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Deflagration-to-Detonation Transition in Granular HMX*

A. W, Campbel

Introduction

For the past three decades the study of the deflagration-to-detonation
transition (DDT) has been strongly influenced by the views of G. B.
Kistiakowsky.] Very briefly stated, he postulated the origin of this phenom-
enon as ‘localized burning in a mass of suhdivided explosive, with the possibil:
ity of confinement either by a strong container or by tha2 inertia of the
explosive mass. Resistance to the flow of gases through the interstices of
the explosive mass causes the pressure at the site of burning to rise, and the
rate of burning increases with the pressure. If "conditions are favorahle, ...
shock waves will be formed within the body of the explosive ... and ... with
their discontinuous rise in prossure and the accompanying, more-than-isentropic
pise in temperature, will start rapid deflagration of the cxpl .ive laynrs
through which thev pass.,.  The enerqy thus releass . reinforces the shocks,
Eventually they reach such intensity that the entice explasive is consumed in
thoir passage and therefore the entire available epergy myy be atilized for
thei - propagation,”

Attemots to elaharate this description inin a detailed view of all the

stena in the process have oceupiod mony wertora, The quostion is how shock

. . ? 3
waven oare forse ! by the hurning prninive, Moae ol an'!

Priceoant Wb
show ! thet burpina, initiated by a hot wire oin cast DINA ant Pontadite vy
transit to detonation if the eceplegive woer heily confinedy Maccb hynthe
aized that peaope droes s from the Do propaygbe s s a were, Lt this
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burning. Finally, the amplitude of the shock wave is large enough to initiate
detonation.4 Jacobs has shown that Macek's treatment of shock formation is
inadequate.

Another hypothesis, widely investigated, 1is that convective combustion
plays a central role in bridging the gap between conductive burning and the
transition to detonation.5 Driven by the pressure gradient generated by
burning, hot combustion products spread burning at an ever faster rate. Ulti-
mately, under favorable conditions of inertial or other confinement, the race
of energy release is sufficien” to cause shock formation and the initiation of
detonation. For this process the permeability of the explosive to gases is a
factor of prime fmportance, Several workers have shown that indeed the
distance to the onsnt of aetnnation depends strongly on the permeability.
Griffiths and Groocnck® studiod the distance to detonation when burning was
initiated in granular tetryl, RDX, HMX, and TNT under heavy confinement. Some
of their data for H'{ ar2 shown in Fig. 1, wher. distance to transition is
plotted as a function of the permeahility, which was changad by varying the
particle size, Price, Bernecker, and their cowarkers have explored DUT in a
varicty of explosives and propollants over a wide range of densities and have
published a series of reports doweribing their work. In agroerent with Lhe
result: shown {1 Fig. 1, they also obseryed a minimum in the transition
distance in granular tnrryl7 as a function of the density or permeabilty,
Murh additionrl work has bheen done,  Cenyective corhustion haee beon a kny
concopt In studies of the DN process,  Bul attempts te modsl DOT abent conver-
tive combustion have boon hesot with formidahle difficullies, prominent among
which have boeor yery rapid sieface dgnition, bod collapse, and choknd flow of
the comhustion produc b=,

It fs dirtion’t to pecon ile the congoctiyve gorhut fon plctore with some

experinental  obseryation,, Bv'-wh'n'-'q ob vyl in work  wilh grannlatoed



Fig. 1.
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propellant that the onset of detonation could occur well beyond the bﬁrning
front, separated from it by a region that emitted no light, and that sometimes
retonation ran backward from the detonation to the burning zone. This "dark
zone" and the accurrence of retonation were also reported by Griffiths and
Groocock. Trice, Bernecker, and coworkers observed that their ionization pins
were triggered by a rapid wave which swept through much of the explosive.
They also found, from records of strain gaujes, that a second wave, stronger
and more significant for leading to detonation, originated in the combustion
zone and followed the first wave.

In this paper the following hypothesis is presented. When burning starts,
the hot combustion products flow away through the porous explosive, heating
and igniting additional explosive and being cooled in the process. As the
burning increases, drag forces on the combustion products cause the pressure
to rise in the burning zone, and the pressure rise causes the rate of coinbus-
tion to increase. As the pressure rises further, the bed begins to compact
ana the permeability starts to decrea:o and to further impede the 1low of
gases, Aftnr'a time, the explosive beyond the comhtustion zone is compacted to
such a degree that it hecome, effectively impormeable to cambustion products
and forms a plug, driven by the high-pres<ure gas behind it., The comparntion
wave at the head of the plug stoenens as the higher pressure waves from the
combystion zone overtake it,  In the initfal stages, the compartion j§s so slow
that shear forces do nol ignite reaclion, At Tater stages, ecompaction beconos
more rapld and ignition hy shear hocemes general.  From this paint on, the
inftiation of dotontion follows the usyal course for initialion of a hetero-

genenys explosive,  Benor oot ot e et this hynathe s are prosented bolow,

The ez o Te et e e by bhat of Griftiths and Groocock.,
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by plugs sealed with epoxy. Steel masses of several kilograms were placed
over the ends of the tube for inertial containment of the plugs. Burning was
fgnited at one end of the column of explosive, and the course of events was
evaluated from measurement of the changes in the internal diameter of the steel
tube or in the wall thickness of the tube fragments. DDT was assumed to be
complete when the internal diameter reached a maximum, or the tube wall thick-

ness reached a minimum.,

Ianiter

In most of the experiments, 200 mg of a mixture of finely divided titanium
powder and amorphous boron, ignited with an exploding bridge-wire, formed the
fgniter. This mixture was tamped in place to a density of 1.3 g/cm3 and
formed a plug 9.6 m in diameter, tapering to 6.3 mm 1in diameter, and having a

9 this ignitar releasad

thickness of 3.8 mm. From data in the literature
about 220 calories, but when one considers the slow rate of fusion (ca.
3em/s), the measured relcase of six cubic centimeters of persinent  gas
(probahly mostly hydrogen), and the rate of heit loss (adiabatic t- erature
ca, 3770CC\, it seems probable that only a small part of the ignit.r heoat

velease was fnvnlved 1n any exprriment,

Explostve
Throe lots of HMX of differing degroos of Fineness (Tahle 1) were usod in
theoo experinents, If it were not for the press of time, 1t would have been
dr.irable to have remaved somo of the finer and coarser portions of the Class
A and Class C sanoles by steving, By this action the derger of seyregation
during the handling ef small quantitios of the pewdors could have beon rodiend,
Ir the following discussion of cqporiments) they will be roforred to by

number as listod in Tnﬂlu I,



Sieve
Opening
{(ym)

1400
1000
710
500

350
250
177
125

98
f2
44
SS

Specific
Surface area

(en/q)

TABLE

HMX PARTICLE-

F
(HOL-934-3)
(%)

92

I
SIZE DATA

Class A
(HOL-920-32)
(%)

1.3

4.0
15.6
18 2
27.8

11.8
12.1
4.9
4.3

Class C
(HO:. .703-9)
(%)

0.3
2.8
8.6
17.9

19.6
18.2
9.3
5.0

5.4

9.9



Expt.
No.

— vty

1
2

(5,

6
7
8
9
10
N

12
'3

Shot No.

C-5009
C-5004

C-4983
B-8500

.-5002

C-4998
C-4958
C-4997
C-5013

C-5000
€-5014
C-5015
£-5005

HMX

c/Al

O OO 0o O

c/c?
A/c?
F/c?

TABLE II

SHOT SUMMARY

@@ O 0 0 o W

Disks

15 (27)

6 ( 4.
1 (1.

13 (0.
12 (22.
8 (14,

18 (32.
1 (1.
1 (1.
1 (1.

_(No.)

b

4)
8)
4)

Booster
(mg)

220

685
220

220
220
440

220°¢
220
220
220

Hmx 9

00T

(mm)
72

83

45
46

99

58
67
67
52

106°
48
43
32

AThe 1eft symbol denotes the HMX type used for the 2?0-mq combustion {ncrement;

the second symbol identifies the HMX typ» filling in remainder of tube,

h

Numhess in parentheses are the total thickness of disks traversed before DDT

occurred and are ohtatned as the product of disk thickness and the numbor of
disks traversed,

ﬁLoaded at 0.6 a/cc.

dEntrles are the net length of HMX column traveised from igniter to the point
at which detonation cccurred,

EMaasured from disk at top of brass tuhe,



Experimental Results

Experiments 3,4. Experiment (4) is diagramed in Fig. 2. A series of

diaphragms cut from neoprene sheet 0.R /m thick was arranged throughout a
column of HMX-A, and burning was 1gnited at one end. The diaphragms in this
experiment and those in (7) were cut with a cork borer and were somewhat
ragged; however, it appears that when all of the results are considered
together, these disks were adequate for the purpose.

The purpose of (4) was to interfere as much as possible with convective
combustion and then to observe whether DDT still occurred. It did occur and
at a distance in HMX-A of 46 mm, (See footnote to Table II.) This result was
encouraging in that the distance to DDT was in the range found by Griffiths
and Groocock (Fig. 1).

For comparison, experiment (3) was fired (Fig. 3). With no diaphragms
present, the distance to DDT was found to be indistinguishable from that of
(4). (Fragpents of the steel tube are shown in Fig. 4.) This agreement was
puzzling at the time, and proved later to depend partly on the size of the

initial HMX increment in (4),

Experiments 1,2 and 6,7. In these experiments the effect of diaphragms on the

DDT distance was explored in HMX-F and HMX-C. A standard initial increment
size of 2?20 mg of HAMX was adopted and, where the diaphragm thickness of 1.8 or
1.9 mn was used, the disks were machined on a lathe to a precision of 0,02 mn
so as to show a slight interference fit when tamped in place.

In experimeni (1) (Fig. 5) the steel tube was increased in diameter to
76.2 mm. At this diameter the tuhe did not burst during firing and a more
desirable record was ohtainable (Fig. 6); however, because of the long wafit

required for the machine work this size tubs was not used In other experiments,
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Fig. 3.

Experiments 3 and 4.
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Fig. 5.

Experiment 1.
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Experiment (6) was as diagramed in Figq 3. From the results of experim.nts
(1), (3), and (6) it is evident that there is a winimum in the DDT distance as
a function of the average particle size, of specific surface area, or presum-
ably, of permeability as found by Griffiths 3ind Groocock.

The effect of diaphragms in HMX-C was tested in experiment (7) (Fig. 7)
and in HMX-F in experiment (?) (Fiq. 8). When the results of thesr experiments
are compared with those from (1) and (6), it is seren that the DDT distances
were reqolvably longer when diaphragms were present, [f significant burning
were confinnd to the .nitial increment of HMX, then some of this increase o
distance Lo detonalinn might. be due to the small size of the initial increm
(270 my). Recall that the results of (3) and (4) were almost  identical,
Ohviously, if tih: initial increment were reduced to near zero, a very long D01
distance might be expected to resulty on the other hand, if the Firsl dliaphragm
were removed Lo oa distance of, say, 100 mn from the fgniter, It might have no

perceplible offect on DT,

Fxperiments 8,9, Fxperiment. (9) was a test of the effeck af donhling the size
of the Inftial increement s but since the proferred diaphragoms were now 1,8 & .
thick, ft appeared neecasary to repeat the reference experiment (7) with t .
thicker disks, Experiment (8) (Fig. 8) employed the Lhicker disks and gave a
NI distance (67 mn) in HMX fdentical to that for (7). Since a greater mass,
of neoprone was traversed fn (8) thon in (7) befors ODT oceurred, and thus the
D01 distance might have heen expected to increase, the agreement points to
some error tn oreproducibhility of DT distance] which 1% estimated to be 2 or
3 m,

Exporimant (9) (Fig, 9), {n which the inltial fncrement was doubled to

AA) mg PMYC e A shopeter run Lo DDE =2 82 may howovor, this run was alsn
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shortar than the result for (6)(58 mm), where no diaphragms were employed.
Comparing this result with the finding of Grifiith and Groocock that venting
of thei: tubes caused an increaie in the DDT distance, one is led to the con-
Jecturn that the first diaphragm prevents the escape of combustion praducts
from the combustion zone and thus increases the rate of pressure rise and its

attendant effect on the hurning rate in the comhustion zone.

Experiment 10, An illustration of the effect of reduced rate of pressure rise

in the combustion zone is offered in this experiment (Fig, 10). A small brass
tubhe was inscrted into the steel tube and was loaded with 220 mg of HMX at 2
loading density of half that of bulk density -- 0,6 q/cm3. The DDT distancs,
measuroad from the end ef the comhustion chamber, was increascd to 106 am, See

Fig. 11,

Experiments 6, 11, 12, 13, In these four experiments the effect of varying
the specific surface of the HMX in the  combustion zone was explored (Fig, 17),
In (11), (12), and (13) HMX-C, HMX-A, and HMX-F wore used as combustion incre-
menls to drlve ODT in HMX-C.,  The results show that as the specific soriace
arca of the burning HMX was Increased, and, presam:bly, the rate of proagars
rise was tncreased, the DD distanee was shorterod (Fig, 13),  Exporiment (11)
correupands to (A) with one addad diaphragm,  Even thongh the added diapheagn
tn (11) may Vimit the burning mass of HMX to Tess thang o no more than, the
mass fnvolvad An burning fn (6), the DOT distanen Iy decreased,  This resoly,
anain supports  the conclusfon that escape of comhustion products from  the
canhystion zone ts an fmportant. factor,

In oxperdment (&), 220 mg of HY 0 were bgrned Lo deive a column af HMK-A,

In apite of Lhe hepeficiad ofte bt of the diapheags (just discussed) noacce]

erabing combastinn the DOt o distae o polative o Lhat of (3) wai morn than

19.
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24,

doubled. This result s attributed to the decreased specific surface area of

HMX-C relative to that of HMX-A and the slower pressure rise during combustion.

Discussion

The Combustion Zone

Combustion begins as a conductive process. As the pressure rises it passes
into convective combustion, which more rapidly ignites additional explosive.
Experiments (5), (11), (12}, and (13) show that the rate of pressure rise is
important; any leakage of combustion products from the combustion zone slows
the rate of pressure rise and increases the distance to detonation. The
diaphragms keep the products in place and thus cause the distance to detonation
to decrease. Griffiths and Groocock also found that venting of their tubes
resulted in longer runs to detonation than when the tubes were closed.

Convective combustion of explosives over long distances is not necessary
cr impnrtant for DOT, as is shown by the experimonts with diaphragms positioned
every 7 mm, Gases could not pass the diaphragms to propagate convective
combustion heyond them.

The rapid wave observed by Price and Bernecker may originate in the combus-
tion zone, Tt might be driven by a gassy igniter, or it might be due to reac-
tion «f pyrolysis productﬂ.g The origin of the wave has not beon determined,
in part becanne dfonization signals from any waves in thoe initial parl of the
DIT process hayn beoan yvery difficult to ohtain, and when obtained, have been
difficnlt tn ixterpret, as evidenced din the wark of Price and Bernecker,
Griffiths and Groocock ) and the present anthor,

Fine explosive, having greater surface arca, burns more rapidly than does
coarse explostve and {5 moro effective  whon it is used in the combustion zonno,

This behavior Teads to the decrexae dn Leansition distance as ono proceads



from the right-hand edge of Fig. 1 toward the minimum. The upturn at the left

is caused by behavior in the build-up zone to be discussed below.

Dark Zone

The combustion zone is often terminated by a region which emits little or
no light. Brandon, in early work with r.opellant, and Griffiths and
Groocock with high explosive, have observed the dark region. Sometimes retona-
tion has been seen to propagate backward through it while the detonation goes
forward. In M-7 propellant, retonation without simuitaneous forward-going
detonation has also heen observed.

Figure 14 is «n example of the occurrence of the dark zone ii M-7 propel-
lant, Viewing the record with time horizontal, one sees the record of 1light
from the burning ctarting at early time at the lower left and progressing
slowly upward. The iight has a fuzzy outline because the propellant is granu-
lated. Abruptly, the light terminates at its leading (upper) edg~ and a dark
region spreads both forward and backward. After a lapse of time a luminous
wave arises at some distance fron the beginning of the dark region and proceeds
with an initial velocits much higher than that of the burning wave before the
onset of the dark zonc. The new luminous wave accelerates and becomes a
detcunation wava,

This dark zone s interpreted as a region of bed compaction, Az the pres-
sure rises in the combustion zone, a critical pressure is reached at which the
granular bed of explosive begins to collapse and to restrict the further flow
of cooled combustion products prececding the flame front., At [irst the mass
veloc ity and rate of compaction are sn small that no burning is ignited by the
conpaction, and a plug of unrcacting explosive is fFormed, As burning continues

in tho combustion zone the rising perossure aceelerates the plug and the plug

25.
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Fig. 14,

Stroak trace showing dark zone in deflagration-to-delonation
transition in M-7 in a 5/16-in. glass tube. Sample contained
10% NaGl. Vertical distance ca. in. Horizonalal sp e cd.
110 WS (Rc-f'. )l)’



orows at the front at an fincreasing rate. When compaction of the explosive at
the front of the plug becomes sufficiently rapid, friction between the grains
and adfabatic shear within the grains reignite burning at the front of the
plug. This burning develops into a detonation,

Burning may also be ignited by friction betwzen the plug and the confining
wall. When this happens, photographic observation of the dark zone {s impos-
sible. This burning may produce random ionization signals, but.however confus-
ing to observation, it is inconsequential for the events leading to detonation,
because of the small surface area involved.

In experiment (10), Fig. 11, and experiment (1), Fig. 13, long regions of
1ittle or no expansion of the internal bore of the steel tubes indicate the
occurrence of plugs. If the pressure in the combustion zone rises rapidly
enough, the plug may be vory short or may not occur at all. It is not evident

in experiment (13), Fig. 13.

The Buildup to Detonation

Relgnition of burning beyond the dark zone occurs when the rate of compac-
tion becomes high enough., Intercrystalline friction and adiabatic shear are
two heating mechanisms which are fmportant in this regfon. Adiabatic shear has

10

long been important in the study of the behavior of metals'™ and has become

1,12 In this form of shear,

of interost for explosives in recent years.
occurring within the crystallites, the rate of encrqgy deposition in the shear
zone greatly exceeds the energy loss by conduction.  Thermal softening
displaces work hardening as the dominant change in local strength,  Continued
stress causes continued slip vath further local eneryy deposition amd atlendant
temperature rise.  Thus, the procass of local heating continuns and fgnition
may ensae. Adibatic shoar s of particular interest becanse At fncreases the

burning surface and thus s a mechanism for Ancreastng the mas. burning rate,

27.
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There {is as yet little evidence for the effect of adiabatic shear in the
explosive literature, but an implication of its effect occurs in the work of
the Cavendish Laboratory.]3 Lead azide was f{nitiated by aluminum spher.s
200 + 30 ym in dianeter impacting at a velocity of 200 m/s. Because the
enerqy delivered in the impact was insufficient to cause significant bulk heat-
ing of the lead azide, peréuas1ve arquments point to adiabatic shear, occurring
during rapid plastic deformation of the explosive at the point of impact, as
the most plausible cause. This result is the more dramatic when, in a drop-
weight impact test where the energy delivered to a sample of lead azide was
orders of maqnitude greater, the lead azide failed to react. Because cnergy
was delivered slowly by the drop welght, apparently adiabatic shear was absent,

The occurrence of adiabatic shear in the buildup process offers an explana-
tion of the minimum In the DDT distance in Fiq., 1. Two opposing processes are
acttve in determining the DDT distance. One is the rate of pressure rise in
the comtmstion zone, and this s aided by larqe specific surface or small
averaae particle sise; the second process is the lagnition in the huildup
reqlon by mechanical action, and this is favered hy large particle size.  The
arcater sensilivity of coarse-arained explosive to marainal mochanical stimglus

14

has  heen pointed out by SanM and Cincgu el al, This dincrea.o in

sensitivity with qrain stz mast bhe due Lo the Tonoer shear path fn larger
crystallites,
Whon the budldoyn roction bheging, it may booa plastic wavo moving ab e,

' Hg ,
than local sound volocity,  Gipron and Macok' ohuorved revtive wioov din

cast DINA moving at less than sound veloeity and Preice and '.J"u.wr'” Peport ol

IR

similar phononona In cast pentolite,  Obeenin ot o1, st ied Tow velocity

"detonation" waves in opreased POIN ab 9727 of theoo Yically mocienm den ity

When reaction wars dndtioted by floeor 00 soen propaa e bosbah by at yedocitie.
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as low as 1.3 mm/ps in steel tubes, Stable velocities both below and ahove
that of sound in either the explosive or the steel confinement were observed.
The value of the velocity ohtained depended on the deqrea of confinement; heavy
confinement always resulted in high-order detonation, Pressures were measured
with quartz qauaqes in the wall nf the confining tube, and 1t appeared that
ctahle low-velncity detonation could be ohtained below ahout 10 khar., Ermolaev
e. al. and Sulimov et al.lg have attempted theoretical treatments of these
results,

Thus, althouah the buildup process may start as a suhsonic, plastic wave
with sufficient confinement, enerqy loss s reduced so that pressure in the
reaction reginn rises to some critical value, as cbserved by Obmenin et al.,

and the continued pressure rise is then rapid until the DOOT process is

complete,

Conclusinn

The plcture o the DOT proress as presented hero rosults from an attempt
to incorparate cormon experimental observations which have heretofare been
puzrling, It differs from Lhat presentod by Kistiakowsky in that the role of
convective combiustion fs terminated and mechanical processes are postalated as
the meoas of continuing the reaction bulldap until shock waves are formed,  In
order to validate thic picture f4 will be necessary hoth Lo review the oxpori-
mental Titerature for observattons which may not be reconcilable with it, and

to subjoct each stop In the propoased DOT procoss to detailed serutiny,
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