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1. SUMMARY. 

This paper presents a model for the calculation of 

the prearcing time in fuse-links, based on the so- 

lution of the equations of electrical potential, 

current density and heat diffusion, by means of the 

approximation of the partial derivatives through 

central finite differences. The variations in the 

values of the different parameters induced by tempe- 

rature are taken in consideration. Due to the non- 

linearity of the equations the solution is obtained 

through an iterative or Gaus-Seidel relaxation pro- 

cess. 

2. INTRODUCTION 

Gauged conductors (fuse-links) are used in the in- 

dustry as a means of protecting equipment and insta- 

llations against the sudden occurrence of current 

overloads or short-circuits. In order to adequately 

employ fuse-links as protecting elements one has to 

know their characteristic intensity/time curve. Noi— 

mally experimental laboratory test methods are used 

to obtain such characteristic curves, which bring 

about a substantial loss of both time and rejected 

materials. Consequently, a theoretical model which 

could allow the accurate prediction of the performan- 

ce of a fuse-link under different conditions of loa- 

ding and under short-circuit would undoubtedly have a 

great potential appeal for designers and testers at 

fuse-link factories. 

Due to the fact that the fuse element usually has 

complicated geometrical forms (see Fig. 1) and that 

as a rule such parameters as the electric resistivi- 

ty, thermal conductivity and specific heat vary with 

temperature, the analytical techniques approach to 

the study is not possible but it is necessary to 

appeal to the numerical calculus to be able to build 

a valid theoretical model of the performance of the 

fuse. 

Several authors have proposed different models 

for determining the prearcing-time. Leach et al.‘ 

developped a model which estimates the distribution 

of the current density by means of the approximation 

through finite differences of the electric continuity 

equation. The current density so estimated is used to 

find out by application of the law of Ohm, the heat 

generated inside the fuse, which is also expressed by 

the energetic equation OCp.m.dT, where Q is the 

heat generated, Cp is the specific heat, m is the 

mass and dT is the thermal increment produced by the 

heat generated. Wilkins and others0 brought forward 

a model which uses the the approximation of the 

partial derivatives through finite differences to 

solve the equations of the electric continuity and 

heat diffusion. In this model they take into consi- 

deration neither the eventual variation of the afore- 

mentioned parameters due to temperature nor the even- 

tual heat losses from the fuse element to the su- 

rrounding medium (the filling material, usually sand 

or quartz powder) and to the ceramic core of the 

fuse. 

Fig.li Typical fusel ink element, symmetrical part of 

a element used in our model and finite-difference 

mesh. 

Considering that the electric resistivity of the 

fuse, the thermal conductivity and the specific heat 

of the fuse, of the filling material and of the 

ceramic core vary with temperature, this paper pre- 

sents a model which uses the method of the finite 

differences to solve the equations of the electric 

potential, current density and heat diffusion to 

estimate the prearcing time in fuses, taking into 

consideration the variability of the said parameters 

with variations of temperature. 
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3. MODEL DESCRIPTION. 

Considering that the fuse used for the experi- 

mental test of the theorical model presents the shape 

shown in Fig. 1, by symmetry the part of the fuse 

shown on the said figure has been used. Although 

fuses usually present a cylindrical shape, in order 

to have a simpler modeling we have approximated 

the cylindrical surfaces which separate the quartz 

from the ceramic core and the latter from the envi- 

ronment by flat surfaces which contain them. For the 

evaluation of the prearcing time it is necessary to 

solve the equation of heat in the fuse using as a 

source of energy that produced by the Joule effect of 

current density. Consequently it is necessary to 

calculate first of all this density. 

3.1 Distribution of currents in the fuse. 

Considering that a fuse with uniform thickness 

is used, the current density J presents components 

Jx and Jy in directions x & y respectively, which are 

related to the components of the electric field E 

by: 

Jx = Ex/g 

Jy = Ey/f 
(1) 

element with the remaining elements (marked 1 on 

Figure 1) the distribution of current density is not 

affected by the presence of the restriction 

(lengthwise dimensions are usually big enough to hold 

this as a fact) whereby the current density is 

constant on each elementary surface, each component 

presenting the values given by: 

1 SV I 

e Sx 2.N.AS 

av (4) 
Jy =   = 0 

Sy 

where N is the number of elementary areas into which 

the surface is divided, AS is its area and I is the 

intensity that flows through the fuse. The + sign in 

the Jx equation corresponds to the current in-flow 

surface and the - sign to the current out-flow 

surface. The division by 2 on the Jx expression is 

due to the fact that only one half of the current in 

and out-flow surfaces is considered. 

2) On those boundary surfaces which are parallel 

to the x axis (marked "2" on Figure 1) the y compo- 

nent of the current density is null: 

SV 
Jy = 0 =>   = 0 (5) 

where f is the electric resistivity of the material 

of fuse and Ex & Ey are the components of the elec- 

tric field in the direction x & y respectively. 

Bearing in mind the relation existing between the 

electric field and the electric potential V: E = - 

grad.V and that the divergence of the current density 

is null (there are neither load sources nor sinks) 

substituting in (1) gives: 

div.J ■ - div.lgrad.V/p) = 0 

1 av 
Jx =    (2) 

e ax 

i av 
e ay 

The resistivity varies from point to point in the 

fuse as temperature changes t P=P< T < x, y, z, t > > 1, 

and bringing this over to equation (2) and ope- 

rating results: 

1 1 
  7*V +■ 71 >.7V = 0 

e e 
(3) 

a< i / e > 

aT 

aT 

HT 

av 
"77" 

aT 

"57" 

av 
ay 

s=v a*v 
ax' ay* 

3) Finally, on those boundary surfaces which are 

parallel to the y axis (marked "3" on Figure 1) the 

x component of the current density is null: 

* av 
Jx = 0 =>   = 0 (6) 

ax 

Through a discretization on the fuse as shown on 

Fig.l, the approximation of the partial derivatives 

through central finite differences* the electrical 

potential on a point of discrete coordinates (i,j) 

can be obtained and from here the components of the 

current density are calculated by means of equation 2 

3.2 Temperature distribution in the fuse. 

To accurately ascertain the distribution of tempe- 

ratures in the fuse it is necessary to solve the heat 

diffusion equation, as follows: 

d.Cp- 
ST 

at 
V(KVT) + Qv = 

S=T 

äx" 

S=T 

äx® 

a*T 

Sx“ 

SK 

~sT 

ST 

Sx 

ST 

Sx 

2 r ,2 
ST 

(7) 

Sx 

To solve equation (3) the following boundary con- 

ditions have been assumed: 

1) on the frontal surfaces which connect the fuse 

where d is the density of the material, Cp and K are 

its specific heat and thermal conductivity and Qv 

represents the energy generated per unit of volume 
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II 

and per unit of time in the material. Both Cp and K 

may vary from point to point as temperature changes. 

To solve equation (7) the following boundary condi- 

tions have been assumed as true: 

1) By symmetry there is no loss of heat (equal 

heat flows in both directions) on the surfaces which 

separate the part under examination from the rest of 

the fuse, for which reason: 

JT 
  = 0 (8) 

91 

where 1 is normal to the separating surfaces. The 

eventual losses through the external surface of the 

ceramic core of the fuse are not considered, whereby 

equation (B) is used for this surface. 

This hypothesis is acceptable enough considering 

that the fuse element is surrounded by quartz grains, 

which present a very low thermal conductivity thus 

limiting the heat which passes over to the ceramic 

core. 

2) In the separating surfaces between different 

materials (copper, quartz and ceramic) the equality 

of heat-flows in both directions is satisfied: 

9T 9T 
K,  = Ke  (9) 

91 91 

where K, and Ke are the thermal conductivities of the 

medium 1 and 2 respectively and 1 is the normal to 

the separating surface. 

The internal heat generation is due in this 

case to the Joule effect of the electrical flow and 

is represented by: 

Qv = e <Jx(i,j)= + Jy(i,j >B> (10) 

Bearing in mind the variation in thermal con- 

ductivity induced by temperature changes, the new 

temperature T'(i,j,k> on points of discrete coordi- 

nates (i,j,k) after a discrete interval of time at, 

can be ascertained through the discretization of (7) 

around central points. 

The distribution of the potential with the 

temperature existing at the beginning of each dis- 

crete interval of time or iteration is ascertained 

through the discretization of equation (3). From the 

discretization of (2) the current densitites can be 

ascertained and they are used in equation (10) to 

calculate Qv, which applied in (7) permits the ob- 

tainment of the new temperature on each point at the 

end of the interval. The new temperatures substitute 

those had at the beginning and the process is 

repeated in subsequent iterations. The process ends 

when the fusion temperature of the copper fuse ele- 

ment is reached, thus determining the prearcing time. 

1000 

3 

10- 

“ .1 

• oxporiMntal values 

▲ theoretical results A 
* theoretical results B 

20 50 100 200 500 1000 
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Fig.2: Prearcing time-current curve for a 15 A pro- 

tection fusel ink, 50 Hz symmetrical sinusoidal 

current. 

Table 1: Parameter values of copper used in the 

model. K=thermal conductivity; ?=resistivity; Cp= 

specific heat; d=density. 

e<ßm) = l .785xlO-“[^l-4.1xlO-=(T-20)+0.93xlO-‘(T-20)=j 

C«*3 
K (W/m'K) = 418.38 - 6.16x10'=.T C53 

K (W/m°K) = 400 [51 

Cp (J/Kg°K> = 358 + 0.962 T [6] 

d •(Kg/m=> = 8960 C73 

4. RESULTS. 

Figure 2 shows the experimental values and the 

theoretical results obtained for a fuse with 15 A 

nominal intensity. Values of parameters are shown on 

Table I. The theoretical results have been cal- 

culated via two different models: through model deve- 

lopped under paragraph 3 Case A results have been 

reached, whereas on Case B the thermal losses trans- 

ferred to the quartz powder and the ceramic core have 

not been taken into account. As shown, both models 

render identical results for intermediate and high 

intensities (typical short-circuit values), which 

coincide with those obtained in laboratory experi- 

ments, whereas for intensities close to the nominal 

intensity of the fuse (typical overload values) the 

results obtained with the complete model are similar 

to the experimental values, while those obtained in 

case B present differences which grow as the intensi- 

ty values decrease. This results show that the 

thermal losses by transfer to the surrounding mate- 

rials of the fuse element are irrelevant for short- 
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Circuit intensities due to the short prearcing times, 

while they grow bigger as the overload intensity 

approaches the fuse nominal value due to the longer 

prearcing times. It is consequently evident that 

such losses have to be taken into consideration if an 

accurate model of the performance of a fuse is to be 

built. 

It is interesting to note what effects have some 

parameters on the performance of the model. Figure 3 

shows the temperature reached in the middle of the 

restriction zone as a function of the current flow- 

time considering one value for the thermal conducti- 

vity of copper as constant and the other as variable. 

The intensity is 50 A while the remaining parameters 

vary with temperature. As shown, for short times 

(low temperatures) similar results are obtained with 

both conductivity values, and the gap grows with time 

(and so does the temperature as a result thereof) to 

the extent that the estimation of the prearcing time 

with one or the other value of conductivity differ in 

more than 20%, the minimum value being in no case 

under 8%. This indicates that if the model is to be 

adequate the variability of the thermal conductivity 

of copper as the temperature changes has to be taken 

into account. Of much less importance is the exis- 

tence or not of variability in the thermal conducti- 

vity of the quartz or the ceramic core because the 

temperatures on these materials are much lower than 

those on copper, which implies that the variations in 

conductivity are so small that they have very little 

effect on the estimation of the prearcing time. 
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Fig.3s Temperature at the center of the restriction 

zone as a function of the time for two different 

values of the copper thermal conductivity. 

Figure 4 shows the effect of the circuit closing 

angle on the thermal development in the middle of the 

restriction. The intensity is 300 A, using circuit 

closing angles of 0, 40 and 82° for a sinus function. 

A symmetric short-circuit has been assumed, which 

means that the circuit created presents no reactance. 
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Fig.4: Current intensity and temperature at the 

center of the restriction zone as a function of the 

time for three different values of the circuit clo- 

sing angle. 

As shown, depending on the moment the short-circuit 

is produced (circuit closing angle) the prearcing 

time obtained varies substantially with differences 

which are larger than 200% for values obtained with 

circuit closing angles of 40 and 82*. While for 

circuit closing angles of 0 and 40* the fusion takes 

place in the first half-period of the intensity wave, 

for the circuit closing angle of 82* the fusion 

cannot take place during the first half-period owing 

to the high initial stage value, wherefore the tempe- 

rature -after decreasing slightly- reaches the fusion 

value (1083 *C> during the 2nd half-period of the 

intensity wave. This decrease in the temperature 

is due to the fact that when the intensity wave 

reaches the null and close to null values, the ther- 

mal losses are bigger than the amount of energy 

brought by the Joule effect. This is shown in detail 

in Figure 5, which displays the prearcing times as a 

function of the r.m.s. current for different values 

of circuit closing angle. As shown, the prearcing 

time starts to be affected by the circuit closing 

angle at intensities close to 150 A and the differen- 

melting / temperature 
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•0-82* 
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ces grow with the short-circuit intensity. This 

shows that the uncertainty in the time it takes a 

fuse to open increases considerably as the short- 

circuit intensity grows. 
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co 1(T 

wr- 
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R.M.S. CURRENT (A) 
Fig.5: Prearcing time-current curves for different 

circuit closing angles. 

The short-circuit current depends both on the 

circuit closing angle 0 and the short-circuit power 

factor angle (1 circuit, according to the following 

formula: 

i(t> = S.lcCsinlwt +0 -(3) -exp(-wt/tan(3) 1 sin(0-(3) + 

+ H. I .exp (-wt/tan|3) .sin© 

where Ic is the short-circuit permanent current and I 

is the current which flows through the fuse before 

the short-circuit. One of the advantages of the fuse 

as against other protecting elements is the capabili- 

ty of the fuse to limit the maximum value of the 

transient short-circuit current to a value below its 

maximum peak value. Figure 6 illustrates this limi- 

ting effect (cut-off characteristics) for angles of 

the short-circuit power-factor of 0, 20 & 70°, which 

represent the maximum transient peak value as a 

function of the short-circuit permanent current. 
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Fig.6: Fusel ink cut-off characteristic for three 

different short-circuit power-factor angles. 

For short-circuit permanent currents under 175, 

290 and 350 A, corres-ponding to angles of 78, 30 and 

0° respectively, the fuse exercises no limiting ac- 

tion on the maximum peak transient current due to the 

fact that the fusion takes place after having reached 

such a value. Once the limiting effect has started, 

the maximum value of the thus limited current grows 

slowly with the increase of the short-circuit perma- 

nent current. The limiting effect grows as the impe- 

dance short-circuit angle increases. As illustrated 

the experimental values obtained for an angle of 78° 

coincide fully with those calculated theoretically. 
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Fig.7: Shift of the prearcing time (with regard to 

the prearcing time for the room temperature of 20°) 

as a function of the current for two different room 

temperatures. 

The effect of the room temperature on the modi- 

fication of the prearcing time is illustrated in 

Figure 7, where the deviation is shown in percentages 

of prearcing time for room temperatures of 0 and 40 

°C with respect to prearcing time for room tempera- 

ture of 20 °C, as a function of the r.m.s. current 

flowing through the fuse. The results shown corres- 

pond to simmetric short-circuits with an circuit 

closing angle of 0°. With exception of some values 

of current where the deviations are large, in the 

majority of cases the deviations are about 1%. In 

those cases where deviations are large, the deviation 

grows as the current increases up to values close to 

1007.. Such huge deviations for certain values of 

intensity (both positive for 0 °C and negative for 40 

°C> are due to the fact that while the fuse reaches 

fusion for a given number of half-periods of the 

current wave at 20 °C, at 40 °C room temperature it 

takes a half-period less, whereas it takes one half- 

period more for room-temperature of 0 °C. As a 

consequence thereof the deviation increases as the 

intensity grows since the relative deviation is lar- 

ger when the number of half-periods taken to reach 

fusion decreases. On reaching values of intensities 
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which make the fuse open in times close to or under 

one fourth of period, these deviations go down about 

to 1% because then the difference in room temperature 

is not enough to cause the aperture in the following 

half-period. This happens with the deviation by 0"C 

for obviously at the room temperatures of 40" it 

takes only one half-period. For an intensity of 

233 A this is illustrated in Figure 8, where the 

temperature in the middle of the restriction is re- 

presented as a function of time for room temperatures 

of 20 & 40 °C. As shown, while fusion is reached in 

the first half-period of the intensity wave 

(t=0.00775 s) for the room temperature of 40 "C, for 

the room temperature of 20 °C fusion takes place in 

the second half-period of the wave (t=0.0145 s). 

Owing to the difference of 20 0 in room temperature 

the fusion temperature cannot be reached in the first 

half-period, although the temperature reached (T=1067 

°C> is very close to it. 
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The effect of variations in thickness of the 

fuse-element on the prearcing time is shown in Figure 

9, where the deviation in prearcing time obtained 

with a fuse-thickness increased by 5% and the prear- 

cing time with a normal thickness is shown as a 

function of the r.m.s. current. A room temperature 

of 20 °C has been assumed. While for intensities over 

245 A the deviation in prearcing time is about 77. 

(because beyond these intensities fusion takes place 

on both thicknesses within the first wave half-pe- 

riod) at lower intensities the deviation decreases in 

a discontinuous way after having reached a maximum at 

245 A. Such discontinuous decrease is due to the 

fact that at certain values of intensity fusion is 

reached within the same half-period on both thickne- 

sses, at other values of intensity fusion takes place 

one half-period later in the case of the thicker fuse 

and at other intensities fusion takes place one full 

period later on the thicker fuse. 
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Shift of the prearcing time as a function of 

a thickness increased 5%. 

5. CONCLUSIONS 

In this paper, we have presented a mathematical 

model for the theoretical calculation of the preai— 

cing time in fuse-links. The results obtained with 

the theoretical model coincide with those obtained 

experimentally, whereby the model proves to be appli- 

cable for the design, test and study of fuse-link 

characteristics. The consideration of variability of 

equation parameters with temperature as well as the 

consideration of thermal losses to the materials 

which surround the fuse element are of major impoi— 

tance for a perfect coincidence of theoretical and 

experimental values. The model also allows the study 

of the influence which the variation of the geometry 

of the fuse element has in the prearcing time as well 

as the selection of the material most convenient for 

the fuse specifications required. 
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