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Deflagration-to-Detonation Transition in Granular HMX®

A. W, Campbell

Introduction

For the past three decades the study of the deflagration-to-detonation
transition (DDT) bhas been strongly influenced by the views of G. B.

Kistiakowsky. |

Very briefly stated, he postulated the origin of this phenom-
enon as jocalized 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 discontinuons rise in prossare and the accompanying, more-than-isentropic
prise in temneratuce, will starl rapid doflageation of the cxpl ive layers
through which they pasn...  The enerqy thas releasy . reinfocces the shocks,
Eventually they reach sach intensity that the entise explosive ic contmiend in
their pasiage ant thorefore the entire availabhle enerygy iy be utilizeg for
thei - propupation,

AtLompts to elaborate this description inio a dotailed view of all the

stens in the peoces have oceanied many weciiors, The quostion i hoa shoed

wreon o are forse U by the hoendng eepans e My -"-.? an! Draceoant Wb
shoye U Lh=t hoepirer, initiated by o hat wiee o dn et DIRA ! Ponda Tt sl
Praesil to beton e tion 3F the ceplegive woer heayily conlimeds Mot hyn ot

sizead Ehat pee e e s fevet Lhe topepteg poapvgete s e a weye s Phet this

wayn sheepops intn g shoe b gl soee it froer Ahee Jigeaing v 0o th !
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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, is 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. UIlti-
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 f{mportance. Several workers have shown that indeed the
distance to the onsnl. of aetonation depends strongly on the permenhility,
Griffiths and Grooznck® studiod the distance to detonation when burning was
fnitiated in granular tetryl, RDX, HMX, and TNT under heavy confinement., Some
of their data for W'! ar» shown in Fig., 1, whoer. distance to transition i3
plotted A= a function of the permeability, which was changad by varying the
particle size, Price, Bernocker, and their coworkers have explored DUY in a
varicty of explosivies and prop~1lants over a wide range of dennities and have
pith Yshed a series of reparts doveribing their work.  In agroceenl with the
resnlt: shown 1t Fig. 1, they also obueryed a minimm In o the transition
distance In arannlar tnfryl7 as a function of the density or permeatiilty,
Murh additioml work has been dons,  Ceavective corhastion ha e a0 koy
concept In studies of the DRI provess,  Bul atteapts te men!a1 DT abeat convecs
tive combustion have beon hesol with Formidahde dIFFfeulties, peomineat anom
which haye heor yery capld soefoaco fantlong bod collapse, and chakod flow of
the cowbastion peodacts,

It 15 dirtiendt ta recrn 800 the oyt byo gomba Yion plotaes wilh spnn

expevinental  observation,, Brondi, ol ooyl dn work  with  granalated
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propellant that the onset of detonation could occur well beyond the bdrn1ng
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
Grroocock. Trice, Bernecker, and coworkers observed that their ijonization 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 combus-
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 low of
gases, Aftnr.a time, thr exploiive beyond the combustion zone {s compacted to
such a degree that 1t become affoctively impormeable to combustion products
and forms a plug, driven hy the high-prassure gas behind it, The compartion
wave at the head of the plug stoenens ac the higher pressire waves from the
combustion zone overtake it In the initial stages, the compaction 15 so slow
that shear forces do nol fgnite reaction, At Tater stages) compactlon bevones
myre rapld and Ignition by shear becemes gomeral,  From thils paint on, the
Inftlation of detoo tion follows the yaaal course for inftiallon of a hetoro-

genens explosive,  Benoe et ot et b hyrathesis are prosented bolow,

The o et e e Ly ha of Grifiriths and Groeovark.,
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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
ignited 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
tuibe or in the wall twickness 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 brldge-wire, formed the
igniter. This mixture was tamped in place to a density of 1.3 g/cm3 and
formed a ptug 9.6 mm in diameter, tapering to 6.3 mm in diameter, and having a

9 this igniter 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 cuble centimotors of persinent  gas
(probahly mostly hydrogen), and the rate of heit loss (adiabatic t- erature
ca. 3770CC\. it seems probhable that only a small part of the ignit.r hoat

1eleasr was Involved in any exporiment,

Explosive
Thron Tots of HMX of diftering doreeos of Fineness (Tablo 1) wers usod in
the=e experinents, If it were nat for Lhe press of time, 1t wonld have heen
dr.lfrahle to have remaved soms of the Tiner and enarser portions of the Class
A and Class C samnles by steving, By this action the denrger of segeeg o
dur tng the handling of small quantitios of the pewdors conld have bean rediend,
Ir the following discocsion af cqerimonts, thoy will be vofoered ta by

nutmthea a5 Vistod in Tnﬂlv 1.



Sieve
Opening
(um)

1400
1000
710
500

350
250
177
125

38
f2
44
SS

Specific
Surf ace drea

(cmzlg)

TABLE

HMX PARTICLE-

F
(HOL-934-3)
(%)

92

I
SIZE DATA

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

1.3

4,0
15,6
82
27.8

1.8
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

(8 ]

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
C-5014
€-5015
£-5005

HMX

c/al

OO OO o0

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

TABLE II

SHOT SUMMARY

o

o O oo o 22 OV ™

Disks

(No.)

15 (27)°

6 ( 4.8)
1 (1.8)

13 (10.4)
12 (22.8)
8 (14.4)

18 (32.4)
1(1.8)
1 (1.8)
1 (1.8)

Booster
(mg)

220

685
220

220
220
440

220°¢
220
220
220

Hmxd
DDT

(mm)
72

83

45
46

99

58
67
67
52

106°
48
43
32

qThe left symbol denntes the HMX type used for the 2?0-mq combustion increment;

the second symbol identifies the HMX type filling in remainder of tube,

h

Numbo:s 1n parentheses are the total thickness of disks traversed before DDT

occurred and are obtained as the product of disk thickness and the numbor of
disks traversnd.

ﬁLoaded at 0.6 a/cc.

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

EMoasurad from disk at top of brass tube,



Experimental Results

Experiments 3,4. Experiment (4) 1is 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 dlaphragm thickness of 1.8 or
1.9 mn was used, the dlisks 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
desirahle record was obtalnable (Fig. 6); however, because of the long wait

required for the wachine work this size tub» was not used In other experiments.
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Fig. 3.

Experiments 3 and h.
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15.

Experiment (6) was as diagramed in Fig 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 permeahility as found by Griffiths 3ind Groocock,

The effect of dianhragms in HMX-C was tested in experiment (7) (Flg. 7)
and in HMX-F In experiment (?) (Fiq. 8). When the results of these experiments
are compared with those from ;1) and (6), It Is seen that the 00T distances
were rewolvably longer when diaphragms were present, [If significant burning
were confined to the .nitial increment of HMX, then some of this increase o
distance Lo dctonalinn might be due to the small size of the initial Increms
(270 my). Recall that the recalts of (3) and (4) were almost ldentical,
Ohviensly, if th: Initlal increment were reduced to near zero, a very long DN
distance might be expecled to resally on the other hand, 0if Lhe firnl diaphragm
were romaved Lo g distanee of ) cay, 100 mn from the fgniter, 1t might have no

pereopltible of foct on PN,

Fxperiments 8,9, Fxperiment. (9) was a test of the eftecl of doahling the size
of the Infttial dnceement but sinee the profereod diaphrages wers naw 1,8 6
thick, ft appeared noceasary to repeat the eeference exporiment (7) with t1 o
thicker disks, Experiment (8) (Fig.e 2) ewployed the Lhicker diske amd gave a
DN distance (67 nn) An HMX fdentloal to that for (7). Sltoee a groeater mans
of neoprene was traversed in (8) thon in (7) bhefors OOT oceaerod, and thus the
DI distance might have beon expectod to increawe, the agreemont polnts to
some e An roprodac b ity of DO distanee; which 15 estimated to he 2 or
3 mn,

Expociment (9) (Fiy. 9), in which the Inftial fncremenl was doubled tn

AN ey (X gt sheeter ean b DUE -2 82 may however, this run was alan
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shorter than the result for (6)(58 mm), where no diaphragms were employed.
Comparing this result with the finding of Griffith and Groocock that ventiny
of thel: tubes caused an increaie in the DDT distance, one is led to the con-
Jectura 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 romhustion zone,

Experiment 10, An I1llustration of the effect of reduced rate of pressure rise

in the combnstion zone is offered in this experiment (Fig, 10). A small brass
tube was inserted into the steel tube and was loaded with 220 mg of HMX at a
loading density of half that of bulk density -- 0.6 q/cm3. The DDT distance,
measursl from the end ef the combustion chamber, was increascl ta 106 am,  See

Fig. 11,

Expertments &, 11, 12, 13, In thew four experiments the offect of varying
the specific surface of the HMX In the  comhuction zone was explored (Fiy. 17),
In (1), (12), and (13) HMX-C, HMX-A, and HMX-F wore used as combustlon incre-
ments to drlve ODT in BMX-C,  The rosnlts show that oas the specific sariane
arca of the burning HMX was Ineroased, and, prosambly, the rale of prescore
rise war Inceeasedy the INE distanee was shortened (Fig, 13),  Experinent (1)
correspands to (A) with one added diaphragm,  Even thongh the adibod dlghyeae
in (11) may VYimit the boentng mass of HMX to Tews thang o noomore than, the
miss fnvolved An buenlng in (6), the DDT distanee 1 deceeased,  This resndy,
again supports  the comclnston that escape of combastion products from  the
canhastion zane 1s an dmportael factor,

In nxperiment (&) 200 wg of W0 were harned Lo deive o cnlimn of 1IMX-A,

In aplte of Lhe bepefioiad ofre 0ol the dbapheags (st dlseassed) In ameld

erating combasttan, the D9 dintae e ralabdve tn tha! of (3) wai more than

19.
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doubled. This result is 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 experiments with diaphragms positioned
every 7 mm, Gasers could not pass the diaphragms to propegate convective
conbustion heyond them,

The rapid wave ohserved hy Price and Bernecker may originate in the comhiy-
tion zono. It =ight be driven hy a qgasay igniler, or it might be due to reac-
tlon f pyrolysis prodnctu.g The origin of the wave has nol heon determinoed,
in pact bhecarae fonization signale from any wavas in the initial parl of the
DIT process havne heen yvery difficnlt to ohtaing and when obtained, havo hoon
difficnlt to disterpeet, as evidenced in the work of Price and Bernecker,
Griffiths and Groocock, and tho present anthor,

Fine oxplosive, having groater sueface area, burns more rapidly than does
coarse explanive aml 15 more effoctive  when it s used in the combastion zonn,

This bhehavlor ek Lo the decrera dn Lransition distance a4 one procends



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 | ».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 simultaneous forward-going
detonation has also heen observed.

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

This dark zono is intorpreted as a region of bed compaction. Az the pres-
sure rises in the combustion zone, a critical pressnre is reached at which the
granular bed of explosive begins to collapse and to restrict the further flow
of cooled combustion products precending the flame front, At [irst the mass
veloc Ity and rate of compaction are so small that no buwrning is ignited by the
compaction, and a plug of unrcacting exploslve is formad, As burning continues

in the combnstion zone the rising prossare aceelerates the plug and the plug

25.
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Fig. 14, Strcak trace showing dark zone in deflagration-to-delonalion
transition in M-7 in a 5/16-in. glass tube. Sawple contuined
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orows at the front at an increasing rate. When compaction of the explosive at
the front of the plug becomes sufficiently rapid, friction between the grains
and adiabatic 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 betwien the plug and the confining
wall, When this happens, photographic observation of the dark zone is 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 indlcate the
occurrence of plugs. If the pressure in the combustion zone rises rapidly
enough, the plug may be very short or may not occur at all., It is not evident

in experiment (13), Fig. 13.

The Buildup ta Detonation

Reignition of burning bryond the dark zone occurs when the rate of compac-
tion becomes high enongh. Intercrystalline friction and adiabatic shear are
two heating mechanisms which are lmportant in this reglon. 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 exploslves In recont years,
occurring within the crystalllites, the rate of enecrgy deposition in the shear
zone greatly exceods the energy loss by comduction.  Thermal softening
displaces work hardening as the dominant change in local strength,  Continned
stress canses conkinued slip vath further Tocal energy deposition and atlendant
tomporatuee rise.  Thus, the procyss of lowal healdng contlnues and fgnition

may ensae. Adibabic shear is of parbticalar (nberest bhecanse U Ineregses the

brondtng stweface and Lthas is o mechanism for Increas g the mas. harning 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 initiated 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, peréuasive 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-
welght impact test where the energy dellvered to a sample of lead azide was
orders of maqnitude greater, the lead azlide falled to react. Because cnergy
was cdelivered slowly hy the drop welght, apparently adlahatic shear was absent.

The occurrence of adiabatic shear in the bulldup procrss offers an explana-
tion of the minimum In the DOT distance in Fiq. 1. Twn oppo<ing processes are
active In determining the DOT distance. One is the rate of pres<sure rise in
the conbumstion zono, and this 1Is aided hy large specific surface or small
averaane particle sizn; the secomd process s the fanition In the halldup
reqlfon by mechanlcal action, ant this s favered by large particle size. The
areater sensilivity of coaccv-arained explosive Lo marainal mechanical stimalos

14

has  heen paintest ont  hy SanM amt Limegar et al, This  increaae in

sonsitlvity with aqrain <lzo must be dao o the Toweer sheae path fee Tavger
crystallltes,
Whon the bafldan roebion heglney TEomay booa plastic ways moving ab e
. HE
than loral somd velocityv,  Glpson and Macek obvooryvesdl renbive wae s In

1/

cast DINA moving al Tess than coned velue ity and Prive ot Weteee regae' vl

stmllar phonosoma Inocast peatalite, Obeenin ot o1, st vl Tow vl ity
dotonation” weves in preccaend PEEN b 20 of theas tieoally meciesen dhen ity

Whet reacbion wa Initioted by flesor B o propraa e bbb by gt e dboe JE e
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as low as 1.3 mm/ps in steel tubes. Stable velocities both below and above
that of sound in elther the explosive or the steel confinement were observed.
The value of the velocity olitalned depended on the deqrea of confinement,; heavy
confinement always resulted in high-order detonation, Pressures were meastred
with quartz qauaes in the wall nof the confining tube, and it appeared that
stable low-velocity detonation could he ohtained below abaut 10 khur. Ermolany
e. al. and Snlimov et a1.]9 have attempted theoretical treatments of these
results,

Thus, althonaqh the huildup process may start as a suhsonic, plastic wave
with sufficlent conflnement, encrqy loss is reduced so that pressure In the
reaction reqlon rises to some critical value, as Gbserved hy Obmenin et al.,
and the continued pressure rise Is then rapid until the DOT process s

complete,

Conclnsinn

The pleturo or the DDI process as presented here results from an attempt.
to incorporate  coron expecimontal observations which have heretofore heen
puz:Vlina, It diffors Trom Lhat prosentod by Kistlakowsky in that the role of
convectiye combastion 15 Lerminated and mechanteal processoes are postalated as
the mesas of continadng Lhe roaction bl tdup uetil shock waves are formedt,  In
ordder to valldate thie pletnee L wlll be necessary both to review the expord-
mental Vteratwee far abseevableons which may ot be reocanciladle with 1t, and

to sub ot each step In the propasad DPT procoss to delalled seratiny,
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