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ABSTRACT

An analysis of post-ignition events in a variable confinement cookoff test! (VCCT) geometry is presented
aimed toward predicting the level of violence during cookoff of confined thermally-degraded energetic materials. This
study focuses on the dynamic events following thermal initiation whereby accelerated combustion interacts with con-
finement. Numerical simulations, based on a model of reactive multiphase mixtures, indicate that the response of ener-
getic material is highly dependent upon thermal/mechanical damage states prior to ignition. These damaged states
affect the rate of pressurization, dynamic compaction behavior and subsequent growth to detonation. Variations of the
specific surface area and porosity produced by decomposition of the energetic material causes different responses
ranging from pressure burst to detonation. Calculated stress histories are used in estimating breakup of the VCCT
confinement based on Grady-Kipp fragmentation theory?.

moer JASTER

Cookoff involves coupled thermal/chemical/mechanical processes that create thermal damage of the ener-
getic material which favor conditions for self-accelerated combustion and enhance shock sensitivity. Predictive finite
element-based analysis tools are being developed at Sandia National Laboratories® to assess the level of violence
including the coupled effects of heat transfer with chemistry, quasi-static structural mechanics and dynamic response.
Detailed modeling of cookoff, in its entirety, is not currently possible. Despite the years of study in cookoff phenomena,
relatively little is known about thermally-degraded energetic materials. Recent work has suggested that thermal
decomposition causes significant changes in microstructure in the energetic material forming regions of porosity with
high specific surface area®.

During heatup in a cookoff event, thermal stresses and material decomposition cause a buildup of quasi-
static stress in the confinement. Given sulfficient heating, exothermic energy release can exceed that dissipated by
thermal conduction, and self-sustained reaction is possible. Once ignition occurs, the response of the confined ener-
getic material becomes dynamic and the level of violence is determined by the evolution of pressure as combustion
sweeps through the thermally-damaged material. The competition between pressure buildup and stress release due to
the loss of confinement determines the level of violence of the event. Thus, the outcome of the event greatly depends
on the thermally-damaged states evolving prior to ignition. '

Current research has been directed at determining appropriate combustion® and stress-strain data® for dam-
aged energetic materials. Predictive cookoff modeling requires multidimensional muiti-material analysis capable of
resolving phenomena spanning twelve orders of magnitude in time, from ten’s of hours to sub-microseconds. An ambi-
tious effort at Lawrence Livermore National Laboratory is underway in developing ALE3D’ as a single platform for
cookoff modeling. At Sandia National Laboratories, a different modeling strategy is being taken. Existing analysis
capabilities are coupled and applied to material characterization experiments to determine appropriate combustion
physics models for cookoff. Then, finite element thermal and stress analysis are merged with shock physics analysis.
In this work, the effects of dynamic combustion are studied that link quasi-static and dynamic combustion behavior. An
overview of the finite element thermal and stress analysis is not repeated in this work; the interested reader can find
such information in references 8 and 9.

In the sections to follow, a brief description of mixture theory and its implementation into the shock physics
code is presented. Demonstrative numerical simulations of cookoff in the variable confinement cookoff test (VCCT) are
then discussed which illustrate that various states of thermal damage (i.e. porosity and specific surface area) lead to
different levels of violence and modes of combustion. Then, the breakup of confinement is estimated using Grady-
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Kipp frag'mentation.theoryz. These simulations strongly suggest that determination of the thermal damage states, prior
to the onset of ignition, are key to assessing the degree of reaction violence.

DESCRIPTION OF THE CONTINUUM MIXTURE MODELING

Accelerated combustion, following thermal ignition, is modeled using a description that has been imple-
mented in shock physics analysis. Foundation for this approach is based on the continuum theory of multiphase reac-
tive mixtures by Baer and Nunziato'®. For the sake of brevity, only the final forms of this model are given here, This
model has been shown to describe deflagration to detonation states in porous energetic materials. Furthermore, its
implementation into the shock physics code, CTH'!, provides a means for assessing the effects of fast combustion and
the response of confinement.

In this approach, a continuum average is imposed over each phase, and balance equations are formulated to
treat a multi-component system. Associated with each phase, denoted with a subscript “a”, are material partial densi-
ties, Py = 0,7, true material density, Y _, volume fractions, o, particle velocities, ba, pressures, p_ , temperatures,
Ta , and internal energies, €, The Eulerian forms of the balance laws are given as:

Mass: ' p,==p,V-b, +c,t (1
Momentum: P, =V o, + ﬁ‘zaT - caT b, (2)
Energy: pa‘ea = ga:%a +e b= t—c b )-» —c T, +(, ?)/2) (3)

where the material derivative for each phase is defined }‘a= d fa/at + f’a -V fa. The “t” superscript denotes a phase
exchange quantity for mass, caT, momentum, ﬁ‘za’r, and energy, e a’f and the stresses are represented as
o =-0pl+1 .

~a a a~ -~q )

Consistent with derivations used in mixture theory, summation of each balance equation over all phases
yields the response of the total mixture corresponding to the well known eguations of mgtion for a single phase mate-
rial. Thus, summation constraints are imposed on the phase interactions: ct=0,Ym%=0and et =0.

. ; 2 a a .

The restrictions of the Second Law of Thermodynamics also suggest admissible forms 0 phase interaction. The alge-
braic manipulations are not given here and the final forms of these interactions are as follows:

mf-c t( +9)/2+p Vo = Z RO ()
j
e om0 (e~ b /e T-(B ~p) (b~ ¢l/1)= Z 8 (T;=T,) (5)
J
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where §. oM o1 o are exchange coefficients of positive-definite symmetric tensors reflecting interactions
between J;Shasejs’. Infertace quantities are denoted with a subscript “7". The configurational stress, B_, is the stress
associated with contact forces between phases and is a different stress state than the bulk stress associated with the
material compressibility. Model! closure is obtained by specifying an independent equation of state for each phase.
Hence, the mixture description centers on the determination of appropriate constitutive relations and phase exchange

coefficients using micromechanical modeling and/or experimental guidance.

Having established the general equations of motion for a multiphase mixture, the conservation equations are
recast into an integral form consistent with the shock physics modeling of CTH'2. Overall conservation of mass,
momentum and energy is preserved and relative flow effects arise as phase diffusion effects due to velocity differences
between individual phase particle velocities and the mixture mass-averaged velocity, i.e. ﬁa = \‘»a — V. Phase interac-
tion effects, such as mass exchange, drag and heat transfer, appear as cell volume-averaged quantities. A detailed
derivation of the set of integral equations is given in Reference 13.




. Thephase conservation equations, in finite volume form, have a common mathematical structure:
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All of the multiphase conservation equations have source and phase diffusion terms. The cell-surface forces and
phase diffusion effects (the two surface integrals in Equation 7, respectively) are incorporated in a step using operator
splitting whereby -all phase quantities are transported in or out of cells. The remaining cell volume source quantities,
R , are resolved during a Lagrangian step. Details of numerical implementation into the shock physics code CTH are

gifllen in Reference 11:

VARIABLE CONFINEMENT COOKOFF TEST (VCCT)

As a representative cookoff experimient, the VCCT
geometry is modeled to illustrate the various modes of com-
bustion and level of violence predicted by a CTH model for
slow cookoff accident scenarios. The response is calculated
for varied states of thermal damage by specifying porosity
and specific surface area of the energetic material. A sche-
matic diagram of the VCCT geometry is shown in Fig. 1. The
test consists of a cylindrical geometry which confines the
energetic material with an aluminum sleeve and a variable
thickness steel sleeve'®. Steel witness plates at either end
provide axial confinement and washers are used to center the
energetic material between the piates. The heating for the
cookoff test is done by heater bands located on the outside of
the steel confinement sleeve. In a typical VCCT slow cookoff
test the temperature is quickly ramped to 100 C in one hour
and then the confinement is thermally-soaked for two hours at
temperature.

" Washers
" Al Sleeve
%~ Heater Band

Steel Sleeve

Fig. 1. Variable confinement cookoff test geometry.

At slow cookoff conditions, heating occurs at a rate of 3.3 C/hr until ignition. Figure 2 displays heat

transfer analysis for the VCCT test with confined HMX. At these heating conditions, thermal ignition is predicted to
occur when the temperature at the aluminum sleeve reaches ~190 C and the location of thermal runaway takes place

at the center of the HMX at a time of 30 hours 27 minutes.
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Fig.2.- A) Temperature boundary condition for cookoff

analysis B) Predicted temperature profile illustrating the local
ignition point in the energetic material.

The calculated time to ignition is in agreement
with the experimental data'®. Figure 2.B displays
the temperature field predicted using the COYOTE
finite element code® at a time near the onset to self-
sustained reaction. High temperatures develop at
the center of the energetic material as a conse-
guence of reaction in the HMX. The surrounding
HMX is at much lower temperatures of the order 180
- 192 C due to heat loss to the confinement.

DYNAMIC ANALYSIS OF COOKOFF

In modeling the VCCT experiment and assess-

_ing the violence of reaction during cookoff, it is nec-

essary to define appropriate inputs for thermal
damage states evolving prior to thermal runaway.
Although much work has focused on determining
stress-strain and decomposition rate data, relatively
little experimental and modeling work has yet been
done in characterizing the physical state of ther-
mally-degraded energetic materials. Existing consti-
tutive models, such as the reactive elastic-plastic
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Fig. 3.  Temporal response of VCCT confinement containing undamaged HMX during a
detonation cookoff event.

(REP) mode!'®, define hydrostatic stress for evolving decomposition. This model has been marginally successful in
describing the response of confined energetic materials in “hot-cell" experiments'”. The effects of phase change and
relaxation phenomena, seen in experimental measurements, are not currently included in this model. Unfortunately,
“fine tuning" this stress-strain relationship falls short of defining thermal damage states. Models for nucleation and coa-
lescence must also be included in these descriptions. There does not currently exist any experimental guidance for
developing predictive models of thermal damage states. Furthermore, the combustion behavior and shock sensitivity
of thermally-degraded material are not well understood18.

In light of much uncertainly in the behavior of thermally degraded energetic materiais, the approach used
here is to specify the porosity and specific surface area for thermally damaged material. In these studies, HMX is the
energetic material and burn rate and shock sensitivity are assumed to be similar to those for undamaged material %20,
Additionally, confinement is treated using elastic-perfectly plastic materials. In all of these numerical experiments,
combustion is initiated at the center location of the confinement corresponding to the slow-cookoff heating conditions
of the previous section. A point source of high pressure hot gas is imposed at the center ignition location to trigger the
dynamic event. The pressure is assumed to be representative of a constant volume explosion state®!.

In these numerical simulations, the VCCT geometry is assumed to be radially and axially symmetric, thus a
quarter of the geometry is modeled. To resolve the mechanical response of confinement, a minimum of ten cells in the
thinnest layer of the confinement is required. Thus, the computational domain represents 300 x 300 cells. Analysis of
results are displayed at selected time planes in which materials (right) are mirrored to pressure contour fields (left).

Case 1: As a baseline case, a numerical simulation has first been provided which considers a point initiated
detonation as shown in Figure 3. A program-burn detonation model is used in this simulation. A spherically expanding
wave spreads through undamaged HMX (100% TMD) and interacts with the cylindrical confinement. The detonation
wave consumes all of the HMX in ~3.9 us. At 8 us, the apparatus undergoes large deformation, and breakup of the
confinement begins. At 16 us the confinement has failed and the witness plates are breached. This case represents
the most violent cookoff response since it corresponds to the highest energy release in the shortest amount of time.
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Fig-4.  Temporal response of VCCT geometry during a high-speed deflagration cookoff event
in damaged HMX at 35% porosity and specific surface area of 250 cm™ .

Many experimental studies?223:24 suggest that the energy release is much lower than that which results from

detonation. Cookoff responses are more likely-to be due to a very fast burn that can rapidly accelerate and, given
enough distance, create pressure waves which coalesce into a combustion-supported shock wave. An appropriate
approach to investigate this combustion behavior is a model for reactive multiphase mixtures, discussed in the previ-
ous section, as implemented in the shock physics code, CTH. This model predicts self-accelerated combustion and the
resulting depressurization and extinguishment due to loss of confinement.

Case 2: - Figure 4 shows a set of time-planes for a VCCT cookoff experiment in which a high-speed deflagra-
tion occurs in thermally damaged HMX. This corresponds to a condition where the HMX has decomposed prior to
thermal runaway to a uniform state having 35% porosity and a specific surface area of 250 eml. After ignition, the
pressure pulse initiates a deflagration associated with compression of the compaction wave. At ~40 ps, the compac-
tion wave reaches the confinement walls and stagnation of material causes pressure rise that strengthens subsequent
reactions. This amplified wave initiates combustion along the wall and at ~90 us compaction reflects off the witness
plate. Material then expands across the washer gap and the entire energetic material is pressurized and undergoes
volumetric burning. This rapid combustion leads to failure and fragmentation of the apparatus. In contrast to the deto-
nation calculation, the events occur on a time scale that is an order of magnitude longer than that of detonation. At the
time when the confinement begins to fail, venting of the combustion product gases causes a rapid pressure drop which
quenches the reaction. Approximately 50% of the HMX has been consumed during this type of cookoff event, indicat-
ing a much lower energy release than that of detonation.

Case 3: In the next numerical simulation, self-accelerated combustion takes place in 85% TMD HMX (15%
porosity) having a specific surface area of ~50 cm!. This represents a reduced state of thermal damage as compared
to case 2. Although more energetic mass potentially participates in the combustion event, lower specific surface area
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Fig. 5.  Temporal response of VCCT experiment in which accelerated combustion occurs in HMX with reduced
thermal damage having 15% porosity and specific surface area of 50 cm’?.

implies a reduced the rate of energy release. Thus, a different sequence of combustion processes takes place
whereby reduced pressure buildup interacts with the confinement (as seen in Fig. 5).

In this case, the compaction wave induced by the ignition pulse is weak and when it interacts with the walls of
confinement slow reaction continues to oceur in contrast to the enhanced grain burning seen in Case 2. This reactive
compaction wave passes through the energetic material and after interacting with the witness plate, it strengthens and
traverses back into reacting material. Similar to the prior case, all of the energetic material undergoes pressure-depen-
dent combustion. The confinement breaks apart before a large fraction of the energetic material is consumed at high
pressure. After ~150 ps, the confinement has ruptured and pressure release quenches the combustion. In this case,
roughly 10% of the HMX mass has participated in the cookoff event.

Case 4: In the last numerical simulation, the effect of thermal and mechanical loading during preheat is exam-
ined for HMX at a density of 65% TMD (35% porosity) having a specific surface area of ~250 cm™!. Using the calcu-
lated thermal field given in Figure 2, quasi-static stresses are estimated using finite element mechanics analysis,
TREX3D?5. Near ignition, the HMX is estimated to be stressed to ~ 2 kbar due to the effects of thermal stress and gas
pressurization. The stress and temperature fields determined by finite element analysis is then mapped to CTH finite
volume cells using the data translation software, MERLIN.26

Figure 6 displays four time planes of the cookoff event for these initial states. Since much of the HMX is pre-
heated to temperatures near the onset of thermal runaway, the imposed gas pulse triggers an acoustic disturbance
which quickly spreads across the damaged HMX. This wave triggers reaction and a nearly constant volume combus-
tion event occurs. For this test case approximately 60% of the HMX is consumed in 40 us.
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Fig. 6.  Temporal response of the VCCT experiment confining thermally damaged HMX with 35% porosity
and specific surface area of 250 cm! including the effects of thermal and pressure preloading prior
to the onset of thermal runaway.

CONFINEMENT FAILURE ANALYSIS

In a VCCT cookoff test, the level of violence is assessed by postmortem analysis of the test apparatus. A
level of violence is based upon the number of fragments and the damage to the confinement. Accordingly, increasing
violence events are classified as burn, pressure rupture, deflagration, explosion, partial detonation, and detonation.
The distinctions between categories are very subjective.

Although the numerical simulations in the prior section indicate breakup of confinement, these material inter-
faces are a result of insertion of voids in computational cells when tension states exceeding a critical level. At best,
these represent dynamic loading conditions near the onset of breakup of containment; a first principle resolution of
breakup requires resolving to grain boundary length scales. As traditionally done in continuum modeling, one appeals
to a damage model which describes fragmentation in terms of continuum variables. In this work, the fragmentation
theory developed by Grady and Kipp2 is used in estimate the approximate number and average size of fragments
based upon a _calculated strain rate. The average fragment size, s, is estimated using the formula,

s = (J24K/pct) , where K is the fracture toughness, p is the density, c is the speed of sound, and ¢ is the local
strain rate.

Lagrangian tracers are used in the numerical simulations to monitor the hoop and axial stress states of the
confinement. These strain rates are used with the Grady/Kipp correlation to bound average fragment sizes in the axial
and circumferential direction. Thus, an average fragment geometry is estimated and the number of fragments is esti-
mated by partitioning the confining shell into N average fragments.

To illustrate how this methodology is applied to cookoff simulations in which a violent detonation event occurs,
the energy release rate is varied by modifying the wave speed to one half, and one eighth of the C-J detonation veloc-




ity -for undémaged HMX. In all of these simulations, 100% of the energetic material is consumed during the cookoff
event -- only the rate of energy release is modified. The calculated strain rates, average fragment size, and number of
fragments for these conditions are shown in Table 1.

Table 1: Example Fragmentation Calculation

; : Approximate
! Energy 8h00 shoop gaxial Saxial PP
Release Rate P [mm] [mm] Number of
[1/s] [1/s] Fragments
Dgj 5.5x10% 34 ox10% 6.7 150
172 Dy 45x10% 39 5x10% 17 100
1/8 Dy 1.4x10% 106 3x103 24 30

As one might expect, as the wave speed is reduced the rate of loading of the confinement decreases and
larger fragments are predicted. Due to full energy release, a large number of fragments are expected. In the case of
fast deflagration, the expected number of fragments are lower; however, there does not appear to be a well defined
basis for defining a level of violence. Clearly, better diagnostics are needed to-assess the level of violence in these
cookoff tests. For example, the work of Ho?® includes pressure gauges to monitor overpressure and impulse of the
dynamic combustion events. Additional measurements of confinement strain and particle velocity would also yield
more insight into the level of violence during cookoff.22

SUMMARY AND CONCLUSIONS

In this work, a scoping analysis of the events following thermal runaway has been addressed. A key feature of
cookoff response is the effect of thermal damage of the energetic material which evolves prior to ignition. Several
numerical cases illustrate the effects of porosity and specific surface area which lead to different modes of self-acceler-
ated combustion. Energetic materials with extensive thermal damage can potentially produce violent combustion
events.

Much of this study illustrates that additional material characterization work needs to be investigated particu-
larly as applied to the thermally-degraded energetic material. Modeling the level of violence requires better insights
into the microstructure and morphological states of the damaged material. Furthermore, better combustion models
require information on pressure dependent combustion rates and shock sensitivity of partially decomposed energetic
materials.

As cookoff modeling matures, it will be necessary to also improve diagnostics to probe cookoff events. Cur-
rent assessments such as those based on fragmentation characteristics are grossly inadequate. Instrumentation to
probe the response of the confined energetic material, such as pressure or impulse and stress-strain states of confine-
ment, may yield to better insights of cookoff behavior.
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