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ABSTRACT

This paper concerns a study of an exploding wire fuse. This study
was undertaken in an effort to develop basic concepts of normal operating
fuse criteria that will apply to capacitor energy storage systems.
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A QUALITATIVE STUDY ON AN EXPLODING WIRE FUSE

CHAPTER I -- INTRODUCTION

This paper concerns a study of an exploding wire fuse element in
a circuit that is pulsed periodically, The associated circuit, in general,
is as unique as the fuse: the circuit energy is stored initially in a module
of capacitors, and the operation of the fuse is highly dependent not only
upon the parameters of the fuse wire, but equally upon the geometry of

the capacitor module and the parameters R, L, and C of the circuit,

There are a number of current experimental investigations being
conducted that use the rapid discharge of electrical energy from a ca-
pacitor energy storage system., Probably the most outstanding of these
deals with the control of a thermonuclear reaction, Some of these sys-
tems employ fuses with each capacitor; this is to prevent a hazardous
explosion in the event one of the storage capacitors should fault by in-
ternally shorting which would allow the circuit energy to be dissipated
in the shorted capacitor, The general practice, if the individual ca-
pacitors are not fused, is to limit the total number of capacitors in the
circuit so that a fault would, at most, cause only minor damage in the
immediate surroundings. Fuses are not widely used in these circuits

for two major reasons:

1. There is very little known about the use of fuses in pulsed cir-

cuitry, and further, they are not commercially available,

2. Most experiments involving capacitor discharges require an
extremely low-source impedance, and a fuse would introduce
resistance and inductance to impede a desirable fast rise time

of the initial current pulse,







In designing a fuse to operate in a circuit that is pulsed periodically,
there are two distinct evaluations to be made. The first involves an ex-
perimental determination of the necessary parameters to provide a fusing
action which would rapidly disrupt the fuse link and disconnect the fault
element from the rest of the system. The second evaluation involves
establishing the normal operating fuse criteria by determining the limit-
ing conditions analogous to the current and voltage ratings that apply to

power-line fuses,

This study was undertaken in an effort to dévelop basic concepts of
normal operating fuse criteria that will apply to capacitor energy storage
systems, To develop ideas germane to normal fuse operating limits, it
was necessary to consider certain principles that preceded this develop-

ment:

1. A review had to be made of some of the experimental work on
the exploding wire phenomenon to indicate a possible application

as a fuse,

2, A typical circuit requiring such a fuse had to be described
schematically and analyzed to show the dependency between .
the circuit parameters and the necessary conditions for ob-

taining a fusing action,







CHAPTER II -- SOME EXPLODING WIRE CHARACTERISTICS

The electrically exploded wire has been studied for many years,
both for possible applications, and as a scientific curiousity. The ob-
servable phenomena of an electrically exploded wire includes a brilliant
flash of light, very high shock fronts, and the generation of extremely
high temperatures., Basic instrumentation used to study exploding wires
are current and voltage measuring devices, However, high-speed pho-
tography, including x-ray photography, and various types of magnetic
and electrostatic probes - and to some extent spectroscopy - are also

employed.,

Although some theories have been proposed to explain the mechanisms
that occur when a wire bursts, none are complete, Some parts of the
process are still without any explanation, However, the poor understanding
of wire explosions has not prevented their use in a variety of applicatiods.
The application under consideration in this report is the use of a wire as

a protective fuse in a high-energy capacitor storage system.,

The basic circuit required for the occurrence of a wire explosion
consists of a charged capacitor which is allowed to discharge through
a fine wire, Experimental observations have revealed that differenf
mechanisms will occur by simply selecting different wire materials or
by changing the circuit parameters (capacitance, inductance, resistance,
and initial circuit energy). Yet to choose a set of conditions from the
parameters mentioned, to determine a relationship of the wire's change
in resistance, change in inductance, and change in temperature as func-
tions of time, presents a formidable problem, capable at most of only a

partial solution.







The specific concern of this study is an investigation of the factors
involved for normal operating conditions that apply to a wire placed in a
circuit to function as a protective fuse. The normal operating mode was
chosen as a subject of study because this is the one area that has not
been carefully considered in any previous exploding wire fuse applica-
tionsl’ 2. However, since the fuse is intended to function as an exploding
wire, certain physical limitations are implicitely imposed and need to be

considered in order to define normal operating conditions,

A qualitative look at the behavior of a wire's resistance as a func-
tion of time, with constant current input, is illustrated in Figure 1.
Figure la is representative of a low resistance material, e.g., Cu, Al,
Ag or Au, Figure 1b is representative of a relatively high resistance
material, e.g., Fe, W, Ni, or Cu-Ni alloys, et al. On each of the two,
curves where the slope changes rapidly, it has been shown that phase ;
changes are occurring3. The first phase change is from a solid to a
liquid, and the second phase is from a liquid to vapor. Since the curves
are obtained using a constant current source, the absissa can also be
labeled, "/i2dt, "*, which is proportional to time, The iq required to
reach the first phase change, i.e., to reach the melting point of the

wire, can be represented by the energy relationship

dQ = KvadT = r(T)izdt Q = Heat in calories
M = Mass in grams
or Cy = Specific heat
r = ohms
/JC g & /T C dT T = Temperature - °C
i“dt = Km e i = current
o T el

Superscript numbers refer to references listed at the end of this
report, '

.
B

- A g :
The fl dt is referred to in the literature on this subject as

"action,' ‘It has the units of ampere-coulombs and will be designated
in this report as "iq."
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Figure 1. Wire Resistance as a Function of Time, for Constant Current Input







The iq necessary to produce a small temperature rise in the wire
can be calculated easily using the above expression when the resistance is
a linear function of the temperature and the specific heat for constant
volume is nearly constant, or mean specific heat C can be used. Near
the melting temperature, and into the vapor pha‘Se, both r and Cvrbecome
very non-linear and the integration impractical. However, experimentally
definite values3 of the ig-to-melt and ig-to-vapor have been established
for several materials, These values have been determined using a con-
stant current source, and have been shown to correspond to ig-to-melt
and ig-to-vapor values for varying current. These values will apply in
any case, provided no appreciable heat loss occurs during the time of

the heat input to the wire,

A charged coaxial cable system provides a simple constant current
energy source. While the constant current feature is desirable to simplify
the analysis, the energy-storage limitation of a coaxial line will only'allow

very small wires to be exploded.

In order to study the phenomena of large exploding wires, a large
high-voltage capacitor energy storage system is required. A typical ex-
ploding-wire test circuit is illustrated schematically in Figure 2. The
number of capacitors, and the charging voltage, is determined by the re-
quired ig-to-vapor for the wire placed in the circuit. Current and voltage
measurements will allow observation of the electrical behavior of the

circuit during the discharge of the stored energy.

In Figure 3, typical current and voltage wave forms are shown to

illustrate the extreme circuit behavior for special conditions.

Figure 3a represents a case where the total stored energy is just
sufficient to vaporize the test wire, The total iq is obtained by determining
the area under the square of the current waveform. This quantity repre-

3‘co

sents the iq required to vaporize the test wire and has been shown
correspond with the ig-to-vapor values obtained using a constant cur-

rent source.
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If the capacitors in the test circuit are charged to a much higher
voltage, and all other conditions remain the same as those that produced
the waveform in (a), then the circuit current would be similar to that
shown in Figure 3b, In this case, the wire is vaporized early during
the time of the discharge, and only a small percent of the total stored
energy is required. The current flow through the vapor of the exploding
wire transfers to a low impedance arc discharge across the gap left by
the vaporized wire, It continues to conduct until the remaining energy

in the circuit is absorbed by the circuit resistance.

A third case will result if the capacitors are initially charged to
a voltage intermediate to the two previous situations, This case is
shown in Figure 3¢, The wire is vaporized during the first current
pulse, The loading effect of the vaporizing wire on the circuit causes
the current to go toward zero and pause until an arc across the gap allows

the discharge of the remaining energy in the circuit,

With reference to the current waveforms in Figure 3, the ig-to-
vapor is the same in each case*. These characteristic waveforms were
assumed to be obtained by changing the initial capacitor voltage, A sim-=-
ilar set of curves can also be obtained by (1) varying the length and dia-
meter of the test wire; or (2) varying the source resistance and inductance

while maintaining a constant capacitor voltage.

"When the first current peak'is reached, the wire has not yet ex-
panded. If at this time, the current density in the wire is constant, then
the ig-to-vapor in each case is approximately the same, provided this
current density is less than 107 amps/cm2. Current densities greater
than 107 amps/cm?2 are difficult to achieve and create anomalous energy
effects. It is suggested that the anomalous conditions are due, in part,
to predominate skin effect and shock heating.






CHAPTER III -- FUSING ACTION AND CAPACITOR
BANK COMPATIBILITY

A circuit typical of many capacitor energy storage systems is illus-

trated schematically in Figure 4. This module, except for the addition

of individual fuses to each capacitor, is similar to an exploding wire test
circuit. The storage capacitors are connected by parallel plate trans-
mission lines which indicate close coupling. The purpose of the fuses

is to electrically disconnect any capacitor that becomes faulty by short-
ing, In this example, if a capacitor fails by shorting and after the bank
is charged, and before the load switch(es) close(s), the load is then just
the fuse wire associated with the faulty capacitor. Since a shorted ca-
pacitor essentially connects one end of its fuse to ground, the energy in

the remaining capacitors will discharge through this fuse,

The requirements, then, for fusing action to occur, are that the
short circuit iq be sufficient to cause vaporization of the fuse wire
while the current contributed from each individual remaining capacitors
must have an iq that is less than an amount required to melt, Itis im-
portant to know the ratio of the melt-to-vapor* igq., A compilation of
these constants, which were determined experimentally, can be found

in the litera’cure2 for various metals,

The melt-to-vapor ratios for the low-resistance materials mentioned
previously, were found to be on the order of 1 : 2, while the melt-to-
vapor ratios of the higher resistance materials were found to be on the '
order of 1 : 4, At present, the only significant fact that can be con-

cluded from the melt-to-vapor ratio is that a minimum number of

"The ig-to-vapor is not considered to correspond to the liquid-
vapor phase, It is the iq for near-complete vaporization and is shown
in Figure 1 as the vapor-to-arc transition.

10
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capacitors are required in the module for fusing action to occur without
melting the fuses on the non-fault capacitor. In addition, it is observed
that this minimum will differ as the melt-to-vapor ratio differs for

various materials,

The important wire parameter that must be specifically determined *
from the standpoint of fusing action for any selected wire material and
for a specific module of capacitors, is the "length" of the fuse wire.
With reference to Figure 3, three distinct current waveforms are shown
which characterize the extreme possible circuit behavior that can be
obtained in an exploding wire circuit, The concept of an exploding wire
fuse can be understood by analyzing a hypothetical capacitor module

capable of the extreme behavior that has been discussed.

First, a capacitor module must be assumed where the energy
initially stored is just sufficient to vaporize the fuse wire when its ca-
pacitor suddenly develops an internal short circuit (see Figure 3a), The
majority of this energy is absorbed by the exploding wire if the resistance
of the assumed module is negligibly small compared to the effective re-
sistance of the exploding wire fuse, However, some energy will be ab-
sorbed by the contact resistance or possible arc within the faulty capaci-
tor. The fractional amount of energy absorbed within the capacitor
becomes intolerable when it is sufficient to cause the capacitor case to

break open, or the capacitor itself to explode with a devastating force.

To assume that the effective resistance of the exploding fuse is
very small compared to the resistance of the internal capacitor fault,
is tantamount to assuming that the fuse is infinitely short. This ex-
treme condition determines the maximum number of capacitors that can
be close-coupled, without protective fuses, and without an internal ca-
pacitor fault resulting in external damage due to the energy from the
remaining capacitors in thé module, This necessarily implies a low-

energy storage system.,







If it is next assumed that the infinitely short wires are replaced in
such a way that the resistance is equal to the presumed resistance of an
internal capacitor short, then the energy of the hypothetical module could
be double that just previously assumed before external damage occurs.
For any further increase in the length of the wire, it follows that the
wire will absorb the greatest share of the available energy. If the energy
of the module is further increased, the wire length must also be increased
to maintain the circuit behavior shown in Figure 3a, where the energy
available is just sufficient to vaporize the wire, (It is implied that this

wire will absorb a constant amount of energy per unit length.)

The analysis can be continued by further increasing the module
energy and correspondingly increasing wire length until a condition is
reached when the supposedly negligible amount of energy absorbed by

the capacitor is again sufficient to cause it to break or fly apart.

An important aspect of the previous analysis was omitted which
would preclude an experimental duplication to the extent hypothesized,
At first, a small module was assumed indicating some minimum energy
requirements, As the wire length was increased, so was the system
energy increased to maintain the specified current pulse, When the
energy in the system is on the order of twenty thousand joules, it still
represents a relatively small capacitor bank, An example of such a
bank would be seven 15 uf capacitors charged to 20k volts to store 21k.
joules, However, a 20k joule wire explosion would not be very practical
in a protective fuse application, An electrical explosion of this magni-

tude is violent and can be quite destructive to the immediate surroundings.

The foregoing analysis was based on the assumption that in the
event of a capacitor fault, practically all of the energy in the module
would be absorbed by the e?cploding wire fuse, In contrast to this as-
sumption, circuit behavior illustrated by Figure 3b indicates that practi-
cally all of the module energy would be absorbed by the fault resistance

of the capacitor., This is due to the formation of a low-impedance arc

13







in place of the bursting wire which allows the circuit current to ring out.

For fuse action like that described, it is evident that adequate pro-
tection cannot be obtained when the enérgy in the system is sufficient to
break open a capacitor. Given specific circuit parameters - voltage,
capacity, and fuse-wire length - which are capable of producing a fuse
action like that shown in Figure 3a , the fusing action shown in Figure
3b is obtained if a much shorter fuse wire is used, and the circuit voltage
and capacity remain the same, In the latter case, the energy in the cir-
cuit is in excess of that required to fully vaporize the wire. In addition,
the gap left by the exploding wire does not have sufficient spacing to

hold off the remaining circuit voltage.

Fusing action can be obtained as illustrated in Figure 3c if the fuse
electrode spécing is great enough to prevent an immediate vapor-to-arc
conduction transition after the wire bursts, In this case, the energy in
the circuit is much greater than that required to vaporize the fuse wire,
However, since the fuse resistance is tending to become infinite, the
current is tending toward zero, which thereby brings about a momentary

current pause,

At present, it can be said that the energy dissipated during the
first current pulse, in this case, can be made no greater, having a high
energy system, than the energy dissipated during the current pulse
shown in Figure 3a, which has a low energy system, The controlli.ngl
parameters are the initial capacitor voltage and the length of the fuse
which are the same for both types of fuse action, The capacitor energy
is greater in one case with the module having a greater number of ca-
pacitors, Unfortunately, the current pause indicated by Figure 3c is
a phenomenon that exists momentarily, The current pause is followed
by a discharge due to a subsequent arc formation between the fuse
electrodes. However, it ha‘s been demons’crated1 4 experimentally that

within limitations, the occurrance of a restrike can be prevented,

14







It is necessary to prevent a current restrike in an exploding wire

fuse application since the restrike would allow the discharge of all of the

energy in the capacitor module. This condition can be achieved providing

the wire length and voltage dependence can be experimentally determined.

The foregoing arguments indicate qualitatively that the length of
a wire in a fuse application is to be considered dependent upon the con-
ditions that prevail only during a fault, No attempt was made to ascer-
tain theoretically, or from the literature, the dependency of other wire
parameters, such as diameter and material, on the circuit behavior
during a fault, This neglect was intentional and is believed to be justi-
fied since it can be shown that these parameters must be determined
by considering the system in absence of a fault where the module is dis-

charging into its proper load.

A semi-quantitative analysis on the circuit shown in Figure 4 can
be performed to indicate the influence of normal circuit operation on
determining the parameters of the capacitor fuse. The circuit is basic-

ally composed of capacitance, inductance, and resistance.

For purposes of the analysis, it will be assumed that the inductance
and resistance of the load are linear and very much greater than the R
and L of the fuses (in the suggested parallel combination)., This as-
sumption implies that the impedance due to the fuses will have a neg-

ligible effect in détermining the resonant frequency of the circuit, g

An equation for the circuit can be written:

Ri+L—+—/1dt: 0,

where
| R = Load resistance,
L. = Load inductance, and
C = Total capacitance of module,







The solutions of the differential equation for the critical and over-

5

damped cases could be obtained; however, they are of no interest, The

. . [1. MV :
only case of interest is when R<2 < ok where /1 dt is maximum, Then,
N

. 90
for initial conditions, whent = O, IO = 0, and VO = o

by transformation,

0 o e
RI(S) + SLIS) + & <—§ " —S-—> =0,

I(s) =

i
i) B [ . 1 , and
L. b+ a2 32_|

Vo 1 -
; LN ¢ A s
i(t) T [B sin Bt] g
Where
%
1 R :
S Y i e SRR
LC 4L2
i o -
2 VR

the iq of the circuit is then

0
v
.2 -
/1 dt = [Ig £ sin Bt] * dt, and
B
0
el
iq = 2
2R H
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The resulting expression shows that the circuit iq is a function of
NI et . 1 2 ;
both the initial capacitor bank energy, Eo By C Vo, and the load resist-

ance, With all capacitors connected in a close coupled arrangement,
the total circuit current can be taken as the sum of the currents from

each capacitor, i.e.,

= el i ; - o i °
l’t 11 12 T ln
Where
2 2 !
’ 2 G e e AT 3.
/1tdt /’(11 12 1n) dt
for
11 = 12 aif bl then

i T
/11dt— 2/ltdt'
n

The last expression indicates the relationship of the total circuit

iq to the iq on a per-capacitor basis., When the capacitors are discharged,

the current through a fuse will cause it to heat, The fuse temperature

rise can be calculated by this expression: )

/°° To

! KCm dr

i df= 2,
+ - T

o 3 I‘o b ! ki o)

O

where

r=ro+roa(r—To) and,

0

% .
2 1 -2
- et % { .
ﬁldt 5 tdt, with
o n o)

K = Proportionality constant-joule per calorie,
r = fuse resistance at T -

o o

C = mean heat capacity,

M = mass, and

@ = temperature coefficient of resistance.
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Since the load resistance remains constant, the circuit iq will not
be influenced by a relatively small change in resistance of the fuses.
Therefore, a means of determining the individual iq requires only that
the initial energy % cv?) be known and the load resistance, "R". (The
latter can be treated as a parameter for any specific capacitor bank and

allowed to vary from some minimum to a maximum resistance.)

On the right side of the expression for the fuse temperatures rise,

1—‘} are the parameters of the fuse wire, Since m =fPLa and r =cL/a,

2

where
p = density of fuse material ,
L = length,
a = area, and
o = resistivity,
then
5 b Pa2 g
¥ o

The result indicates that the iq is independent of the length of the

fuse wire but depends upon the area to the second power,

On integrating the expression,
/;0 KC_Pa2 [ dr
Ol dt = —————-O_ jro e (T— To) K]

5 7=T
KCPa [log 1+ Q(T'To)}
=T

i =
q ag o

o}

iq

KC_Pa2 log1l+ a(T-T)
oa ' iltt %
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then it follows that

EXP<Q31Q2>' -1
KCpa
(T bl To) 0 o °

(In calculating the temperature rise it is assumed that there is no appre-

ciable heat loss during the current discharge.)

For normal operation, the temperature rise that the fuse will under-
go must not exceed the melting point of the fuse material, Therefore,
minimizing the temperature rise for a maximum iq would require an op-
timum selection of wire parameters shown in the exponent of the temper-
ature equation, Metals considered to be good electrical conductors have
densities and heat capacities that do not differ greatly; however, their

temperature coefficient of resistance and resistivity do.

It can be determined, then, that relatively low-resistance materials
will provide the optimum parameters for minimum temperature rise with
maximum iq, This conclusion could be obtained more readily by re-
examining Figure 1,. The ig-to-melt is shown to be larger for the low-
resistance materials which have comparable diameters, Of these,
copper is preferred both because of its resistivity properties and its

economy.,

The ig-to-melt as a function of wire area is illustrated for copper
in Figure 5. This curve was calculated using the constant, iq-to-melt =

amp-coul

0.030 m ’ as reported in the 1iterature2. This constant was

experimentally determined,

The relationship between capacitor iq, (which is a function of the
capacitor energy and equivalent load resistance) and the fuse wire dia-
meter has now been established, It should be pointed out that the de-
rived equation for ''temperature increase'' cannot be used with
accuracy in plotting the curve in Figure 5. However, for copper, this

equation is quite accurate for temperatures as high as 6000C since «’'and

C do not vary significantly,

it
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CHAPTER IV -- METHODS OF HEAT DISSIPATION FOR A FUSE
DURING NORMAL OPERATION

The conditions have now been established which set an upper bound
on the energy transfer in a capacitor energy storage system using pro-
tective fuses, Establishment of an upper bound is a necessary condition,
but it is not sufficient when the occurrance of charging and discharging
the capacitors is to be repeated periodically, The energy absorbed by
the fuse in the form of heat must be dissipated prior to subsequent pulses.
Since resistance increases with temperature, if the fuse is not allowed
sufficient time to cool, the next current discharge may produce a temper-

ature rise in excess of the upper bound.

To establish an upper bound for the repetition rate, complete know-
ledge of the mode of heat dissipation from the fuse wire is required.
Considering the three principal means of heat transfer - conduction
radiation and convection - it is forbiddingly difficult to account for all
three simultaneously, Consequently, each method of heat transfer will
be examined individually, hopefully to find the outstanding contributor in

special instances,

Heat Transfer by Conduction

Heat flow by conduction will be considered by assuming the follow-

ing model:







The length of the fuse wire is L, The temperature at the ends of
the wire, o and L+, are assumed zero, The wire is insulated so that no
heat loss can occur except by conduction through the ends. The initial
condition, established by current flow through this conductor, is assumed
to be a function of the distance along the wire, In this case, f(x) = U, is
a constant, That is to say, the temperature rise is instantaneous with

no losses occuring during the heat input.

In practice, this is a realizable condition since the electrical dis-
charge occurs in a matter of tenths of milliseconds. The complete solu-
tion of the one-dimensional heat-flow equation will yield the temperature-
time distribution as a function of distance along the length of the wire,

It follows then, that

L
t b 4

where
Ut = Partial derivative of temperature with respect to time,
Uxx = second partial derivative of temperature with respect

to distance, and
k2 = diffusivity.

The boundary conditions and initial conditions are:

Uo, t) = U(L, t) = 0 for t>o0 and
U(x, o) = f(x) = Ul’ o<x< L,

Then
U(x, t) = U (transient) + U (steady state),

but U (steady state) = 0,
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A solution, by separation of variables, is obtained by assuming
the product solution
Ulx, t) = X(x) T(t),

1
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XT =k~ X T (dividing by XT)
1 XH
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P

The variables X and T are separated in that the left side is a func-
tion of T alone and the right side is a function of X only. Each side must
independently be equal to the same constant, Neither zero or a positive

constant satisfies the boundary condition; therefore, a negative constant

is used:
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Thenfor every integral value of n, another value of B and a different solu-

eng
tion is obtained:

s

. nmx
Do) = Crl sin I

Hence the solution that satisfies the boundary condition is
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t =0, U, o) = NxY,

o0
f(x) =Z C sin ELZ X.
R

The cn’s are seen to be the sine Fourier coefficients of f(x).

For f(x) = U1 a constant,
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On substituting the Fourier coefficients,
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and the final expression is
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nction of time along the wire where cooling takes place the slowest,

the resulting expression, the temperature can be obtained

as a fu
L 33 o
namely at %’ then letting
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The infinite sum of the series:
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which correctly is the initial conditionatt = 0

A graphical representation of the temperature at —LéJ— is more de-

scriptive than the series expression, but one other characteristic of

this expression must be examined first, A particular value of time must

be assumed so that the temperature at-I2—J has nearly reached the steady
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state, U ~ 0, A finite time will be used which is equivalent to a five

time constant decay for the first exponential term in the series:

O o '
L 11 .m0 =45
U(E',S)\):Tl_e - € +—---:}-

: . -5
Considering only the first term of the series (since € " >> «€

W=

G -
can be said that the temperature will be 0,67 percent of the initial condi-
tion,

Since t = 5A,

22
then Bl ALY represents the time, as a function of length "L", for

=
=

the center of the wire to cool from the initial condition to 0,67 percent

of this initial condition, Using constants for copper,

K
k2=:
cep

with

K = thermal conductivity - 0,92 cal/cm-sec o
T = specific heat - 0,093 cal/gm °C,

P = density - 8.9 gm/cmg,
it follows then that t = (,454) L2.

Figure 6 represents a graph of this expression., It illustrates,
for any length of wire over the range shown, and given the initial condi-
tion of an instantaneous uniform temperature rise, that if the only heat
loss is due to conduction, then the time involved for the temperature
to return to approximately ambient (5 time constants), is related to the

square of the length of wire,

Exploding-wire fuses for high-voltage capacitors may vary from
20 cm to greater than 35 cm in length, The minimum length is deter-

mined by the voltage stand-off capability during a capacitor fault, The
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maximum length is only limited by practical considerations. As an example,
a fuse 30 cm long would require 408 seconds, or approximately 6.8 min-
utes, to cool down to essentially ambient before it could be pulsed a sec-
ond time.

For later comparison, the temperature-time history at the center of a
30 cm fuse wire is shown in Figure 7. The initial temperature was taken
to be 400°C, and ambient 0°C. Before exploring any further aspects of

heat loss by conduction, heat loss due to radiation will be considered.
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Heat Transfer by Radiation

Radiation was defined by Maxwell as the transfer of heat from a hot
body to a cooler body without appreciable heating of the intervening space,
It is now known that thermal radiation is a means of transferring energy

by electromagnetic waves; in nature, it is similar to light,

The Stefan-Boltzmann law pertaining to total radiation from a black
body states that the total rate of heat radiation is proportional to the
absolute temperature to the fourth power; stated as an equation, E = cT4,
where the black body is defined as the maximum emitter for all wave

lengths and ¢ is a constant value called Stefan's constant, which is
-5 2 -
5.735 x 10 =~ erg/cm”/sec/degree .

4
The equation, E = o T , refers specifically to emission and not to the

net loss,

If the black body is surrounded by a black surface at temperature
Ta’ the gain from the surroundings is cTa4, and the net loss of energy

per sq cm per sec. is

y 4 4
Eﬁnet =g(T Ta ; A

The emissivity of a black-body is taken as unity, Any other sur-
face will then be a perfect imitator of a black body, and emit P perceﬁt '
as much energy in all wave lengths as would a black body at the.same
temperature, Other surfaces are usually called grey bodies, Their

t

. . . 1 . . .
emissivity, denoted as " ¢, " is always less than unity, The expression

finally arrived at is then

BE= ec(T4 - Ta4)’







where

E = heat radiation in ergs/sec/sq cm,

¢ = total emissivity, : '

o = Stefan's constant erg/sq cm/sec/degree4, and
T = temperature - absolute,

In order to derive a temperature-time relationship of heat loss
due to radiation for the pulsed fuse, the following assumptions will be
applied: (1) the losses are due only to radiation, (2) the initial tempera-
tures ''T" along the wire is uniform, and (3) the temperature of the sur-

foundings is Ta' The rate of heat loss per unit surface area could be

iy 4 4
= —60’<T --’I‘a >.

The heat capacity of the fuse is

expressed:

©
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and for constant volume, total differentials will replace the partial de-
rivities, By substitution, dQ is eliminated, On separating variables,

the equation simplifies to the following:

_4d—Tz = Kldt’
0 =l
a
where
—€0 b
K. =—= (for unit surface area),.
1 mC

To simplify K., it will be put in terms of the wire parameters,

1
A .
For a cylindrical wire, the ratio of the area to mass = is,







. et 10t
Surface area = wDL; and

Mass =

where p = density,
L = length of wire, and
D = diameter,

It follows that

A _ 4
m D2
and
el jl_fg :
1 PDC

If each side of the equation is integrated, the following equations

are derived:

To obtain a solution of the expression on the right, a partial frac-.
tion expansion is used:
1 1
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and equating coefficients of like powers gives the following expressions:
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Solution of the remaining two integral expressions,

then, is:
1 dT 1
- = - logT+T_, and
AT 3 JT+Ta 4T 3 a
a a
1 dT 1
= log T =:T. .,
4t ° JT B TG 2
a a

It follows then, that,
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e R SN

o4 = i log ——-———T : TO - 2’can“1
T4 i Ta4 4Ta3 T + Ta e

The result where ¢ is a constant of integration is:

T=-T .!

1 a ol AL R
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Klt c 3 log T 1 Ta 2tan T J
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Solving for the constant ¢, the initial conditionatt=0is T = Tl'

Then

10 -’:-[jl-_rr_a - 2-‘-an-1 Tl
3 € T+ i ¥

T °
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The final expression with time as a function of temperature is as

follows:

w

w







1 -1 T o
t= log - 2tan © = - log o SRRy
¢ o S
4T 3K l_ i e Ta 1 i TdJ
T | :
Since Kl = —4_6_0 s
PDC
then
— o T
t= k5% log el Ta 2 2tan-1 5 log Tl Ta 2tan_1 :
% e e g v -t e oy e,
16£0Ta3 i Ta Ta ‘ o W Ta 3

The resulting expression, which represents heat loss due to radiation, is
seentobe independent of the length of the fuse wire, but dependent upon the di-

ameter. This was ananticipated result due tothe originalimposed restrictions.

In order to determine the significance of the radiation expression, a
graphical representation helps considerably. As an example, initial con-
ditions will be assumed to be approximately those that would apply in a
practical application.2 It will be assumed that the initial temperature, Tl’
is 700 degree Kelvin and Ta = 300 degree Kelvin, The wire diameter will
be treated as a parameter in order to determine the influence of wire di-
ameter on heat dissipation. The values for the remaining constants re-

quired for a numerical solution of the radiation equation are:

Initial Temperature Tk 700°K
Ambient Temperature T_ = 300°K
Density of Copper P =8,9 gm/cm3
Mean Specific Heat C = 0,093 cal/gm - °C

- -5 -8 2 4
Stephan's Constant c=5"7Tx10 "x2,39x 10 cal/cm” sec deg
Emissivity € = 0,568 (for oxidized Cu, 200 - 600° C)*
Wire Diameter D=0,lcm, 0,05 cm.

*Condon, E, U,, and Odishaw, H., Handbook of Physics, McGraw-Hill
Book Company, Inc., New York, 1958, (6-16)
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A graph of the radiation equation with the above values, is shown

<o

as Figure 8, Before any further comparison of the methods of heat dissi-

sidered,

Heat Transfer by Convection

' Heat transfer by natural convection is exceedingly complex and, as
indicated in the literature, it is not completely understood, However, a
great deal of effort, both theoretical and experimental, has been expended
since the late 1800%s to develop satisfactory formulas representing convec-

tion.

Newton's Law of Cooling describes convection as the rate of heat
loss which is proportional to the temperature difference between the body
and its surroundings. In the usual symbols, Newton's Law of Cooling is
written:

Q

dt

= = k(T - Ta)’ where k

involves at least these two factors: (1) the nature of the surface, and

(2) the surface area,

t is well known that Newton's Law of Cooling is only satisfactory.
for small temperature differences between the body and surroundings; it
also applies fairly accurately for large temperature differences for forced
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