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ABSTRACT O:8F |

To predict the violence of reaction of confined energetic materials during cookoff requires a
description of the relevant physical processes that occur on time scales ranging from days to submicrosec-
onds. The time-to-ignition can be characterized accurately using heat transfer with chemistry and quasi-
static mechanics. After ignition the energetic material deflagrates on a millisecond time scale. During this
time the mechanical processes become dynamic. If the confinement survives burning then accelerated
deflagration can lead to shock formation and deflagration to detonation transition. The focus of this work is
the dynamic combustion regime in the millisecond time domain. Due to the mathematical stiffness of the
chemistry equations and the prohibitively fine spatial resoiution requirements needed to resolve the struc-
ture of the flame, an interface tracking approach is used to propagate the burn front. Demonstrative calcu-
lations are presented that illustrate the dynamic interaction of the deflagrating energetic material with its
confinement.

INTRODUCTION

The response of a system containing an energetic material (EM) to an abnormal thermal environ-
‘ment is termed “cookoff.” The environment may be a severe condition, such as a fuelfire, or a slow pro-
cess of heat addition in which the temperature increases a few degrees per hour. This response of the EM
system to the thermal environment can vary from an essentially quiescent pressure burst to a very violent
detonation-like event. To predict this response requires analysis of time scales ranging from hours to sub-
microseconds, see Fig. 1. The initial phase of the analysis is represented by heat conduction with chemis-
try and quasi-static mechanics [1]. During this phase of the analysis the time-to-ignition is determined and
the state of the EM may also be characterized. The mechanical state of the energetic material is derived
from a constitutive mechanics model [2,3]. The constitutive mode! must be capable of describing the
response of the energetic material to mechanical loading, thermal expansion, chemical decomposition and
damage. A validated constitutive model that accounts for these effects has yet to be developed. At ignition
the EM begins to burn in a millisecond regime at rates varying from 1 to 1000’s of centimeters per second.
Also, the mechanical response of the system becomes dynamic. A dynamic constitutive model for the
energetic material must now describe the stress rate as a function of the strain rate and damage state.
The damage state may be characterized by porosity, specific surface area, and crack density. The confine-
ment dynamics determine the response of the system. If the confinement fails during burning, a less vio-
lent event ensues. However, when the confinement survives the initial stages of burning, then accelerated
combustion leads to shock formation and favors a violent deflagration to detonation transition (DDT) event
[41. Shock physics analysis is then required to predict the subsequent level of violence. The focus of this
paper is on the millisecond burn regime with dynamic mechanics.

ANALYSIS

One approach to describing the dynamic combustion regime during cookoff is to resolve the flame
structure of the burning EM [5]. (An idealized flame structure for a nitramine, such as undamaged HMX, is
shown in Fig. 2.) There is a fizz zone adjacent to the burning surface, followed by an induction or dark
zone, and a secondary flame zone [6]. Notice that the condensed-phase chemistry is confined to a thin
layer just below the burning surface and throughout the fizz zone. The secondary flame is primarily com-
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Figure 1. Confined energetic material in an abnormal thermal environment with the appropriate physics
prescribed at the appropriate time scale.

posed of gas-phase chemistry which is highly pressure dependent. A simplified set of equations that
describe this structure include multi-step chemistry and conductive heat transfer. At the conditions
encountered in cookoff (i.e., high pressure) the dark zone collapses and the flame structure is reduced to
the order of a few micrometers [6]. At these conditions the multi-step chemistry equations become mathe-
matically stiff. To accurately represent the physics of the flame propagation requires the resolution of the
flame structure. The necessary spatial resolution is prohibitive (even in one dimension with adaptive grid-
ding) and the stiff chemistry severely reduces the time step. The flame structure for a damaged EM is sim-
ilar but contains the multiphase, multicomponent effects of gas permeation into the unburned material and
convective transport [7,8]. Clearly, resolving the flame structure is not feasible, especially in multidimen-
sional simulations, and an alternative approach is required.

The approach taken here to elimi-
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unstructured finite element mesh shown in  Figure 2. An idealized flame structure of an undam-
Fig. 3. The scalar volume fraction field of the  aged nitramine, such as HMX.

reacted material is represented by the num-

ber contained in each element. At some

point in the calculation, it is necessary to Burn front
determine the orientation and location of the
burn front discontinuity. The orientation is
determined by using the volume fraction of
the materials in the elements surrounding the
burn front to compute a local volume fraction
gradient which is normal to the burn front.
The burn front is then located by constructing
an interface with this normal that matches the
element volume fraction. This is a standard
volume of fluid approach extended to

unstructured finite element meshes [9,10]. Figure 3. An unstructured finite element mesh

The reconstructed interface can then be illustrating the methodology for determining the
propagated in response to the local condi- orientation and location of a burn interface.

Volume fraction reacted




tions (pressure, temperature and specific surface area). The interface propagation is represented by the
solution to an advection equation:

%—I;+ VoVF-VEVF =0 (1)
where F(X.t) represents the flame surface, V,,, is the local material velocity, and V¢ is the flame velocity rel-
ative to the unreacted material. The solution to this equation is very complicated for multimaterial ele-
ments on unstructured meshes and is solved algorithmically for efficiency. That is, the orientation and
location of the interface along with the propagation velocity determine when the interface moves into adja-
cent elements. This analysis also requires the specification of the flame velocity. A simple empirical
expression, such as V; = aP", could be used to represent the flame velocity of an undamaged energetic
material. However, the combined thermal/chemical and mechanical insults suffered by confined energetic
materials create damage states with enhanced surface area that require further analysis [7]. For the
present study the flame velocity is represented by the functional form given in Eq. (2) with separate generic
functions representing the pressure, temperature and specific surface area dependencies:

Ve = FUP,MFAT,MF5(A L) 2)

where A is an extent of reaction progress variable that can also be used to determine the propagation
velocity. For the present paper the burn velocity functions are: Fy = aP", F, = (T/T0)®, and F3 = 1+3A. Note
that F5 represents an enhancement to the specific surface area caused by chemical decomposition. In the
future the combustion physics of the burn front will be incorporated into the propagation using an embed-
ded asymptotic analysis of the deflagration of porous energetic materials to specify the flame velocity [8].
This burn model has been incorporated into ALEGRA, an arbitrary Lagrangian-Eulerian finite element
analysis program developed at Sandia National Laboratories [11].

The unstructured finite element mesh shown in Fig.4 was used to test the burn model propagation
scheme. This geometry was modeled with rigid walls and a constant velocity burn was initiated from the
center of the box. Also shown in Fig. 4 are three time planes from the burn propagation which demonstrate
that the burn model adequately propagates a circular burn. The burn model can now be used to study the
dynamics of the interaction between the burning EM and its confinement. Several demonstrative calcula-
tions are presented illustrating this dynamic interaction. A key feature of this implementation is that the
burn front propagation is independent of the constitutive models that are used for EM and its product gas.
Therefore, many different constitutive models can be used or interchanged as the problem physics dictate.

RESULTS AND DISCUSSION

A series of calculations are presented that demonstrate the capabilities of the burn model. For
these simulations the thermochemical properties of HMX are used for the EM. The first set of calculations
was performed on the TNO-PML cookoff configuration shown in Fig. 5 [12]. This is a cylindrical pipe with
large endcaps that is heated with an electrical resistance wire from the sides. This configuration has been
outfitted with a series of diagnostics including thermocouples, pressure gauges, and strain gauges. A fast
cookoff thermal/chemical analysis was performed using the finite-element analysis code COYOTE [13].
Experimental observations suggest that fast cookoff results in a less violent event due to the loss of con-
finement early in the burning process. The surface temperature of the cylinder was ramped at 9.5 K per
minute until ignition, at approximately 1500 s. Also shown in Fig. 5 are the temperature and the extent of
reaction (A) contours just prior to ignition. Notice that ignition occurs next to the inner surface of the cylin-
der in the center and that the decomposition is confined to a small layer next to the inner wall of the cylin-
der. The burn propagation is anticipated to propagate more rapidly along the inner surface due to its
greater extent of decomposition. A coupled thermal/chemical and mechanical analysis of this configura-
tion could also be performed [1]. However, for purposes of demonstration, the thermal/chemical analysis is
used as an initial condition for the burn propagation. A simple linear elastic representation is used for the
dynamic EM constitutive model. This is recognized as a vast simplification to the actual mechanical
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Figure 4. Burn propagation test problem with the unstructured finite element mesh (upper
left) and the initial circular burn {(upper right). The burn propagation is shown after 0.5 and
1.0 ms.

response of confined EM’s [2,3,14] which may be characterized by an elastic-plastic, viscoelastic, visco-
plastic response with damage and modifications due to chemical composition and compaction.

The first stage of the postignition burn simulation is transferring the temperature and extent of
reaction fields from the thermal/chemical analysis into the burn computational mesh. Presently, these are
stored as internal state variables for each element and are used in Eq. (2) to calculate the burn velocity. In
the future, the calculation will be initialized from a coupled thermal/chemical and quasi-static mechanics
analysis [1]. The burn is initialized by placing a small spherical bubble of reaction products at the location
of ignition. The reaction products model is represented by the Noble-Abel equation of state [15]. The burn
propagation, represented by a series of time-planes from the post ignition simulation, is shown in Fig. 6.
Initially the burn front propagates at rates ranging from 1-25 cm/s and accelerates as the pressure
increases. At approximately 0.72 ms, the burn velocity has reached slightly over 500 cm/s and the confine-
ment fails. After the confinement fails, the burn product gas is vented and the reaction is quenched (i.e.,
burn velocity approaches zero). The burn has propagated approximately 5 times faster in the axial direc-
tion than in the radial. This propagation is a result of assuming that the extent of reaction variable is
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Figure 5. Thermal chemical analysis of the TNO-PML cookoff configuration shown on the left where an
energetic material is confined in a cylindrical geometry. For this simulation the heat flux applied at the
outer wall causes a linear increase in temperature at 9.5 K per minute. The temperature and extent of
reaction contours are shown at 1500 seconds just prior to ignition.
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Figure 6. Postignition deflagration of the TNO-PML fast cookoff test at 200, 670 and 820 us after ignition
showing the burn propagation after thermal/chemical analysis indicated ignition occurred near the outer
wall.




related to a porous damage state of the energetic material and can be used as a burn modifier [7]. The
simulation used a simple yield stress dependent fracture model to break and fragment the confinement
[16]. In the future, strain rate calculations of the confining materials can be used to estimate the amount
and characteristic dimension of the fragments caused by the burning process [4]. This calculation demon-
strates qualitatively the burning behavior of the EM during fast cookoff.

The thermal/chemical analysis of slow cookoff for the TNO-PML configuration, not shown due to
space limitations, predicts that ignition occurs in the center of the EM with a more uniform temperature and
extent of reaction contours. Simulation of the postignition combustion events and confinement dynamics is
shown in Fig. 7. For the slow cookoff burn simulation, a spherical bubble of product gas is inserted in the
center of the EM. The slow coockoff thermal chemical analysis predicts that a small core of reacted mate-
rial exists in the center of the EM. Similar to the fast cookoff simulation, this core is used as a burn modifier
to enhance the burn rate. At 160 us the burn has spread rapidly up the centerline. As suggested by the
time scale of confinement failure (200 us), the qualitative degree of damage to the TNO-PML pipe, and the
greater mass of EM consumed, the siow cookoff case would yield a more violent reaction than the fast
cookoff case.

To complete the demonstrative calculations, a fully three-dimensional simulation of the Naval Sur-
face Warfare Center variable confinement cookoff test (VCCT) is presented [17]. The VCCT configuration
is shown in Fig. 8, where two relatively heavy end plates are bolted together to provide confinement for an
EM that is contained in an aluminum sleeve, variable thickness steel sleeve, and a heater band (which
extends approximately 80% around the circumference of the steel sleeve) and is used to provide heating.
The configuration must be analyzed in three dimensions due to the bolts that provide confinement. Note
also that there is a symmetry plane at 180 degrees due to the current orientation of the heater band. How-
ever, for generality this symmetry plane was not used.

The results obtained from the experimental test are thermocouple traces and a qualitative catego-
rization of the violence of the event [18]. That is, the number of fragments produced are subjectively
related to the violence of reaction. Current computational models for fracture and fragmentation are empir-
ical and will not be able to calculate fragmentation explicitly. In the future, Grady-Kipp [19] fragmentation
theory will be used with caiculated strain rates to estimate the confinement fragmentation and its relation-
ship to the experimental conditions and violence categorization.

A previous quasi-static and thermal/chemical analysis of the VCCT predicted that ignition occurs
in the center of the EM with a nearly uniform temperature field [4]. The analysis of the postignition com-
bustion events demonstrated the capability to predict the high-order responses from explosions to DDT.
The current burn dynamics propagation model extends this capability to predictions ranging from pressure
burst to explosions. The first stage of the VCCT analysis is to perform scoping calculations of the confine-
ment dynamics with the burn propagation to determine computational expense, meshing requirements and
model parameters. For this set of calculations, a 2D horizontal cross section at the height of the heater
band is used. The burn is initiated centrally by inserting a small spherical bubble of preduct gas. The 2D
simulation uses the arbitrary Lagrangian-Eulerian (ALE) capabilities of ALEGRA. The EM finite element
block is chosen as Eulerian with a Lagrangian slide surface at the interface with the aluminum sleeve. The
aluminum sleeve, steel sleeve and heater band blocks are ALE with slide surfaces at the material inter-
faces. This arrangement is shown in Fig. 9 along with two time planes from the burn propagation simula-
tion. Note that due to the Lagrangian nature of the interfaces between element blocks, fracture,
fragmentation and mixing of the materials is not permitted. The simulation is terminated when deformation
is too large to resolve in a Lagrangian (or ALE) fashion. The significant deformation to notice in the mesh
shown in Fig. 9 is located at the boundary between the EM and the aluminum sleeve. The ALE mesh is
shown at 40 and 140 us and a representation of the burn front location is also given. At 140 us, the heater
band has slid significantly along the outer surface of the steel sleeve. This implies that for the 3D Eulerian
simulation, the heater band does not provide much confinement. The 2D simulation also yields a good
estimate for the time to confinement failure at approximately 160 ps. For later reference, the 2D simula-
tions were performed on Sun workstations in a few hours.
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Figure 7. Postignition deflagration of the TNO-PML cookoff test at 40, 160, and 250 us after ignition. Burn
was initiated in the center of the EM and propagated rapidly up the centerline.
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Figure 8. Finite element computational mesh of the variable confinement cookoff test (VCCT). The mesh
contains 207,000 elements and is a full three-dimensional representation of the hardware.




Three time planes from the 3D sim-
ulation of the burn propagation in the VCCT
geometry are shown in Fig. 10. The 3D sim- 40 us Mesh distortion 140 ps
ulation was conducted using an Eulerian
description of the geometry. This has sev-
eral implications on the dynamics of the con-
finement. For Eulerian calculations, the
material interfaces do not slide relative to
each other which effectively means they are
welded together. This is not acceptable for
the heater band due to the gap around the
circumference. The heater band in 3D is
allowed to fracture to allow a more realistic
representation of its behavior. At 50 pus, the
burn has only propagated a short distance
and there is no significant deformation of the
confinement. At 154 us, the burn has prop- Lagrangian slide surface
agated to the interior of the confinement and
the product gases have started to vent.
There is significant fracture and deformation Burn front location
of the confinement. Similarly, at 218 us, the s ;
confinement has fragmented into several
large pieces while continued venting
quenches the burn front propagation. The
burn velocity was approximately 10 cmy/s ini-
tially and accelerated to over 2000 cm/s as
the internal pressure increased. These are
realistic velocities for the anticipated burn
rates [20,21]. The full 3D simulations are
computationally expensive. If performed on
the same workstation as the 2D simulations

these calculations would take several weeks  Figyre 9. Two-dimensional simulation of a cross section
to complete. The Teraflop computer located  of the VCCT with slide lines between material interfaces:

at Sandia National Laboratories in Albuquer-  the top shows the ALE mesh configuration while the bot-
gue, New Mexico allows these calculations  i5m shows burn front location.

to be performed in under a day [22].

Eulerian mesh

It should be noted that the burn propagation is significantly different from the traditional method of
programmed detonation. A programmed detonation propagates a reaction front at a specified velocity and
produces specified thermodynamic expansion states. Here, the burn front propagates in response to local
conditions (pressure, temperature, material state) and is also advected with the material velocity. This is
part of the reason for the nonsymmetric appearance of the burn front, see Fig. 9. Another reason for the
nonsymmetric propagation is attributed to the method for determining the orientation and propagation of
the burn front. Under certain circumstances, this method can misorient interfaces causing mesh-biased
propagation. Several techniques are being investigated for reducing mesh-biased results including mesh
adaptivity, finer resolution meshes, using ALE capabilities, and improvements to the existing propagation
algorithm to recognize biased meshes. It should be mentioned that the material velocity is also biased by
mesh orientation which adversely affects the symmetry of the burn front.

SUMMARY AND CONCLUSIONS

A burn model has been developed to describe the millisecond dynamic combustion regime for
confined EM’s. This model allows the determination of the dynamic interaction of the confinement to the
combustion behavior of damaged EM’s. This is a necessary step toward predicting the violence of reac-




50 ps 154 us

Product gas
venting

Burn front

218 us

 Confinement fragmentation

Figure 10. Postignition deflagration in the VCCT slow cookoff test at 50, 154 and 218 us after ignition
showing burn propagation, product gas venting and confinement fragmentation. Burn was initiated in the
center of the EM as calculated by thermal/chemical analysis.




tion. A series of calculations demonstrated the behavior of the burn model. The future direction of the
model development involves introducing more of the appropriate combustion physics into the burn propa-
gation using asymptotic analysis technigues. Also, methods for decreasing mesh-biased propagation are
being investigated. The development and validation of mechanical constitutive models applicable to ther-
mally degraded EM'’s with chemical composition changes in the quasi-static and dynamic regimes is a nec-
essary step for realistic simulations of confined EM'’s during cookoff. Similarly, the development of fracture
and fragmentation models for the confining materials under the conditions encountered in cookoff is also
an important need for the development of predictive capability for cookoff violence. The burn model pre-
sented here represents one class of burning that is expected in cookoff. The development of other burn
models (e.g., convective combustion fronts) is required to model granulated EM’s, such as gun propellants,
during cookoff. Finally, to validate the burning behavior of this model requires experimental measurements
of the burn rates of degraded and damaged EM’s.
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