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Introduction

Inspite of the fact that the electric detonators are in good condition, misfires
often take place which result in interference with blasting operations at the simul-
taneous firings such as millisecond blastings. These misfires are considered due to
the following two causes: (1) leakage of igniting current and (2) lack of uniformity
in ignitability of the fuse-heads. The former has been discussed by the authors in
the previous report", and the latter will be discussed in the present work.

The lack of uniformity in the precision of ignitability of the fuse heads is due
to the dispersed timing of ignition. The causes of the misfires which take place when
several detonators are connected in series can be conceived as follows: whereas some
of the fuse-heads of the detonators are ignited and their electric bridges are ruptured,
the rest of the fuse-heads are not ignited.?

The ignition process of fuse-heads under various igniting currents was filmed by
means of a 16 millimeter high speed motion picture camera in the hope that clarifi-
cation of their ignition mechanism might be of value in discovering the specific causes
of misfires. The experiments described in the present paper, the authors believe,
have contributed to solve this problem to a considerable extent.

The number of the same experiments conducted at various phases ranged from
ten to fifty depending on the objectives and the importance of the data anticipated.

Experiments
1. Material for Experiment
As shown in Fig. 1, the fuse-head employed was composed of a platinum bridge-
wire coated with 5 milligram lead dinitrosoresorcinate as the first layer, and over it, with
5 milligram mixture of lead rhodanate and potassium chlorate as the second layer.
The bridge-wire, SWG 49, is made of platinum alloy containing 10 % of iridium,

2 millimeters in length, with 0.9.2 electric resistance and its tolerance is within
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+ 012

Films were made on the ignition process both in the open and in the closed tubes.
In the latter case, the fuse-heads were charged, as shown in Fig. 2, with delay com-
position in transparent quartz tubes of 6 millimeters in diameter. The device was
purported to enable the authors to observe the ignition processes in a condition as

close to those in the detonating caps as possible.

L

Delay composition Plug Sulfur seal
First  Second Insulated Fuse-head Insulated wires
layer ‘layer wires Fig. 2

Fig. 1 Fuse-head

‘“Bridge-wire ”’
heated by Plug
electric current

2. Photographing

a. Apparatus

A 16 millimeter high speed motion picture camera of the Fukuhara style’ was
used for this experiment. As shown in Fig. 3, a small neon glow bulb (N,) was
employed as a time indicator and the electrodes of which were so designed as to

flash alternately in an exact frequency based on a tuning fork oscillator.

A 5 o For the purpose of marking the switch-in
G oy time, another neon bulb (N,) was connected
L " E in parallel to the fuse-head circuit. Thus it
O 5 was devised so that the ignition process and
Lol w Y T ]S the two neon bulbs would be filmed together
100V in the same frame. )
X *‘”‘°: b. Method
In this series of experiments, the methods

Fig. 3 of both bright field and dark field photography

Amplifier .
Power supply (6 volts) which was insufficient for indicating

E: 16 mm high speed motion picture  were employed because it was difficult to film
camera .

L: Background light for the bright the sparks by the bright field method. . The
field photographing cranking speed ranged from 2,300 to 3,200

G: Background screen (frosted glass)

I: Testing fuse-head frames per second.

N;: Time indicating neon bulb 3. Electric Current Applied

N,: Switch-in-time indicating neon bulb

S,: Starting trigger A storage battery (B,) was used to supply

;1) Tuning fork oscillator the necessary current. Due to its low tension

X:
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the switch-in time, however, the
circuit, as shown in Fig. 4, was
employed : that is, a thyratron
(V) was adapted and a neon
bulb (N,) was connected to its
anode circuit so that the former
would be discharged by switch-
ing.

A relay (X,) was used in
order to regulate the time lag
(0.1 to 4.0 seconds) between the
moment of crank-in of the came-
ra and the moment of the elect-
rification of the fuse-head.

Further, in case of the fuse-
heads in closed tubes, a device,
as shown in Fig, 5, was emplo-
yed so that time required for
rupture of the bridge-wire could

be measured.

Part 1. Bright Field
Photography

1. Ignition in the Open

The "motion picture was
taken of ignition processes in
the open applying the currents
of 0.7amp., 1.0amp., 1.5amp.,
2.0 amp., 3.0 amp., and 6.0 amp.

Generally speaking, the igni-
tion process is classified into the

following stages :

(a) When electrified, the
fuse-head is caused to rupture

partially and then a part of it is

+
B3 li
Fig. 4
B,: Source for neon bulb (200V)
B,: Source for ignition ( 6V)
B;: Source for relay operation (24V)
V: Thyratron (type 66-GT)
N, : Switch-in-time indicating neon bulb
N;: Pilot neon bulb
S, Ss Sg: Ganged switches .
Si, Ss: Relay contacts
Si: Contact point of high speed motion picture
camera
R,: Stabilizer for N, (100 K2)
R,: Stabilizer for N, ( 10K2)
R;: Voltage dropper ( 50K2)
R,: Bias adjuster ( 10K2)
Rs: Grid resistor (100K2)
Rs: Time lag regulator { 50K2)
R,: Igniting current regulator (1092
I: Testing fuse-head
C,: Cathode by-pass condenser ( 10 uF)
C;: Time delaying condenser (500 pF)
X,: Primary relay :
X,: Secondary relay
= Si
R, % R i“ T
N
N (2%
S ¥
I 16O v
O
Fig. 5
S;: Starting trigger
§: Relay switch
R,: Igniting current regulator
R,: Stabilizer for neon bulb
N: Switch-in and rupture indicating neon bulb
I: Testing fuse-head
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blown away in powder. (For convenience, this stage is referred to as the “ excitation

time” and is marked with a “#” symbol. The time value has been obtained by

measuring the time from electrification to the particular stage or step. The same

shall apply hereafter with an exception that the prefix capital 7, in place of small

t, designates the case in the dark field photography.)

. (b) At this moment, the flame appears for the first time and it gradually grows '

- A tmax

®
*

TIME (MILLISECONDS)

photography

- ——Bright field - Dark field
photography
* ‘tf °
40 -
0 X ol 'ti a

0 0710 15 20 30
CURRENT (AMPERES D.C.)

bigger. (This stage is referred to as
the ‘“inflammation time” shown' with
a symbol “#7.)

(¢) The flame reaches the maxi-
mum. This stage is referred to as the
“maximum flame time” which is de-
signated by a symbol ““i,.x”.)

(d) The flame decreases and ex-
tinguishes. (This stage is referred to

3

as the “extinguishing time” which is
designated by a symbol “£”.)

Photo. 1 shows the stages when
2.0 amp. was applied for ignition, and
photo. 2 shows the case of 0.7 amp.
The time values obtained under various
igniting currents are shown in Table
1. and Fig. 6. The figures shown in
the tables contained in this paper al-
ways show both the upper limit and
the lower limit of the time values of

individual stages.

15 ’ 20, | 30 | 60

Fig. 6
Igniting current (A) 0.7
Excitation time [t 9.7 15.7
Inflammation time [#;] | 21.3] 22.2
Maximum flame time 363 372
[tmax] ’ |
Extinguishing time . [#] | 51.0] 65.1

32 39 22 30 18 22 03 06
74/ 7.8 7.8 81 64 69 39 3.8

204 23.8| 22.8| 19.8 17.3| 20.0 14.2) 15.0
404] 350/ 369 344 27.3 313 26.7, 300

Unit of time: Milliseconds
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Although the ignition caused 'by currents exceeding 0.7 amp. showed a similar
tendency as described above in individual stages with the exception of a slight diffe-
rence in time, in the case of 0.7amp., it was observed that funnel-shaped gas or
smoke gushed out (photos. 2-1 and 2).

The foregoing discussion and observation may be summed up in the following
interim suggestion: When the amperage applied is below 1.5amp., the time required
for each one of the four stages is not uniform, whereas in case of 2.0 amp. or more,
the influence exercised by the amount of amperage is relatively small and weak.

2. Ignition in the Closed Tube

The motion picture was taken of
ignition processes of fuse-head in the 20
closed tube applying the currents of
0.7 amp., 1.0 amp., 1.5 amp., 2.0 amp.,
and 3.0 amp.

The general tendency of the igni- 15 [~
tion processes is as follows: .

(a) When electrified, the end: of
the fuse-head is blown up in fragments
and powder. This stage corresponds
to the “ #s” stage.

(b) A flame is caused and it

TIME (MILLISECONDS)
3
]

grows bigger. This corresponds to the 5
“t” stage.

(¢) The flame reaches the delay
composition. This stage shall here-

after be referred to as the ‘‘flame I | | |

' ) 0 0T 10 w20 30
contact time” and be shown with a .
CURRENT (AMPERES D. C.)
new symbol of “Ig”. .
Fig. 7

(d) The flame reaches the maxi-
mum. This stage corresponds to the

’

‘tnax ~ stage. Halation is recognized in the photographs.

(e) The flame decreases and extinguishes. This stage corresponds to the “ 7,
stage.

Photo. 3 shows the ignition phenomena at each stage when 2.0 amp. is applied.

The results obtained under various ignition currents are shown in Table 2 and Fig. 7.
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Table 2.

Igniting current (A) 0.7 ‘ 1.0 15 2.0 3.0

Excitation time [t/ 97| 155| 67| 84| 38| 43| 32| 36| 21| 24
Inflammation time [#]] 12.8 | 16.7 791 100 5.2 71 44| 52| 43 41
Flame contact time [fz]| 13.8 | 174 9.7 | 103 6.0 7.4 6.0 5.6 48| 43
Flame maximum time 176 | 198 | 11.8

max:l

12.2 8.6 9.5 8.0 84\ 71 6.7

Unit of time: Milliseconds
3. Consideration

Compared with the ignition in the open, the time required for ignition in the
closed tube is shorter and halation caused by the flame at its maximum is shown on
the film. By this, it is evident that deflagration (powder explosion) is caused by
the fuse-head because of the ignition taking‘place in the airtight tube. Since the
ignition of the fuse-head is the dominating factor over the blasting effect the igniting
current exercises vital influence over the blasting.

From the above-mentioned experimental evidences, it is considered that in case
igniting currents below 2.0 amp. are applied, the ignition is greatly affected by their
amperage and even under the same amperage, the dispersion of time at the individual
stages described in the preceding paragraphs is relatively large. Therefore, it is
conside;red that the igniting currents of 2.0 amp. or more should be employed for

simultaneous blasting.

Part II. Fuse-heads Incorporated in Electric Detonators

The blasting time, which is referred to as “#p”, of the electric detonators equip-
ped with fuse-heads of the same type as employed in the previous experiments
described in the foregoing chapters, was measured by an oscillograph. The results
are shown in Table 3 and in the broken line in Fig. 7. The ignition currents applied

in these experiments were 0.7 amp., 1.0 amp., 1.5 amp., 2.0 amp., and 3.0 amp.

Table 3.

Igniting current (A) \ 0.7 ’ 1.0 I 1.5 } 2.0 \ 3.0

1 Blasting time [#p] ‘ 10.01 12.0‘ 6.7 | 8.0\ 4.0| 5.4} 3.5‘ 4.3‘ 2.71 31

Unit of time: Milliseconds

From the above experiments, a peculiar phenomenon was observed : that is, the
curve indicating the blasting time was always found between the excitation time and
the inflammation time. In other words, “fp” always preceded “#;”.

The experiments, described in the following part, were conducted for the purpose

of investigating into this peculiar tendency by means of the dark field photography.



66 Ichiro Iro, Yoshikazu WAkAzoNO, and Yuzo FujiNakA

Part III. Dark Field Photography

1. Ignition in the Open

The ignition processes of fuse-heads in the open were filmed by the dark field
photography with electric currents of 0.7 amp., 2.0 amp., and 6.0 amp. applied.

The process, when 2.0 amp. was applied, is shown in Photo. 4 and the observation
can be summarized as follows; when the film was made by the bright field photogra-
phy, the changes of the fuse-head on its surface was not clearly recognized, whereas
it was clearly observed by the dark field photography that the body of the fuse-head
itself was heated as shown by Photo. 4-1. This stage corresponds to that of the

excitation time described in (a), 1. Part L

It was also observed by the dark field photography that the matter blown away
at the stage corresponding to that of the excitation time were numerous sparks and
hot slags driven out of the body of the fuse-head. This is evidenced in Photos.
4-2 and 3. The phenomena observed at other individual stages were almost the same
as in the case of bright field photography.

In the cases in which the amperage of igniting currents applied was low, for
example 0.7 amp., the amount of sparks and hot slags was small, whereas in the
cases where the amperage was relatively high, for instance 6.0 amp., the amount was
large. Photos. 5 and 6 show the comparison.

It is suggested, therefore, that the dark field photography is more advantageous
in observing slight changes during the ignition processes than the bright field photo-
graphy, and that what is called the excitation time or “ fs” in the bright field photo-

<

graphy can be divided in the dark field photography into the “ excitation time in
the dark field photography,” or “ T¢” and the “sparking time”, or “ T;”. For the
discrimination purpose, the time values obtained by the dark field photography are

prefixed by capital T’s and are shown by dotted lines in Fig. 6.

2. Ignition in the Closed Tube

The igniticn processes of fuse-heads in the closed tube were filmed by the dark
field photography with electric currents of 0.7 amp., 1.0 amp., 2.0 amp., and 3.0 amp.
applied. The ignition processes can be generally classified info the following stages:

(a) Several milliseconds after electrification, the surface of the fuse-head is
heated (excitation time or “ Tr").

(b) A part of the fuse-head is blown up in burning fragments (sparking time
or “ Ts”).

(c) The hot slags or the burning fragments reach the delay composition (spark
contact time or “ T, 7).

(d) A flame is caused from the body of the fuse-head (inflammation time or
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“T:™.
(e) The flame grows bigger and
a0 reaches the delay composition (flame
contact time or “ Tg ).
(f) The flame reaches the maxi-
mum and causes deflagration (maxi-
. B mum flame time or “ T ).
é (g) The flame decreases and is
8 extinguished (extinguishing time or
& “T,).
S 10r- Photo. 7 shows the process when
‘2’ 2.0 amp. was applied. The time values
E at each stage under various currents
) applied are shown in Table 5 and in
5 Fig. 8.
3. Consideration
As described in the preceding
L [ | [ paragraphs (1 and 2, Part III), the
0 07 10 520 30 dark field photography revealed the
CURRENT (AMPERES D.C.) fact that the blown powders and frag-
Fig. 8 ments as observed by the bright field
Table 4.

Igniting current (A) 1 07 | 20 | 60
Excitation time [Tr] 7.9 85 2.0 24 0.4 0.5
Sparking time [Ts] 104 10.2 4.0 40 3.1 25
Inflammation time LT 149 14.6 7.6 8.8 113 5.0
Maximum flame time [ Tpax] 294 300 304 252 29.6 170
Extinguishing time [T] 46.8 45.1 52.0 47.6 41.6 380

Unit of time: Milliseconds
Table 5.

Igniting current (A) } 0.7 ‘ 1.0 20 3.0
Excitation time [771] wo1| o7! 60| 73| 24| 24| 12| 12
Sparking time [T, 101] 101 73 771 36| 36| 12 1.2
Spark contact time [T] 105 105 73 8.1 4.0 44 2.0 2.0

f Inflammation time [T 10.5 10.5 7.7 7.7 3.6 44 3.6 3.6
Flame contact time [ T&] 12.0 10.8 8.1 9.0 44 5.2 44 48
Maximum flame time [ Tmax] 13.6 12.8 10.7 11.6 7.2 7.6 6.4 7.6

Unit of time: Milliseconds
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photography were composed mostly of sparks and hot slags. And the two stages,
namely, the excitation time (Tf) and the sparking time ( 75) which could not be
distinguished by the bright field photography, were clearly distinguished by the dark
field method.

Table 3 and Table 5 show the range of the blasting time (ip) and the individual
igniting stages included therein. They are interpreted as follows:

(a) When 0.7 amp. was applied, the blasting time (#p) ranged from 10.0 to 12.0
milliseconds and within this range were included the excitation time ( Tr), the spark-
ing time (7s), the spark contact time (T’>’, the inflammation time (73), and the
flame contact time ( 7).

»»

(b) When 1.0amp. was applied, “ #p” ranged from 6.7 to 8.0 milliseconds and

“ T, “Ts7, “T,7”, and “ T;” were included within the range.

’

(¢) When 2.0amp. was applied, “ #p” ranged from 3.5 to 4.3 milliseconds and

“T,7, “T,”, and “ T;” were included in the range.

i3]

(d) In the case 3.0 amp. was applied, “ #p " range was between 2.7 to 3.1 milli-
seconds and only the spark contact time ( 7,) was included within the range.

From the above observation, it can be concluded that in the cases in which the
currents of low amperage such as 0.7 amp. are applied, the dispersing range of the
blasting time (#p) is relatively wide and so is the dispersing range of time value at
each stage of ignition ; and, consequently, it is not evident at which stage the deto-
nator is initiated.

It can also be concluded that the higher the amperage of applied currents are
(as in the case of 1.0amp. and 2.0 amp.), the narrower become the ranges of disper-
sion of the blasting time and the fewer stages are included within the ranges.

It is worthy of note that when the applied amperage reaches as high as 3.0 amp.,
the igniting stage included within the range of blasting time is nothing but “ T,”
or the spark contact time, This particular phenomenon is interpreted as an evidence
that the detonator can be initiated, not by the flame blown out of the fuse-head, but
by the sparks and hot slags which have been observed by the dark field photography.
Therefore, the fact that the blasting time preceded the inflammation time, as described

in Part II, explains that the detonating caps are initiated by the jetting sparks and
hot slags.

The ranges of dispersion vary depending upon the igniting stage where the ini-
tiator is initiated. The length of the blasting time also varies depending upon the

stage where the ignition of the initiator occurs.

Part 1IV. Rupture of Electric Bridge and Simultaneous Firing
1. Rupture of Platinum Bridge-wire in Closed Tube

a. Experiment
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By means of the dark field photography, studies were made on the time required
for rupture of platinum bridge-wire (“rupture time ”"——* T,,”") and on the condition
of ignition thereat. Photos 8-11 are the results.

As indicated in Fig. 5, it was so designed that a neon glow bulb that indicates
the switch-in time would be off at the instant the rupture of platinum bridge-wire
occurred.

Photo. 8 shows the case when 0.7 amp was applied and the neon bulb was put
off at its stage 5, which corresponds to the stage following the “ T,..x" as explained
in the preceding part.

In the case of 1.0 amp., it was put off at stage 5 of Photo. 9, which corresponds
to the stage of ““ T,y .

In the case of 2.0 amp. as evidenced by Photo. 10, it was put off at its stage 3
which corresponds to the “ 7;” stage.

In the case of 3.0amp., the neon bulb was put off at the stage 2 of Photo 11,
corresponding to the stage of “ T, ”.

Table 6. b. Consideration

— - : Table 6 shows the time
lgnitng | Time value | Time value | lasting tme| value for rupture of the
07 147 175 11.0 bridge-wires under various
1.0 9.0 11.2 7.4 ignition currents. The values
15 — 6.7 47 were obtained by the experi-
2.0 3.8 3.6 40 ments described above. The
80 1.6 14 2.9 table also shows the time
Unit of time: Milliseconds values obtained by another

series of experiments con-
ducted in closed tubes and measured by an oscillograph. For comparison, it further
includes the time values of blasting (#p) of detonating caps obtained by experiments
described in Part II.

From this table, it is observed that the higher the applied amperage is, the faster
the time required for rupture of bridge-wire become. It is also observed that in
case 1.5 amp. or below is applied, the value of rupture time ( Ty is larger than that
of blasting time (#p). This is because the bridge-wire is ruptured by the blasting
of detonating caps rather than by the electrification of bridge-wire itself.

On the other hand, in case 2.0 amp. or more is applied, the value of rupture time
(Tw) is smaller than that of the blasting (f{p). This is because the bridge-wire is
cut off by its electrification rather than by the blasting of detonating cap. Despite
such early rupture, the ignition of the fuse-head makes a smooth progress. This is
because currents with higher amperage give larger igniting energy to the bridge-wire.
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On the contrary, in case the currents of lower amperage are applied, elevation of
temperature is slow; despite long application time, the igniting energy is small;
consequently, the excitation time lasts longer. This results in larger dispersion of
time values at individual stages as described in the foregoing part. Accordingly, if
the currents of low amperage are applied, misfires at simultaneous firings are more

frequent.
It is proposed, therefore, that the currents of high amperage are desirable for

successful firing even though early rupture of the bridge-wire takes place. For prac-
tical purposes, it is further proposed that the currents of 2.0 amp. or more should be

employed in order to prevent misfires.

2. Simultaneous Firing

The motion picture was taken by the dark field photography of simultaneous
firing of fuse-heads within closed tubes which were set in six rows and connected
in series. The igniting currents applied were 0.4 amp., 0.6 amp., 0.8 amp., 1.0 amp.,
1.5 amp., and 2.0 amp. '

The following results, shown in Table 7, were obtained by the experiments.

Table 7.
Simultaneous firing of six fuse-heads
Igniting current (A) —
1 1 2 | 3 ’ £ | s e
04 ' 192 misfire | misfire 20.4 20.4 20.4
0.6 12.2 12.0 13.6 151 12.8 misfire
0.8 5.6 5.6 6.0 6.0 6.8 5.6
1.0 4.9 41 5.3 49 4.5 4.9
1.5 2.7 3.1 2.3 2.3 3.4 2.3
20 2.0 2.0 2.0 20 20 2.0

Unit of time: Milliseconds

When 0.4 amp. was applied, two of six fuse-heads caused misfire; and one of six,
when 0.6 amp. was applied, resulted in misfire; but when 0.8 amp. was applied, no
misfire took place, even though the dispersion of ignition fime was observed.

Thus, in case the amperage of the applied currents is low, misfires take place,
and even when successfully fired, the dispersion of ignition time marks a characteris-
tic tendency. The above results also shows, as evidenced by the previous experiments,
that in order to prevent the dispersion of the ignition time value, the application of

higher amperage would be more advantageous.

Conclusion

In conclusion, the following points on the ignition processes of fuse-heads have

been clarified by the high-speed motion pictures taken in both dark and bright field
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photography.

1. The fuse-heads with double coating of the lead dinitrosoresorcinate and the

mixture of lead rhodanate and potassium chlorate are ignited in the following order:
(a) The fuse-heads are heated.
(b) Sparks and hot slags are jetted out.
(¢) A flame comes out and extinguishes,

2. The igniting process of fuse-heads conducted in closed tubes is different from
that conducted in the open. Powder explosion is characteristic with the the ignition
in the closed tubes.

3. When such a fuse-head is enclosed in detonating caps, it is considered that
the electric bridge-wire causes rupture by its electrification under the applied current
of 2.0 amp. or more, whereas, in case less than 2.0 amp. is applied, it is ruptured by
blasting of the detonating cap.

4. In order tb reduce the dispersion of the blasting time value of electric deto-
nators, the kind of fuse-head that gives out powerful igniting energy at the early
stage of ignition process is desirable.

5. Ignition of the initiator of electric detonator is more likely caused by sparks
and hot slags which come out of the fuse-head prior to inflammation rather than by
flames blown out of it.

6. When such fuse-heads are used, the currents to be applied should be 2.0 amp.

or more, and less than that is liable to cause misfires at simultaneous firings.
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Photo. 1

Bright field photography in the open
2.0A., 2,280 frames second

Befcre firing

(A) Time in- Frame Ne. 31

dicating 104 ins

neon bulb

Switch-in
time

Frame No. 1
0 ms

Maximum

flame time

Frame No. 60

(B) Switch- 1.8 ms
in-time
indicating
neon bulb

Excitation
time
Frame No. 89

Frame No. 10
3.0 ms

29.6 ms

Extinguishing
Frame No. 18 time

Frame No. 103
34.3 ms

5.7 ms

Inflammation
time

Frame No. 26

8.4 ms
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Photo. 2 Photo. 3
Bright field photography in the open Bright field photography in closed tube
0.7A., 3,200 frames, /second 2.0 A, 2,330 frames, second

Excitation
ti Frame No. 9
ime
3.2 ms
Frame No. 38
11.6 ms —Excitation
time
)

Frame No. 4° Frame No. 10

12.8 ms 3.6 ms

nflammation

time Frame No. 12

Frame No. 6( 44 ms

184 ms -Inflammation
time

Frame No. 16
6.0 ms

Frame No. 74

22.8 ms
Flame con-

tact time

Maximum .
Frame No. 21
8.0 ms

flame time
Frame No. 89 :
27.5 ms ; i « : < Maximum

flame time
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Photo. 4 Photo. 5
Dark field photography in the open Dark field photography in the open
2.0A., 2,500 frames, second 0.7A., 2,420 frames, second

Excitation Excitation

time time
Frame No. 7

2.4 ms

Frame No. 20
7.9 ms

Sparking Spaiking

time time

Frame No. 11
4.0 ms

Frame No. 26
10.4 ms

Frame No. 1€ Frame No. 32

9 -~ Q
.2 ms 12.8ms

. Izflammation
nflammatio:

; time
time
Frame No. 37

149 s

Frame No. 2¢
8.8 ms

Maximum

o flame time
Frame No. 33

Frame No. 72
29.4 ms

12.8 ms
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Photo. 6 Photo. 7
Dark field photography in the open Dark field photography in closed tube
6.0A., 2,570 frames second 2.0A., 2,500 frames second

Excitation < Excitation

time time

Frame No. 2 Frame No. 7

0.4 ms 2.4 ms
N2
< Sparking
Sparking time and
time inflammation
time

Frame No. 9

3.1 ms Frame No. 10

3.6 ms

~—Spark con-

tact time
Frame No. 13
47 Frame No. 11
e 40 ms

Inflammation < Flame con-

time tact time

Frame No. 12
44 ms

Frame No. 20

11.3 ms

Maximum Maximum

flame time flame time

| Frame No. 19
. 7.2 ms

Frame No. 77
29.6 ms
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Photo. 8 Photo. 9

Dark field photography in closed tube Dark field photography in closed tube
0.7A., 2,580 frames, second 1.0A., 2,330 frames, /second

Excitation
time

Frame No. 26
9.7 ms

Excitation

time

(C) Time in-
dicating
neon bulb

(D) Rupture
indicating
neon bulb

Frame No. 15
6.0 ms

Frame No. 28 Frame No. 18

10.5 ms 73 ms r;}

Frame No. Frame No. 19

11.6 ms 77 ms

. &
Maximum
flame time Frame No. 21
Frame No. 34 8.6 ms
12.8 ms
5
Maixmum

Rupture time flame time

and rupture
Frame No. 39

| time
. 147 ms
Frame No. 26

10.7 ms
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Photo. 10 Photo. 11
Dark field photography in closed tube Dark field photography in closed tube
2.0A. 2,500 frames second 3.0A., 2,500 frames second

Excitation Excitation
time time
Frame No. 7 Frame No. 4
24 ms 1.2 ms
Inflammation
time Sparking time
and rupture
Frame No. 10 :
time
3.6 ms

Frame No. 5
1.6 ms

Rupture time
Frame No. 10

Frame No. 11 3.6 ms

4.0 ms






