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Abstract

2.

This paper describes a simple, explicit and
unconditionally
stable
routine,
based
on
Transmission-Line Modelling, for the solution of heat
diffusion, to calculate electric fuses operating times.
Using the technique it was possible to compute fuse
pre-arcing times, at low current, and establish good
correlation with practical results.

Although the TLM method was originally designed to
analyse electromagnetic problems [1,2] its versatility
was soon recognised and the technique was expanded
to deal with other problems, including heat transfer
[3,4].
Before it is possible to explain how TLM can be
applied to analyse the heat diffusion process in
electric fuses it is worth considering the fundamentals
of the technique, which are summarised in the
following sections.
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= temperature [K]
= magnetic field [A/m]
= electric potential [V]
= incident potential (wave)
= reflected potential (wave)
= electric current (A)
= electrical resistance per unit length [fi/m]
= electrical resistance [fi]
Ry, Rz = thermal resistance in the direction
[K/W]
= electrical resistance at 293.2 K
= capacitance per unit length [F/m]
= inductance per unit length [H/m]
= transmission-line impedance [fi]
= mesh size in 1-D [m]
= electrical conductivity [1/nm]
= electrical permittivity [F/m]

=
p =
Cp =
k =
1.

magnetic permeability [H/m]
density [Kg/m3]
specific heat [J/KgK]
thermal conductivity [W/mK]

Introduction

Transmission Line Modelling (TLM) has been used in
a wide variety of applications, including heat transfer,
and has proved to be very efficient and often faster
than other methods (e.g. Finite Differences).
It is an unconditionally stable technique which means
that there is no convergence process for each
numerical
iteration.
Variable
meshing
and
non-uniformity of physical parameters can be easily
considered with little extra computation.
It is, therefore, an ideal tool for determining the full
range of fuse operating times which may vary from
fractions of milliseconds to several hours.

Fundamentals of TLM

2.1 Diffusion equation
The differential equation which models the potential
for the network shown in Fig. la is
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and for the 3-D network shown in Fig. lb is
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Maxwell’s curl equation for the lossy-wave in a 3-D
space is

VZH=

7 4”,

In the case of diffusion U.CT > > ,u €.so Eq. (3) becomes

V2H = ,uCT 0 H
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The analogy for the electrical network is that RjCj
» LjCd which means that the second term in Eq.
(2) may be neglected i.e.

V'v ■ 3R(C,|y

(5)

Because of the similarity of the last two equations it
can be inferred that the potential V in the electrical
network shown in Fig. 1 has a wave-like behaviour
and hence it can be represented by a travelling wave
in a lossy transmission line.

2.3 Transmission-line modelling (TLM)
The medium to be modelled is divided into a number
of interconnected elemental transmission-lines - space
discretization. Time is also discretized into steps of At,
the wave transit time for the transmission-line. The
impedance Z of the transmission-line can be
calculated as

Ax

Z -- A t /C

(a) One dimension LRC network
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where
1

C = cpyoAxAyAz /3

(10)

for the 3-D model shown in Fig. 2,
Z = 3At/cpyoAxAyAz
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In.principle At is an arbitrary value, but one should
keep in mind that as the whole transmission-line is
represented solely by its capacitive component, there
is an indictive error Le. This error is defined by
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which gets smaller as At decreases.
The medium wave velocity is
vm =

I / \/ LC

and the TLM wave velocity is

(b) Three dimension LRC network
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Incident voltage waves will flow along all six branches
of the network towards the node, where they will be
reflected back, producing corresponding reflected
voltages equal to

R

or
R' '
3Cd =

(14)

So for the Thevenin equivalent of the network shown
in Fig. 2

There is an obvious analogy between Eqs. (5) and (6)
provided that

3R C =

AI/A!

which shows that the chosen values for AC and At
have to be compromises.
The basic wave equation for the potential at any
termination of the transmission-line is

2.2 Thermal analogue
The
Heat
Conduction
Equation
co-ordinates for a 3-D problem is

(> 3)

(8)
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The similarity between Eqs. (5) and (6) leads to the
conclusion that the solution of the wave equation (5)
yields the temperature distribution in a 3-D space
provided that the specific heat is represented by the
capacitances, and the thermal conductivity by the
resistances of the network (i.e. node voltages in the
TLM model represent point temperatures).

R
' 1
R ♦ Z

V'

Expressing Eqs (15),
branches, one has

163

(17)
(16)

and

(17)

for

the

six

II

H

Ay

Fig. 2

Three dimension elemental TLM node
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For the first time step all the incident waves are
known (initial condition) and from Eq (16) all the
potentials at the centre of the node can be calculated.
Using the scattering equation (18) all the reflected
waves can be determined.
This completes the
calculation for the actual time step.
For the next iteration each node has to be connected
to its neighbour and its ’new’ incident wave is set
equal to the reflected wave from its neighbour,
calculated at the previous iteration (as illustrated in
Fig. 3).

Connection of two adjacent nodes

Put mathematically,
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As the new V* are known all values of V can be
computed. The process continues step by step until
an artificial time limit is achieved. Boundaries can be
dealt with by choosing appropriate line terminations.
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2.4

Variable meshing

2.5 Variable parameters
The method of using stubs will also allow for
variations in the physical ’constants’ of the material
which alter the impedance of the transmission-line.
So, in the case of the thermal model where Cp and k
vary, it will be necessary to adjust the line
impedances.

Most realistic problems have complex 2-D or 3-D
geometries which implies that a large number of small
meshes are needed to achieve the required accuracy
of results.
Accordingly small time steps would be
necessary and computing time would be substantially
increased.
Variable meshing can be introduced in
order to minimize this effect. However, meshes of
variable sizes have different wave impedances and
different transit times (see Eq. (11)). These create
undesired internodal reflections. This problem can be
avoided by the use of stub transmission lines. These
stubs are ’extra’ lines terminated by an open-circuit
and connected to the centre of the node with a
capacitance defined by

C

STUB

=

C

"
node A

C#

2.6 Electrical analogue
Prior to the TLM calculation it was necessary to
know the elemental current for each node. It was
assumed that each node had the electrical resistance
defined by

R = R o (I * ocAT )

(21)

node B

(23)

and that the individual resistances were connected as
shown in Fig. 5.
The elemental currents, and
resistances, were updated as temperature increased
every time step.

where ’node A’ is the node of reference for balancing
the impedances for the rest of the network.
The
schematic diagram of Fig. 4 shows what happens
before and after the inclusion of the stubs.
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Effect of adding STUBS Io the node

the nodes

Provided that Eq. (16) is re-defined as
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2.7 Power source

and 6 for each metallic node were terminated by the
thermal resistance of the silica block immediately
above or below.
When 100 A flowed through the fuse illustrated in
Fig. 6 the temperature distribution in the metallic strip
was found to be as shown in Fig. 8.

At each time step the amount of energy AE dissipated
in the node shown in Fig. 2, due to the elemental
current ,i, is given by
AE = R i2 A t
(24)
This energy will cause a rise in temperature of the
node.
The internal energy of the node associated with a
variation in temperature AT is defined by
AU =

cpyoAxAyAz AT

3.2 Fuse pre-arcing time x current characteristic
To demonstrate the reliability of TLM to determine
the fuse pre-arcing time x current characteristic a
number of simulations were done for the fuse
illustrated in Fig. 6. The results over the time range
10-2 to 10* seconds are presented in Fig. 9. The

(25)

Assuming that all the energy dissipated in the node is
used to increase its internal energy, then AE = AU
and hence the temperature rise is equal to
AI = R iAI

corresponding computing times varied from a few
seconds to 3j hours. Had it been permitted to run
the program for longer periods the simulated
characteristic could have been extended, since TLM
does not require a convergence process and is
explicitly stable.

(26)

cpyoA xAyAz
3.

Modelling of an industrial fuse

To show how TLM can be employed to model
practical fuses, the design illustrated in Fig. 6 was
chosen. The silver (Ag) ribbon was embedded in a
compact block of silica (SiOg), with heat conduction
assumed to be in all directions except through the
narrow edges of the silver strip into the silica. The
specific heat and the thermal conductivity of both
silica and silver vary with temperature. The limits of
these variations are shown in Fig. 6.

4.

Conclusion

It has been demonstrated that using TLM and an
orthogonal, irregular mesh, it is possible to model
heat flow in electric fuses and consequently, calculate
fuse pre-arcing times. Comparison with practical tests
showed good correlation of results.
The explicit
nature of TLM makes it faster and therefore more
convenient for calculating long pre-arcing times
because in TLM there is no calculation involving two

3.1 Heat dissipation
To allow for heat conduction longitudinally TLM
meshes were connected as shown in Fig. 7. Ports
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Fuse modelled by TLM
(dimensions in cm)

adjacent nodes for the same time step (unlike Finite
Differences where a set of simultaneous linear
equations has to be solved each iteration). Although
in this work the granular silica was represented by a
simple resistor connected to the external ports of the
node, this representation could be refined but it
would increase computing time.
TLM provides a
useful tool for the determination of long-time fuse
operating characteristics.
5.
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