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ABSTRACT

Scott, Dakota G. MSME, Purdue University, August 2019. Small-Scale Character-
ization of Shock Sensitivity for Various Non-Ideal Explosives Based on Detonation
Failure Behavior. Major Professor: Steven F. Son.

The plethora of potential homemade explosive (HME) formulations combined with

the fact they often exhibit large critical diameters make them expensive to character-

ize with traditional large-scale tests. A relatively new method for small-scale charac-

terization was investigated using non-ideal explosive charges consisting of ammonium

nitrate (AN) and various fuels. This optical characterization technique utilizes the

rate of reaction wave velocity decay in the failing detonations of sub-critical diameter

charges as a metric for the shock sensitivity of an explosive. The conditions for detona-

tion initiation and failure have long been used to investigate shock sensitivity (critical

diameter, gap tests, run-to-detonation experiments); however, the failure regime still

remains largely unexplored. The utility of this small-scale characterization technique

lies in its ability to determine the relative shock sensitivity of explosive with minimal

material and tests while simultaneously providing transient velocity data for poten-

tial use in modeling efforts. In this work, high speed imaging was used and analyzed

to determine rates of reaction wave velocity decay in the AN-fuel samples. Among

the fuels tested with AN were diesel (ANFO), nitromethane (ANNM), and aluminum

(ANAl). It was found that nitromethane was the most effective at sensitizing the AN

of the systems considered. In both ANNM and ANAl, maximum shock sensitivity

occurred at fuel percentages below stoichiometric mixtures. This was speculated to

be due to the competing effects of stoichiometry and hot spot criticality. Sensitiv-

ity results were compared to run-to-failure distances and published critical diameter

trends and showed good agreement.



1

1. INTRODUCTION

Ammonium nitrate (AN) is the most widely used and consumed ammonium salt with

an annual worldwide production that exceeds 57.5 million tons [1]. While it has seen

use in many military and civilian blasting applications due to its properties as an

explosive oxidizer, it is primarily used as an inorganic fertilizer. The invention of the

Haber process allowed for the large-scale commercial production of AN in the early

1900s and disaster followed shortly after [2]. In 1921, an industrial accident involving

450 tons of AN destroyed a manufacturing facility in Oppau, Germany. The explosion

resulted in nearly 2,600 casualties and left 7,500 homeless [3]. This is only one in a

long line of industrial disasters caused by AN. Others include the Texas City disaster

in 1947 and the explosion at a French fertilizer company in Tolouse, France in 2001 [3].

Unfortunately, the destructive potential of AN is not restricted to industrial accidents.

Its ready availability has made it popular among terrorists and terrorist groups in the

manufacture of homemade explosives (HMEs) [4]. Ammonium nitrate was involved

in one of the worst terrorist attacks in U.S. history. On April 19th, 1995 Timothy

McVeigh detonated an HME device underneath the Murrah Building in Oklahoma

City, Oklahoma. The resulting explosion killed 168 people and injured another 680.

This device consisted of rental truck filled with 13 plastic barrels full of a mixture of

AN and nitromethane (a common racing fuel) [5].

For these reasons it is of interest to be able to characterize the detonation proper-

ties of AN and AN-based explosives. It is necessary in order to ensure their safe han-

dling, tailor their detonation performance, and to properly assess the security threat

they pose. Characterizing these explosives is difficult in practice for two reasons.

The first difficulty arises from the extremely large parameter space of variables that

can affect the detonation performance of AN based explosives. Ammonium nitrate is

itself detonable though highly insensitive; however, the addition of nearly any type of
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fuel creates a more powerful explosive with greater sensitivity to detonation [6]. Am-

monium nitrate and fuel oil (ANFO) and ammonium nitrate and aluminum (ANAl)

are two of the more common AN-fuel mixtures. Ammonium nitrate is also mixed

with other explosives to improve the oxygen balance and performance. Examples in-

clude AN and TNT (amatol) and AN and nitromethane (ANNM). Besides fuel type,

other parameters that can have a pronounced effect on the detonation characteristics

of AN are fuel percentage, particle size and morphology, initial density, the nature

of confinement, and the presence of inert materials (which can be diluents such as

calcium carbonate or sensitizers such as glass microballoons).

The second difficulty in conducting characterization studies with AN based ex-

plosives stems from its highly non-ideal detonation behavior. A detonation is said to

behave ideally when its characteristics (velocity, temperature, pressure, etc.) match

those of its theoretically predicted values. These theoretically predicted values can

only be achieved by a planar detonation in an infinite diameter charge. In such a

configuration, the detonation would be independent of reaction zone structure and

propagated at its infinite diameter velocity D∞ [7]. In finite diameter charges, lateral

losses take place through the sides of the reaction zone and causes curvature of the

detonation front. This leads to a reduction in the detonation velocity as well as the

shock-jump conditions across the front (and therefore the thermodynamic state in the

reaction zone). As shown in Fig. 1.1, as the diameter is reduced, so to is the ratio of

energy release to lateral energy losses and the detonation performance diverges from

its ideal values. Eventually the thermodynamic state behind the increasingly curved

front is no longer capable of producing the energy release rate necessary to sustain a

detonation. The diameter at which this happens is known as the critical diameter of

the explosive (dc) [7]. For the majority of military explosives such as HMX or TNT,

their critical diameters are relatively small and they show minimal divergence from

ideal performance over a large range of diameters [8]. For AN based explosives the

dc can be over 100 mm [9] and can still exhibit highly non-ideal behavior even at

diameters in excess of a meter [10,11]. The reason these explosives exhibit non-ideal
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behavior in such a wide diameter range is due to their relatively long reaction zones

caused by the low decomposition rate of AN [11]. A longer reaction zone allows for

more lateral energy loss, leading to reduced shock sensitivity and a greater dc [12]. A

consequence of these larger critical diameters is that greater amounts of material are

required to achieve steady detonation. This subsequently increases the time and cost

of these experiments as well as necessitates facilities and equipment capable of larger

scale detonation experiments.

Fig. 1.1.: An example of a diameter effect curve for an explosive.

Shock sensitivity encompasses the threshold for initiation under transient shock

conditions as well as the threshold for propagation of a steady detonatoin [13]. Be-

cause it is a property involving threshold conditions, the conditions for failure and

initiation have long been used as metrics for the shock sensitivity of an explosive in

forms such as critical diameter, gap, and run-to-detonation style tests. The initia-

tion and failure regimes for detonation are similar as both are governed by the same

competing phenomena. Both depend on how efficiently mechanical energy can be con-
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verted to the thermal energy necessary for reaction and the ability of that reaction to

produce chemical energy release in the time scale necessary to contribute to the shock

front [14,15]. In recent publications it was shown that reaction wave behavior in fail-

ing detonation events in overdriven sub-critical diameter charges could be correlated

to the shock sensitivity of an explosive [16, 17]. In addition, it was shown that reac-

tive flow models based on theory of ignition and growth can be calibrated using data

from detonation failure events in sub-critical diameter charges [18]. The ability to

characterize shock sensitivity using small-scale detonation failure experiments as well

as use the transient data from such tests to calibrate models give this technique a lot

of utility. These small-scale experiments could potentially augment or replace larger

scale explosive tests. In Janesheski et al. [16], the run-to-failure distance (RTF ) was

used as the metric for the decay rate and was defined as the distance the reaction

wave propagates through the charge until it decouples from the shock front. In Cum-

mock et al. [17], the rate at which the velocity of the reaction wave decays (RUD)

as it propagates through the charge was used as the metric and was taken to be the

average slope of the transient velocity curve. Note that term “detonation” implies a

shock wave which is propagated by a steady reaction wave and as such does not apply

to sub-critical diameter charges in which a steady detonation cannot be sustained.

Therefore, these events are referred to as “failing detonations” and the term “reaction

wave” is used in place of “detonation wave” to describe the ever-weakening area of

chemical energy release behind the leading shock wave.

Using RUD or RTF as a metrics for sensitivity not only offers a reduction in the

amount of explosive material necessary as compared to critical diameter or gap type

experiments, it also reduces the number of tests conducted. It eliminates the need for

multiple sizes of attenuators or tube diameters. To further investigate the merit of

this small-scale characterization technique and the relationship between failure rate

and shock sensitivity, high speed imaging was used to determine transient velocity

profiles for failing detonation events in various AN based explosives. The objectives

of this work are threefold:
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1. To further validate the small-scale method for shock sensitivity characterization

that utilizes the failing detonation regime as described in Janesheski et al. [16]

and Cummock et al. [17],

2. to present sensitivity data for various non-ideal explosive formulations involving

ammonium nitrate (in particular for ANNM), and

3. to provide data sets from failing detonations in heterogeneous non-ideal explo-

sive mixtures with known microstructure for the potential use of aiding modeling

attempts.

In this work, transient reaction wave position and velocity profiles are used to

compare the detonation failure behavior in small-scale (< 15 g), overdriven AN based

explosive charges. Four different explosive systems, consisting of pure AN, ANFO,

ANNM, and ANAl, were used to explore the effect of varying fuel type on the failure

behavior. The effects of varying fuel percentage were also explored using ANNM

and ANAl. ANFO and ANAl are both relatively well studied systems and were

chosen as a means to compare the shock sensitivity results from this work to those

available in the literature. In contrast, there is a scarcity of available data involving

the detonation characteristics of ANNM, so characterizing its shock sensitivity was

of particular interest. For each composition, the rate of decay of the reaction wave

velocity was calculated. It is proposed that this decay rate can be correlated to the

shock sensitivity of the explosive and be used to draw conclusions on mechanisms of

initiation. Differences in decay rates and possible reasons for these differences are

discussed.
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2. EXPERIMENTAL METHODS

2.1 Experimental Configuration

All explosive charges in this study were pressed to a prescribed density inside of

polyethylene terephthalate glycol (PETG) tubes with an inner diameter of 12.7 mm

and a wall thickness of 1.59 mm. The inner diameter of the tubes must be large

enough to allow for an adequate velocity decay rate for differentiation between com-

positions. If the tube diameters are too narrow, all of the initiated charges would

fail shortly after the booster, providing minimal differences in RUD for the different

mixtures. The use of stronger confinement (i.e. metal tubes) would allow for smaller

diameters; however, the use of imaging techniques such as those fielded here neces-

sitates the use of transparent confinement. Quartz tubing was initially attempted,

but the high acoustic velocity allowed the tube to shatter ahead of the reaction front,

obstructing its view, in some lower velocity cases. There are other diagnostics which

would allow for observation of the reaction wave in metal confinement, such as the

microwave interferometry (MI) technique used in Cummock et al. [17]. However, the

use of MI presented limitations as nitromethane (NM) was found to attenuate the

microwave signal. Each charge was comprised of a 76.2 mm section of AN-based

sample explosive boosted by a 19.05 mm section of donor explosive. The donor ex-

plosive was Primasheet R© 1000 pressed to a density of 1.44 g/cm3, representing 98%

of the theoretical max density (TMD). The sample charge geometry is illustrated in

Fig. 2.1. Detonation was initiated using an RP-502 Economy Exploding Bridgewire

(EBW) detonator (Teledyne Risi). The detonation was contained within a thick-

walled steel chamber. A Shimadzu Hypervision HPV-X2 high speed video camera

was used to visualize the chemiluminescence of the reaction front in order to track

its progression through the sample. This camera, capable of recording 256 frames
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at 10 million frames per second, was focused on the sample charge through two 1.59

mm. polycarbonate shields. A fiducial image was recorded with the camera prior to

capturing the detonation event. The triggering of the experiment was based on the

electrical discharge from the firing unit to the detonator. A custom-built Hall effect

sensor was used to sense current flow through the detonator wire.

Fig. 2.1.: Details and dimensions of explosive charge.

2.2 Sample Preparation

The explosive charges in this work were all various HME mixtures comprised

of ammonium nitrate and a fuel. The ammonium nitrate used was in the form of

KinepouchTM (Orica Manufacturing Company). KinepouchTM is part of a binary

mining explosive consisting of 97.1 wt.% ammonium nitrate and 2.9 wt.% glass mi-

croballoons (GMBs) for increased shock sensitivity when combined with nitromethane

(the other component of the binary explosive). The mean particle diameters for the
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ammonium nitrate and the microballoons are 60 µm and 50 µm, respectively [18].

The AN was place in a drying oven for 72 hours prior to mixing with fuel in or-

der to reduce the moisture content. The fuels investigated were nitromethane, diesel

fuel, and aluminum particles. The aluminum used was Al-100 (Atlantic Equipment

Engineers), which is spherical in shape and has a diameter of 1-5 µm.

In order to achieve an intimate mixture between the fuel and oxidizer, all samples

were mixed via a Resodyn LabRAMTM resonant mixer for 10 minutes at an intensity

of 60% (∼690 m/s2). Due to the deliquescent nature of AN, precautions had to

be taken to prevent it from absorbing atmospheric moisture. The critical relative

humidity (CRH) of AN is 66.9% at 20◦C. Above this relative humidity, AN will begin

to rapidly absorb moisture from the atmosphere. Therefore, sample preparation was

conducted when the relative humidity was below 60% [19]. After mixing, the samples

were pressed to their target densities in eight increments of 9.53 mm, providing an

increment aspect ratio of 0.75. This acted to minimize density gradients along the

charge axis. All charges were capped and sealed after pressing and detonated within

24 hours. The details for each charge composition are listed in Table 2.1. With

the exception of the ANFO mixture, the densities in Table 2.1 reflect a constant

AN particle bed density of 0.96 g/cm3 (55% of the TMD of KinepouchTM). This

was designed so that the only change between charges is the type and percentage

of fuel filling the interstitial voids in the AN (i.e. the volume percent of AN was

held constant). This particle bed density was chosen such that it was above the

tapped density of the KinepouchTM (∼0.90 g/cm3) so that no further particle settling

occurred. Note that the ANFO mixture consisting of 6 wt.% diesel (stoichiometric)

has an AN particle bed density of 0.92 g/cm3 (53% TMD of the KinepouchTM). For

the mixtures containing NM as the fuel, 30 wt.% represents a nearly fully saturated

mixture. It was found that the addition of NM beyond this weight percent resulted

in separation from the particle bed during pressing such that the charge composition

could not be accurately determined. Three charges for each composition were made
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and detonated with the exception of ANNM20, ANNM25, and ANNM30, in which

four charges were made and detonated.

Table 2.1.: Summary of charge compositions and properties. OB is the oxygen balance

by mass and values for DCJ were calculated using CHEETAH 7.0 [20].

Abbr. Fuel Fuel wt.% OB Density % TMD DCJ

(%) (g/cm3) (mm/µs)

AN - - 19 0.96 55 4.39

ANFO diesel 6 -2 1.02 63 5.54

ANNM5 nitromethane 5 16 1.01 60 4.79

ANNM10 nitromethane 10 14 1.07 65 5.20

ANNM15 nitromethane 15 11 1.13 70 5.63

ANNM20 nitromethane 20 8 1.2 76 6.10

ANNM25 nitromethane 25 5 1.28 83 6.61

ANNM30 nitromethane 30 2 1.37 92 7.21

ANAl5 aluminum 5 14 1.01 57 4.75

ANAl10 aluminum 10 9 1.07 59 4.97

ANAl15 aluminum 15 3 1.13 62 5.13

ANAl20 aluminum 20 -2 1.2 64 5.28

2.3 Data Analysis

Videos taken with the high-speed camera were used to track the reaction wave

progress through each charge and produce position-time data that can be differen-

tiated to produce transient velocity curves in order to determine rates of velocity

decay. The image sequence in Fig. 2.2 taken from select frames of an ANNM20

sample showcases typical raw data gathered from the high-speed recordings. The lu-
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minous region in each of the frames is taken to be the reaction front. Using Matlab R©,

the position of this front is tracked through each frame starting with the first frame

in which the shock enters the sample explosive until the reaction dies out (light is no

longer produced) or it reaches the end of the charge. In most cases this process can

be automated. Each image in the sequence is binarized to create a single bit image

showing just the luminous reaction front. The weighted centroid (based on location

and the pixel intensity of the non-binarized image) of the region indicates the vertical

position of the front. For some charges, particularly those involving aluminum as the

fuel where reaction in the Taylor wave was often as bright as the front, the center

of the luminous region was not representative of the position of the front. For these

cases, the front position was selected manually. These selected points give the reac-

tion front propagation distance over time. The resolution of the camera is limited to

400 pixels vertically, and since each shot is 76.2 mm long, the scale for each shot was

∼5 pixels/mm. At 10,000,000 fps, a shock velocity of 2-6 mm/µs can only progress

1-3 pixels per frame. Therefore, typical finite difference numerical differentiation of

the position versus time data would not provide any useful information as all veloc-

ities would fall into one of three bins. To overcome this, a Fourier transformation

data processing technique is used to both smooth and differentiate the shock position

data [21–23]. This reduces the effects of discrete data and point selection error [23].

Using Matlab R©, a Lagrangian polynomial is fitted to the first and last two data points

and subtracted from the curve (see Fig. 2.3). The remainder, no zero-valued on the

ends, has a quasi-periodic profile. A fast Fourier transformation (FFT) is performed

on the remainder, producing a spectrum of its frequencies. As shown in Fig. 2.4,

the frequency spectrum shows a large peak at low followed immediately by a down-

ward trend until being intersected by a near-horizontal band which extends out to the

higher frequencies. This initial peak contains the bulk of the signal, and the horizontal

band beyond this represents the noise due to error inherent in discrete measurement.

A low pass filter (2nd order butterworth) is used to remove all frequencies after the

initial downward trend in the frequency spectrum. By setting the cutoff frequency
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too low, there is potential to cause severe distortion of the signal beyond that of noise

rejection. The R2 values for all filtered position curves as compared to their original

data sets are 0.9998 or higher. This confirms that major frequency components of the

true signal are not being removed along with the noise. After filtering, the frequency

spectrum is multiplied by jω to obtain the derivative in the frequency domain. It is

then converted back into the time domain where it is added to the derivative of the

subtracted polynomial to produce the velocity curve (see Fig. 2.5).

Fig. 2.2.: Sequence of frames taken from ANNM20 detonation event showing the

progression of the reaction wave (luminous region).
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Fig. 2.3.: Position vs. time curve for AN with subtracted polynomial and remainder.

Fig. 2.4.: Frequency spectrum for AN remainder curve.



13

Fig. 2.5.: Reaction wave velocity vs. time curve for AN created from adding the

derivative of the subtracted polynomial and the filtered remainder that was differen-

tiated in the frequency domain.

The resultant transient velocity profiles are then used to determine the average

rate of decay of the reaction velocity (RUD). RUD is determined by applying a linear

fit to each velocity versus time curve (see Fig. 2.6). For the reactions that fail to

propagate the length of the charge, the linear fit is applied from the first point at the

booster-sample interface to the point at which the reaction ceases. The samples in

which the reaction propagates the entire length of the charge (namely those containing

15-30 wt.% NM) are handled differently. These samples required anywhere between

∼22-35 µs to reach the end of the charge length. Since it can be assumed that samples

which reach the end of the charge would continue to propagate further, charges which

take longer to complete the run would have an artificially higher amount of data

points to fit across. It would be an unfit comparison to take the failure rate over the

entire curve. Doing so would lead to the slowest charge having an artificially higher
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or lower RUD because it has a longer time interval and RUD represents the average

change in velocity over a finite time interval. In order to allow for fair comparison,

the linear fit is taken from the moment it enters the sample charge to the time at

which the fastest sample (ANNM25, which took 22.5 µs) finished the run.

Fig. 2.6.: Linear fit of the velocity vs. time curve for AN to determine velocity decay

rate.



15

3. RESULTS AND DISCUSSION

The absolute values of the average reaction wave velocity decay rates for each com-

position are shown in Fig. 3.1. Square points represent compositions in which the

reaction wave propagated the entire length of the charge. Lower absolute decay rates

correspond to higher shock sensitivity and vice versa. It is important to note that the

quantitative value of |RUD| is of little significance; instead, it serves to provide infor-

mation on the shock sensitivity of explosives relative to each other. This is because the

numerical value for failure rate is highly dependent on the diameter and confinement

of the charge. These average rates of decay were compared to their respective average

RTF distances and published critical diameters for charges of similar compositions

(see Table 3.1). Upon initial inspection, for the charges that failed to propagate the

length of the charge, the |RUD| values are consistent with the distances at which the

reactions ceased (see Fig. 3.2). The AN without any fuel additives exhibited the

lowest sensitivity followed by ANFO with 6 wt.% fuel. This is consistent with studies

involving compositions of comparable particle size and density which have reported a

critical diameter greater than 127 mm for pure AN [24] and 77 mm for ANFO [25]. It

can also be seen in Fig. 3.1 that ANNM5 and ANAl5 are more sensitive than ANFO

despite having a similar mass of fuel and being less oxygen balanced. This is due to

the greater thermodynamic state dependence of the AN and diesel reaction.
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Fig. 3.1.: Absolute values of the average rate of reaction wave velocity decay (|RUD|)

and the standard deviations for each composition.

Fig. 3.2.: Run-to-failure (RTF ) and standard deviations for each composition which

failed within the length of the charge.
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Table 3.1.: Average rate of velocity decay (|RUD|) and run-to-failure (RTF ) of each

charge with published critical diameter data for charges of similar composition [24–26].

Composition Average RUD Average RTF dc

(m/ms2) (mm) (mm)

AN 43 17 >127 [24]

ANFO 38 18 77 [25]

ANNM5 30 22 -

ANNM10 13 44 -

ANNM15 8 - -

ANNM20 6 - 13<d<16 [26]

ANNM25 6 - -

ANNM30 10 - -

ANAl5 12 47 25 [24]

ANAl10 14 43 25 [24]

ANAl15 22 30 25 [24]

ANAl20 35 20 25<d<50 [24]

3.1 ANAl

For the aluminized AN compositions, the decay rates displayed in Fig. 3.1 indicate

that maximum sensitivity occurs at 5 wt.% Al powder and decreases with further

addition of Al. This is consistent with findings for similar ANAl compositions in

which the addition of only 1 wt.% Al causes a significant reduction in dc and this

trend continues until reaching a minimum at around 8 wt.% Al [24,27,28]. After this

point, the critical diameter increases with additional aluminum. Even at 20 wt.%

Al, the |RUD| was less than that of ANFO. This is in agreement with studies done

by Cook et al. [24] in which the critical diameter of AN containing 20 wt.% Al was
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between 25 and 50 mm. Similar to ANNM, maximum shock sensitivity in ANAl (as

indicated by the minimum |RUD|) occurs before a stoichiometric mixture (∼18 wt.%

Al) is achieved.

The reaction rate of AN and Al is dominated by mass diffusion and heat conduc-

tion [27]. The ignition delay time for AN is considerably lower than that of the Al

due to the high thermal activation requirements of metal particles. The AN particles

begin decomposition first through inward grain burning which influenced by the spe-

cific surface area of AN available for hot spot igniton [27]. The reaction of aluminum

particles is dependent on the reaction zone temperature, particle size, and the avail-

ability of the oxidative decomposition species of AN [29]. For a given temperature,

particle size, and oxygen balance, only a given percentage of the aluminum can be

expected to react within the reaction zone. It can be seen in Fig. 3.3 that even at 5

wt.% Al a significant portion of the oxidation is taking place in the detonation prod-

ucts behind the sonic plane. The addition of any aluminum beyond this will only act

as a thermal ballast within the reaction zone [30]. Furthermore, additional aluminum

reduces the amount of void spaces (which act as hot spots) and the available surface

area of AN for hot spot ignition.

Fig. 3.3.: Afterburning of aluminum (indicated by light emission) in post detonation

products of ANAl5.
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3.2 ANNM

Looking at the |RUD| for mixtures containing NM, sensitivity rises with NM con-

tent until hitting a peak at 20-25 wt.% at which point it begins to become less

sensitive. Since an oxygen balanced mixture of AN and NM occurs at ∼32 wt.%, this

trend is not solely due to stoichiometry. Instead, this reflects an interplay between

hot spot density and stoichiometry. Since all charges had the same particle bed of

AN, as fuel percentage increases the volume of interstitial voids decreases. Sensitivity

initially increases as the composition gets closer to a stoichiometric mixture. As the

bed becomes increasingly saturated, there is a reduction in the void space which act

as more efficient hot spots than the impedance mismatch between AN and NM [31].

As the initial specific surface of ignited hot spots is reduced it becomes increasingly

difficult for them to coalesce and consume the explosive material on the time scale

necessary. Eventually, the benefits of improved oxygen balance are outweighed by the

reduction in energy release within the reaction zone. As a result, at 30 wt.% NM the

reaction wave velocity begins to decay more rapidly as shown in Fig. 3.4. In the high-

speed videos, the luminous region of the reaction zone for ANNM30 can be seen to

become sporadic due to the lower amount of less uniformly distributed hot spots (see

Fig. 3.5). Charge compositions with a fully saturated particle bed were attempted,

but results could not be obtained from them due to difficulties in charge composition

consistency and optically tracking the reaction front. After initiation, the reaction

zone in these saturated charges would periodically cease chemiluminescence and then

faintly reinitiate as the leading shock interacted with a hot spot (most likely provided

by the GMBs present in the KinepouchTM). Unlike those containing 15-30 wt.% NM,

none of the fully saturated compositions propagated the full charge length indicating

further decreased sensitivity.
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Fig. 3.4.: Transient reaction wave velocity curves for AN containing 0-30 wt.% fuel.

Fig. 3.5.: Images of the reaction zones for a) ANNM30 and b) ANNM25.

Work done by Souers et al. [26] demonstrated that a charge of ANNM with a

similar composition to that of ANNM20 failed to yield a steady detonation at a

diameter of 12.78 mm. Since ANNM20 was the most sensitive ANNM composition

(along with ANNM25 which had an equivalent |RUD|), this should indicate that all the

charges tested in this work failed to produce a steady detonation. However, from Fig.

3.4, ANNM15-30 seem to assymptote out to a nearly steady velocity (for ANNM30
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some of the velocity curves still displayed some downward trend toward the end of the

run due to the sporadic nature of the reaction wave). Due to the charge length used,

it is uncertain whether or not ANNM15 – ANNM30 are failing and may in fact be

above their critical diameter. Dividing these settling velocities (taken as the average

velocity of the last 10% of each curve) by their respective CJ velocity reveal the same

trend as the decay rate. As seen in Fig. 3.6, ANNM20 and ANNM25 reach nearly

identical %DCJ , followed by ANNM15 and then ANNM30. From Cooper [32], the

detonation velocity versus charge radius relationship can be approximated with the

following correlation equation:

(D/D∞) = 1− AR/r (3.1)

where D is the detonation velocity, D∞ is the infinite diameter detonation velocity,

AR is the rate coefficient constant which is different for different explosives, and r

is the charge radius. In this work it was shown that the rate coefficient AR can

be correlated to the critical radius rc with higher AR denoting a higher rc. Using

Eq. (3.1) the average rate coefficients for ANNM15-30 were calculated. These values

which are displayed in Fig. 3.6 are 4.3, 3.5, 3.5, and 4.4 corresponding to 15%, 20%,

25%, and 30% NM respectively.

Charges consisting of neat nitromethane were also attempted, but no reaction

zone was observed. Instead, a region of faint luminosity starting at the initiation

plane propagated forward with a decreasing cross section, forming a parabolic shape

up to a point at which all chemiluminescence ceased. The critical diameter for neat

nitromethane is 16.2 cm [33] which is much smaller than some of the other composi-

tions, but this is not reflected by the decay rate. This might be expected since the

conformation of the diameter effect curve for homogeneous explosives such as neat

NM is different than that of heterogeneous explosives [33]. As was shown in Fig. 1.1,

homogeneous explosives have linear diameter effect curves that have minimal veloc-

ity deficit from D∞ at dc. In addition, initiation in such explosives does not occur

immediately behind the leading shock wave and instead occurs after some induction

time once compression of the bulk medium has provided enough heating for thermal
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Fig. 3.6.: Rate of velocity decay (RUD) for charges which propagated the length of

the charge (left axis) and corresponding rate coefficient (AR) values calculated using

Eq. (3.1) (right axis).

explosion to occur [31]. In contrast, the diameter effect curves for heterogenous explo-

sives exhibit a concave downward region near the dc which can have relatively large

velocity deficits from D∞ [33]. Initiation in these explosives occurs almost immedi-

ately behind the leading shockwave [31]. It was postulated by Engelke [33] that the

linear region of heterogenous diameter effect curves represent a regime where both

heterogeneous (hot spots) and homogeneous (bulk shock heating) mechanisms play

a role in the energy release rate. The concave region of the diameter effect curve

for heterogeneous explosives therefore represents a regime where the thermodynamic

state within the reaction zone is not sufficient for bulk shock heating to contribute to

energy release and heterogeneous mechanisms dominate. In equations for steady det-
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onation developed by Engelke and Bdzil [34] it was shown that the state dependence

of the heat release rate is considerably less for heterogeneous mixtures involving NM

than it was for homogeneous NM. This dual mechanism idea was later expounded

upon by Dremin [35] who developed the concept of a characteristic shock compres-

sion P ∗. This P ∗ is roughly equal to the critical pressure of detonation initiation

for explosives at maximum density (i.e. no porosity). For shock pressures above P ∗,

homogeneous mechanisms dominate and charge structure plays little role in propa-

gation of the detonation. For shock pressures below P ∗, heterogeneous mechanisms

dominate. The shock wave pressure at the central axis is always above P ∗ for charges

above failure diameter; however, in curved detonation fronts the shock pressure is

not constant due to the effects of rarefaction waves. At sufficient diameters, the cur-

vature from rarefaction losses is minimal such that the majority of the detonation

front is above P ∗. As diameter decreases the effect of these losses becomes more

pronounced and this ratio reverses. For charges near or below their critical diameter,

such as those investigated in this work, it can be said that heterogeneous initiation

mechanisms dominate and the critical pressure for detonation initiation for maximum

density explosives is not achieved in the majority of the detonation front. The impli-

cation of this is that this technique for sensitivity characterization is only applicable

for heterogeneous explosives.
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4. SUMMARY AND CONCLUSIONS

Small-scale experiments utilizing sub-critical diameter charges were conducted to de-

termine the effects of fuel type and percentage on the shock sensitivity of various

ammonium nitrate based explosives (AN, ANFO, ANAl, and ANNM). Using high

speed imaging, the reaction wave propagation was recorded and analyzed to deter-

mine rate of velocity decay (RUD) as a metric for sensitivity. All mixtures of ANNM

and ANAl showed greater shock sensitivity that AN and ANFO. It was determined

that maximum sensitivity for both ANNM and ANAl occurred at fuel percentages

below an oxygen balanced composition. For ANNM it was postulated that it was due

to an interplay between stoichiometry of the mixture and the density of hot spots due

to porosity in an increasingly saturated particle bed. In the case of ANAl, it would

seem the trend is due to the lack of conversion of aluminum within the reaction zone.

Additional aluminum acts as a thermal ballast as well as decreases the available spe-

cific surface area of AN particles for hot spot ignition. The run-to-failure (RTF )

distance for samples which failed to propagate the length of the charge was also used

as a sensitivity metric and aligned with the RUD trends. For AN, ANFO, and ANAl

the shock sensitivity results show good agreement with published critical diameter

values. There is a paucity of available shock sensitivity data for ANNM with which to

compare. In lieu of critical diameter data, calculated reaction rate coefficients from

Cooper’s [32] (which are correlated to critical radius) lend credibility to the results.

This work builds upon and helps to validate previous observations [16,17] that the

rate at which reaction wave velocity decays in charges at or near their critical diam-

eters can be used a measure of shock sensitivity. This method can be implemented

rapidly using minimal material in order to investigate the wide parameter space as-

sociated with highly non-ideal explosive systems; in addition, the transient velocity

data can be used to calibrate models which could alleviate the need for more costly
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large-scale tests in some cases. However, large-scale tests should be conducted to ad-

dress the scalabilty of the results from this type of analysis. Future studies are needed

to investigate if the RUD values, which in this case only provided relative sensitivity

information, can be used to develop more quantitative correlations. Such correlations

would likely be extremely sensitive to the nature and diameter of confinement.
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