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Abstract

In the present study, commercially available detonators with pentaery-
thritol tetranitrate (PETN) were subjected to elevated temperatures. The
detonators were thermally ignited over a range of heating rates to measure
ignition delay time and assess detonator violence. The violence of the deto-
nator was quantified by measuring the velocity of the detonator closure disc
(or “flyer”). The maximum flyer velocity of a thermally ignited detonator
was comparable in magnitude to that obtained by initiating a room tem-
perature pristine detonator with an exploding bridge wire (under the same
confinement); however, the high flyer velocity was not an indication of defla-
gration to detonation transition (DDT) in the thermally ignited detonator.
The detonator responded more violently when initiated at 95% of the igni-
tion delay time of the thermally ignited detonator. Inoperability thresholds
were also measured by varying the detonator temperature and the threshold

was found to be sensitive at detonator temperatures below the melting point

of PETN.
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1. Introduction

Assessing the behavior of confined PETN during an accident, such as a
fire, is important for safety analysis. In the current study, we investigated the
violence of PETN detonators during thermal ignition. We also investigated
the success or failure of the PETN detonator to operate as designed after
exposure to elevated temperatures. Thermal ignition of a confined explo-
sive occurs when the rate of heat release from exothermic chemical reactions
exceeds the rate of heat losses [1]. This process depends on the type of re-
actant, mass of reactant, reaction rate, pressure, and boundary conditions
of the reactant [2]. If the conditions are favorable, it is possible for the
thermally ignited explosive to transition from a deflagration to a detona-
tion front. Inoperability refers to whether or not the detonator functions
as intended during exposure to elevated temperatures and prior to thermal
ignition, after receiving an initiation input. The detonator is deemed oper-
able if it behaves normally, i.e., a detonation front is generated within the
explosive after receiving an initiation input, and it is deemed inoperable if a
deflagration front is generated within the explosive without a transition to a
detonation.

Previous work, shown in Fig. 1, on deflagration to detonation transi-
tion (DDT) of confined pristine PETN with a 1200 pm crystal size indicates
that a run-to-detonation length, L, or distance from ignition location to lo-

cation of detonation transition, of at least 15 mm is required; the length



increases for PETN density less than and greater than 70% of the theoretical
maximum density (TMD) [3]. Korotkov et al. [4] measured a minimum run-
to-detonation length of 20 mm for 80% TMD PETN with a 500 pum crystal
size. The minimum run-to-detonation length shifted to 76% TMD for 20 um
crystal size. The shortest run-to-detonation length of 8 mm was measured
by Griffiths and Groocock [5] using PETN with a crystal size of 422 um and
82% TMD. The studies by Luebcke et al. [3] and Korotkov et al. [4] used
nominal PETN column diameters of 5 mm and confinement thicknesses of
10 mm (mild steel) and 20 mm (brass and steel), respectively. In contrast,
Griffiths and Groocock [5] used a PETN column diameter and confinement
thickness of 2.5 mm. The critical detonation diameter for PETN with a
crystal size of 100 pm and 240 pm at 56% TMD is 1.5 mm and 3.5 mm,
respectively [6]. For completeness, the PETN column was ignited on one
end by a flame from lead styphnate in the Griffiths and Groocock [5] exper-
iments. In the Korotkov et al. [4] study the PETN column was ignited on
one end by an electrically heated nichrome spiral wire. The Luebcke et al.
[3] study used a boron/potassium dichromate mixture to ignite the end of
the PETN column. The experimental results shown in Fig. 1 are baseline
run-to-detonation lengths of pristine PETN of varying crystal sizes and den-
sities. The run-to-detonation lengths are expected to change for thermally
ignited PETN due to changes in porosity after the PETN melts and prior to
ignition [7].

This study presents experimental work on sealed commercially available
detonators. The detonators were subjected to elevated temperatures to study

their response at thermal ignition and operable/inoperable conditions. An
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Figure 1: Previous experimental results on deflagration to detonation transition of PETN

[3-5].

analysis was performed to determine if DDT occurred in the PETN when
thermally ignited at different heating rates. The violence and operability of
the detonators was quantitatively assessed by measuring the velocity of the
detonator closure disc following initiation. Additionally, the inoperability
threshold of the detonator was experimentally determined for a range of
detonator surface temperatures. The PETN pellet used in this study was
3.2 mm in length, which is shorter than the lowest experimentally measured

run-to-detonation length value of 8 mm [5].

2. Experimental Methodology

Teledyne RISI RP-87 detonators were heated to thermal ignition and
also used in inoperability testing. A cross-sectional cut of the cylindrical
detonator is shown in Fig. 2. The detonator consists of a low density PETN
initiating pellet (23 mg and 0.900 g/cc, 50% TMD) and high-density PBX
9407 (94 wt% RDX, 4 wt% FPC-461 fluoropolymer) output explosive (44 mg
and 1.690 g/cc). In all testing, it is the PETN and not the PBX 9407 that is
initially thermally ignited or ignited with an exploding bridge wire (EBW);
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PETN has a lower ignition temperature than PBX 9407 [8]. The energetic
material and header are all contained within a brass sleeve and stainless steel
can. In Fig. 2, the closure disc refers to the base of the can, with a thickness
of 0.17£0.01 mm adjacent to the PBX 9407 pellet, that detaches in the event
of a high-pressure build-up. For the remainder of this paper, the closure disc
will be referred to as a “flyer”.

4.8 mm

header

EBW

10.0 mm

3.2 mm

brass sleeve

3.2 mm

PETN

stainless steel can

closure disc

Figure 2: Cross-sectional cut of RP-87 detonator.

The detonator was axially centered in an aluminum cylindrical adapter,
shown in Fig. 3; note that the adapter also provides additional confinement
for the detonator in the radial direction. The additional confinement does
not have an effect on the thermal expansion of the stainless steel can during
heating. The linear thermal expansion coefficient of a range of stainless steel
types is 17-19 pm/m/K [9]. Considering a temperature range of 300-500 K,
the resulting radial expansion of the can will be less than 1 pm; this is 2
orders of magnitude smaller than the space available for expansion between
the stainless steel can and aluminum adapter. Figure 3 shows the front and

side views, and a cross-sectional cut of two adapter configurations (A and



C); configuration B (not shown in Fig. 3) is the same as configuration A
with the addition of a slit for a sapphire window. Each fixture has two
feedthroughs for two K-type thermocouple probes (shown as black rods in
Fig. 3). Configuration B and C adapters have slits that allow optical ac-
cess through sapphire windows; the top of each window is aligned with the
detonator closure disc. The cross-sectional cut view in Fig. 3 (a) shows two
bores (shaded green regions) located along the centerline axis of the adapter
and normal to the circumference of the adapter intersecting the centerline
axis, respectively; both bores were used for optical access. FEach adapter
was wrapped by a mineral insulated band heater (Watlow 150 W). To allow
for a clear field-of-view through the sapphire window, the band heater was
shifted up, off-center, in configurations B and C. By shifting the band heater,
one thermocouple feedthrough was blocked; therefore, configurations B and
C used a single thermocouple. Each thermocouple was inserted through the
feethrough and placed in contact with the detonator surface. The thermocou-
ple closest to the closure disc was used along with a proportional, derivative,
integral (PID) controller to heat the adapter at a user-specified heating rate;
the difference between the two thermocouple readings was nominally 0.5 K.

Photonic Doppler Velocimetry (PDV) and high-speed imaging were used
to measure the flyer response in both thermal ignition and inoperability tests.
PDV is a single point diagnostic that measures the velocity of a surface
through changes in frequency, i.e., light incident on a moving surface will
have a different frequency than the light reflected off of the same surface.
1550 nm laser light was directed at the flyer surface using a GRIN lens fiber
collimator (Thorlabs 50-1550A-APC). The reflected light was incident on the
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Figure 3: Front, side, and cross-sectional views of (a) configuration A and (b) configuration

C detonator adapters.

same collimator and was interfered with reference light within the PDV sys-
tem. In the absence of movement of the surface, interference of the reference
and reflected light leads to a beat frequency of zero; however, the reference
light was modulated to a different frequency such that interference led to a
non-zero beat frequency of 4.0-5.5 GHz. The PDV signal was digitized with
a Tektronix DPO71254C 12.5 GHZ oscilloscope; a sampling rate of 50 GS/s
was used over a test time of 100 us. A Phantom V2512 high-speed camera
was used to image the flyer through the sapphire window at framing rates of
663.265 kfps (configuration B) and 1000 kfps (configuration C) at resolutions
of 1088 x 16 px? and 896 x 16 px2, respectively.

2.1. Thermal Ignition

Thermal ignition testing was performed with configuration A adapters;

only PDV was used as a diagnostic. The PDV oscilloscope was triggered by



the motion of the flyer. Figure 4 shows a 375 nm laser beam (green line)
that passes through a 50/50 beam-splitter and is incident on the inside cavity
of the detonator adapter. Since the cavity is cylindrical, the beam initially
converges after reflection and later diverges; the beam reflects back onto the
beam-splitter and is focused on a photodetector. During an ignition event,
the flyer moves axially towards the collimator and interrupts the 375 nm laser
beam. The interruption is observed by the photodetector as a sharp drop in
intensity; this drop in signal serves as a trigger for the PDV system.

photodetector

lens
375 nm laser

50/50
beam-splitter
¥

+
collimator incident beam
probe
B reflected beam

mn 375 nim laser light

Figure 4: Schematic of thermal ignition PDV oscilloscope trigger setup using configuration

A adapter.

2.2. Inoperability

Inoperability testing was performed with the configuration B and C adapters.
Both PDV and high-speed imaging were used in configuration C; only high-
speed imaging was used with configuration B. After installing a detonator
and window in an adapter, the detonator surface was heated to a hold tem-
perature over a time duration of 300 seconds. The detonator was held at that
temperature for a specified time (hold time) before sending the arm and fire

signal to a Reynolds FS-14 Fireset connected to the detonator EBW leads



to initiate the PETN. The total energy delivered to the EBW was approx-
imately 12 J using a capacitor voltage of 4835 V. When the fire signal was
sent, two output signals from a delay generator were also sent to trigger the

high-speed camera and PDV oscilloscope.

3. Numerical Methodology

Thermal ignition calculations were performed for the PETN section of
the detonator using the conductive energy equation with a chemical source

term for the PETN chemistry, shown in Eq. 1.

ar
POy = V- (AVI) 4+ i (1)

where C,, p, T', A, and ¢; and r; are the specific heat, density, temperature,
and thermal conductivity of PETN, and the reaction enthalpy and reaction
rate of the i reaction, respectively. The chemistry was modeled with a
4-step mechanism for PETN [10]. The chemical mechanism and associated
reaction rates are shown in Table 1 where A: PETN, B: condensed phase
intermediates, C: gaseous intermediates, and D: final gaseous products. A;,
E;, R, and N; are the pre-exponential factor and activation energy of the i*"
reaction, universal gas constant, and dimensionless species progress variable
of species j, respectively. The chemical kinetic parameters used in Table 1
and reaction enthalpies were taken from Tarver et al. [10]. The thermal
parameters for PETN were taken from Lawless et al. [11].

Equation 1 was solved using the method-of-lines in combination with
grid refinement and stiff numerical methods and only considering the radial

dimension [12].
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Table 1: PETN 4-step mechanism [10].

4. Results

Four series of ignition tests were performed: (a) EBW initiation of the
pristine detonator to characterize the flyer velocity, (b) thermal ignition at
heating rates, «, of 0.02-0.81 K/s, (c¢) ramp and initiation tests at nominal
heating rates of 0.02, 0.25, and 0.48 K/s, and (d) ramp, hold, and initiation at
hold temperatures = {413, 416, 423, 428, 433} K to determine inoperability

thresholds. The nominal initial temperature during testing was 298 K.

4.1. Pristine detonator

Figure 5 (a) shows an example PDV signal of a flyer from a EBW initi-
ated pristine detonator (room temperature). An inset shows the PDV signal
over a shorter time range. A discrete windowed Fourier Transform was ap-
plied to the raw signal using a Hanning window to obtain the spectrogram
of Fig. 5 (b); the spectrogram pseudo-color corresponds to relative intensity
with units of dB. The dominant frequencies were extracted from the spec-
trogram to calculate the flyer velocity, u = Ao f(t)/2 where f(t) = fa(t) — fo,

shown in Fig. 5 (¢). f is the beat frequency, fo and f; are the frequencies
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Figure 5: Example of (a) raw PDV signal and corresponding (b) spectrogram; (c) flyer
velocity (symbols) calculated from the dominant spectrogram frequencies, the solid red

line highlights the final flyer velocity.

of the reference light and Doppler shifted light, respectively, and )\ is the
laser wavelength. The baseline signal at approximately 5.1 GHz corresponds
to back-reflection of the PDV light off of optical elements within the PDV
system and does not correspond to motion. Figure 5 (c¢) indicates that the

final velocity of the flyer is 2.140 + 0.040 mm/us.

4.2. Thermal ignition

Figure 6 shows the ignition delay time, 7, for RP-87 as a function of
the heating rate and detonator surface temperature at ignition, Tis,. The
ignition delay time is defined as the start of heating to ignition. Figure 6
(a) shows overlap between the experimental and modeling results of 7 as a
function of . Figure 6 (b) shows that a variation in ignition temperature
of approximately 40 K corresponds to a variation in ignition delay time of
almost 2 orders of magnitude. An Arrhenius fit, shown by the solid line in
Fig. 6 (b), of the experimental ignition delay times yields an overall activation
energy of 98 kJ/mol.

An example flyer velocity profile is shown in Fig. 7 (a) for a heating
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Figure 6: RP-87 ignition delay time as a function of (a) heating rate and (b) inverse

ignition temperature.

rate of 0.02 K/s. The flyer reaches a velocity on the order of 2.5 mm/us
approximately 40 us after initial flyer acceleration. The initial flyer velocity
from 0 to 30 us appears well defined; subsequently, the velocity exhibits
significant scatter at the peak and before impacting the PDV collimator
probe. The scatter in velocity is either a result of flyer breakup (multiple
fragments with a distribution in velocity) and/or tilting of the flyer during
its travel that leads to steering of the reflected PDV beam away from the
collimator probe. At the peak, the velocity standard deviation is ~ 0.5
mm/us. Figure 7 (a) also shows the pristine detonator flyer velocity (diamond
markers). A comparable peak flyer velocity was achieved by the thermally
ignited detonator when compared to the pristine detonator. Recall that
it is the PETN in the detonator that ignites and the subsequent reactive
front that initiates the PBX 9407 pellet. Since a velocity profile comparable
to the one obtained by firing a pristine detonator was not observed in the
thermal ignition case, there was no transition to a detonation in the PETN.
Figure 7 (b) shows the flyer velocity profiles from all thermal ignition cases;

the profiles have been time shifted so that initial flyer movement occurs at
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tog = 0 ps. The figure illustrates that there is no effect of the heating
rate, ranging from 0.02-0.81 K/s, on the flyer behavior. Figure 8 shows
the modeling results of the species progress variable taken at the PETN
centerline across heating rates of 0.02-0.81 K/s; time has been normalized
by the calculated ignition delay time at each heating rate. The figure shows
that immediately before thermal ignition, the PETN is in a similar level of
decomposition across the heating rates shown (e.g., Na = 0.1 for 0.02-0.81
K/s); therefore, comparable reaction fronts will be generated in the PETN
after ignition leading to comparable behavior of the PBX 9407 and flyer
across heating rates of 0.02-0.81 K/s.
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Figure 7: (a) Velocity profiles of a single thermal ignition experiment (circles) and pristine

detonator (diamonds); (b) velocity profiles of twelve thermal ignition experiments.

4.8. Ramp and initiate

Ramp and fire tests were performed at heating rates of 0.02, 0.25, and
0.48 K/s and initiated at 95% of the experimental ignition delay time shown
Fig. 6 (a). The velocity profiles obtained with PDV are shown in Fig. 9 and
have been time shifted so that time to first flyer movement coincides across

the three heating rates at tog = 0 us. In the thermal ignition profiles of Fig. 7,
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Figure 8: Temporal profiles of calculated species progress variable at PETN centerline;
the different line types and colors correspond to different species and heating rates, re-

spectively.

it takes over 20 us for the flyer to reach a velocity of 0.5 mm/us, whereas
the same velocity is reached in less than 5 us after initial flyer movement
in Figure 9. When firing the detonator at 95% of the ignition delay time,
the detonator response will be more violent (higher acceleration) than the
response of a thermally ignited detonator at heating rates of 0.02-0.48 K/s.
Figure 9 shows that the detonator response is more violent at heating rates
of 0.25 and 0.48 K/s than at the lower heating rate of 0.02 K/s. Additionally,
the detonator appears to behave similarly at 0.25 K/s and 0.48 K/s; there
is overlap in the uncertainty bands across the two velocity profiles. The
calculations shown in Fig. 8 indicate that at 95% of the ignition delay time
(indicated by the gray vertical line) the species progress variable of PETN,
and condensed phase and gaseous intermediates are comparable at heating
rates of 0.25 and 0.48 K/s which explains the similar velocity profiles (circle
and square markers) shown in Fig. 9. At a heating rate of 0.02 K/s, the
PETN has undergone higher levels of decomposition at 95% of the ignition

delay time leading to a less violent flyer response (diamond markers in Fig. 9
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Figure 9: Velocity profiles of flyer response when PETN is EBW initiated at 95% of the
ignition delay time: 345 s, 612 s, and 7624 s for heating rates of 0.48 K/s, 0.25 K/s, and

0.02 K/s, respectively; shaded regions correspond to uncertainty bands.

4.4. Ramp, hold, and initiate

Inoperability tests were performed by ramping the detonator external
surface to a hold temperature, Tjoq, over a time duration of 300 seconds
and initiating the EBW after a hold time, 7,,4. Figure 10 shows a typical
temperature profile of the detonator surface to illustrate the ramp, hold, and
initiation procedure. For each hold temperature, a number of tests were
performed at varying hold times to find the inoperability threshold, i.e., the
hold time at which the detonator transitions from operable to inoperable.
PDV and high-speed imaging were used in testing to determine if a detonator
was operable or inoperable. With PDV, the detonator was deemed operable
if the velocity resembled the velocity trace obtained by initiating a pristine
detonator (shown in Fig. 5 (c)).

Figure 11 (a) shows images (grayscale represents light intensity) at 1000

kfps using an exposure time of 261 ns of the output of an initiated pristine

15



425

T e
hold temperature ----~ fire =
400 il
hold time

= 375+

qu 350 ramp time:
300 seconds

325 1

300 £ L L
0 200 400

Figure 10: Detonator surface temperature during inoperability testing.

detonator. Each vertical strip corresponds to a field of view 12.5 mm tall and
0.2 mm wide. The strips were stitched next to each other to obtain a plot of
space versus time of the flyer. The flyer is located at z = 0 mm at time 0 us
and travels from top to bottom after the detonator is initiated. The regions of
high intensity correspond to chemiluminescence from the combustion event.
The flyer itself is not observed but rather the chemiluminescence trailing it
at approximately 3-6 ps. The chemiluminescence entering the field of view
at approximately 9 us is speculated to be expansion of PETN products. An
operable test is shown in Fig. 11 (b) using a hold time and temperature
of 40 seconds and 416 K, respectively. The same flyer behavior with the
trailing chemiluminescence is observed at approximately 3-6 us indicating an
operable detonator. An example of an inoperable detonator is shown in in
Fig. 11 (c¢); chemilumininescence trailing the flyer enters the field of view at
6 ps and reaches the bottom of the field of view after 18 us.

Figure 12 shows the inoperability results as a function of the hold temper-
ature. The closed and open markers correspond to detonators that detonated

and did not detonate, respectively, after applying an initiation input to the

EBW. The blue vertical line marks the melting point of PETN (415 K) [13].
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Figure 11: Stitched images of detonator output; (a) pristine detonator, EBW initiated at
(b) a hold time 40 seconds and (c) hold time of 90 seconds (hold temperature is 416 K).

The figure shows a sharp jump in the inoperability threshold across the melt-
ing point of PETN. Above the melting point, the inoperability threshold is
on the order of 20 to 50 seconds. Below the melting point, the inoperability
threshold jumps to close to 2000 seconds. At a hold temperature of 433 K
the detonator is always inoperable; not shown in the figure is an inoperable

point at a hold time of 0 seconds at 433 K.
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Figure 12: Inoperability results for various hold temperatures; the blue vertical line marks

the PETN melting point of 415 K.

Figure 13 shows the inoperability results plotted in terms of the time from

trigger to initial flyer movement, 7;. Initial flyer movement corresponds to

17



the time when the flyer velocity rises above zero. Not shown in the figure
are inoperability results at a hold temperature of 413 K since PDV was not
used. Also shown in the figure is a result at a hold temperature of 438 K. The
blue horizontal line marks the transition between operable and inoperable at
approximately 4 us. The figure shows that flyer movement is consistently
observed at 3.7-4.0 pus in operable cases. This suggests that at operable
conditions, the formation of a detonation wave in the PETN following EBW
initiation is insensitive to the condition of the PETN; it should be noted that
pristine detonators yield 7, values of 3.6-3.9 us. Once the detonator becomes
inoperable, initial flyer movement occurs at times longer than 4 us and can
be delayed up to 9 us; the initial flyer movement appears to be more sporadic

in the inoperable regime.
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Figure 13: Time to flyer first movement; the blue horizontal line at 4 us separates the

operable and inoperable cases.

The violence of the detonator was assessed at inoperable conditions by
fixing the hold time at 300 seconds and varying the hold temperature; this
was done over a temperature range of 423-438 K and is shown in Fig. 14. The
hold time of 300 seconds is longer than the measured inoperability thresholds

shown in Fig. 12. A hold temperature of 443 K was also tested, however,
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the PETN thermally ignited before reaching the hold time of 300 seconds.
The time to 0.5 mm/us from initial flyer movement decreases as the hold
temperature increases, e.g., it takes approximately 5 us and 2 us for the flyer
to reach a velocity of 0.5 mm/us for hold temperatures of 423 K and 425 K,
respectively. For hold temperatures of 428-438 K, the flyer accelerates to 0.5

mm/ps in << 1 pus.
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Figure 14: Velocity profiles of flyer response at hold temperatures of 423-438 K and hold

time of 300 seconds.

5. Conclusions

In this study, the response of RP-87 detonators to elevated temperatures
was investigated via Photonic Doppler Velocimetry and high-speed imaging.
A velocity analysis across the heating rates tested (0.02-0.81 K/s) indicated
that the flyer response was insensitive to the heating rate when thermally
ignited. Additionally, the velocity profiles showed that DDT did not occur
in the PETN; however, the flyer still accelerated to a high velocity that was
on the same order as the velocity attained by initiating a pristine detonator.
Detonators that were heated a various heating rates and then initiated at 95%

of the ignition delay time yielded a more violent response than the thermally
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ignited detonators. An increase in violence was also observed with an increase
in hold temperature in the ramp, hold, and initiate tests with a fixed hold
time of 300 seconds. The inoperability thresholds were determined for a range
of hold temperatures; the threshold was found to be sensitive at conditions
below the melting point of PETN. Finally, a time to flyer first movement of

4 us was found to separate operable from inoperable detonators.
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