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The Deflagration-to-Detonaton Transition in Granular HMX

John McAiee, Blaine Asay, A. Wayne Campbell, and John Ramsay
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

The early study of deflagration to detonation (DDT) was strongly influenced by the views of
Kistiakowsky. His basic idea that convective burning could accelerate to detonation velocities
formed the framework of many studies. There has been much speculation on how shock waves
are formed by the buming explosive. Macek and Gipson hypothesized the reinforcement of
pressure waves that results from coalescence of the u+c characteristics in cast explosives. Taylor
suggested that convective burning ~lays a central role in bridging the gap between conductive
burning and the transition to detonaton.

The transition from deflagration to detonation in porous beds of explosive and propellant has
received considerable attention both experimentally and theoretically. In many cases, the use of a
hot-gas-producing igniter complicates the interpretation and subsequent modeling of experiments
because considerable effort is required to account for the effect of the igniter gases on the granular
bed. Hot-wire ignition is less intrusive; however, the ignition front is not planar. Thus the early
events in these experiments cannot be approximated as one-dimensional.

Because of the complex nature of the early burniig, we simplify the process of igniting the
bed by pushing a combustion-driven piston into the lightly tamped HMX bed. HMX above the
piston is ignited by the shear of and friction between particles. This ignition technique sepa~tes
the early effects of igniter gas and conductive and convective burning that produce a weak

compaction wave? in the bed from those processes at higher pressures that produce a more
substantial compaction of the granulated bed. Our method of initiation also starts all processes in a
single plane at one end of the tube.

We have studied the deflagration-to-detonation behavior of granular HMX confined in steel tubes
with x-radiography, light emission, stress gauges, and various pin techniques. Simplification und
consistency of results were obtained by igniting the HMX with a piston (initially at rest and in
contact with the HMX) driven into the bed. A gasless igniter is used to start the burning of the
piston propellant (low-density HMX) providing the piston with a smooth initial motion. Analysis
of the data gives a detailed picture of the DDT process under these conditions. The qualitative uand
quantitative experimental results show the transition from burning to detonation is discontinuous.
The results are discussed in terms of a descriptive model.



\—

Deflagration to Detonation in Granular HMX

John M. McAfee
Blaine W Asay
A. Wayne Campbell
John B. Ramsay

Los Alamos National Laboratory
Los Alamos, New Mexico

presented to
Research Center for Energetic Materials
Open Seminar on Safety and Hazards Evaluation
April 9, 1991
New Mexico Tech, Socorro, New Mexico

y

GROUP M-7 DETONATION SYSTEMS

NE AR
DYNAMIC TESTING DIVISION




Historically, the study of the deflagration-to-detonation transition is plagued with too many
variables and not complete enough quantitative experimental information. In order to simplify
experiments enough for understanding, A. Wayne Campbell (1980) developed a system of ignition
using a slow piston (<100m/s) to give a planar and reproducible ignition to a well characterized
granular bed of energetic material. He chose HMX because of the extensive body of information
available on this explosive. One of his important results was determining that neoprene barriers
placed in an experimental appararis similar to the one used here did not change the distance-to-
detonaton in a tube. This proved that convection of hot burning gasses was not particularly
important in DDT. Thus the planar ignition by piston does not change the basic mechanism of the
process.

The approach at Los Alamos is to measure each experiment with as many diagnostics as possible.
This allows the collecdon of enough informadon to sort out the complex structure of each test.



E;(perimental Requirements |

Well Characterized Material:
Granular HMX (~150 um dia.)
Reproducible and Planar Ignition:
Pressure-Driven Piston
Multiple, Simultaneous Diagnostics:
Radiography, Pins, Light Fibers (Emission,
Reflectance Change), Stress Gauges, Microwave

Interferometry



A typical piston-ignited DDT experiment is show here. The inset shows the O-ring-sealed piston
above a burn chamber containing a measured amount of loosely packed HMX. This HMX is fired
by an igniter consisting of a PyroFuse bridgewire and a mixture of Ti and B. The PyroFuse
provides enough temperature to start the reaction Ti + 2B — TiB3, which provided enough
temperacure and energy to ignite the HMX in the burn chamber.

The typical tube is 7/8-in. outer diameter Maraging-steel tubing with a 1/2-in honed inner diameter.
Typical diagnostcs are shown: coaxial ionization pins, capped-coaxial pins, bum-chamber

pressure transducer. through-the-wall light fibers, and 0.005-in. thick Pb foils used as
radiographic markers.



in order to establish the nomenclature used in this presentation, [ have.tc describe the iesultant
model before going into the experimental evidence. The next two viewgraphs present the model..

Diagram a represents the initial condition of the experiment. The piston at rest and the granular bed
of HMX at original density. For many experiments, initial density was 1.22 g/cc =65%
Theoretical Maximum Density (TMD) = 35% voids.

Diagram b is after the piston reaches full velocity. A compaction wave ¢ proceeds up the tube.
The condition behind is density of approximately 90% TMD.

Diagram ¢ shows the compaction wave further up the tube. The wave b is an ignition wave that
indicates the beginring of significant reaction (burning) in in the bed. The energy to start this wave
comes from the friction betwezn and the shear of the particles by the action of the cornpaction
wave.

Diagram d shows the further progression of the compaction wave and the ignidon wave.
Additionally, and most importuntly, another compacuon region (near 100% TMD) forms in the
tube above the igniton wave, but below the compaction wave. The origin of this wave is made
clear in the next viewgraph. The upper boundary of the 100% region (named the "plug”) develops
to a shock S. The lower boundary is named the virtual piston vp because of its function in
acceleratng the shock.

Diagram e shows the shock at a later ame running faster in the 90% compact. Notice the buming
of the material below the virtual piston. The ignidon wave essentially stops when it reaches the
plug (100% TMD region) because the linear bumn rate drops by over a factor of 20 between 90%
and 100% TMD. On tt.e time scale of the process, this amounts to a stoppage.

Diagram f shows the time after which the shock was strong enough to inidate detonation by a
normal shock-to-detonadon. The detonation velacity is charactenistic of the oniginal density
matenal after the compaction wave is overtaken.
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This diagram shows the DDT mechanism in the tme-distance plane. The additonal informaton

shown is the approximate trajectory of stress waves Gj that originate from the higher pressures
generated in the bed by the burning behind the ignition wave. The increase in the sound speed in
the compact with pressure allows the coalescence of a set of these stress waves. This coalescence
of stress further collapses the 90% TMD bed to near 100% TMD. This is the beginning of the
plug. When the ignition wave b reaches the bottom of the 100% TMD matenal, it essentially stops
because of the difference in burn rate. The increasing pressure in the burning region accelerates the
vp, which, in turn, more strongly accelerates the shock S. When the shock is strong enough, a
shock-to-detonation transition takes place in the 90% compact. The initial detonaton runs at the
velocity characteristic of the 90% compac¢ Dy. The detonation slows to the velocity characteristic
of the original bed D3 when it overtakes the compaction wave.
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This t-x diagram shows all the information in the previous diagram. The additonal information is
typical particle paths, 18, ith, and jth. The acceleration of the ignidon wave is caused by the
effect of the stress waves on particles at different positions in the tupe.

The thermal decomposition of HMX is kinetically autocatalytic. This means the rate of reaction is
very slow at first, and increases rapidly after an induction period T,. Some interesting details of
autocatalysis are given near the end of this presentation. This rapid increase in reaction rate defines
the position of the ignidon wave b. The induction period for the 15t particle is determined by the
decomposition caused during the compaction by wave ¢. Further up the tube, the ith particle is
compacted at a later umne. If the sress waves had no effect on the kinetics of decomposition, the
induction period to ignition would be exactly t,. However, the stress waves provide additional
reaction products. Therefore, because of the dependence of the induction period on the product
concentration, the total ime between the compaction wave and the ignition is shorter than t,. The

jth particle is affected by the stress waves over a longer time than particles below it. Therefore, its
induction period is still shorter. Thus the trajectory of the ignition wave accelerates relative to the
compaction ‘wvave.
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This viewgraph begins the recitation of the experimental evidence for the descriptive model.

The first waves considered are the compaction wave and the stress waves. The best measurements
of these waves are given in this viewgraph. The three traces are the record from a strain-
compensated Manganin gauge placed in a tube at a position where it would intercept first the
compaction wave, then the plug. The gauge trajectory is above the jth particle shown in the
previous viewgrapn. Curve a is the entre record at low vertical resolution. Curve b concentrates
on the compaction wave. After initial compacton, the stress condition is relatively constant undl
the increase at approximately 385 ps. This rise is attributed to the increased compaction from the
stress waves. The rapid rise after 395 ps is the entrance of the gauge into the plug region. Curve
¢ i1s adetail of the plug measurements.
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Measuring the profile of the compacton wave is important in order to determine the dynamic
matenial properties of the granular bed. The Manganin gauge record cn the previous viewgraph
gave the compaction-wave profile in detail. We wished to measure the profile with an independent
diagnostic. We did this by developing a Helium-Neon-Laser Reflectometer.

A diagram of this apparatus is shown. The principle of measurement is the change in diffuse
reflectance of the granular bed with compaction.

The laser ligt.t is linearly polanized before being focused into a silica light fiber. The fiber
penetrates the steel DDT tube wall, and is placed flush with the inner wall. A low-level signal is
returned from the diffuse reflection of the HMX bed. The retumn signal is discriminated from the
bright probe light reflections by another polarizer (the analyzer) placed at 90° to the inital
polarization. The recorded signal is a measure of the reflecting properties of the HMX at the end of
the fiber.

We expected the reflected light to increase with the compaction of the HMX bed.
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These maces are a superposition of the compaction-wave profiles recorded by a Manganin gauge
and the laser reflectometer in the same experiment. The signals are normalized in amplitude and

shifted in time to show the best comparison. The profiles are quite similar, thus indicating each is
a good measurement of the profile.
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The next wave considered in the descriptive model is the ignition wave b.
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The particular experiment that best defined the igniton wave is diagrammed. In addition to the
ionization and capped pins, and the radiographic marker-foils, three light fibers were placed
through the tube wall. These fibers were only observatory. Light emitted from the bed and
intercepted by the fiber ends was recorded by a matched set of amplifiers (6 MHz bandwidth).

The diagram on the right shows the regions of observation as shown by the radiography.
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The signals recorded from the three light fibers are shown. The first two fibers recorded quite
similar signals. Each has a very fast nse and a near constant amplitude until detonation (after 240
us). The third signalis qualitatively disdnct. The first indication is the low-level "toe,” followed
by a slower rise, a point of inflection near the amplitude of the other fiber signals, and an excursion
to a higher level.

The qualitative difference between the first two fiber signals and the third is evidence for two
distinctregions. In the lowerregion (fibers #1 and #2), the fast rising signal and constant intensity
indicate ignidon and light emission from a constant temperature. The more complex third signal
could only be interpreted in conjunction with the other data from this experiment shown on the nexi
viewgraph.
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This compilation of results is a t-x representaton of the pin, radiographic, and light-fiber data
consistent with the description of *he DDT process. The compaction wave trajectory is
extrapolated from capped pin rep<: . (some not shown). The piston trajectory 1s from radiography
(see examples in later viewgraphs;. ~"ie light-fiber data are represented by the 1orizontal lines
labeled #1, #2, and #3. The leng:h .7 ...e lines for fibers #1 and #2 corresponds to the constant
intensity portion of the signals. Tk signal from fiber #3 is represented by iwo segments: The
early segment starts at the "toe” .nd ends ai the inflection point. The later segment starts at the
inflecdon and ends at the signal drop.

The leading edges of the first two fibers map the ignition-wave trajectory. The velocity between
these points is faster than that of the compaction wave, as the description would indicate.

The third fiber can only be interpreted by using the ionizaton-pin reports and the radiography
results. The ionization pins report at some low level of conducti/ity, Their reports indicate first
significant reaction in the bed. By connecting the pin points at ~200 ps and ~230 s with the "toe”
of the third light signal, v+ can trace the wrajectory of the shock S. The locaton of the shocked
region (i.e., the ~100% TMD region) is found from radiographic data.
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The radiographic measurements of the "plug” or shocked region were essental to the development
of this descripton of the DDT process
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The four radiographs in this viewgraph show, respectively, the positions of the Pb foil markers
before t experiment and at three later ames.

The first dynamic radiograph shows the piston moving into the tube and the compression of the
material between the first four foils.

The second dynamic radiograph shows additional compression between foils 3-6. The piston and
foils 1 and 2 have moved further apart than in the first dynamic. Slight bulging at the piston end of
the tube indicated higher pressure in the region of the piston and foils | and 2.

The third dynamic radiograph was taken after the wransition to detonaton. The detonation is just
beyond foil 11. The highly compressed region between foils 2-6 is still evident. The wall
distortion on the piston end is more visible. Additionally, the conical distortion diagnostic of
detonation is visible from foils 5-11. The tube is less expanded in the compressed region,
indicating either lower pressure or a fast ransit of high pressure without gas (working tiuid)
production. The second interpretanion is preferred. This is the plug or shocked region. As in the
classic description of shock-to-detonation (SDT), the run-up shocked material remains relativelv
intact after detonation.
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This viewgraph plots the quantitative results of analysis of the previous radiographs and two
additonal radiographs from a different experiment. Distance along the tube relaave to the at-rest
piston position is plotted against HMX density. The original bed density was ~65% TMD.

Plot a shows the compaction wave with the density ~90% TMD. There is no indication of
extensive reaction between the piston and the head of the wave.

Plot b was taken approximately 2 ps before the transition to detonadon. The near 100% TMD
region from ~33 to ~50 mm is the plug. From the piston to ~27 mm, the density has dropped from
the 90% compaction value.

Plots ¢, d, and e are from radiographs taken after detonation. The detonation moves further down
the wbe in each plot. The plug region remains relatively intact. The region between the plug and
the piston shows decreasing density, consistent with the high temperature-high pressure gas from
the burning region. The density measurerents take into account the distortion of the rube shown
in the radiographs.
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The next viewgraph gives a compilation of data from an typical experiment. In addition to the
various wave trajectories measured by different types of pins, the piessure in the burn chamber
(behind the piston) is given.

Note where the compaction wave trajectory intersects the detonation wave.
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This is a time-expanded plot of the data on the previous viewgraph. There are several points of
interest.

The lowest three pins describe the ignition front. The third and fourth pin cannot be connected by
any single wave because the apparent velocity between them is an unphysical 11 km/s. Therefore.,
different phenomena must have triggered these pins.

Pins 4-6 describe a velocity of 8.19 km/s. This is very close to the detonation velocity
characteristic of 90% TMD HMX. Thus the transition to detonation occurred betund the
compaction wave in the 90% material.

Pins 7-10 describe a velocity of 6.36 km/s. This is the characteristic detonaton velocity of ~65%
TMD HMX. The change of detonation velocity occurred (to the resolution of the expeniment) at
the point where the extrapolated compaction wave intersects the original detonation.



Distance (mm)

Time from Detonation (us)

40 30 20 10 0 10 20 30
250 | ' ' T | /
636kmvs D,
260 |
313ms
150_ ........................ c ...............................
............. ,
f }820km’s
100
plug
b—72Bks
50 |+
- p---- 5l
0 . 1 | . | |
470 480 490 500 510 520 530 540

Time from CDU (us - 49600)



Next is a photograph of an experiment fired in a much thicker-walled tube. This test was lit with
the Ti + B ignitor system, not a piston. The variations in the wall markings and metal shear
patterns are explained by our description of the DDT process.

Below the light band (which will serve as a point of reference), the walls are black with soot
deposits. The original machining marks are visible in this portion of the tube. This is the burning
region.

The light band has no black deposits, therefore not much HMX was burned before the tube
rupture. The dynamic-shear characteristics exhibited in the upper part of the tube begin in this
light-band region. This is indicative of a sudden increase in pressure (a shock). The light band is
the plug region, which is essentially a shock.

The remaining portion of the tube has marks and deposits that are characteristic of detonaton.
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The transiton to detonation does not have to occur in a single step. This radiograph shows a static
and two dynamic pictures.

The first dynamic radiograph shows the now familiar compression of material.

The second dynamic radiograph shows two regions of compressed foils behind the conical
distortion caused by the detonanon. These radiographs are analyzed in the following viewgraph.
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These are the density analyses of the two dynamic radiographs. The original bed density was
~75% TMD.

Plot a shows (from the piston) a lower density burning region, a plug from ~53 to ~67 mm, and a
90% compacton in front of the plug to ~86 mm. Thus, the plug-shock was formed, but did not
result in a detonation.

Plot b shows the situation after detonation. The detonation front is at ~170 mm. From the piston
end, there is a burn region (to ~38 mm), the residual of a plug (~58-72 mm), another burn region
(~72-83 mm), a second plug (~83-108 mm), and the expansion of the detonation products (~108-
170 mm).

This shows detonadon was initiated only after the formaton of the second shock.
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This viewgraph is a schemadc t-x representation of the previous experiment.

The process proceeds according to the previously described mechanism forming shock 8.
However, when this shock overtakes the compaction wave ¢y, it is not strong enough to initate

detonadon.

The resultant wave from the collision of Sy and ¢y is a second compaction wave ¢3. The normal
scenarnio repeats with the contac surface cs at the top of Plug #1 behaving like a piston. The
resulting shock S2 is srong enough to initiate detonation.
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This viewgraph shows ali the pin and radiographic data for the two-shock experiment.
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A further example of multiple shock formation is shown in this figure taken form Smith (1974). A
series of confinement failures is evident. These are the consecutive burn regions. This particular
detonating cord never reached detonaton.






The first two conclusions are just a summary of the current exposition. The third conclusion is an
assertion based on many analyses of others’ data that are not presented here.



CONCLUSIONS:

Burning to detonation is discontinuous
Shock is formed above the burning region

Transition to detonation is by shock initiation

Multiple shocks may form before detonation

Mecchanism is consistent with other worker's
experiments



The next several viewgraphs review the application of autocatalytic kinetics to the description of the
DDT process. The purpose is to more thoroughly motivate the argument presented earlier
concerning the smress-induced acceleration of the ignition wave.

The thermal decomposition of HMX and other niramines is autocatalytic. The first equation is
representation of the chemical equauon of the decomposition of species A to Species X and others.
The rate of decomposition R is proportional to both the reactant and product concentrations. In
these equations a and x are the instantaneous concentrations of reactant and product, k is the rate
constant, ag and X, are the starting concentration of reactant and product, and t is time.

The earlier discussion of the compaction wave indicated that some small amount of product is
produced by the shearing and friction caused by the compaction wave. In this model, we assume
that the concentration of product due to this compaction xg is directly proportional to the stress

level of the compaction 0.



HMX Thermal Decomposition is Autocatalytic

A - X+ ...

1x
R = (Zi_f =kax =k (a,- x)(x + Xx,)
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This viewgraph shows particular features of the autocatalytic rate equation. Three rate are defined:
The maximum rate Rpayx, the rate at which there are points ot inflection in the curve R, and the
rate marking the beginning of fast reaction R¢. The width of the rate curve is noted as Akt.

Rq is calculated by extrapolating a line of slope dR/dt through the point (R', t') to the abscissa.
This intersection is t. The rate corresponding to tis Rq.
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This viewgraph shows the effect of changing the initial concentration of product on the rate. The
overall shape and width does not change significantly. However, the time of the peak rate moves
with xo. The dependence appears logarithmic.
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Detailed analysis of the rate equation and the assumptions listed show that the inducton time tis
dependent strictly on the rate constant and the inital-product concentration.
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Integration of the rate equaton and a definition of pressure based on void volume and the ideal gas

law shows that the rapid rise in interstitial pressure is well represented by T. @g is 0.10 in this
calculation.
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This formalism is applied to the DDT modsl by noting that if the compaction wave produces a

concenuation of product X,, then additionai stress above O¢ should produce additonal product xi.
The rate equation can be rewritten as shown to include this additional stress-produced product.

Comparing the pressure (stress) dependent rate equation to the simple rate equaton shows that the
rate is increased by a multiplicative factor to the initial product concenwranon.



Application to DDT

Stress-Produced Product:

Compaction Wave - C.= X,

Stress Waves - O, = X,

Addition in Rate Equation:

%% =k (a,- X - X )0+ X +x) = k(ao-x)(x+£-cx0)

dx _
il k (a,- x)(x + x)



The increase rate caused by additional stress after the compaction wave shortens the time it wakes to
reach the rate that defines the induction period. Therefore, the ignition wave accelerates relative to
the compacton wave.
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