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The Detonation Shock Dynamics (DSD) method for propagating detonation in 
numerical simulation of detonation in high explosive (HE) is based on three elements: 1) 
a subscale theory of multi-dimensional detonation that treats the evolving detonation as a 
front with dynamics that depends only on metrics of the front (such as curvature, etc.), 2) 
high-resolution direct numerical sirnuliltion of detonation serving both to test existing 
subscale theories and suggest modifications, and 3) physical experiments to characterize 
multi-dimensional detonation propagation on real explosives and to calibrate the front 
models for use in engineering simulations. In this paper we describe our work on all three 
of these elements of the DSD method as it applies to detonation in nonideal explosives. 

The first DSD theory to be developed showed that the velocity of detonation 
normal to the shock, D, , was solely a function of the shock curvature, K . Referred to as 
the D, - K subscale detonation front law, this leading-order model pictured the flow as 
being a lD, nozzle-like (spherically expanding), quasi-stationary flow. Nonuniformities 
in the flow experienced as one moved €rom place-to-place along the shock were 
neglected (no transverse flow variations) as were transient effects having to do with the 
inertia provided by the reaction-none structure to instantaneous acceleration of the 
detonation shock (no explicit time variations). 
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Figure 1. D, ( K )  propagation law for PBX 9502 at 25' C 



An analysis of the flow in the reaction zone, immediately adjacent to the inert material 
that provided confinement for the detonating explosive, showed that the angle between 
the normal to the shock and normal to the undisturbed HEhert  interface had a unique 
value being a function of only the HEhert  pair. This boundary angle served as a 
boundary condition for the detonation, which when combined with the D, ( K )  law 
provided a complete mathematical description for propagating a detonation in an 
explosive piece. An example of such a propagation law, was the experimentally measured 
D, (K) law for PBX 9502 described by us in the 1 1 th Detonation Symposium and shown 
above. 

This D, ( K )  model is the product of a leading-order approximation to the theory 
of weakly curved ( K = O(E)  , with E .=< l),  multi-dimensional, reacting detonation flows. 
Also in the 1 lth Detonation Symposium (as well as elsewhere) we described the 
development of higher-order corrections to this leading-order theory, where terms up 
through 0(g2)  were included in the analysis. In developing this theory, we considered 
that the heat-release rate, R, could be weakly state dependent, depending on pressure, P, 
to a low integer power, n, 

where P,, is the Chapman-Jouguet pressure, k is the rate constant and A is the reaction- 
progress variable. At 0(g2)  , both transverse flow and acceleration effects enter the 

h! = k ( P / p c j ) " G  
7 

detonation front propagation law, leading to the asymptotically derived law 
DV 822, 

K = T ( V )  - A(D)-  t B(V)- 
Dt as2 , 

where 

= D  DrL - DC J - 
€ 1 - C  J 

Y 

and where F is the D, ( K )  contribution and A and B are derived functions depending on 
the equation of state (EOS) and heat-release rate parameters. We have recently tested the 
predictions of this theory for the diameter-effect curves against high-resolution, direct 
numerical simulations (DNS) performed on the identical model (reactive Euler equations, 
same EOS and heat-release rate). Using upwards of 50 computational zones in the 
streamwise, reaction zone direction, Fig. 2 shows that the theory and DNS are in 
substantial agreement for n = 0, I ,  2, 3. 
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Figure 2. Comparison of O ( E ~ )  theory with DNS for the diameter-effect 
as a function of the heat-release rate pressure exponent, n. The dots are 

the results from the DNS, with the adjacent numbers indicating the number 
of computational points in the streamwise direction of the reaction zone. 

--+-A . -  , 

Importantly, this comparison shows good agreement between theory and high-resolution 
DNS even for D, departing significantly from D, . Figure 3 shows the theoretically 
derived expressions for D, vs K along shocks of three different radii for the case n=O 
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Figure 3. D,, vs K along three different radii shocks. 

Recent data on a very nonideal ANFO explosive (density 0.9 g d c c )  shows D, vs 
K along the shocks to be very different than that shown in Fig, 3. The data is more nearly 
represented by constant curvature along shocks of different radii. This is shown in Fig. 4. 
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Figure 4. D, vs K along six different radii rate stick shocks in ANFO. 

This data shows substantially larger departures of D, from D, , with larger radius 
charges not being to the right of smaller radius charges as shown in Fig. 3. This different 
character for D, vs K along the shocks combined with our general interest in developing 
a DSD theory for explosives with highly state-sensitive, Arrhenius reaction rates has led 
us to devdop an extended DSD theory. What differentiates this extended theory from our 
earlier work is the inclusion of a highly state-sensitive reaction rate, that in turn leads to a 
more complex, richer leading-order theory containing a dependence of D, on K ,  shock 
acceleration and transverse flow. 

We consider a 2-step, induction zone-type reaction model with a highly state- 
sensitive but thermally neutral induction reaction (12) that is followed by a state 
insensitive exothermic main reaction (MRL). A schematic diagram of the 2D reaction 
zone and the 2-step reaction scheme is shown below 
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Figure 5.  2-step, highly state-sensitive reaction rate model, 

Development of DSD theory for this model leads to the detonation front propagation law 

N := T exp (-'D) 

a123 + azNK(1) + a g K ( 1 )  

+ a4Nf + a6(N$)' f 06N$,$ = 0 

where N is the induction-zone length and the a's are material property dependent 
constants. Computing the steady-state shock shapes for shocks of different radii in the 
rate stick geometry shows a behavior very similar to that exhibited by the ANFO 
experiments 
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Figure 6. Computed D, vs K along three radii rate stick shocks 
using the propagation law of the extended DSD theory. 

In our paper, we will briefly describe the derivation of the extended 2-step 
reaction rate theory, compare the theoretical results to those obtained from high- 
resolution DNS, and calibrate the extended DSD front model to the ANFO data. 


