings can be
gained by introducing further refinementsin
their analysis of this part of the thermal
circuit.
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Sce reference 1 of the paper, .

F. H. Buller and J. H. Neher: Mr. Norris
and Mrs. Buckland have taken us somewhat
to task for our appareat’ inconsistency in
expressing our physical units in one system
and our geometric units in another, For
better or worse it has long been the custom
in cable rating procedure to express the
physical units involved in the watt-second.
centimeter-gram system, and to-express
lengths in feet and diameters in inches. In
developing our equations it would have been
rmore consistent to have expressed the latter
quantities also in centimeters, and thea to
have coaverted the final expressions to'the

system of measurement used in practice.

We chose to use the mixed system through.
out, however, in order that the reader might
be able to use any equation in the develop-
ment, directly, without encountering the
uacertainty which inevitably arises as to
whether you multiply or divide by the trans-
formation coustants,

The use of the term “surface resistivity
factor” is 2 slightly different matter, and as
our mentors have pointed out, it has dimen-
sions whxch are not thosc of true, or volu.’
metric, “resistivity.” Here agais, this
nomenclature has been hallowed by time
and is thoroughly understood by cable engi-
neers, for whom this paper was written, It

”should be stressed, however, that this “sur.
face resistivity” is mot a fundamental
rsical quantity, in the sease that volu-

.ctric resistivity is; but as pointed out, is

the resistance of a unit surface of a Glm
which, purely for purposes of convenience,
isassumed arbitracily to represent the entire
thermal resistance of the composite heat
transfer effects operating in the fegion be-
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tween cable sheath and duct wall, 'It is un-
fortunate that we do not have a more dis-
tinctive name for it.

Mr. Burrell has prcscnteda thoughtfuldu-
cussion of the assumptions which we have
made in developing the theory used for
correlating the test data. In this respect, a
book by Prof. McAdams! gives a constant
for the convection film on the outside of a
cylindrical surface in a free medium which is
about 20 per cent lower than that for the in-
side of a pipe and which we have used for
both flms. We have not distinguished be-
tween the two constants because no informa-
tion is given as to the values of these con-
stants when the cylinder is placed within
the pipe. \While a formula for the conduc-
tion component in a non-concentric system
is given by Whitchead and Hutchingstit is
far too complicated to use in this analysis,
‘and it reduces substantially to the concentric
formula which we have employed except for
extremely small scparations between the
cylinders at oue point. Further there is
considerable experimental evidence to sup-
port the assumption that the emissivity
constant is substantially unity for the types
of cable surfaces employed.

Discrepancies were expected, because of
the assumptions which had to be made, and
because the physical location of the cables
within the pipe cannot be controlled. We
have used assumptions and theory only to
obtain a sensible understanding of the
problem with which we have to deal and to
determine what simplifications can justifis
ably be made in order to obtain practical
working expressions. These working exe
pressions were then developed directly from
actual tests rather thaa from theory. Wedo
not share Mr. Burrell's desire for working
expressions of sufficient complexity to
identify the separate effects of the three
modes of heat transfer.

Der, Wiseman's simplified formulas for
caleculating ke, (on a per cable basis) for
three cables in an oil-filled pipe or in 2 gas-.
filled pipe at 200 pouads per square inch are
very interesting and similar formulas may
be derived from Figures 3 and 4 of the paper
assuming that Q, P, and T,y have fixed
typical values. Unfortunately De, Wise-
man's desivation of the equivalent 8 in his
formulas gives values which are not com-
parable to 8 as defined in this paper. The
cormspondmg relationship for B asdefined in
the paperis

he 0.004118
3 215D,

and this yields 8 = 290 for the oil-pressure
system and 8 = 450 for the gas-pressure sys-
tem.

We canoot accept his formula for the oil
system since its correspondmg value on 2
total hc:xt flow basis i3 H,d = 1.15/D,’
which is equivalent to Q/AT = 3.9 for
D,’ = 4.5. Noue of the tests cited in Table:
111 of the paper give ang support for so high
a value.

Dr. Wiseman also assumes that the over-
all thermal resistance varies inversely with
the diameter whereas we believe that a more
representative variation may be deduced
from the slope of the curves of Figures 3 and
4 in the vicinity of the typical operating
points, Thus for Q = 25 watts per foot and
Tm = 50 degrees centigrade, we desive the
simplified expressions

Buller, Neher—Thermal Resistarce
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H,¢ (0il) ~0.70/D,""/* thermal ohm feet (1)

Hi¢ (gas at 200 psi) = i.20/(D;')"' thermaal
ohm feet (2)

The corresponding equations on a per
cable basis and with three cables in the pipe
are

1.44

higm—= ._; and kg — { D ) i respectively

Figures 3 and 4 are intended to give prac-
tical working values of 8 or H,q over a wide
range of operating conditions. Mr. Greebe
ler is right in pointing out that the effect of
temperature variations upon the radiation
component is considerably greater than the
effect of variations in the convection term
which is the cssential variant in Figure 3.
The inclusion of the temperature of the
medium in the working expressions would
vastly complicate them, however, and as a
practical matter this is unnecessary.

In all of the Greebler-Barnett data? it will
be observed that 8 varies inversely as QY+
within the accuracy of measurement. The
dependence of 8 upon D, cannot be evalu-
ated from this data since only a single value
of D, wasemployed, but since the convection
term theoretically varies directly as Q¢ /D'
we believe that the temperature variation in
the radiation term which Greebler has men-
tioned will be accounted for with sufficient
accuracy by expressing the Greebler-Barnett
data for fiber and Transite ducts in the form

B(fiber) = 1120D,"/1/Q"/¢ degrees centi-
grade square centimeters per watt  (3)

B(Transite) =990D,"/1/Q"/* degrees centi-
geade square centimeters per watt  (4)
This will have the effect of changing the

slope of the curves when plotted in ac-
cordance with Figure 3.4

The cofresponding values of Hyg assuming *

a working value of Q = 10 watts per foot
are

H,¢ (fiber) =(2.59/D,"/%)4-0.33 thermal
ohm feet (5)

H,¢ (Transite) =2.20/D,"/* thermal
ohm feet (6)

While further theoretical and upmmen-
tal work may well be undertaken in order to
clear up some of the apparent discrepaacies
between theory and practice and to yield
more factual data on the performance of
cables in duct; we agree witk Mr. Kidder
that little of any practicalimprovementin
cable load ratings will result. We do not
wish to discourage further efforts in this
direction, but we feel that it is sufficient to
base cable ratings on Figures 3 and 4 of the
paper or more simply on equations (1, 2, 5,
aad §) just given.

s & - « ea g ® e
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ATTACHMENT 3 TO AEP:NRC:0692DF

CABLE TRAY ALLOWABLE FILL DESIGN STANDARD
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2 neat workmanship like manner.

2. (a)

O‘ D.
Figure 1.

allowable fill.

for maximum allowable f£fill.

1. In all type trays, cables shall be placed in the trays in
Crossing of cables shall
be avoided, cable pile-ups shall be kept to a minimum and
cables shall not extend above the top of the tray.

When ins:talling cables in a power tray place the power ‘!
cables in a single layer spaced approximately 1/3 the
(outside diameter of the cables) apart.

(b) The summation of the 0.D. of the power cables-shall not

exceed 75% of the tray width. See Table 1 for maximum

3. When installing cables in control and instrumentation trays, the
total cross sectional area of installed cables shall not
exceed 40% of the tray cross sectional area.

4. When it is necessary to exceed the maxixpum all!.owable.fill
approval from the responsible cable engineer 1s required.

See

See Table 2

TRAY WIDTH

ALLOWABLE FILL

0O

FOR SPACING DISTANCE

u

12

p)

BETWEEN CASLES SEE
NOTES 112 800w

FIGURE |

POWER CABLE SPACING

NOTES: .
I. FOR CABLES OF EQUAL QU., SPACING IS ¥5 O,

2. FOR CABLES OF UNEQUAL QD. SPAUING 1S V3
O.D. OF LARGER |CABLE.

TABLE |

POWER TRAY MALIMUM FiLL

.

. ALLOWABLE FILL | ALLOWAELL FILL
TRAY WIOTH | <"y 00 TRAY 1 HIGH TRAY
12’ 28.8 wt 57.6 wt

TABLE. 2

NOTES:

SIDE2OARD PER I-2- EDS-G39 (POS-1ISI).

. CONTROL { INSTRUMENTATICN TRAY MAXIMUM FILL

. AS TRAY FILL APPROACHES ITS ALLCWABLE LIMIT THE FIELD SHALL: TAKE MITe
IF CABLES ARE REACHING OVER THE SI0ES OF THE TRAY (€6.CUE TO POORLY TZAINED
. CABLES), IF NECESSARY, THE FIELO,AT ITS OWX DISCRETION SHALL INSTALL CABLE TRAY

2. IN EXTREME CASES CR WHERE SIDEBOARDS CAN NOT BR INSTALLED, THE. FIELD SHALL
INFORM THE ELECTRICAL PLANT SRCTION To €LlOsE Twe TRAY.

FOR.USE IN NUCLEAR PLANT ONLY

INDIANA & MICHIGAN ELECT. CO.] D.C.COOK NUCLEAR SLANT

POS-1191-0

ELECTRICAL PLANT OESIGN SECTION| REVISION-0O
PLANT OESIGN STANDARD

APRD Z JOR. NTC

CH.NT| DATE 2.14-8L

CABLE TRAY ALLOWABLE Tl

AMERICAN ELECTRIC PCWER SERVICE CORR .

1-2-E0S - 220 SH. |
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ATTACHMENT 4 TO AEP:NRC:0692DF

\
ANALYSES AND MATHEMATICAL MODELS ‘

. This attachment includes the pertinent sections

. : of the report on ampacity program development.

0 The original report and the computer program
were developed by the Electrical Section team

members, AEPSC, New York.







APPENDIX A

THEORETICAL DEVELOPMENT OF HEAT TRANSFER PHENOMENA
WITH RESPECT TO CABLE AMPACITY IN LOW FILL CABLE TRAYS

REVIEW OF BASIC HEAT TRANSFER MECHANISMS

Heat energy will flow through or from a body by means
of three different mechanisms:

Conduction is the flow of heat from a point of higher
temperature to a point of lower temperature, through a body
or from one body to another body in contact, without significant
molecular movement. The eguation for one dimensional steady
state‘thirmal conduction for a solid of constant cross sectional
area is ~:

g~ k 2 1%2 (1)
Where:ch= Conductive heat transfer.

kK~ "= Thermal conductivity

A = Area normal to heat transfer flow

AT = Temperature difference

X = Thickness of solid )

Convection is the flow of heat away from the surface
of a heated body by the motion of the surrounding fluid (gas
or liquid). When the motion of the fluid is produced
mechanically, the action is known as forced convection. When
the motion of the fluid is produced by differences in the
fluid density resulting from temperatuye differences, the
action is known as natural convection. The egquation for heat
transfer by means of natural convection is:

Oy~ hoy B (T4-T,) (2)

Where: = Convective heat transfer
hgz; Convective heat transfer coefficient
Ag = Surface area of the body
TS = Surface temperature of the body
T, = Ambient temperature of the surround-

ing fluid.

Anv body at a temperature greater than absolute zero
will lose heat in the form of radiant energy. Likewise any bocdy
will absorb heat radiateé from any other heated body. The net
exchange of heat is proportional to the difference of the forth
power of their absolute temperatures. The net transfer of
energy by radiation from a body to ambient or from a body to
a sgrrounding body separateé by a nonabsorbing medium is given
by ~:



-2 -

=o€, (T, (3)
Where: g_ = Radiant heat transfer
¢¥ = Stefan - Boltzman constant
€ = Surface emissivity (a factor
between zero and unity, unity
being a perfect emitter-or
"black body")
As = Surface area of radiator
T_. = Absoluter temperature of surface
S of radiator.
Té = Absolute temperature of ambient

or of surrounding body.

In actuality, the transfer of heat will be the
result of the summation of conductive, convective and radiant
transmission mechanisms or:

" Q=0d.4 + 9y * 9 (4)
Where: Q= the total heat transfer

HEAT FLOW IN CABLE TRAYS

Presently, IPCEA Standard P-54-440 is the industry
benchmark for cable ampacities in open tgp tray. Much of this
standard is based on work done by Stolpe“. The ampacities
presented in this standardé depend heavily on the assumption that
the cables are tightly packed and that there is no air flow
through the cable bundle. The cable bundle is treated as a
homogeneous rectangular mass with uniform heat generation.

Based on the above criteria, the allowable watts per linear

foot of cable tray is found to be constant for a given total
cross-sectional area of cables (at a given AT). Referring to

the fundamental equations for heat transfer outlined in the
previous section, it is clear that conductive heat transfer is
the governing heat transfer mechanism. That is to say, allowable
heat loss is inversely proportional to the thickness (i.e.,
cross-sectional area) of the body through which the heat flows,
for a given AT.

When a cable tray is filled with cables to a depth
of one laver or less, the assumption can be made that each .
cable will be exposed toc a free flow of air. In this case the
above treatment of heat transfer does not apply. For low cable
tray fills, convective and radiant heat transfer are the
governing mechanism. If this is true, the allowable heat loss
per lirear foot of cable tray will be constant for a given
total surface area of cables as per equations (2) and (3).
The valication of the above theory which is developed in the
next section is the major emphasis of this discussion.
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HEAT TRANSFER PHENOMENA FOR CABLE TRAYS WITH LOW FILL

Theory: When a cable tray is filled to a depth less than or
equal to one layer of cables, the maximum allowable
heat loss will be constant for a given total cable
surface area at constant AT.

An initial assumption will be made that the above theory is
true. Experimental data will be used to validate this
assumptlon. It will then be shown that the ampacity for any
cable in the tray may be found based on the allowable heat
loss. .

The problem will be simplified by initially assuming
that the tray contains only one size cable and that each cable
is carrying the same current. In this analysis, per unit area
refers to per unit area of cable tray.

A}

The total cable surface area per unit area is:

As= nTrd (4)
Where: As = fTotal cable surface area P.U.
n° = Number of 3 g cables per unit area
d =

Diameter of each cable P.U.

The percentage fill of the tray can be defined as the
summation of the per unit cable diameters or:

F = nd (5)

Note that this differs from the industry standard of defining
percentage £ill based on the summation of the cables cross-
sectional areas.

From examination of equations (4) and (5) it is clear
that the surface area A will be constant for a given percentage
£i11 F.

The total heat generated per unit area by resistive
heating of the cables is:

2
Q@ = 3nI°R_ (6) |
. Where: Q = Total heat generated per |
unit area. |
I = Conductor current
Rac= a.c. resistance of conductor

1
per unit length. !
|
|



.ot



Rearranging equation (5)
n = F/d (7)

Substituting in equation (6)

_ 3F 2
Q=3 I Rac (8).

Solving for the current

T I= [Qd (9)
3 F Rac
or
I= R L _
3F ‘J Rac - (9a)

According to the initial assumption Q will be constant for a
given surface area that is _to say, a certain percentage £ill.
Therefore a plot of I vs Jd/Rac for a given percent fill shoulé
vielé a straight line through the origin with slope equal to

JQ/3F.

d
Plots of I vs. ‘4Rac are shown in Figure A-1l for
several raceway configurations at a constant tray £ill of

67%. This data was determined experimentally at AEP's Canton
Test Lab (see Appendix C). As predicted, the plots are linear

and pass through the origin..

The maximum allowable heat for this tray fill may be
determined from the slope of the plots as shown below:

AI 2

, d 3F = Q (10)
VAN Rac

CALCULATION OF AMPACITY

In the previous section it was shown that the total
allowable heat, Q, was constant for a given percentage tray
f£ill. 1In order to eliminate hot spots caused by locally intense
heat sources, this allowable heat generation should be
distributed uniformly across the occupied area of the tray.

This concept of uniform heat distribution is
discussed in depth by Stolpe in Reference 2. However, whereas
Stolpe's analysis required a uniform heat distribution per unit
volume (for tightly packed cable trays)., the calculation of
ampacity for low fill trays is dependent upon a uniform heat
distribution per unit area of filled tray.
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CALCULATION OF AMPACITY (contd).,

Figure A-2 illustrates the differing requirements
of uniform heat distribution. As per Stolpe's analysis
of tightly packed trays, seven #12 cables occupy the same
volume as one 4/0 cable and thus the heat generated by the
two configurations should be equivalent under uniform heat
distribution conditions. For low fill trays, three #12
cables occupy the same area of tray surface as one 4/0

-..»cable and therefore must generate the egquivalent total heat.

A discussion of this effect on the effective diameter of the
cable group is given in Appendix B.

Keeping in mind the concept of uniform heat
distribution and rearranging equatlon (8) it can be shown
that:

> d
31 R.. = F Q (11)
or the heat produced by the resistive heating of one thrée
phase cable is equal to the percentage of the total allowable
heat, Q, as determined by the area that cable occupies, 4/F,
in the cable trays.

The allowable ampacity of any cable in tray can be
calculated if the allowable heat is known for a specified tray
£ill, from equation (9):

Qd
I = = (9)
‘/ 3F Rac

The determination of allowable heat for various tray
£fills and raceway conflguratlcns is discussed in Appendix B,
Computer Model.



‘ FIGURE A-2

D

effective \

Equivalent heat sources for tightly packed trays as per
Stolpe in Reference 2.
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B.2 Program Development

The heat transmission of cables contained in a rectangular
tray enclosed with multiple layers of fire barrier material is
guite complex and extremely difficult to model. Therefore, an
assumption was made: treat the rectangular tray and fire barriers
as cylindrical sections with the equivalent surface area.

Initially, the validity of this assumption was questionable.
However, because of the excellent correlation between computer data
andé test data, it.is.felt that this approximation is sound.

.Utilizing the prevxous assumptlon, the program was developed
based or the excellent work done by Neher and McGrath in reference
3 and Buller and Neher in reference 4.

Throughout this section, the concept of "thermal resistance”
and "thermal resistivity” will be used, these terms being the inverse
of thermal conductance and thermal conductivity respectively. It is
often easier to visualize thermal resistance analogous to resistance
in an electrical circuit, with the thermal resistance of each medium
being in series, and with the conductive, convective ané radiant
resistance acting in parallel through each medium. A typical thermal
circuit is shown in Fig.Bl.

The eguation for load capability as developed in reference 3
is given by the following equation:
T, - (T, + 4Ty)

c
Rdc(l * Yc) Rﬁa

(12)

in equation (12)

I = conductor current (kiloamps)
Tc = conductor temperature (°C)
T, = ambient temperature (°c)
ATy = dielectric losses in conductor (°c)
R3o = D-.C. resistance (microhms/ft.)
Yc = incremen§ of ac/dc ratio
R_'= effective thermal resistance conductor to

ca ambient (thermal ohms-ft.)



where:

R

lcd Roecd

R ‘ i

Q R2cv Ta

YAYAYAY

1r R2r
Te = Ty = QRy + Ry | |

Tc = conductor temperature (typically 90%)"
Ta = ambient temperature (typically 40°¢)
Q = heat energy (watts p.u.)

1l 1 1 -1
= = + = 4+ = .
Rl Rica Ricv Rar
bbb

2 2cd 2¢cv 2r

(R in thermal ohm p.u.)

In the above thermalcircuit the conductive, convective and radiant thermal resistance

components through each medium are_added in parallel.
resistance of each medium,

The equivalent thermal
Ry and R2 are added in series.

FIGURE B-l "




'B.2.1 Determination of Electrical Resistance

The D.C. resistance of a conductor may be found from
the following expression:

= 1.02 —
Rae = 222 00 [T+ 2 /(T + 20)]

where: e = electrical resistivity of coBductor
(circular MIL OHMS/FT at 20°C),
CI = circular inch area
T = inferred temperature of zero

LR resistance (°C)

The factor 1 + Yc may be determine if the ac/dc ratio is known

ac/Rdc =1+ Yc + Ys + YP (14)
where: Ys = increment of ac/dc ratio at shield
Y = increment of ac/dc ratio at pipe
p or conduit

Ys will be zero provided shields are'open-circuited and
i will be®negligable in light of the fact that most cables in a
tfay will be three phase twisted conductor. Therefore equation (14)

reduces to
Rac/Rdc = 1 + Yc o (14a)
B.2.2 Determination of Thermal Resistance

If shield and pipe losses are neglected as previously .
discussed, the total thermal resistance conductor to ambient, Rca
will be the summation of the individual thermal resistances of
each medium (i.e., insulation, jacket, air space, etc.).

The thermal resistance of the insulation may be calculated
by the following™:

R:. = 0.012 7 ; log (D;/D.)
01 log (Bj/Dg (15)
where: §i = thermal resistance of insulation
(thermal ohms-£ft.)
. ﬁ = thermal resistivity €°C - CM/watt)

diameter QZﬁF insulation (IN.)

i
D;
Dc = diameter of conductor (IN.)

The thermal resistance through relatively thin cylinders
(i.e., cable jackes, tray, fire barrier) may be calculated from the

following equation™:

t_
R =0.0104 5 n' (D_t) (16)
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where:

il

t =

D: =

The heat transfer between surfaces separated by a "dead-air

space involves the mechanisms

thermal resistance of the section J
(thermal ohms-ft.) , |

thermal resistivity of the section i
("C - CM/WATT). |
|

number of conductors contained within
the section.

thickness of the section (IN.)

.outside diameter of the section

of conduction convection and radiation.

Each corresponding thermal resistarce mist be added in parallel to

is simplier to take the inverse of the oonductances added in series.

Using the equations developed

Ceg = dcd

AT

Ccv = dev =

cr =

where: C

o
2
]

Tm=

At this point, some
the equivalent diameter of the

diameter of a 3 twisted conductor cable is obtained by multiplying

the individual cable diameters
increase the calculated therma
expected due to the-close spac

1
|
|
|
|
obtain the effective thermal resistance. However, in this case it 1
|
|
|
|

in reference 4:

0.0213 (L7

log ZD"/D'), ,

92 D% AT? P2
0.0 K39 + DI/DII (18)
0.102 D' £ (1L + 0.016 Tm) (19)

thermal conductance due to conduction,
convectéon and radiation respectively
(watts/ C-£ft)

respective heat loss (watts/ft)
temperature drop through the air space (
outside diameter of inner surface (IN.)
inside diameter of outer surface (IN.)
pressuré of air (ATM.)

surface emissivity of inner surface ’

mean temperature of air space (°c)

clarification is necessary concerning
cable or cable group, the eguivalent

by 2.15. This factor will act to
1 resistance which is what would be
ing of a 3TC cable.
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The effective diameter of the cable bundle should be
obtained by multiplying the effective cable diameter (or jacket
diameter) by the number of three phase cables in the tray. This
will be D' when calculating the thermal resistance of the air space
inside the tray. The effect is to use the cable surface area to
calculate the heat loss, which is in accordance with the theory
discussed in Appendix A.

The thermal resistance per conductor will be the total
number of conductors divided by the total thermal conductance. If
1l atmosphere pressure is assumed the thermal resistance of the air
space will be given by the expression.

' 5 et b ,
e F o 2 =n'/ [%.) +0.092 T—=0— li\)?/n" + 0.102D' € (1+00167 Tm)](ZO)
) "The thermal resistance from the last surface to ambient,
in still air can be found from the following eguation derived in
reference 3.

- = . 15,6 n' (21)
R ~ D" [(aT/D™)* + 1.6€ (1 + 0.0167 Tm)]

"e

where: D = outside diameter of outer surface
As previously stated, the total thermal resistance
conductor to ambient, R'a will be the summation of the individual
thermal resistances thrSugh each medium.
B.2.3 Determination of dielectric losses

From reference 3:

Tqa = W3  Rgi 1, (22)

where: W, dielectric loss

a
"R ' = +thermal resistivity based on
da individual thermal resistivities
at unity power factor.
Ww. = 0.00276 E2¢; cos g (23}
da log D:
4
where: E = phase to neutral voltage (KV)
¢, = specific inductive capacitance of insulatiox
cos § = power factor of insulation
D

i = diameter of insulation (in.)



s

- - -




R = R - R./2 (24)

B.3 Fire Barrier Ampacity Derating (FBAD2)

The progrim FBAD2 was developed according to the criteria
outlined in section B.2. A program listing is included in section B.4.

|
When running the program for cables in ventilated tray
with covers, enclosed in Fire Barrier Material it was determined
that the thermal effects of the tray was insignificant and could be
neglected. This agreed with the results of tests at Canton (see |
Appendix C). oo JHERGG T G i
When a ventilated tray without a cover is enclosed in a
Fire Barrier material, the thermal resistance introduced by the tray
is negligable. Therefore the tray should not be input as a "layer"
in the program.

The assumptions used to develop this program require that
the tray be filled to less than or equal to one layer of cables.
Therefore the number of circuits entered multiplied by the cable
diameter should be less than or equal to the tray width.

"When entering "N" the number of layers, the cable insulation
and jacket should not be entered as a layer. The program is designed
to account for their effect.

B.3.1 Data Input
The data required for running the program is as follows:

N == The number of layers of material enclosing the cable.
See B.3

D (I) = The equivalent diameter of layer I in inches.

(I) = The thickness of layer I in inches.

3

(I) = The dead air space outside of layer I in inches.
Enter -"1" if the air space is ambient air..
Note: Enter 'l" only for ambient air.

0

E (I) = The emissivity of surface I. The emissivity is a number less
than or equal to 1, used to determine the radiant losses, 1
being a perfect radiator (black body). See reference 1 for
additional information.

P (I) = The thermal resistivity of layer I in Oc-cm/watt.

Note: The variables D(I), T(I), S(I), E(I) and P(I) shall be
entered for each layer input.







Tl

U

T2 =

TO =

El =

Fl =
TS5 =
PS5 =

N1

DO =
DI =

Pl =

ES

B.4

B.4.1

Conductor temperature in ©cC.

Ambient Temperature in .

Electrical resistivity of the conductor in circular mil ohms
per foot. See Reference 3.

Inferred tempera%ure of zero resistance for the conductor
material. - See Referenec 3.

Line to line voltage in KV.

Specific.inductive capacitance of the insulation. See
Reference 3.

Power factor of the insulation.
Thickness of the cable jacket in inches. ‘
Thermal resistivity of the cable jacket in Oc-cm/watt.
The number of conductors per cable.

Area of the conductor in circular inches.

The conductor diameter in inche;.

The insulation diameter in inches.

The thermal resistivity of the insulation in °C-cm/watt.
The AC/DC ratio

The emissivity of the cable surface.

The diameter of the cable in inches. -

Computer printout: FBAD2

The program FBAD2 is stored in the Warner Computer System
under the access code for Electrical Plant Design Section.

Program Listing:
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REPRESEN%ATIVE AMPACITY DERATING CALCULATION RESULIS



COMPUTER ANALYSTS OF ALIOWABLE HEAT AND CABLE BMPACITY
APPENDIX R TRAYS

Cable Tray: 1AZ-P8

Total Heat Generation Per Foot of Raceway:

1470
1469
8067
8024
8187
8026
8027
2349
*1476
1488
1991

16666 R-2

*CABLE CUT IN TRAY AND TAPED

Actual:

Rl R R
WLWWWWwWwWwwwwww

TC
TC
TC
TC
TC
IC
TC
TC
TC
TC
IC
Ic

$12
$12
$12
#12
#12
12
12
#12
$12
#12

Calculated Allowable:
9.70 watts/Ft.

Cu
Cu
CuU
Cu
Cu
Cu
CU

CU [

Cu
Cu

$2 AL

#12

Cu

36.98 Watts/Ft.

Connected Load

Cable No, Cable Type Full Load Amps Allowable Ampacity

OVNNOMNO®

Calculated

21.58
21.58
21.58
21.58
21.58
21.58
21.58
21.58
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COMPUTER BANALYSIS OF ALLOWABLE EEAT AND CABLE AMPACITY

!IB' APPENDIX R ‘CONDUIT
CONDUIT . CONNECTED LOAD CALCULATED ALLOWABLE
CABLE NO, _SIZE  CABLE TYPE PLA HATTS/PT  AMPACITY WATTS/ET
*8003 R-1 4". 3 TC #2 SE~-AL 57.5 3.32 °  99.04 9.86
*8004 R-1 4" 3 TC #2 SE-AL 64.6 4.20 99.04 9.86
*8004 G-1 4" 3 TC #2 SH~AL 64.6 4.20 99.04 9.86
8026 R-1 0.5" 3 TC #12 CO 2.7  .045 25.85 | 4.14
8505 R-1 1= 3 TC #12 COU 2.6  .042 25.85 - 4.14
8506 R-1 . 1" 3 TC $#12 CO 2.6  .042 25.85 4.14
*8003 R-2 4" 3 TC #2 SE~AL 57.5 3.32 99.04 9.86
*8004 R-2 4" 3 TC #2 SH-AL 64.6 4.20 99.04 9.86
*8004 G-2 4" 3 TC #2 SE-AL 59 3.50 99.04 9.86
8154 G-2 i- 3 TC #12 CU 2.6  .042 25.85 4.14
8155 G-2 in 3 TC #12 CU 2.6  .042 25.85 4.14
*8744 R-2 4" 3 TC #2 SE-AL 71.9 5.20 99.04 9.86
*5KV CABLE

ONOTES: 1. ALL CABLES ARE 600V EXCEPT AS NOTED.
2. CABLE PLA (FULL LOAD AMP) AND AMPACITY IS GIVEN.IN AMPS.
3. AMBIENT TEMPERATURE WAS TAKEN TO BE 40° C.
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