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Abstract: The validation of the consistency of combustion front propagation along
confined, low-gas, curved, pyrotechnic paths pressed into the grooves of the disc
bodies of artillery and rocket ammunition fusing systems, is of critical importance
as it concerns the functional reliability and safe usage of such types of ammunition.
To validate the above consistency, Real Time X-ray Radioscopy (RTR) was utilized
for the recording of the combustion process of curved pyrotechnic paths comprising
two delay time segments. To confirm the observations obtained by the RTR
technique, visual (VIS) recording was utilized for the unconfined pyrotechnic path.
Due to the RTR and VIS techniques, evolution of the combustion process
was recorded as a combustion front travelling along the pyrotechnic path.
The combustion front had a convex shape. Using the VIS technique, a conical,
bright tail was also observed behind the combustion front. The mean velocity
of the propagation of the combustion front along each delay segment of the confined
pyrotechnic path was determined on the basis of the RTR recordings.

Using the RTR and VIS techniques, it was possible to quasi-continuously detect
and record the combustion front movement along the confined and unconfined
pyrotechnic paths, respectively. The VIS observations confirmed the RTR recording
of'the convex shape of the combustion front. In addition, the VIS technique allowed
us to record the bright, conical tail.
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1 Introduction

The application of pyrotechnic paths pressed into ring grooves of time delay
fuses of artillery shells and rockets have a history of over a century [1-24].
With the development of such types of fuses, black powder [1-9] was gradually
replaced by pyrotechnic compositions of slower burning rate and/or liberating
smaller amounts of gaseous combustion products [10-24]. Interesting test
results on the dependence of the burning rate of modern, low-gas, pyrotechnic,
ring shaped paths on their initial temperatures, are presented in [22-24].

Not exactly ring shaped, low-gas pyrotechnic paths, but ones with circular
shapes are used in self-destroying timing assemblies of short-range, anti-aircraft
missiles in service with the Polish Army. In order to obtain more detail about
the evolution of the combustion process in such paths, confined (covered)
ones were selected for the recording of their burning process by means of Real
Time X-ray Radioscopy (RTR), together with unconfined (uncovered) ones
for recording of their burning by a visual (VIS) camera.

2 Test Samples

The self-destroying timing assemblies were extracted from anti-aircraft short
range missiles. Each assembly comprised a plastic body with a cylindrical cavity
housing the input and output ignition channels. The output ignition channel
communicated with the detonation cap of the warhead high explosive charge.
This body also accommodated a steel disc housing a pressed, curved, segmented
delay timing pyrotechnic path covered by a sealing felt disc which separated
the pyrotechnic path from the bottom of the plastic body cavity. Both discs
and the bottom surface of the plastic body cavity were secured tightly in place
and had a diameter of 25.8 mm. The steel disc was 4.2 mm thick. The pyrotechnic
path (Figure 1) was ca. 55.7 mm long, 3 mm wide and 3 mm deep.
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Figure 1. Unconfined (uncovered), curved, segmented pyrotechnic path
pressed into the groove of the steel disc of a self-destroying timing
assembly of an anti-aircraft short range missile

The first ignited pyrotechnic segment, 7.e. the input ignition one, is the first
one from the right of the pyrotechnic path (Figure 1). The next two ignited
segments of the pyrotechnic path, the short and long delays, are responsible for
the generation of a substantial part of the delay period of the self-destroying
timing assembly. The final ignited pyrotechnic segment of the pyrotechnic path,
is the output ignition one.

The input and output ignition segments were composed of 74.5% lead(1l, IV)
oxide (Pb3;04), 23.5% zirconium powder and 2% collodion nitrocellulose.
This pyrotechnic composition burns vigorously with a relatively high rate
even at low pressure. The short delay segment, ca. 6 mm long, was composed
of 81% barium chromate(VI) (BaCrO,), 9% potassium chlorate(VII)
(KCl104), 8% sulfur, and 2% collodion nitrocellulose. The long delay
segment, ca. 46 mm long, was composed of 77.5% BaCrO,, 10.5% antimony
pentasulfide (Sb,Ss), 10% KClO, and 2% collodion nitrocellulose.

3 Test Methods

Each investigated self-destroying timing assembly (containing a covered
pyrotechnic path) was inserted into the detection chamber of a Real-Time X-ray
Radioscopy (RTR) MU-17F-225-9 diagnostic system (YXLON International
X-ray Corporation), and then examined for defects by X-rays (Figure 2).
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Figure 2. RTR image of a confined (covered) curved, segmented pyrotechnic
path of a self-destroying timing assembly of an anti-aircraft short
range missile

Figure 2 shows that the pyrotechnic path had no distinct structural defects,
such as voids and/or cracks. The input and output ignition segments are the darkest
ones due to the presence of lead in their compositions.

After X-ray examination, each test sample was ignited in the RTR
chamber by an electric fuse-head. Combustion of the covered pyrotechnic
path was detected and recorded by the RTR diagnostic system, at 30 fps
and a resolution of 1528 x 1052 px.

Each investigated uncovered (open) disc with the pyrotechnic path,
was also visually examined using a VIS camera (Figure 1). Figure 1 confirms
(as in the case of RTR examination) that the pyrotechnic path of the self-
destroying timing assembly had no distinct structural defects, such as voids and/or
cracks. After VIS examination, each test sample was ignited by an electric fuse-
head. Combustion of the uncovered pyrotechnic path was detected and recorded
by the VIS camera at 50 fps and a resolution of 1920 x 1080 px.

4 Results and Discussion

4.1 RTR recordings

A typical sequence of RTR images (frames) selected from the RTR film,
is shown in Figures 3(a) to 3(r), successively presenting the ignition and fast
burning of the input ignition pyrotechnic segment (Figures 3(a) and 3(b)),
burning of the short delay segment (Figures 3(c) to 3(f)), burning of the long
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delay segment (Figures 3(g) to 3(p)), and finally ignition and fast burning
of the output ignition pyrotechnic segment (Figures 3(q) and 3(r)).
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Figure 3. Sequence of RTR images showing the combustion of a confined,
curved, segmented pyrotechnic path of the self-destroying timing
assembly of the fusing system of an anti-aircraft short range missile
Note: In Figures 3(c) to 3(j), the positions of the combustion front
are indicated by arrows, but for Figures 3(k) to 3(p), the combustion
front positions are indicated as black arcs.

It was possible to observe the evolution of the combustion process as
the combustion front travelled along all of the pyrotechnic segments of the
pyrotechnic path. The combustion front was visualized as a moving convex
border between the burnt and unburnt parts of the pyrotechnic path. The length
of the combustion front, i.e. its length between the opposite side walls of the
pyrotechnic path, varied during the course of the combustion process. The longest
combustion front occurred at the turnings of the pyrotechnic path (Figure 3(i)).

On the basis of the RTR images, it was possible to determine important
parameters of the self-destroying timing assembly as concerns its reliable functioning
and safe usage in the missile fusing system. These parameters were: the total burning
time of the confined pyrotechnic path and its mean burning rate. The total burning
time of the pyrotechnic path should last between 14 and 17.5 s, counted from the
firing of the missile to its destruction during flight if the missile misses the air-target.
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From the RTR frame which registered the first symptoms of ignition
of the input pyrotechnic segment (Figure 3(a)) to the frame which registered
the opening of the channel accommodating the output ignition segment due
to its partial burn out (Figure 3(q)), it was estimated that the total burning time
of the tested self-destroying timing assembly was ca. 16.8 s.

The total length of the pyrotechnic path measured along its central line
(including input and output ignition segments), was ca. 55.7 mm, so the mean
burning rate of the whole pyrotechnic path was estimated as ca. 3.3 mm/s.

In order to obtain more detailed data on the dynamics of the burning
process in its most decisive stages for the delay time, the mean burning
rates of the short and the long delay pyrotechnic segments were determined.
The time coordinates of the combustion front travelling along these segments
were determined as the time points of the RTR frame recordings. The position
coordinates of the combustion front, corresponding to the time coordinates,
were obtained as a result of the intersection of the central line of the pyrotechnic
path with the combustion front. On the basis of selected RTR frames (Figures 3(b)
to 3(e), Figure 3(g), Figure 3(h), Figure 3(j), and Figures 3(k) to 3(p)), a plot of the
combustion front positions versus their time coordinates was created (Figure 4).
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Figure 4. Plot of combustion front position coordinates (x) vs. time (¢) points
corresponding to these position coordinates for short and long delay
segments of the confined pyrotechnic path, (registered by the RTR
technique), and regression straight lines obtained for the short and
long delay segments, respectively
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The combustion front positions shown in Figures 3(f) and 3(i), were not taken
into consideration in the creation of the distance-time plot (Figure 4) because
in Figure 3(f) the combustion front seems to intersect the border line between
the short and long delay segments, and in Figure 3(i) the combustion front
position is difficult to determined precisely in relation to the central line
of the pyrotechnic path.

On the basis of the value obtained for the direction coefficient (slope)
of the first regression line attributed to the short delay pyrotechnic segment
(Figure 4), its mean burning rate was estimated as 1.6 mm/s. On the basis of the
value obtained for the direction coefficient (slope) of the second regression line
attributed to the long delay pyrotechnic segment (Figure 4), its mean burning rate
was estimated as 3.3 mm/s.

4.2 VIS recordings

A typical sequence of VIS images (frames) selected from the video-camera
film, is shown in Figures 5(a) to 5(j), presenting burning of the uncovered short
(Figures 5(a) to 5(d)) and long delay segments (Figures 5(e) to 5(j)), respectively.

(d)5.26 s
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(i) 14.22 s

(i) 18.02's

Figure 5. Sequence of VIS images showing the combustion process of an
uncovered (unconfined), curved, low-gas, segmented pyrotechnic
path

The development of the combustion process could be observed
as the combustion front and, adjacent to it the bright, long, conical tail stretching
behind it, both travelling along the short and long delay pyrotechnic segments.
The combustion front was visualized as the moving convex border between
the burnt and unburnt parts of the pyrotechnic path. The length of the combustion
front, i.e. its length between the opposite side walls of the pyrotechnic path,
varied during the course of the combustion process. The longest combustion
fronts occurred at the turnings of the pyrotechnic path, i.e. at sections connecting
its curved parts with the straight part (Figures 5(f) and 5(i)). The length
of the tail varied in the course of the combustion process. The total burning
time of the uncovered pyrotechnic path was longer than 18 s. In Figures 5(b)
to 5(j) the uncovered pyrotechnic path is screened to some extent by its gaseous
combustion products not evolving intensely.
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5. Summary and Conclusions

Using the RTR technique, it was possible to quasi-continuously detect and record
the combustion front movement during the burning of the confined (covered)
curved, low-gas, segmented, pyrotechnic path in the self-destroying timing
assembly of an anti-aircraft short range missile fusing system.

The VIS recording of the combustion process of the unconfined (uncovered)
curved, low-gas pyrotechnic path, confirmed not only the RTR observations
on the combustion front shape and its evolution during burning of the confined
pyrotechnic path, but they allowed us to obtain information on the occurrence
of'the bright, conical, long tail extending behind the combustion front and adjacent
to it. It seems that the conical shape of this tail was caused by gradual cooling
of the condensed (mainly solid) combustion products which started to cool from
the periphery (side) layers of the pyrotechnic path towards its center line.

The combustion front movement along the short and long delay segments
of'the confined pyrotechnic path, was stable because this front travelled along each
segment with an estimated constant velocity. The total delay time of the confined
pyrotechnic path used in the self-destroying timing assembly of the fusing system
of the anti-aircraft short range missile, was consistent with the requirements
concerning the total delay time for this type of military munition.

The burning time of the unconfined pyrotechnic path was distinctly
longer than the burning time of the same type of pyrotechnic path confined
in the body of the self-destroying timing assembly. This difference in burning
times was probably caused by the pressure build-up from the gaseous products
liberated during the combustion of the confined pyrotechnic path.
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