


The permeability of ferromagnetic pipe is a strong function of
the magnetic field intensity. The major difference between
ordinary permeability and differential permeability is the peak
magnitude.  Permeability is also temperature dependent. At
sufficiently high temperature, a ferromagnetic material loses
its ferromagnetism, and its relative permeability is reduced to
unity.  For the HPFF cable applications, the pipe temperature
is within a range for which data indicate that the temperature
dependence of µ can be neglected. 

Analytical study of cable pipe eddy current losses has been
limited by the difficulty of dealing with the three phase struc-
ture of power cable and the nonlinearity of the pipe permeabil-
ity.  Semiempirical approximate expressions have been devel-
oped containing factors derived from measurements on a lim-
ited number of cable sizes and configurations, but this ap-
proach is of limited value for new cable designs with large
conductors carrying high current [3,4].  In the past, the finite
element method approach has been applied with the non-
linearity of the pipe permeability treated in two dimensions
using the effective permeability method [5].  In the present
work, we solve the problem in the time domain through re-
peated solution of the magnetic field in the pipe as a function
of time (“time stepping”) by the finite element method.  This
provides a more accurate solution than previous methods such
as “effective permeability”

III.  NUMERICAL MODELING
The magnetic vector potential A�   is related to magnetic flux
density B by

B�  = �× A� (3)

When a Coulomb gauge [6] is employed, A�  satisfies

�� A�  = 0 (4)

When the magnetic vector potential A�  is used, the magnetic
field of an eddy current problem is governed by the diffusion
equation
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where J� s is the source current density.  In general, the mag-
netic permeability m = m(B,T) of a ferromagnetic material is
a function of the magnetic flux density and temperature.

Eqn.(5) can not be solved directly, because J� s is not known.
What is known is the net conductor current It.  Integro-differ-
ential finite element formulation is widely applied for solving
2D multi-conductor eddy current problems [7,8].  The inte-
gro-differential formulation can be described by
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where s is the pipe conductivity and the integration is over the
conductor area and A is the component of A�   along the axis of
the cable as the other two components of A�   perpendicular to
the cable axis are zero.  Eqn.(6) can be solved using the finite
element method [6] and time stepping.

In the steel enclosed three-phase cable problem, the conduc-
tors in the cables are stranded in order to reduce the skin effect
losses.  As a result of stranded conductor, the current in the
conductors is nearly uniform, especially in the case of Al
conductors, where the oxide surface impedes strand-to-strand
current flow.  The three phase conductors thus can be modeled
as having zero conductivity but with uniform current density,
so that no eddy current will exist in conductors.  The tempera-
ture rise of the steel pipe problem is insufficient to affect eddy
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Figure 2.  Magnetic flux density as function of magnetic field inten-
sity for ferromagnetic pipe.
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Figure 3.  Relative differential permeability (circles) vs. magnetic
flux density of the ferromagnetic pipe compared with ordinary rela-
tive permeability (squares).
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current phenomena within the pipe.  Thus magnetic losses in
the pipe can be computed without coupling a thermal field.

A number of inevitable uncertainties attend computation of
magnetic pipe losses including:

A.  Permeability of the Pipe
The magnetic losses depend on the permeability vs. field.
Very few data are available.  We employ those measured by
Kuffel, Model 1 and presented in EPRI Report No. EL-1125,
1979 (page 10-A-1) [1], as shown in Figure 2.  For the time
domain solution of an AC or transient magnetic field, the
differential permeability, dB/dH, as shown in Figure 3 is ap-
plied.  However at a given value of B, numerous values of
dB/dH exist on the various hysteresis loops.  Thus completely
accurate computation of the losses would require knowing the
full set of possible hysteresis loops.  In fact, we have only one
set of data for B vs. H from which we can compute the perme-
ability and differential permeability as shown in Figure 2, and
we have no choice but to employ these data.  If we multiply
the differential permeability by 0.8, 1, and 1.2 and compute
the pipe loss at 1440 A in an equilateral configuration, we
obtain 28.874, 29.185, and 29.75 W/m, respectively, which
suggests that the effect of moderate variations in the perme-
ability is not large.  However, the effect may differ depending
on the conductor configuration.  Finally, we note that the cable
pipes are not specified for magnetic properties.  Given the
very small number of pipes which have been characterized for
magnetic properties and the wide range of time over which
pipes have been installed, we have no idea how pipe magnetic
properties may have changed over time (e.g., with changes in
steel or pipe production technology) or from one manufac-
turer to another.

B.  Pipe Electrical Conductivity
The pipe resistivity is not specified.  Measurements in the
literature vary over a range of about 2:1 with most of the
reported measurements in the US literature around 12×10-8

� -m (8.2×106 S/m).  The measurements reported in the Japa-
nese literature tend to differ from those in the US literature.
Since this value is not well known, we have treated it as a free
variable within the reported range.  We find best agreement
between our computations of pipe loss and reported measure-
ments at a conductivity of about 11.5×106 S/m (or resistivity
of 8.6×10-8 � -m).  The conductivity has a substantial effect on
the pipe loss, as seen in Figure 4.

IV.  LOSSES FOR A BALANCED LOAD
The cable pipe eddy current loss for balanced 3-phase currents
has been computed for a pipe with an outer diameter of 273
mm (10.75") and a wall thickness of 6 mm (0.25").  The
diameter of the conductors is 46 mm (1.824"), and the diame-
ter of the single phase cable is 98 mm (3.876").  The 3 cables
are installed in a cradle configuration as shown in Figure 1,
with conductor-to-conductor (center-to-center) spacing in the
cradle configuration of 98 mm (3.876"), 98 mm (3.876"), and
155 mm (6.0874").  We assume the pipe has a conductivity of
11.5×106 S/m.  The B-H curve of the pipe is as shown in
Figure 2, which is Model 1 as measured by Kuffel (EPRI
Report No. EL-1125, 1979, page 10-A-1) [1].  The differential
permeability of the pipe is derived from the B-H curve and
plotted in Figure 3.

Balanced three phase current is injected into the three phase
cable, and we compute the magnetic vector potential as func-
tion of position and time.  The magnitude of AC current is
increased exponentially from zero to its full value, otherwise
the program will not converge.  The time constant of the ex-
ponential function is 5 ms.  Substantial transient components
persist for the first two AC cycles.  This can be seen from the
fact that the loss computed from the solution of the 3rd AC
cycle is different from that of second cycle by 5% or so.  In the
third AC cycle, the transients are small enough to be ne-
glected.  Power loss per unit length of the pipe can be com-
puted from the solution of vector potential A.  
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Figure 4.  Pipe loss vs. pipe resistivity for a 250 mm (10") pipe with
a wall thickness of 6 mm (0.25"), the conductor cross-section area is
1015 mm2 (2000 kcmil), the cable diameter is 98 mm (3.876"), the
conductor current is 800A.
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Figure 5.  Data from finite element computations and from EPRI
measurements for a 250 mm (10") pipe, with a wall thickness of
0.25" (6.35 mm), and cable diameter of 98 mm (3.876").
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AC/DC resistance data for a 10" pipe are provided in EPRI
Report No. EL-1125, 1979 (page 5-17) [1].  The pipe under
test has the same configuration and size as the pipe we have
modeled except the pipe under test has a conductor cross-sec-
tion area of 1015 mm2 (2000 kcmil), while that of the pipe
being modeled has a conductor cross-section area of 1267
mm2 (2500 kcmil). A comparison of the measured and com-
puted results is shown in Figure 5.  The conductor loss has
been adjusted for the pipe we have modeled to an equivalent
of a 1015 mm2 (2000 kcmil) conductor.  The figure shows that
the computed results agree very well with the EPRI measure-
ments for the range of current (� 800 A) for which experimen-
tal data are available.

The finite element computations indicate that the AC/DC re-
sistance ratio increases when the current is larger than 800 A.
This is unexpected and has adverse implications for cable
ampacity at high currents.  The AC/DC resistance ratio was
expected to remain relatively constant above 800 A.  The rea-

son for the increase in AC/DC resistance ratio can be deduced
from Figure 3.  The permeability of the pipe is low at low flux
density, reaches a maximum at about 0.3 Tesla, and then drops
as flux density increases further.  The steel pipe provides a
magnetic path for the flux that is generated by the balanced
3-phase currents.  When the permeability of the pipe is high,
the flux generated by 3-phase currents has a better passage in
the pipe to achieve cancellation, which reduces the eddy cur-
rent loss.  When the current is very low or very high the
permeability is low, the flux generated by each 3-phase con-
ductor is more concentrated in the pipe around its source
conductor, which results in greater eddy current losses.

We have not modeled hysterysis loss in the calculations, but
rather we have used an equivalent conductivity of the pipe so
that the loss matches the test.  As a result, this equivalent
conductivity is higher than a typical conductivity of a steel
pipe.  This equivalent conductivity seems to be effective dur-
ing the available range of the test current.  Some of these
computations were later repeated with a commercial software
package with excellent agreement.

V.  LOSS FOR UNBALANCED LOADS
Under ideal operating conditions, the currents in a 3-phase
power cable are balanced, so that the magnetic field in the pipe
caused by 3-phase currents tends to cancel.  As a result, the
eddy current loss in the pipe is relatively low.  When the
currents in 3-phase conductors are unbalanced, the net current
from the three phase cables generates greater eddy current
losses in the pipe. 

The ratio of current unbalance Kunbal in a three phase system
is defined as the ratio of net current of the 3 phase currents
over the average current in the 3 cables.  For a case study, we
assume two of the three phases (B and C) have the same
current magnitude. We define Iav as the average three phase
current, Ia, Ib and Ic as the three phase currents.  The magni-
tude of three phase currents can be derived as
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In order to compute the eddy current losses for unbalanced
phase currents, currents are injected into three cable phases
according to eqn (7).  We assume no net current in the pipe,
i.e., that the return current will go through the earth.  However
we have repeated some of the computations at very high cur-
rent with the return current through the pipe.  The return cur-
rent causes a negligible increase in loss because  the pipe
permeability is relatively low in regions of low field as a result
of coercivity and in regions of very high field as a result of
saturation so that the skin depth for the return current is appre-
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Loss Ratio for Balanced Phase Current

Loss Ratio for 5% Unbalanced Currents with
Maximum Current in Center Phase

Conductor Resistance = 22.2 µ� /m

Loss Ratio for 10% Unbalanced Currents with
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Figure 6.  Eddy current loss in a 250 mm (10") pipe as function of ca-
ble current for balanced and (5% and 10%) unbalanced three phase
currents.  The wall thickness of the pipe is 6 mm (0.25"), the conduc-
tor diameter 46 mm (1.824"), and the cable diameter is 98 mm
(3.876"). 

Kuang & Boggs 4 Pipe-Type Cable Losses



ciable.  Thus the return current apparently spreads over a rela-
tively large cross section and causes a very small increase in
loss.

The computation for unbalanced currents are made for the
cradle configuration as shown in Figure 1.  The largest current
(Ia) among the three phase is applied to the center phase cable.
Figure 6 shows the computation results for balanced and un-
balanced three phase currents in the cables.  For the unbal-
anced currents, computation are made for 5% and 10% unbal-
anced ratio.  The upper plot in Figure 6 is the absolute loss
while the lower plot is the ratio of pipe loss to conductor loss.
From Figure 6, we see that balanced current produces the
lowest loss, as expected, while 10% unbalance produces more
loss than 5% unbalance.  The other interesting phenomenon
discovered from this study is that the ratio of pipe loss to
conductor loss decreases as current increases when I �  600 A,
reaches its minimum at about I = 700 A, and then increases
with current for I �  800 A.  This is similar to the data for
balanced 3-phase currents in the previous section.  Again,
some of the computations for unbalanced currents were re-
peated using commercial software with excellent agreement.

VI.  CONCLUSIONS
Finite element modeling of the cable pipe eddy current losses
has produced good agreement with measurements in the lit-
erature.  The computations indicate that the ratio of pipe loss
to conductor loss has a minimum around 700 A and increases
at higher currents.  This result was unexpected and has ad-
verse implications for high current cable system ampacity.

As expected, losses increase for unbalanced 3-phase current,
with the increase being in the range of the per cent unbalance,
i.e., about a 10% increase in losses for 10% unbalanced cur-
rent according to the above definition of unbalance.
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