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Abstract –A conceptually simple and robust methodol-
ogy for real time monitoring and transient cable rating is
offered. The paper outlines a general approach suitable for
a wide range of application, and also provides a specific
but typical example of its implementation. The main ad-
vantage of the approach is its inherent ability to cope with
changes in the thermal properties of the cable or its envi-
ronment.

A major challenge, particularly with transient rating, is
to incorporate moisture migration modelling, which refers
to the growth of a dry zone around the cables when they
exceed a critical temperature. A new approach to this
problem is presented theoretically and substantiated with
both simulations and measured results. In addition, sea-
sonal changes in the nominal properties of the cable envi-
ronment can be incorporated in the algorithm, which oper-
ates in real-time and is computationally light.

It is hoped that the collection of techniques embodied in
the text and accompanying figures will be of interest and
service to the cable rating community in the ongoing en-
deavour to further improve both the efficient utilisation
and reliability of power system equipment.

Keywords: Cable rating, real-time monitoring,
online temperature computation, underground cables,
moisture migration, emergency rating

1 INTRODUCTION
There is, at present, considerable interest in applying

transient rating and real-time temperature prediction
techniques to underground cables in order to realise
higher load transfer than is possible using steady-state
calculations, for example [1]-[3]. To be fully effective,
real-time algorithms should embody moisture migration
modelling and, in addition, be able to cope with chang-
ing environmental parameters in cases where seasonal
changes in the cable environment are significant. This
paper contains a new approach to this problem.

The standards [4] are well suited to rating cables in
terms of predefined load profiles, but are not directly
applicable for real-time application with changing envi-
ronmental parameters. This paper models both the cable
and its thermal environment on a lumped parameter
thermal circuit. The primary reason for doing so is that
the exponential expressions that govern the step re-
sponse can be conveniently converted to a real-time
formulation that works in terms of hypothetical final
responses based on present conditions and the previ-
ously calculated response. This means that changing
thermal parameters can be directly accommodated by

appropriately changing the coefficients and time con-
stants of the governing exponential equations at each
time increment, as, contrary to previous methods, the
technique is not based on the superposition of responses
following an initial steady-state condition.

The following pages provide a simple theoretical
framework for dealing with moisture migration and
show how to embody the effects of moisture migration
and seasonal changes in the nominal algorithm. The
moisture migration modelling is validated by measured
data from a cable scale heating tube installed in sand
backfill, while finite element method (FEM) simulations
are used to demonstrate the aptness of the technique for
typical multiple cable configurations.

2 THE FRAMEWORK

2.1 Extending the Thermal Circuit
The foundation of this method is to represent the

temperature response of a cable in its installed environ-
ment as a summation of exponential expressions, each
corresponding to one loop of a thermal ladder circuit.
This is, mathematically, a straightforward extension of
the standard method for dealing with a cable, where the
step response of a charged cable from an initial condi-
tion of zero current can be represented as:
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where m(t) is the step response at node m and Wc are
the conductor losses. The coefficients Tm,n and time
constants n, derived from the transfer functions of the
thermal circuit, incorporate adjustment for sheath and
armour losses, i.e. the thermal impedances for parts of
the thermal circuit outside the sheath and armour must
be respectively increased by the ratio of the sheath or
armour losses to the conductor losses so these losses can
be omitted from the solution process. d,m is the contri-
bution due to dielectric losses, assuming the cable is
already charged at the beginning of the transient.

This treatment, insofar as the cable itself is con-
cerned, accords with the standards [4]. The standard
approach for buried cables is to calculate the response of
a line source in a homogeneous environment and couple
this response to the temperature rise across the cable via
an attainment factor, which accounts for the heat stored
in the cable during the early part of a transient. The
approach this paper utilises, however, is to include the
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entire cable environment in the ladder network, which
eliminates the need for solutions to the exponential
integral (involved in the classical solution for a line
source) and the attainment factor. The advantages are
that the resultant exponential expressions can be easily
transformed into a computationally simple real-time
formulation and that a node can be placed at the cable
surface (physically relating to a point that represents the
average temperature of the surface of the hottest cable).

The real-time formulation of (1) at time tI is:
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The thermal circuit must have nodes at all points of
interest, which should include the cable surface and, in
the case of cables with multimode fibres fitted for dis-
tributed temperature sensing, the point where the fibre is
located, usually just inside the sheath, should be a node.
For buried cables, 3 loops are generally adequate to
cover the environment.
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amb
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Figure 1: Thermal circuit for a cable and its thermal envi-
ronment. More loops can be added for the cable if necessary.

The means to get from a thermal circuit like that
shown in Figure 1 to the exponential equations in (1) is
detailed in Chapter 5 and Appendix B of [5], and needs
to be put into an efficient program form, as it will be
necessary to recalculate the coefficients and time con-
stants for a full range of ‘wet’ environmental parameters 
for a full range of critical radii (a critical radius rx will
be used to delineate the boundary between the dry and
wet regions during moisture migration).

2.2 Obtaining nominal thermal circuit parameters
The objective is to obtain a set of equations that faith-

fully represent the transient response of the cable of
concern to a constant power step in prescribed nominal
conditions. This can be done in several ways, ranging
from curve-fitting to a simulated response (noting that
readily available FEM programs are nowadays able to
deal with much more complicated installation configura-
tions than standard analytical methods can) to fully

analytical derivations where possible. When moisture
migration is an issue, the cable and the region around
the cable must be treated analytically, in order to im-
plement the modelling detailed in this paper. A fully
analytical method for deriving a thermal circuit from a
directly buried cable in a homogeneous environment is
summarised below.

2.2.1 An Equivalent Cylindrical Environment
The nominal thermal resistance of the environment

T4,nom (in terms of a single-phase equivalent for multi-
cable installations such as trefoil, flat touching, flat
separate, etc.) must be calculated according to the
steady-state standards [6] in terms of a nominal thermal
resistivity, nom.

The cylindrical environment should be based on a
single-cable equivalent, which means the cylindrical
environment has a thermal resistivity of nomconvk  ,
where the conversion factor kconv represents the ratio of
the external equivalent thermal resistance of a single
cable in its multi-cable installed configuration to the
thermal resistance of a single cable (on its own) in the
same semi-infinite environment.

  




 


1ln2 2

,4

uu

T
k

nom

nom
conv


(4)

where u is the burial depth L divided by the external
radius of one cable, re. Equation (4) simply scales up the
thermal resistivity of the cable environment to account
for the omission of the other cables (which have the
same losses) in the single cable representation.

Figure 2 illustrates the procedure.

nom nom

Tamb

L


T4

renv

Tamb

T4

kconvnom nom

Figure 2: Single-phase cylindrical representation of a trefoil
cable installation

The external thermal resistance in terms of the
equivalent cylindrical representation is:
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Solving (4) and (5) gives:
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The environmental part of the thermal circuit should
consist of three loops (or perhaps four, if the cables are
very small). The radius of each corresponding region in
the equivalent cylindrical environment should split the
external thermal resistance into equal parts, so for three
loops, referring to Figure 1:
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The thermal capacitances of the environment can be
lumped to the radial nodes, at re, rC and rD assuming a
logarithmic temperature distribution, i.e. extending the
logic employed by Van Wormer in dividing the internal
thermal capacitances of the cable itself [7].
Using Van Wormer’s ‘modified equivalent  circuit’,
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where ro is the outside and ri the inside nodal radius
of the section in question. The proportion of the capaci-
tance allocated to the node at the inside radius of each
region is     21

22 1   ssconvio krrp with
the remainder being added to the node at the outside
radius of the region. The sheath and armour loss factors,
1 and 2, are present in the denominator because, as
mentioned in section 2.1, the algorithm works in terms
of the conductor losses only. Note that the final thermal
capacitance in the cable part of the thermal circuit,
which is normally omitted to facilitate the derivation of
a transfer function, is added to the first thermal capaci-
tance of the environment. The final capacitance compo-
nent associated with the outermost node at renv is omitted
when calculating the transfer functions for the nodal
responses that are of interest.
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Figure 3: Comparison of a full FEM model with a lumped
parameter analysis using the equivalent cylindrical environ-
mental model for the constant loss step response of the hottest
cable in a HV trefoil installation

Figure 3 shows the simulated responses of a cable in
a semi-infinite environment (well almost, the FEM simu-
lation used has a thermal field 50 x 35 m), and a step
response consistent with the lumped parameter circuit
shown in Figure 1.

The losses are held constant in all cases, so as to ob-
tain a pure step response. In the real-time algorithm

comprising (2) and (3), the losses are calculated accord-
ing to the calculated temperatures (and measured cur-
rent) at every time increment.

We now have a continuous thermal model of a cable
installation from the hottest conductor to a symbolic
outer radius renv, which may be considered an isotherm
at ambient temperature, amb. Because both the cable and
the region around the cable are accurately modelled, and
because the thermal resistance of the equivalent cylin-
drical environment corresponds to the thermal resistance
of the actual semi-infinite environment, we can assume
that the short-term and extremely long-term thermal
response of the cable will be faithfully represented by
the seemingly simplistic ‘equivalent cylindrical model-
ling’. The fact that the method givesrise to slight me-
dium term error is unavoidable when reducing semi-
infinite reality to a finite cylindrical equivalent, but
fortunately this is of little consequence concerning the
accuracy of a real-time algorithm that redefines the
hypothetical steady state towards which the response is
heading every few minutes or so.

Thus we come to the crux of this paper, which con-
cerns how to change the time constants and coefficients
in (3) to reflect changes in the cable environment.

3 AN UNSTABLE ENVIRONMENT
It is assumed that seasonal changes, due to rainfall

and ground water level, will affect the entire cable envi-
ronment, whereas moisture migration caused by the load
in the cable will affect only the region close to the cable.
We will base the moisture migration analysis on tradi-
tional 2-zone modelling, but as will be shown, the mod-
elling can be ‘tuned’ to a more sophisticated modelling
to allow for slower return of moisture to the cable vicin-
ity, and, if necessary, slower than instantaneous migra-
tion of the moisture away from the cable when the cable
environment reaches the critical temperature for mois-
ture migration. It is assumed that dry means dry, i.e. the
thermal resistivity for a given cable environment in dry
conditions, dry, is fixed, and that there is a unique rela-
tionship, for a given installation, between the thermal
resistivity and diffusivity of the material in the cable’s 
immediate vicinity. This should ideally be derived spe-
cifically for the backfill material in installed conditions
tested from fully saturated to completely dry. In the
absence of such information, Neher’s empirical formula, 
(10), [8] can be used for most crushed rock and sand
backfills, given that the thermal resistivity is the most
sensitive parameter in an underground cable installation
(i.e. some inaccuracy in the computation of the thermal
diffusivity is acceptable; diffusivity values are probably
somewhat higher than (10) predicts).

 s/m1068.4 28.07   (10)

3.1 Moisture migration modelling
As stated, the moisture migration modelling is based

on a transient implementation of the 2-zone method used
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in the standards for steady-state rating, Amendment 3,
[4].

kconvdry

(dry)

kconvwet

(wet)
rx

x
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Figure 4: 2-zone moisture migration

Referring to Figure 4, the method for tracking the
critical radius for moisture migration rx, which desig-
nates the location of the critical temperature for moisture
migration x, assumes that if rx lies between nodes at ri

and ro, then the temperature profile between ri and rx,
and between rx and ro, is logarithmic. The actual tem-
perature profile is close to what would prevail in steady-
state conditions, scaled to match the actual nodal tem-
peratures calculated at each time increment. The loga-
rithmic assumption will slightly overestimate rx in the
early part of a transient during heating and slightly un-
derestimate rx during cooling. On the other hand, it must
be admitted that the single cable representation of a
trefoil or flat configuration where the cables are touch-
ing or nearly touching is based on the average tempera-
ture of the surface of the hottest cable and, physically,
moisture migration will be initiated near the points
where the cables are touching slightly earlier than when
the average surface temperature reaches x. This means
that the temperature response of a cable in a trefoil or
flat touching configuration will be slightly underesti-
mated at the onset of moisture migration, but as the
migration develops, the error goes in the conservative
direction, because of the logarithmic temperature distri-
bution assumption, and because the moisture migration
is physically only occurring in the direction unshielded
by the adjacent cables.

Assuming a logarithmic temperature distribution, the
ratio of the temperature difference between the inner
node and the critical isotherm and the total temperature
drop between the inner and outer nodes is:
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In a real time formulation, we can designate rx, as
the position the critical isotherm is tending to at time tI

in terms of the calculated nodal temperatures at the
previous time increment tI-1.
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Incorporating (12) directly into the final algorithm
would imply that the material around the cable instantly

dries out when the temperature reaches x during heating
and instantly rewets when the temperature returns to x

during cooling. The first assumption is conservative but
the latter is dangerous because, especially in dry sea-
sonal conditions, moisture can take a lot longer to return
to a cable environment than it takes to leave, [9]. It is
therefore advisable to control the movement of the criti-
cal radius, and this is done using (13).
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If the moisture migration time constant for cooling
mm,cooling is set high, the return of moisture to the cable
environment is effectively slowed down, which is an
important feature of this algorithm. The slowing down
of moisture movement when cables are located in back-
filled concrete trenches can also be accommodated with
the time constants in (13).

Thus, values for the time constants (and x) depend
on local installation conditions, soil conditions and
moisture content. The prevailing moisture content de-
pends on ground water levels, rainfall patterns and so
on. We are gradually arriving at suitable time constant
values for cable installation conditions in southern
Finland, but it would be foolhardy to generalise our
findings at this stage. For a more sophisticated model-
ling of moisture migration, more than one exponential
expression can be used in (13) if so desired. It is as well
to be conservative when modelling moisture migration...

3.2 The effect of moisture migration on the thermal
capacitances and resistances in the thermal circuit

3.2.1 Subdividing the thermal capacitance when
the critical isotherm is situated between two nodes

To investigate the shifting of thermal capacitance
during moisture migration, the logarithmic approach
used in section 2.2.1 to divide the capacitances in a
stable environment will be extended to cover a cable
environment subject to moisture migration.

Consider the region around a cable containing the
critical isotherm at radius rx that delineates the boundary
between dry and wet zones. The inner and outer nodal
radii of the region are ri and ro, as shown in Figure 4.

The assumption, validated by simulations, is that the
temperature distribution during a transient will be pro-
portional to the steady state temperature distribution, i.e.
for ri r < rx the steady-state temperature distribution is:
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For rx r < ro,
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If pmm is the amount of heat capacity apportioned to
the inner radius ri, then matching the heat storage on
each side of the thermal section (for the convenience of
a lumped parameter treatment) to that which is really
stored over the whole section means that:
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where qdry and qwet refer to the volumetric heat capaci-
ties of the dry and wet sections respectively. Substituting
(14)-(17) into (18), integrating, and noting that

1q gives:
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Equation (9) can be used instead of (19) if the inter-
nodal region under consideration is homogeneous, i.e.
either totally wet or totally dry. If the region contains the
critical isotherm, then (19) is used to subdivide the total
thermal capacitance of that section to each node.

3.2.2 A suitable upper limit for rx

A suitable upper limit for the critical radius can be
calculated from a steady-state analysis, which, in terms
of the maximum total losses from one cable, Wt,max,
yields:
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which implies that the critical radius under steady-state
conditions is independent of the dry parameters of the
cable environment.

It may be more practical to project the maximum ra-
dius in terms of temperatures only, i.e. the maximum
likely surface temperature of the cable e,max, the mini-
mum critical temperature rise above ambient x,min and
ambient temperature amb,min, and the highest seasonal
wet thermal resistivity, wet,max, in which case:
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3.2.3 Calculating the parameters of the thermal
circuit for a full range of critical radii and seasonal
conditions

We will illustrate the calculation of thermal resis-
tances and the allocation of thermal capacitances with a
buried cable in a homogeneous environment that suits
the analysis outlined in section 2, although the general
method is by no means limited to such an installation.
Referring to Figure 1, the calculations in (24) to (41) are
performed, for a given cable installation, u x v times, for
a full range of wet thermal resistivities (wet)u at each
critical radius, (rx)v. The corresponding diffusivity val-
ues, ((wet)u), are calculated using (10) or an equation
tailor-made for the backfill/native soil in question.

The thermal properties of the cable itself are inde-
pendent of changes in the environment. The crude sin-
gle-loop analysis in (22) and (23) can be substituted by a
more accurate multi-loop standard cable analysis if
required [4].
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and

   131, 1  TTT vuA (23)

where Qc, Qi, Qs and Qj are the thermal capacitances
of the conductor, insulation, sheath and jacket. T1 and T3

refer to the thermal resistances of the insulation and
jacket. 1 represents the ratio of sheath to conductor
losses, the sheath loss factor. This cable has no armour.

The rest of the circuit parameters are dependent on
the prevailing wet conditions of the environment, which
may have a strong seasonal variation, and the position of
the critical isotherm, rx, if moisture migration is occur-
ring. Calculation of the remaining capacitances and
resistances proceeds as follows:

If (rx)v = re,
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If rB < (rx)v rC, (27), (28) and (29) still apply for TC,
QD and TD, but for the rest of the circuit parameters:
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If rB < (rx)v rC, (29) is still valid for TD, but for the
rest:
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If rx > rC, (33) and (34) cover QB and TB, but for the
rest of the circuit parameters:
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An algorithm embodying the full range of discreet
calculations from (22) to (41) giving the parameters of
the thermal circuit for each (wet)u at each (rx)v is cou-
pled to a subroutine that derives the coefficients and

time constants of the exponential equations governing
the step response at each node of interest. All nodes up
to and including the last node that bounds rx,max need to
be included. This gives N times u x v matrices for each
time constant and N times the number of nodes of inter-
est times u x v matrices for the coefficients, where N is
the number of loops in the thermal circuit (the time
constants are the same for each nodal response). From
this, continuous functions making every coefficient and
time constant a function of wet thermal resistivity and
critical radius for moisture migration can be generated,
noting that it is advisable to make the functions stepwise
continuous, with a step at the intermediate nodes in the
cable environment.

Relationships between the time constants and critical
radii, for a range of critical radii are shown in Figure 5.
Only 1 and 2 are significantly affected. The reason for
putting a step at the first environmental node (in this
case, rB = 0.16 m) can be clearly seen.
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Figure 5: Relation between time constants and the critical
radius for moisture migration

Seasonal changes in the prevailing ‘wet’ conditions 
of the cable environment have a somewhat more linear
effect on the time constants and coefficients, and so it is
relatively simple to generate continuous functions that
relate the effect of wet and rx on the coefficients and
time constants in (1) and (3) from the discrete time con-
stants and coefficients obtained by solving (22) to (41).

The approach is made even more general by coupling
external heat sources to the time varying ambient tem-
perature term in (2), as the effect of an external heat
source on the hottest conductor can also be approxi-
mated by summing exponential terms and rendering
them into a real-time formulation. The latter point, how-
ever, is not dealt with in this paper.

3.3 The Final Algorithm
The ingredients are now ready for implementation of

the transient algorithm incorporating moisture migration
and overall seasonal variation. The various methods
outlined in the text are summarized in Figure 6.

The upper part of the algorithm need only be per-
formed once for each installation condition, in order to
generate the critical radius and wet thermal resistivity
dependent functions for the coefficients and time con-
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stants of the governing equations. Equation (3) is rewrit-
ten below, showing the dependent terms.

N-loop thermal circuit (single cable representation of hottest conductor & environment):
 Model the hottest cable according to IEC-60287/IEC-60853 with nodes, at least,

at the hottest conductor and surface
 Calculate renv, rB and rC according to (6), (7) and (8)
 Establish dry and the lowest possible wet for the cable environment
 Establish rx,max (21)

Compute corresponding coefficients (Tm,n)u,v for each
node m and loop n, and time constants (n)u,v

Generate (piecewise) continuous functions for the time constants and coefficients as
functions of rx and wet, i.e. n(wet,rx) and Tm,n(wet,rx)

Seasonal environmental data
stipulating amb, wet, x, mm,heating and
mm,cooling surf, B, C
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Figure 6: Summary of the methodology culminating in a
real-time algorithm with moisture migration modelling and
seasonal dependence
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It is now common practice for modern SCADA sys-
tems to perform measurements and calculations every
few minutes, in which case the assumption of linearity
over one time interval is acceptable. If a time interval of
more than a few minutes is envisaged, then the calcula-
tions can be based on      21 IccIcc tWtW   with
an iterative loop to correct Ic t .

Equation (2) coupled with (42) is the main body of
the algorithm. This leads us to putting the work devel-
oped in this paper to the test, with both simulations and
measured data.

4 RESULTS
The test cable installation consists of a 110 kV cable

installed in trefoil at a depth of 1.1 m. Each cable has an
800 mm2 stranded aluminium conductor, main insulation
(XLPE) radius ri = 0.035 m, a lead alloy sheath with
outside radius rs = 0.0373 m, and overall radius re =
0.0415 m. It is permissible, in our opinion, to treat such
a cable in one thermal loop, and, as described in this

paper, three loops have been assigned to the environ-
ment.

Given that we have based the analysis on a single-
phase thermal circuit representation, it might be imag-
ined that trefoil and flat touching installation configura-
tions would stretch the assumptions, due to the lack of
radial symmetry as far as one cable in such a configura-
tion is concerned. Nevertheless, the results are surpris-
ingly good. Figure 7 compares the temperature response
at the conductor and cable surface predicted by a fas-
tidious FEM simulation, and the real-time algorithm. 2-
zone modelling is used in both, with the critical isotherm
at 35 C above ambient, wet = 1.0 Km/W and dry =
2.45 Km/W. Varying these parameters does not affect
the accuracy of the algorithm. There is no delay in either
the moisture migration or the moisture return in Figure
7, and the bottom plot shows the movement of the
critical radius.
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Figure 7: Comparison of a FEM simulation with the
responses predicted by the real time algorithm for the
conductor and surface temperature of the hottest cable in a
trefoil installation. The increase in rx is also shown.

Figure 7 implies that the logarithmic temperature dis-
tribution approximation used for apportioning the ther-
mal capacitances ((9) and (19)) and locating the critical
radius for moisture migration (12), and the conversion
of a multiphase installation to a single-phase equivalent,
are sufficiently valid for multi-cable installations. It is of
course interesting to see whether the 2-zone approach to
moisture migration is an appropriate model for use in a
fully transient application. In order to investigate emer-
gency conditions in a cable-scale setting, we have built a
heating tube of outside diameter 70 mm, in a sand back-
filled trench. The tube itself is constructed of alumin-
ium, and has a relatively low heat capacity, making it
very sensitive to environmental changes. The tempera-
ture field on and around the tube is continuously moni-
tored with Pt100 sensors.

Figure 8 shows a period of thermally unstable behav-
iour in the tube, with measured temperatures alongside
the algorithm with no special ‘tuning.’ We use the as-
sumed critical temperature rise of 35 C above ambient,
a wet thermal resistivity of 1.0 Km/W, a dry thermal
resistivity of 2.3 Km/W, and the ambient temperature,
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measured at a remote location at the same burial depth
(1.1 m) rose from 8 to 9 C during the test period, which
was in spring.
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Figure 8: The algorithm vs. reality, measured data from a
heating tube in sand backfill

For comparison purposes, a plot of the response with
no moisture migration is also shown in Figure 8, show-
ing the importance of having moisture migration model-
ling in the algorithm.

5 CONCLUSIONS
In order to fully utilise the allowable operating tem-

peratures of modern underground power cables and
manage them safely during emergencies, it is imperative
that transient rating systems include moisture migration
modelling. If specialised backfills are utilised that re-
duce the risk of moisture migration, allowance should
still be made for seasonal variations in the overall cable
environment. This paper has outlined an approach that
not only copes with moisture migration, but also allows
real-time variation of environmental parameters due to
seasonal change.

The foundation of the method is to model the tem-
perature rise of a cable by a summation of exponential
equations. A method is shown whereby a directly buried
cable installation can be represented by a thermal ladder
circuit, but even installations that defy analytical treat-
ment can be modelled if the step response, determined
by a numerical analysis such as FEM or even measure-
ments, can be approximated by a summation of expo-
nential terms. This is appropriate for the vast majority of
cable installations. The real-time formulation of the
algorithm allows redefinition of the thermal parameters
at every time increment, and so, if the effect of tempera-
ture dependent and environmental changes can be
mathematically related to the coefficients and algorithms
of the governing equations, they can be validly incorpo-
rated into the algorithm, as long as the system can be
considered linear over one time increment.

The mathematical integrity of the approach was dem-
onstrated by comparison with long-term FEM simula-
tions, which are based on much more rigorous modelling
of the cable than the algorithms are.

Using the 2-zone approach for moisture migration in
a transient algorithm is of course not perfect, but tests
with a heating tube in sand backfill showed that it is
good enough for practical purposes. Further, the algo-
rithm can be tuned to allow slower than instantaneous
migration of moisture away from the critical isotherm
and, more importantly, slower return of the moisture
during cooling. The critical temperature for moisture
migration is very sensitive to the moisture content, and
can also be given a seasonal or rainfall-dependency
along with the wet value of thermal resistivity and diffu-
sivity.
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