Commonwealth Edison Company
1400 Opus Place
Downers Grove, (L 605155701

March 21, 1996

Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Attn: Document Control Desk

Subject. Byron Station Units 1 and 2
Braidwood Station Units 1 and 2
Supplemental Response to the NRC Request for Additional
Information Regarding Ampacity Derating Analyses

NRC Docket Numbers 50-454/455, 50-456/457

Reference: 1) February 15, 1995, M. J. Vonk letter to USNRC
2) March 28, 1995, K. L Kaup letter to USNRC
3) March 29, 1995, K L. Graesser letter to USNRC
4) November 2, 1995, R. R. Assa letter to D. L. Farrar
5) December 4, 1995, G. F. Dick letter to D. L. Farrar

6) December 15, 1995, D. Saccomando letter to USNRC

Reference (1) provided the Commonwealth Edison Company(ComEd) White
Paper that compared the NRC test results provided in Nuclear Regulatory
Commission(NRC) Information Notice 94-22 for determining the ampacity
derating factors for cable trays wrapped with three-hour rated Thermo-Lag 330-1
fire barriers with the ComEd analytical techniques and results used to derate the
ampacities of cables installed in wrapped trays. Reference (1) also provided the
calculation that determined the ampacity derating factors for the potential
Darmatt KM-1 Fire Barrier System to be installed at Braidwood Station.
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Reference (2) provided the response to the NRC Request For Additional
Information, pursuant to 10CFR50.54(f), dated December 29,1994, for
Braidwood Station. Reference (3) provided the response to the NRC Request
For Additional Information(RAI), pursuant to 10CFR50.54(f), dated December
29,1994, for Byron Station. Reference (4) is the NRC Request For Additional
Information regarding the ampacity derating analyses performed for Braidwood
Station. Reference (5) is the NRC Request For Additional Information regarding
the ampacity derating analyses performed for Byron Station.

Reference 6 transmitted ComEd's request to respond to the Braidwood and
Byron RAls (references 4 and 5) concurrently because many of the issues
discussed in the Braidwood RAI apply to Byron Station. The information being
transmitted in this letter is ComEd's response to the RAls

The following provides some general clarification regarding the RAls transmitted
In references 4 and 5

Generai: Though reference (1) was provided in response to phone
conversations between ComEd and the NRC staff with respect to the planned
Darmatt KM-1 installations at Braidwood, reference (2) subsequently notified the
NRC staff that the re-routing of safe-shutdown cables to eliminate the need for
installing fire-rated barriers had been chosen as the preferred option to achieve
resolution of the Thermo-Lag 330-1 issues for Braidwood Station. Similarly,
reference (3) notified the NRC staff that the re-routing of safe-shutdown cables
to eliminate the need for installing additional fire-rated barriers had been chosen
as the preferred option to achieve resolution of the Thermo-Lag 330-1 for Byron
Station, for those applications that had riot been previously protected with the
Darmatt KM-1 fire barrier. At the Byron and Braidwood stations, the installed
Thermo-Lag 330-1 fire barriers are to be abandoned in place and no credit is
being taken at either station for it as a fire barrier.

With the selection and pursuit of the re-routing option, no Darmatt KM-1 fire
barrier is planned to be installed at Braidwood station and the cited Calculation
G-63, Revision 2 no longer applies to Braidwood. However, as noted above,
some Darmatt KM-1 is installed at Byron Station and the NRC questions apply to
these Byron installations. Therefore, the NRC questions have been answered
based on the Byron installation configurations [Please note that the current
revision of calculaticn G-63 is Revision 2 Revision 3 of this calculation does not
exist, as cited in reference (4) ]

k- he ampacity7 doe
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ComEd has been reevaluating the Byron and Braidwood Thermo-Lag 330-1
ampacity analyses and has concluded that additional actions are necessary.
This reevaluation has determined that the existing analyses may not completely
envelope all installed configurations. Specifically, the as-installed Thermo-Lag
330-1 board thickness, in some cases, may be greater than the nominal value
supplied by TSI. This thicker Thermo-Lag 330-1 board value had not been used
in prior ampacity derating calculations. Also, some installations may have an air
gap between the Thermo-Lag panel and the cable tray that had not been
modeled in the prior ampacity derating calculations. These identified conditions
are being acdressed at both stations and the appropriate calculations will be
revised as necessary. During this reevaluation, ComEd will compare the
analytical methodology to valid industry test data. ComEd intends to utilize
existing industry data that is readily available and has no plans to perform
additional ampacity derating tests.

The following are the ComEd responses to the specific NRC requests and
observations as presented in references (4) and (5).

A) From Reference (4).

1) Request(Ref.: Item 1, Pages 1 & 2): " Given that the referenced 1982
ampacity experiments were performed using solid bottom cable trays and
those experimental results are bases for determining the internal
resistance between cables and the surface of a covered tray, the subject
analysis must be considered to be limited to that application. In fact, the
1982 American Power Conference paper, 'Tests At Braidwood Station on
the Effects of Fire Stops on Ampacity Rating of Power Cables' makes
note of the fact that the industry ampacity tables were found to be
nonconservative for some of the tested configurations.

Based on the above discussion, the licensee is requested to confirm that
all of the cable trays under consideration for Braidwood Station are solid
bottom trays of the type used in the original tests performed for Braidwood
Station as reported in the aforementioned 1982 paper. If other types of
cable trays are applicable for Braidwood Station, then a specific and
detailed justification for the applicability of the licensee's methodology
should be submitted by the licensee.”

k:lic.ampacity 7. doc
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2)

Answer:
For Darmatt KM-1 Installations:

All of the cable trays for Byron Station that are protected by the Darmatt
KM-1 fire barrier are solid bottom trays of the type used in the original
tests performed at Braidwood Station, and are governed by the
methodology provided to the NRC staff in reference (1). As stated above,
Braidwood Station currently has no plans to install any Darmatt KM-1 fire
barriers. Therefore, the question of cable tray wrapped with Darmatt KM-
1 at Braidwood is not applicable.

For Thermo-Lag 330-1 Installations:

The existing Thermo-Lag 330-1 installations at the Byron and Braidwood
Stations will be abandoned in place. Essentially all fire wrapped cables
trays are solid bottom of the type used in the original tests performed at
Braidwood Station. However, there is one 30 inch long section of
ladderback tray, that provides a transition between two solid bottom cable
tray sections, installed in Unit 2 at both stations. Because this section of
ladderback cable tray, with respect to the total cable tray run, is a
relatively small length, ComEd believes its effect with respect to the
ampacity derating values is insignificant . However, as stated above,
ComEd is reevaluating the ampacity calculations for the as-installed
condition of the Thermo-Lag 330-1 installed at the Byron and Braidwood
Stations, which will include an evaluation of this transition section.

Observation/Recommendation(Ref.: Item 2, Page 3): "Although the
licensee's methodology contains many conservative features, the staff
questions whether the licensee's White Paper provides an adequate basis
for validation of the cable tray analysis method. Although the staff would
not require a validation of the cable tray analysis assuming that the 1982
experiments performed for Braidwood station bound Thermo-Lag cable
tray types, it is recommended that these calculations be revisited with
valid industry test data. There are clearly more appropriate tasts for which
a more representative comparison and validation can be made (e.g.,
Comanche Peak Steam Electric Station, Unit 2. ampacity derating tests).
It would clearly be desirable to see the licensee's analysis methodology
validated against experimental data.”

klic:ampacity 7 doc
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3)

Answer: ComEd concurs that the methodology developed to calculate
ampacity derating factors is conservative, however, concerns regarding
the actual installed configurations have been identified. These identified
concerns are being addressed at both stations and the appropriate
calculations will be revised as necessary. As previous'y stated, a
comparison of the analytical methodology against valid industry test data
will be made. ComEd intends to utilize existing industry data that is
readily available and has no plans to perform additional ampacity derating
tests.

Observation/Request(Ref.: Item 3, Pages 3, 4 & 5): "SNL noted an
apparent error was made in the treatment of the air gap between the
conduit and the fire barrier system. The licensee's analysis utilizes a 'trick’
which is commonly applied to steady state rectangular problems. The
trick' involves a mathematical manipulation where the air gap is converted
to an equivalent thickness of Darmatt based on the ratio of their thermal
conductivities.". . . "Unfortunately, this approach can not be applied
directly to annular regions.”. . "Hence, the conversion of an annular gap of
air into an annular gap of Darmatt must be consistent with the above
logarithmic form.". . . "SNL recalculated the values for the 1 hour and 3
hour barrier systems for a 3/4" conduit using the licensee provided
data...." "The licensee is requested to address the above apparent
discrepancy and to revise its analysis accordingly."

Answer: ComEd acknowledges that the SNL derived equa'ic n does
provide a more accurate determination of the thermal resistance values of
the conduit covered with the Darmatt KM-1 and will incorporate it into
calculation G-63.

In calculatior G-63, Revision 2, the postulated 1/16" air gap was modeled
as an assumed condition that is not expected to exist in the actual
installation, since the Darmatt KM-1 is installed in direct contact with the
conduit surface. This assumed value provides additional margir into the
calculation and the simplified approach of converting the air gap to an
equivalent thickness of Darmatt KM-1 was considered to be an
appropriate mode! for calculating the total thermal resistance.

The difference in the resultant thermal resistance between the mode! used
and the calculation and the exact formula used by the NRC staff is 0.73
hr-ft-°F/BTU for a 3 hour Darmatt KM-1 barrier on a 3/4” conduit.

However, it appears that the value of thermal conductivity used in the
NRC staff calculation only accounted for heat transfer across the air gap

K e ampacity 7 doc
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4)

=Y conuuction. Heat will also be transferred across the air gap by
radiation, which, based on the information provided, was not taken into
account in the calculation. When the heat transfer by radiation is taken
into account, the effective thermal resistance of the air gap will be
decreased. This reduces the difference between the thermal resistance
determined in Calculation G-63, Revision 2 and the thermal resistance
calculated by the NRC staff. Therefore, since the SNL derived equation
does provide a more accurate determination of the thermal resistance
values of the conduit covered with the Darmatt KM-1, ComEd will
incorporate this equation into calculation G-63.

Observation/Question(Ref.: Item 4, Page 5): “Given the information
provided, the nature of the cable insulation and jacket resistance
calculations are not clear. Specifically, t+ 2 calculations presented as the
top six lines of page 130 of Calculation G-63 require clarification.
Although the calculations attempt to account for the cable insulation and
jacket regions as annular regions, why are the multipliers of 2 and 3
applied to various parts of the resistance? How does the lice nsee iustify
simply adding the various components without consideration of paralle!
path heat transfer and the fact that heat is not flowing from the center of
each conductor radially through each individual conductor, but rather non-
uniformly through the muiti-conductor cable as a whole?"

Answer: The first expression calculates the temperature drop between
the conductor and the insulation and individual jacket surrounding each

conductor;
0.00522x 2| p ln(i) p ln'i’—]
' ' d "\ d,

For a single conductor cable, the insulation and jacket would be
concentric annular layers, and the thermal resistance in consistent units

would be:
1 d, d,
‘z?[”"“(ﬂ*"f ‘“(zz)}

K fic ampacity 7. doc



a0 1 L7 a1 AL B 2 14 L] "
R em et
+
-t
ot
32 e 2
I T
M
' T 3
“ ' 4
L] * “B
.
” L1 - -
3 T T 1
]
- l; < IYL i
- - e
- ) o 1
. $ - ]
+
P % - me p » e I} '1‘
e > v - " l
+1t
- -
LTELL L -
2 Th —_— l.gug
s
ro wwm - -
+
as .
e see -e. - .- u
a e os apne 3
24 =22 s :
TITIITY 14
adans e asans
o caode
L T 13
bt
4 ooved su
n ' o Wb 8 ve -
- P
I o= ]
= ronae
0,2 ; > - 24 §
St S o-
e
19 )i rno
" ”
-d
+

e
1
*
=

-
~

R |
1 ~%
isd

-

TIIIT
.-

1)

I

“

Geometrc Factor (G} for Four-Conductor Befted Cables ¢
-
Three-Conductor Betted Cables

5

|

=

o

+

o

—

i1

b
Single Conductor and {G; ) for Teo and

<.
8
%

'
o w ren o
T

s
-

.
:

H 1

™

» 4#__%7 -
T
|

s
13
i
-
“

228
223

™

T

- -
: 3
it
:L\
%
&
1
: S
(e}
g
o
MF*(O)UW.C-M end (Gylfor T

- "o ' S
W4l —ein TR
¥ pe e s
»e sue ey
e
= SRR P
ol e . - Seaesees
e
1 LS
- [ T
o8y 120 - :
¥ v
=23 F3
3 a0ne:
;
-

L 3 LY Tt
*TTIITL
e enaunsoue
v
LIt
’ - 32 = e 4 -
-~ =
Mol o ? ==
- —
» e +
ya .
as = o - T e
TS  BRES ewy 0w ® owm e
o o 19 smw 4 . - I .
[ e H o mowoos s
2 $382a33: 8
04 - Inentanosas
o+ v o 0
' e s - 3T
3 " o
3T
| » v Tt It
o kot v oo It
. ¢ e
o
T
62 + 3 ettt
o
3 2

1

i
jarthy
;
Grometne Factor (Gyp) for Thres-Canductor Belted Cables

- hoe - INMEses pun T LTI b T T I 0 l.g
. - tore p
1ot tor
: - - ‘W bbbttt T LTI + e i - bt
+ > e - - TR s ”!
+ »4
SEsensieitas g
103 08
22 3
'Y o &
| 91 ;
'
el 0 0 04 OF 08 oF oF ec 1 [H] 1213 a1 LI B [ BT R ¥ R ¥ f&) “
T+t
R“”T

Fig. 2--Geometric factors for single-conductor cable and multi-conductor belted cable with round or sector comductors

Gerometric factors can be obtained by calculating the ratios (T <4 1) /d and t/T (d being defined for sector cables as the

diameter of a round conductor of the same area as the sector), and then reading the required value of geometric factor from

a curve above. The value thus obtained will be the correct geometric factor for a round-conductor cable. For sector con-

ductors the values so obtained should be multiplied by the sector correction factor. In cables of the non-type H form without belts,
such as multi-conductor rubber cables, the ratio becomes T/d, and /7 = o

13
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For the mixed units often used for cable caliculations, the inclusion of the
required unit conversion factors gives rise to the coefficient 0.00522. For
three conductor cable, the heat flow will not be uniform due to the proximity
of the other heated conductors, and the effective thermal resistance will be
increased. The multiplier of 2 accounts for this increase This factor is
based on formulations referenced in a 1957 paper by Neher and McGrath'

The Neher-McGrath paper uses equations for this temperature drop of the
form:

1 S
E;p()

where, G is a geometric factor that takes the non-uniform heat flow into
account. The expression 2 ln(%}closely approximates the values of G,

as can be seen in the plot of G taken from Figure 2, page 13 of the D. M.
Simmons paper”.

Zln(%—) = ?.ln(f"—tg—’-\.

The second term accounts for the temperature drop of the three phase
conductors passing through the overall jacket:

d)/o
0.00522x3p , In I

I

This resistance is applied to the heat generated by a single conductor.
However, the overall jacket surrounds three heat generating conductors.
Therefore, the factor of 3 is required to calculate the proper amount of
heat flowing tiirough the jacket when the equation is multiplied by the heat
generated ty one conductor to obtain the temperature drop.

'Neber, ]. H. and McGrath, M. H. 1957. “The Calculation of the Temperature Rise and Load Capability
of Cable Systems”. AJEE Transactions on Power Apparatus and Systems 76 (October):752-72.

" Donald M. Simmons, General Cable Corporation, “Calculation of the Electrical Problems of
Underground Cables”, reprinted from The Electric Journal, issues of May to November, 1932, inclusive

k:lic ampacity 7 doc
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5) Observation(Ref.: item 4, Page 5): “For this geometry, a cable resting
on the bottom inside of a conduit, treatment of the problem as one of
purely annular regions, which apparently are cascaded one upon another,
Is not correct and appears to ignore the inherent 2-dimensionality of the
problem.”

Answer: The expression used to calculate this temperature drop is
equation 41A of the Neher-McGrath paper:

A’ B
D, +¥
where D, is the circumscribed diameter of the cables in the conduit and A’
and B’ are constants that depend on the conduit material. This equation
has been in general use and is accepted industry practice. The derivation
of the formula is given in Appendix | of the Neher-McGrath paper. As can
be seen in this appendix, while the formula is partly derived from
theoretical consic'erations, it is calibrated using experimental riata.

Additional information that was used in the derivation of this ormula is
given by two other papers®*.

R =

ac

6) Request(Ref.: tem 4, Page 5): "Based on the above discussion, the
licensee is requested to submit a copy of Sargent & Lundy(S&L) Standard
ESA -105. Further, the licensee should explain in greater detail, the full
nature of the cable-to-conduit thermal resistance calculation process.
This description should include a detailed explanation of both the basis
and intent of calculations(e.g., the first six lines on page 130 of the

" Buller, F. H. And Neher, J. H. 1950. The Thermal Resistance Between Cables and a Surrounding

Pipe or Duct Wall. AJEE Transactions, Volume I, 69:342-349

* Greebler, P. And Barnett, G. F. 1950. Heat Transfer Study on Power Cable Ducts and Duct
Assemblies. AJEE Transactions, Volume I. 69:357-367.

K lic ampacity 7 doc
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7)

ComéEd Calculation G-63) and an explanation and justification for merging
the two separate calculations into a single expression."

Answer: ComEd believes that the above answers and discussions
address the cable-to-conduit thermal resistance calculation process. The
relevant portions of S&L Standard ESA-105 have been addressed or
summarized, along with justification for the formulae involved. However in
response to the NRC Staff request, S&L Standard ESA-105 is provided in
Attachment B. ComEd is notifying the NRC Staff that S&L Standard ESA-
105 is a proprietary document to S&L and requests that the staff contro!
this document, accordingly.

Observation/Request(Ref.: Item 5, Pages § & 6): "Another concem is
the value assumed for the emissivity of the outer surface of the conduit.
In both the cable tray and the conduit analyses, a lower bound vaiue of
0.23 is used. In the casa of the cable tray analysis this was concluded to
be a conservative approach. However, in the case of the conduit

conservatism, the conduit baseline case analyses should consider the
maximum possible conduit surface emissivity rather than the minimum
value." "Based on the above discussion, the licensee is requested to
assess the impact on the calculated ampacity derating factors by using an
upper bound emissivity value(i.e., 0.8 - 0.9) in its baseline conduit
calculations."

Answer: ComEd acknowledges that utilizing an upper bound emissivity
value (i.e., 0.8 - 0.9) would add conservatism to the conduit and cable tray
analysis. However, postulating an emissivity value other than 0.23 is
believed to add unnecessary conservatism to the calculation that does not
properly represent the galvanized steel material from which the conduit
and cable tray is fabricated. The cable tray and conduit emissivity value
of 0.23 utilized in Calculation G-83, Revision 2 was taken from the,
“Standard Handbook for Mechanical Engineers", Baumeister and Marks,
Seventh Edition. This is listed as reference #7, on page 9 of 215 of the
calculation. An emissivity value of 0.23 is applicable to the steel conduit
modeled in the calculation and installed in the plant and is considered to
be appropriate as utilized in the calculation.

K lic:ampacity 7 doc
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8)

Observation/Request(Ref.: Item 6, Page 6): "The licensee did not
provide any expenmental validation of the analytical methodology for
conduits based on actual test data. The licensee is requested to evaluate
the validity of their analytical methodclogy using available industry test
data."”

Answer: The Neher-McGrath methodology used in Calculation G-63,
Revision 2 and discussed above, has been used by the electrical industry
for calculating the ampacity of cables since the time it was derived. As
mentioned in the papers referenced above, key parts of this methodology
have been calibrated using test data. This methodology has been
accepted in the National Electrical Code [NFPA 70-1996, Clause B-310-
15(b)(2)]. However, as previously stated, an attempt to validate the
analytical methodology against valid industry test data will be made.
ComEd intends to utilize existing industry data that is readily available and
has no plans tc perform additional ampacity derating tests.

B) _From Reference (5).

1)

Request(Ref.: Item 1, Page 2): "Please provide a copy of the typical
calculation(s) depicting the use of the subject analytical methodology
which were used to determine the ampacity derating parameters for the
Thermo-Lag fire barriers that are instalied at Byron Station."

Answer: Though the methodology described above formed the basis for
determining the ampacity derating parameters for the Thermo-Lag 330-1
fire barriers installed at the Byron and Braidwood Stations, a specific
Byron and Braidwood calculation utilizing that methodology was not
prepared. Rather the 33% derating factor for the Thermo-Lag 330-1 cited
in the White Paper was determined by performing an independent
evaluation of the raw data from an ampacity test, |.T.L. Report No. 82-5-
U55F, dated July, 1982. This derating factor was compared to the
calculated value of 32%, determined in the calcuiation(19-Al-8),
referenced in the White Paper. Using the derating factor of 33%, detailed
calculations for the cable routing points were then performed to confirm
that the previously determined ampacities were still acceptable

K lic ampacity 7. doc




k he ampacity 7 dog

Document Control Desk -12- March 21, 1996

As previously stated, ComEd is reevaluating the as-installed condition of
the Thermo-Lag 330-1 installed at the Byron and Braidwood Stations. and
concludes that additional actions are necessary. This reevaluation has
determined that the existing analyses may not completely envelope all
installed configurations. The identified conditions are being addressed at
both stations and the appropriate calculations will be revised as
necessary. These will be made available for NRC Staff review

Request(Ref.: item 2, Page 2): "In its submittal of December 16, 1994,
the licensee referred to a site specific comparison regarding the
acceptability of plant ampacity derating parameters when compared to the
test results cited in IN 94-22. The staff recognizes that most licensees
may have excess ampacity margin using valid test data. However those
licensees who utilize industry test data must evaluate whether installed
configurations are representative of the tested configurations. The subject
evaluations should also analyze any deviations of the installed
configuration with respect to the test configuration. It should be noted that
the methodology used in the ampacity test differs significantly from the
methodology utilized by the draft industry test procedure IEEE P848

In the event that the licensee wishes to use the test results cited in IN 94-
22, the licensee must indicate whether the subject test configuration is

representative of Thermo-Lag enclosed configurations which are installed
at Byron Station.”

Answer: As previously stated, ComEd is reevaluating the ampacity
calculations for the as-installed condition of the Thermo-Lag 330-1 at the
Byron and Braidwood Stations During this reevaluation, a comparison of
the analytical methudoiogy against valid industry test data will be made
ComEd intends to utilize existing industry data that is readily available and
has no plans to perform additional tests During this re-evaluation, any
industry test data utilized for comparison, Including the IN 94-22 data, will
be evaluated for applicability to our analytical model.
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Please note Sargent & Lundy(S&L) Standard ESA -105 contains information
proprietary to Sargent & Lundy, it is supported by an affidavit signed by Sargent
& Lundy, the owner of the information (see Attachment B). The affidavit sets
forth the basis on which the information may be withheld from public disclosure
by the Commission and addresses with specificity the considerations listed in
Paragraph (b)(4) of Section 2.790 of the Commission's regulations. Accordingly,
it is respectfully requested that the information which is proprietary to Sargent &
Lundy be withheld from public disclosure in accordance with 10 CFR 2.790 of the
Commission's regulations.

Correspondence with respect to the proprietary aspects of the items should be
addressed *o K. Kostal, Executive Vice President, Sargent and Lundy, 55 East
Monroe Street, Chicago, IL. 60603-5780.

To the best of my knowledge and belief, the statements contained in this
document are true and correct. In some respects these statements are not
based on my personal knowledge, but on information furnished by other ComEd
employees, contractor employees, and/or consultants. Such information has
been reviewed in accordance with company practice, and | believe it to be
reliable.

If there are any further questions concerning this matter, please contact this
office.

A AAASNAAAAAAAA

WV

OFFICIAL SEAL
MARY JO YACK

f ILLINOIS
NOTARY PUBLIC STATE O LN
MY COMMISSION EXPIRES ) 12087

Sincerely,

/@mlw

Denise Saccomando B2 ) aies B3 Faiod I 2i 5L

Senior Nuclear Licensing Administrator

Attachments:

cc.  H. Miller, Regional Administrator - RIli
G. Dick, Byron Project Manager-NRR
R. Assa, Braidwood Project Manager-NRR
H. Peterson, Senior Resident Inspector-Byron
C. Phillips, Senior Resident Inspector-Braidwood
Office of Nuclear Facility Safety - IDNS

K lic ampacity 7 doc



Attachment “A”
Documents cited In the responses to Items (10) and (11):

1)  Neher, J. H. and McGrath, M. H. 1957. The calculation of the
Temperature Rise and Load Capability of Cable Systems. AIEE
Transactions on Power Apparatus and Systems 76 (October):752-72.

2) Donald M. Simmons, General Cable Corporation, “Calculation of the
Electrical Problems of Underground Cables”, reprinted from The Electric
Journal, issues of May to November, 1932, inclusive

3) Buller, F. H. And Neher, J. H. 1950. The Thermal Resistance Between
Cables and a Surrounding Pipe or Duct Wall. AIEE Transactions, Volume |I.
69:342-349.

4) Greebler, P. And Barnett, G. F. 1950 Heat Transfer Study on Power
Cable Ducts and Duct Assemblies. AIEE Transactions, Volume | 69:357-367
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* The Calculation of the Temperature Rise
and Load Capability of Cable Systems

J. H. NEHER
MEMBER AJEE

N 1932 D. M. Simmons! published a
' series of articles entitled ' Caleulation
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 expertmental work
has heen dana with o wicw vuLalLing
more accurate methods of ey aluating the
parameters involved, The advent 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 g 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 under 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 exprossions
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-c/d-c ratio
compilations

The calculation of the temperature rise
of cable systems under essentially steady-
state conditions, 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 Ohm's
and Kirchoff's Laws to a relatively simple
thermal circuit. Because this
usually a number of parallel paths
with heat flows entering at several points,

circuit

has

however, care must be exercised in the

method used of expressing the heat flows

and thermal resistances involved, and

differing methods are used by various en-
s

gineers. The method emploved in this

paper has been selected after careful con-

-y
1Jde

Neher, McGrath-

M. H. McGRATH

MEMBER AlE"

being the most consistent
and most readily handled over the full
scope of the problem

All losses will be developed on the basis
of watts per conductor foot The heat
flows and temperature rises due to dielec.
tric lossand tocurrent produced losses will
be treated separately, and, in the latter
case, all heat flows will be expressed in
termsof the current produced loss originat.
ing in one foot of conductor by means of
multiplying factors which take into ac-
count the added losses in the sheath and
conduit,

In general, all thermal resistances will
be developed on the basis of the per con-
ductor heat 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 load currents and to be
operating under the same load cycle.

The system of nomenclature employed
1s 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
répresents 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

sideration as

Nomenclature

A F) =attainment fact r, per unit (pu

Ay =cross-section area of a shielding t:
or skid wire, square inches

e=thermal diffusivity, square in

hour

nductor area, circular

g =distance, inches

dn ete. = from «

[ =g inches

enter of cable n
of cable no. 2 ete
dy' ete. = from center of
image of cable no 2 ete
di¢ ete. = from center of cable no
pomt of interference

cable

)
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diy" ete, =from uuage of cable n
point of interference

D = diameter, inches

Dy = inside of annular conductor

D¢ = outside of conductor

Dy=outside of insulation

D, = outside of sheath

Dy =mean diameter

Dy=outside of jacket

D, =effective cureumscribing
several cables in contact

Dy = inside of duct wall, pipe or conduit

Dy = diameter at start of the earth portion
of the thermal circ uit

Dy = fictitious diameter at which the effect
of loss factor commences

E=line to neutral voltage, kilovolts (kv)

¢=coefficient of surface emissivity

& = Speciic inductive capacitance of insula-
tion

[/ =frequency, cycles per second

F, Fuu=products of ratios of distances

F(x) = derived Bessel function nf (Takla
Il and Fig. 1

G = geometric fact w

Gy=applying to insulati n resistance (Fig
of reference |

GCy=applying to dielectric loss (Fig. 2 of
reference |

Go=applying to a duct bank (Fig. 2)

I=conductor current kiloamperes

k= skin effect correction factor for annular
and segmental conductors

kp = relative transverse conductivity factor
for calculating conductor proximity
effect

l=layof a shielding tape or skid wire, inches

L=depth of reference cable below earth's
surface, inches

Ly=depth to center of
backfill), inches

{If) = load factor, per unit

(LF)=loss factor, per unit

n=number of conductors per cable

n'= number of conductors within a stated
diameter

N=number of cables or cable groups in a
system

P = perimeter of a duct bank or backfill
inches

€os ¢ = power factcr of the insulation

Qe=ratio of the sum of the losses in the
conductors and sheaths to the losses
in the conductors

qe=ratio of the sum of the losses in the
conductors, sheath and conduit to
the losses in the conductors

R = electrical resistance, ohms

Rge=d-c resistance of conductor

Ree=total a-c resistance per conductor

Ry=d-c resistance of sheath or of the
parallel paths in a shield-skid wire
assembly

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

R(z f insulation

j=0of jacket

Rig = between cable surface and surrounding

enclosure

of sheath

circle

o
-

a duct bank (or
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Ry =of duct wall or asphalt mastic covering
Ree=total between sheath and diameter
D, including Ry, Ru and Ry

R, = between conduit and ambient

R, =efiective between diameter D, and
ambient earth including the effects
of loss factor and mutual heating by
other cables

Reo' =effective between conductor and
ambient for conductor loss

R’ weffective transient thermal resistance
of cable system

Raa' =effective between conductor and am-
bient for dielectric loss

Riai=of the interference effect

Ryo=between a steam pipe and ambient

earth

p=electrical resistivity, circular mil ohms
per foot

jw=thermal resistivity, degrees centigrade
centimeters per watt

s = distance in a 3-conductor cable between
the effective current center of the
conductor and the axis of the cable,
inches

Swaxial spacing between adjacent cables,
inches

t, T=thickness (as indicated), inches

T =temperature, degrees centigrade

Te=of ambient air or earth

Tewmol conductor

Tw=mean temperature of medium

AT = temperature rise, degrees centigrade

ATe=of conductor due to current produced
losses

ATg¢=of conductor due to dielectric loss

AT wi=of a cable due to extraneous heat
source

rminjerred temperature of zero resistance,
degrees cent' grade (C) (used in
correcting Rue and R, to tempera-
tures other than 20 C)

Ve=wind velocity, miles per hour

W = losses developed in & cable, watts per
conductor foot

OctoBER 1057

W, = portion developed in the conductor
W,=portion developed in the sheath or

W.-pgmon devsloped in the pipe or con-

uit

W¢ = portion developed in the dislectric

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

Y= the increment of a-c/d-c ratio, pu

Ye=due to losses originating in the con-
ductor, having components V., due
to skin effect and Y¢p due to prox-
imity effect

Y, =due to losses originating in the sheath
or shield, having components Yy
due to circulating current effect and
Y 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 conductor
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 & rise due to
current produced (I'R) losses (hereinafter
referred to merely as losses) in the conduc-
tor, sheath and conduit AT, and the rise
produced by its dielectric loss ATq

RATIO Lb/’

Thus

To=Tom= AT+ ATy degrees centigrade
(1)

Each of these component temperature
rises may be considered as the result of a
rate of heat flow expressed in wacts per
foot 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.

Since the losses occur at several posi-
tions in the cable system, the heat flow in
the thermal circuit will increase in steps.
It is convenient to express all heat flows in
terms of the loss per foot of conductor, and
thus

ATow W R+ qRue+0iRe)
degrees centigrade (2)

in which IV, represents the losses in one
conductor and R 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,
R.. is the total thermal resistance between
sheath and conduit, g, is the ratio of the
sum of the losses in conductors, sneath and
conduit, to the conductor losses, and R,

Neher, McGrath—Temperature and Load Capability of Cable Systems 753
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L

« is th thermal resistance between the

condui\ and ambient,

In practice, the load carried by a cable
is rarely constant and varies according to
@ daily load cycle having a load factor
(If). 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 nuraber 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.?

(LE)=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 resnltant heat flawe
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-
hour average load) on which the loss factor
is based and the heat flow in the last part
of the earth portion of the thermal cireuit
is reduced by the factor (LF). If this
reduction is considered to start at a point
in the earth corresponding to the diameter
Dy ,? equation 2 becomes

AT = WG[R‘+§lRll+qO(R- +( LF)R“)}
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 loss over a
24-hour period. Studies indicate that the
procedure of assuming a fictitious critical
diameter [, at which an abrupt change
oceurs in loss factor from 100% 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 is relatively small, the maxi-
mum temperature rise is based upon the
heat flow corresponding to maximum load
without reduction of any part of the
thermal cireuit,

When a number of cables are installed
close together in the earth or in a duct
bank, each cable will have a heating effect
upon all of the others. In caleulating
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 equation 4.
This is permissible since it is assumed
that all the cables are carrying equal cur-
rents, and are operating on the same load
cycle. Thus for an Acable system

754

ATem W R+ quRue+quRee +(LF)X
(Rea) +(N~1)Rypq]) (8)
- Wr(Rl""%ku +€0R¢')

degrees centigrade (SA)

where the term in parentheses is indicated
by the effective thermal resistance &,’.

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 voltages, but at
higher voltages it constitutes 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 correct temperature
rise is obtained by considering for tran-
sient and steadv state that all af 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 conductor,
In the case of multiconductor belted
cables, however, the nonductors are taken
as the source of the dielectric loss.!

The resulting temperature rise due to
dielectric loss ATy may be expressed

ATg= W.R..' degrees centigrade (6)

in which the effective thermal resistance
Raa" is based upon &, R,,, and R,'(at unity
loss factor) according to the particular
case. The temperature rise at points in
the cable system other than at the cun-
ductor may be determined readily fzom
the foregoing relationships.

Tie CALCULATION OF LoAD CAPABILITY

In many cases the permissible maxi-
mum temperature of the conductor is
fixed and the magnitude of the conductor
current (load capability) required to
produce this temperature is desired,
Equation 5(A) may be written in the form
ATe=I"Ryi(14 YRS’

degrees centigrade (7)

in which the quantity Ry (1+- V) which
will be evaluated later represents the
effective electrical resistance of the con-
ductor in microhms per foot, and which
when multiplied by I* (1 in kiloamrerss)
will equal the loss W', in watts per condue-
tur foot actually generated in the conduc-
to; and R,' is the effective thermal
rusistance of the thermal circuit.

Rea'=Ri+quRs+qRs' thermal ohm-feet
(8)

From equation 1 it follows that

Te=(Te+AaTy)
an ———— 1 o
I ‘/ Redl +-m-“—, kiloamperes (9)

Neher, McGrath—Temperature and Load Capability of Cable Systems

Table |. Electrical Resistivity of Various

Materials
»
Circular Mil
Ohms per Foot
Material at20C r,C
Copper (100% IACS®) .. 10.371.....234.5
Aluminum (61% IACS). .. . 17.002. ... 228 .1
Commercial Bronze (4369 23.8 .....504
1ACS)
(80 Cu~10 Zn)
Brass (27.3% 1ACS).. 380 ... .012
(70 Cu-30 Zn)
Lead (7. 84% 1ACS)....... 1888 ..... 238
* International A d Copper Standard

Calculation of Losses and
Associated Parameters

CALCULATION oF D-C RESISTANCES

The resistance of the conductor may be
determined from the following expressions
which include a lay factor of 29, see
Table I.

1.02
Rye= Clp‘ microhms per foot at 20 C
(10)
12.9
=== for 100% IACS copper

CI

conductor at 75 C  (10A)

212
-'E for 61% IACS
aluminum at 75 C  (10B)

where C7 represents the conductor size in
circular inches and where p. represents
the electrical resistivity in circular mil
okms per foot. To determine the value of
resistance at temperature 7' multiply the
resistance at 20 C by (r4T)/(r4-20)
where r is the inferred temperature of
zero resistance.

The resistance of the sheath is given
by the expressions

Py

- mj 11
R, ‘Dn‘mmhmpcfootatwc (11)

R.-s‘—'?- for lead at 50 C

D (11A)

-:—,‘g for 61% aluminum at 50 C
(11B)

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

Dynw Dy~ inches (12)

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

expression

vos | [*Dpm \*
R,(perpath)-u“/l-#( F )

microhms per foot at 20 C  (13)
where 4, is the cross-section area of the
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tape or skid wire and / is 1ts liy. The
over-all resistance of the shield and skid
wire assembly, particularly for noninter-
calated shields, should be determined by
electrical measurement when possible.

CALCULATION oF Losses

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

Rec/Rac=1+ Y+ Y+ Y, (14)
The a-c/d-c ratio at conductor is 1+ ¥,

and at sheath or shield is 1+ Y.+ Y,

and at pipe or conduit is 1+ Y+ ¥, + 7V,

The correspoudiug lusses physically ges
erated in the conductor, sheath, and pipe
are

W= I*Rg(1+ Y,) watts per conductor foot
(18)

W, = 'Ry, Yy watts per conductor foot  (16)

W, = "Ry, ¥y watts per conductor foot (17)

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

1t follows from the definitions of ¢, and
Qe that

W4+ W, Y,
- W, -l+1+y. (18)
Wt Wt W,y Yot ¥y

W, 14+ Y,

'

qe (19)
The factor Y, is the sum of two compo-
nents, V., due to skin effect and V., due
proximity effect.

Wg - I’R‘e( 14 Yu + Yg,)
watts per conductor foot (20)

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

Ves= F(x,) (21)

6 .80

'ri,i
Rae ~ Rae/ks

xy=0 875‘

at 60 cvcles
(22)

in which the factor k, depends upon the
conductor construction, For solid or
conventional conductors  appropriate
values of &, will be found in Table I1. The
function F(x) may be obtained from Table
111 or from the curves of Fig. 1 in terms
of the ratio Rq./k at 60 cycles.
For annual conductors

m-n(vd¢g)'

by 2
"D+ Do\ D+ D, (23)

in which D, and D, represent the outer
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Table Il. Recommended Values of ki, and k,
Cond C A Coating on Strands Treatment ke kp
Concentric round DR i i None 1.0 10
Concentric round . T ot alOP. ..or i vaier NOBEosvens 10 10
Concentric round None................. Yes.. 10 0 80
Compact round. .. .. .. .Nove.... Yes [ .06
Compact segmental . TR, | 0 433 .08
Compact segmental Tinoralloy........... .None . ..0.8 BT -
Compact segmental . Noane...... ¥ ubAN Yes . .0 435 0.3
Cowmwpact sector, .. ........ .. .. Nowe .. .. Yes L ¥ ERE (see note)

Norxs:

1. The term “treated’ d a completed ductor which has been subjected to a drytag and impreguat-
ing process similar to that employed on vaper power cable.

2. Proximity eflect on compact sector contuctors may be taken as one-half of that for compact round
having the same cross sectional ares and insula..-n thickness.

3. Proximity effect on annular conductors may be approximated by using the value for & coneentric
round conductor of the same cross-sectional areas and spacing, The increased diameter of the sanular
type and the removal of metal from the center decreases the skin effect but, for a given axial spacing, tends
to result in so increase in proximity.

4 The values listed above for compact segmental refer to four seyment constructions The “uncosted-
treated’’ values may also be taken as applicable to four segment compact segmental with hollow core (ap-
proximately 075 inch clear). For "uncoated treated’’ six segment hollow core compact segmental limited
test dais iadicuies ks and Ry values of 0.30 znd 0.22 respentively

Table l1l.  Skin EFect in % in Solid Round Conductor and in Conventionsl Round Concentric

Strand Conductors
100 F(x), Skin EFect %

x 0 i 2 2 4 s 6 v 8 °

03.. 000.. 000... 001... 0O01... 001.. 00L... 00i... 00! 001... 0.01
04. 001, 001... 002. 002. 002. 002. 002 003. 003 . 003
05 003 . 004 . DO4... OO4... 005,.. 005.. 005 . 006 . 006. 0006
06 . 007 . 007... 0.08... 0.08... 0.09 0.10.. 0.10. . 0.1i... 0.11... 0.12
07 . 012... 013... 014... O 15... 018... 0.17... 018 .. 019... 019... 020
08 . 021... 02... 024, 02 . 02 .. 028 .. 02 .. 030. 03. 033
0G . 034. 0836.. 038 . 030... 04l... 043 . 045... 047... 048... 0580
10 . 082... 084 . 088 .. 088 .. 061... 083 . 0865 068... 0.70... 073
11... 076... 079... 08l... 084... 087.. 0090 .. 0N 097... 1.00... 108
18 . 107, . 1.11... 1.14... 118, 1.28 126 .. 1.30 . 1.84... 138.. 1.42
18... 1.47... 1.62... 1.86... 1.61... 1.68... 1.71... 1.76... 1.81... 186.. 19
1 4. 1.97... 2.02... 2.08... 2.14... 2.20... 2.20... 2.32... 2.89... 2.45... 12.82
15 .. 288.. 26s.. 272... 2. 28 293 . 301... 3.08. 38.16.. 334
16... 3.33,.. 3.40... 3.49... 357 .. 3.6 375 . 3.83 .. 3.92... 4.02. 4.1l
17... 4.21... 4380... 440 .. 480 460 . 470 .. 48... 491... 502 . 8513
1 8. B534.. 8835 .. B.47. 588. 570 5 82 594 608 .. 6.19... 63l
10 644, ©.87... 6.70... 68... 6.97... 7.11... 7.24.,. 7.38.. 783. 767
20 78, 7.96. B8.11... 82 .. 842. 887, 873. 88... 905, 92
21. 98, . 984.. 9.7... 988 . 1005 .. 1023 .. 1040 ., 10.88... 1076 .. 1064
22 1118 11,81 . 11.80... 11.69. .. 11.88.. 12,07 .. 13.27... 12.47... 12.67... 12.8&7
2.3.. 1307 13 13.48 . 13.88 .. 13.90. . 14 11.., 14.33... 14.84... 14.76... 14.98
24 1521 . 1543 .. 1866.. . 1580 . 1612 . 1635 . 16.58. .. 16.82... 17.16.., 17.30
28 1784 .. 1778 . 1803... 1827 . 1852 . 18.78 .. 19.03... 1928 .. 1V.34... 19.80
26 2006 . 2032 .. 2088... 2085 . 21.12... 21.38 . 21,85 .. 2193... 2220, 22.48
27 2275, 2305 . 2331... 2360... 2388 . 2417... 34.43... 24 74... 25.08,,. 2633
28 2562 . 2692 .. 2621 .. 2681 . 2681.. 2711 ., 27.42...27.72.. 2803, .. 2834
20 2865 . 2898 .. 29.27.., 2088 . 2090... 30.%1. .. 3053 .. 3088 .. 31.17... 3149
30 31.81... 3213... 32 45... 32.78. .. 33.11 . 33 44... 38.77... 34.10... 34.43.., 47
31 .. 8610... 35.44. . 35.78... 36.11 .. 38 45 .. 36.79... 87.13... 37.47... 37.82.., 38.16
39, 3880 . 3885 .. 3920... 83955 . 3989 .. 40.24... 40.50... 4094 .. 41.20... 41.65
33 4200 . 4235 .. 42.71... 4306 .. 43 42 43.78.. 44 14 . 44.40... 44 85 .. 4521
34 4587 . 4593 . 46.29... 4B 68 . AT 02 . 4738 . A7.74. . 48.11... 48.47.. . 4B.84
38 4020 . 4087 4904 .. 5030 . 50.67. . 81 O4... 51.40 .. 51.77... 52.14... 852.81
36 5288 5328 . 5342 3399 5438  54.73... 8510, . 8548 .. 5585 .. 86.22
37 5680 8808 . 57.83 . 5771 . 58.08 . 58 45 .. 58 82 . 59.20... 50 §7... B9.%4
38 6031 6060 6108 . 61 44 . 01 8i... 62.18... 6286 . 6203 . 63.30.. 6368
30 6405 . 64 42 64 80... 6517 65585 . 8302 . 66.29 . 0867 . . 67.04 .. 67.41
40 6770 6814 . 6853 .. 6891 .. 6928 .. 69.65 .. 70.03... 7040...70.77... 71 4
1. 71.82.. .71 89 .. 7226 .. 72.63... 7300, .. 7338 .. 73.78... 74.12... 74.49... 74.86
42 7523, 7560 7597. . 7634 .. YA TL .. 7TT.08.. TT 45 ., 7782, 78.10... 78.88
43 7893 7030, 7067 . B0OO4i . B0 41.. . 8078 . 81 14 .. 8151 .. 81.88 . 8228
44 82.81. 8298 . 8335 . 8361 . B408 . B4.45 .. 8481 . 8518 . 8535 .. 8501
45 8628 . 86 64.. 87 O01... 8737 .. 8773 . 88.10 . 8846 .. K8 82 .. 89 19 .. 69.85
46 8901 D028 . 90 84 . 9100 .. 91 37... 9173 .. 0200 . 9245 . 9281 93.17
47 . 9353 . 9389 .. 0425 .. 0461, .. 0497 . 0533 .. 0560 . 08.05 . 0641 . 0677
48 9713 . 97.40... 9785 .. 0821 ., 98.57. . 98.92 .. 90.28 . 00.64 ..100.00 ..100.35
49 100 71, 101 07 101.42...101 78 102 14 102 49 102 85 .103 21 ,.103.58 ..103.92

and inner diameters of the annular con-
ductor. In comparison with the rigorous
Bessel function solution for the skin effect
in an isolated tubular conductor, it has
been found that the 60-cycle skin effect of

annular conductor when computed by
equation 23 will not be iu error by more
than 0.01 in absolute magnitude for
copper or aluminum IPCEA (Tnsulated
Power Cable Engineers Association) filled
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Table IV. Mutual Reactance at 60 Cycles, Conductor to Sheath (or Shield)
Dum/28 0 i 2 3 s 6 7 8 9
04 201 ...205....199.....10 4 189 .. 183 .. .17 8 17 4 1869 ....16 4
0.3 27.7....26.0....20.2 256 ...24.8.... 241 $8.65.....289.....233 21.6
02 ...320, 850 .. 348 33 8 328....319 310 30 1 203 ....284
01 320... 507 . 487 0o . 452 48 421 ... 407 ... 39 4 38 2

core conductors up through 5.0 CT and for
hollow core concentrically stranded copper
or aluminum oil-filled cable conductors
up th. ~¢h 4.0 CI.

For va. es 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
equilateral triangular formation in the
same or in separate 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 cross 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 &, shown in Table I1.
&)'
Yu F(tp)( G ' b4
8 g_,)'
[F(x,)*o.zr*om'(s ] (24)
6.80
- UTIEIEES
%y Rk at 60 cycles (28)

When the second term in the brackets
is small with respect to the first term as it
usually is, equation 24 may be written

0.205(D, /5)']

- Y
Yor ”"”)[ Flxy) +0.27

1
-4(%‘) F(xy’) (24A)

where the function F(x,”) is shown 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

Insulations
Material -
e, L NSRRI, |
Paper insulation (eolid type) . 3 7 (IPCEA value)

Paper ipsulation (other types)  § 3-4 2
Rubber and rubber-like com

BRI 5.6 % %caliv w0k &4 6w 4 5 (IPCEA value)
Varvisted cambeic. ... .. ..., 5 (IPCEA value)
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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 ¥, is the sum of two factors,
¥ due to circulating current effect and
Y. due to eddy current effects,

W, =Re Vet Yie)
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

R/Ry;
(e WY L

14(Ry/Xm)? ol

When (R,/Xa)? is large with respect to
unity as usually is the case of shielded non-
leaded cables, equation 27 reduces to

X
Voo -E—;‘—‘ approximately (27A)

Xq -088?.! lO' 25/’0,‘
microhms per foot (28)

microhms per foot at 80 cycles (28A)

where S is the axial spacing of adjacent
cables. For a cradled configuration Xn
may be approximated from

9 80 & N1
Xm=52.9 log 'b's'\lx - (D 2 s)
m T

microhms per foot at 60 cycles (29)

=529 IO‘ 23 S/D‘-
approximately (29A)

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

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

I 3R,/Ry;
: 5\Dm
D 5 (Dem\?
(E)'[”a(?s"‘)] e

when (5.2 R,/f)?is large in respect to 1/5

(2 §/Dym) as in the case of lead sheaths.

y -_3&_(&@){1+.§(PL- s
“TRRa\ 25 12\ 25

approximately at 60 cycles (30A)

When 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

RAM (R4 X )

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.
dtrictly speaking, these equations apply
only to three cables in equilateral con-
figuration but can be used to estimate
losses in large cable groups when latter are
so oriented as to approximate a regular
polygon.

The eddy-current effect for a 3-conduc-
tor cable is given by Arnold.*

_:!I_@ (25/Dem)? (24/Dym)*

yu -y +
7 )+1 4 7 +1

(2s/Dym
]
16(5———-’2:') +1

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

e ()
* " RiRge \Dim
approximately at 60 cycies (31A)

s=1.155T+40.60Xthe V gauge depth for
compact sectors

w 1.155T 40.58 D, for round conductors
(32)

and T is the insulation thickness, includ-
ing thickness of shielding tapes, if any.
While equation 31(4) will suffice for lead
sheath cables, equation 31 should be used
for aluminum sheaths.

On 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 eopper tape 5 mils by 0.75 inch
is about 2,200 microhuns 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 sign in equation
13. In practice the lay correction factor
may vary from 4 to 12 or more resulting
in shielding and binder assembly resist-

(31)
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ances of approximately 10,000 or more
microhms per foot of cable. 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 current losses are a fraction of
19 on sizes 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 negligible. 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 shielding assem-
bly and hence increase the losses to &
point where they are of practical sigoifi-
cance.
An exact determination of the pipe loss
effect ¥, in the case of single-conductor
cables installed in nonmagnetic conduit
or pipe is @ rather involved procedure
as indicated in reference 7. Equation 31
may be used to obtain a rough estimate
of ¥, 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=(D,~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 and R, respectively.
For magnetic pipes or conduit the
following empirical relationships® may be
employed

1.54s=0.115D,

<

Y, (3-conductor cable)

(33)

0.805~0 113D,

Vo= (single-conductor,

close triangular) (34)

0.345+40.17
y’__s 5+R 1780y o sle-conductor,
de

cradled) (35)

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

The expressions given for V. and |
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.

CarcuLATION OF DigvEcTRIC LOSS

The dielectric loss W4 for 3-conductor
shielded and single-conductor cable is
given by the. expression

0.00:76E ¢ cos ¢

log (2T +De)/De
sonductor foot at 60 cycles (36)

Wy watts per
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and for 3-conductor belted cable by!
00195'0: cos ¢
G

conductor foot at 60 cycles

‘= watts per

(37)

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 factor Gy 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.

Calculation of Thermal Resistance

THERMAL RESISIANCE OF THE INSULATION
For a single conductor cable,

Ry=0.0125log D,/D,  thermal ohm-feet

(38)

where 4, is the thermal resistivity of the
insulation (Table VI) and Dy 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 conductor, will produce the
actual temperature elevation of the
conductor above the sheath.

R,=0005225,G,  thermal ohm-feet (39)

Values of the geometric factor G, for 3-
conductor belted and shielded cables are
given in Fig. 2 and Table VIII respec-
tively of reference 1. On large size sec-
tor conductors with relatively thin in-
sulation walls (ie. ratios of insulation
thickness to conductor diameter of the
order of 0.2 or less); values of G, 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
G, values which approach those for a
nonshielded, nonbelted construction.

Teble V1. Thermal Resistivity of Variols
Materials

Material §. C Cmn/Watt

Paper insulation (solid type). L. 700 (1IPCEA value)
Varnished cambric. ... .. ... 800 (IPCEA value)
Paper insulation (other types 500650

Rubber and rubber like. . ... 500 (IPCEA value)
Jute and testile protective

covering. ... .- " 500
Fiber duet. .. . 480
Polyethylene. . .. . 450
Transite duct ... 200
Somastie, ... ...« .. 100
Conerete. . ... .. 85

TueErRMAL RESISTANCE OF JACKETS, DucT
WaLLs, AND SoMasTIC COATINGS

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

]
R -o,omun'( 5——{) thermal ohm-feet
(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 PirE,
Conpurr, or 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'A

- e thermal ohm-feet

(41)

Rud

in which 4, B, and C are constants, D/
represents the equivalent diameter of the
cable or group of cables and n' the number
of conductors contained within D!. Tm
is the mean temperature of the interven-
ing medium. The constants A B and C

Teble VIl Constants fer Use in Equations 41 and 41(A)

Condition A B C A B’

I'n metallic conduit. ... .. . kB © aenerra 36 . .0 020 .32 019
1o iber duct in air. .. 17 o S .0 018 5.6 033
In fiber duct in conerete .. .. 7 R .0.024 .48 0.27
1o transite duct io air i . " LS 30 . ....0014 2.4.. 0.26
1o transite duct in conerete ) 17 v ie v B i ve i OER ..8.7 022
Gas-filled pipe cable at 200 pui .. e X £ 4800 vins 0.0053 . 3.1 0 68
Oil-filled pipe cable. .. ... 0 84 ..0 ......0 0065 54 2.43
Dy’ = 1 00 X diameter of cable for one cable

1 83 X diameter of cable fer two cables

215X diameter of cable for three cables

2 50 X diameter of cable for four cables
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‘given in Table VII have been determined
from the experimental data given in refer-
ences 10 » .u al.

If representative values of Tw=60 C
are assumed, equation 41 reduces to

n'd’
R"'ETIF’ thermal ohm-feet (41A)
It should be noted that in the case of
ducts, R4 is calculated to the inside of the
duct wall and the thermal resistance of
the duct wall should be added to obtain
Rie

TrerMAL RESISTANCE PrROM CABLES,
Conputrs, or Ducts SUSPENDED IN
AR

The thermal resistance R, between
cables, conduits, or ducts suspended in still
air may be determined from the following
expression which is developed in Ap-
pendix I

R, 15.6n

o Dy ((AT/Dy' )/ 441661 4+0.0167Tw))
thermal ohm-feet (42)

In this equation AT represents the differ-
ence between the cable surface tempera-
ture 7', and ambient air temperature 7', in
degrees centigrade, 7'm the average of
these temperatures and ¢ the coefficient of
emissivity of the cable surface. Assum-
ing representative values of 7',=60 and
Te=30 C, and a range in D,’ of from 2
to 10 inches, equation 42 may be simplified
to

9.5n'

R""1+1.7D.'(«+0 41)

thermal ohm-feet
(42A)

The value of ¢« may be taken as equal
to 0.95 for pipes, conduits or ducts, and
painted or braided surfaces, and from 0.2
to 0.5 for lead and aluminum sheaths,
depending upon whether the surface 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
3.5 inches. In the IPCEA method R,=
0.00411 n'B/D,’ where B=0(30+314 D,
for

D,"=w0=175 inches and & =1 200 for larger
values of D,’

Errecrive THERMAL RESISTANCE
BerweeN Casres, Ducrs. or Pipes,
AND AMEIENT EarTH

As previously indicated, an effective
thermal resistance £,” may be emploved 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 and, in the case of
a multicable installation, also the mutual
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heating effects of the other cables of the
system. In the case of cables in a con-
crete duct bank, it is desirable to further
recognize a difference between the thermal
resistivity of the concrete 4. and the
thermal resistivity of the surrounding
earth jq,

Tbe thermal resistance between any
poiat in the earth surrounding a buried
cable and ambient earth is given by the
expression'?

Rya=00125,l0gd’/d  thermal ohm-feet

(43)

in which 4, is the thermal resistivity of the
earth, d’ is the distance from the image
of the cable to the point P, and d is the
distance from the cable center to P,
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
to pipe-type cables.

Ry =00125m" X

Lo Brerm[ (5)r]]

thermal ohm-feet (44)

in which D, is the diameter at which the
earth portion of the thermal circuit com-
mences and #’ is the number of conduc-
tors contained within D,. The fictitious
diameter D, at which the effect of loss
factor commences is a function of the
diffusivity of the medium a and the length
of the loss cycle.?

D, =102V a(length of eycle in hours)
inches (49%)

The empirical development of this equa-
tion is discussed in Appendix III. Fora
daily loss cycle and a representative value
of a=275 square inches per hour for
earth, [; is equal to 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 syvstem, 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,

dis’ (du') (dl.\“
e gTeLl XN N-1
F (d.,) an i )( terms)

(46)

It will be noted that the value of F will
vary depending upon which cable is
selected as the reference, and the maxi-
mum counductor temperature will occur
in the cable for which 4LF/D; is a maxi-

mum. N refers to the number of cables or
pipes, and Fis equal to unity when N =]

When the cable system is contained
within a concrete envelope such as a
duct bank, the effect of the differing
thermal resistivity of the concrete en-
velope is conveniently handled by first as-
suming that the thermal resistivity of the
medium is that of concrete 3. through-
out and then correcting that portion ly-
ing beyond the concrete envelope to the
thermal resistivity of the earth 5. Thus

R.'-O 0l2§'llx

i arna[() ]

0.012(54 = pe )yt N(LF)Gy
thermal ohm-feet (44A)

The gevwcuiv favin Gy, 4s develuped
in Appendix IT is a function of the depth
to the center of the concrete enclosure
L, and its perimeter P, and may be found
conveniently from Fig. 2 in terms of the
ratio L,/ 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 a 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 in 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 ard sink
respectively generating and absorbing
heat at identical rates, thereby resulting
in the temperature of the horizontal mid-
plane between cylinders (i.e., correspond-
ing to the surface of the earth) remaining,
by symmetry, undisturbed.

The principle of superposition, as
applied to the case at hand, can be stated
in thermal terms as follows: If the ther-
mal network has more than one source of
temperature rise, the heat that flows at
any point, or the temperature drop be-
tween any two points, is the sum of the
heat flows and temperature drops at
these points which would exist if each
source of temperature rise were considered
separately. In 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 heat flow solar radiation, and, when
present, the heat flow from interfering
sources. By employing as the ambient
temperature in the calculations the tem-
perature at the depth of burial of the
hottest cable, the combined heat flow
from earth core and solar radiation 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-
ture which decreases with 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 meiting of
snow in winter directly over a buried
steamn main) and nonuniformity of
thermal resistivity (due to such phe-
nomena as radial and vertical migration
of moisture). The extent to which the
Kennelly 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 which 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
T. and to set an emergency temperature
limit 7.7, 1i the duration of the emer-
gency is long enough for steady -state con-
ditions to obtain, then the emergency
rating ' may be found by equation 9
substituting T’ for T and correcting Rae
for the increased conductor temperature.

1f the duration of the emergency is less
than that required for steady-state con-
ditions to obtain, the emergency rating
of the line may be determined from
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kiloamperes (47)

"'\lr"-m“(H Yo(Rea' =Res') =(Ta+8Ta)

Ra'(1+ YR/

in which R/ is the effective transient
thermal resistance of the cable system for
the stated period of time. Procedures
{or caleulating R.,’ for times up to several
hours are given in reference 14, and for
longer times in references 15-17.

Tue EprecT OF
SOURCES

In the case of multicable installations
the assumption has been made that all
cables are of the same size and are sim-
ilarly loaded. When this is oot the case
the temperature rise or load capability
of one particular equal cable group may be
determined by treating the heating effect
of other cuble givups scparatcly, intro-
ducing an interference temperature rise
AT in equations 1 and 9. Thus

ExTrRANEOUS HEAT

Te=Te= AT+ ATu+ AT ins
degrees centigrade (1A)

Tc"( Tl+ 5T‘+Arlul)
Ree(1+ YoRea'
kiloamperes (9A)

[=

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

AT (a1 ™ [W.q.(L F)+ ""]Rlll
degrees centigrade (48)

Rini=00125,n" log Fin¢ thermal ohm-feet

(49)

(dv¢' N dai' Xdag'). . .dni’
(die)(da)(da) - . dny

(N terms)

(80)

Fing=

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

Rine=0.0120" (3, 10g Fint+ N3y —=5c)Go
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 setting
up a system of simultaneous equations,
substituting for W, its value by equation
15 and solving for [.

In case AT of a component of it is
produced by an adjacent steam main, the
temperature of the steam T, rather than
the heat flow from it is usually given.
Thus
AT tas

-[ T' = ]Rl-t

Rya
degrees centigrade (51)
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where R, is the thermal resistance be-
tween the steam pipe and ambient earth.

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
temperaiure rise according to the rela-
tionship
AT (i =4.3D,'Ro/n’

degrees centigrade (47A)

For black surfaces this value should be
increased about 75%.

As indicated in Appendix II, the follow-
ing expression for R, may be used where
V. is the velocity of the wind in miles per
hour

3.5n’

D, \‘/ V-/b—n" +0.82¢)
thermal ohm-feet

L]
(42B)
Use or Low-REesisTIVITY BACKFILL

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 iy, the
thermal resistivity of the backfill is sub-
stituted for 4, and G, applies to the
zone having the backfill in place of the
zone occupied by the concrete.

SinoLe-Conpuctor Casies 1IN Duer
wiTH SoLioLy 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

; Ri\(1n®\, Ri\(In'\ .

Vi = 'RT; —I—‘ i Yia= E 7;’ ’
AT

Yia (R“) n (52)

where expressions for I,,*/I* ete., appear

in the table. The resulting unequal values

of V. 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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Al

AT = WelRi+qn] Rugt-Rey +(LEYR,p) +
Ngw(LF)Rpq) thermal ohm-feet (SA)

where ¢, is the average of ¢,;, g, and ¢

ARMORED CABLES

In mu'ticonductor armored cables a
loss occu's in the armor which may be
considered as an alternate to the conduit
or pipe l.ss. If the armor is nonmag-
netic, the component of armor loss ¥,
to be uszd instead of ¥, in equations 14
and 1% may be calculated by the equa-
tions fo- sheath loss substituting the
resistan‘e and mean diameter of the
armor .or those of the sheath. In cal-
culatit g the armor resistance, account
should be taken of the spiralling effect for
which equation 13 suitably modified
may he unead, Tf the armor is mag
netic, one would expect an increase in
the factors V., 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
current is equal to the conductor current.!
The effective a-c resistance of the armor
may be taken as 30 to 609, greater than
its d-c resistance corrected for lay as in-
dicated above. If more accurate calcula-
tions are desired references 19 and 20
will be found useful.

Errecr or Forcep CooLiNg

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. Under
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 in reference 21,

Appendix |

Development of Equations 41, 42,
and Table VII

Theoretical and semiempirical expressions
for the thermal resistance between cables
and an enclosing pipe or duct wall are
given in reference 10. Further data on the
thermal resistance between 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 thermal resistances
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Table VIII.  Constants for Use in Equation 53

Condition a

Cable in metallic conduit. ................
Cable in fiber duct inair,................
Cable in fiber duct in conerete......... .. .0
Cable in transite duct inair. ... ... .....

Cable in transite duct in concrete ... ..., ..

based upon all of the data available and
including the effect of the temperature of
the intervening medium.

The theoretical expression for the case
where the interveping medium is air or gas
as presented in reference 10 may be general-
ized in the following form:

Rum —pr— S
D"'_a(e‘g.—}"') +5+¢T-J
‘
where

Riug=the offective thermal resistance be-
tween cable and enclosure in thermal
ohm-feet

D,'=the cable diameter or equivalent
diameter of three cables in inches

AT =the temperature differential in degrees
centigrade

Pw=the pressure in atmospheres

T'm=mean temperature of the wnedium in
degrees centigrade

n'=number of conductors involved

The constants a, b, and ¢ in this equation
have been established empirically as follows:
Considering b+4¢Tw as a constant for the
moment, the analysis given in reference
10 results in a value of a=0,07. With a
thus established, the data given in reference
10 for cable in pipe, and in reference 11
for cable in fiber and transite ducts were
analyzed in similar manner to give the
values of b and ¢ which are shown in Table
VI

I1i order to avoid a reiterative calculation
procedure, it is desirable to assume a value
for AT since its actual value will depend
upon Ry and the heat flow. Fortunately,
as AT occurs to the 1/4 power in equation
53, the use of an average value as indicated
in Table VIII will not introduce a serious
error,

By further restricting the range of
Dy' to 14 inches for cable in duct or
conduit and to 3-5 inches for pipe-type
cables, equation 53 is reduced to equation
41,

n'd

R"'x+(a+cr.)u.'

thermal ohm-feet
(41)

in which the values of the constants A4,
B, and C appear in Table VII.

In the case of oililled pipe cable, the
analysis given in reference 10 gives the
following expression
Ra" 2 7

0.604-0.025(D,*TR!AT)V¢
thermal ohm-feet (54)

Assuming an average value of AT=7 C
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and a range of 150-350 for D,'T'm, 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 Stefan-Bolzmann
formula

n'W (radiation)
~0.3000, ¢ [( Ty +273) = (Tg+475)%i0
watts per foot (55)

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

n'W (radiation) =0.102D,’ AT« X
(140.0167Tw) watts per foot (55A)

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

n'Wiconvection) = 0,064 D,'AT(AT/D,")V/4
watts per foot (56)

in which the numcrical constant 0.084
has been selected for the best fit with the
carefully determined test results reported
by Heilman® on 1.3, 3.5 and 10.8-unch
diameter black pipes (¢=0,95), Inci-
dentally, this value also represents the
best fit with the test data on 1.9-4.5 inch
diameter black pipes reported by Rosch,
For vertical cables or pipes the value of
this numerical constant may be increased
by 22%,.m

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

AT
R'-u'W(toul)

. 15.6n’
D/ (AT/Dy" )W 441.84(1+0.0167T0))
thermal ohm-feet (42)

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

n'W (convection) =0.286D,' AT\ Vi/D,’

watts per foot (564)
Combining equations 53(A) and 56(A)
with Twm=45 C
AT 3.5n’

n'W(total) D,y Ve/Dy'+0.624)
thermal ohm-feet (42B)
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Appendix |l

Determination of the Geometric
Factor G, for Duct Bank

Considering the surface of the duct
bank to sct as an isothermal cirele of
radius r, the thermal resistance between
the duct bank and the earth’s surface will
be 8 logarithmic function of and Ly the
distance of the center of the bank below
the surface. Using the long form of the
Kennelly Formula'? we may define the
geometric factor Gp as

Lo*+ v Lt —n'
" e e e e S
wlog [La/n++/ (La/n)*=1] (87)

Ic order to evaluate rp in terms of the
dimensions of a rectangular duct bank, let
the smaller dimension of the bank be =
and the larger dimensiou Ly y  The radiuz
of & circle inscribed within the duct bank
touching the sides is

n -3/2 (S.)

and the radius of & larger circle embracing
the four corners is
Vii+y
2
Let us assume that the circle of radius
lies between these circles and the magnitude
of r is such that it divides the thermal
resistance between 7, and ry in direct
relation to the portions of the heat field

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

n xy—rr} 1
log n '('s"'t')(b‘ 'l)

lo '.'-__."""‘7 (lo fa
E o wirt=n) i
from which

1x/4 o
log ra=g 2(—3) iog (1+§,) +log

It is desirable to derive rp in terms of the
perimeter P of the duct bank. Thus

Pad(z+y) =4 (149/%)

Gow= log

(59)

14 Sl

and therefore

log  =log (61)

41 +y/x)

The curves of Fig. 2 have been 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 =
0.112P uged in reference 13 applies to a
y/x ratio of about 2/1 only.

Appendix lli

Empirical Evaluation of Ds

1n order to evaluate the effect of a cyelic
load upon the mayimum temperature rise
of a cable systern simply, it is customary to
assume that the heat flow in the final
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Table IX. Comparison of Values of % (AF)
for Sinuscidal Loss Cycles at 30%

Loss Fector
% (AD)
Description,

System Inches Neber Shanklia Wiseman
Biseansa 4.5 pipe..... #3/63. . .01/82....63/68
| § PR 6.8 pipe..... 56/66 . . 80/57....53/60
 § 9 PR 8.6 pipe..... 50/86, . .50/88....54/63
 § 10.6 pipe..... 58/58...01/589.,..556/83

80/80
.18, T/
63/62
78/74
71/18
., .83/81
LT4/73
..T0/87
,.65/64....61/63

* Diffusivity = 4 7 square inches per bhour.

portion of the thermal circuit is reduced
by a factor equal to the loss factor of the
cyclic load. The point at which this
reduction commences may be conveniently
expressed in terms of a fictitious diameter
D.. Thus

R’ = Ree +(LF)Ryq thermal ohm-feet (62)

For greater accuracy, it is desirable to
establish the value of Dy empirically rather
than to assume that Dg is equal to the
diamneter D, at which the earth portion of
the thermal circuit commences.

Equation 62 may be written in the form

Rn' - Ru"'R- +(L’)(Rn "'R-)
thermal ohm-feet (62A)

In terms of the attainment factor (4 F), one
may write

R’ = (A F)Rea = (A FX RegtRea)
thermal ohm-feet (63)

Equating equations 82(A) and 63 obtains
the relationship

Rex = (1 = %)Ro = xRy thermal ohim-feet (64)

where

R m—— (68)
Since
Re=0.0120'3 log D:/D,

thermal ochm-feet (66)

log D,/D.-%l(x ~2)Rea=2Re) (67)

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 temperature rise which was
obtained with any of the actual loss cycles
considered.

An analysis by equations 65 and 67 of
the calculated values of attainment factors
for sinusoidal loss cvcles given in Table 11
and the corresponding cable system param-
eters given in Table I of the first paper of
reference 3 yields a most probable value of
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Dy=83 inches. As indicated in the third *
paper of reference 3, however, theoretically
Dy should vary as the square root of the
product of the diffusivity and the time
length of the loading cycle. Hence as the
diffusivity was taken as 2.75 square inches
per hour in the above,

D.-l.02)(

A/ ae X length of cycle in hours inches
(4%)

Table 1X presents a comparison of the
values of per cent attainment factor for
sinusoidal loss cycles at 30% loss factor as
calculated by equations 45, 66, 62(A), and 63
and as they appear in Table 11 of the first
paper of reference 3.

Appendix IV. Calculations for
Representative Cable Systems

15-Ky 350-M Cld=3-Conducter
Shielded Compact Sector Pape and
Lead Cable Suspended in Air
D.=0616 (equivalent round); Vw=gauge
depth = 0,539 inch

Dy=2.120; T=0.175 inch; t =0.120 inch
12.9 234.6+8l)

T8 Ci R“'o.aao(zu.un

=37.6 microhms per foot (Eq. 10A)
Dom =2.129 —0.120 = 2.009 inches (Eq. 12)

379, .
77009(0.120) 157 microhms
per foot at 50 C  (Eq. 11A)

ky=1.0; ky=06 (equivalent round)
(Table 11)

Ry=

Rac/ky=87.8; Vei=0.008
(Eq. 21 and Fig. 1)

S=0616+2(0.175 +0.008) =0.982 inches
Ra;/k,-62.6; F(:,')-0.00S (Fi‘ ‘)
1 0616\
‘op = —— ) [0.003=0.002
(Eq. 24A, and note to Table IT)

14 V,=140.008+0.002=1.010

s=1.155(0.1754-0.008) +-0.60(0.539)
=0.534 inch (Eq. 32)

)
Vim Y= 22570)| 2000 | 0.0

(Eq. 31A)

Rec/Rac=101040010=1020  (Eq. 14)

0.019
q.-q.-1+1.010-l.019
=3.7(Table V); E=15/4/3=87;

cos ¢ =0.022
0.00276 (8.7)113.7(0.022))
2(0.178)+-0.681
0.681
= 0,094 watt per conductor foot
(Eq. 36 and text)

In computing dielectric loss on

(Eqs. 18-19)

Wym=

(Note:
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sector conductors, the equivalent diameter
of the conductor is taken equal to that of a
concentric round conductor, ie, 0.681
inch for 360 MCM.)

#(=700 (Table V1); G, =0.45
(Table VIIT of reference 1)

R =0.00522{700(0.45) | = 1 64
thermal ohm-feet (Eq. 39)

n'w3; ¢m0.41 (assumed)
fom 9.53)
T 141.7(2.129(0.41 +0.41)]
(Eq. 42A)

=7.18 thermal obm-feet

Rea=1.6441.010(7.18) =8.96
thermal ohm-feet (Eq. 8)

AT3=0.094(08247.18)=0.75 C (Eq. 6)
Ta=40 C (assumed)
| "oy u.ru.r‘\_g\_
I-V———————" e
37.6(1.010(8.96)]
=(.344 kiloampere (Eq. 9)

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

3.5(3)

Ry
* T 2.120(4/0.84/2.129 +0.62(0.41))
= 5,50 thermal ohm-feet (Eq. 42B)

Rea' =1.6441.019(5.50)=7.34
thermal ohm-feet (Eq. 8)

AT i -(4.3)(2.129)(6—':-9) =171C

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

,_‘/an-(ao+o.o+17.x)
(37.6)(1.010X(7.34)
=().346 kiloampere (Eq. 9)

In this particular case the net effect of
solar radiation and an 0.84 mile per hour
wind iy 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 above is preferabie. §

69-Kv 1,500-M CM-=Single-'
Conductor Qil-Filled Cable in Duct
Two identical cable circuits will be
considered in a 2 by 3 fiber and concrete
duct structure having the dimensions
shown in Fig. 3.

Dy=0600; D,=1543; D;=2113;
T=0285, D,=2373; t=0 130 inches

129
T.=75C; R.,-Lw-a.oo
microhms per foot (Eq. 10A)
Dy =2.373 0130 = 2243 inches (Eq. 12)
3790
(2.243)(0.130)
per foot at 50 C (Eq. 11A)
1.543 ~0 aoo(x.m+t.aoo)'

= 154340600\ 1.543 +.0.600
=0.72; ky=08 (Eq.23 and Table I1)

= 130 microhms

k,
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Fig. 3. Amumed duct bank configuretion for typical calculstions on 69-kv 1,500-MCM
oil-flled cable (Appendix IV)

R«/‘.-ll@, Ya-0075
(Eq. 21 and Fig. 1)

S=0.0 (Fig. 8); Rye/ky=10.75;
F(xy,')=0075 (Fig. 1)

1.412\?

Y,,-Q(-—g—o-‘) 0.075=0.007 (Eq. 24A)

14 ¥, = 140.07540.007 = 1 082

Assuming the sheaths to be open-circuited,
Y..-O

Y.- y“-

396 (2.243 )'
130(8.60)\ 2(9.0)
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5 (2243 \*
[l+l—é(2—(ro))]-0.0m (Eq. 30A)

Rac/Rag=108240006=1088  (Eq. 14)
(Eqs. 18-19)

= (Table V); E=689/4/3=40;
cos ¢ =0.005
_0.00@76(40)'(3.5)(04006)
2113

1.543
=(.57 watt per conductor foot

0.006
q:'h-l‘ﬁ-l‘-—-.m'l.m

We

log
(Eq. 36)
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4y =550 (Table VI)
2.113
R.-o.mz(uo log 1"35)
=090 thermal ohm-foot (Eq.38)

faoly Mg ot w4 14
el Rum e o

thermal ohm-feet (Eq 41A)

#g =480 (‘Table VI); t=0.25;
Dy=m50+05=550 for fiber duct

R‘_(_)_.OIOQ(M)(O.%)
5.50~0.25

thermal ohm-foot (Eq. 40)

Ba= 120 (asumed); s, =85 (Table VI);
Lw=[y=435 inches (Fig 3)

Nw@; (LF)=080 (assumed);
Fon (?9)("3\ (E‘.‘.E)(!’.:)('.’E‘:)
9 9) 12.7 9 13.7
= 42200 (Fig. 3 and Eq. 46)
oo = () 483; ?—7-1.5;

" 18427 18
Gy=0.87 (Fig. <)

R, (at 80% loss factor) = (0.012)(85)(1) X

=0).24

La/P

8.3 4(43.5)
(lo: 55080 log [ —5_—8—442.200)]) +

0.012(120 ~85)(1)(6)(0.80)(0.87)
=0.79 thermal ohm-feet (Eq. 44A)

R’ (at unity loss factor) = 8.44
thermal ohm-feet (Eq. 44A)

Rea' =0.0041.008 (1.74+0.244-6.79)
=9.72 thermal ohm-feet (Eq. 8)

ATy -0.57'((2;2o +1.7440.24 +8.M)

=62C (Eq. 6)

Ty=25C (assumed);
24 \/__7_9_—;_(_25%.2)'
8.60(1.082)(9.72)
= ().696 kiloampere (Eq. 9)
To illustrate the case where the cable
circuits are not identical, consider the

second circuit to have 750-MCM con-
ductors. For the first circuit,

N=3, (LF)=080 (assumed);

06\ (78\
r-(;)(—g-)-au (Eq. 46)

R, =0012(85)(1)%
83 4(43.5)
— (). ——a e
[10'6.5 Owlo‘( Y 924)]+

0.012(120~85)(1)(3)(0.80)0.87)
=3 74 thermal ohm-feet (Eq. 44A)

06 4 7.0\ (785
"-"(m)( o )(m)““
(Eq. 30)
Riai=0012(1)X

|85 log 456 +3(120 —85)(0.87)]
= 3 81 thermal ohm-feet (Eq. 49)

Reg' =080+ 1.006(1.74+0.24 43 74)

=065 thermal ohm-feet (Eq 8)
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ATg=0.57 (0.45+1.70+024+4.63)=4.0 C
(Eq. 6)

Wegm(1,2)(8.60)(1.082) =931 I,

watts per conductor foot (Eq. 13)

AT =(9.317,2[(1.006 X0.80)+0.57) )3.81
=2 174 28.5/,? degrees centigrade in
circuit no. 2 (Eq. 48)

Similar caleulations -for the second circuit
vield the following values.

Rea' =718, ATgm3.4; Wa=17 4404,
3T ni=1.71 433214 in cireuit no. 1

75-(254+4.0+41.71453.21,%)
(9.31)6.65)
(). 715 ~0.850],*

(Eq. 9A)

_75 ~(25+3 44217 +28.51Y)

(17.44X(7.18)
=0.355~0.228/,* (Eq 9A)

I

Solving simultanecusly /,=0714; L=
0.487 kiloampere

138-Kv 2,000-MCM High-Pressure
Oil-Filled Pipe-Type Cable 8.625-
Inch-Outside-Diameter Pipe

The cable shielding will consist of an
intercalated 7/8(0.003)-inch bronze tape—
1-inch lay, and a single 0.1(0.2)-inch D-
shaped brass skid wire—1.5-inch lay. The
cables will lie in cradled configuration.
D,=1632; D(=2642; T'=0.505;

D,=2661; Dy=8125
120\ /234.5470
il R‘"(z’.&’o)(m.awa)
=6.35 microhms per foot (Eq. 10A)

For shielding tape 4, = 7/8(0.003) =0,00263;
l=10; p=238;, r=564 (Table I)

23 8 206w\
R"o(o.ooma)J”( 1 )x

(gu+50

— | =62, &
&64+20) 2,000 microhms

per foot at 50 C (Eq. 13)
FonkidwinA.-%r(U.l)’-0.0lb?;
l=15;, p=38; r=912 (Tablel)
L ’HF(‘."OM e
’ 4(0.0157)V 1.5
(e
912+20

) = 11,100 microhms

per foot at 50 C (Eq. 13)

(62.9)(11.1)
R'("")'{(cz,gxu.x)] i

=0 435 microhms per foot at 50 C
ky=0.435; k, =037 (Table 11)

Ryge/Ry=148; Y =0052(1.7)=0.088
(Eq. 21, Fig. 1, and text)

S®206+0.10=2.70; Ree/hy=17.2;
F(z,')=0.035 (Fig. 1)
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I\ 1
l},--t(%%) (0.035)(1.7) = 0,083
(Eq. 24A and text)

14 V,=1+40088+0083=1171

(2.3X2.76)
208
= 20.0 microhms per foot (Eq. 29A)

N (20.0)%1.7)
(9.435)(6.35)

A’- =520 lO
Y‘- "" -0011

(Eq. 27A and text)
-(0 34)(2.78)4-(0.175)(8.13)

' -0.372
Yo 6.35
(Eq. 35)
Ree/Rae=1.17140.011 40,372 = 1.554
(Eq. 14)
0.011 0.011+0.372
Gl = 1000 g+

=1.327 (Egs. 18-19)

«=3.5(Table V); E=138/4/3=80;
cos ¢ =0.005
0.00276(80)%3.5)(0.005)
B TT)
1.632
= 1.48 watts per conductor foot (Eq. 36)

5¢= 550 (Table V1); Ry=0.012%

(560 log f—%) =1.38 thermal

(Eq. 38)

Wa

ohm-feet
n'm3; D,/ w2 15266)=572;

Ry 221
4T 5724245
ohm-foot (Eq 41A)
p¢= 100 (Table V1), ¢=0.50;
D,=863+10=9863 for 1/2-inch
wall of asphalt mastic
0.0104(100)(3)0.50)
9.63 ~0.50
=(.17 thermal ohm-foot (Eq. 40)

Assume 3, =80, L =36 inches, (LF)=0.85;
Nw], Fui

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

83 4(36)
[lo; ;&;4»085 lo(( 83 (1))]

=2 85 thermal ohm-feet (Eq. 44)

R, (at unity loss factor) =3.38
thermal chm-feet (Eq. 44)

R’ = 1.3841.009(0.77) +
1.327(0.17 +2.85)
= 8,17 thermal ohm-feet (Eq. 8)

AT3=148(069407740.1743.38)=74C

=(.77 thermal

Ry=

(BEq. 6)
Ta=25 C (auumed):
,.J__ZO-("‘““’
(6.35)1.171X6.17)
=( 905 kiloampere (Eq.9)
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Discussion

C. C. Barnes (Central Electricity Authority,
Loudon, England): This paper is an excel-
lent and up-to-date study of a most impor-
tant subject. For 25 vears D, M. Simmons'
articles have been used for fundamental
study on current rating problems, but the
numerous cable developments and changes
in installation techniques introduced in
recent 'ears have made a modern assess-
ment or this subject very necessary. The
essential duty of a power cable is that it
should transmit the maximum current (or
power) for specified installation conditions.
There are three main factors which deter-
mine the safe continuous current that a
cable will carry,

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

2. The heat-dissipating properties of the
cable.

3. The installatioa conditions and ambient
conditions obtaining.

In Great Britain the basic reference
document is ERA (The British Electrica!
and Allied [ndustries Research Association)
report F/T131' published in 1039, and in
1955 revised current rating tables for
solid-type cables up to and including 33 kv
were published in ERA report F/T'183.
A more detailed report summarizing the
method of computing current ratings for
solid-type, oil-filled, and gas-pressure cables
i{s now being finalized and will be published
as ERA report F/Ti87 some time in 1958

Until recent years current ratings in
Great Britain have usually been considered
on a continuous basis, but the importance
of taking into consideration cyclic ratings
nas now 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
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issued in which a simple method is pre-
sented for the rapid calculation of eyelic
ratings.?

Table V gives specific inductive capaci-
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 and their
appropriate specific inductive capacitance
values or alternatively 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 differ from the basis of
computing ratings hitherto adopted in the
United States. An amplification of the
authors’ viewpoint on this important issue
will be welcomed.

With reference to the use of low-resistivity
backfill, recent studies in Creat Britain
have shown that the method of backfilling
cable trenches deserves careful considera-
tion as attertion to this point can result
in increases up to 209 in load currents.

Equation 43 gives the thernal resistance
between aay point in the earth surrounding
a buried cable and ambient earth. It is

Table X. Temperature Limits* for Belted-, Screened- and HSL t-Type Cables

Laid Direct or in Alr Ia Ducts
Alumiaum Aluminum
Sheathed Sheathed
Lead Sheathed — Lead Sheathed
Armoured ~=  Armored
System Voitags and Type Un- or Usn- Ua- or Un-
of Cable Armored  armored  armored Armored  armored  armored
1.1 kv
L PP | o s ) NEE | .. 80
Twio and multicore balted. . ... .80 ... . . 80 . | (RN, | SR— 80
33 kv and 6.8 kv
Single-core ... .. . ... . : T P e T o 0 AT A S T 80
Three-core belted type .. .. 80 .y BB cunan .80 | R 80
il kv
Single-core . . .. Bes - ] 5t w35 & R ok kv TR
Three-core belted type .. .. 85 65 63 " 65. . 5% s A I T
Three-core screened-type ... . .70 . . .. .. oo TS 2 %nn T | PP |
22 kv
Single-core . . .. 3 ' m— 65 65 : ' &6 65
Three-core belted type ... .. 53 } . B8 SR ANy o4 108 .. 50
Three-corr screened type. . .., .. | P | | B8 i OB 50. AP
Three-core (SL$ or SAY) . ... 63 r 63 ETT | W ks OB
33 kv (screened)
Siaglecore............. : .. 68 be 5 q 50
Three-core LY 65 M 50
Threecore HSL. .. . ..... .. 85 .85
* Measured in degreea centigrade
t Hochstater separate lead.
1 Separate lead sheathed.
| Separute aluminum sheathed.
OctoBER 1057
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not clear, however, what value of soil
thermal resistivity is used in this expression
and information oun this important point
is desirable.

In Great Britain a value of soil thermal
resistivity (g) of 120 C em/watt is generally
used but further test data are being slowly
acquired, and where tests have indicated
that a lower value, eg, 80 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 {actors 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 desirabie addition. Permissible tem-
pasiwie theits for the varlous 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. . ..........
70 C maximum conductor temperature

Cas-pressure and oil-filled cable systems

LR AR ks 2 ih 0o nioa A b s-vomiale
85 C maximum conductor temperature

Finally, it will be helpful to know if
adoption of the formulas in the paper will
necessitate revision or amplification of
existing rating tables and, if so, when the
revised tables wil! be published.

NEFERENCES

1. Cumrant Rarivg or CasLes ror Trans-
sisston ano Distmisurion, 8. Whitshead, E. E.
Hutchings. Report, Reference F/T 131, The British
Electrical and Allied [pdustries Research Associs-
tion, Leatherhead, England, 1939 also Jowrmal,
Iostitution of Elestrica! Engioeers, lLoodon,
England, vol 83, 1038, p. 817,

2. Tus Carcurarion o Cycric RATiNG Factons
vor Castas Lao Dmscr or tx Duers, H. Golden-

berg. Proceedings, lustitution of Electrical Engi-
opeers, London, Eangland, vol. 104, pt. C, 1957, p
154,

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 cyclic
loading.

The paper by Mr. Neher and Mr. Mec-
Grath records up to date American cable-
rating practice in a manner that will prove
invaluable to engineers for many vears to
come It is a pleasing feature that the
authors are especially competent to deal
with this subject in view of their valuable
contributions to the cable-rating field
over a number of years, Modern British
cable rating practice has recently been
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recorded in an ERA report? dealing with
continuous current ratings, and in two
IEE (lustitution of Electrical Engineers)
papers*® (based on ERA reports) dealing
with cyclic loading, but the majority of
this work is in process of printing and
publication,

An obvious difference in British and
American technique is the method of cyclic
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 a method recently intro-
duced in Britain** takes full account
of the form of a daily load cycle. Both
methods are considerably shorter than
any that have been available hitherto.
Nevertheless without further study I
would not feel certaiu 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 indenendently of the cyclic
joad wave form giving rise to it. In fact
the conclusion reached in my second IEE
paper,t is that a knowledge of the cyelic
load wave form for the 6 hours prior
peak conductor temperature, together with
the loss factor, are adequate for cyclic
rating factor calculation. 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 between British and
American cable rating technique is not so
marked for continuous 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 different standard
a< frequencies in use. Nevertheless a
comparison of the present paper with the
ERA report dealing with continuous current
ratings? gives rise to certain observations,

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 conditions. 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 external ther-
mal resistance calculation for grouped
cables laid direct in the ground differs
somewhat from 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 external thermal
resistance formulas and my recommended
method has led to a substantial saving in
calculation time. I do not favor the
introduction of 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 V1 for thermal resistance calculation
are generally somewhat lower than the
corresponding British values, that the
proximity effect on cylindrical hollow
conductors #2ppears to me to be best ob-
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tained from Arnold’'s paper? that where
sheath and nonferrous reinforcement losses
oceur 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 erternal
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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AND HRaATING Facroxs rom TRANSMISSION AND
Disreisurion Casues. H, Goldenberg. Reporl,
Refevence F/T187 ERA, London, England, (to be
published).

4. See reference 2 of Mr. Barnes' discussion.

5. Tus Carcuvrarion or Cyveric Rarino Factons
Axp Emsrogncy LoADING POR ONB OR MORS
Cantes Lato Dmucr or 18 Duers, H, Goldenberg.
Momograph no. 251, lnstitution of Electrical Engi-
oeers, July 1051,

6. Tus Exrervaic Tuszumar Resisraxcs or
Burisp Casues, H, Goldenberg. Beama Jowrmal,
London, England, vol 64, no. |, Feb 1937, p. 36.

7. Cummext RarTings ror  PApPER-INSULATED
CasLes 1o B S 480, 1054, Varnmuxo-CaMsRIC.
InsvLATED CABLES TO B S 608, 1965, Report, Re-
feremce F/T 183, The British Electrical and Allied
Industries Research Association, Leatherhead, Eng-
land

8 See reference 5 of the paper,

Elwood A. Church (Boston Edison Com-
pany, Boston, Mass.): The authors present
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 steady-
load or 100% loss fact~r. Cable engineers
usually agree on the f-ctors to be taken
into account and the methods of calculation
for steady loads. However, there appears
still to be disagreement on the problem of
cyelic loading.

At the AIEE General Meeting in January
19053, a group of papers' was presented
suggesting various 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 was shown that this method
yields reasonably accurate results for the
higher loss factors. For a low loss factor
sharply peaked cycle, the results are not
as accurate,

A modification of this method would be
to represent the lcad cycle more accurately
by splitting it into harmonics and com-
puting the temperature rise for each
harmonic separately. This eatails more
work, but with modern methods of machine
caleulation it is economical to use the
most accurate method available and let
the machine perform the laborious cal-
culations, In fact, it takes very little
more time on the machine when the more
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 eyelic com-
ponent of temperature rise of 1,250-MCM
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Table X!. Thermal Impedance Functions
1,250-MCM 115.Kv Cable Enclosed in 6/,-Inch-Outside-Diameter Pipe

Harmomnic T1/Qu TvQe Ty Qe TvQe
T R 6.55/0° F A 5.50(0°
e L0 88)0° v 08/0° 88010° ... 8.03/0°
N, 2 88| ~30° . 1 67| -43° 241 =84 .. 093] ~61°
# s 2.20| -38° RIS 0.82) ~08°. ... .0.87| ~77°
3. 1.94] - 430 0.94(-81°.. 0.61(=79% .. ........080| -87°
o 108|850 ... 0.76] - 67°.. 048] -87° ... 0.29) - 98°

* Steady-state component for single pipe.

t Steady state component for two pipes, 18 inches epart.

Qe = watts copper loss per conductor per foot
T = temperature rise of conductor

Ti= temperature rise of shieiding tape

Taw temperature rise of oil in pipe
To=temperature rise of pipe

T15-kv cables enclosed in 6*/,-inch-outside-
diameter pipe buried in the earth. The
results of three such methods for two
representative 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
eyele, (2) the sinvsoidal method suggested
by Mr. Neher in his 1953 paper, and (3)
the latest method suggested by Mr Neher
and Mr. McGrath in their current paper
Spece 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
bBarmonic was approximuately 5 minutes
per matrix, with a separate solution neces-
sary for each harmonic. The whole cost
of the job in rental time on the machine
and punching the data on the cards for
insertion in the machine was $150 for three

Table XIl. Marmonic Components of Loss

Cycles
Loas Cycle | Loes Cycle 2

Har- Loss, Phase Loss, Phase
mosic Watta  Angle, Watts Angle,
Degrees Degrees

0 408 . 2 64
1 2 50 0t 28....-2
2 110 + 30 0 43, + 185
3 ¢ 2 - w0 0.80 + 65
N 08 + 40 083 - 38

Baample. The equation of loss cycle | using the

foregoing data is as follows (Maximum Oy =8 6

watts per foot per conductor)

Qo= d 034250 sin wi+110 sin (2 +30° 4
0.20 sin (3w~ 50%) 40 53 sin (4wl +40°) watts

Corresponding temperature cycle for conductor
temperature s 23 follows for & single pipe: (Maxi-
wum T=301°)
Trw32 447 24 sin (et ~30° 4257 sin (2t ~6%) +
039 sin (B~ 133°) 4089 sin (det~T7%)
degrees centigrade

Zero time ~ 0 00 a m in the foregoing expressions.
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different sizes of cable (a total of 12 ma-
trixes). The cost of programming was
smali since the general program for solution
of complex simultaneous equations was
already available in the IBM library, and
only a small amount 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 5, with the corre-
sponding temperature cycles of the con.
ductor and pipe.

In all future calculations of this sort,
it is planned to carry the programming
still further 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 only the temperature of the
conductor and the pipe are significant in
calculation 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 Tabie XIII
in the same order. Examination of this
table will reveal that the sinusoidal method
vields results which are nearer to the more
accurate harmonic method than tue 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 between the three methods
for all practical purposes and that the
accuracy of the onginal 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
18 that someone unfamiliar with its deriva-
tion and its limitations will use it where it
does not apply. The author does not con-
sider the agreement close enough for 40%
loss factor,

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

Teble Xill. Maximum Temperoture Rise for

Cyclic Loading
Conductor Pipe
Iuc:‘ Temperature, C Temperature, C
of Cal-
culation | Pipe 2 Pipes | Pipe 2 Pipes
For Loss Cycle |
1 3 1 49 2 4.1 . 343
2 39.8 9.9 246 ... 348
3 39 9 80.3,.....95.9....80. 4
Por Loss Cycle 2
1.......80 9. . 38 .....17.1 ... 238
2 ..326 . ...302 ... 18.2 ... 49
i 32.8.. 3.5 1818, 22. 8¢

These figures do not include the temperature rise
due to dielectric loss, which would be added to the
steady -state component

* These are average temperatures It is not
possible to compute the mazimum tempersture 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 earth next to
the pipe exceeds an average of 50 C, there
is dunger of drying out the soil causing
thermal instability. Caleulations of cur-
rent-carrying capability should take this
limit into account.

REPERENCE
1. See reference 3 of the paper.

R. ]. Wiseman (The Okonite Company,
Passaic, N. J.): The authors are to be
commended for this very fine technicel
paper. The need for an up-to-date con-
pilation of engineering formulas and ~u-
stants for the calcolation of current-
carrying capacities of “ables 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 knowledge, the types of cable
furnished were not 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
known and it was desirable to bring them
together in one place and, in addition, all
of us who have occasion to tmake these
caleulations will be using the same formulas
and electrical and thermal constants.
Also, this paper will be of great belp to
younger men coming into the cable in-
dustry,  Although it summarizes the
formulas, anvone 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 generally
useful, it is desirable that the procedure
be easy to follow and the formulas readily
applied. Theoretical formulas involving
higher mathematics can be used, but they
take time, and very often it is not possible
to take the time to work up a case. Again
conditions of installation are wvariable
daily, so if we attempt to make a field check
of calculations we can find differences;
therefore, exactness to a high degree is
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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
currents 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. [t 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 | am concerned, yet we are willing
to accept the recommendations given in the
paper. The caleulation of the various
losses existing in a 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 calculation
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 a cable and a surrounding wall,
such as a duct wall or a pipe, see equations
41 and 41(A). Heretofore, we used Ruy=
0.00411 B/ D, and referred to as the [PCEA
method. This has been revised to take
into consideration the condition existing
and the materials. Equation 41(A) s 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 cviindrical log formula and found
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the apparent thermal resistivity varied
due to the convection effects of the oil.
If we took the simple formula Ru=
1.60/D where D is the diameter over the
shielding tape we found we got good
agreement with test. We neglectad tem-
perature effects as the actual value of
R 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 Ru=2058/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 having a diameter of 2.5 inches.
The following table compares the two types
of equations.

Diameter » Diameter =
| lnch, 2.5 lnches,
Thermal
Medium Ohm-Foot  Ohm-Foot
{ Okonite 180 tol O 64ctol
Oll. . Neher and | 37 0 80
McGrath
50kmm...:ssmr 1 03 tof
Gas Neher and 2 22 1 04
MeGrath

The differences are not great and when
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 constants. Also a better under-
standing of the effect of multiple cables in a
duct bank is obtainable, and the determina-
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load cycle

Values same as in Fig. 4

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

Appendix 111 discusses the'derivation of
Ds, a fictitious diameter in the soil up to
which it is assumed that a steady heat
load exists and outside which the loss
factor of the load is taken into considera-
tion. 1 have not been able to accept this
assumption. It i8 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) vaties
with loss factor, namely, (AF)=043+
0.57 (If) for my method. This equation
follows the plot of (AF) and loss factor
very well down to about 35% loss factor,
and in some cases, it gave a higher value
and other cases a lower value than actually
calculated. The (AF) values [ 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
factors as low as 30% (809 load factor),
my formula gives results as accurate as
when using D; and easier to use. However,
for the sake of uniformity in methods of
caleulation, we will accept the authors’
method.

In this connection, I would like to raise
a question which I 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 value 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, R=0.00411 B/D,
1f 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 [ they give some thermal data
obtained from tests made by them on a
pipe-type cable. They give a value of
B for surfave of Somastic to water of 218
thermal ahms per em? 1 like this. Is it
not likely that we have a surface resistivity
between the cable and the seil in immediate
contact?

Rererence

1. Bowwmviie Powesr AoMixisTearion Hiom.
Vouraos Cames Sruowss, R, ], Mather, F. J.
MeCanoa, E. Demirjian, AIKE Tremsactions,
val. 76, pt. 111, 1987 (Paper mo. 57-739).

E. R. Thomas (Consolidated Edison Com-
pany of New York, Inc., New York, N. ¥.):
The authorsare tobe congratulated in setting
up mathematical equations to evaluate load
carrying capabilities of cable systems. I re-
gret that no mention was made of the pio-
neer work by Wallace B. Kirke in the middle
1020's on the rating of cables installed in
auet banks. This work, | 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-
sented before the AJEE and published in
the Journal.!

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

1 believe the actual heat flow in under-
ground cable systems is considerably more
complex than has been assumed in this
paper and, therefore, actual ratings which
are obtainea may be different from those
obtained by this calculation.

REFRRENCE

1. Tun Carcutarion or Casis TEMPRRATURES
v Susway Ducrs, Wallace B, Kirke. A/EE Jour-
nal, vol. 49, Oct. 1930, pp. 855-80.

H. D. Short (Canada Wire and Cable
Compaay, Toronto, Out., Canada): Several
of the engineers who work with me at Can-.
ada Wire have been studying the Neher.
MeGrath paper over the past few months,
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and have arrived at certain conclusions,
some of which are discussed in 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 have 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 IPCEA cwrent 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 seems to be very
little data on cable temperature measure-
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 laboratory measurements
and analogue methods used are all approxi-
mations.

I am given to understand that there is
a movement afoot to have this Neher-
McGrath method accepted and to revise
the IPCEA cuwrrent rating tables accord-
ingly. Iam not sure that this is the case—
but if it is, then perhaps the authors can
tell us upou 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 cuble 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 current 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 corered the
nonferrous metal market or they are
attempting to make a pipe-tvpe cable carry
the same load as a duct-bank installation
Yet on the face of it, it is incomprehensibie
how anyone can conceive of a 3-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 a minimum and heat dissipation
a maximum. In either event we cannot
understand why so much time should be
spent on developing a new method of cur-
rent rating calculation for duct-bank
systems without first having at least
obtained some actual in -service field
measurements to  substantiate their
formulas.

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

The only way in which we have us yet
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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 arrive at the same conductor
tize as determined by the NELA method
appears to depend 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 within
10% of the NELA method if a py=75 C
cm watt is used.

We have made some calculations of the
thermal resistance of cables in a duct bank
from the sheath to ground (or sink) using
the Neher-McGrath method and the
average conditions on which the NELA duct
constants were obtained. The average
conditions were:

1. Most of the measurements were taken
under paved streets witl the depii of pave-
ment between 10 and 12 inches.

2. Majority of ducts were made of fihre,

3. Average duct inner diameter=3.75
inches.

4. Concrete spacer between ducts 2
inches, with duct wall=1/4-inch, 3-inch
outer concrete shell. Spacing between
duct centres=6'/, inches.

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

8. 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 it outside ducts, all
equally loaded.

8. Soil thermal resistivity (in silu)m=
120 C em/watt.

Two cases were studied and the results
are suramarized in the following:

Case I—-Three cables in 2 by 2 duct bank
(one of lower ducls empty).

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

Loss factor,.......100%..62.5%..33%
Rthg-4 thermal/

ohms-feet....... 500 ..392 ..3.00

Neher-McGrath Value

Loss factor........ 100%..62.5%. .33%
Upper cables

Rthg-4 thermal

/ohms-feet,.....6. 68 ..502 ..3.71
Lower cable

T 6.63 . 499 ..3.70

Average values....6.68 . .501 ..3.71

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

At 1. )% loss factor p,=65 C cm/watt
At 62.5% loss factor p, =60 C cm/watt
At 33.0% loss factor pe=45 C em/watt

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

NELA Value
Loss factor..... . 100%..62.5%..33.0%
Rthe-4 thermal
/ohms-feet, . .6.89 ..5.056%..3.680

Neber-McGrath Value
Loss factor......100%..62.5%..33.0%
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Upper layer
Rthg-4 ther-
mal/ohms-
[ 10.23.
Middle layer
Rths-4 ther-
mal/ohms-
feet, . ..
Lower layer
Rths 4 ther-
mal/ohms-
feet . 10.63 .7 .49 502
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 100% loss factor py=53 C em/watt
At 62.5% loss factor e =50 C em/watt
At 33% loss factor py=43 C cm/watt

Other calculations on single-conductor
high-voltage cables varying in canductar
size from 300 to 1,150 MCM installed in
outside ducts in a normal duct-bank systems
{t was necessary to assume a pe=~75 C
cmn/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
empirical 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,
8o far as our experience in Canada is con-
cerned 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 Starrs.!

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 a 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 caleulation
for a pipe-type installation. In the one
they use a g0 of 120 and in the other a
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
have not done this in their Appendix 1V,

The use of the Kennelly formula in the
practical case of cables buried in the earth
is at best an approximation, For the
theoretical case of a heat source in a medium
that is homogeneous, of uniform resistivity
and temiperature, the formula would apply.
However, for the practical case of cables
in the earth, there is considerable deviation
from the ideal case such as nonuniform
medium, seasonal variation of temperature
gradient in the earth, nonuniform 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

7.24 . .4.88

.., 10.05 7.60 ..512
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been used extensively, but the apparent
thermal resistivity inserted in the calcula-
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 calculation
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-
tiew intn the influsncs of moistire on enil
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
Kennelly formula on the temperature
gradient. It 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
grudient 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 o ly 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 Ken-
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 cyclical
loading factor to the external thermal path,
The factor they use is based upon measured
values obtained on direct buried and/or
pipe-type cables. Since the thermal circuit
of a 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 installation.

Finally it is pertinent to point out that
the Kennelly formula is premised upon all
the heat energy flowing to the earth's
surface. Omne must then ask the authors
what they mean by ambient soil tempera-
ture. Theoretically at least the tempera-
ture of the earth at the cable depth of
burial is not the ambient to be used in the
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Kennelly formula if the sink is the earth's
surface. Why is the earth’s surface tem-
perature not the true ambient to use when
applying the Kennelly formula? Is the
British use of a 2/3 factor in reality a
correction for the virtual sink temperature,
or sink temperatures if the deep isothermal
theory is valid.

REFERENCE
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F. O. Wollaston (British Columbia Engi-
neering Company, Ltd , Vancouver, B. C,
Canada); This discussion 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
heating effect of multicable installations,
and the effect of extraneous heat sources.
For the first time these are all adequately
treated in one paper. The methods of
calculation must, bowever, be critically
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-
rent ratings for cables.

The Neher-McGrath method leads 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
cn/watt in the Neher-McGrath calcula-
tion, The value to be used for earth
thermal resistivity is of paramount im-

and will be discussed in more
detail later. A few illustrations of the
difference between the two methods will
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 mneant substantial extra
cost for the cable compared to the IPCEA-
NELA result.

In another instance, the Neber-McGrath
method was used to determine the required
size of cable leads for a 76-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 13.8-kv generator were to be changed
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because the associated 230-kv step-up
transformer was being replaced with a
345-kv unit, The existing leads consist
of two 2,500-MCM cables per phase
inetadded in 2 6 duet bank. According to
the Neher-McGrath method, these cabies
should be approximately 3,500 MCM each
# the AEIC allowable temperature of 76 C
i not to be exceeded at full load in summer
tine. The unit has run at full load for
loug periods on many occasions since
guing into service in 1949. If our applica-
tion of the Neher-McGrathk method is
eorrect, one must conclude that the existing
eables have been severely overloaded many
times during their service period of 8
years. No evidence of such overloading
Ras 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
sesults showed that the duct structure
attained equilibrium temperature in 24
hours. The buib of a recording thermom-
eter was inserted 20 feet in the bottom
middle duct. The details of the duct
bank and cable are given in Fig. 6 and

Table XIV. Cable and Lom Dete

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

13.8 Kv
Current Watts Loss
Catie During Test, Per Foot
Ne. Amperes of Cable
g... 1,035 , 5.7
2 .. . 978 512
3. 065 . 508
4 905 e . 442
s F e 44
6 . 1.029 573
Total 30 60
Per cabie average 5 1
Notes:

Ambient earth temperature during test was 195 C.
Cables are paired 2-3 for A-phase, 14 for B-phase,
56 for C-phase

Diameter over conductor, inches o 2 000
Cotton tape thickness, inches ... ... . . .
Insuwlation thickness, inches. .. ... .. ... ..... 0.210

Diameter over insulation, inches 2 454
Copper tape thickuess, inches ....0 003
Sheath thickuess, inches. .. . ..0.128
Over-al! diameter inches 270

A=C resistance at 65 C =541 10) ohms-teet
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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 29%. Afier
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 (be temperature rise
by 1/6 of the total losses, a thermal re-
sistance of 4.6 ohms is obtained, Table
XV shows the thermal resistances pertinent
to this case as determined by the Neher-
McGrath metbod and the [PCEA-NELA
method. The experimental value (occupied
duct air to earth ambient of Table XV) is
in good agreement with the IPCEA-
NELA value given in “duct wall to earth
ambient” of Table XV, while the Neher-
MeCGrath value is much higher. The
Neher-McGrath value show'd 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 ‘he
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 dnct 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 obtaincd when a value of
earth thermal resistivity p, = 120 C em/watt
and thermal resistivity of concrete p, =85
are used in equation 44{A) of the paper,
There has never been any general agree-
ment on what value of earth thermal
resistivity is inherent in the IPCEA-NELA
duct constants. Several years sgo Mr.
G. B. Shankiin 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 i¢ correct the discrepancy be-
tween the Neher-McGrath result and the
IPCEA-NELA dust heating constant is
real and serious. Our test result cited
above does not give any information on
this point because the earth thermal re-
sistivity was not 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,
namely 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 the
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 2/3 X
180=120 C cm/watt in equation 44(A).
It turns out that agreement occurs when
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Table XV. Thermal Resistances Pertaining

to Test
Thermal Resistance, Neher- IPCEA.- Ezperi-
C per Watt ' Foot McGratk NELA  mental
Insulation .. 075 07
Sheath to duct 1 52 .1 82
Duet wall - 013
Duet wall to earth
ambisac 8 75 49
Occupie! duet wir to
earth ambient . . e 4 .61

* Calculated from equation 44(A) using 4 =120 C
cm/ watt.

the earth resistivity is taken as 55 C em/
watt in equation 44/A). It does not seem
likely that the value of 65 is representative
of typical soil around duct banks. Many
measurements in several laboratories have
consistently shown that the specific thermal
resistivity of earth wvaries from about
100 C em/watt for a moisture content of
16%, to about 300 or 400 C cm/watt for
zero moisture content. A wvalue of 180 C
cm/watt seems fairly representative of
average conditions. T conclude that the
validity of the Neher-MeGrath 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 fincdings by such
tests?
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1. Coummenr Rarivcs ror Euscrricar Cow-
pucroRs. Anaconds Publication C-51, McGraw-
Hill Book Company, Inc., New York, N, V., first
edition, Oct. 1942,

J. H. Neher and M. H. McGrath: We are
indebted to Mr. Barnes and Mr. Golden-
berg for their discussions in which they
summerize the present cable rating prac-
tices in Great Britain and point out some
differences with American practice. From
this it would appear that iu most respects
the practices in the two countries are
similar. While the method of handiing
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 sav that IPCEA, in collaboration
with the AIEE, has under active con-
sideration a revision of the existing current
rating tables based on the methods of cal-
culation set forth in this paper. The tem-
perature limits will be those already
adopted by IPCEA, AEIC, ri~,, in industry
specifications.

Mr. 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 represents a challenge
to those mathematically inclined. Mr.
Goldenberg also has referred to a different
but nevertheless mathematically involved
procedure for doing this. For normal cable
calculations, the tremendous amount of
computations required for each individual
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case is simply not warrauted even if a
digital computer were available to the cable
engineer

If the application of a particular load
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 feel, 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 prin-
ciples which underlic Mr. Church's method
through a series of ca efully considered
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 76% load factor
cycle, and of 5.1 for the 80% load factor
cycie are indicated. The errors in using
83, 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 he 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 artainment factor
directly from loss 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 Dy has considerable
theoretical justification in our opinion, we
feel that it should be made a part of the
general procedure for caleulating the effect
of the loading cycle.

The introduction of an additional therma!
resistance to care for surface effects 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 cyelic
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 effect term is present
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 earth ambient of 90 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
method of handling this problem, par-
ticularly when one 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 tc a partitular coble, iz readily deter
mined as indicated in reference 12. We are
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 inherent
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 Con-
ductor Committee, however, are on record
as recommending or agreeing to the method
given in the present paper. In accepting
the given method for buried and pipe-type
cable, Mr. Short does not seem to realize
that this method is based on the Kennelly
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 instaila-
tion, and proceeds to attempt to resurrect
a number of the ghosts which plagued the
Insulated Conductor Committee some 10
vears 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 existence 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 had misgivings as to
its applicability mainly because calculations
by it did not appear to check with measure-
ments in the field. 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 i suw.
Also, the apparent discrepancy (which
appears because the direction of heat flow
implied ir: 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 superposition 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 &
logical extension of the principles under-
lving the Kennelly formula in order te
include in the calculations two very im-
portant variables which are not a part of
the NELA-IPCEA method, namely the
duct configuration and the thermal re-
cistivity of the surrounding soil. This
method is also not new. It was first
described by N. P. Bailey in a paper in
1920' and subsequently in reference 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
differgnce between laboratory and s» silx
measurements of soil resistivity and that it
does not stem from any lack of applicability
of the Kenuelly formula to the problem.,
Numerous British publications point out
that the two-thirds factor is not to be used
where the resistivity is measured sn silu
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
chocks with results obtaived on loaded
cable installations.

Another ghost mentioned by Mr. Short
is the deep isothermal approach (a proposal
which was first suggested by Levy in 1830)
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 e
flowing (not stationary) ground water
sink, a somewhat unusual condition that
is scarcely pertinent to the proLlem =t
hand. Incidentally, Table I of this paper
gives results of an excellent analog check
of the given method as applied to a duct
bank.

We wish to assure Mr. Short that we
have not cornered the nonferrous metal
market, nor are we saving that three
single-conductor 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 a
load 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 results of calculations made under a
set of assumed conditions with the results
of & procedure for which those same condi-
tions are not stated and in fact are unknown
This is a situation which existed imme-
diately following the war and is one of the
ghosts previously mentioned. Conductor
size determinations for cable in duct
utilizing the NELA constants require no
knowledge nor consideration of soil re-
sistivity as such. On the other hand, such
determinations for pipe-type cable systems
by any practical method require a specific
numerical assumption to be made as to
the value of soil resistivity in order to arrive
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 parameters in the
method. Since these parameters were not
fixed and in fact are now unknown as re-
gards the NELA duct heating constants,
it is obviously impossible to make a factual
comparison of the results obtained by the
two methods. Here again, by assuming
earth resistivities of 120 or 180 as both Mr.
Short and Mr. Wollaston have done, the
given method 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
on which these constants were based nor
is there any indication that earth resistivity
measurements were taken as a 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 zalcula-
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
‘wk 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 only relatively recently that AEIC
specifications have made provision for
increased permissible temperature limits
for emergency periods, and ‘or the greater
portion 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
portion of the cables now in service have
been selected on the basis that uormal
permissible copper temperature would not
be excerded under emergency conditions.
Moreover, in recent years aiggmber of
i suu measurements have been 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 in so far
as the resistivity of the soil itself is con-
cerned. 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 a number
of pipe-type installations have been in-
stalled in this country with design re-
sistivities in the 70 to 90 range. Under
the circumstances, 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 tendency 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 uot too
distant future,

The values of soil resistivity of 80 and
120 used in the examples of Appendix 1V
were chosen merely for purposes of illustra-
tion and the value of 120 rather than 80
was used in the duct lay case in order to
emphasize the effect of a difference hetween
the resistivity of earth at 120 and concrete
at 83,

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

an unpublished 1947 memorandum by
G. B. Shanklin, that a resistivity of 1£) 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®* of
the many references which have appeared
in the technical literature over the past
few years on determinations of soil re-
sistivity in connection with experimental
duct bank, buried cable and pipe-type cable
installations, either alone or in conjunction
with buried cylinders, spheres or transient
needles, that he will find that there is no
longer any justification for an inferred
resistivity of the order of 120 in the NELA
constants or for his impression that a re-
sistivity of 180 is representative of average
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 55, there are, of course, several possible
explanations that suggest themszives, As-
suming the temperature measurements
were made accurately, perhaps the soil
actually liad a resistivity of this order of
magnitude. From recent studies on soils
and the effects of such matters as composi-
tion, density, compaction, particle size,
etc, 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 § days would 10t suffice to bring
the duct structure to its ultimate tempera-
ture rise over ambient, unless, of course,
it had been carrying substantially full 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 on which the test was conducted.
This raises a question as to whether in his
particular case there could have been any
alleviation of temperature rise by longi-
tudinal heat flow or, alternatively, by longi-
tudinal convection effects such as were
found in the tests made with ducts open
and plugged.?
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Heat Transfer Study on Power Cable
Ducts and Duct Assemblies

PAUL GREEBLER

NONMEMBER AJEE

TUDIES of heat transfer on power
cable in duct have indicated the need
tor more expenmental data to establish
thermal resistivity values for several com
ponents of the duct svstem, particularly
that portion of the heat flow path from
the cable sheath to the outer duct wall
surface.  Theoretical considerations of
heat transfer from the cable to the outer
duct wall surface have treated the duct
wall as an 1sothermal surfuce : and, gen-
erally, no consideration has been given to
the effect of the thermal resistivity of the
duct material upon the beat flow from the
cable. These approximations are made
necessary in theoretical studies of cable
systems by the complex geometry of the
duct assembly, the cahle sheath resting
nonuniformly at the bottom of the duct
While such studies, supported by the ex-
perimental evidence available, vield rea
sonably  accurate thermal resistivity
valucs, the efiects of a nonisothermal duct
wall and of the therma! resistivity of the
duct material can be taken into account
by performing measurements on a duct
assemb
In 1948 a study of heat flow in duct
SVstems was begun at the Tohns Manville
Research Center to determine the thermal
Tesistance of the components of the heat
flow piath m @ duct assemhily I'ransite
and fiber duct, the latter possessing the
Mighier thermal resistance,
ar the tests ®*  Preliminar experiments
Were periormed with cach 1y pe of duct

were selected

Shcased 1 conercte and buried in earth,
“Daran mipe enclosing a heator resting on
the buttem of euch duct. The tempera
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ture of the ron pipe in the Transite was
sufficiently different from that in the fiber
duct, both measured under conditions of
equal heater load, to jusufy further studs
of the effects of the thermal resistivity of
the duct upon the thermal resistance from
sheath to outer duet wall surface in a
cable svstem

After about two years, dunng which
time tests and procedures were estab-
lished, the control apparatus was de-
signed and assembled; and work was
started on the first stage of the 2-stage
program, which was planned to include
investigation of (1) ducts in air: (2) single
duct encased in concrete. This paper
contains a description of the tests cover
g this program, and the application of
the test results is indicated to the solu
tion of heat flow problems in duct banks

Thermocouple Assembly

Eight-foot lengths of Transite and
fiber duct were employed for the tests 1n
wir. The main components for this test
are the duct, the lead sheath resting on
the bottom of the duct and contaming a
Calrod heater along its axis, and the ap
fraratus for regulating the power supplv
and measuring the thermocouple elec
tromotive {orees

Figure 1. Ther-

mocouple sssem-

bly on outside
duct surface

Grerives . parnell—Ltieat ransier Study

Since the geometry of the duct assembly
15 not radially symmetric, it was realized
early in the study of this problem that. in
order to obtain an accurate average tem-
perature around a duct surface, it would
be necessarv to use a large number of
thermocouples spaced circumferentially
around the surface Furthermore, it was
recognized that the temperature distribu-
tion along the length of the duct would be
nonuniform due to the irregular contact
between the inner duct wall surface and
the lead sheath: and so it was necessary
Lo space the thermocouples along the duct
length as well. A 24001 length of duct,
placed in the center of the 8-foot as-
sembly, was emploved for the measure-
ments. Thus 3-foot sections of duct on
each side of this test length served as
guards, reducing end effects and thereby
allowing the test srea to more closely rep-
resent a small section of a long duct

A preliminary survey of the tempera-
ture distribution around the duct surfaces
showed that 48 thermocouples along the
=-foot length placed in a 3-turn helix of
16 couples per turn would provide enough
temperature readings to yield a true
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dverage surtace temperature. Figure |
shows the assembly of the temperatire
measuring thermocouples on a test length
of fiber duct. The constantan wires are
soldered to a narrow strip of thin copper
foil, which is cemented to the outside
surface of the duct. An identical thermo
couple assembly is emploved on the inside
surtace. As can be seen in Figure |, the
constantan wires on the outside surface
helix are run about two inches along the
surtace and then inserted into holes taking
thetn inside the duct.

All of the constantan leads were car-
ned inside the duct to reduce the nossi
bility of abrasion when set in
Also, the leads were run ajong tt

surface for at least two inches to avoid
change in the junction temperature by
conduction along the wire. [n order to
permit the measurement of the average
surface temperature of a duct by con
necting the couples on that surface in
parallel, the constantan leads were all
cut to lengths of equal resistance. Con-
sideration was given to the effect the mass
of wires inside the duct might have on the
surtace temperature of the lead sheath
and of the inner duct surface. Since the
total cross-sectional area of the 06,

¥
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Figure 2 (lekt). From view of
control boerd. Power angd
thermocouple circuit compo-
nents sre numbered as follows:
(1) fuse boxes and transtets,
(2) sammeter, (3) integrating
wattmeters, (4) celectray tem-
perature controller (5) pilot
lights (8) type K-2 Leeds and
Northrup  potentiometer (7)
gelvanometer spot relerence
glass (8) type R Leedt and
Northvup  gqalvanometer and
optical tystem, snd (9) therma-
couple selector switches

number 30 Brown and Sharpe gauge con-
stantan wires 1s equal to that of a single
l0-gauge wire, it was concluded that this
juantity of wire has negligible effect upon
the heat flow

The Transite and fiber ducts emploved
in the tests each had a 4-inch inside diam
eter and 0.31-inch wall thickness

The Heating Unit

The lead sheath used in the duct as-
sembly was cut from a lead pipe of 3'/,
inch outside diameter and 1,/8-ifich wall
thickness, The pipe was stored in the
laboratory for over a vear before the
tests were begun, and so the lead surface
had sufficient time to attain a high emis
sivity oxide coating. A 7.75-foot length
Calrod heater, consisting of a coaxial
mchrome wire and metallic shield sep-
arated by a refractory matenal, was
placed along the axis of the lead sheath

Figure 3 (le#t). Rear

Figure 4. Ducts encased in concrete. The

lead sheaths are seen protruding from the

duct amsemblies. The ducts are not clearly

visible since their ends have been packed with

rock wool. An experimental conduit is shown

in test position in eddition to the Transite and
fiber duct essemblies

and held in place by thin Transite disk
spacers. The shield was used as the re-
turn current lead to eliminate the possi-
bility of inducing potentials in the ther-
mocouple leads. The resistance of the
Calrod heater was measured as approxi-
mately 3 4 ohms per foot with ten watts
per foot heat flow in the assembled duct

After some investigation, sand was
found to be a suitable medium with
which to surround the Calrod heater in-
side the lead sheath. Five copper-con-

view of control 3—--—-af - v RS—— .J‘..'Aﬁ e
board. Numbered | N
elements are (1) the R R - i
thermocouple  ter. b 5 CRETE ", e -} .

minal board (2) the AL LS 154, , o :

survey couple selec-

tor switch assembly,

and (3) the power
cireuit relays

Figure 5 (right).
Crom-section detail
of duct encesed in
concrete for '‘Test
Series 1. A 1%.
inch concrete casing
was  employed in
“Tast Series 2."" The
lead sheath encloses

.
LT '
TeouTsioR |
CONDUIT COurLES | o

AROUND cmu-nn-od PA
PER REVOLUTION AND |

B REVOLUTIONS oOF
COUPLED PER R PT.TEST
LERETH, *

M

o centered Calrod
heeter
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stdntan thermocouples made from number
24 Brown and Sharpe gauge wire were
placed in « helical arrangement aiong
2+oot length in the middie of the jead
pipe. The duct assembily was then com
pleted by placing the sheath inside the
duct, the lead pipe resting on the bottom
and forming an air crescent with the nner
wall surtace,

Apparatus

Figures 2 and 3 show the front and rear
respectively of the control board. The
power circuit controls and the thermo-
coupie circult instruments are numbered
to simplify therr identification.

The lead sheath temperature was main
tained constant during a test run by
means of the Celectray temperatue con-
troller, which surveved the control
couples of each duct assembly once a
minute.  The control couples were
mounted on the lead sheath, and the con-
troller functioned to reduce the current
through the Cairod heater when the lead
sheath temperature exceeded the set
value and to increase it when the tempera-
ture fell below the setting. Pilot lights
on the control board showed which duct
assembly was being surveyed by the con-
troller at any given time. Although the
controller has a sensitivity of 0.1 degree
centigrade, the temperature variations of
the sheath exceeded this quantity be.
cause of the appreciable thermal capacity
of the duct system. The deviation from
the set value was held, however, within
I per cent of the sheath temperature
setting, varving periodically  between
high and low values.

Energy dissipation in a duct heater
during a test interval was measured with
integrating wattmeters, and the average
power was computed from the time in-
terval of the test run. Thermocouple
electromotive forces were measured with
@ type -2 Leeds and Northrup potenti
ometer, and thermocouple switches were
connected so that the electromotive
forces of each couple could be measured
Separatelv or an averag: surface tempera
ture readiug be made by connecting in
arallel the couples on that surface

Muthod of Test

All temperature measurements were
Made under steadv-state conditions of
beat flow Thermal equilibrium was
Retierally attained about 72 hours after
e initial setting of the controller and
PUwer transtats. minor power adyust-
Wents being made during the first 48
hours of this period. This steadv-state
“ndition was mamtained throughout the

3G, VoLume 64

test penod of three to six hours by con
troling  the temperature of the lead
sheath and that of ambient air,

The ends of the duct were packed with
rock wool to cut down convection, cou-
tributing to the effectiveness of the guard
sections in ehmnating end effects. Tem-
perature measurements along the test
length of the iead sheath duning the test
penod showed varations from the mean
temperature of about one per cent.
These temperature variations were ran-
dom along the test length of the sheath,
with no indication of a maximum tem-
perature near the center, indicating that
the guard sections were effective in elim-
inating end effects. Along the top of
the duct, the temperature was nearly
constant along the 2-foot test length,
Appreciable temperature differences were
measured along the length on the bottom
of the duct, but these differences were
random and can be attributed to the non-
uniform contact between lead sheath and
duct wall.

Three “points" each at four different
sheath temperatures .ere obtained for
each duct. Transite and fiber, after ther-
mal equilibrium had been obtained. A
pont consisted of obtaining a record, by
means of the integrating wattmeter, of the
power dissipated in each duct throughout
the test period, recording the surface
temperatures of the sheath and duct wall
at intervals dunng the test period, and
noting the ambient air temperature. The
tests were run in a constant temperature
room (34 degrees centigrade) so that
littie change was noted in the ambient air
temperature.

Test Assembly

The assembied ducts were suspended
side by side in air, with a separation of
one foot, behind tae control board.
Temperature mea-urements in the air
space between .he Transite and fiber
ducts showeu that their mutual heating
efiects were negligible. Thermocouple
leads were carried through the inside of
each duct and connected to the terminal
board

The second stage of the investigation,
namely the study of single duct encased
i @ concrete envelope, was carned out
emploving the following concrete mix:
440 pounds cement; 1,295 pounds sand:
and 2,100 pounds 3 4-inch stone.

This 15 approximately a 1:3:5 mix,
based upon the fullowing densities: sand
100 pounds per cubic foot, stone 100
pounds per cubic foot, and cement 94
pounds per cubic foot. No allowance was
made for moisture content of the sand

Greebler, Burne!! — Heat Transfer Study

The concrete casings were aged before
tests were started until the electrical re-
sistance of wood blocks containing metal
electrodes, which were cast in the con-
crete, reached an equilibrium condition.
The aging period, as judged by this
methoed, was approximately four months.

Seven thermocouples were placed
around the surface of the concrete en-
velopes to obtain surface temperatures.
With the additional observation of out-
side concrete surface temperature, the test
method was identical with that described
for ducts in air,

Figure 4 shows the concrete encased
ducts in test position behind the panel
board. The concrete envelopes are spaced
ter inches apart, and the temperature in
the air space midway between the en-
cased ducts exceeded room temperature
by less than | degree centigrade. A duct
bank of experimental conduit is shown in
addition to the Transite and fiber duct
assemblies. Figure 5 shows a cross-sec-
tion detail of duets in concrete.,

A second senies of tests was conducted
on Transite and fiber duct, using two
additional samples, to add weight to the
original data obtained. The test as-
sembly in air was identical with that de-
scribed before except that the length of
the duct assembly was reduced to six
feet and the number of lead sheath ther-
mocouples was increased to seven. An
additional change made for the tests on
ducts in concrete was to increase the size
of the concrete envelope so that the total
cross-section of the duct bank was a 12-
inch square. It is believed that this
larger concrete envelope more closely rep-
resents a single-duet Lazk buried under-
ground. The mernod of test employed in
the second test series was identical with
that of the firs’ series except that "points”’
were taken wt a larger number of lead
sheath temperatures with only one
“point” for each temperature. Also the
tests were run in a lower ambient room
temperature (about 26 degrees centi-
grade). Data pertaining to the first and
second series of tests will be designated
respectively as Series 1 and Series 2

Results

Table I contains typical observations
and calculations from the tests on ducts
in air and in concrete. Although this
table contains only a small number of the
total test points emploved in the investi-
gation, it shows the method of ealculation
used to obtain the values of thermal re-
sistance and resistivity employed in the
illustrations.

Values of thermal resistance are plotted

350
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Table I Typical Experimantal Deta

fquivalent concrete diamerter

dgamst lead sheath temperature for the
components of the heat flow path in the
ducts, Figures 6 through 9 Figures ¢
and 7 show the variation with sheath tem-
perature of the thermal resistance from
sheath to inside duct wall for ducts n ar

tween these surfaces

sistance values decrease
lead sheath temperature. It wag not ex-
pected that the heat transfer due to con-
vection would increase so rapidly with in-
creasing sheath temperature as that due

the thermal re-
with increasing

and ducts in concrete respectively. Since to radiation, the former varving nearly
fadiation through the air crescent between lineariv with the temperature difference
sheath and inside duct suriace is an im-  of the two surtaces, the latter with the
portant factor in the heat transfer be. difference in the fourth powers of the

surface temperatures, |
Two general conclusions can be drawn
from these curves regarding the relative

Figure 10 (left).
Temperature dis-
tribution around
the fiber duct sur.
face: at 82 de.
grees centigrade
'sad sheath tem.
Perature.

solid lines repre-
sent the duct en-
cased in concrete,
the dotted lines

in air
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OF: respectively from sheath to duct waly from duect wall to am
Ac BTe volume resistivities of duct ang Chucrete respectively These ther mal FEMSLIVItY values ure Cumputed fr
o KDy Ruaby . . R v—
00041] 00041} 00041 0012 logu Dy/D, 0012 \ogu 0,/ Dy
where Riny. Rire Rire’, Kid. and Kix, are the respective thermal resistance values shown ghove fro
duct wall and the Concrete envelape, and Dy, Dy, Dy, and D¢ are 10 inches the reapective diameters of

._.. Tewmperature, *¢ Thermal Resistance, *¢ Per ....__1!2.'.2‘!‘&'32"“
Inside Outaide _Wan Per Linear p¢ Surface Yolume
Duet  Duet  Outaide Sheatn Daer Rewistivity Remstiviry
Duct Watts Wall  Wall Conerete to Duet 10 Comerete — U Y € em/want
Materia® Per Pt Sheatn Surface Surface Burface Ambien: Duet Wali Alr  Eavelope s fe B " ~
B e o R _MM\__N"“
Ducts ia Air
Fiber (| 105 63 4 47 4 4 ) 39 183 022 §0Y. . 1,300 1,200 - 300
Fiber 1§ 13.2 0 e 511 47 9 350 L 48 0 24 0 w8 1,200 1,100 320
Fiber (1 I8 3 827 57 4 82 a4 34 4 138 .02¢ [T 1,176 1,110 350
Fiser (11) 12.8 60 7 424 ar 3 .35 6 1 47 041 .. 093 1,250 1,050 550
Fiber (14 i34 64 3 43w 3.7 %0 1 81 0 48 004 1.280 1.060 620
Fiver (1) 21 9 LI 53 8 2 25 ) 1.28 0.43. .. 087 1 .0wo 080 580
ransite (1 e 63 4 48 2 4“3 RN 121 015 . 098 . 1,080 1100 200
Eransite (], 16 3 701 81 6 LI 33 v 114 0.15 0.93 . 970 1.080 200
Transite () iv. | 6 2 54 7 s .7 a3 9 112 018 . 93 50 1,050 220
Transite 1) 140 54 2 07 38 6 259...1.26.. 015 000 1,060 1.000 200
Transite 1} I8 3 67 & 453 2 8 278 1.22 0.17 .. 0.80, . 1.040 800 230
Transite (|1 M40 W 5.7 45 2 283 ..117. .9 15 . 083 . 1000 LEN) 200
e Ducts ia Concrete
Fiber (| 4 64y 45 3 410 37.3 33 5 1.35 .. .043 . 0 48 1,180 1.000 580 83
Fiber (] 149 711 51 8 438 38 5 335 .13 04 048 1.110, 1,100 560 .. &7
Fiber (] 109 Bl oW 3T 6 403 403 . 335 1.22.. 643 0.45 . 1,040 1,110 380 81
Fiver (11 16 7 66 2 46 % 400 30 6 26.1....1.16....0.4) 0.86 . o 1.000. . 850 0
Fiber (1} 21 6 7 53 o 45 2 330 261....1 .00, . 039 . 0 86 930 1,180 520 ¥
Fiber (11, 23 06 82 5 57 3 47 8 4. 272 407 0 41 3.86 . g10 ..1,180 350 .. %0
Transie (| 187 . 653 45 2 46 1 307 33 5 1.02... 012, 080 . 870 1,210 180 .. .7
Traosite (1) e e 7L 81 8 W) 42 33.86....097 -0 14, 0.86. . 83 . < 1,200 190 1
Tranaite | 26.3 87 73 83 7 43 5 43.8....098 014 03 790 1.240 180 T
Transite (1} 935 63 | o3 41 7. 306 26 1 1.07....013 0.87 910 | 860 180 . .92
Transde (1] 28 2 70 .58 48 | 33 8 26.1....101. .9 13, 087 LU 1.1% 180 w2
Tianone (1} 270 80 7 541 50 3, 347 2T2....0.90....0.14. .. 0.88. ... #40 1.03¢ 190 .. 93
* Number n Parenthesesrepresents the test series from which the data was tuken

bient air and from
om the following equ

concrete to ambient air #d and
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™ sheath to duct wel duct wall to ajr concrete to air, of the
sbeath, inner duct wall surface outer duct wall surface, and

thermal resistance values from the lead
sheath to the mnside duct surface. For a
given sheath temperature, the thermal
resistance s consistently higher for ducts
in air than in concrete.  Also the fiber
duct consistent] v gives a higher resistance
from sheath 1o nside duct wall than does
the Transite duct. The influence of the
concrete casing can be attributed to its
eflectiveness in producing more uniform.
ity of the heat flow lines in the entire duct
assembly, since its thermal resistivity is
relatively low Differences between the
fiber and Transite assemblies can be gt-
tributed to the heat transfer from sheath
to duct by direct conduction. The lead
sheath '‘snakes" throughout the bottom
of the duct, making a nonuniform contact
with it.  The duct matenal of lower
therma! resistivity more readily conducts
heat away from the iead sheath.

The difierence in the thermal resistance
from lead sheath to mside duct wall as
between the Transite and fiber ducts 1s
considerahly greater in Series | tests than
i Series ;) The deviation in the two test
values for the fiber duct assembly s
about 13 per cent of the resistance from
sheath to duct wall, and we attribute it to
the vaiiable factor of eontact ares be-
tween lead sheath aad the duct containing

i !
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Figqure 11 (leh).
Temperature dis
tribution sround
the Transite duct
surfaces ot 89 de-
gress centigrade
lead sheath tem-
peraturm, The
solid lines repre-
sent the duct en-
cased in concrete,

it. This deviation is not unreasonably
bhigh, since considerations of the heat
transfer from sheath to duct by White-
head and Hutchings? indicate that varia-
tions in spacing between the sheath and
the bottom of the duct produce consider-
able effect upon the thermal resistance of
this component of the heat flow path.

Figures 8 and 9 show the thermal re.
sistance of the duct itself as a function of
lead sheath temperature for ducts in air
and ducts n concrete respectively. This
factor is small compared with the total
resistance of the heat flow path from the
sheath to ambient surroundings, but it
serves to measure the effect of the thermal
resistance of the duct upon the over-all
heat flow through the duct assembly,
The Transite duct possesses a lower re-
sistance in concrete than in air, possibly
due to the reducuon in its outside surface
resistance when in contact with the con-
crete envelope, Transite and concrete both
being cement products. An anumalous
curve in the set shown in Figures 8 and 9
is that for the Series 1 tests on tiber duct
in air. Moisture content, among other
factors, was considered as an explanation
for this anomaly, but it was discounted
since the Transite and fiber ducts were
exposed to identical environments before
and during the tests. Since the fiber duct
samples emploved in the two tests were
identically assembled, no satisfactory ex-
planation for the anomalous curve has
been found.

The thermal circuit for ducts in air is
completed with the outside due: wall sur-
face resistance, typical values for which
are shown in Table I. These values give
the order of magnitude of the outside
surtace resistance of the duct wall, and in
2n actual installation, the exact value of
this resistance will depend upon the tem-
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the dotted lines
in air

perature of *the ambient surroundings as
well as that of the outside duct surface.
The resistance of the concrete envelope
completes the thermal circuit for ducts in
concrete in the laboratory installation,
although the thermal resistance of the
surrounding earth would also be con-
sidered in an underground duct bank.
Table I also contains the thermal re-
sistance values for the concrete envelopes,
the values for the Series 2 tests being
greater since the larger concrete envelope
was emploved for these tests.

Figures 10 and 11 are polar graphs
showing the temperature distribution
around the duct walls respectivelv for
fiber and Transite ducts at a sheath tem-
perature of 82 deg:ves centigrade. The
solid lines represent ducts in concrete,
dotted lines, ducts iu air. The average
temperature of the three thermocouples
at each 225 degre: radial position
(corresponding to es.h turn of the three-
turn helix of con.les) was employed to
obtain the points for these curves. The
departure from uniform radial heat flow
in the duct is shown by the large tem-
perature difference betwees the top and
bottom of the duct wall. Also since the

Figure 12 (right).
Reduced scale
diegram of shesth
and duct thowing
the temperature
distribution
atound the Fber
duct encased in
concrete o 82
deyree centi-
grede sheath tam-
pereture. Amows
thow the direc-
tion of the tem-
persture gradient
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iead sheatd does not rest umiformly on the'
buttom ot the duct, the heat Aow is fg
entrely svmmetncal about the vertica)
AXIS, Thelet:;xmturedxsmbuuonuound
the duct walls for ducts in air at the same
sheath temperature is similar to that iy
concrete, except that a higher percentage
of the total heat flow occurs near the
bottom.

Figures 12 and 13 show reduced scale
drawings of the fiber and Transite ducts
with their lead cheaths. The tempera.
tures on the duct wails at each 30 degree
radial position were taken from the solid
line polar yraphs, Figures 10 and 11, rep-
resenting ducts encased in concrete, and
recorded on the drawings. The tempera.
ture falls off rapidly on the bottom half of
the duct from the region of contact with
the lead sheath, and it remains nearly
constant on the top half. The direction
of the temperature gradient through the
duct is indicated by the arrows.

Calculations of thermal resistance for
the heat flow components of a duct 8ys-
tem are usually based upon accepted
values of thermal surface or volume re-
sistivity.  Resistivity values are more
useful to the cable enginesr than are re-
sistance values since the former are inde-
pendent of the dimensions of the com-
ponents of the duct system. The thermal
resistance values obtained from the tests
have been emploved to calculate surface
resistivity of the lead sheath, volume re-
sistivity of the duct material and of the
concrete, and surface resistivity of the
outer duct wall in air. These values are
shown in Table I, and since there is some
interest in the surface resistivity of the
outside of the concrete casing in air, these
latter values are also given. Lead sheath
surface resistivity values in fiber and

AIEE TRANSACTIONS



Trasite ducts are computed, as is custom
ary in cable calculations, by formulating
the thermal resistance from sheath to
inner duct wall in terms of the sheath
surface resistivity. The surface resisuvity
of the concrete envelope in air, and also
its volume resistivity, is calculated by em-
ploying a diameter of a circle whose perim-
eter 1s equal to that of the square con-
crete casing. The concrete surface re-
sistivity values are computed from the
least precise of all the temperature
measurements made on the duct assem-
blies, and the data should be weighted
accordingly.

Figure 14 shows thermal surface re-
sistivity values for various duct assembly
components versus heat flow in watts per
foot of duct. Curves of lead sheath sur-
face resistivity in fiber and Transite duct
are based upon average values from the
four sets of tests; that is, Series 1 and 2
for ducts in air and in concrete. The
curves of outside surface resistivity of the
duct wall and the concrete envelope are
tiéch based upon average values irom four
sets of tests on both Transite ap? fiber
For & given value of sheath temperature
the outer duct wall surface resistivity is
lower for Transite than for fiber since
greater heat flow occurs in the assembl:
of the former, giving its outer ¢ sct wall
Surface @ higher temperature.  However
Since resistivity values in Figure 14 are
Plotted against heat fiow in watts per foot
of duet, the outside duct wall suriace re-
stvines for Transite and fiber duct in air
@re nearly equal and are represented by a
“ngle curve. It s interesting to note that
We surface resistivity values of the vari-
us components are of the same order of
Magnitude.  The curves in Figure 14 are
trapolated to a heat flow of ten watte

M, Voprar 66

Figure 13 (lah).
Reduced  scale
disgram of shaeth
and duct showing
the tempersture
distribution
sround the Trans-

per foot, and the values thus obtained
may be used conveniently as duct con-
stants in cable calculations. These
values, along with the volume resistivities
of duct wall and concrete ubtained from
the tests, are contained in Table 11,

The temperature rise of a cable in a
duct 1n air is given by the equation

Tim (Rm+('00411 5“'}'001234)(
]
Dy 84 )
44 000411 =2
lo"'D. + 0.00 Dy 0

where the four terms in parentheses rep-
resent the thermal resistances respec-
twvely from copper to lead, lead sheath to
inside duct wall, across the duct wall, and
outer duct wall to ambient air; and Q is
the heat flow in watts per foot of cable.
The svmbols emploved in the last three
terms in the parentheses are defined in
Table I, and the resistivity values are
contained in Table II. The equation as-
sumes that the sheath to duct resistance
15 independent of the duct diameter;
and since theoretical considerations show
that the sheath diameter is the primary

Teble Il Thermal Resistivity Factorm10

Watts Per Foot Heat Flow

Thermal Component Symbol Rewiztiviny

Lead sheath in fiber duct
suriace resstivity ... &

Lead sheath 1o Transite
duct suface renistivity 8

Duct in air, surface re

1,200 C cmt/matt

+ 1,020 C em?/watt

_Mstivity RS 6¢ 1,110 C em?/watt
\oncrete 0 wir, surface

resistivity | | AN e . 1,120 C cm?/watt
Fiber duct. volume re-

Sistivity ... .., ad .. 480 C cm/waty
Transite duct, volume re-

ustivity ] ] 200 C em/watt
Conerete volume resistyv-

ity A 84 C cm/watt

variable in the heat transfer from sheath
to duct, this assumption probably does
not introduce an appreciable error in
cable calculations. In temperature meas-
urements on & cable sheath and the in-
side of an enclosing fiber duct encased in
concrete, Barenscher® obtained data indi-
cating the correctness of the inverse re-
lationship betwern sheath diameter and
thermal resistance from sheath to duct
wall.  The temperature rise of & given
cable in a buried duct bank above am-
bient earth is obtamned by replacing the
fourth term in the equation with the ex-
pression derived by Neher!, the latter
taking into consideration the thermal re-
sistance of concrete and surrounding
earth and the heating produced by the
other lcaded cables in the duct bank.
Further tests on various duct materials
should be of great value to cable eugi-
neers in establishing duct constants for
these materials, and should add weight to
the data submitted here on Transite and
fiber duct. A more complete investiga-
tion 1s needed of the thermal resistance of
the heat flow path from the cable sheath
to the outside of the duct wall, including
experimental data on the effect of varia-
tions in lead sheath and duct diameters
and in thermal resistivity of the duct wall
material. Tests on groups of ducts in a
duct bank would also he of considerable
interest, although the heat flow path out-
side the duct wall can be treated, with

:
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Figure 14, Thermal

surfece resistivity
varsus heot Aow for
lead sheoth in Trens-

ite duct, lead sheath
in Aber duct, outer
duct surfece in air,

THERNAL SURFACE RESISTIVITY € on/wary

end outer concrate
surface in air
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considerable degree of accuracy, with con-
ventional methods of heat tow calcula-
tions,
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Diser.sion

V. V. Mason (The Hydro-Electric Power
Commission of Ontario, Toronto, Ontario,
Canada): This discussion deals with twa
points which may not bear greatly on the
practical value of the results attuined by Mr
Greebler and Mr. Barnett but which are of
some importance as regards the experimental
method and the presentation of the results

PRESCNTATION OF RESULTS

The authors present their results for the
sheath-to-duct thermal resistance, Ky, as5a
graph with the sheath temperature as the in-
dependent variable, and express some con-
cern over the lack of agreement of these
curves for the Series [ und Series I tests
To find a more suitable quantity against
which to plot R, consider that the rate at
which heat is transferred from sheath to
duct, being partly by conduction, partly by
convection, nd partly by radiation, may be
written thus

Pab AT+ kbl aT) "+, A(TY) (1)

where &, &, & are constants, and [ is the
absolute temperature in degrees Kelvin
The exponent of the temperature difference
for the convection term actually may vary
from I to 1 5, but | 25 s probably fairly near
the true value

The thermal resisiance Ry, then, is given
by

1 P
e .- R o Ts4 T
" r-h.u.ur)‘ +hs( T4 Toe) X

(TH4TeH (D)

where I, and Ty are the remperatures in
degrees Kelvin of the sheath and duct wall
respectively, s¢ that A7 = [, = T, and
ATY) = \I'. o r.'(rp . ad T.) (T.' +
Tet).

We see then that R, is a function of

(AT R LM T+ T T34 T

where k = &,/ &y

In plotting their values for Ry against
sheath temperature, the uuthors have
ussumed that the duct wull temperature
Te 18 constunt and that the convection term
is negligibly smull To see how these quan-
tities affect the appearance of the curves,
Figures | to 4 of the discussion have been
prepared from the complete test records
which Mr. Greebler very kindly made avail-
able for this purpose. Ry, is plotted against
(ATP® in Figures 1 and 3 and against
(Ty + Tul T + Te?) in Figures 2 and 4
Figures | and 2 are for fiber while Figures 3
and 4 are for Transite. Curves for duct in
air and in concrete are given in eacn illus-
tration becuuse, for the purpose of this dis-
cussion, it is of most interest to comparz all
the values for a given kind of duct. Figures
1 and 3, Rag versus (AT 2% would toid
the heat transfer due to radi tion were si..."!
compared to that by convec ion, while Fig-
ures 2 and 4 would hold for negligible con-
vection. That s, these figuw es represent
extremes; any practical case will be some
combination of the two, obtained by assign-
ing a suitable value to &,

Examination of these figures indicates
that for fiber ducts, the agreement between
S:ries [ and Il in both air and concrete 1s
considerubly better when plotted against
(ATP® than when plotted against Ty or
(Ty + Tul Ti* + Tu'). Transite, on the
other hand, exhibits the most reasonuble be-
haviour when (T + Tyu) (T, + Tyt is
used for the abscissa. This would seem to
indicate that with the fiber duct a large part
of the heat transfer is due to convection,
while with Transite, radiation 1s the more im-
portant mechanism. This difference may be
aseribed to the difference in the (hermal
emissivities of the Transite and fber sur-
faces.

The agreement between the two series of
runs is still far from perfect, but does ap-
pear to be considerably improved. Another
possible pownt of difference between the
various tests not considered by the authors
is the presence of the thermocoupie leads
with regard to their effect on the convection
currents. Small changes in their position
could affect materally the mugnitude of the
convection component of heat transfer

Test Meruoos

The authors <tate that the power aipgr ¢
was controlled to Keep rthe socuh tem
perature constant and that both (he shearh
and ambient temperatures were controlled
to muntan steady-state heat-tlow condy
tions. The acrual power iput was oh-
tamned by measuring the encrgy input over 4
period of three to six hours I the rate of
heat trunsfer were accurately proportional
to the temperature differences, this would
be an entirely justiiable method. However,
due to the noniinear relations involved, the
vadidity of an anthmetic average for the in.
put power is questionable  Moreover, 1t
would have been far sunpler to aeep the in-
put power and the ambient temperature
constant for 4 given run and to let the sheath
temperature fall where it would.

R. W. Burrell (Consohdated Edison Com-
pany of New York, [nc., New York, N Y. )
The data preseated by the authors are of
considerable interest to cable engineers, and
the Johns-Manville Company and the
authors ure to be congruatulated for the
wewsntation of this data.  The painstaking
care used in making these tests 15 com-
mendable. The results would have been of
still greater value if the tests could have
been curried out on more than one cable size
or at least on 4 more representative com-
bination than a 3' pinch cable in 4-inch
duct., The data presented contribute sig-
nificantly to our understanding of the ther-
mal drop from cable sheath to duct wall
Of particulur interest are the polar graphs of
Figures 10 to 1|1 of the puper showing the
temperature distribution around loaded duct
walls. A need for further exploration of this
phenomenon s indicated when these Jdata
are compared with the values shown in Fig:
ure | of Mr. F V' Smith's discussion of 4
paper by J. H.  Ncher' presented in 1944
It should be notedd that the temperiatures
given in Mr Smith's discussion are outside
duct wall values, but these show little de-
parture from an sothermal surface in con-
trust with the viiues for outside wall shown
in Figures 10 and 11 of the paper by Mr
Greebler and Mr. Barnett.  Unfortunately,
in the case of Mr. Smith's data, the heat
loss per foot of cable, 3.0 watts, is relatively
low for an averuge cable of a diameter uf
2 52 inches. The companson is also ob-
scured hy the possible variations as between
single and multiduct structures

Fhere are a number of effects indicated in
the duta presented Ly the authors which

" Figura 1 (left). Thermal  '7 r ; T
. [ T I Len l 7 ! resistance versus AT || m ! |
T i for Aber ducts | i -n semes 1
g \L 51 . § | :: -] i__ gk i o su -mn '___‘
| I'N\i .1 lm |
14 o S — i | ; 1’.. vl
’ i | i i I ! ‘
- I ‘ L ) ! L 3
R R
i | | . v SR
i I Figure 2 (right). Ther- 1 L
| | ' mel resittance  versus '
! L8] ll.l W l (%) v gma (T + TXT. + T, X Mty ) X | g - _J“
an® 10 for fAiber ducts (TeTuktelo 1ol )1 0®
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Therma! resistance versus AT' % for
Transite ducts

Figure 3.

possibily may be taken as random deviation
rather than true effect.  In Figure 6 of the
paper, the indicated change in thermal re-
sistance from sheuth to duct wall, for the
case of fiber ducts in air, as between Series |
and Serves [1, indicates the need for tests
on a representative number of samples be
fore firm conclusions can be drawn, although
there 15 no doubt that the thermal resistunce
15 higher in the case of dry fiber ducts as
against Transite ducts

The data on the volume thermal
resistivity of Transite und fiber material are
of interest  The average value for Transite
15 less than that formerly used by the Con-
solidated kdison Company in rating cal-
culations, and we have ado ted the lower
value since these data were first released by
the Johns-Manville Company some few
years ugo.  The value for fiber is higher thun
our normal standard, and it is to be noted
that the values derived from these tests are
for the dry condition and may be appreci-
ably lower when wet

Considering the various values of # pre-
sented so far from different sources, appar-
ently for the present we must accept a
possible 10- to 20-per cent plus or minus
vanation in 8 for a given installation  Ad-
ditional test data of the detailed type pre-
sented by the authors, on single and multi
duct structures, in wir und especially in
earth, with cables of representative size and
loading, are required before positive con-
clusions can be drawn.

REPERENCE

! Discussion by Prank V. Smith of Tus Temres
ATuRs Hisk or Caweks v a4 Duer Basx ] H.
Nehe:. A/EE 7ramsacthions, volume 68 part |,
140, pages 54748

R. J. Wiseman (The Okounite Company,
Passatc, N. J.): This paper is a welcome
addition to the investigation which has
been going on in recent vears asto the ther-
mal resistance of duct systems. It, along
with Mr. I. H. Neher s paper,! can well be
‘tudied for more exact thermal constants
for ducts  Today there is a desire to obtain
tvery ampere possible out of a cabile. As
the physical structure of the duct bank is
Important mn determining the total thermal
fesistance of the duct bunk, better knowledge
of the influcnee of the kind of duct is desir-
abie  The paper by Mr Greebier and Mr
Barnett furnishes this information to us

I wish the authors had used @ heating
oad  which would have given a sheath
L2mperature of 40 to 45 degrees centigrade,

Y050, Vopvae vo

as this i¢ the range of temperature actually
obtained in practice, and not the 82 degrees
centigrade reported in the paper. We then
would have obtained thermal constants
more likely to exist

In Table 11 of the paper the authors give
thermal resistivity values. The wvulue of
surface resistivity for the lead sheath should
be qualified that it is for a sheath diameter
of 3.5 inches  Past tests indicate that it is
actually a function of diameter. In the
Insulated Power Cuble Engineers Associa-
tion we take cognizance of thit by assuming
that it increases from f=66(0 ohms per
square centimeter for Dw(), to 1,200 ohms
per square centimeter for Dm ] 75 inches
and constart thereafter. According to
Table II, these values muy apply to fiber
duct,

For Transite duct perhaps we should
have a reduction of 15 to 20 per cent. The
volume resistivity values for fiber duct,
Transite duct, and concrete are very wel-
come. We have been taking a value of 100
thermal ohm: per centimeter for concrete,
s0 were on the conservative side

REFERENCE
1. See referevce 4 of the paper,

F. H. Buller (General Electric Company,
Schenectady, N. Y.): There are two points
in connection with this paper which are par-
tucularly worthy of notice  All tests were
taken on ducts in air, or encased in a con-
crete envelope situated in air, and the ends
of the ducts were plugged up to prevent
longitudinal convection. These statements
also apply to the Barenscher investigation !

Let s examine the significance of these
pomts, Mr. Greebler and Mr. Barnett
have presented curves (Series 2 tests) which
show the eflect of increasing the mass of
concrete around the duct with the thought
that the heavier mass of material simulated
somewhat more closely the effect of under-
ground burial of the duct bank. In this
thought they are probably correct, and it
will be noted from Figure 2 of the paper
that the surface thermal resistance of the
cable falls off materially in the case of the
fiber duct and increases slightly in the case
of the Transite duct, thus bringing these
two types of duct closer together in their
thermal properties. Presumably, burial in
earth would exaggerate this effect further,
it 1s quite possible, however, that such burial
might ultimately reduce the values of sur-
face thermal resistance in both cases below
those given here for ducts in air. Further
research is needed along these lines.

Moreover, it is noted that these tests
were made on an isolated duct. There is
reason to believe that in a multiple-duct
bank, the value of 8 may be materially
affected by the modification of the heat
field 1n the duct structure by the presence
of additional loaded ducts in close proxim.
ity, 50 that a test in air on a single duct 1s
not necessarily representative of a multiple
duct bank buned in the ground.

The authors also have shown clearly that
the drop through the fiber duct wall is
greater than that through the Transite duct
will.  However, these tests were taken on
dry ducts. Presumably water saturation,
which frequently occurs tn the field, would
tend to reduce the drop through the fiber

Grecsier. Barnett—lIleat Transfer Study
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Figure 4. Thermel resistance versus (T, +T,)
(T4 T, X101 for Transite ducts

duct wall while affecting the Transite duct
wall comparatively little,

Next, consider the question of plugging up
the duct ends. The authors were undoubt-
edly justified in this procedure, since on
such a short length of duct any appreciable
longitudmal flow of air probably would
have distorted observed results to a point
where they becume meaningless How-
ever, it is not customary to seal up duct
mouths in service, although it is sometimes
done. Hence, in service, we may expect
somie longitudinal movemens of air, which
would tend to reduce the value of 8 below
what was observed by the authors. Pipe
cables, on the other hand, are necessarily
sealed 1n service, since they operate under
pressure.

These facts may explain, at least in part,
the difierence between the # values ob-
tained by the authors and the lower ones
observed in field tests on cable-installed
underground in multiple-duct banks, no-
tably those reported by Mr. Halperin *

To sum the matter up, while it would
appear that these tests were very carefully
made, and while the technique used can
probably be properly taken as a model for
any future tests made on ducts in air, the re-
sultsare not necessarily representativefor the
case of duct banks buried in the ground and
operated under service conditions. They
migh* possibly approximate more closely
10 the case of duct banks in air as sometimes
used indoors in pow =r stations and elsewhere.

REPERENCES
1. See reference 3 o/ the paper,

2 Loav Rarmvos or Cas.e, Herman Halperin.
Elecirscal Engineering . A2 E Transacisons), volume
58, October 1930, pages 535-50.

J. H. Neher (Philadelphia Electric Com-
pany, Philadelphia, Pa ): This paper de-
scribes the procedure employed in obtamning
the test results on cables in fiber and Tran
site ducts which 1 cited in my recent paper,}
and which also appears in a paper by F. H.
Buller and J. H. Neher ' | wish to compli-
ment the authors of this paper on the
thoroughness with which ‘hey have worked
out this procedure, which may well serve as a
model for future work along these lines
Unfortunately, the tests were conducted
with a single, and lurger than average, cable
size 80 that some extrapolation 18 necessarv
to convert the results to normal practice
The authors have attempted to do this in
Figure 14 of the paper hy expressing § as a
function of the hecat flow, but completely
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disregarding the etfect of the cable diameter
upon 3. Mr. Buller and [ have shown in
our paper® that as a best approximation 3 is
dependent upon the fourth root of the heat
flow and the square root of the cable diam-
eter,

Figure 5 of the discussion shows the (ta
of Mr. Greebler and Mr. Barnert plotted
4s a function of the parameter Q'+ D, 1/
in watts per foot; D, in inches) together
with  he Bareqscher? data for fiber ducts ind
tue curve for cable in pipe given in the
Buller and Neher paper t

It should be noed that the Builer .nd
Neher curve for fiber duct is based on the
Bareuscher data with which the fiber Series |
test data of Mr. Greebler and Mr. Barnett
18 in fairly good agreement Similarly, the
Greebler and Barnett Transite Series 1 test
data is so close to the cable in pipe curve
that a distinction between the two is
scarcely warranted. Only the Series [
Greebler and Barnett tests were available to
Mr. Buller and myself when our paper was
prepared,

The second set of tests by the authors,
falling as they do between the first tests on
Figure 5 of the discussion, would seem to
indicate that in the case of both fiber and
Transite duct, 8 is a not too definite quan-
tity ranging from 900 to 1,100 degrees cen-
tigrade square centimeters per watt for a
typical cable installation in fiber duct and
from 730 to 850 with a Transite duct,

[ heartily indorse the authors’ concluding
paragraph to the effect that further tests
along these lines would be valuable.
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Paul Greebler and Guy F. Barnett: Prob-
ably the most common criticism of the test
procedure arises from the fact that the sheath
diameter employed was somewhat large,
This cable size was taken from an actual
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installation in the field, but it is larger than
that commonly employed in a 4-inch duet.
The earlicr experimental work by P J.
Barenscher,' as well as the more recent
theoretical study by F. H. Buller and ] H.
Neher,? indicates that the inverse relation-
ship between the sheath diameter and the
thermal resistance from the sheath to the
duct is valid, 145 a good approximation, over
40 appreciable runge of cable diameters.
Additional tests on Transite and fiber ducts,
using several smaller cable diameters, would
add greatly to the value of these experi-
mental and theoretical investigations,

Mr. Mason has presented data in his plots
of Riae versus vanables in the convection
ind radiation terms that are very heipful
toward understanding the mechanisms of
beat transfer from the cable to the duct.
We have not assumed in our paper, how-
ever, that the duct wall temperature is con-
stant nor that the convection term is negli-
gibly small. [t was stated in the paper that
variations in the convection ter-n were small
compared with those in the radiation term.
This statement is verified by caleulations
carried out by Mr. Greebler in his discussion
of a paper by Bulier and Neher? Values
for Ria were plotted against sheath tem.
perature since this temperature is the prin-
cipal variable in the thermai resistance from
the cable to the duct for a given cable in duct
geometry.  Mr. Mason is entirely correct in
pointing out that the arithmetic average of a
penodically varving power input does not
necessarily give the same results as an
equivalent constant-power imput, since the
relationship between thermal resistance
from cable to duct and power input is not
linear. In our tests, however, the periodic
power fluctuations were very small com-
pared with the average input power, justify-
g the use of the latter as a highly accurate
first-order approximation.

Mr. Burrell has discussed the polar graphs
of Figures 10 and 11 of the paper showing
the temperature distribution around loaded
duct walls, and has compared these with
similar data presented by Mr. F. V. Smith
in & discussion of a paper by Mr. Neher ¢
The temperature distribution around the
duet wall depends upon ail of the thermal
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ind Leometnical v wrtables that AJI‘L" (g\.,.'
ahle-tuduct resistance, s i would .
influenced by the mutual heating offects ina

multiduct structure. [t s expected that
considerable departure from isor fermal-duce
SUrtaces occurs in any practical duct instal.
lation CArEVIng an appreciable load ang
employing nonmnetallic ducts with the cables
restng on or near the bottom of their re.
spective duct wails,

Mr. Buller has pointed out several factors
in ficld instailitions, which we could nep
duplicate 1n our liboratory tests, that wousld
modify the heat field and, therefore, indy
ence the value of the cable thermal surface
resisuvity 3. These factors tend, in
general, to lower the value of 8, and so the
values given in our paper are shightly on the
conservative side when applied to current
rating calculations in buried duct struc-
tures,

Both Mr. Burrell and Mr. Buller have
discussed the influence of moisture on the
thermal resistivity of the duct materials in
the field. It is true that the presence of
moisture would produce a decrease in the
thermal resistivity of the duct wall. How-
ever, for design purposes it would appear
advisable to base caleulations on the limiting
case of dry ducts because it is not uncom-
mon to encounter such conditions in prac-
tice, particularly for extended periods dur-
ing the summer months For continuousiy
submerged ducts, special experimental deter-
minations may be justified and may be ex.
pected to show a significant reduction in the
magnitude of the thermal resistance com-
ponent from sheath to duct wall.

The tests described in our paper cover the
range of cable sheath temperatures from 30
to 80 degrees centigrade for duct in air and
60 to ¥ degrees centigrade for duct encased
in concrete. Dr. Wiseman has pointed out
that temperatures for cable sheaths ob-
tained in practice are normally below the
range of temperatures covered in our tests
[t is pertinent to point out that more and
more emphusis is being placed on emergency
loading at llowahle copper temperatures
that, for example, may be as high as 96
degrees centigrade at 15 kv (Association of
Edison [llununating Companies). Under
such conditions a sheath temperature of the
order of 80 degrees centigrade would not
appear to be unduly high. The thermal
volume resistivity values given in Table 11
of the paper are essentially independent of
temperature over the entire operating range,
but the surface resistivities increase as the
cable temperature is lowered. The surface
resistivity values given in Table II of the
paper were obtained by extrapolating the
curves of Figure 14 of the paper to a heat
flow of ten watts per foot. The 8 vaiues
thus obtained represent a sheath tempera-
ture near 70 degrees centigrade for ducts in
air and below 50 degrees centigrade for
ducts in concrete. Extrapolation of these
values to lower sheath temperatures, as-
suming a linear relationship oveg the operat-
ing range, is justifiable as a good approv
mation. The departure from a linear rela-
tionship when extrapolating to a4 lower
temperature should vield resistivity values
slightly on the conservative side, since it is
expected from theoretical considerations
that the slope of 4 3 versus sheath tempera-
ture curve would approach zero as the
temperature 1s luwered,

Mr. Neher has pointed out that Figure
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L Toble | Thermal Resistivity Factor 2 As ¢ Function of Sheath Tempereture and Cable Dismeter

d in Degrees Centisrade Savare Centimeter Per Watt

Temperature, Fiber in Air.
Degrees Cable Diameter, lnches

Centigrade 1.5 20 8 30 '

40 1,100 1.230 1.200 1.820 1).380
LA L0 ) 200 1,270 ). 300 1,330
M FA2G 1 180 1 240 1,270 1,30
) 1100 1,160 1,220 1,260 1,380
Gl 1.OR) | 140 L 0%0 ) 230 1,25
65 1,080 1,120 1,120 1,200 1,030
TO e 1,030 1,000 1 140 1,180 ), 200
7 1,010 1,060 1 110 1,180 1,170
L 900 1040 1,000 1,130 1,150

14 of the paper does not give a complete
picture of the variation in 8 since the effect
of the »able digmeter is not included. It is
unfor cunately true that 8 varies in a rather
comp icated manner with sheath tempera-
ture, cable diameter, and the many other
factors in the over-all heat flow path from
conductor to ambient that affect the heat
ficld and, therefore, determine the tempera-
ture drop from the sheath to the duct. On
the fortunate side, however, all of these
variables produce only small changes in §
over normal operating ranges. and so 8
can be treated asa constant for a given duct
material or pipe for most practical thermal
calculations

The authors of this paper do not agree
with Mr. Neher that as a best approxima-
tion & is dependent upon the fourth root of
the heat flow, and this divergence has been
elaborated upon by Mr. Greebler in his dis-
cussion of a paper by Mr. Buller and Mr
Neher ¥ The value of 8 is determined hy
the temperature distribution in the air
space between the cable and the duct, and in
relationship to the duct variables, this is
most intimately associated with the sheath
temperuture. The cable diameter is prob-
ably the second most important of the vari-
ables that affect the value of 8 In order
to take into consideration variations in 8
with sheath temperature and cable diam-
eter, values of § are tabulated in Table 1
of the discussion for sheath temperatures
ranging from 40 to BO degrees centigrade
and for cabie diameter from 1.5 to 37

U0, Vorume 60

Transite o Air;
. Cavie Diameter, lnches

Fiver in Concrete:
Cable Diameter, Inches

Trenaite in Conerete;
Cable Diameter, lacbes

18 30 28 30 E ] ts 20 ) 30 s 18 20 28 30 38
T 1030 1 070 1,110 .).180 1,030 .. 080 1,140 1,180 1 200 840 880 920..950 970
WA L M0 1 080 1,000 1,110 . 1,020 1,000 1,120 1 1680 1,180 20 8450 910 830 980
§50 1 0 | 050 080 1 100 990 1 040 1,000 1,130 1,150 810 830 890 920 940
wio ¥A0 1 030 1 080 ) 080 960 1,020 1,07 1,100 1 120 OO MG K70 900920
Wi Weo 1,010 1 040 1,080 il P90 1,040 1,070 1,040  TRO  B20 860, 880 900
wix) wi WO 10RO L 040 . 920 970..1.020 1,050 1.070. . 770 B0 -840 BT0 B8O
B0 Wi who 290 1,010, 900, 930 . 980 1,020 .1 040 . 750 790 820 830. 870
850 WO w40 w70 o . &R0 w30 B70 1,000 1,020 T30 770 .800. 820 840
830 K70 Vil w40 960 . B850 . 900 . w40 870, B90 . TI0 T80 TS0. 800. 820

inches. Four cases are considered sepa-
rately, namely, fiber duct in air, Transite
duct in aw, fiber duct i concrete, and
Transite duct in concrete. Thermal sur-
face resistivity values shown in the table
for a 5 5inch diameter cable are the aver-
ages of the two series of tests, with the ay-
sumption that linear extrapolation to 40
degrees centigrade is justifiable Approxi-
mate values of & for cable diameters smaller
than 3 5 inches were obtained by assuming
that convection contributes 30 per cent of
the totul heat transfer from the cable to the
duct and that variations in the cable diam-
eter produce an appreciable effect only upon
the convection component of the thermal
conductivity of the air space from the cable
to the duct  These calculations are based in
principle upon an analysis given by Mr,
Buller and Mr. Neher? in which the convec-
tion component of thermal conductivity is
shown to vary inversely with the square
root of the cable diameter. The thermal
conductivity 1s just the reciprocal of the
resistivity  factor 8, and the resistivity
vilue for & cable diameter D, is computed
from that experimentally determined for a
3.5anch diameter S employing formula

By s
e
07040.56Ds= "'/
This formula is consistent with the assump-
tion mentioned earlier in this paragraph,
and the value of 3 thus obtained is associ-

ated with the same sheath temperature as
the 854 that is used in the formula. Table

Greebier, Barnett—Heat Transfer Study

I of the discussion shows that a decrease in
the sheath temperature of 20 degrees cent)-
grade coupled with a 100 per cent increase in
cable diameter produces an increase in 8 of
the crder of magnitude of 20 per cent for
each of the four cases considered. These
data substantiate the previous statement
that for most practical caleulations 8 may
be considered as a constant for a given duct
material in air or in concrete over the normal
operating range of sheath temperatures.
The values given in Table I of the discus-
sion indicate, however, that averaging 8
values for duct in air and duct in concrete,
as was done in Figure 14 and Table II of the
paper, is not entirely justifiable.

The various discussions indicate that
more experimental data are desired for a
more complete investigation of the duct
heating probiem, and the authors heartily
concur in this opinion.  If our paper encour-
ages additional experitmental investigations
and serves as a guide toward obtaining re-
liable data from such further work, it will
have succeeded in its major objective.
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The Thermal Resistance Between Cables
and a Surrounding Pipe or Duct Wall

F. H. BULLER

MEMBER AIEE

NE step in the calculation of unde -

ground cable ' peratures involy s
the determination ~ ‘% tew nerature rie
of the cable surface above the irnmediate.
surrounding inclosure such 25 a duct stru
ture or @ gas- or oil-filled pipe. Since th
intervening medium is a fluid, the mod:
of heat transfer simultaneously involve
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 advent of gas- or oil-filled pipe-
type cables there has arisen a definite
need for a method of evaluation for these
cable types as well.

Because of the comnlex nature of the
problem and the nutaber of independent
variables which arr. present, it is imprac-
tical to cover coml tely all possible com-
binations which raa  be met within prac-
tice solely by tests. By developing a
theoretical relationship between the vari-
ables, however, it i3 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 obtained.

Theoretical Considerations

The theoretical relationships given in
Appendix 1 of reference | for the case of
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cables in duct have been expressed more
completely to account for the physical
charactenstics of the media involved in
Appendix I 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

Q as) = 2002 D,/ aT'/1p'/1
ar® 1394 D, / Dy
0.0213
. 4.0,102D,"6(1 4-0. )
IO'ND‘/D.'+ 1 D| o140 01677'.)

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

92 (ou)_o.osan."/~41“’~r."" 0.116
AT 1.394-D,' /Dy logwDq/D,’

watts per degree centigrade foot (2)

For a single cable D, = D,, the diameter
of the cable. For three cables in the pipe
or duct it is customary to base 0, on the
circumscribing circle of the cables in tri-
ingula- configuration, D,'=2.15 D, For
wo cables the relationship D,’ =1 85 D,
3 satisfactory,

It will be noted that the primary vari-
ble in equation 1is D,’. Asa result, sub-
quent analysis and development will be

facilitated if this equation is written in
tue equivalent form

Q 0.0924TY/'p"s
D ar DA isesn nst
D, AT D,"/*(1.3904-D,'Dy)
0.0213

e 10,1024 7
Dy log DejD T 01026140,0167T,)

watts per degree centigrade foot inch (1A)

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-

Builer, Neher— Thermai Resistance

tive magnitudes of the terms, and the
corresponding values finally emploved
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 circuit, and we are justified
in materially simplifving these equations.
From the standpoint of analysis of the
test data and the subsequent develop-
went of working expressions, it is desit-
able to utilize the simple linear relation-
ship

ymazx+b 3)

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

Normal variations in D,’/ Dy 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 ceat over a
sufficiently wide operating range; how-
ever, when calculating a cable rating, with
a fixed copper temperature of the order of
70 degrees to 80 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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Teble |. ImDahoquchdHn-lchNcsnhn
Test L ar'Ar
Number Source 78 Dy ' Q AT Ta UD/atT Dy«
1 Detroit Edison Company d42 807 .. 224 .20 82 0834, 188
8. .37.% 15.6. . 81 081.. 4 08
NGUZIG.III 81 064 58
280 171 &% O4..... 81
280 .14 4., .81 .0 8 8
225 140 .81 088 .. 8 4
2 General Electric Company . 3 92 @ o7 1.7 7.8...8.8..9 .0 80.... .41 1
3 11.4..07.45.. 030 '
182 124 .80 081......1
78. 68 4.7...3 037 3.4
1.8 70, 44 0 42 . 8.2
9 86 45 0 43 3
148 o8 3.7...85 . 048 . 3.7
11.2... 88 . 40 0 4.2
159450.06..061 6!
3 . . Gepersl Cable Corporaticn. ¢ 0. 8.07. . 14 ¢ 35.0.. 92 8 0 57 44
4 Geperal Klectric Company 4 o 607 .14 8 .23 | H B 4 0 40 47
e i e ————— -
Table il Test Date on Cables in FMMTunﬂthhnndhCum
Teat 90 AT ap' 1y
Number Source Duct D, Dy 0 ar DJjar Dyt'/e
= - s e ——_
] Bareoscher. Fiber 060.. 33 10 04 . 022 1.74
' % 11.8 0 203 2 08
8.5....08.1 0.235 o W 1
0‘.‘“1...‘0.’67 o2 4
66...8.2.,.. 0 28! .2.68
8.1.807.. .00 | 2.7
Iﬂl‘..u.l‘..,ﬂlll‘ . 8.00
ll!.‘.»lb.,..lo 8.y 0.204. . . . . 1.41
eluvis BALL s 0.207 . .. 1.80
4.5....108.,...0.40.... """ 1.9
80....00.4.. 0.23........ t B4
110 .. .32 .. 8.80........ $.33
146 .. 485 .. 0208 . 3 K
168 .. 82,4 .. 0.285 o N
184 .. 887 .. 0278 ... . .2
:u.»,a‘e...on, 16 ... 0194 . v 48
& SR X 0173 .. 1
2.4 38 .. .. 0.208 1
48....77....0088 ... " §. 9
81....181... L L1 S 14
4 8 219 .. 0217 . 1.6
WLz Johuvucnnuc...libcv,......I.u 888 . 128 188 .., 0220 . 1.80
49 .. 192 . o8 ... .. 1.8¢
17.8....21.7.. 0238 .. ... 1.80
| Jomnnviﬂt....‘frnm'u 338 ..388 . 187 169 0.202...... .. 1.80
190 19 ¢ 0.200 .. 1.85
233 .20 .. 02314 . 1.80
264.. 248 0318 1.84

tion term constitutes 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 still
Within tolerable limits,
One peculiar phenomenon has been ob-

Served. The ratio of Dg/D,’, which ap-
Pears in the conduction term also, ap-
Pears in the first (convection) term of
®quations 1 and 2 but in such a way that
& change in this ratio produces an oppo-
Site, though lesser, effect on the total
Value of these equations. A mimmum
Tror should therefore, prevail when the
Onduction term is treated as & constant
¥ the Jeaominator of the convection
lerm alsc is treated as @ constant  This
Pocedure wil] simplify the convection

' but 1t will have the efiect of approxi-
Mately halving its numerical constant as
“Mipared with equations | and 2 since

1950, VoLume 6o

the numerical valye of the denomin
omitted is in the order of iwo. Act:
the test data was analyzed both wit!
without this simplification, and po
parent change in consistency in the
sults was observed.

Analysis of Test Data

It follows from the preceding discy
that the test data for cables in duc
for gas-filled pipe-type installation
be analvzed by plotting the obs
values of

0 ) AT «p'h
-t . NSt X &~
£ by/ar Ve D"

|

stor
dly
ad
&p»
n<

sion
ind
aay
ved

(4)

The data given in Table I were compiled

from tests on gas-filled pipe-type
svstems Ly The Detroit Edison

cable
om-

pany.? the General Electric Company,

Buller, Neher - T herma! Reststonce

and the General Cabic Corporation, These * ..

data are plotted in Figure 1 and the values
of aand b in equation 3 are established as
e=0.070; b=0,20

Table I presents similar data for
cables in single dry fiber and Transite
i concrete taken from the
Barenscher* and Johns Manville tests dis-
cussed in reference 1. These data also are
plotted in Figure | where it will be seen
that the Transite duct points fall on the
£as in pipe curve, but the fiber duect
points result in a different curve baving
the same valye of a=0.07 but b=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 transite !

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 111 and plotted in
Figure 2. In this case, the analysis has
been made by plotting the observed values
of

Y= L7 AEainst xe D, AT ()
and 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 term 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 Eas 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
@pparently not effective when a more
viscous medium such as oil is employed.

As indicated before, however, a high
degree of accuracy 1s not required, and it is

343



Table 11, Tegm Deta on Qil.f illed Pipe.Type Cable Systems

Toat £
Number Source e py Q ar Ta AT DMyr ‘Ta's
e, S e —— %_\\___ b
L] Detrm........... 493 497 ®2..89 . » 2., 104
66 ..30. 3 219, 38
..‘....Cn.ullnmeco-nn 392 407 }H(..Ql “ 288 a9
168 548 '@ 28 . ™
f A, 4 g i 83 4“3
. X . 44 k1) M. i8
g .4...84 24 1.78........ a8.8
0., Oto-mCo-mv. b5 $50 43 1.1 74 1 2"“”“””
e .. 80 g 248........ 885
33 11,4 ‘50 309...... 108
0.1 e 208 ... 33
oo S *;-M\_\\-\_
felt ¢ w t 40
elt that o orking EXpression based oy ”"__\‘_/_ : v thermal of
the foregoing analysis wil] he sufficiently Hu''YQD, Tat)' 424
accurate, feet (1)

Hugm0 00411 Di' thermal ohm fee, (6)
‘

in which g i eXpressed ip degrees cen:;.

grade square centimeters per waty. Since

Hym= alQ it follows from eqQuition 4

that

Dyar
J= 243 ~"~0-- degree centigrade centimeter

per wate (7,
and

i/ B4\ - .
.\T"-O.').‘Sam- (degrees centigrade) ¢
)

8)

It is thus possible to develop working ex.
Pressions in terms of 8 in the case of
cables in dyes. Or gas-filled pipe by sub.
stituting €quations 7 and § jn €quations 3
and 4 with the appropriate valyes of a and
b. In the case of oil-filled pipe a simpler
expression i obtained in terms of H,,
For cables in single dry fiber ducts
13,700
8w -*--@7-—'-\ degrees centi-
a"'( 0.7) +8.7

grade square centineters per watt (9)

For cables in other types of single dry
ducts and i gas-filled pipe

A LQ;T“ degrees centi-

e
a‘f"( Q—f) +11.3

D,
grade square ceatimeters per wats (10)
For cables iy oil-filled pipe

Sw-
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The value of 4 from equations g and 10 js
plotted in Figure 3 a5 4 function of
(Q"*P/D,")"/* gnd the value of /., from
equation |1 appears in Figure 4 as g
function on (@D, T 9'/s, Also indi-
cated on these figures are the values of
these Parameters for typical conditions,

[n the case of cable in fiber duct, the
therma| resistance of the duct wall js
appreciable and should be accounted for.
This is most readily accomplished by
modifying equation 6 to include thig re-
sistance, Thys

7

tinch fiber duct and the mﬂupondx’ng
section of concrete which jt replaces,

Discussion of Values for Cables iy
Duct

[t will be seen that the method of de.
termining (he therma} resistance between

more fundamenta) manner in the present
paper, are slightly lower than thoge
appearing in the reference, being equaj ¢
those assumed for terra cotta,

It will be that the feasoning
used in developing algebraic €Xpressions
for these values assumes an i
duct wall, The test datg Presented ip

Figure 1, Analysis of test deta for
duct- and gas-fillad pipes

cables in




Table 11 and plotted in Figure 1, how-
ever, indicate & good correlation even
where there 1s substantial deviation from
the assumed isothermal as indicated by
the basic data on which the table is based
Within the range covered by the data, in-
creasing the departure from the isother-
mal cnanges the resulting constants some.
what but does not invalidate the method
of analysis

It follows therefore that a considerable
vanation in § for cables in single-fibre
ducts may be expected depending upon
the relative thermal resistivities of the
duct wall and the surrounding medium,
and other data which has come to the
authors' attention confirms this. Thus
the curve of Figure 3 for fibre duct should
be considered as an upper limit.

Similarly, the application of the values
given for single ducts to the case of cables
in & multiduct structure, depends upon
the effect which the total heat field has in
further changing the temperature gradi-
ents around the individual duct walls,
The data given by Smith in his discussion
of reference | indicates a value of # for
multiple-fiber ducts in concrete corre
sponding closely to the curve for cable
in pipe

As indicated in reference 1, addi
tonal test data taken on multiple-duct
assemblies are desirable to definitely
establish the lisnits under these conditions.

For reasons also indicated in reference 1
these values are not directly comparable
to the values adopted by the Insulated
Power Cable Engineers Association® and
are not directly adaptable to their caleula-
tion procedure

Conclusions

I The theoretical relationships between
the various quantities involved in the efiec-
tive thermal resistance between cables and
& surrounding single duct or pipe have been
developed in @ manner which properly
accounts for the simultaneous modes of beat
transfer by convection, conduction, and
Tadiation

2 By means of these relationships certain
lest data on cables in duct and in gas- and
oil-filled pipes have been analvzed and wark-
g curves are presented for determining the
thermul resistaned for any particular case
“hich may be encountered in practice

Under tvpical conditions re presentuative
Vilues of the g avalent surface resistivity
facioy 8 for use equation b are 8 degree
‘*iligrade square centimeters per watt for
‘Ables a0 pipe, siugle dry terra cotta or
fansite ducts ot atmospheric pressure, 450
T cables in gas-filled pipe-tvpe installa-
HUns at 200 pounds per square inch, and 350
1 cables in oil-filled pipe-type mstallations
Mepresentative vulues of 6 for cables in

Migle dry fiber ducts wiil vary from 8% to
BT
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Appendix |. Theoretical
Development of Thermal Con-
ductivity between Concentric
Isothermal Cyclinders with Gas
or Qil as the Intervening Medium

The mechanism of heat transfer between a
eylindrical radiator and an enveloping iso-
thermal enclosure through an intervening
fluid medium s such that a portion of the
tota! heat flow ) s carried by convection
(Ues, a portion by conduction (Jea,and the re-
mainder by radiation (& In formulating
the components of the thermal circust,
therefore, it 15 more convenient to work in
terms of thermal conductances rather than
thermal resistances since the former quanti-
ues are directly additive.  Thus, if AT is the
temperature drop in degress centigrade
across the circuit

Q Qo Qu 0 ~
v AT+ A1‘+ AT'““ per degree centi

grade foot (13)

Buller, Neher—Thermal Resistance

Figure 2.  Analysis of test date 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 cylindrical radiator of diame-
ter substantially equal to the diameter of the
radiator D, in inches, and one at the surface
of the enclosing isothermai surface which will
be considered also being cylindrica! of
diameter Dy. The following formula based
on McAdams? (equation 42, page 251, st
edition only) is applicable to either film.

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

i which Dy is in inches, and

&.C : . ]
K= (__,g}r) watts per centimeter '* de-
“op

(18)

The significance of the components of
equation 15 and representative values for
§as (air or nitrogen ) and Suniso number 6 oil
are given in Table 1V,

grees centigrade /¢
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[u the case of air or inert gag, these physi- The solution of equation 14 for the two g '
cal properties are substantially independent flms in series and with equation 16 or i3 00213

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 15

Ky =0.000735P"* watts per centimeter ¢
degrees centigrade /¢ (16)

When oil is employed 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
uumber 6) may be taken 48 varying in-
versely as the cube of the temperature ac-
cording to the relationship

PO <,

Tw!
The value of K for oil thus becomes

Ko =0.0004347" ¢ watts per centimeter /4
degrees centigrade *'* (18,

grams per centimeter second (17)

substituted therein is given with sufficient
accuracy by the expressions

Q“ D"/nar‘/ap‘/'
= -() =
-.\T““) MW watts per de

gree centigrade foot (19)

0a DA AT M1
A1,,(0tl) 0.053 1.39+Dy/D, watts per

degree ceatigrade foot 20)

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. [n the
practical case of cables in duct or pipe the
cables will not rest uniformly on the bottom
of the duct, and also in the case of a non-
metalilic duct the duct wall is not strictly
maintained as an isothermai. Since these
effects cannot be evaluated, the famiiiar

Table IV

Symbol Quantty Unita Gas at 30 Qilatsoc
@i it g Thermal resistivity . S CCem/wate. . .. 2900 sk yoesnss N
B i Average absoiute viscosity | frams, cm sec 0000108 .. 75
......... Deasity . . grems cmt 000110 P, 0 908
Cpsioris Sualchnuenmnmun.. watt sec/C......... 0.998.. ., . 210
KTam
Ber i v Acceleration due to qravity L. cm/ et 080 IR g 980
¢ Thermal coetficient of expansion e s B s es .. 0 00310 < 0 00088
346 Buller, Neher—Thermal Reststance

Qe
) -—ee t d
Y 198 Da, D, watts per degree

centigrade foot (21)

0.118

T

tts  per de,
AT logw Dq/D, " ” s

(22)

The radiation component with gas as the
medium is given with sutficient accuracy by
the following expression based on McAdams*
equation 5, page 61, first edition

centigrade foot

_?—;, (gas) =0.102D,4(1 40 0167Twm) watts

per degree centigrade foot (23)

in which ¢ is the emissivity coefficient of the
surface of the cable and Jm is the average
temperature of the medium. The radiation
term is inetfective when oil is the medium.
The over all thermal conductivity is ob«
tained by substituting equations 19, 21, and
23 or equations 2 and 20 in equation 13

Appendix Il.  List of Symbols

@ =total heat flow from equivalent sheath
to duct wall or pIpe in watts per foot
AT = temperature drop 1a degrees centigrade
P = pressure in atmospheres
0y = diameter of the sheath in inches
b =equivalent diameter of a group of
cables in inches )
Dy = mnside diameter of the duct wall or pipe
in inches

AIEE TRANSACTIONS




I m =average temperature of the medium in
degrees centigrad:

emcoetficient of emussivity of the cable sur
face

x and ywrectangular coordinates

4 ond heexperimentally deterinined con-
stants

Hig =thermal resistance between equive -
lent sheath and duct wall or pipe in ther-
mal ohm feet

Hia = equivalent thermal resistance be
tween equivalent sheath and fibre duct
wal' including the increased thermal re
sistivity of the duct wall over that of the
surrounding medium 1n thermal ohm feet

g=ecquivalent surface resistivity factor in
degrees centigrade square centimerers per
watt

p= thermal resistivity in degrees centigrade
centimeters per watt

u=average absolute viscosity in grams per
centimeters second

d=density in grams per cubic centimeter

Cp=specific heat &t constant pressure in
watt seconds per degree centigrade gram

¢ = acceleration due to gravity in centimeters
per second squared

¢=thermal coefficient of expansion in centi-
meters per centimeter degree centigrade

K=a factor dependent upon the physical
constants of the medium in watts per
centimeter * degrees centigrade’/s,
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Discussion

R H. Norris and Mrs. B. O. Buckland
(General Eiectric Company, Schenectady,
\ ¥.): Efficient work in the heat-transfer
beld on 4 vanety of applications requires
UWareness of the definitions and units, in
Otder 10 avoid confusion and misunder-
Manding  In this paper and other papers
written by cable engineers, confusion arises
& 10 the exact meaning of the expression
thermal resistivity Resistivity as nor
Mally defined (by the American Standards
Soclation (ASA ) for example) is a prop-
7ty of u substanice and is not affected by
its Beometry, for example. the resistivity of
*Upper has a constant value at any speciticd
®mperature, while its resistunce depends on
S size and shape. Then the use of the
¥ord “resistivity' for surigce phenomena is
3 Wisuse of the term
. O show how the distinction between
®istance and resistivity enters into the

1“.’){)_ \ LUME (14

picture, the thermal circuit for a single
conductor cabie in air is given w1 Figure 1 of
the discussion

In this figure, &y, k. and iy are tempera
tures of copper, sheath. and ambient, re-
spectively, 8 1s insulation thickness, p 15
thermal resistivity of the msulating material,
Ay is the log mean area of the msulation for
heat flow, 4,, is sheath area, and 8; and
B are the cable engineers’ terms for * sur
face resistivity' for free convection and
radiation. 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. But in
order for the resistances to be dimensionally
consistent, the dimensions of g must be differ-
ent from the dimensions of 8, and therefore
» and § should 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 thermal resistance
of a unit surface.  Its reciprocal A, is defined
as surface heat transfer coefficient, or aiter-
natively as sunace film conductance. The
concept ol conductance is particularly
applicable here, as the total film conduct-
ance 1s the sum of & and A, and therefore
numerically easier to handle.

The units of length used in the paper seem
to be a muxtrre of metric and engineering
units. A combination of square centi-
meters with feet has no logical basis.  If any
cable dimensions were expressed in centi-
meters, the mixture would be logical al-
though not standard, but since dimensions
are not so expressed, it seems tire to aban-
don this practice and use the engineering
system of units throughout

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

R. W. Burrell (Consolidated Edison Com-
pany of New York, Inc., New York, N. ¥V |
The authors have presented a desirable
elaboration of Appendix 1l of & previous
paper by Mr. Neher ! Although the ap-
proach to the problem is not changed, the
material presented in the Appendix referred
to is of sufficient importance to justify a
more detailed presentation

It is apparent 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 1n
the physical constants involved: however,
as additional test data are compiled, the

. b te
! e\ A\ A
B |
; T
Rl e e E A e — f i
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Figure 1. Tharmal circuit for single conductor
in air
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probable range of 8, for a particular case,
will be better understood, thereby making
possibie more reslistic comparisons. The
authors clarify our conception of the efiect
of the vanous parameters invoived in the
temperature drop between cable surface and
duct or pipe wall. For a given systemm of
cables m duct or prpe, the thermal resistance
will decrease sensibly with INCreasing watts
loss

W. B Kirke! introduced this modification
which is taken 1nto account in determining
cable ratings for the Consolidated Edison
system.

As one follows the assumptions made in
this paper, there appear various ponts to
which exception might be taken on the
ground that they are no: substantiated,
for example: the assumption of the same
coustant n the expression for the convection
film at the cable surface and at the inner
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. Vet,
the important point is that putting all of
these various assumptions together in the
particular form given in the paper, the over-
all end result does produce expressions which
are reasonably satisfactory.

It is unfortunate that, while the basic
equations and the selection of parameters
bave a reasonably sound theoretical basis,
the final working expressions given are
essentially empirical and do not allow an
accurate determination of the separate
effect of the three modes of heat transfer.
On the average, the calculated values of
Q/AT for the oilfilled pipes, gas-filled
pipes, and cable in duct are about § per cent,
15 per cent, and 55 per cent higher, respec-
tively, than the measured values given in
Tables 1, 11, and 111 of the paper. Special-
ists in the field of cable heating would be
interestec in knowing which component or
components ure responsible for these dis-
crepancies so that extrapolation into new
fields could be made with confidence.

It is stated in the paper that the agree-
ment between theoretical and empirical
numerical constants of the simplified con-
vection term is close for the case of an oil
medium, but is off appreciably for the case
of a 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 range
from 0.60, as given in the paper, to nearly
twice that value, depending upon the values
of D," and D4 involved.

From the over-all standpoint, it neverthe-
less appears that the expressions for 8 und
H,qg, as given iv 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 in the past few
years in clarifying our understanding of heat
flow through duct structures and the earth,
and this paper is an important coutribution
to such understanding

REFERENCES
1. See reference | of the paper

2 Tar Catcviation or Casus TesrsaaTunns
'~ Susway Duers W. B. Kirke. AJEE Jowrnal,
vodume 4% 1HA0 page 855

347



o

R. J. Wiseman (The Okonite Cumpany,
Fassaie, N, J ). [ like the author's paper very
much. [t explaine the three methods of
heat How from a cable to a surrounding
medium, namely, conduction, convection,
and radiaticn.  Also, they give the varous
parameters which influence each factor
namel, , cable dumeter, temperuture, and
temperature difference, und viscosity of the
medium. The various formulas look quite
formidable when we note terms raised to
fractional powers. [t is not easy to obtain
the constants for each formuls as they are
dependent on conditions not easily calculable
50 It 8 necessary to get test data and work
back to numerics which will give the '«
sired results. [t so happens that as all thr -
modes of heat transfer are functioming at
the same time, a change in dimensioning
tends to work i opposite directions, reduc-
ing thereby the effect of diameter. Also the
range in temperature is 0ot great und 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 coustants we obtained
when we originally set up the Oilostatic
cable system. At that time we used the
eylindrical 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
shielding tape over the insulation. As a
result, we have set up two simple formulas
for the determination of the thermal resist-
ance of the pressure zone for three cables
in a pipe, namely, for od-pressure system
Hw=160/D thermal ohms per foot per con-
ductor where, D is the diameter in inches
over the shielding tape; and H=258 D
thermal ohms per foct per conductor for a
gas pressure zone operating at 200 pounds
per square inch. You will find 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 d comparable
to the above constants in H=0 411 8/ 0D
are 8= 390 for an oil-pressure system as com-
pared 10 J50 given by the authors and A=
#27 for a gas-pressure system at 200 pounds
per square inch as compared to 450 given by
the authors. We are quite confident tn our
values and have been using them for over a
year.

Paul Greebler (Johns-Manville Corpora-
tion, Munville, N. J.): In this paper the
authors have contributed immensely to-
ward an uoderstanding 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 a5 a
constant i the range of normal operating
temperatures. Only the component due to
convection was considered as variable with
changing cable diameter und heat flow.
This assumption does not lead to a true pic-
ture of the varnation in thermal resistivity
with heat tlow, or more fundamentally, with
cable temperature. Mr. Barnett and [ have
stated in our paper' that the 'screase in

thermal resistivity with iner + sheath
temperature 18 caused prima “1a-
fion in the radiation compc e, at
transfer, and that the effect +f t. e
varations on convection are regl Lo T
the normal operating range. s sta -

ment is verified by calculations “ased + on
equation 1A of the Buller-'cher puaper,
which is repeated here:

o). fmmrage
(D.'n Dy 39+D, 06T W
(convection)

0.021:
n ' ")2"}‘."",-— +0.102¢ (1 4+0.0167Tm)
D," log Dg4/D,’ "
(conduction) (radiation)

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

Table T of the discussion lists two repre-
sentative sheath temperatures from our rest
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, 8.

The three terms in the equation give the
thermal conductivity componeats due to
convection, conduction, and radiation respec-
tively. As we increase the sheath tempera-
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
experimentully observed decrease in 8 over
this range 15 due almost entirely to the in-
crease n the radiation term. These cal-
culations are based, of course, on the rather
lurge 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. [dentical calculations
with our data on Transite in concrete,
Transite in air, and fiber in air, show similar

relative varations in the radiition ind
vection terms,

The authors huve neglected the vamation
i radiation compounent of conductivity wirp
temperature. pointing out that these var,.
tions are quite small. This s justifiable
from a practical standpoint  However, the
variations in the convection component with
femperature ulso should be neglected for
practical considerations, since, 15 is shown
m Tuble | of the discussion this factor s
even smaller than the change iu the radia.
tion term. This would coasiderably sum.
plify the Buller-Neher equations for the syy.
face resistivity factor. In their eguations
9 and 10, the surface resistivity fuctor, g,
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 com.
pared with the radiation term. Similarly
the dependence of 8 upon the square root of
the sheath diameter s doubtful, since the
change from a fourth root to a square root
dependence in the conyection term also was
based on the very small change in convection
conductivity with temperature.

The foregoing discussion was confined to
cable in duct with air as the intervening
fluid. Its applicability to cabie in gas-filled
pipe at high pressures, where convection
becomes the principal mechanism of heat
transfer, requires further stuay

The authors have dotie an excelient 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-
pany, Philadelphia, Pa.): This paper by
Buller and Neher, together with two pre-
vious papers by Mr. Neher,"? completes
presentation . (he steady-state considera-
tions involved in a 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 cireuits in ducts

The thermal resistance through the spaces
between the cable sheaths and the pipe or
duet wall inclosures 1s an important link
the thermal circuit. It Rad been hoped that
a general relationship could be developed in
such a form that all of the differences be-

Table |. Greebler-Barnett Cata

Greebler-
Buller-Nehar Baraett
Inside Duct Mean Temperature  Eduation A Data

Lead Sheath Wall Surface Temperature Drop Convection Radiation 4 in "Clem''®
Temperature Temperuture® Ta AT Term Term e mm——

66 2 406 8 LI ] MO | 0 0os2 0198 0

™2 536 Feens . 08,6 38 0 oes 0213 130

inerease == O s 0 O18 80 e decreast

*Temperatures are 1o degrees ceutigrade. The inside duct wal! surlace tempernture is an average velue.
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tween cubles 1 air in ducts and cables in
mgn-pressure gas or oil-filled pioes could be
explatned 1n terms of the physicsl constants
which characternize the respective fluids and
the pertinent geometrical telationships

The method presented by Buller and
Neher has approximately achieved this re-
sult, at least 10 the extent of permuiting the
correlation of data obtained by vuarious in-
VestIgatlors at various tumes im various con-
strucuons. It does not disturh me par-
vieularly to find that there s some apparent
diflerence between the effects of Trausite
und fiber ougt walls, respectively, under the
condinons which prevailed at the ume the
tests were maac, ] think we shouig nesitate
to attach much significarice 10 1hese appar-
ent differences because there wis no altempt
tocontrol the mosture content 1 the fiber or
the Transite, or even to muke the tests
under conditions pumparabic 1o those to be
expected an the usuul exposures 1o natural
but vanable moisture conditions to be en-
countered in underground structures The
significant point 1s that Buller and Neher
have obtained a correlation which now per-
mits estimating the thermal resistance from
cable to pipe or duct wall with sufficient
accuracy, so that little, if any, practical
improvement in cable load ratings can be
gained by introducing further refinements in
their analysis of this part of the thermal
cireunt,
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F. H. Buller anJ J. H. Neher: M Norris
and Mrs. Buckland have taken us somewhat
to task for our apparent meonsistency n
expressing our physical units in one system
and our geometric units in another. For
better or worse it has long been the custom
n cable rating procedure to express the
physical units imvolved in the watt-second-
centimeter-gram system, aud to express
lengths in feet and diameters in inches In
developing our equations it would have been
luore consistent to have expressed the latter
Quantities also in centimeters, and then to
huve converted the final expressions to the
system of measurement used in practice
We chose to use the mixed system through-
out, however, i order that the reader might
be able to use any equation in the develop-
ment, directly, without encountering the
Uncertainty which inevitably arises as to
Whether vou multiply or divide by the trans-
ormation constants

Tue use of the term “surface resistivity
lactor ' s a slightly difierent matter, and as
YT mentors have pointed out, it has dimen
Mots which are not those of true. or volu-
ietrie, resistivity ' Here again, this
Urenciature has been hailowed by time
“HU I thoroughlv understood by cable engi-
Meurs, fur whom this puper was writien It

"“ Wid be stressed, however, that this * sur-
TR resistivity” is not & fundamental
Phiysicyl quantiry, in the sense that voiu
Yk ey resistivity 1= but as pointed out, is
Wy wstanee of o unit surface of a filim
*hic purcly for purposes of convetsence,
o umed arbisranily to represent the entire

MMl resicance of the composite hicat
't
Whsfer eflects operating m the region be-

Y950, Vorems 60

tween cable sheath and duct wall. It s un-
fortunate that we do not have a more dis-
tinctive natne for 1t

Mr. Burrel! has presented a thoughtful dis-
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 vonvection film on the outside of a
cvlindrical 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 films. We have not distinguished be-
tween the two constants becsuse no informa-
11on is given as to the values of these con.
stants when the cylinder is placed within
the pipe. While a formula for the condye-
tion component in a non-concentric system
15 given by Whitehead and Hutchings? it is
far 100 complicated to use in this analysis,
and it reduces substantially to the concentric
formula which we have employed except for
extremely small separations between the
cylinders at one point.  Further there is
cousderable 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 controlied. 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 justifi-
ably be made in order to obtain practical
working expressions.  These working ex-
pressions were then developed directly from
actual tests rather than 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,

Dr. Wiseman's simplified formulas for
caiculating hg, (on a per cable basis) for
three cables in an oil-filled pipe or in a gas-
filled pipe at 200 pounds per square inch are
very interesting and similar formulas may
be derived from Figures 3 and 4 of the paper
assumning that Q, P, and Tw have fixed
typical values.  Unfortunately Dr Wise-
man’s derivation of the equivalent 3 in his
formulas gives values which are not com-
parable to 8 as defined in this paper The
corresponding relationship for 8 as defined in
the paper is

M 0004118
3~ 218D,

and this yields 3 = 200 for the oil-pressure
system and 3 = 450 for the gas-pressure sys-
tem

We cannot accep: his formula for the oil
System since its corresponding value on a
total heat flow basis is H,e » 1.15 D,’
which s equivalent to QA7 = 39 for
D, = 45 None of the tests ¢ ted in Table
IT1 of the puper give any sunnort for so high
a value

Dr. Wiseman also assumes that the over-
all thermul resistance varies wmversely with
the diameter whereas we believe that a more
represcntative variation mav be deduced
from the slope of the curves of Figures 3 and
4 m the vicinity of the typical operating
powits. Thus for Q = 25 watts per foot and
T = B0 degrees centigrude, we derive the
simplified expressions

I'uler, Neher—Thermal Resistance

Hua (vil) =0.70/D,"/* thermal obm feet (1)

Hyq (gas at 200 psijm 20/(Dy")*" thermal
ohm feet (2)

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

144 2.07
hu-—*--x’ and by = \‘—DT)";-; respectively

Figures 3 and 4 are intended to give prac-
tical working values of § or Hyq over a wice
range of operating conditions. Mr, Greeb-
ler is right in pointing out that the effect of
temperature variations upon the radiation
component 18 considerably greater than the
effect of vartations in the convection term
which 1s the essential varfant in Figure 2
The inclusion of tie 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 3 varies inversely as Qs
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, was employed, but since the convection
term theoretically varies directly as Q'/+/D'/a
we believe that the temperature varation 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

A(fiber) = 1120D,"1/("/* degrees centi-
grade square centimeters per watt (3)

8(Transite) = 990D,"1 /0" degrees centi-
grade 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 ¢

The corresponding values of H,q assuming
a working value of Q = 10 watts per foot
are

Hyq (fiber) = (2.50/D,"%) 40,33 thermal
ohm feet (5)

Hyq (Transite) = 2.20/D," thermal
ohm feet (6)

While further theoretical and experimen-
tal work may well be undertaken in order to
clear up some of the apparent discrepancies
between theory and practice and to yield
more factual data on the performance of
cabies in duct; we agree with Mr. Midder
that little of any practicsl improvement in
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.
and 6 just given.
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Calculation of the Electrical
Problems of Underground Cables

Fundamental Circuit Constants

HE calculation of the

performance of an

underground cable,
such as regulation at full
load and no load, is not es-
sentially different from that
for overhead transmission
when certain constants are
known. For underground
transmission  the simpler
methods are usually appli-
cable, as the lines are rela-
tively shorter, though, for
any given length of line, the
distributed capacity and its
effects are greater in an in-
sulated cable than in a bare
wire line. The calculation
of some of the line con-
stants is, however, difterent.
Moreover, a fundamental
difference between the two
cases is that for cables, the
allowable current 1s more

Doxarp M. Siamons

Chief Consulting Engineer,
General Cable Corporation

EVEN years ago an article on this same
subject was printed in THe ELectric Jour-
NAL Since that ume the art of manufacture
of underground cables has moved steadily for-
ward; the type H construction for high-voliage,
multi-conductor cables has been generally
adopted, the oil-filled cable has been introJduced,
theoretical investigations and experimental stud-
ies ol many cable problems have been made.
To bring this subject up to date and to collect
the mathematical data and equations relating to
the electrical problems of underground cables
scattered throughout the litérature this group of
articles is presented. The data 1s assembled, n
a4 somewhat more limited way but in the general
tashion of that in the masterly series of articles
on overhead transmission line problems by Nes-
bit', so as to assist in calculating any of the
ordinary electrical problems in  undergrour
transmission.  Equations are included which
considered best adapted to the practical cale
tions of the probiems met in cable engineering.
The derivations of the various formulas and
treatment of certain problems which occur bt
infrequently are not discussed.

apparent than real

core has a thin layer of
metallic tape or metallized
paper immediately surround-
ing the individual conduc-
tor insulation. The three
cores are cabled together
and rounded out with fillers
as in the belted type but the
belt insulation 15 omitted.
For multi-conductor type H
or single-conductor cable,
there i1s of course only one
thickness of insulation to be
considered,

There is no general agree-
ment on exactly what thick-
ness should be used for a

Many of the re- riven  volt 51
, : age, since there
finements included here, but not present in the l" il : ;
original article, need not be worked out fully are so many factors in-
as the simpier formulas still apply mn many §  volved. In most cases, con-
cases; thus some of thg cqmphcanons are more | ! p i

i I Specifically these articles tnuity of service is the
discuss, first, the fundamental constants of the | most important considera-
caircuit, and, second, the question of current- i ’
carrying capacity as limited by temperature risc. || 0N, and relatively con-
The problems of feeder sizes as affected by eco- || servative thicknesses are

often limited by the permis-
sible temperature of the in-

nomics will not be discussed.

chosen ; in other cases, some
suacrifice has been made in

sulating material.
Insulation Thickness

Knowledge of the usual insulation thicknesses may
be helpful in some cases, especially in preliminary cal-
culations where definite dimensions of cables are not
available. In multi-conductor belted cables, there are
two thicknesses to be considered, as shown by the cable
cross-sections in Fig. 2: each conductor 1s insulated
separately with a thickness 7'; and after the conductors
have been twisted or cabled together and the interstices
rounded out with the fillers, the group is insulated as
a whole with insulation called the “belt”, of thickness
t. The insulation thicknesses may be given in terms of
the conductor insulation thickness and the belt (T and
t), or in terms of total thickness of insulation between
conductors and between conductors and ground (27
and 7 + t). In the multi-conductor type H cable each
conductor is separately insulated as before but each

the factor of assurance by
sulation so that there will be
a given diameter of cable.
Another case in point 15 in Europe where, in general,
slightly less insulation is used than in this country.
This is due chiefly to the Jower permissible operating
temperature allowed, the practice of basing cable rat-
ings on 100% load-factor, and the fact that cables
abroad are usually buried in the ground without being
subjected to the strains involved in pulling a cable into
a duct. Furthermore, while in this country, most com-
panies make temperature measurements in idle ducts
and regulate cable loadings by actual conditions, in
Europe usually no such provisions are made for meas-
uring temperatures, so that with ordinary load-factors
even the low permissible temperature values are not
approached. It is not to be expected, therefore, tha!
there are or will be any hard and fast rules for insula-
tion thickness. The recommended thicknesses of insu-

using thinner layers
room for more coj



TABLE |--RECOMMENDED MINIMUM AVERAGE THICKNESS OF INSULATION' FOR SINGLE-CONDUCTOR
CABLE AND THREE-CONDUCTOR TYPE H CABLE
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TABLE II—-RECOMMENDED MINIMUM AVERAGE THICKNESS OF INSULATION FUM THREE-CON CUTTOR

BELTED CABLES
Resowmended by the insulated Fower Cabie kg A dard
| ]
{ PAPER VARNISHED CiMBRIC
| | |
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NOTES
Gensrat:

'Ali cables for three-phase eircuits are rated on conductor to conductor basis. All eables have an operating tolersnce of 57
exoept those rated at 15 000 voits and Delow whioh have no operating tolerance.

For intermediate voitage take wall for next higher (isted voltage.

"Minimum round condustor mse (AW() indicated 1t parentheses under respective insulation when differis s from rize shown
under "“Sise of Conduetor’.  Minimum seetor conduetor sive for paper eables of all voitages listed 13 | 0 AWG.

Paren:
TFor voltages to 000 1o 15 000 type H Cable 1 recommended where appiicabis, for voltages 16 000 and bigher type H cable only

W recom
l Vawsranen Camamic:
‘For braded or epevial designs consult 1.P.C.E A, Speeifications or manufaeturer
Houner i
i For rabbsr multi-cond inad e cabies use thick wiven in Tabie | [

lation adopted by the Insulated Power Cable Engineers Cable Diameters
Association for paper and varnished cambric are given
in Tables I and 1I.  The thicknesses listed are generally
considered as representative minimums for modern
cables in this country installed and operated under aver-
age conditions,

The ungrounded neutral thicknesses listed in

Tables I and Il are intended to apply to systems in

If the number of conductors in a cable, the diam-
eter of the conductor (given in Table IV), and insu-
lation thicknesses are known, it is possible to calculate
the core diameter and outside diameter by elementary
geometry, For convenience, however, the following
formulas are given:

. : D, = d + 27T for one-conductor cables. .. .. S b
which the neutral is ungrounded or grounded through Di = 2d + 2T) + U fre two-conductor cables "
a resistance which has a value in excess of the criterion APRDRE BURIEL . s ooz 2
proposed by the American Standards Association i— D o= (l - ——;.‘:.) (d + 3T) + U for three.con-

we ductor cables (3

“An underground cable svstem is classified as hav-
ing the neutral grounded when resistance in the neutral
ground (or grounds) is of such value that the lagging
component of short-circuit current is always equal to
or greater than the total charging current of the system
at the point of fault. When the neutral resistance
exceeds this value, the system should be classified as
being ungrounded, since the conditions are such that
cumulative oscillation may be caused during a failure”

Di = (1 4+ 22 (4 + 2T) + % for jour-conductor
CAYIOR. <. biaionans 1 el )

In which [, 1s the nside datacter of the Jead sheath, d the
conductor diameter, 7 the conductor insulation thickness,
t the belt thickness—all in inches

These formulas refer to cables with round conduc-
tors. Fo- the case of sector cables, there is no hard
and fast rule, because the term "'sector” is not a mathe-
matical description of shape, and there is a large variety



Three-conductor type H cable

of sector shapes

eter

In general, the saving in cable diam-
) ;lppxh,\m.;n:-i\ [nrw}-\!l'(twnil] to the size of con
ductor and thus the saving relative to the diameter of

the cable is less with thick insulation. The reduction

in diameter due to sector conductors also diminishes as
the. numbe:

of conductors increases. In other words,

for two-conductor cables, with the
so-called D-shaped sector.

it 18 a maximum

From a practical point of view, it is of course nec-
essary to the cable in order to
determine whether or not it can be installed in a given
duct line

know diameter of a

For the purpose of calculating cable char-
acteristics, however, great accuracy in calculating the
diameter is not of real importance. Most transmission
problems with multi-conductor cables deal with three-
conductor cables. A close approximation to the core

diameter of a sector can be
obtained by calculating the diameter by eq. (3) as if
the conductors were round, and then subtracting 0.2

o () 4

three-conductor cable

times the conductor diameter d, depending on

the shape of the sector. For the

case of two-conductor

sector cables, the manufacturers have information avail
abie tor the usual sizes, or close results can be obtained
by laving oft the cable graphically

TABL HICKN} H
mme | At * ¢ Logine et
* wer L a
te Lead 20e
Lea M [T LY
‘ %
¢ 104 i
X X
. K X
ane
anshed Cambric® Lead Power Cables
re " X Ness
B4Lh Mils
4 4
42 7 4 [}
] §
150 200K 108
2001 —300¢ M 125
JUGL and over i

*Usually sonsidered re

'[ ne

adding twice the

presentative lor rubber lead power cables als

lead

lead thickness to the

diameter over the sheath 1s hgured by

core diameter
The lead thickness in

general varies with the core diam-

Segmental Conductor

eter, the larger cables having thicker lead. The thick-
rness of the lead sheath varies somewhat with conditions,

but in general will be close to that given in Table ITI:




Resistance and Reactance

( rmit bending the cable, and espe ! A

of the large conducts now ordina 15¢ 1

undery ind transr i t tranded
ductors are used, and only such will be considered here
Tue dimensions and resistance of the usual sizes of con
ductor are shown in Table [V, The values of resistan

are based on the International Annealed ( Stat
ard 0.15328 ohms (meter-gram) at 20° ( h figur
1s increased two percent to allow for the effect ot
stranding

These figures can be used directly for single-con
ductor cables. For mulii-conductor cables, where the
conductors are twisted around each other, there will
be an additional increase of resistance This will var

-

with the makeup of the
increase ot two percent above the values in
tor most ;-ym(“l[ pPUrposes

resistance ol stranded ail

The dimensions and

num conductors can also be re:

Table 1V with the aid of the tollowing ratios

Relative conductance for equal vol 063 1.0x

Relative volume tor equal condu 1.50 IO
Relative diameter for equal conductan 1.2( 1.0¢
Relative weight tor equal volu [.00 1.20

\ 1.00
',4»4\\(

207

Relative weight for equal conductance 1.00

It i3 necessary to correct the resistance for tem-

perature in most problems. The resistance of copper

is proportional to 234 + T where T is in deg. C,, and
the

calculated from the 25° C,

resistance at any temperature T’ can therefore be
value in Table IV by the fol-
lowing equation

24 4T

Rr = =555 X Ru ($
Ry is the table value, the number in the denominat being
equal to 234 25

The skin eftect, or ratio of alternating to direct

current resistance, is quite appreciable even at 60 cycles

especially for conductors larger than 1000000 circular

mils. A novel method for reducing the skin effect of

| ¥ 2ol rOT hi whicth avaide th
large Sizes I single-conducto apie, wnicn avoids ne

usual rope e construction and resultant diameter In
crease, has been recently developed [he construction
is illustrated or [t w e seen that tl ndu
tor nst { tour Vi re eparately
strand ind then cabled together t orm a round cor
fuct vith a laye f insulat between sect The
reduction in s effect du he equalize tan
t l ¢ [ i 't the trans 110
ft trat I mean total sk
effe « u reduced t ue aj
pProxin ! ' it { ¢ ' nl t W me-thirc
the ross-s 1 n ot the egment " 4
he values of sl ette it it 60 les
n Table V {for the ordinary range ot size o!
conduct both in the usual fort strand and for t

Applying paper tapes to cables. This machine applies
192 tapes simultaneously, making it possible to insulate
cable for voltages up to 220-kv service in one operation.
conductor

case of tubular I'he temperature is taken as

65° C., which is an average value of maximum permis-

sible operating temperature o find the alternating-

current re multiply the direct-current resist

s15tance
ance bv the t e
I'he

current resistance varies with '.('Hlp"-"(llu!t‘

skin effe

skin effect or ratio of alternating to direct-

However,

if the skin effect at 65° (. 15 used, no very large error

will be introduced in an ordinary problem, especially
Y I )

with the sizes of conductor usual in three-conductor

cables. For instance, the change in skin effect between

20 and 65° C. for 1000000 ¢.m. conductors is only

2.7%. the change being less for the smaller sizes. For

large conductors, such as in single-conductor cable

it mav be necessary to calculate the skin effect at the

operating temperature il a high degree of accuracy 1s

**The skin effect in the usual form of strand has been
eula y 1t I {unct formula which can be !
thie XX11 of reference 2 ot the

bibliography [he skin effect of the stranded conductors 1s
i ‘ s r the same cross-section,
wi ire | heoretically and exper
' i own in rcterence 3. For the case of tubular
ndu \ ¢ Dwight's work,
referer 4 A actual i ind outside dimen-
sior it stranded tube have been taken, but the fact that
L A i and 1t hd t has been taken

\re using a alt resistiv slated from the
known direct rrent resistance and the actual cross-se~*"~nal



ot 1000 feet

which M is mutual inductance

¢ taIne
i a i A1

lating cor

TABLE 1V

Bise of Cable Staadard Conecentric
Stranding

Diameter | Outside

) i L J
Mils 7 ; { ) in Mils
2 000 O0x 00539
1 900 WX 00568
) 00598
) DDA
00674

) 007
00?7
0 0083
) DORS




TABLE VI-FORMULAS FOR SHEATH VOLTAGES CURRENTS AND LOSSES FOR SING' E-CONDUCTOR CABLES

] 1 ni 13 v Vi
i % Cabls One Phase Equilateral Kectanguiar Flat Two Curcunt Two Curcunt
¥ rrangement
;g Numee: ® ® D® O | @®®EO
& an . S e .y -
2 oae e® |06 | 0 OO PO |I0®®
- - - o 5w - Soape 5o
Snheatns Upen Circuned
Ey . | syt | A \ b |t Y
1 = X XM T2+ (Xu=2) 7‘\[“16le-:¥1 A (XM= 2 ) T\J‘V“(XM-?)
E :
2 _.t-’ = XM XM XM XM (an}) (xgo%)
Ey { IR E 1 B ]
) b XM -]-,]wl 1(Xu--;—) ?\xwl..xu-.ﬂ T A wlxm=7) | 5 Al #(xM=7)
Sheaths Boldly Bonded
o Mot Wy xiot Ry Xa:? Xyt (P34 303 + 2/5 (P-0) =4
g PR, Ry Ret v Xa? | Ryt o n? (PPe ) (QPer)
o Jlof Wamis Ry Xt Xar? .
? PR, L Ret o+ Xm? | R+ Xu? (R e1)
s 1  Waxiol Re Xl (P2 4308 ~2/1(P-0Q) #4
1] R, K. Ryt Xyt AP ) (R 1)
: Warx 107 Roaver. Xm? Pleten
JER, Ry Roboe Xt P 1) (QRe 1)
b
Where Y= Xm (Xm 0%) (Xm+a) (xuq--o{’-) (Xmea-7)
R Ry . a 2 b ( a_b
r=gh Q=3 z= XM “‘"'%') ‘x"'T) (XM+s=3) Xm+3-7)
0 ohms to neutral per 1000 feet Xy = 777F(0 1404 lg.o-,f;)m-s. am 1TN00.1404 logiod110° 5 L = 2970 1404 log1a8) 10"
In ohms 1o neutrai per 1000 feet at 60 cycies. Xy == 0.03292 Iqus:; 2= 00159); b= 003699

tively.

To form the equations, set the quantities in the vertical column headed
under the column which is headed by the arrangement being investigated.

sheath currents are usually small, inasmuch as the
sheath surrounds all the conductors and the inductive
effects of the current in one conductor usually are
almost completely neutralized by the effect of the cur-
rents in the other conductors. However, with large
conductors and large currents, such neutralization is not
complete and there is an appreciable loss in the sheath
comparable in magnitude to the dielectric loss or skin
effect.

Miller and Dwight have both published rigid the-
oretical equations* involving convergent series for the
sheath losses in round three-conductor cables. Fortun-
ately, for practical cables at €60 cycles, the convergence
is so rapid that values of R, within a few percent of
those given by the rigid equations may be obtained
from the following approximate equation based on the
simplifying assumptions suggested by Atkinson'?,

R, = 396 S\ % 107% ohms per 1000 feet
- conductor...... ... ... A8)

R. is given by eq. (10) and rw is the mean sheath radius
in inches. 5, is the distance between the effective current cen-
ter of each conductor and the cable center, and is accurately
given for round conductors by

| X

3

For sector conductors an approximate value of 5,
can be found by using eq. (%) but taking d from 0.82
to 0.86 times the round conductor diameter depending
on the shape of the sector. or by measurement from
the center of the sector to the center of the cable.

While theoretically at least some allowance should
be made for the losses which occur in the shielding

——

*Compare eq. (81) reference ¢ and eq. (7) reference 11.

per

(9)

All cases II to VI, inclusive, are three-phase, phase rotation A, B, C. Subscripts 1, 2, 3 correspond to phases A, B, C, respec-

“‘Cable Arrangement, . . . '' equal to the quantities

tape on the individual conductors of type H cable,
actual measurements indicate that for all practical pur-
poses these are negligible with slotted foil. The losses
that occur in the usual non-magnetic binders of brass
or bronze have also been found to be quite small,
although allowance can be made for these if desired
by assuming a portion of the tape to be in parallel with
the sheath. On type H cables having a magnetic binder
tape, the available test data appears to show that the
distribution rather than the actual magnitude of the
losses is altered so that eq. (8) may be used at least
for current-carrying capacity calculations with reason-
able accuracy when no more accurate data is obtainable.

The apparent conductor resistance for a three-con-
ductor cable, (also two single-conductor cables in a
single-phase line, or three single-conductor cables in a
three-phase line with equilateral spacing, in which there
are induced sheath losses) is the actual conductor re-
sistance /X at a given temperaiure and frequency plus
the added effective resistance K, from eq. (7) or (8).
For the other usual arrangements of single-conductor
cables that are not perfectly symmetrical, the apparent
conductor resistance when the sheaths are solidly
bonded and grounded at least at both ends is found
from the master equations developed by Miller®* and
tabulated for convemience in Table VIL

The added effective resistance given in Table VI
should be carefully distinguished from the apparent con-
ductor resistance. The added effective resistance, when
added to the conductor resistance and multiplied by the
square of the conductor current, gives the actual loss dis-



sipated in heat in the conductor and sheath of the phase
considered, The apparent conductor resistance, when
multiplied by the square of the conductor current, gives
a fictitious loss representing that portion of the total
conductor and sheath losses in all phases that are sup-
plied by the phase considered. \While the respective
sums of these loss values for all three phases are always
equal, the values for any one phase are not necessarily
equal, the difference representing the power transferred
between phases due to their mutual inductances. Fur-
thermore, the apparent resistance when properly com-
hined with the apparent reactance to form an apparent
impedance and multiplied by the conductor current,
gives the voltage drop in the phase considered. The
added effective resistance is used in determining the
sheath losses and in all current-carrying capacity calcu-
lations, while the apparent resistance along with the

ity calculations to be able at least to estimate in advance
the armor loss to be expected.

With three-conductor cables, the losses occasioned
by either type of armor are not of serious consequence,
being of the same order of magnitude as the sheath
losses.  With single-conductor cables on alternating-
current circuits, however, the armor loss is so pro-
nounced that except for very small cables, such as those
used for series street lighting, steel-tape armor is im-
practical. With steel-wire armor, the loss, while large,
1s not in most cases prohibitive,

An exceedingly simple method for approximating
the losses in single-conductor cables with steel-wire
armor at spacings ordinarily employed in submarine in-
stallations is to assume that the combined sheath and
armor current is equal to the conductor current and is
divided between the armor and sheath in proportion to

TABLE VII-EQUATIONS FOR LINE CONSTANTS OF SINGLE.CONDUCTOR CABLES
(Sheaths Solidly Bonded)

| Apparent Reactance

i Apparent Resistance
| REVIWI+P  (1—=v50)
Pamd R+ FERED O+
R,
Phase 8 R+ iy
R ViAIi—=P (1 4+ V30
Phase ¢ | R+ T\ T 5T O+
P4+ 0 42
Average R“‘R'[z(rw n(o=+n]

| Xe—=Xu+ R

0(P‘+II+P(0’+H]
2P+ D)+ 1)

L . RIVIWIP—1) | (0+VD) |
IA‘—A“+4[ PTFT) +(w+n]|
NP %,
xe—a e i |
VIiir+1) | (0=v3) ]
¥ @'+ 1
|
|

! R,
e &
|

i

Phase Rotation 4, B, C.

Xt = 2x /L where L is found from eq's. (11) or (12).
Xy = 2% fM where M is found from eq. (13).

R, is given by eq. (10).

apparent reactance as given in Table VII is employed
in the calculation of line impedance, regulation, etc. See
example 5 for an illustration. :

The sheath resistance may be calculated by the
following equation:

R, = ;‘-503_ f:, X 107* chms per 1000 feet...............(10)
where p, == resistivity of the lead sheath in microhm-cm,

units, which according to the Smithsoman DPhysical Tables
may be taken as 24.2 at 40°C., 25.2 at 50°, 26.1 at 60°, and
27.1 at 70", 252 being a value corresponding to an average
value of maximum permissible currents. r, and ry are the
inner and cuter radii respectively of the lead sheath in inches.

The denominator can be most conveniently calcu-
lated by writing this in the form (r, + r,) (7, — 1,),
noting that the second factor is equal to the lead
thickness.

Protective armor of steel wire or steel tape such
as employed on submarine or buried cables further
modify conductor resistance calculations. \When the
magnetic characteristics of the steel used are known,
i+ is possible to calculate with a good degree of accuracy
tue resistance and reactance effects*' 2. Although in
preliminary work such data is usually not to be had,
it is often important in making current-carrying capac-

R = actual conductor resistance at given temperature and
frequency.

P and 0 are determined for given arrangement from Table VI,

All quantities are in ochms per 1000 feet.

their alternating-current conductances. The sheath re-
sistance 15 found from eq. (10), and the 60-cycle alter-
nating-current resistance of the armor circuit may be
esumated by increasing the direct-current resistance of
all the armor wires in parallel (corrected for lay) by
from 30 to 60%. The parallel combination of the
sheath and armor resistance thus found represents
directly the added effective resistance due to sheath and
armor losses, and if multiplied by the square of the con-
ductor current, gives these losses. The method just
described is admittedly approximate, and may involve
errors as large as 20%, but the error in the firal cur-
rent-carrying capacity will be much smaller than this.

Reactance

As far as inductance and inductive reactance in
multi-conductor cables are concerned, there is no essen-
tial difference between cables and overhead transmis-
sion lines, and the same equation® applies, namely :

*Equations (11) and (12) apply strictly to a straight solid
round wire or tube and assume uniform current distribution
over the cunductor arca. The corrections in inductance due
to cable lay, stranding, skin effect, etc., while usually small
are not always negligible in precise work. When very accurate




(‘ # -
R X 10~¥ hennes to neu-
L= (Ovl«va . 0““525) tral per 1000 ft. (11)

S being the distance between centers of conductors and 'r-the
radius ol the conductor all in inches

For sector-shaped conductors, complete data is not
available; however, a reasonable approximation may
be had if S ineq. (11) is taken as the distance between
the centers of the small diameters of the sectors, ( Refer
to sector correction given with vq. (9).)

In three-conductor type H cables in which a mag-
netic binder tape is employved, there is an appreciable
increase over the theoretical reactance. A series of
unpublished tests made by Electrical Testing Labora-
tories working in collaboration with the Insulated
Power Cable Engineers Association and the Association
of Edison Illuminating Companies indicates that at 60
cycles the steel binder will increase the reactance from
10 to 20%, depending on the steel.

There are additional complications in the calcula-
tion of the reactance of cables not ordinarily found in
overhead cases, If a tubular conductor is used, such
as Type H H cable, in the illustration below, that is,
a conductor whose inner region is composed of non-
conducting materials, the following equation should be
used for inductance, which reduces to eq. (11) if the
inner radius r, == zero:

S 0 1404 r* r
L = 101404 logis — + A=) X logie o
 (rA=3rY) ‘
+ 0 01525 ) 107 henries to neutral per
1000 feet....overcr e (12)

There are still further considerations for the case
of single-conductor cables, inasmuch as the lead sheath
surrounds the conductor, and the effect of induced cur-
rents in the sheath must be taken into consideration.
The mutual inductance between conductor and sheath
can be calculated by the f{ollowing equation, Xy of
course being given by 2xfM, f being the frequency.

M = 0 1404 log,, ;_— X 107 henries to neutral per
g SRR ¢ | | |

This equation for mutual inductance assumes that
the current is uniformly distributed around the lead
sheath, that is, that there is no proximity effect in the
sheath due to an adjacent cable. The error is a small
one, though it is a maximum for the case of cables with
sheaths touching. Miller and Dwight have worked out
the ratio of sheath losses to conductor losses®'* ' in a
rigid manner, so that the calculation can be made accu-
rately, even if the sheaths are touching. For accurate
work with sheaths in contact, the equations found in
these references should be used.

values are required, as for example in connection with the
paralleling of dissimilar cables, the formulas found in refer-
ences 3, 4, 15, and 16 should be consulted. In three-conductor
cables 1n which there are no magnetic materials, the reduction
in reactance resulting from induced sheath losses may also be
normally neglected, although at 60 cycles, this reduction may
be readily computed from the foliowing approximate formula
obtained by adjusting the initial term of an unpublished con-
vergent series formula developed by Miller (Compare formula

(8) above). o 15
; 4.55 5" 5% 104 on £ 1000 ft.
Reduction in reactance = Rita®  per c?:n:l‘:cr:;r .

Equation (13) in effect states that the mutual in-
ductance is closely dependent upon the average diameter
of the lead sheath. 5 is actually the distance between
axes of adjacent conductors if the conductors are sym-
metricaliy
triangle.

located in the vertices of an equilateral

This will be the condition in three-conductor
cables, and may be the condition in single-conductor
cables. If the configuration in a three-phase transmis-
sion line is such that the conductors are not on the
vertices of an equilateral triangle, then as far as sheath
losses are concerned, there 1s no “effective spacing” in-
dependent of sheath resistance. This will be apparent
if an attempt is made to solve for an “effective Xy" in
¢q. (7) of Table VI. However, a geometric average
of the three distances between the three conductors
taken pair by pair can usually be used with reasonable
accuracy for the purpose of estimating current-carrying
capacity and average temperature rise, in place of using
the accurate equations given in Table VI. This is
strictly true only for the impractical operating case in
which the conductors and sheaths are transposed to-
gether, the sheaths being solidly bonded at the end
points only®,

For the case of single-conductor cables in a single-
phase line or three-phase line with equilateral spacing
and in which the sheaths are not interconnected at more
than one point, so that there are induced voltages along
the sheath but no fiow of current, the field, exclusive
of a very slight effect of sheath proximity currents, is
the same as in an open-wire line of the same size of
conductor and the same separation. The seli-induc-
tance is therefore the same as that given by eq. (11)
the reactance being, of course, Xy == 2=fL.* With
other configurations the equations given by many
authors for overhead lines may be used directly in
obtaining either the apparent resistance or reactance.

If the sheaths of a single-phase or three-phase line
with equilateral spacing are interconnected at the two
ends so that sheath currents.will circulate, there is an
apparent reduction of reactance according to:

ANy
BT

The apparent reduction in reactance due to induced

Apparent Reactance = X — (14)

Type H H hollow-core transmission conductor

*For a complete investigation of the impedance charac-
teristics of the individual sheaths of various arrangements,
references 8, o, and 14 should be consulted. These references
also discuss residual sheath voltage and rclated effects exist-
g with asymmetrical arrangements  In the present arucle,
in line with the field data and theoretical considerations dis-
cussed in ¢, it has been assumed that with two or more
ground points, the residual voltage becomes zero without
appreciably altering sheath currents as computed for the ideal
case of a single ground point.



sheati currents is usually not great, by no means as
great as the apparent increase in resistance from the
same cause which is often of material amount. For the
other usual configurations of single-conductor cable

Geometric Factor,

Termination of !32-kv oil-filled cable line., Within the

porcelain bushing, a spun copper cone joined to the
sheath supports a series of concentric insulating tubes

HE equations thus far deal with the conductor

and resistance and reactance, which are inde

pendent of the shape and quality of the dielectr
except as thev affect separation betwe conduc
There is a series oi other characteristics of cables whi
depend upon the shape and specifi alites ot
dielectri ¢ are primari € capa the therma
resistance the electrical resistance the In
tion, and the dependent guantitie harging current
temperature rise, dielectric loss, et

For the case of single-conductor cables, the capa

is proportional to the permittivity or specific inductive
capacity and inversely proportional to log. (D,/d). The
electrical and thermal resistances are proportional t

10

shown in Table VI, the apparent conductor reactance
vhen the sheaths are solidly bonded and grounded at
the end pomnts 1s obtammed from the equations given in
lable \

Capacity, and Leakage

the electrical and thermal specific resistances of the

material and log, (D,/d The dimensions of the cable
occur only in log, (D,/d) in these three expressions
and in the others derived 1rom them, such as dielectric
loss and charging current Log. (D,/d) therefore

plays the role of a geometric factor or shape modulus,

and has been defined as the “geometric factor”

For the case of multi-conductor type H cable with

round conductors, it is apparent that as the lavers of

conducting material are in contact with one another and
with the sheath, the
will be

Obvioush

electrical field within such a cable
identical to that within a single-conductor cable.
the eiectrical

therefore, the calculation of

characteristics of each conductor such as capacity, elec

trical resistance of the insulation, and the dependent
quantities will be the same as for a single-conductor
cable having the same dimensions as one of the indi
viduallv-insulated conductors of the shielded cable

While theoretically the fac-
with

practical sector shapes the difference is entively

single-conductor geometric
tor does not strictly hold for sector shape, yet
yrdinary
neghgible

[f the metal laver which covers the surface of the

individual conductor i.sulation is so thick that there is

no appreciable difference in

around the periphery

temperature in this metal
then the metal can be considered
as an isothermal as well as an equipotential surface
and the thermal problem is also exactly the same as for
single-conductor cable. Actually,

foil around the insulation is so th

however, the metal

in that there i1s a rise

of temperature in it. A mathematical solution to this

problem has been presented elsewhere'” and results in

the tfollowing equation for the reciprocal of the thermal

resistance (1.e., thermal conductance) between conduc

tors and lead of a three-conductor type H cable with
o mtls or more copper foil
’Y
A ina [#4
\re:Gld + 27 \ N
183 -
therma L} r
. 11

From this ation the following ¢ n fot

P the geometr factor to be used in dete nee
he thern aracteristics of three-conductor type H
able) is dily tained
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expressed for three-conductor belted cables in terms of

G, and G, as follows, A4, B, and C representing the three

conductors

Gy = geometric factor, ./, 8, and vs sheath, from
Fig 2
= geometric factor three-phase operat from
s = geome rerr { ve § nd sheath floaring or
nnec mid pe torme
14 = geometric tactor {vs HBand C = |
= geometric tactor { v she ar Hated
Wy + 4L
rs = geometric lact 7 1 sheatt nsulated .
Gy (6G: 4+ G |
3oy + 2
(n geometric factor { vs. ¢ and sheatt
G, G
- 6Gy + G
Con geometnc tactor, 4 and B vs sheatt sulated
6(y + (e
(s = geometnic tuctor. .4 and 8 vs C and sheath
4 5 (i
R 7 37
3 + 20

Accurate measurement of dielectric loss on cable samples
from two or three inches long to full-reel lengths at power-
factors as low as 0.01% and at voltages as high as 220
kv are all within the range of this high-tension bridge

2

2. G, 15 ;iven for |, 2 and 4-conductor

cables, and three-conductor

G, for beited cables. The
data for are based on the graphical solution®* of the
writer The values of tor three-conductor cables

are based on Atkinson's experiments, no corresponding

values being available for two-conductor and four-con
ductor cables For the single nduct cables ther
1S oniy one geomett tactor, namel [
given for convemence in Fig, 2

[he geometric factor for a three-conductor belte
cable with sector nductors 1s smaller than the geon
tri tact 1 a roun ndau
size of conductor and mnsulation thi
tor geometric ract tor mul [ t
can be obtained bv finding t ¢

cable with the same makeup with 1

multiplyving it by the ordinate obtained from the bottor
curve of Fig. 2%, due to Atkinsor The accurac !

the sector correction tactor 1s believed to |

T

tairly sats

although there are wide differences in sector

shape. The original experimental data does not extend

Delow the

t ratio of 0.6 ; the extrapolation below 1s. how
€ver, justined by the tact that the theoretical maximum
and mimmum hmits ot geometric factor are not very
tar apart, and the curve falls directly in the range

s | . fiatm 4 . 1
Ha t e 1c factors available from Fig
e 1 TTT &
« a l'able VIII 18 immediately possible 1 alc
the various quantities reterred to above by the following
equati { ables having from one to 1 ndu
LOTS
) D169 4
Capa ( rotarads per 1000 fe 8
N :
Fhat Reaistus ) . thess
hms per ¢ :
ORY=.(, ¥ 1
Insulation Resistan R, =
megonms per mile 2
) 106E/nk
Charging Current, / = - - milliampere
p
per 1000 feet :
: i 0 000106427 ¢coig
I'hree=Pha Dielectric Los W, = .
watts per foot of cable ¥,

the number ol conductors in a cable
k1S the sp aciey e insulation (see Appendix .f
# I8 the ! the 1on 1n wartt units, ¢
s the eie of the insulation units, £

in megohm—cn
ductors and to n

§ the power-tact

and ¢ are between con tr
respectively, a

temperacure and Ire

n Klovoilts

rFagiven

nd rof the Iinsulat

ny of the can
be found for any method of connection for three-con-

The

In the above equations a quantities

ductor belted cables by substituting the correct G

dielectric loss has been shown for three-phase voltage
only, having been shown. The same equation, how
ever, can be used fer calculating the losses in three-
onduct belted cables in other connections if the
prope 1s used and the constant is divided by 3. It

note that in the above equations

three-phase voltage

he voltage ¢ to neu

be

being used must

resistance capacity, will be to neutral

In using eqs. (18), (20 21), (22 (23) for
handiing three-c r type H cable, the geometric
tactor tor three conductors against the sheath is taken

equal and the geometric factor under thr

ee-phase
voltage is taken equal to 3G where G is the geometric

factor for tor cable of th

e same size ol
conduct tinckness equal that on
ed conauct( H cable 1s manner of

etit tor t nnection employe \ readily
hown to b ntical to a single-conductaor method «
treatmnie Equation (19) is used as giv type H
three-cot cal t prop eing obtained

¢ fr l'able V111

It will be noted tt the geometric factor G, has

een used in the expression 1or therm resistance
['his 1s the correct geometric factor to use because
heat 1s generated in the three conductors and flows ..
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Fig. 2—Geometric factors for single-conductor cable and multi-conductor belted cable with round or sector conductors

Geometric factors can be obtained by calculating the ratios (7 4 () /d and /T (d being defined for sector cables as the

diameter of a round conductor of the same area as the sector), and then reading the required value of geometric factor from

a curve above. The value thus obtained will be the correct geometric factor for a round-conductor cable. For sector con-

ductors the values so obtained should be multiplied by the sector correction factor. In cables of the non-type H form without belts,
such as multi-conductor rubber cables, the ratio becomes T /d, and (/T = o.
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TABLE VIH-GEOMETRIC FACTOR (Gy) BETWEEN CONDUCTORS AND SHEATH OF THREE-CONDUCTOR
TYPE H CABLE
Thris weometrie faetor i to be used in caleulsting curreni-carrying eapacity and i based on insuiation of thermal resistivity of 700*

Wath-em. unils Wikh Wrappings over Lhe iusuiation of copper tape 3 mils thick

|

SECTOR CONDUCTORS

Siae of Cond.

| Insulation Thiokness in 3iud Inches

ANGor O M 4 ) ] i » ¥ 10 i 12 13 i 1] 16 17 s 19 20
10 054 083 072 081 088 093 103 109 1156 1.21 1.26 | 136 140 1 43 149 1.83
by ] 03) 058 067 075 062 0 &y 096 102 {07 113 118 120 128 132 137 160 1 .48
30 045 084 082 069 076 0K 08 Oﬁblml(i&lli)ll&l'mlul’.‘!)lfiﬂl“
40 041 048 057 063 070 076 082 087 0.93 098 103 105 112 )16 120 1.24 1.28
250 000 039 046 055 060 068 0 72 078 083 08 093 098 104 107 1 11 115 1.1y 1.23
300 000 037 044 030 086 02 068 073 078 064 088 093 007 101 106 100 143 117
350 000 035 041 045 0354 060 065 070 075 0% 0% 08 063 097 10l 105 108 112
400 000 033 040 €46 051 087 062 067 072 076 0.80 08 OB 083 097 101 104 ) OK
450 000 031 038 044 049 0355 060 0 64 060 074 078 082 0% 09 064 007 101 1.0d
500 600 030 037 043 048 053 05% 063 067 072 076 080 084 087 091 004 098 101
$00 000 020 034 040 045 050 054 058 06 067 0.71 075 G319 08 0K 08 083 008
700 000 027 032 037 042 047 051 055 060 064 068 072 0713 079 052 085 088 09I
800 000 02 031 036 041 045 049 0383 057 06! 065 D68 072 075 079 082 ORS 08K

ROUND CONDUCTORS
| Insulation Thiekns: i 32nd Loctes

Stze of Cond. —~—

AWGorCM | 4 5 6 7 5 ] 10 1 12 N4 L] 15 16 17 L] 19 n
10 | 061 071 081 0w 098 |07 L 121 1908 1.34 141 1 4% 1032 187 1 %8 167 1.1
20 087 067 076 0K 003I(I)IWINI'.’OI’RI.'!T.‘!MIMlﬂlbll”lﬂ
in !053 063 071 070 OB 004 101 1.08 1.4 1.20 125 131 136 141 1.4) 150 | 86
+0 | 05 053¢ 007 074 0% 0wd 095 102 107 113 118 L34 129 124 1350 1 44 149
250 000 | 048 036 064 071 078 083 091 097 103 108 114 119 1 24 1.29 1 34 138 1 4@
306000 | 046 054 061 068 075 08 087 003 098 104 108 114 119 124 120 133 138
350 000 044 052 056 065 072 078 084 090 095 101 106 1.11 115 120 1.24 129 .33
400 000 043 080 037 063 070 076 0.8 087 092 098 108 107 111 116 120 128 |29
450 000 042 049 055 062 06 074 0.79 0.8 0 9% 005 100 105 109 113 117 1.2 1 26
500 000 I 041 048 U5 060 066 072 0.78 0.83 084 003 098 102 106 I 11 1.13 1.19 1.2

*While not strictly sc. the thermal resistance of type H eabie is closely
factors moy be used for ouher resistiviies with a reasonable degrec o

formly out toward the lea. sheath, the lines of heat
flow being identical with the lines of current flow if
voltage is impressed between the three conductors as
one electrode and the sheath as the other, for which
condition &, has been defined as the geometric factor.

The other two of the four fundamental quantities,
namely, capacity and leakage, can now be calculated.
The capacity may be calculated directly by eq. (18),
it being noted that the 60-cycle capacity will vary only
slightly with voltage or temperature and can practically
be considered as independent of both.

The insulation resistance is given by eq. (20). This,
of course, means the insulation resistance as measured
by direct-current which is of such a high value that
leakage is ordinarily negligible. The alternating-cur-
rent conductance or leakage, however, is the quantity
g generally used in transmission-line calculations. This
can be calculated by considering that the dielectric loss
is due to a hypothetical resistance in parallel with the
capacity of the cable. It can be considered that in each
phase there is a dielectric loss equal to the square of
the voltage times the conductance. In the n phases,
there will be n times this loss, which will equal the
dielectric loss, and from the above relationship the leak-
age can be determined ;

0 106/en cos o ,
Leakage g = ~—-———=—=— X 10" mhos per 1000

Gy
feet to neutral ... DIRGEE. - |

The calculation of resistance, inductance, capacity,
and leakage has Leen shown. In calculating the per-
formance of a line, such as regulation and efficiency.
and the usual problems of power transmission, after
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1onal o the thermal resiativity, so that the above geometrie
sceuracy

these four quantities have been determined, the cable
problem is a straight transmission problem no different
from that of an overhead line. Voltage drop, however,
is rarely a determining factor in limiting the allowable
current in cable circuits for transmission, though, of
course, regulation is the important criterion in the case
of low-tension mains and feeders. For transmitting
alternating current, a cable system has much better
regulation than an open-wire circuit because the con-
ductors are so close together, as compared with an aerial
line, that the reactive drop is much less.

it is sometimes interesting to calculate the voltage
rise of the cable system at no load, which can be done
by using the above constants, though most cable lines
are so short that this effect is not great. As a matter
of fact, the ordinary transmission line calculation is
not the usual one made with cables, The above quanti-
ties are used not so much in the normal way as in con-
nection with the allowable current as limited by temper-
ature rise. The capacity and charging current, how-
ever, are often of practical importance, not so much
from their effect on the voltage characteristics of the
cable itself as from the effect of the leading kv-a upon
the reactors, transformers, generators, and other station
equipment,

In addition, the apparent alternating-current resist-
ance and rcactance arc of considerable importance in
determining whether the current will divide as expected
between parallel cables of different types and sizes. It
is in this connection particularly that refinements in
reactance calculaticns are justified.




