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Abstract

The authors use the finite element method to calculate
the prearcing characteristics, theoretically explain the ca-
leulation results, compare the virtual t-l characteristic
and the theoretical t-l1 characteristic consider the deviation
very swmall and the method can be used in the fuse-element
design.

1. INTRODUCTION

A lot of different methods have been developed for the simulation of prearcing characteristi-
cs of notched fuse elements with heavy short circuit currents, as 1s well known, the simula-
tion is very sucessful, for example, the finite difference method (1). If the distributions
of temperature and electric potential are taken into acount for different shapes of notched
fuse-elements, the finite element method would be more convenient because of its process of
boundary conditions, fuse-element geometry and the positive stiffness matrix, that is why
the f.e.m. (finite element method) is used here. After the distributions zre carried out,

all the parsmeters reguired can be obtained to simulate the prearcing phenomena.

2. THoORSTICAL sRALYS1H
2.1 General discription

As far zs two dimensional electric current flow fields and tempersiture fields, general
equations are:

g%{xxgg) + 3§{Ky§§) = f(x,y) + Kt.ét (1)
¥ (x,y) €n

conduction coefficient, Ki——damped coefficient, Grmmmmpotential
derivative of potentisl function,n calculation region.

where Ky, Xy, £
function, ﬁ

boundary conditiions:

ﬁ = ﬁ(x’yfb)’ t> 0, on r:
Kxggnx + Kyggny + ql(x,y,%) =0 t>0, on [3

7 =rurs (2)
initial conditions:
p=Polx,y) =0, #(x,y)en P =5(x,5) t=0, ¥x,y)€n (3)

By using the f.e.m. (2), the following eguations can stem from (1),(2),(3).
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The resuliant equation is

Ll {o} 1l -{e] - {rco)) (@)

Wiere [C) - Thermal capacity matrixz (or damped matrix);
[£] Stiffrness matrix; {[R(t) Right hand vector.

Supposing that tg = ty + e-s%, {é}e = (gﬁ}n+1 - {éin)/bt~;

{risel] = (1-)[R()) 5 + ofR(6)] fg)e = (1-o){g}, + o{#) i1
According to {4) we get

[C}‘séle + [K}{ﬁ}e = {R(te)}(5)3nd ‘[Ejgﬁ}n+1 = {ﬁjn+1 , (6)

s



where (E} = e[Kj + 1/ate[C] 5 [Rlnsr = {m(wa)[K} + 1/m~{cj}-}¢jn + (1-e) | Kyn + e)R{n+1.

iﬂ}n+1 is unknown array snd other parameters are known , so the equation {(6) is solvable.

2.2 The electric current flow field . . ) ‘
When electric currents flow through the fuse-element, the electric potential eguation 1is

stated as follows: R
2(v3L) + 35-(1’3%) =0

Becauge of the symmetry of the fuse-element as shown in Fig. 1 (A}, tpe calculation zregion
may be greatly simplified into Fig. 1 (B) and the current direction is taxen as that of
Ywaxis .
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Pig., 1 (A} Puse-element Fig. 1 (B) Calculation region
Considering the geometry of the fuse-element, Lox >R, Lox>r, in order to decrease the
calculation time, supposing :T

where:7o is a constant determined by the transient current through the fuse-element.
?%% = 0 on the other boundaries therefore the electric potentisl distribution satisfies the

following equation:
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-a—fu%g) M ay(r ay) =0, g x=0 = 9 \?ax x=lox% "jo (1)
It is the specisl form of (1),(2),(3), after sclving {ﬁ}, the electric strenth and the
current density distribution can be gotten from Ex = 3x, B, = -p@fey, Jx =vEx, Jy =¥Ey.
For the simplicity, 1is taken as only a funciion of the positibn or the local temperature,
during the xelting of the fuse-element, the resistence coefficient is greatly changable, it
is therefore not suitable that ¥ is considered not to vary with the time variable, at least,
it would lead to a large model error. The heat energy produced by the current heating effect
in dv at any point p(x,y) in the unit time and volume is

Q(IE) =VES +7 85 (8)
2.3 The temperature field of the fuse-~element
The heat conduction equation (2), (3) i8
3 3T °T
o = FdD) + HdD » H0) @ mrn (5

it is difficult to precisely and directly calculate the temperature distribution of the fuse-
element and its temperature field in the media (fillers), because the caps, tags and fillers
surrounding the fuse~element and the surrounding temperature in the media influence on
thermal fields, especially the precise thermal data of fuse fillers are lack. ’

In addition, there are gsoms more problems in the calculation of long time transient fields
which need to be solved, for exemple, the stability of solution, the velocity of convergence
and the cost of calculation (cpu time), what is more, the coupled two dimensional problems
with the electric field.

We start with the penetration depth to discuss how to simplify equation (9). The penetration
depth of thermal fields:

§(t) = 72858,  ohg = K/6C (10)

wheritt is time variable for copper, silver, quartz and PTFE, we can get the following
results:

do Cu /dhog = 419.036, Sou/dy = 2047 ;g ae/ Hog = 625.62, Jag/Sq = 25.012
Ao/ Poq = 2.38365 - 0.76778 ; §o/FF = 2.6055 - 1.30245
A. 1%t is obvious that for small time or short circuit current, comparing<§ d withcf

neglecting Jq can'% cause large error, the range of time depends on thec¥ﬁse&g geonet
and the calculation accuracy required. In other words, within this range, three dimensional
heat conduction equation can be deduce to two dimensional heat conduction eguation.

B. Fo? medium and long time overload, we take the surfacial dissipated coefficient into acount
which can be obtained from the experimental results, this iten is =zpt to take part in the
f.e.m. equations.



Ar.other wethod for long time overiocad is 3o use semi-experienced formule which is based on
the f.e.m. and the heat conduction theory. .

i case B, we nmust dascribe the iten —Jnm3ﬂ-kidn@’ andé put it into Hyy. Up to now, we
can get the following equations;

3L - 2 2Ly 4 2 (8L
€05t = sxliaGy) + Sylhy) + at(xy.t)
BT
K5\ ¥,%) = a4 2(x,y,0) = Co (11)

The general calculation region is shown in Fig. 1 (B). We don't consider the conduction
among the symetric sections of fuse elements. With short circuit current, gw = 0, that means
the heat conduction doesn't exist in the element symetric lines and on the contact surfaces
betweern fillers and the fuse-element or covered materials, if any, and the fuse element. ln
general, gy depends on the surfacial state of heat discipation and qp # 0 (related to M), Co
indicates the initial temperature distribution and btakes a constant.” We also give Ky,Ky,E,
{ constant values respectively before the fuse-element melts.

3, PHabe CHalGe ALGORITHMS

dnen electric currents flow through the fuse-element, the element and the media argund are
heated due to Joule effect, and the temperature rises, if the energy put into the element is
more than thst discipated, the element temperature will go high, while the tenperature is up
to or above the melting point of the fuse-element, the solid-liquid phase change occurs, if
it continues, maybe the ligquid-gas phase change will take place.

As a basic element, the triangle element is used here, the average temperature of the local
element or division element:

Tave, = 1{372% Tis 4Ty = Hy/Cpg (12)
1=

for each triangie elewent, when Tgyye exceeds Ty, it should be changed to Ty, and write down
{T~Tp) or (Ti-Tg). 1f (D-Tgy) 4Ty, the temperature of local elewent is admitted to increase
in normal way, for each node, it is similar. Further more, the similar algoritha is suitable
for the vaporization and M-spots.

1t ie hard to say shen notched elements begin to are, because the initial arc is related to
the electric current density, the fuse-element geometiry, the properties of materials and so
on. we suppcse that are oceurs when the temperature of local element begins to rise  after
the meit;ng of the local region, therefore the temperature lies in the range of Ty to Tg or
nore high.

“ce prearcing virtual time ty = J 124t / I,° (13)

The calcoulation results prove that it is true.
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The dlegream (see fig. ?) shows us how to finish the simulation work in f.e.m. Fig.2(B)

he block for CllalenT DISTHIBLYIOM Akl TERPsRATURE DISTRIBUTION. A1l the programs are
ari An AURTRAN 77 running well in Ups 8/52 in CLnrUTER CunTsk of Xi'an Jimotong
Lniverszity, China,
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5. Thin FUdnlLa PUR LUw UVUHELOAD

we recommand a simi-experienced formula which is suitable for the fuse-element with M-spots
end covered materials throughlow overload currents.
Ine virfual time tv = tm + tr, WheTre t, depends on the following equations:

R ¥ Ry oo v ‘ . . .
v T Py{t-e=te/T); T = ECTy/ Ce 12+ fbﬁi—q} i Ty o= KoiTgo1a + Ha/Cpl) {(14)



where U is specific heat,

Ce

is f.,e.m. division coefficient, ﬂ is heat discipated

coefficient

from the specified elements and T is time comstant, O‘iko<~t .

Ihe M-effect time ty = Z2/bpD

where N
coefflcgent

(15)

is the distribution coefficient, Z is the element thickness and U is the difiusion
It U*'(lsold + Hp/Cp1l), it is said that the melted M-spots will flow along the

element to the neck and cause the rupture of the fuse element due to M-effect.

6. ArzLiCaTIUNS

Trne programs in f.e.m, and the formula {14), {15) have been used te¢ simuluaile the prearcing
chenmzena of a type of full range fuses and got asome sucessful results given in figures (from

Elg. % to fig.

10

the element of which is shown in fig. 1 (4).
of elements,

yoltage are respective*y 634 and 500V For different shapes

to be changed are the f.e.m. division grid and physical data of the fuse-eclement, so

very convinient for users and designers 1o use this method to simulate.

Fig. 3
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Fig. 2 1g suitable for current fields and temperature fields
of the fuse-~element on principle, in oder to reduce the CFU
tlize, small time stevns a4t are taken to solve the two set of
equations respectively for compensation.

it will be seen from Fig. 3 that the current flowing through
eienent is concentrated towards the edge with time, especia-~
1ly in the constrictions. The reason for which is that the
tewperature in this region is lower than that in the middle
of the element, so the resistantiviiy in the middle is
greater.

Jig. 5 and Fig. 6 prove that the larger the prospeciive
current, the smaller the time when the ratic of +the heat 102 103
resistance to the cold resistance begins to increase extreme~
ly. in other words, the prearcing time ig¢ smaller for a
larger prospective current. The similar cases exist in the

ip(a)
a. theoretical curve

variation of the pre-arcing voltage shown in Fig. 7 and rig.8. b. test results
in the breaking tests of low overload currents several changes
of vre-arcing voltage are observed by the indicator, before Fig.10 t-I1 characteristic

elements meli. There are three times of the voltage lncrease,

thls is a indirect evidence of the calculation results. 12 t-lp characteristic of the single
element is given in Fig. 9. Wwhile I, > 30004, the value of 12% ig kept constant, nearly having
nothing to do with I, when 1.< 10004, the value of 12t increases rapidly as the prospective
current I, decreases, at the gelahbour of 180A, as I, decreases the value increases slowly,
as 1y approaches 1.251y, the value increases rapldLv too. It is congidered that M.effect has
”rea% infiuvence in the range of 1.25Ip to 1804, when I has the lowest value, which is near
tae MPC, therefore 124 has a large value, the heat corduction of clement is in action fTrom
2004 to 20004, however, for the large prospective current (Ip:>3000A), the adiabatic process
is under control.

The comparasion has been made in Fig. 10 betwesen the theoretical curve and tested results,

1% proves that the deviation between the two is small and the calculation results are helpful
for future test.

8. u0LCLLSTUN
The method above may be used to simulate the pre-arcing phenomena of the fuse-~element and the
acceptable accuracy is achieved in calculation and good correlation is obtained between

calculated and measured wvalues of cc¢ld resistances and t-I characteristics. Yherefore the
uethod could be used in CAD of fuses.
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division number;

mass density, resistantivity;

thermal capacity, specific heat;
surfacial heat discipated coefficient;
f.e.m. division coefficient;

heat discipated coefficient from the
gpecified elements %o tags and end caps.

1.6961x10~6 n.om;

21.3x10”6.a.cm;

0.0045 oc=1;

LlsT OF PRINCIPAL SYMBOLS

Ly Ky, K conduction coefficient; 1E
Kt damped coefficient; e
4] potential function; ¢
@ derivative of potential function; M
o calculation region; Ce
Ny shape functions f{
9 electric conductivity;

B electric field strength;

J current deunsity;

APEBRUIX

PHYBSICAL DATA FUuli COPPoR

) registantivity at the room temperature
€o1 resistantivity in liguid phase at melting point
A resistance temperature coefficlent

Ta melting point 1084.5 °C;

Hy melting latent heat 211.4 J.g‘1;

T vaporization temperature 254% ©OC

Ly  vaporization latent heat  4752.16 d.g™ !
K thermal conductivity 4.01 woem—'.00"1;
- density 6.9% g.om™

Cps specific heat in solid state
yREYSICAL DATA FUOR L-SPOTS

Tsold melting point 227-231.9 °C ;
Hg melting latent heat
UTHsR DaTa

Ko = 0.9, T = 1089, I, = 734,

KB kg GES
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