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IRVESTIGATION OF A BIMETALLIC WIRE AS A
MILLISECOND DELAY ELEMENT

by
Jerry W. Fcrbes

ABSTRACT: A fuse wire composed of pelladium and aluminum (pyrofuzs) was
investigated as a possible millisecond delay item. The single strand wire
and the eight strand braid were both initiated by a constant current device.

Delay times of less than 30 milliseconds were obtained from single strand
bridged fuse wire, while delay times above 50 milliseconds were obtained
from eight strand fuse wire braid of one and two inch lengths. Variatioas
of the delay times were less than 10% when the initiating currents ware
maintained at two amperes above the threshold currents. The delay times

were dependent upon the input power, pariicularly for the very short delay
times.
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I. IRTRODUCTION

An ordnance interest in intiation delays of a few milliseconde has led to
the investigation of a fuse wire composed of palladium and aluminum, called
pyrofuze®*, A reasonable control of time tolerances for temperatures to 500‘{
wes reported for delay times of i50 milliseconds and above by W. R. Petersonl/#*
of Frankford Arsenal.

The properties of pyrofuze indicate a possible use in meny igniter
applicatione. Its insensitivity to shock, impect, and vibretion, and its
exothermic reaction suggests a possible use as a propellant igniter. Safety
features are apparent from the low resistaace of pyrofuze and high input
energy required to cause pyrofuze to react.

Pyrofuze ia supplied in many forms czuch as foil, wire, granules, and
pellets. The metals of the bimetallic combination of palladium and aluminum
are in intimeste contact with each other; the core being aluminum and the cuter
jacket palladium., When heated to the melting point of aluminum (660°C) an
exothermic alloying reaction takes place. Calorimetric measurements show
that pyrofuze liberates 327 calories per gram, resulting in temperatures of
2200° to 2800°C. The reaction occurs at a rapid predictable rate without the
support of oxygen, and will take place equally well in air, in an inert
atmosphere, or in a vacuunm.

The purpose of the work was to establish whether pyrofuze wire could be
used as & millis=cond time delay element with close time tolerances. Two
obvious factors affecting the delay times are (1) burning rate, and (2)
ignition time (time to heat wire to reaction temperature). The burning rate
and ignition time are influenced by dissipative effects, uniformity or
meterial, and surrcunding atmosphere all of which can be held relatively
conctant by proper design. The ignition time also depends upon the method
used to heat the fuse wire to its ignition temperature. In the experiments
reported here the wire was heated to ignition by & coastant current.

Our interest in delay times of only a few milliseconds led us to carefully
question the role ¢ ignition times in determining total delay times,
Obviously, it is not desireble to have the ignition tir. play an. important
role because it is a function of input power. A simple analysis of circuit
parameters gives an equation to estimate ignition times,

D = diameter of pyrofuze wire in mils.

¥Pyrofuze Corp., an affilitate of Sigmund Cohn Corp., Mount Vernon, New York
is the menufacturer,
#¥References are on page 26.

© T e e T~ NN -~ e m e 5 B —

=~ T R LAY

AN A AR PN AT NIRRT et 2t BN




NOLTR $6-91
t = time in milliaseconds
I = current in ampares

This equaticns's derivation is given in Appendix A and is based mainly upon
the assumption that dissipative effects can be reglected. The equation
indicates that for constant currents of l-7 amps the times to ignite the
fuse vire may be significant,

The existence of a threshold current (i.e., a minimum current necessary
to cause the fuse wire to react) is evidence that dissipative effects are
present. The assumption that dissipative effects can be ignored is good
only vhen the energy input is large in comparison to the dissipative losses.
Therefore, an analysis was made to determine the extent of the dissipative
effects. This is given in Appendix B.

II. EXPERIMENTAL ASSEMBLIES

The pyrofuze braided wire is coded by writing the diamete. of a single
s-rand first and then the number of strands in the braid. For example,
4LMESB means 4 mil diaweter strands in an 8-ctrand braid. The LMOSB is
covered by a Military Specification (MIL-B-60225)(MU).

In all cases the wires were heated to threshold temperature by a constant
current device. The constant current device was basically jJust a double
emitter-follower that maintained a constant voltage across a resistor that
was in series with the pyrofuze wire. The stability is primarily limited by
thermal drift but for the times involved here the thermal drift is insignificant.
The rise time of the constant current device was 40 microseconds.

Examination of Figure 1 shows the bridging method employed for both
single strand wire and braid. For brailded wires the braid was unraveled
approximately 0.15 inch and all but two of the strands were trimmed back
to the dbraid. The two longer strands were then soldered to a conventional
initiator plug having a 9.05-inch gep between the pins' nearest edgses. By
this approach it was not necessary to supply the energy to heat the complete
braid to the ignition point since the bulk of the heating will occur in the
0.015 inch lengths free of the braided portion. The eingle strand wires were
bridged by stretching the wire acroes the initiator plug gap and then soldering
the wire to the ends of the brans pins. The excess wire was then trimmed away
from the plug.

Tc measure the threshold currents of i~ and 2-mil diameter single strand
bridgewires, the constant current device with a range of 0-6.5 amps was
slowly brought up to the current which started the exothermic reaction.
This current was then recorded es the threshold current.

A photodiode circuit (see Figure 2) with & rise-time of approximately
100 microsec was used as a stop signal and a vcltage pulse across a l-ohm
resistor was used as a starting signal tc measure the time to heat the wire
to ignition. The phctodicde was placed 0.5 -« 0.75 inches away from the
bridgewire. When the bridgewire reacted an immediate release of light caused
the photodiode resistance to decrease resulting in a voltage pulse which
stopped the counter. The timeg recorded Ly the Beckman scaler counter was

ey
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Jjust the ignition time with times good to withnin 0.2 millisecond.

Delsy times of pyrofuze braid were measured by using a pulse across a
l-okm resistor (in series with the bridge wire) as the starting signal for
the counter and a photodicde pulse circuit as the stop signal (see Figure 2).
The photodiode was placed perpendicular to the axis of the braid. The
photodiode was then secured in place by placing it into the cylindrical
cavity of a binding screw post snd then tightening the post onto the
photodiode. The photodiode was recessed in the cavity by approximately
0.1 inch sc as not to prematurely stop the counter. The delay times of
insulated braid were measured by the same technique used on the bare braid.
The ends of the woven double fiberglas insulation at the end was kept as
long as possible consistent with permitting the photodiode to view a bare
portion of braid.

III. RESULTS

The threshcld currents for single strand bridgewire of 50-mil length aré
given in Table 1. The threshold currents of l-mil diameter bridgewires wvaried
from 0.620 - 0,80 ampe for resistances of 0.320 and 0.260 obms respectively,
the threshold current for 2-mil diameter bridgewire varied from 2.250 - 2.T725
amps for resistances of 0.099 and 0.078 ohms respectively.

The threshold ignition currents for pyrofuze braid are listed in Table 2
with & current renge of 0.90 - 1.30 amps for 0.40 and 0.310 ohms resistance
respectively for 2M8SB. The threshold currents for 3M8SB ranged from .35
to 1.65 amps for 0.235 and 0.22 chms resistance respectively. The threshold
currents for UMSSR ranged from 2.40 to 2.80 amperes for 0.160 and 0.130 ohms
resistance, The threshold currents for SM8SB ranged from 3.20 to 3.50 amps
for 0.12°5 and 0.105 ohms resistance respectively. It is instructive to
point out that the product of the threshold current times the wiref resistance
appears to be a constant for both bridgewires and bridged braid.

The ignition times for 1-, 2=, a.Rd 3-mil diameter single strand bridge-
vires are plctted as time/(diameter)* vs (current)=2 in Figure 3. Varistions
from the mean time for input currents maintained 2 amperes sbove threshold
were smaller than 10% for the l-mil diameter single strand bridgewire, 8.5%
fcr the 2-mil diameter single strand bridgewire, and 1.4% for 3-mil diameter
single strand bridgewire. The times involved are 1-30 millisec (See Tables
3, 4, and 5); therefore the varietions are numericelly small.

The measured ignition times for the braided wires are given in Tablen 6,
T, and 8 respectively. The ignition time variations (ignoring resistance
differences) for 2M8SB at 3-amperes input current was 2%, 3M8SB at 4.k
amperes wes 40%, 4MOSB at 5.0 amperes was 22%, and for SM8SB at I amperes
wvas 20%. The ignition times for 2MBSB and 3MB5B and 4MBSB and SMBSB
pyrofuze braid of appron.?tely 0.15-inch length are plotted as time/
(diameter}t vs (current)=¢ in Figure 4. The variation from this curve
is naturally less when currents well sbove threshold are maintained for
ignition.
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Delay times (ignition time plus burning time) were recorded for lengths
of spproxisstely 1 sxd 2 inches. The linear burning rates were obtained by
subtrecting the calculated ignition times from the measured delay times and
dividing into the length. The 2403B and 3MOSB gave average burning rates
of 23.8 and 18.6 inches/second respectively wiln variations of less than &
vhen initiated by 5 amperes of constant current. Delay times and burning
rates for 24888 and 3M8SB are given in Tables 9 and 10 respectively.

Delsy times for L.88B and SM8SB uninsulated pyrofuze braid (See Tables
11 and 12) of 2 inch iengths were approximately 200 and 300 milliseconds .
regpectively for input currents of 6.5 amperes. The linear buraing rates
of and SMBSB with input currents of 6.5 amps were 1%.7 and 10.2
inches per second with variations of 5% and 20% respectively if the sporadic
times are ignored.

The delay times of double glass insulated 2MO0SB, 4MBSB and 5M3SB braid
are reported in Tables 13, 14, and 15. A burning rate of 15.1 inches per
second was found for 24888 with & variation of 5% for three trials when
initiated by S amps. A burning rate of 10.9 inches per second was found
for 4MB8B with a variation of 13% for 13 trials when ignited by 6.5 amps.
A burning rate of 8.9 inches per second was found for SM8SB with variations
less than 18% for 13 trials when ignited by 6.5 amps.

A convenient guide for choosing an experimental arrangement which will
result in & known delay time is provided by a plot (Fig. 5) of total delay
time as a function of braid length. The ignition currents for the wi.es
were maintained at 2 amps above threshold.

IV. DISCUSSION

The threshold current is limited by the amount of dissipative effects
present and should display a nondependence of length (as observed for lengths
greater than a couple of inches), since the energy per uait mass required to
heat to the reaction temperature should be constant if end effects can be
neglected. The wires tested here had lengths of megnitude 0.20 inches where
dissipative effects and end effects caused the threshold current to be a
function of length (See Appendix B).

Newton's law of cocling allows an spnroximate deseription of the
dissipative effects for the temperat range that is of interest to
this report. Newton's law of coolin simply stated says that the
energy lost due to conduction, convection, and radiation is all roughly
proportional to the temperature difference. Since the temperature
difference is varying, one can assume an average tempcrature which
describes the amount of energy lost. The energy of threshold should
represent dissipative effects as a function of the threshold current.

_ 12 X
Bgp =Ty Rt=gxt (2)

where R i8 the ambient wlre resistance and K is a constant and t is tine
in milliseconds.
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The observed fact that the product of the threshold current times the
ambient wire resistance is a constant has been used to obtain the final
expression on the right of the equ-1ls sign of Zquation 2, The constant K
in Equation 2 for bridged traid 1:0,139 and describes the threshold currents
within 7% of measured values. The value of K for single strand bridgewires
was determined to be: X = 0.044 which zives the threshold currents within
the experimental error. The values of the constant K's were fouad by
applying least square fits of the measured data to Equation 2.

The plot of ignition time as a function ol diameter and current
(See Pigure 3-i4) show that Equation 1 does not adequately describe the
time to ign*tiou even when the ignition currents are well above the
threshold. 2n expression that does describe irmition times within 30%
for braid was derived in Appendix B which gives

. 3.46 D
t-Ie_“,

R2

(3)

vhere D is diameter of the wire in mils, I is the current in amperes, K a
constant, R the ambient wire resistance., This equation is highly sensitive
to the resistance value. Measurement of the resistance of the wire is
difficult because of end effects and contact resistance but these effects
should remain relatively constant for the same design. Therefore, these
effects should be taken care of by the iterated coustant K of Equation 3.
Tue value of constant K in Bquation 3 for bridged braid is 0.113 as found
by applying a least souare it to the icnition time data to Zquation 3.
Threshold currents are within 17% of measured values if this value of K is
used in Equatiom 2 which gives support to Equatioca 3.

The total delay times for pyrofuze braid given in the tables are times
that include the ignition time and the time for the braid to "burn" a known
distance. The delay times of pyrofuze braid in air were controllable for
times above 50 millisec. The delay times, however, were dependent upon
input current and reaction rate of the btraid. The best results in delay
times were obteined vhen insulation was used on the braid. The insulation
perheps prevented the hot particles from jumping -shead and staxting the
braid to burn or prematurely activating the photodiode aswitch which could
have occurred with the uninsulated braid. As shown by comparing Tables 11
and 14 the delay times were increased by approximately 20% because of the
heat lost to the insulation, but no erratic times were obtained wvhich
occasionally occurred without insulation. The significant fuctor observed
from the delay times of insulated braid is that the variatioz is reduced
significently while the rate of burning decreases notably compared to
bare braid.

The burning rate of pyr ::.ze appeared to be constant for lengths of
one and two inches. Thc durning rates given in the tables were obtained by

T S, ot o o 7
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subtracting the calculated ignition times (Eq. 3) from the total delsy times
sl then dividing this time into the braid length. Equstion 3 allowed the
ignition times to be separsted from the delay times with Tair accuracy. The
accuracy of Equation 3 is limited by the accuracy of the resistance measure-
ment.

This separstion of times allows the burning rate to be studied independemt
of the Zgnition system. The burning rate is reprolucidble and constant for
proper design. The average burning rate of AMBSB in air reported here agrees
vell within experimental error with Peterson'sl/ reaction rate on 6-inch long .
braid of 14.8 inzses per second.

The va~iations of ignition times for single strand bridgewires at a
particular constant current are acceptadble. A very short time delay seems
feasible if an accurate comstant current device is used to heat the wire to
ignition and the resistance of the vire is held to a close tolerance. It
is impiicit also that if ignition is made to occur by an adiabatic pulse
such as from a condenser hsving a discharge time constant very small compared
to the thermal time constant of the pyrofuze system uniform short delays
vill result

VY. CONCLUSIONS

1., 8ingle strand bridgewire can be used for 1-30 millisecond delays with
acceptadble variations. The specific delay time is determined by the input
powe. and mass of the wive.

2. Pyrofuze braid caa be used for 50-300 millisecond delays with acceptable
variations vhen ignited by constant current. The specific times are
determined mainly by the mass of the braid when input currents are 2 amps
above threshold.

3. Rewton's law of cooling i3 adequate to describe dissipative effects for
the systems used in this report.

k. The burning rate of pyrofuze braid 18 notably dependent upon the
surrounding material.

5. Dissipative effects do not play an appreciable roie in delay times of
ignition of wires vhen the input current is well above the threshold for
ignition. .

6. Pyrofuze braid shows promise as a delay element. However, for short
delay times an initiating syct:m using a microsecond time pulse with
sufficient energy is desirable to reduce the time required to heat the wire
to its resction temperature.
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TAKE 2 THRESEOLD CURRENT FOR BRIDGED

PYROFUZE BRAID
Threshold
Current 2668 3M66B hMBSB 5MOEB
R (Ohms) 0.310 0.220 0.130 0.105
I (Amps) 1.30 1.65 2.80 3.50
IR (Yolte) 0.403 0.363 0.364 0.368
R (Ohms) 0.380 0.235 0.130 0.110
I (Amps) 0.95 1.35 2.80 3.5
IR (Volts) 0.361 0.317 0.36% 0.385
R (Chms) 0.400 0.240 0.135 0.115
I (Amps) 0.90 1.55 2.7 3.25
IR (Volts) 0.360 0.348 0.365 0.37h
R (Oums) 0.5h0 0.250 0.160 0.125
I (Amps) 0.85 1.5 2.ko 3.20
IR (Volts) 0.37% 0.363 0.384 0.500
R (Chms) - - 0.165 -
I (Amps) - - 2.40 -
IR (Volts) - - 0.396 -
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TABLE 3 TIME NECESSARY TO HEAT l1-MIL DIAMETEK SINGLE
STRAND PYROFUZE BRYDGEWIRE® TO IGNITION#*®

Resistance Cuarrent Time Mean Time
(ohms) (Amperes) (Milliseconds) (Milliseconds)
.282 1.0 9.64
.285 1.0 6.80
.285 1.0 5.30 Eeb>
«290 1.0 k.90
.286 2,0 1.50
.288 2.0 i.52 1.21
.300 2.0 1.32
.325 2,0 0.20
.266 3.0 0.69
275 3.0 0.69
278 3.0 0.TL
.287 3.0 0.81 0.72
.289 3.0 0.69
.300 3.0 0.72
.288 4,0 0.55
.290 k.0 0.51
.290 L.o 0.57 0.55
«293 k.o 0.51
.296 k.0 0.60

®iire length of 0.13 centimeters.
##This wire has a threshold current of approximately 0.8 amperes.
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TABIE 4 TIME TO HEAT 2-MIL DIAMETER SINGLE STRAND
PYROFUZE BRIDCEWIRE® TO IGNITICN®**

Resistance Current Time Mean Time

(ohms) (Amperes) (Milliseconds) (Milliseconds)
076 2.6 33.h

.081 2.6 185.2

.089 2.6 18.4 90.7
.089 2.6 126.0

0672 3'3 9'6

079 3.3 8.3

.081 3'3 8'5

.082 3.3 8.3

.08k 3.3 8.9 8.7
084 3.2 10.0

0085 3'3 8.0

.088 3.3 8.2

OTh k0 6.2

OTT 4.0 5.2

079 4.0 5,2

079 h.o 5.T 5.5
.080 4.0 5.9 !
.083 4.0 5.4

o84 k.0 5.1

,050 4,0 4.8

OT5 b4 4.6

.086 h.4 4,0

.086 " 4.1 b2
.102 L4 4,2

¥Wire Length of 0.13 Centimeters.
#¥This vire has & threshold current of approximately 2.% amperes.

10
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TABIE b TIME TO HEAT 3.MIL DIAMETER SINJLE STRAND
BRIDGEWIRE* TO IGNITION##

Resistance Current Time Mean Time
(Ohms) (Amperes) (Milliseconds) (Miliiseconds)
L0u2 k.95 206.2 -
-d&3 h095 ©
LOlls k.95 -
.Ol2 5.6 29.5
.0h2 5.6 173.6
od’3 506 55'h
od‘3 5-6 58'9 75 5
.Ol5 5.6 41.8
od"a 506 93.8
LOU2 6.1 25.0
043 6.1 45,2
JOUT 6.1 21.4 28.0
~OlU9 6.1 25.2
.05k 6.1 23.3
.039 6.5 20.2
.039 6.5 20.5
.03 6.5 22.9 21.8
o4k 6.5 20.4
Lol 6.5 25.1

¥ire Length of 0.13 Centimeters.
#This wire has a threshold current of eprroximately 4.7 amperes.
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TABLE 6 TIME TO HEAT BRIDGED 2¥8SB TO IGNITION#

Reslstet_xce Current Calculated Time Measured Time Mean Time
(otms)  (Amperes) (Milliseconds) (Milliseconds) (Milliseconds)

43 1.0 1,083.0

«33 1.5 45.6 49,1

3 1.5 k3.5 47.6

46 1.5 32.2 35.5 41,3
48 1.5 3.k 36.7

.5‘3' 105 2907 3701"

L2 2.0 16.5 81.0+

L6 2.0 16.0 19.8

A9 2.0 15.7 18,1 0.2
.51 2.0 15.5 20.3

.53 2.0 15.4 11.1+

.6l 2.0 4.9 18.6

.38 3.0 AT 9.2

A6 3.0 6.5 9.4

48 3.0 6.5 9.3

.56 3.0 6.4 9.4 9.k
59 3.0 6.1 9,5

.63 3.0 6.4 9.5

Obvicus sporadic times are not averaced.

#This wire has a threshold current of approximately 1.0 amperes.

12
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TABLE 7 TIME TO HEAT BRIDGED 3MS8SBYAND sm8sp™®
TO IGNITION

Braid Resistance Current Calculated Time Measured Time Mean Time

Size (ohms) (Amperes) (Milliseconds) (Millieeconds) (Milliseconds)
3M48SB .228 3.4 29.8 32.5
242 3.k 29.1 37.7 35.0
.230 3. 26.6 3.9
.125 ' 23.1 29.4
145 'R} 20.0 23.7
.165 L.y 18.4 25.0
.169 4.4 18.2 19.%
.180 L i 17.7 19.6 21.0
.216 4.4 16.5 17.8
.220 L4 16.5 19.8
.223 4. 16.4 17.9
.285 L.y 15.6 16.7
5MBSB 116 k.o 284.0 279.6
.125 k.0 246.3 243.7
.128 4.0 239.3 237.T 233.0
.151 k.0 195.9 200.0
<154 4.0 192.3 205.0

#The 3M8SB braid has a threshold current of approximately 1.5 amperes.
#The 5M5SB braid has a threshold current of approximately 3.25 amperes.
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NOLTR 66-01
TABLE 8 TS TO HIAT 4i48SB T0O IGHTITION#
Resistance Current Calculated Time Mezcsured Time Hean fine
(ohms) (Amperes) (tdlliseconds) (Milliseconds) (iillicecondis)

139 3.5 130.2 139.4

160 3.5 112.9 117.4

16k 3.5 110.0 116.4 113,70

.166 3.5 105.6 103.7

166 3.5 ot,5 92,2

«135 h.0 90.3 4.8

A3 k.0 &4.5 82.7 (2.5

.150 k.0 80.6 9.

12 b.3 93.3 92.0

.120 4.3 6.6 73.6

121 4.3 €2.1 £0.9 75.9

.133 b3 T3.1 69.7

.158 h.3 63.4 63.5

.098 5.0 66.6 62,2

<113 5.0 54,8 75.2 61.6
1.6

14 5.0 5h,3 - 58.9

.116 5.0 53.3 50,2

*This wire has a threshold current of approximately 2.5 amperes.
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SOLDER
PG BRASS PINS

l

0.050"
2/ 1

PYROFUZE WIRE

SINGLE STAND BRIDGE WIRE

ENDS OF 2 STRANDS OF THE
BRAID ATTACHED TO TERMINALS

BRAID

FIG. 1 BRIDGING METHODS FOR SINGLE STRANDS AND 8-STRAND BRAID
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OUTPUT
100
0.001 pf K
10K

IN2175

PHOTODIODE CIRCUIT

PHOTODIODE
PLUG
——d
BINDING POST BINDING POST

TIMING CIRCUIT FOR BRAID DELAY TIME

FIG. 2 TIMING CIRCUITS

23




NOLTR 66-91

INIYIND NV ¥31IWVIQ JO NOILDONNA ¥V SV SIMIOAIYE 3ZNJIOYAd NVILS ITONIS 4O SIWIL NOILINDI € " Old

A .._<<<v 2!
- ==

£ z2°0 L'o 0°0
! I 1 =
—
\\
_—
—
— H
"
—

2 —o1
l

1 NOILVYNDI WOYH INIT NIXNO¥E Z do'z

Yiva HONOYHL NMVY¥A 3NIT altos L

¥ a
aWIL

7

¥ W
SGNO3SIN

(

24




NOLTR 66-91

INIRIND ANV ¥31IWVIC 40 NOILDNNA V SV aIvig 3ZNJ0BAd 40 SIWIL NOILLINDI ¢ “OIld
A -.._<<<v z1
L
v'n €0 <0 L'0 oo
T T T T \\_
-
- —0° L
-
\
\
\
\
—lo¢e
<
A
L NOILVND3I WOUY4 INIT NIAOYE ¢
viva HONOYHL NMYYA INIT aITos L
1 —0°¢

14
IWIL

%)

SANOJ3sIT

(

25




TOTAL DELAY TIME (MILLISECONDS)

NOLTR 66-91

OF 0.117 OHMS AND IGNITED 8Y 5.25 AMPERES OF

CURRENT.

900.0 2. 4MBSB BRAID WITH AVERAGE BRIDGED RESISTANCE

) OF 0.141 OHMS AND IGNITED BY 4.5 AMPERES OF
CURRENT.

3. 2M8SB BRAID WITH AVERAGE BRIDGED RESISTANCE
OF 0.58 OHMS AND IGNITED BY 3 AMPERES OF
CURRENT.

1000.0
1. SMASB BRAID WITH AVERAGE BRIDGED RESISTANCE /
1

1 1 ] 1 L ] 1

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
LENGTH (INCHES)

FIG. 5 TOTAL DELAY TIMES OF PYROFUZE BRAIDS WITH DOUBLE GLASS INSULATION AS
A FUNCTION OF BRAID LENGTH
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APPENDIX A
The derivation of Equation (1) depends upon simple classical theory of
heat conduction and heating effect of & current in a wire3. The heating
effect of an electric current is given by
Wa=IVts IRt
W = Total input energy in joules

I = Curreat in amps

(A-1)
V = Potential in volts
R = Resistance in ohms
t = time in seconds

By making the assumptions that dissipative end effects and temperature
gredients across the cross section can be neglected, determination of the
heat necessary to raise the wires temperature to 660°C and melt the metal
becomes possible. The equetion is given by:

Qmeit = @ + Qo + Qg = Cp My AT + Cp My AT + £; My (A-2)

Ql = quantity of heat in jJjoules necessary to raise aluminum
to 660°C

Qo = quantity of heat in joules necessary to raise palladium to
660°C

Q3 = quantity of heat necessary to melt aluminum

M = mass of metal (Ml - aluminum, M, - palladium)

C = specific heat (C; - aluminum, C, - palladium)

1 = latent heat of fusion of aluminum

AT = change in temperature (T-20) necessary to melt aluminum

The conservation of energy allows the equating of Equations A-l and A-2
vhich results in an expression relating time to heat and melt the wire to
the wire properties.

2
I° R(T) € = C;M, AT4CM, AT + ;M) (A-3)

To obtair a useful equation in terms of kncvm quantities requires
determination of the time averaged resistance and the masses of slwvdnum

A-1
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and palledium. The mass of the aluminum core is by definition

Paam Doal _ 2.7(0.556) (2.54)3 n,f, L

"= i 4 2 =2

2
= 19.3D L
9.3 '
s . = density of aluminum
Dal = diameter uf aluminum core (Dﬁl = 0.9556 Dﬁ since manufacturer
quotes a ratio of 1.25 of aluminum area to palladium area).
D, = Tolal diameter of pyrofuze wire in inches
L = length of wire in inches
a similar treatment gives the mass of the palladium as
M, = mass palladium = 68.5 Dg L . (A-5)
The time tc heat the wire up to the aluminum's melting temperature and the
time necersary to melt the aluminum should be calculated separately because

of the known temperature dependence of resistance. Equation A-3 can be
split into two parts to calculate these two sepearate times.

€ Ry (L4 @ AT) by = C; My AT + Cy M, AT (A-6)
IPRegoty = I R (1 + @ 640) £ = 4.4 (A-7)

where t = tH + tm
t;; = time to heat wire to 650°C

t_ = time to melt wire at 660°C

<t
L

total ignition time

resistance of wire at 20°C

%

a = temperature coefficient of resistivity of wire at 20°C
(d = 00039)

The time averaged resistance can be obtained from A« “y solving for
t, at 660°C 4ividing by two and then finding the corresponding temperature.

®Mme same temperature coefficient of resistivity assumed for the Al and P4.
A-2
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AT K{64o)

t = ——— = K (1°2.9
Bggo = L+oAT 1+640(.0039) ( )
‘s _
_660 _ . (382.9) _ ¢ (91.4s5)
2 2
. K (162-20)
o o = ° t = = .h A=F
<P, = 162°C since K)o T+ (162-20)(.0039) K (91.45) (A-1)
Equation A-6 can be represented by
12 Ry, (Lealb2) ¢y = T2R, (1.56) tg = Cily AT + CL, AT (A-9)

The ambient wire resistance can be expressed as a function of wire length
ani diameter squared resulting in the following expression.

_ L(10. 3xlo'6 ohm-cm)

20 =Gy
(A-10)
L(10.3x10~C ohm-cm)
/) (6.45x10-5cn? /mi12) Pt 12
The final expression for time to heat the w're to iznition becores
& very simple expression in terms of the diameter of the pyrofuze wire
and constant current passing throuzh the wire.
b Oy b
t = - 3. -3D_ L, ‘D
tg + tn 3.03x10 ;2 + 4,3 x10 ;5
(a-11)
Dh
= 3.46x1073 =
12
t = total time to heat wire to ignition in seconds.
D = diameter of pyrofuze wire in mils for convenience.
I = constant current in amperes,

A-3
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APPENDIX B

Newton's lav of cooling simply stated says that the energy lost due to
conduction, con action,and radiation is all roughly proportional to the
temperaturs difference. An exact calculation of dissipative effects is
very difficult and beyond the intent of the author. By use of Newton's
law of cooling, the available data, and a parallel treatment of a heeting
vire as done in Appendix A an equation can be obtainad to describe the
ignition times wvithin 30% error.

The conservation of energy allows the expression
I2 Rt = K+ (mass) + Ct (B-1)

vhere Ct is due to dissipative effects and from Equation 2, C = 53.
R

2 .3
t - K'é:") - x____;RLn . 2P (B-2)
I -51 I -53- ?43
R
The ¢ tedandforyyromzeithuava.lmof
3.b6 ummm-u:g/ A least square fit of the data to Equation

B-2 allows evalugtion of K, The threshold current can be found from B-1
by solving for I

Thresbold = = (u;::: bt (B-3)
. K- (mess) .

c L
Rt¢n R ;
where Iiy 1s the threshold current, t.; time it takes to heat to ignition
with dissipative effects (i.e. typ = ©), and R the ambient resistance.
Equation B-3 should approximately describe the dissipative effects for

various ranges of lengths and diameters of wire. The problem essentially
is one of finding C as a function »f wire parameters.

)

B-1
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