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Modeling hot spot experiments on shocked octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine 
H. Keo Springer[a], Will P. Bassett, Sorin Bastea, Svjetlana Stekovic, Craig M. Tarver  
Abstract: For the first time, mesoscale simulations of shocked 
explosives are validated with hot spot temperature data. Following 
recent experiments, we simulate a 25 µm aluminum flyer impacting a 
powder bed of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) 
with an initial speed of 1.4 to 3.6 km s-1. The powder bed has a density 
of 0.56 g cc-1, or 29% crystal density, and an average grain size of 4 
µm. Simulations are performed in the multi-physics code, ALE3D. We 
employ a comprehensive HMX material model that accounts for the 
chemistry, unreacted and product equation-of-states (EOSs), elastic-
plastic response, as well as melting and melt viscosity. Simulations 
show compaction, reaction, and gas jetting during the initial stages of 
shock in the powder bed. Shock reflection at the glass window 
interface increases hot spot temperatures in HMX product gas in 
excess of 7000K at higher impact speeds which is readily observable 
using pyrometry techniques. We extract a temperature histogram from 
simulations at discrete times, using it to calculate an effective 
emission spectrum and effective temperature, Teff, for comparison to 
data. Simple T- and T4-based methods inadequately weight the higher 
temperature regions and result in a low Teff that is in poor agreement 
with data. However, calculating Teff based on Planck's Law with a gray 
body assumption demonstrates good agreement with hot spot 
temperature data. A modified Arrhenius model is fit to the normalized 
reaction rates predicted by mesoscale simulations and inferred 
temperatures range from 1544 K to 1779 K. The agreement with 
experimental results validates our mesoscale simulations as useful 
tools for elucidating the role of hot spot mechanisms in the shock 
initiation of heterogeneous explosives. 

1. Introduction 

It is well known that bulk heating alone is insufficient to account 
for observed impact sensitivity in heterogeneous explosives, 
and that shock initiation in these materials is controlled by 
localized hot spots that form and grow at defects, e.g., pores, 
cracks, etc [1–6]. Due to the scarcity of direct measurements 
probing these microscale mechanisms, numerical simulations 
provide insights on these phenomena. Numerical studies have 
investigated sensitivities to impact pressure, pore size, pore 
morphology, multiple pores and grains, anisotropic crystal 
plasticity, rate-dependent strength, melt viscosity, and chemical 
kinetics [7–18]. Only recently have experimental studies 
measured hot spot temperatures in shocked HMX [19–21]. Such 
data is critical for gaining insights on heterogeneous initiation 
behavior and validating mesoscale modeling. In this study, we 
simulate recent hot spot experiments and compare results with 
published pyrometry-based temperature measurements [19]. 

2. Model Description 

We perform mesoscale simulations using our multi-physics 
arbitrary Lagrangian Eulerian finite element hydrocode in 3D, 
ALE3D [22]. Our simulations consist of a 25 µm aluminum flyer 
impacting a 40 µm thick x 100 µm tall HMX powder bed sample 
backed by a glass window. The HMX powder bed density and 
grain size is 29% crystal density with a grain size of 4 µm. 
Computer generated microstructures are used to initialize the 
HMX powder bed in the sample region of simulation. Prescribed 
initial velocities of 1.4, 2.8, or 3.6 km s-1  are assigned to the 
aluminum flyer which impacts the sample. The numerical zone 
size in this study is 25 nm. Thermal diffusion is not activated in 
these simulations. While it is not entirely negligible, we do not 
believe that adding thermal diffusion would significantly change 
the conclusions drawn in the simulated time-frame of our study 
(10’s nanoseconds). 
 

2.1 HMX Material Model 
 
Our comprehensive HMX material model accounts for the 
chemistry, unreacted and product equation-of-states (EOSs), 
elastic-plastic response, as well as melting and melt viscosity [18]. 

 
2.1.1 Strength and Melting 

 
We employ an isotropic strength model that accounts for 
experimentally-observed dependencies on strain, strain rate, 
and temperature [23]. We believe this computationally efficient 
isotropic model is suitable for approximating the strength of a 
dilute HMX powder bed with numerous, randomly oriented grains. 
The yield strength is given by, 

 
𝑌 = (𝐴 + 𝐵𝜀!)*1 + 𝐶	𝑙𝑛(1 + 𝜀̇ 𝜀"̇⁄ )2(1 − ((𝑇 − 𝑇#) 	(𝑇$%&'⁄ −
𝑇#))()         (1) 
 

where 𝜀 and 𝜀̇ are the equivalent plastic strain and strain rate, 𝑇  
is the temperature, 𝑇!  is room temperature, 𝑇"#$%  is the 
compression-dependent melt temperature. The quantities 𝐴, 𝐵, 𝐶, 
𝑁 , 𝑀  and 𝜀&̇  are material dependent constants; the model is 
informed by data across a range of strain rates [18]. We also use 
a high pressure, shear modulus, 𝜇&  [9]. The Lindemann Law 
describes HMX melting, 
 

𝑇"#$% = 𝑇"#$%,&,𝑒()*(+,-)).,(1/𝑣))(/!,*,+/1).   (2) 
 

where 𝑣 is the relative volume, 𝑇"#$%,& is the melt temperature at 
ambient pressure, 𝛾& is Gruneisen gamma, and 𝑎 is a correction 
to Gruneisen gamma [9]. Upon melting, the strength is set to zero 
and a constant melt viscosity is activated in the HMX until reaction 
occurs [14, 18]. Strength, melt, and viscosity model parameter 
values are given in Table 1.  
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A first order rate law captures the reaction evolution in the HMX 
where the rate coefficient, 𝑘, is given by an Arrhenius model fit to 
ignition time data across a wide range of temperatures [24], 
 
𝑑[𝐻𝑀𝑋]/𝑑𝑡 = −𝑑[𝑝𝑟𝑜𝑑𝑢𝑐𝑡	𝑔𝑎𝑠]/𝑑𝑡 = 	−𝑘[𝐻𝑀𝑋]	  (3) 
 
𝑘 = 𝐴2𝑒(,3"/45)        (4) 
 
Kinetic model parameters are also given in Table 1. The Arrhenius 
prefactor is increased such that ln	(𝐴2) = 30.45 s-1 to better match 
pyrometry data which is appropriate given the uncertainties in 
extrapolating low pressure chemistry to the high pressure regime. 
 
We employ the thermochemical code, Cheetah [25], for the HMX 
unreacted solid and product gas EOSs in our ALE3D simulations. 
A previous study [18] shows that the HMX unreacted EOS in 
Cheetah compares well with isothermal data [26, 27] and 
Hugoniot data [28, 29]. Also, the Cheetah EOS for CHNO reaction 
products mixtures is well tested for a wide range of materials and 
thermodynamic conditions [25, 30]. 

 

Table 1. HMX Material Model Parameters. 

Parameter Value Units 

𝐴 100 MPa 

𝐵 100 MPa 

𝐶 1.14 None 

𝑁 0.1 None 

𝑀 3 None 

𝜀̇0 10-3 𝜇𝑠,+ 

𝑇𝑟 298 K 

𝜇% 11 GPa 

𝑇𝑚𝑒𝑙𝑡,0 552 K 

𝛾0 1.1 None 

𝑎 1.53 None 

𝜂0 55x10-2 Poise 

𝑙𝑛𝐴+ 30.45 ln	(𝑠,+) 

𝐸𝑎 35.6 kcal/mol 

 

 
2.1.2 Aluminum Material Model 

 
For the pure aluminum (Aluminum 1100) flyer, we employ a 
Johnson-Cook strength model and a Mie-Gruneisen EOS model 
where the pressure is given by, 
 

𝑃 = 		 6!7
-8	:+;(+,/! )⁄ )8,=8-/)>

[+,(@.,+)8]
+	(𝛾& + 𝑏𝜇)𝑒   (5) 

where 𝜇 = 𝜌 𝜌&⁄ 	– 	1, 𝜌& and 𝜌 are the initial and current densities, 
𝐶 and 𝑆+ are the intercept and the slope of the 𝑈B-𝑈C curve, 𝛾& is 
the Gruneisen gamma, and 𝑒  is the internal energy per unit 
volume. Model parameter values are given in Table 2. 

 

Table 2. Aluminum 1100 Material Model Parameters.  

Parameter Value Units 

𝐴 115 MPa 

𝐵 68 MPa 

𝐶 0.016 None 

𝑁 0.58 None 

𝑀 1.13 None 

𝜀̇0 10-6 𝜇𝑠,+ 

𝑇𝑟 294 K 

𝑇𝑚𝑒𝑙𝑡,0 923 K 

𝜇% 27.1 GPa 

𝜌% 2.707 g 𝑐𝑚,1 

𝑐 5.386 𝑘𝑚	𝑠,+ 

𝑆/ 1.339 None 

𝛾0 1.97 None 

𝑏 0.48 None 

 

 
2.1.3 Glass Material Model 

 
We use a simple elastic-plastic model with yield strength, 	
𝑌, and shear modulus, 𝜇&, as well as a Mie-Gruneisen EOS for 
the borosilicate glass window. The EOS is based on Hugoniot 
data in the applicable bulk shock pressure range [28]. This 
approach for modeling the glass window during early time 
compression is based on [31]. Model parameter values are given 
in Table 3.  

 

Table 3. Glass Material Model Parameters. 

Parameter Value Units 

𝑌 5 GPa 

𝜇% 26.7 GPa 

𝜌% 2.23 g 𝑐𝑚,1 

𝑐 4.65 𝑘𝑚	𝑠,+ 
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𝑆/ 0.22 None 

 

 
2.1.4 Emission Spectrum and Temperature Model 

 
We extract a temperature histogram from simulations at discrete 
times, using it to calculate an effective emission spectrum and 
effective temperature, Teff, for comparison to pyrometry 
measurements. We first evaluate straightforward TM mass-
fraction weighted schemes for calculating Teff, 
 

𝑇#DD = 		 S∑ 𝑤E𝑇EF
G0123
EH& V

+ F⁄
     (6) 

where Nbins  is the number of emitter temperature bins, Ti  is the 
different emitter temperatures, wi  is the mass fraction of each bin, 
and M is the temperature exponent. We set M =  1 for simple mass 
averaging and, separately, M =  4 which is akin to the Stefan-
Boltzmann Law. We also evaluate Planck’s Law which gives the 
spectral radiance, L , of a thermal body as, 

𝐿(𝑇, 𝜆)𝑑𝜆 = 		𝜖(𝑇, 𝜆) )I7-JK
K4:#56 789⁄ ,+>

      (7) 

where 𝜖(𝑇, 𝜆)  is the emissivity, 𝜆  is the wavelength, h is the 
Planck constant, k is the Boltzmann constant, and c is the speed 
of light. Similar to [19], we assume a gray body model, where the 
emissivity is independent of temperature and wavelength, and 
modify Planck’s Law to account for multiple emitter temperature 
bins in a heterogeneous temperature field which simplifies to, 
 

𝑓,𝑇#DD. = 	 S𝑒I7 2K5;<<⁄ − 1V
,+
= ∑ L1

M#56 7891⁄ ,+N
G0123
EH&    (8) 

 
we solve for Teff every 1 ns over the 30 ns duration of the 
simulation. Calculations are performed for wavelengths from 400 
to 800 nm which is governed by the detectable emission spectrum 
of the pyrometer. In order to consistently converge, we set a 
minimum shocked mass threshold to 5% of the total HMX mass 
in the calculation. Also, in order to account for the shadowing 
effect of upstream shocked HMX by downstream unreacted 
particles, we fixed our sampling window for temperature 
calculations on a subset of HMX powder bed nearest the glass 
window. 

3. Results and Discussion  

Figure 1 shows the temperature and pressure fields in the 
shocked HMX powder bed simulations for a flyer impact speed of 
1.4 km s-1 . At 10 ns, we observe shock compaction of the 
energetic grains, as well as initial HMX reaction and product gas 
formation. At 15 ns, the product gases permeate more of the 
powder bed and gas jetting occurs through focusing effects. At 
the same time, the shock continues transiting through the solid-

gas mixture towards the glass window. At 20 ns, the shock reflects 
at the glass interface, which increases the pressure and 
temperatures in the HMX. Without the shock reflection, the peak 
HMX temperature would not be as pronounced and possibly more 
difficult to capture with a pyrometer. 

 

Figure 1. Calculated temperature (a-c) and pressure (d-e) fields in the shocked 
HMX powder bed for a flyer impact speed of 1.4 km s-1. The HMX powder bed 
is 29% crystal density and the grain size is 4 µm. 

Figure 2 shows the temperature and pressure fields in the 
shocked HMX powder bed simulations for a flyer impact speed of 
3.6 km s-1. Overall, the phenomena observed is qualitatively 
similar to the 1.4 km s-1 case but HMX pressures and 
temperatures are higher. At 5 ns, we observe the initial HMX 
shock compaction, reaction, product gas formation, as well as 
high speed product gas jetting evolving through focusing effects. 
More pronounced erosion and pitting is also observed in the 
aluminum flyer due to impact and reaction of HMX grains. At 7 ns, 
the product gases more fully permeate the powder bed and much 
more HMX is reacting than in lower impact velocity case. Shock 
reflection at the glass interface increases the pressure and 
temperatures in the HMX.  
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Figure 2. Calculated temperature (a-c) and pressure (d-e) fields in the shocked 
HMX powder bed for a flyer impact speed of 3.6 km s-1. The HMX powder bed 
is 29% crystal density and the grain size is 4 µm. 

Figure 3 shows the calculated Teff of the shocked HMX sample for 
flyer impact speeds of 1.4, 2.8, and 3.6 km s-1 with pyrometry 
measurements [19, Fig 6]. Calculating Teff using Planck’s Law with 
a gray body assumption demonstrates good agreement with 
temperature data across all flyer impact speeds. Teff is mostly 
within the experimental error bars across the 30 ns duration of the 
simulation. Peak Teff for each impact case is well within the error 
bars. The peak temperatures for 1.4 and 2.8 km s-1 occur at 18 
and 8 ns, respectively, which roughly corresponds to the initial 
reflected shock in HMX at the glass interface shown in Figures 1f 
and 2f. Peak Teff values for the 2.8 and 3.6 km s-1 cases are 
comparable, suggesting that the hot spot mechanisms are similar 
despite different impact loading conditions. The T- and T4-based 
averaging methods inadequately weight the higher temperature 
regions and result in a significantly lower Teff that is in poor 
agreement with data. These methods give temperatures that are 
2000-3000 K lower than peak values.  

 

Figure 3. Calculated Teff of the shocked HMX sample for flyer impact speeds of 
a) 1.4, b), 2.8, and c) 3.6 km s-1 compared to hot spot data [19, Fig 6]. 
Calculations using Planck’s Law, T4-based, and T-based methods are shown. 
The HMX powder bed is 29% crystal density and the grain size is 4 µm. 

Figure 4 shows the HMX temperature distribution for a range of 
times near peak Teff for flyer impact speeds of 2.8 and 3.6 km s-1. 
For 2.8 km s-1, we observe that the temperature distribution at 10 
ns (time of peak Teff) consists of approximately 1.5-3x more mass 
for T > 7500 K and less mass for T < 7500 K compared to the 
temperature distribution at 13 ns. While these hot spots only make 
up a small fraction of the overall mass, their greater weighting 
results in a >1000K difference in the calculated Teff between 10 
and 13 ns. Similar to the 2.8 km s-1 case, the temperature 
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distributions for the 3.6 km s-1 case has more mass for T > 7500 
K and less mass for T < 7500 K at the 8 ns peak Teff time 
compared to the 13 ns off-peak time. Similarities in the 
temperature distribution for the 2.8 and 3.6 km s-1 cases is the 
main cause for comparable Teff peaks observed in Figure 3.  

 

Figure 4. HMX temperature distribution for a range of times near peak Teff for 
flyer impact speeds of a) 2.8 km s-1 and b) 3.6 km s-1. The HMX powder bed is 
29% crystal density and the grain size is 4 µm. 

Figure 5 shows the HMX reaction rate (𝑑𝐹 𝑑𝑡, ) versus time for flyer 
impact speeds of 1.4, 2.8, and 3.6 km s-1. The timing of peak 𝑑𝐹 𝑑𝑡,  
(~8 ns, ~10 ns, and ~18 ns) are in good agreement with the timing 
of peak Teff across flyer impact speeds in Figure 3. Peak 
𝑑𝐹

𝑑𝑡, increases with increasing impact speed. The shape of 
𝑑𝐹

𝑑𝑡, 	curves are similar for the two highest impact speeds but 
different than the lowest impact speed. For the 2.8 and 3.6 km s-

1 cases, the induction time for reaction is 3-4 ns followed by a 5-6 
ns period of acceleration to peak rate and then 7-9 ns deceleration. 
For the 1.4 km s-1 case, the induction time is 10 ns, the peak rate 
is 3x lower than the 2.8 km s-1, and the post-peak rate doesn’t 
decelerate substantially out to 30 ns; this suggests continued 
HMX grain burning late in time which is evident in Figure 1c. 
 
 

 

Figure 5. HMX reaction rate (dF/dt) versus time for flyer impact speeds of 1.4, 
2.8, and 3.6 km s-1. 

Figure 6 shows the normalized reaction rate (𝑑𝐹. 𝑑𝑡, ) versus the 
normalized extent of reaction (𝐹\) for flyer impact speeds of 1.4, 
2.8, and 3.6 km s-1 where 𝑑𝐹. 𝑑𝑡, = 	1 𝑚!"#$%, 𝑑𝐹

𝑑𝑡,  , 𝐹\ = 	
𝑚𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑚𝑔𝑟𝑎𝑖𝑛]  , and 

𝑚O!*EP	is the mass of a single 4 𝜇m HMX grain. For increasing 
flyer impact speeds, we see that the peak 𝑑𝐹. 𝑑𝑡,  (𝑑𝐹?!"#$ 𝑑𝑡@ ) increases 
and the location of the peak along 𝐹\ also increases. We fit 𝑑𝐹. 𝑑𝑡,  

to a modified Arrhenius model that retains the original HMX 
activation energy (𝐸*) and prefactor (𝐴2), 

𝑑𝐹###
𝑑𝑡
% = 		𝐴+𝑒(BC!D E"#$%F&#$'⁄ )(𝐹% − 𝐹#)H𝐹#I𝐹%/BHBI  (9) 

where 𝑇=Q$2 is the bulk shock temperature due to the aluminum 
flyer impact, 𝐶"Q$%  is the multiplier on 𝑇=Q$2 , 𝐹& is the maximum 
value of 𝐹\ (~70), and 𝑎,𝑏 are the form factor exponents for terms 
𝐹& − 𝐹\ and 𝐹\ . The additional term, 𝐹&+,*,=, is due to normalizing 
the Arrhenius form by 𝑚O!*EP . With 𝐸*  and 𝐴2  fixed, the fitting 
parameters are 𝑎, 𝑏, and 𝐶"Q$%. Fitting parameter values and bulk 
shock conditions for each impact speed are shown in Table 4. 

 

Figure 6. Normalized reaction rate (𝑑𝐹. 𝑑𝑡, ) versus the normalized extent of 
reaction (𝐹4) for flyer impact speeds of 1.4, 2.8, and 3.6 km s-1. Solid line is 
mesoscale simulation and dashed line is modified Arrhenius model.  
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Table 4. Rate Model Parameters (parameters unitless unless 
indicated). 

Parameter 1.4	𝑘𝑚	𝑠B/ 2.8	𝑘𝑚	𝑠B/ 3.6	𝑘𝑚	𝑠B/ 

𝑎 1.5 1.34 1.3 

𝑏 0.5 0.66 0.7 

𝐶𝑚𝑢𝑙𝑡 3.30 2.07 1.64 

𝑇IKL+ 468 K 840 K 1085 K 

𝐶𝑚𝑢𝑙𝑡𝑇𝑏𝑢𝑙𝑘 1544 K 1739 K 1779 K 

𝑃IKL+ 5.5 GPa 19.8 GPa 28.1 GPa 

  

In fitting these curves, we recognize that 𝑎 ≠ 𝑏 because 𝑑𝐹?!"#$ 𝑑𝑡@  is 
not centered at 𝐹& 2⁄ . Also, since the position of 𝑑𝐹?!"#$ 𝑑𝑡@  shifts along 
𝐹\, the value of 𝑎, 𝑏 changes with the flyer impact speed. This is 
due, in part, to the reaction mechanisms we observe in our 
simulations which does not follow idealized cylindrical burning 
described by 𝑎, 𝑏 = 0.5 in previous studies [18]. To best match the 
acceleration and deceleration of rate curves, we set 𝑎 + 𝑏 = 2 
across all flyer impact speeds. Setting the sum of exponents to a 
constant also ensures that the exponential term is primarily used 
to fit the amplitude rather than normalization term (𝐹&+,*,=). 𝑇=Q$2 
is determined according to the shock loading condition (see Table 
4) and we vary 𝐶"Q$%	to fit the peak rate value. 𝐶"Q$%	increases 
with decreasing flyer impact speeds; this suggests that the lower 
shock loading cases more effectively heat the HMX than higher 
impact speed cases. This is consistent with previous literature 
where viscous heating due to pore collapse is more pronounced 
for lower pressure shocks especially below bulk melting [18]. 
Interestingly, the full temperature in the exponential term, 
𝑇=Q$2𝐶"Q$% , for the 2.8 and 3.6 km s-1 cases are within a few 
percent of each other (1739 K and 1779 K) despite a >20% 
difference in 𝑇=Q$2 (840 K and 1085 K). In conjunction with earlier 
observations that the peak 𝑇#DD  are also comparable, this 
suggests the reaction mechanisms may be converging at higher 
speeds and less dependent on the initial shock loading condition.  
 
We also perform sensitivity studies to explore HMX powder bed 
density (increasing from 29% to 35% crystal density), grain size 
(doubling from 4 µm to 8 µm), HMX chemical kinetics (reducing 
Arrhenius prefactor), and spatial distribution of HMX grains to 
determine their influence on the predicted Teff. These excursions 
are reasonable considering the uncertainties in powder HMX 
samples (density, grain size, spacing) and the uncertainties in the 
chemical kinetics which is based in part on the extrapolation of 
low pressure chemistry to the high pressure regime. Figure 7 
shows the results of our sensitivity studies with comparisons to 
the baseline simulations and the pyrometry measurements; these 
comparisons help indicate whether a particular parameter 
sensitivity is meaningful.  

 

Figure 7. Calculated Teff for sensitivity study on HMX powder bed density 
(increasing to 35% crystal density), grain size (increasing to 8 µm), HMX 
chemical kinetics (reducing Arrhenius prefactor by 1/3), and a different spatial 
distribution of HMX grains for impact speeds of a) 1.4 and b) 2.8 km s-1 
compared to hot spot data [19, Fig 6]. Baseline simulations are also shown for 
reference.  

For the larger 8 µm HMX grain size, we observe higher peak and 
post-peak Teff than baseline at both impact speeds but it is more 
pronounced for the higher impact speed. This can be explained 
as follows: Pore sizes tend to scale with grain sizes and peak pore 
collapse temperatures scale with pore size; thus, higher 
temperatures can result from increasing the grain size. Since the 
spatial arrangement of energetic grains is not well defined, we 
simulate a different microstructural realization of the powder bed, 
fixing the grain size and volume fraction, to determine its influence 
on Teff. A more pronounced effect is observed at the lower impact 
speed where Teff is higher than the baseline value and nearly the 
value observed for the 8 µm grains. This suggests that the spatial 
arrangement is more important at lower impact speeds. This can 
be explained as follows: The lower degree of reaction leaves a 
random solid grain configuration through which the product gas 
permeates, jets, and impinges on the glass to stochastically form 
hot spots; thus, non-uniform microstructures can cause variations 
in Teff because it is highly sensitive localized hot spots. We also 
reduce the Arrhenius prefactor to the baseline value in [24]; this 
tends to give us a lower Teff. For a fixed shock loading and slower 
kinetics, less product gas can evolve. Reduced gas at the glass 
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interface means that there is less heating during shock reflection. 
The 35% crystal density HMX powder bed result is similar to the 
baseline density but there are two subtle differences. First, at an 
impact speed of 1.4 km s-1, the peak Teff are similar in magnitude 
but the 35% crystal density case arrives slightly earlier. This can 
result from higher density samples having a higher effective shock 
speeds and thus the shock reflection at the glass window occurs 
sooner. Second, there is a slightly lower temperature in the 35% 
crystal density case at 2.8 km s-1. This can result from the reduced 
material jetting and gas formation for the lower porosity case. In 
the limit of zero porosity, there is no jetting and the peak 
temperature approaches the sample bulk shock temperature of 
the HMX.  

4. Conclusions 

• We validate reactive grain-scale simulations of low 
density HMX powder beds with hot spot temperature 
data over a range of shock loading conditions. These 
simulations are a useful tool for elucidating the role of 
hot spot mechanisms in the shock initiation of 
heterogeneous explosives. Validated grain-scale 
simulations also provide a basis for developing 
predictive morphology-aware models at the continuum 
scale, e.g., Statistical Hot Spot Model [32, 33]. 

• Calculating Teff using Planck’s Law with a gray body 
assumption demonstrates good agreement with hot 
spot temperature data over a range of shock loading 
conditions. In contrast, T4- and T-based methods 
inadequately weight the higher temperature regions and 
result in a significantly lower Teff that is in poor 
agreement with data. The method used to calculate an 
effective temperature is clearly a critical part of any hot 
spot analysis.  

• A modified Arrhenius model is fit to the normalized 
reaction rates predicted by mesoscale simulations for 
our range of flyer impact speeds. Inferred temperatures 
(𝑇=Q$2𝐶"Q$% ) range from 1544 K to 1779 K which are 
quite similar considering the bulk shock temperature for 
the highest flyer speed is twice that of the lowest speed. 
Higher HMX heating efficiency suggests that a viscous 
mechanism is active at lower speed. This is consistent 
with previous literature where viscous heating due to 
pore collapse is more pronounced for lower pressure 
shocks especially below bulk melting [18]. 

• 𝑇=Q$2𝐶"Q$% for the 2.8 and 3.6 km s-1 cases are within a 
few percent of each other despite a >20% difference in 
𝑇=Q$2. In conjunction with earlier observations that the 
peak 𝑇#DD  are also comparable, this suggests the 
reaction mechanisms may be converging at higher 
speeds and less dependent on the initial shock loading 
condition. 

• The present study shows greater sensitivities to 
reasonable excursions in HMX grain size, grain spacing, 
and chemical kinetics than to changes in powder bed 
density. Doubling the HMX grain size to 8 µm leads, for 

example, to higher Teff while decreasing the Arrhenius 
prefactor by 1/3 yields significantly lower Teff. 

• We envision that future hot spot studies will consider 
validating reactive grain-scale simulations of high 
density plastic bonded explosives (PBXs). These are 
frequently used materials and such results would be of 
considerable practical value. 
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