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Abstract — |IEEE Standard 80-2013 provides the substation
grounding system designer with simple formulae and tabulated
data for the estimation of the maximum fault current that can flow
through various types and sizes of conductor, for a given
duration, before failure due to fusing occurs. Copper conductors
are given exhaustive and reasonably accurate treatment. Other
types of conductors, however, are given short thrift. Copper-clad
steel (CCS) conductors, whose steel cores provide an effective
heat sink, appear not to have been studied at all. As a result, the
standard provides only an unrealistic simplified methodology
based on fixed physical constants to be used for the calculation
of CCS current-carrying limits. Computer modeling and lab
testing have demonstrated that the highly non-linear heat
absorption characteristics of the CCS core, when properly
considered, yield considerably different fault current-carrying
capacity than IEEE Standard 80-2013 would lead design
engineers to expect. A theoretical framework for the calculation
of these values is presented. Computed values are compared
with those obtained by an independent accredited high voltage
test laboratory.

Index Terms — Copper-clad steel, ampacity, fault current
limits, bimetallic conductors, thermal transients

. INTRODUCTION

Copper-clad steel (CCS) is becoming the material of choice [1-
3] for the design of substation grounding systems, due to its
much greater current-carrying capacity per unit weight of copper
during fault conditions, superior mechanical strength, theft-
deterrent properties, and less violent mode of failure, compared
with plain copper. Modern CCS conductors can be
manufactured to be very finely stranded, resulting in great
mechanical flexibility and very effective transfer of I°R losses
from the copper cladding to the steel core, as will be seen. Yet,
unlike copper, whose thermal performance when conducting
fault current has been extensively studied [4] - [6], with 4 tables
of ampacity values dedicated to this material in IEEE Std. 80-
2013 [7], steel-cored conductors do not appear to have been
given more than fleeting attention. This is possibly because
thermal transient calculations involving steel are highly
challenging for two reasons: first, steel's thermal characteristics
are highly non-linear functions of temperature, with crystalline
phase changes occurring below the fusing temperature of
copper, as will be seen; second, steel’'s thermal characteristics
vary as a function of carbon content [9] and are not readily
available throughout the entire temperature range of interest, i.e.,
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from 20 °C to 1,084.45 °C, the fusing temperature of the copper
cladding. Such a material therefore does not lend itself well to
simple analytical solutions.

This paper presents the results of laboratory testing of the
specific heat of carbon steel samples from one major CCS
manufacturer, computer modeling predictions of the current-
carrying capacity of CCS based on this and other data available
in the published literature, and compares these predictions with
high-current laboratory test results of CCS samples subjected to
fault current levels near their fusing limits.

Il. CALCULATION OF CONDUCTOR AMPACITY
A. Material with Simple Thermal Properties - Copper

IEEE Std. 80 provides a simple formula, Equation 37, to
determine the longitudinal rms current, flowing for a given time
duration, required to raise the temperature of a cylindrical
conductor from ambient temperature to a final, typically fusing,
temperature. This equation, derived by Sverak [4], assumes that
the conductor’s volumetric specific heat remains constant as a
function of temperature, that electric resistivity increases linearly
with temperature, that heat propagation throughout the cross
section of the conductor occurs so quickly that thermal
conductivity can be neglected or, equivalently, that current
density is uniform throughout the conductor, that no significant
heat flows out of the outer conductor surface into the surrounding
medium and that skin effect on current distribution can be
neglected. These assumptions, while not far off the mark for
copper, nevertheless incited Reichman et al [5] to develop a
more accurate computation method for copper, based on the
work of Morgan [6], who assumes that electrical resistivity,
conductor density, and specific heat are all second order
polynomial functions of temperature, again with skin effect
neglected and negligible propagation time of heat through the
cross section of the conductor. Reichman et al [5] spent
considerable effort to carry out extensive high current lab testing
of copper samples of various types and sizes and current
energizations to validate their computer model, resulting in
Tables 3 — 6 in IEEE Std. 80-2013 [7], which yield less
conservative predictions than Equations 37 and 47.

B. Material with Complex Thermal Properties - CCS

However, modeling CCS is another matter altogether. Its most
notable difference from copper is its steel core, which acts as a

/20/$31.00 (él 2022 IEEE



2022-PCIC-0514

heat sink, thus making it possible to manufacture a high-
ampacity conductor with roughly half the amount of increasingly
expensive copper. As indicated in Footnote ‘d’ to Table 1 of IEEE
Std. 80-2013, steel “has a highly variable heat capacity from
550 °C to 800 °C... much larger than at lower and higher
temperatures...”. This can be seen in Fig. 1, which plots the
specific heat measured by an independent test lab [10] of three
samples of the low-carbon steel core used by one CCS
manufacturer, which are compared with the uniform,
conservative, specific heat value used in IEEE Std. 80-2013.
Clearly, there is some heat absorption that is neglected by the
present version of the standard. For comparison, copper has a
specific heat of 385 J/kg-°C at room temperature and increases
roughly linearly to approximately 530 J/kg-°C at its fusing
temperature [6].
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Fig. 1 Measured Steel Specific Heat vs IEEE Std. 80 Value
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Steel, of course, is an alloy of iron, carbon, and several other
elements. The carbon content alone has a significant impact on
the shape of the specific heat curve, as reported by Yafei et al
[8], which makes it important to test the steel being used for the
CCS core. The dual peaks seenin Fig. 1 are due to crystal lattice
structure deformations, as discussed in [11] and [12], and these
peaks change in width and height with carbon content.

Also dependent on carbon content is steel's thermal
conductivity [8], which represents an important CCS cable
design consideration. Just as steel has a relatively low electric
conductivity, it also has low thermal conductivity of roughly
60 W/m-°C at 0 °C [8] for 0.08% carbon steel, compared with
407 W/m-°C for elemental copper at the same temperature [13].
As a result, as will be seen, there is a non-negligible time delay
in the propagation of heat from the copper cladding to the steel
core. Thus, the steel, while providing an excellent heat reservoir,
is poor at rapidly diffusing heat from its outer surface to its center.
This phenomenon is also absent in the treatment of CCS by IEEE
Std. 80-2013, which assumes instant propagation of heat
throughout the conductor or, equivalently, uniform current
distribution throughout the bimetallic conductor. This time-
dependent phenomenon also violates one key premise of IEEE
Std. 80-2013 Equation 47, namely that 12t, the product of time to
fusion and the square of the rms current, for a given conductor
type and size, is a constant, independent of duration. Another
way of putting this claim, in approximate terms, is that the energy
required to fuse a CCS conductor is the same, no matter how
quickly that energy is delivered to the conductor. This is simply
not true, since rapid heating of the copper cladding does not give
the steel core time to absorb much heat.

Finally, although the steel core of CCS carries significantly less
current than the copper cladding due to its higher electric
resistivity, it nevertheless carries a substantial current due to its
considerable cross-sectional area. The electric resistivity of steel
is decidedly non-linear, as will be seen, making even this aspect
of the ampacity calculation defy the implicit assumptions of IEEE
Std. 80-2013 Equation 37.

C. New Circuit Method for CCS Temperature Rise Calculation

Despite these challenges, computing the time to fusion of a
current-carrying bimetallic conductor such as CCS, with its
irregular curves of physical constants versus temperature and
two interacting metals, is relatively straightforward with numerical
techniques. Indeed, thermal and electrical transient problems
satisfy analogous differential equations, lending themselves well
to circuit analysis. Cumulative heat, heat flow and temperature
are analogous, respectively, to electric charge, electric current
and electric potential. Volumetric heat capacity and thermal
conductivity are analogous to capacitance and electric
conductivity.

Thus, if a cylindrical conductor is subdivided into many thin,
concentric, cylindrical shells, as illustrated in Fig. 2, each shell
boundary (or the midpoint between a shell’s inner and outer
boundaries) could represent a circuit node. Heat is generated in
each shell by I°R losses and is also stored in that shell, raising
its temperature: the heat generated is modeled as a thermal
current injection into that shell, while the heat it stores is thermal
charge accumulating on that shell’'s capacitance with respect to
an external reference point.
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Fig. 2 Concentric Shells and Nodes of Circuit Model

As the charge builds up, the capacitor voltage increases as
well. So far, such a model is compatible with the approach used
by Reichman et al [5], it being understood that the capacitance
varies as a function of voltage (i.e., specific heat varies as a
function of temperature). However, in CCS, heat flows from the
external copper region to the steel core and the propagation time
must be considered. Therefore, the new model also considers
the flow of heat between concentric cylinders, which is analogous
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to the flow of electrical current through a series of resistors, from
one shell to the next. Indeed, when one considers the migration
of heat from the external surface shell, through the inner shells,
to the center of the cable, one can readily imagine a series of
thermal resistors, one between each pair of adjacent shells, with
a thermal capacitance to ground at each shell or node: i.e., a
ladder network. At each node, heat generated by I°R losses is
injected by an ideal current source. The circuit to be solved is
illustrated in Fig. 3.
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Fig. 3 Thermal Circuit for Solution of Transient Heating of CCS

All physical constants of steel and copper vary with
temperature and therefore with time, from one shell to another.
As the flow of electric current heats the conductor, therefore,
specific heat, density, thermal conductivity, and electric resistivity
vary. Each shell is at a different temperature, so all circuit
component values change with time and not necessarily at the
same rate throughout the CCS conductor. Also, the IR losses
in each concentric shell vary not only directly with R, but also with
the changing distribution of current between shells, as some
become hotter and therefore more electrically resistive than
others and therefore carry comparatively less current density.

Iterative numerical techniques for the time-domain solution of
such transient problems are well known and so will not be
discussed in detail here. Suffice it to say that at each point in
time, the additional charge on each capacitor is evaluated as a
first step, based on the net rate of heat flow into that node
computed in the preceding time interval, yielding the new
temperature at each node. The resulting thermal voltage or
temperature at each node is then used to compute the pertinent
thermal circuit model parameters and the electric resistance of
each shell, accounting for changes in material density. The total
longitudinal current flow in the cable is distributed among the
different shells, based on their relative temperature-dependent
electric resistances, making it possible to determine the I2R value
to assign to each ideal current source in the thermal circuit
model. It then becomes a simple matter to solve the circuit for
that time. The time increment used for the present investigation
was typically on the order of 0.1 pys and the number of concentric
cylinders ranged from 60 to 180, of which 10 to 20 were used for
the copper cladding and the remainder for the steel core. In each
material, the concentric shells are equally thick.

ASTM B910-07 [14] specifies a nominal value of 9% for the
copper cladding thickness as a percentage of the conductor
diameter, for 40% conductivity CCS. In practice, however, the
thickness of the copper in American-made CCS is closer to 10%
or more. The computer simulations described in this paper were
therefore carried out with 10% cladding, made of high purity,
oxygen-free copper, as required in the manufacturing process to
obtain adequate bonding between the copper and the steel.

The physical constants of the copper cladding studied in the
present investigation are those of elemental copper, which has a
conductivity of 102% IACS at 20 °C. Electric resistivity, specific

2022-PCIC-0514

heat, density and thermal conductivity of copper as a function of
temperature were found in Matula [15], Jensen et al [16], Jensen
et al [17], and Hust et al [13], respectively. The thermal
conductivity data in Hust was limited to temperatures of 300 °K
to 1300 °K: these values were linearly extrapolated down to
20 °C and up to 1085 °C and supplemented with an approximate
value of 100 W/m-°C for molten copper from Fieldhouse et al
[18]. The copper was modeled as fusing between 1084.45 °C
and 1084.55 °C, to provide a practical means to relate heat
absorbed with temperature, with all physical quantities varying
linearly between the pre-fusion and post-fusion states.

The physical constants of the 0.06%C carbon steel core of the
CCS for which high-current testing was performed were less
readily available. The specific heat of three samples was
measured by a third-party laboratory [10], using a differential
scanning calorimeter, in the temperature range of 35 °C to
1050 °C (see Fig. 1), with temperature increasing at the rate of
20 °C per minute. These values were linearly extrapolated at the
high end to 1100 °C; for temperatures below roughly 72 °C, at
which spurious noise is clearly seen and was discarded, the
average of the three curves was linearly extrapolated down to
20 °C. The curve corresponding to Sample 2-3, which is almost
identical to that of Sample 2-1, was retained for the study.
Density of SAE 1020 steel, from Clain et al [19], was assumed
and is believed to be representative of 0.06%C steel. Electric
resistivity modeled was for 0.06%C steel in the range of 20 °C to
800 °C, from Yafei et al [20], complemented by data in the range
of 800 °C to 900 °C for 0.08%C steel, from Colas et al [21], and
linearly extrapolated to 1,100 °C. Thermal conductivity was
obtained from Yafei et al [8] for 0.08%C, in the temperature range
of 20 °C to 800 °C and linearly extrapolated to 840 °C; for the
range of 840 °C to 1100 °C, data for Steel AISI 1020 from
Ferreira et al [22] was used. While density decreases by only
about 4.3% from 20 °C to 1084 °C, the electric resistivity and
thermal conductivity vary considerably in this range and in a quite
non-linear fashion, as can be seen in Fig. 4.
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lll. COMPUTER SIMULATION RESULTS
A. Copper Conductors

For validation purposes and to illustrate the difference
between the thermal performance of copper and CCS, the new
computer model was first applied to 100% IACS copper, using
piece-wise linear approximations of the physical characteristics
given by the second order polynomials proposed by Morgan [6].
The conductor sizes and symmetrical 60 Hz sinusoidal currents
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applied to them were selected from the lab test descriptions
given by Reichman et al [5].

Three conductor sizes, 1/0, 2/0 and 4/0, were selected, with
cross-sectional areas and current magnitudes documented in [5].
The starting ambient temperature was inferred from other tests
reported therein. This data is summarized in Table I. Each circuit
simulation was run for 0.65 s (past fusion), with 6 500 000 time
steps. Each copper strand (19 for the 1/0 and 4/0 conductors, 7
for the 2/0) was subdivided into 60 concentric shells.

TABLE |
COPPER CONDUCTOR SCENARIOS MODELED
Nominal Size | Area (mm?) | Ambient Temp. (°C) | Current (kA)
1/0 54.98 16 22.8
2/0 73.16 16 29.2
4/0 102.16 16 46.9

Table Il summarizes the time to reach fusing temperature for
each cable size, as estimated by the new circuit model described
herein, as computed by Reichman et al, and as measured by the
latter. As this table shows, the new circuit model prediction is
closer to the measured value than that of the Reichman model
for the 1/0 conductor, within 0.25% of the Reichman model for
the 4/0 conductor and within 2.5% of the Reichman model for the

2/0 conductor, showing good agreement.

TABLE Il

COPPER TIME TO FUSING TEMP: COMPUTED VS MEASURED

Nominal Time to Reach Copper Fusing Temperature (s)
Size New Circuit Reichman Reichman
Model Model Test
1/0 0.5385 0.5310 0.5516
2/0 0.5810 0.5950 0.6076
4/0 0.4390 0.4380 0.4238

Fig. 5 plots the temperature of 7 representative concentric
cylindrical shells throughout the 1/0 copper conductor, as a
function of time, past fusing, as computed with the circuit model.
As can be seen in this graph, the temperature curves are
indistinguishable because they all dissipate the same energy per
unit cross-sectional area. Note that as the temperature
increases, the rate of temperature rise increases also, due to the
increasing electric resistivity of the copper.

Let us put the above percent differences between the new
circuit model predictions and the Reichman model into
perspective, by comparing them with the accuracy of IEEE
Std. 80 Equations 37 and 47 in predicting the performance of
copper conductors. |EEE Std. 80-2013 Tables 3 — 6 are based
on the work of Reichman et al, providing ultimate current-carrying
capacity for 0.5 s fault durations and 40 °C ambient temperature.
Table 6 is applicable to symmetrical sinusoidal waveforms and
the other tables to waveforms with a decaying exponential
component. The conductor ampacity levels presented in Table 6
are higher than those calculated with Equations 37 and 47 of the
standard. For example, for a 4/0 copper conductor (107.2 mm2),
Equation 37 yields a fusing current of 42.6 kA and the simplified
Equation 47 a fusing current of 42.7 kA, which fall short of the
44 KA value in Table 6 by, respectively, 3.2% and 2.9%. This
error is due to the assumption of a heat capacity that does not
increase with temperature, mitigated by an underestimate of
resistivity at high temperatures due to its assumed linearity. Note
furthermore that the error in calculated time to fusion is
proportional to the square of the error in ampacity, at least as far

as Equations 37 and 47 are concerned, resulting in shortfalls in
the fusing time predictions of these two equations of 6.2% and
5.6%, respectively. These values are considerably higher than
the 0.25% value cited above for the modeling of 4/0 copper with
the new circuit model.
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Fig. 5 Temperature Rise of 60 Concentric Copper Shells

B. CCS Conductors

1) Model Predictions: Thin Strand. Now consider a 40%
conductivity CCS strand, with a diameter of 1.8288 mm (72 mils),
with the specific heat given by the Sample 2-3 curve in Fig. 1. A
CCS conductor rated for a half-second, 47-48 kA fault current
would typically consist of 61 such strands, each of which is
assumed to carry an equal share of the total current, i.e.,
770-787 A each. When such a strand is modeled in an ambient
temperature of 9 °C, energized with 48.1 kA rms, with its steel
core subdivided into 50 concentric cylindrical shells and its
copper cladding into 10 shells, with a time step size of 0.1 ys, the
graph shown in Fig. 6 is obtained. To render the graph legible,
only 3 concentric cylinder nodes are shown: Node 1, the center
of the steel core, Node 51, the inner surface of the copper
cladding, and Node 60, the outer surface of the copper cladding.

As this graph shows, there is no significant temperature
difference between the outer and inner surfaces of the cladding,
with the steel core lagging, slightly, thanks to the small diameter
of each strand, which maximizes the surface-to-volume ratio of
the steel core and thus the rate of heat transfer from the copper
into the steel. The crystal lattice phase changes in the range of
700 °C to 900 °C can be seen in the unseemly droop in the steel
core’s temperature curve between these temperatures, where it
absorbs more energy per unit temperature rise than elsewhere.
Clearly, though, the steel is absorbing heat from the copper, due
to the temperature gradient between the two materials. As the
graph shows, the copper first reaches its fusing temperature of
1084.45 °C in 480 ms and, based on the linearized assumptions
made of the fusing process, takes roughly 32 ms to fuse
completely. When the copper cladding thickness is increased to
10.4% of the conductor diameter, which is within manufacturing
tolerances, the time to fusing increases to 495 ms. When the
copper cladding thickness is maintained at 10%, but the fault
current is decreased to 47 kA rms, the time to the start of fusing
further increases to 505 ms.
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Fig. 6 CCS Temperature Rise: 61 x 1.83 mm Strands, 48.1 kA

2) Lab Testing: Thin Strand. A high current test was
carried out at a certified third-party lab [23] on a 1.2 m long
sample of such a conductor (40% IACS, 61 x .072” CCS),
suspended by oversized lugs 1.2 m above grade, starting at an
ambient temperature of 9 °C, and heated with a symmetrical
60 Hz sinusoidal current of 48.1 kA rms, lasting over 500 ms.
The start of fusion was detected at 500 ms. This time to fusing
is in very good agreement with the new circuit model predictions.
Note that the test lab’s k=2 expanded uncertainty [24] of the
current measuring system was estimated to be 2%, which
corresponds to roughly 0.96 kA, showing that the model
predictions are well within the accuracy of the laboratory test and
manufacturing tolerances.

IEEE Standard 80-2013 Equation 37, when used in
conjunction with its associated Table 1, predicts a fusing
ampacity value of 44.1 kA, for such a conductor, based on its
total cross-sectional area of 160.2 mm? (316.2 kcmil), ambient
temperature of 9 °C and a duration of 500 ms. This equation
underestimates the current-carrying capacity of the CCS
conductor by 3 - 4 kA or 6.3% - 8.4%. Unfortunately, there is
presently no equivalent to Tables 3-6 for CCS conductors to
provide a more accurate rating.

3) Model Predictions: Large Strand. Now consider a
single CCS strand with the same cross-sectional area as the
entire 61-strand conductor described above. The diameter of
this strand would be 14.2834 mm (562.3 mils), with an 11.43 mm
diameter steel core and a 1.43 mm thick copper cladding,
through which a current of 48.1 kA flows, in an ambient
temperature of 9 °C. Fig. 7 shows the resulting temperature
performance of the cable.

For this larger strand, a larger number of concentric shells
were modeled: i.e., 180, with 160 used for the steel core. The
results were checked with another model with half as many
shells, to ensure that consistent results were obtained. The time
step used is still 0.1 ps. As the Fig. 7 shows, although this strand
has the same ratio of copper to steel and the same current per
unit cross-sectional area as the smaller strand studied, its
temperature response is very different, contrary to the IEEE
equation predictions, as we shall see.

The most striking difference between Figs. 6 and 7, which
would be identical if the assumptions underlying IEEE Std. 80-
2013 Equations 37 and 47 were applicable, is the wide spread in
temperature between the steel core (Node 1) and the copper
cladding (Nodes 161-180), as the cable is heated. Clearly, heat
simply cannot flow fast enough from the copper into the bulk of
the steel for the entire conductor to have anything resembling a
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uniform temperature. As a result, the time to the start of fusion
of the copper drops from 480 ms, for the thin strand, which can
rapidly dissipate heat into its core, to 344 ms, for the large strand,
which has nowhere nearly the same steel core surface-to-
volume ratio as the thin strand, although both have the same
average current density and ratio of copper to steel. On the other
hand, IEEE Std. 80-2013 Equation 37 predicts fusing at 420 ms,
optimistically overstating the fusing time by 22%.

1,100
1,000

- Node 1: Steel
- --Node 71: Steel
----- Node 101: Steel

900 ---Node 111: Stee|

----- Node 121: Steel

- 300 ---Node 131: Stee|

[ Node 141: Steel

= 700 - --Node 146: Steel

@ --—Node 151: Steel

2 600 - - -Nade 156: Steel

© -----Node 159: Steel

o 500 - --Node 160: Stee|
E‘ 400 -Node 161: Copper
'q_, ——Nede 180: Copper

300
200
100

0 = . i . .
000 005 010 015 020 025 030 035 040 045 0.50

Time (s)

Fig. 7 CCS Temperature Rise: 1 x 14.28 mm Strand, 48.1 kA

Such a large discrepancy is not expected for a material such
as copper, in which the current density is much more uniform,
resulting in more uniform heating, and whose thermal
conductivity is also much greater.

It must be conceded that a single-strand CCS conductor of this
size would not normally be encountered, except in the form of a
copper-clad steel rod with extra cladding. Nevertheless, similar
issues will be encountered with conductors made up of
intermediate strand sizes when the ampacity is calculated for
shorter fault durations. Consider, for example, the case of a
6 AWG (4.1 mm diameter) 40% CCS single-strand conductor,
energized with a symmetrical current of 4.99 kA rms. The
computed temperature response is shown in Fig. 8, in which
there is a considerable temperature difference between the
copper cladding (Nodes 51-60) and the steel core (Nodes 1-50),
of which only a representative subset is shown for legibility. The
predicted time to start of fusion is 262 ms, according to the new
model, with an ambient temperature of 25 °C, as compared with
a value of 274 ms, measured by an independent test lab under
the same conditions [24]. The predicted time is 4.4% less than
the measured time. On the other hand, when the modeled
current is decreased to 4.89 kA, which is 2% less, the predicted
time to start of fusion increases to 272 ms. Thus, when credit is
taken for the 2% uncertainty in the actual test current, the
predicted time to fusion is 0.7% from the measured time. IEEE
Std. 80 Equation 37 more conservatively predicts an ampacity
value of 4.96 kA for a time to fusion of 262 ms. It appears such
an optimized combination of large strand size and short clearing
time is required for IEEE Std. 80 to yield acceptable results for
CCsS.
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Fig. 8 Single-Strand, 6 AWG 40% CCS, 4.99 kA
IV. APPLICATIONS AND FUTURE WORK

Applying this new circuit method to bimetallic wires will help
CCS manufacturers optimize their designs and will provide
grounding designers and the IEEE Standard 80 working group a
means to compute CCS conductor ampacity more accurately
and flexibly. For example, increasing the copper cladding
thickness from the 9% nominal value specified in ASTM
B910/B910M-07 [14] to 10% of the strand diameter increases
the time to start of fusion of a 61 x 1.83 mm CCS wire from 447
to 483 ms, for the same total strand diameter, number of strands,
48.1 kA rms symmetrical current flow and 9 °C ambient
temperature.

Calculating time to fusion using a thermal transient circuit
model will also be important for grounding system designers in
choosing suitable CCS conductors for each application.

Future research work will include tabulating current-carrying
limits for CCS for IEEE Std. 80, as a CCS-specific supplement to
Tables 3-6.

Future work will also include carrying out further rigorously
controlled high-current tests of optimized CCS designs by
accredited third-party laboratories, to provide a statistically
significant data set for such designs.

V. CONCLUSIONS

This paper presents a new methodology for the prediction of
the thermal performance of a complex bimetallic conductor,
namely copper-clad steel, accounting for the highly non-linear
physical characteristics of steel. This methodology uses a
transient time-domain circuit analysis approach, with
temperature-dependent circuit components. Thermal properties
of low carbon steel are presented, based on a synthesis of data
found in the existing literature and new third-party lab testing of
the specific heat of representative CCS core samples.

It is shown that the predictions made with this method match
those obtained from third-party high-current testing of actual
CCS wires, within the accuracy of the lab measurements and
manufacturing tolerances of the copper-cladding of the CCS.
The new method also successfully predicts the performance of
100% IACS copper conductors. It is further shown that
predictions made using the methodology and tables in IEEE Std.
80-2013 for CCS can be highly inaccurate, as they do not
realistically represent the specific heat and thermal conductivity

of the CCS steel core, underestimating the former and
overestimating the latter.

It is shown that the relatively low thermal conductivity of the
steel core and its high specific heat mean that the rated fault
current of CCS cables is maximized when strand diameter is
minimized. On the other hand, large strands experience heat
transfer delays to the steel core and therefore reach fusing
temperature of the copper cladding more quickly, a phenomenon
not predicted by the present IEEE Std. 80-2013 ampacity
calculation methodology.

It is hoped that this new knowledge will be put to good use by
manufacturers of steel-cored grounding conductors, by
grounding designers and by the IEEE Std. 80-2013 working
group. This will make it possible to design more robust and theft-
resistant grounding systems with considerably less copper, thus
potentially reducing costs substantially, while increasing
reliability.
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