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)}
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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
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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
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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



Al

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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>