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SENSITIVITY O? EXPLOSIVES V 

TRANSITION FROM SLOW BURNING 
TO DETONATION IN CAST PENTCLITE 

By 

ANDREJ MAÍEK 
ROYCE W. GIPSON 

Approved by: 
« 

CT:^Cast, 

Evan C. Noonan, Chief 
Physical Chemistry Division 

ABSTRACT:~^Cast, highly confined charges of 50/50 pento- 
ilte were initiated by electrically heated Nlcnrome wires with 
the energy Input of 10 to 50 calóles. Transition tc detonation 
occurred In many cases. Detonation and sub-detonation veloci¬ 
ties were measured at different Intervals along the charge by 
means of Ionisation probet . It Is concluded that transition 
from slow burning to velocities of the order ol magnitude o* 
1 tan,sec. takes place within centimeters, or less, from the 
Igniter. The subsequent development to steady state detonation 
may require tens of centimeters of travel. The latter portion 
of the transition process Is qualitatively similar to the build¬ 
up of shock Initiated detonation. 
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Investigation of the basic mechanism of the initiation of 
explosives is cited in NAVORD 3906 "Key Problems in Research 
and Development, Part I" as a key problem undei Supporting 
Research, paragraph 7 of Section 7.7. This research «ras 
undertaken with the objective of Increasing knowledge in this 
critical area. The results are considered preliminary and 
not as a basis for action. This project was supported by 
Task » 301-66V*>006/120*0 and Task NO 600-667/7600A/010*0. 
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TKAKòITION rROH SLOW BURNING 
TO DETONATION IN CAST PENTOLITb 

I. INTRODUCTION 

Until about a decade ago, our knowledge of the factora 
governing the spontaneous transition fro« slow buml. ' to 
detonation was derived aleost exclusively iron experimental 
evidence of the phenomenon In gases (l,*,J»*). An extensive 
collection of quantitative transition data on primary ex¬ 
plosives was presented only relatively recently by Bowden and 
Carton (5) wno found that Impact-Initiated unconflned primary 
exploalves detonate. If at all, only after a clearly discernible 
stage ox accelerated bumln . Theae experiments on gases and 
primary exploalves Indicate that the diferente between slow 
bumln., and detonation la more than simply one of degree. The 
evidence la twofold. First, while steady states can be rwalltcd 
both in slow burning (centimeters up to meters per second) and 
In detonation (kilometers per second), tnls la not true of 
Intermediate burning speeds, ùecond, even though, both In gases 
and In primary explosives, tne transition from slow ateady 
burning to detonation Is cnaracterlied Initially by a continuous 
acceleration through lower Intermediate burning speeds, tne 
onset of detonation Itself Introduces a discontinuity In linear 
burning rate. 

Some research on the transition to detonation In nigh 
exploalves nas been .one. There la a well known example o: a 
black powder Initiated tetryl fuse which detonates within a 
short tigtamas from the region oí Initiation (6). At the 
present time, transition experiments on high explosives are 
being conducted at the U. S. Bureau of Mines (7/. There has 
also been a certain amount ol clasallled research on transition 
properties of rocket propellents (8, 

The work reported herein desla with the transition from 
s.ow btmrtug to detonst ion ln csst pentollte. The purpose of 
these preliminary experiments was: 

f 
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a. To find out if« and under what condltlona, the 
theraally Initiated high exploalvea can be brought to steady 
state detonation. Much of the known work on Initiation of 
detonation waa done on low denalty charges, which have been 
found to be detonated more easily than cast or highly pressed 
aaterlal. In the present experiments pentollte was chosen 
primarily because It Is a common explosive which could be 
Investigated In Its csst, hence most difficultly detonable 
state. Also, pentollte Is sensitive enough to be detonated 
with a standard detonator In case thermal Initiation falls. 

b. To learn, by means of velocity measurements, the 
manner In which the reaction accelerates and thus gain some 
knowledge of the mechanism of transition. Understanding of 
this mechanism Is of primary Importance to understanding 
burning stability and sensitivity of high explosives, propel¬ 
lants and primary explosives. 

c. To develop methods for testing sensitivity properties 
of rocket propellants, such as burning stability and detona- 
blllty. 

Since Initiation was purely thermal, confinement of the 
explosive was necessary to bring the reaction to detonation. 
That this Is so, can be seen from the following consideration: 

If slow burning Is to develop Into a detonation, two 
hydrodynamic conditions must be met: (a) the pressure behind 
the flame must exceed that ahead of the flame; and (b) the 
mass flow of the products of the reaction must be In the 
direction of tne propagation of the flame. In other words, 
condltlona for shock formation must be fulfilled. If the 
product gases are allowed to expand freely, these conditions 
will not be fulfilled and no shock will form. The rigor of 
confinement requisite for transition to detonation In any 
actual experiment will be determined by the strength of the 
shock necessary to start the detonation reaction. These 
matters were discussed somewhat more fully In a previous 
note (lO). 
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II. EXPERIMENTAL 

A. Equipment 

Pentollte was cast Into seamless cold-drawn steel 
tubes of following dimensions: 1.25 ln. O.D., 0.5 in. 1.^.# 
13 5 In. length (Figure l). The upper end of the tube was 
open: the lower end was heavily plugged by a 5/6 In. - U 
threaded bolt. 1.5 In. long. The charge itself was thus a 
right circular cylinder* 12 In. long and C.5 In. In diameter, 
encased In 3/8 In. thickness of steel. 

The explosive was initiated by an electrically heated 
ll0^ ¿4 N1 chrome wire, situated at the lower end oí the charge. 
The wire was mounted in one of two ways: In most experiments, 
one Inch of the Nlchrome wire was soldered to the leads of thin 
Insulated copper wire which were taken out oí' the open (upper) 
end of the tube. A more satisfactory arrangement, employed In 
some of the later shots, is one In which the steel plug and tne 
copper-berryHum leads are machined so as to serve as a pressure 
seal (U ). Thi» allowed the application of a larger current 
through the Igniter* and hence shorter and less scattered delays 
to Ignition. Resistance of the Nlchrome Igniter was about 0.* 
ohm, the current employed 8-10 amps, and the total energy 
delivered to the explosive usually between 10 and 50 calories. 

Detonation and sub-detonation velocities were measured 
by means of Ionization probes, described elsewhere (12), placed 
along the walls of the tube. The,signals from the probes were 
recorded on an electronic (Potter) chronograph and also on an 
oscilloscope (Tektronix 5^5). The circuitry, used with oc¬ 
casional minor modifications. Is shown In Figure 2. 

The violence of the reaction was estimated qualitatively 
by the degree of damage done to a 4 x ^ x 3/fc in. steel target 
plate placed In contact with the upper, open end of -.he charge., 
A detonator was placed In contact with the charge through a 
specially drilled hole for safety reasons (see Figure 1). 

Several charges were fired with 1/2 In. r*,the*r than 
3/8 in confinement. Assuming 60,000 psl for ultimate strength 
of cold-drawn steel, the yielding pressure of these heavier 
tubes calculated by the strain formula for the thick hollow 
cylinder. Is ^8,000 psl as compared to ^3.500 psl for the usual 
3/8 In. thickness. 
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, . * fei* *on.:er charge* 'V*.5> In.) were Mred with the 
ueual 3/fc In. steel eonflne^nt. 

B. Heealts 

Th#r**1 Inlttetlon of cest ^0/^0 pentollte under the 
conditions described shove Invsrlsbly (>5 shots) led to ex¬ 
plosions saiiIclently violent tu shstter the 3/6 In. (snd the 
\/c In.) thick steel well snd to deforw the 3/t in. steel 
t*r¿et piste. 

both lasllUtlve snd quantitative criteria lor detonation 
•ere uaed. The site of the tube frs««ents Is a fairly good in- 
dlceT.ion 0« the violence of the teactfton. A sore exact qualita¬ 
tive criterion la the daaage to tne target plate. Ihe degree of 
i***»’e 10 target plate was arbitrarily claaalfled In four 
categories ranging 1 roe A - no damage, to D - detonation 
(rlgure 3. jee also Ref. 

qualitative results, collected In Table I, show that 
the burnln* 01 ten deveicped Into a steady-state detonation 
wltnln Inches of travel. It always developed Into a deto¬ 
nation over y».t> Inches o: trave*. 

TAo-h. I 

Charge 
len^tr. 
-ilOxi 

Total 
No.ol 
whots 

->eveloped to 
òteady otate 
detonation 

did not Develop Number 
_to Detonation Doubtful 

30 16 

0 

4 

0 

The delays, 1 , measured from the time the current 
is turned on In the ignition circuit to the audible explosion 
were quite erratic. They varied from 1 to 68 seconds with thé 



"ueríf# 3* itr 1 or '^«tonâtlon' »hot* »nd 26 »«cond» fur 
TT ‘^''îîî110? * ^Pre»ent«tlv* value» »re given In Table» 
il and III. In aoae c»»e», the target plate daaage evidence 
wa» »upplenented by quantitative velocity aea&ureaents. The»e 
velocity data can be divided In three categorie»: (1) Heaaure- 
^»ent or steady detonation velocity of the confined J/* inch 
charge; U) One-Interval (two probe) data; (3) Three-Interva. 
Uoux probe) data. 

i. — ix detor.a tor-initiated a..01» gave the avera*'e a gave the average 
- . - _. - --< -* • ^ ■—V • Ti/c In. diameter, 

• ateel confinement). T3.e precision 01 t.'.ese measure¬ 
ment* was about The accepted value for detonation o: 
caat pentelite la 7.5 ■m/^aec. 

steady detonation velocity of '.3 «»/*~aec 
:). lY.e 

«. Two-probe ahota were of twe kind»: thoae In which 
the atart probe and hence the Interval between the probe* was 
.ar iroe. the Igniter and near the target plate; and thoae In 
which the atart probe was near the igniter and the atop probe 

ilcn¿ the tubt* ***•• <3*ta are given In Tables II and III, respectively. 

TAJluE II 

Dlst.froei Distance 
Igniter to Between 

_ Si1** i Pxxibea 
Hun No. f(sec) i (ca) d(ma) 

26 

27 

29 

36 

55 

76 

¿0 

20 

20 

19 

50 

50 

50 

50 

graph 
°P 

1.0 

0.7 

2.3 

O.67 

scope 
D. 

Plate 
Damage 

Instrument B-C 
failed 

7.1 D 

Instrument 
failed 

0.66 B 
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Dlat.from Distance 
Igniter to Between 

Delay 1st Probe Probes 
Run No. T(sec) { (ca) d(mn) 

Velocity lma/,-«tc) 
Chrono- Osclllo- 

40 

*3 

4f> 

46 

4? 

46 

49 

55 

56 

59 

43 

14 

6 

6 

20 

16 

3 

10 

9 

6 

5 

5 

5 

5 

5 

7 

1 

1 

1 

200 

230 

¿30 

230 

230 

230 

200 

249 

241 

64 

0.44 

1.91 

2.71 

Instruaent 
failed 

1.92 

Instruaent 
failed 

2.37 

3.24 

1.23 

1.51 

Instrument 
failed 

»I 

2.74 

2.95 

2.40 

3.29 

1.23 

1.37 1 

1.67 

1.17 

D 

C-D 

D 

C-D 

D 

D 

B 

C-D 

D 

D 

3. Data from two 4-probe shots are given In Table IV. 

TABLE IV 

Dlst.be- 
Dlst.i'rotn tween Probes 
Igniter to dno • dp* 

Delay •ist Probe . 
Run No.r(sec) j (cm) " d34^ma) 

Velocities 
D12 D23 D34 

(mm/naec.) Plate 
Da^aige 

56 

57 

* 1 

< 1 

«N. 1 

— 1 

89 

69 

2.3 3.1 

1.8 3.3 

8.0 

7.4 

D 

D 

• jf 

a f ■ » 

« 

. ; » ; * V * 
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Here, the distance between probes 1 and ¿ Is denoted by di¿< 

etc. The corresponding velocities obtained from the oscillo¬ 
scope measurements, are snd In the shot No. 57 

the velocity between the first two probes as recorded by the 
counter, m 1.9 mm/usec.. Is In good agreement with the 
oscilloscope value. In shot No. 56 the counter falleo. Tne 
persistent Increase of velocity between equidistant probes Is 
Illustrated by the oscilloscope record of snot No. 56 (Figure 

The data collected In Tables II, III and IV, represent 
only about half oi the shots on which veioc' y measurements 
were attempted. In many cases tne. Instruments falued. damage 
to the probes during transportationvaod castln^ operations and 
other unavoidable mechanical deficiencies undoubtedly account 
for some failures. But It Is probable that In other cases the 
probes simply did not respond to sub-detonation burning. In¬ 
corporation of s thyrstron In the circuit (rlgure ¿) makes the 
triggering of the Instruments fairly reliable, but does not 
eliminate malfunctions entirely. 

Tne accuracy of the velocity measurements Is rather 
low. The tío» Intervals In steady-state detonations have been 
found reproducible only within two counts of the chronograph, 
or 1.25 usee. The oscilloscope records can usually be read 
within 5%. 

III. USÓION 

A parallel use of the qualitative target damage criterion 
and the quantitative velocity measurements allows some Insight 
Into the phenomenon of transition to detonation. Several 
features of the process can oe deduced by an Inspection of the 
data presented In Tables II and III. 

In Table II, where the Interval between tne probes, d, was 
relatively short and far removed from the heating element, tnere 
Is good correspondence between velocity measurements am. target 
plate damage. Indicating that there was no appreciable change In 
burning speed once the first probe was reached. Final velocities. 

In 

•nlng 
Dnii, of Table IV can be used to supplement these data. 

fable III, on tne other hand, where the measurements 
were made over an Interval starting much nearer the Igniter, 
the measured velocity does not correspond with target plate 

• • • • . i. ....... , 
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damage. There la appreciable Increaae In burning rate between 
the atart probe and the target plate aa revealed by the damage 
to the target plate. But, even here, there la no evidence of 
a chbnge of order ol magnitude of velocity, once the flrat 
probe was reached. (Heaaurement of a poaslble exception. Run 
No. 40, Table III, la in doubt, because of an Instrument failure.) 

Hence It can be concluded from the data collected In 
Tablea II and III that the transition from slow burning to 
velocities which are less than, but of the order of magnitude 
of, steady state detonation velocities takes place within a 
short distance from the point of initiation - a few centimeters 
st most, and probably much less. The subsequent build-up to 
steady detonation velocity may occur over a distance of tens 
of centimeters. This conclusion Is supported also by the multiple 
probe data given In Table IV. 

The existence of a fairly long fast (klloneters per second) 
sub-detonation phase Is In qualitative agreement with the results 
of shock-initiation experiments. Several workers (14, 15, 16) 
report that In shock-initiated charges of nigh explosives, the 
reaction, before developing Into steady state detonation, propa¬ 
gates at lower velocities over measurable Intervals. Although 
the sub-detonation Intervals In our thermally Initiated experi¬ 
ments are appreciably longer, the qualitative similarity of the 
two phenomena suggests that the bulld-up to detonation la similar 
In shock and thermal Initiation. Ihia gives support to the 
theory (lO) that, even 1:. the case of purely thermal Initiation, 
the cause of detonation Is a shock which must arise spontane¬ 
ously In the burning medium. If there Is t»ack confinement. 
Conflneswmt of the reaction products causes formation of a 
region of rapidly Increasing pressure which generates a dis¬ 
turbance travelling along the tube. The front ol this dis¬ 
turbance develops Into a shock of Increasing strength. This 
shock, presumably. Is the direct cause of detonation. 

IV. SUMMARY 

It has been shown that confined cast high explosives can 
be detonated by purely thermal means. The bulld-up of steady 
state detonation is quite reliable If the explosive charge 13 
sufficiently long. The process of transition to steady state 
detonation Includes a relatively long (50 mlc..x>seconda or more) 
Interval of rapid sub-detonation velocities. The phenomenon 
la qualitatively similar to the bulld-up of shock-induced 
detonations. 

6 

*pa 

- * 
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The wortc to d»te suggests two avenues cf approacn ln 
planning future experimenta: 

1. The velocity measurements and qualitative resulta 
described In this report, give little or no Indication of tne 
manner in which the pressure In the region of Initiation ouiIds 
up, and hence no Information about growth of the detonation* 
generating shock wave. This very Important Information could 
be obtained by measuring tne pressure-time history cf the region 
of Initiation during the pre<»detonatlon delay. T . 

c. Several investigators (14, 15) report propagation o: 
shock-induced detonation at a transient but constant velocity 
of about ¿ km/sec., which subsequently changes to the steady 
state detonation abruptly and without a discernible stage oí 
Intermediate velocities. On the other hand, a detailed Investi¬ 
gation, at this Laboratory, of shock-initiated detonation In 
several high explosives reveals a smooth transition to steady 
states (16/. The preliminary measurements reported herein are 
not detailed enough to resolve this apparent discrepancy. The 
problem could be settled decisively only by a continuous measure¬ 
ment with high time resolution of the burning rate from Initi¬ 
ation, or at least from an Intermediate velocity of about 1 tcm/sec., 
to detonation. 

Both the time-pressure and continuous velocity measurements 
on heat initiated, highly confined cast charges 01 hibL explosives 
are being planned as an extension ol the work reported herein. 
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scale I cm « 20 h sec

DiRECTlOM OF the SWEEP IS RWHT TO LEFT 
signals at 0. 36. 6T AND 78 ft SEC
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RECORD STOPS HERE

FIG. 4 4-PROBE OSCILLOSCOPE RECORD 
OF SHOT NO. 56
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The Johns Hopkins University 
Sliver Spring, Maryland . 

Harvard University, Department of Cnemlstry 
Cambridge, Massachusetts 
Attn: fro!. G. B. Klstlakowsky . 

E. I. duiont de Nemours and Co. 
Wilmington, Delaware 
Attn: Dr. C. H. Winning . 
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