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PART V INITIATION AND DETONATION

SHOCK INITIATION AND DETONATION OF THE HIGH ENERGY

MODIFIED DOUBLE-BASE (HMDB) PROPELLANT

Bai Chunhua, Huang Fenglei, Kuan Shi, Ding Jing

(Department of Mechanics and Engineering, Beijing Institute of Technology,

P.O.Box 327, Beijing 100081, China)

ABSTRACT

The shock initiation and detonation of the high energy modified double-base (HMDB) propellant have been

studied. The shock initiation induced by a 2. 0 GPa shock wave is similar to that of heterogeneous high

explosives . The experiments showed that the detonation can be induced by a 10. 0 GPa shock wave,and

during the shock initiation and detonation processes the reactions of the explosive components, HMX, NC,

NG and AP, carry on independently and the aluminum powders react with the reaction products of the

explosive components.

INTRODUCTION

The behaviour of propellants under shock loading is the basis of evaluating the shock wave sensitivity. In

our past researches'"^, the response of composite propellants to shock loading has been studied, which has

aided us to analyse and evaluate the shock wave sensitivity at different cases.

The high energy modified double-base (HMDB) propellant is one kind of important solid propellants. Its

shock wave sensitivity has been paid more attentions, because there are some explosive components, such as

HMX, RDX etc. in the propellant.

In this work, the behaviour of shock initiation and detonation of one kind of the HMDB propellant was

studied using the methods reported in ^~23. The main components of this propellant are NC, nitroglycerin

NG, HMX, aluminum powder (Al) and ammonium perchlorate (AP).

1. SHOCK INITIATION

The shock wave inducing the shock initiation acts continuously on the propellant for 4ns. The shock pressure

is 2. OGPa and the attenuating rate is 10% per microsecond (|js). The typical records of Lagrauge gauges

and the results calculated with Lagrauge analysis are shown in Fig. l-~4-
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Fig. 1 Histories of particle velocity-time
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Fig. 2 Histories of pressure-time
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Fig. 3 Histories of reaction rate calculated
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Fig. 4 Histories of volumetric energy-release

rate calculated

From the above curves it can be seen that the flow field of the propellant is similar to that of heterogeneous

high explosives. The front pressure grows about 3 times from the induced plane to the position of 9mm. The

peak pressures behind the front increase, and the time between the front and the peak are reduced with the

propagation of the shock wave. The peak pressure approximately doubles from the induced plane to 9mm

position. The time beween the front and the peak at the 9mm position is about one fourth of that at the

induced plane.

The results of reaction parameters, reaction extent, reaction rate, volumetric energy-release rate, chemical

energy-release rate and instantaneous heat of reaction, show that the reaction process of the propellant is

similar to that of heterogeneous high explosives. The reation grows with the propagation of shock wave. The

peak of reaction rate increases about 3. 5 times from the induced plane to the 9mm position, which shows

that the growth of reaction rate is faster than the pressure.

2. DETONATION

The detonation process of propellant formed under a shock wave with front pressure of 10. OGPa was
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recorded with the Lagrauge gauges, and shown in Fig. 5 and Fig. 6.

From the measured histories of particle velocity-time and pressure-time at three positions, we can see that

the wave profiles are very alike and the magnitudes are approximately equal, which means that the

detonation process is steady, which pressure is 24. OGPa and detonation velocity is 7. 5mm/us.

The ideal detonation parameters were calculated using the BKW code[3j. Some results are shown in Tab. 1.

Comparing the experimental and calculated results we found that the relative errors of detonation pressure

and detonation velocity are less than 4% and 20% respectively, which shows the detonation of the

propellant can be considered as ideal and the reaction carries on near the front.

?oio

S 1.04
>•

u
3 0.52

0
0.20 0. GO 1.00 1.40 1.80 2.20 2 ,60
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Fig. 5 The measured histories of the particle

velocity-time
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Fig. 6 Histories of detonation pressure-time

Tab. 1 Experimental and calculated detonation velocity D and pressure P

D(mm/fis)

exp.

7.5

cal.

7.8

P(GPa)

exp.

24.5

cal.

29.3

3. DISCUSSION AND CONCLUSION

The above work shows that the shock initiation of the HMDB propetlant is similar to that of heterogeneous

high explosives. The shock front and flow field behind the front all grow quickly, which is different from

those of composite propellants tl~z\e detonation of the propellant is ideal. The detonation velocity is

approximately equal to that of NG, 7. 6mm/us, and the detonation pressure is appoximately equal to that of

NC, 25. 3GPa.

In the previous papers tl*2], we have concluded that the reactions of explosive components (NC, NG, HMX
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and AP) start at the shock front and the Al reacts before the explosive components stop. And the

comparison of the experimental and calculated results (in Tab. 1) shows that during detonation process the

most of reactions occur near the shock front. Further, the detonation parameters have been calculated,

according to the volume addition method

Dp= ]>]ff( * f lP* (1)

where, Dp is the detonation parameters and Et and Dpi are the volume fraction and detonation parameters of

the ith components respectively. The calculated detonation pressure and detonation velocity are 22. OGPa

and 7. 4mm/ns respectively, which are near to the experimental results.

Summerizing the results of reaction process, we conclude that in the shock initiation and detonation processes

of the HMDB propellant, the explosive components react independently and the diffusion of products can be

ignored, and the Al reacts with the oxidants produced by the reactions of explosive components.
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INVESTIGATION ON EXTREMELY DENSE GASEOUS EXPLOSIVES

Bauer P., Dunand M,, Presles H.N.,
(Laboratolre d'Energetique et de Detonique, ENSMA, Poitiers, France)
Heuze O.
(CEA, Centre d'Etudes de Vaujours, Courtry, France)

ABSTRACT

We studied detonation of Hydrogen- Air and Methane-Ethane-Air mixtures at initial presssures from 100 to 400 bar.
In order to do that, a new experimental technique was used. It is based on a procedure close to that used for the
study of high explosives, that is, on the use of a fragile confinement, strong enough to sustain the initial pressure of
the mixture. The detonation is triggered by means of a strong shock generated from outside of the confinement.
Such technique was used successfully in previous studies based on the detonation of C2H4-Air mixtures. This
paper points out conditions where some marginal effects can be observed and presents some new data where the
possible existence of a detonation limit, connected to the present experimental conditions, was found. Detonation
velocities are provided on the basis of a calculation using the QUARTET thermochemical code which is an update
version of the QUATUOR code.

INTRODUCTION

Present day concern about better understanding of the mechanisms of detonation wave propagation has induced
scientists to try find out the key parameters that describe these processes. Detonation characteristics (pressure,
velocity) of gaseous explosive mixtures were studied at atmospheric or subatmospheric pressures in order to
validate the Chapman- Jouguet one dimensional theory. Besides, other studies have tried to demonstrate the role
of the structure of the wave front in building up, propagation and failure of detonation, especially when direct
initiation is concerned. In this case, detonation pressures never exceed a hundred bar and, thus, remain much
lower than those resulting from the detonation of high explosives. In order to validate these data and extend them
to a higher range of initial pressures, an appropriate investigation has been undertaken î l This study is now
getting to the end and it did provide valuable results, regarding the validity of the equations of state (E.O.S.)
capable to predict the detonation characteristics of gaseous explosive mixtures at initial pressures up to 150 bar.
On the basis of the detonation velocity, Boltzmann, Pecus-Yevick, and H9 E.O.S., for instance, turned out to be
perfectly suited to describe detonation products at pressures reaching 1 or 2 kbar '3>. Further information was
collected as well on the structure of the detonation frontpl.
Another step was to be made in order lo attain the level of detonation presssure of high explosives. This second
way of investigation has been undertaken during the last two years. It was aimed at the design of a proper device
that would allow the measurement of detonation velocities in tubes at initial pressures of the order of several
hundred bar. Another goal of this paper was to emphasize the key role that kinetics may play.
The experimental technique seemed to yield the expected data, for most sensitive mixtures, namely, Ethylene-
Oxygen-Nitrogen or Methane-Oxygen f*-5i. However, an unexpected erratic behavior was noticed in this former
mixture at the highest investigated pressure -i.e. of the order of 400 bar. We were not able to provide a definite
explanation of this phenomenon. The explanation of a shock wave travelling in the confinement and triggering the
gages prior to the detonation front was suggested. The aim of the present paper is to present other marginal cases
of propagation of detonation waves and draw some conclusions on the need of optimization of our present
experimental setup in order to allow measurement of detonation velocities in extremely dense gaseous media. To
some extent, this study is the required complement to those we published recently.
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EXPERIMENTAL SETUP

Let us recall the experimental device that was designed in order to investigate gaseous mixtures at extremely high
initial pressures (beyond a hundred bar). We could no longer use detonation tubes able to withstand the pressure
of detonation products . We rather used thin wall steel tubes (internal vs external diameter: 12/17; 15/21; 20/27
mm). These tubes can support pressures of up to a thousand bar and they are torn apart as the detonation
progresses. In other words, the experimental procedure is that of high explosives, that is, using thin confinements
and conducting the experiments in a safe room.
Detonation velocity measurements were carried out by means of 3 ionization gages, 40 cm apart, enabling us to
record two successive values of the velocity. (Fig. 1). Experimental values are termed D, and D2 respectively for
the first and second value recorded for each shot (missing values are due to a tack of record).
So far, for initial pressures below a hundred bar, detonation was initiated by means of a detonator (Briska # 8).
This method turned out to be inefficient lor higher initial pressures. In the present case, initiation was triggered from
outside of the confinement, using a layer of solid explosive pasted around one end of the tube over a length of
approximately 10 cm. The detonation of this outer explosive generates a Mach stem in the inner explosive, leading
to the building up of an overdriven detonation. It has been established in previous works |4! that, as soon as the
overdriven detonation wave is no longer sustained, it rapidely slows down, within the first 40 cm of the run, and
settles down into a steady-state detonation. This method of generating strong shock waves was described by
Sellam et al. H.

EXPERIMENTAL RESULTS AND DISCUSSION

We studied several explosive mixtures:
A. Hydrogen-Air at different equivalence ratios (0.91; 1.37; 1.71)
B. Methane-Ethane-Air with an equivalence ratio of 1.17 and a 15% Ethane proportion with respect to the global
hydrocabon volume.
C. Ethylene-Oxygen-Nitrogen mixture with an equivalence ratio of 1.18. The amount of nitrogen corresponds to a
ratioN^02=1.9

1. Detonation stability

We have already studied detonation properties of stoichiometric Hydrogen-Air mixtures, at initial pressures below
30 bar, initiated by means of a detonator in a 55 mm i.d. permanent tube. In this case, detonations have proven to
be perfectly steady, since discrepancy between both measured velocities never exceeded 0.5%, with some
restrictions, however, in the case of atmospheric or subatmospheric initial pressures. On the contrary, for initial
pressures beyond 100 bar, using the ignition device described hereabove, we noticed, in some cases,
discrepancies reaching 10 to 20% or even more (Fig. 2). Such variations have never been observed so far in the
case of other mixtures as it has been pointed out earlier.
The same comment can be made about Methane-Ethane-Air mixture that turned out to yield steady detonations in
a permanent tube rc. We compared the present collected values to results obtained in a 20 mm i.d. permanent
tube. Velocities corresponding to thin wall tubes are slightly lower (Fig. 3). This difference may be explained by the
opening of the confinement and the rapid expansion of the detonation products behind the detonation front. In
addition, the present values exhibit large deviations.

2. Detonation limits

We observed, contrary to all expectations, that the Hydrogen-Air and Methane-Ethane-Air mixtures did not
detonate above a certain initial presssure. Detonation limits could be estimated in the present experimental
conditions for each mixture (Fig 2 and 3). It turns out that these limits are not perceptibly dependent upon the tube
diameter but only upon the composition of the mixtures. Photographies showing tubes after the shots (in this case:
600 mm long tubes) are eloquent as to the decreasing effect of the detonation on the rupture of the confinement
(Fig 4). Presently, the foundation of these limits remain unknown. The evolution of the detonation front led us to
consider that, on the contrary, sensitivity of explosive mixtures should increase simultaneously with pressure f. In
the first analysis, we attributed this phenomenon to the kinetic behavior of the mixtures, although this had never
been observed in previous studies n-5'. The other possible reason could be either the rapid opening of the
confinement, at the ignition end of the tube, or the absence of a strong shock in the inner core when the outer
explosive detonates or to kinetics. An experimental campaign has been undertaken in order to investigate whether
or not a Mach stem takes place in the inner explosive. A streak camera is used for such purpose. Although definite
results have not yet been issued, the first observations let us expect that a detonation wave is generated at this
point and is likely to be an overdriven one.
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In the case oi Ethylene with over-oxygenated air, the resulis (Table 1) confirm the previous observation w on the
lack of stability of the detonation at this extremely high pressure. A deviation o) 8% is observed beiween both sels
of measurements and the experimental values are lower than the calculated ones.

Table 1 Experimental and calculated detonation velocities ot
C2H4+2.55 O2+4-76 N2 in a 20 mm i.d. fragile tube

P0(bar} D! (m/s) D2 (m/s) Dcalc (m/s)

300 2790 2587 3065

3. Comparison with calculation

Detonation velocities were calculated by means of the QUARTET thermochemical code. This is an update version
of the QUATUOR code ^. It allows calculation of the thermodynamic properties of burned products obtained
through any kind of evolution, on the basis of a large number of E.O.S. For the present case, the folllowing ones
were chosen: (a) JCZ 3 (1°!; (b) H9 i3'; (c) H12 ^. Previous results on steady detonation velocities showed that the
former E.O.S. is appropriate for this range of pressure. Both Heuze E.O.S., which vary from one another by the
value of the interaction potential - i.e. respectively 9 and 12, turned out to be adequate to predict detonation
properties of high explosives |91.

CONCLUSION

The increase of initial pressure in some gaseous explosive mixtures based on Hydrogen and on a combination of
Methane and Ethane, detonated in our present experimental device, seems to lead to a new trend of results in
terms of stability and of detonability limits. Indeed, large discrepancies were observed between successive sets of
measurement of the velocity in the present case. Previous experiments, based on the same experimental
procedure {initiation method, technique of measurements of the velocity, size of the detonation tubes), had allowed
to state on the feasibility of the present technique, and, furthermore, on its ability to provide data that would enable
to check the validity of E.O.S. As it has just been expressed, this technique requires some improvements in the
case of extremely high initial pressures or when one is concerned with less sensitive fuels, or compositions that
stand close to detonability limits.
Moreover, we observed that, beyond a certain value of the initial pressure -i.e. of the order of 300 bar, a lesser
rupture of the tubes was the witness of a decaying detonation effect. Furthermore, beyond this threshold, mixtures
could not be successfully detonated. These results show that the setup we propose for such study is a valuable
tool to check the validity of different E.O.S., provided the detonation regime is ideal. More precisely, the most
reliable domain for such investigation is, presently, that of pressures less than 400 bar at most. A more adjusted
experimental setup is to be designed for the higher range we expect to investigate, that is, of the order of 1000 bar.
A study of the ignition process connected to a better understanding of the strong shock generation together with
the kinetic mechanism at such level of pressure is to be thoroughly conducted.
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Fig. 4 Photographies ot the tubes after detonation of Hydrogen-Air mixtures
(eq. ratio: 0.91)

(a) p0=200 bar (b) p0=270 bar (c) p0=300 bar
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EXPERIMENTAL INVESTIGATION OF CYLINDRICAL

DETONATIONS IN HIGH VAPOR PRESSURE SPRAYS

Chen Houhe, Bao Guogang, Zhang Chunyun, Zhang Zhencai, et al

(Chemical Engineering School, East China Institute of Technology,

Nanjing 210014, China)

1. INTRODUCTION

Detonations through sprays have been of recent interest because of their importance in explosion hazards.

Some studies have been conducted on the shock ignition and propagation of spray detonation during the past

three decades. In 1960's, Dabora et al studied the shock propagation through heterodispersed sprays in

oilM. Later, spray detonation experiments were performed by Webber and Cramer^'3]. Moreover, the blast

wave initiation of heterogeneous cylindrical detonation waves in pie-shaped sector shock tube had been

reported in many articles. However, in most of these studies the low vapor pressure pure fuels, such as

decane, heptane and kerosene were employed, the research" works on blast wave initiation of spray

cylindrical detonation in high vapor pressure fuels and mixed fuels have not been reported up to now'-4"7-'.

Of particular interest to this paper is the blast wave initiation of spray cylindrical detonation for high vapor

pressure mixed fuels. In this studies the propylene oxide-ethanol mixed fuels were employed.

2. EXPERIMENTAL FACILITY

The experiments were conducted by use of a pie-shaped shock tube test system (see Fig. 1), in which the

pie-shaped chamber was designed to model the cylindrical unconfined spray detonations, and has been

described in detail in [4,83- Therefore, only a brief description is made as follows.

The pie-shaped shock chamber has an included angle of 20", the length is 1. 95m and the inner width is

0. 052m. On the side-walls the pressure gauges, pressure switches for measuring wave velocity, and the

window for the optical observation are placed at different positions. The fuel manifolds and injection needles

are installed on the top-wall of chamber. The uniform fuel drops can be formed by a dispersed device.

The blast waves were initiated by using a detonator placed at the narrow end of the chamber. The ignition

energy of detonator were controlled by the amounts of condensed explosive contained in detonator. The

initiation energy K» released from explosives are respectively as •
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ForRDX

and for explosive No. 3021

B. = 1. 462 -I- 1. 896w MJ/m

= 1.462 + 1.936o) MJ/m

Where <u—the mass of explosive in grams.

The construction of detonation waves and the sprays can be observed and recorded by use of sub-

micrcsecond flash X-ray photography.

Power
Supply

X-Y
Recorder -

OBtilltBOCOpe

(Mole] BC-V)

1

-

•

Highspeed
Schlieren
Streak

/D Transformer

Hold YD-15)

Sub-micicaetxnd

X-ray Photography

Fig. 1 Scheme of a pie-shaped shock tube test system

PI > Ft—the valves of gas supply i

F3, Ft—valves of fuel supply f

F&—fuel return valves j

Fs—valves of waste fuel supply.

The wave propagation in radial direction was detected by using the pressure switches placed on the sidewall

of chamber. A pair of pressure transducers (Type BPR-2/50) located respectively at different radial

distances (0. 77m and 1. 47m) from the chamber apex were employed to measure the pressures of shock and

detonation waves. As indicated by theoretical and experimental results, the key for forming the

monodispersed sprays was the controlling technique of pressure pulses. The stronger the pressure pulses were,
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the longer the fuel droplets are. As the flow stability of droplets is too strong, the ideal monodispersed

sprays will be very difficult to be formed. Oppositely, if the pressure pulse is too weak, the air flow

velocity relative to the droplets will be too fast, so that the ideal monodispersed sprays are also difficultly

formed because of the strong flow effects of air relative to the droplets. The operation pressures selected in

our experiments were about 0. 02 — 0. 07MPa. The diameters of fuel droplets were about 278 — 337um.

The spaces of drops were about llOO~~1180um(see Fig. 2)[lo;).

Fig. 2 Monodispersed sprays of propylene oxide-ethanol mixture

fuel in air (taken by sub-microsecond X-ray photography),

in which MM' is reference line.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

The experimental results showed that the liquid fuel dispersed into the sprays with droplet size>20um can be

initiated by high explosive in oxygen or air, the sprays might be either monodispersed or polydispersed.

Five kinds of propylene oxide-ethanol mixture fuels have been studied, the volume fractions of propylene

oxide were 7% ,10%, 15%, 18% ,and 20% respectively. The detonation pressures are shown in Fig. 3 and

Table 1. Although there are some differences in operating pressures and the high explosives employed in

experiments, it can be known from experimental results, only the mixture of 15% propylene oxide with

85% ethanol was initiated by 8g 3021* condensed explosive, the others seem to occur only the deflagration

and to decay in an asymptotic manner.

Theoretical and experimental results indicate, the pure propylene oxide volatility is too strong to produce

ideal monodispersed sprays. Moreover, because the vapor concentration in air is much larger than its rich

limit of detonation (21. 5%, in air) in chamber, it is difficult to be initiated. The above experimental

results show that, there are spray detonation limits for propylene oxide-ethanol mixture fuels. It is easy to

be initiated, when the concentrations are in range of the lean limit and rich limit. As indicated by the

experimental results, the propylene oxide spray detonation limits are from I0%(v. t %, lean limit) to

20% (v. t%, rich limit). Moreover, when propylene oxide concentration is about 15% (v. t%) , the

critical initiation energy is minimum for the blast wave initiation of heterogeneous cylindrical detonation

wa VPK"*
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Table 1 Detonation parameters of propylene oxide-ethanol mixture fuels

Ambient

temperature

(1C)

19.0

23.0

18-5

17.0

21.3

Operating

pressure

(MPa)

0,033

0.032

0.050

0.045

0.035

Condensed

explosive

Cg)

8(RDX)

7(RDX)

8(3021*)

8(3021")

7(RDX)

Fuel

composition

<v.t%)

7%PO

93%ethanol

10%PO

90%ethanol

15%PO

85% ethanol

IS^PO

82%ethanol

20%PO

80%ethanol

tonation pressure

MPa

No 1

0.896

0.832

1.184

1.024

0.733

No 2

0.840

0.658

1.410

0.840

0.752

1.6

1.5

1.4

1.3

1.2

1. 1

1.0

0.9

0.8

0.7

6 8 10 12 H 16 18 20

Fig. 3 Detonation pressures of propylene oxide-ethanol mixture fuels in air

Note, in Table 1 and Fig. 3, Fig. 4, No. 1 : the first pressure transducers(fi=0. 77m) (

No. 2 : the second pressure transducers(fl=l. 47m) ;PO:Propylene oxide.

For the mixture fuels(15% of propylene oxide and 85% of ethanol), the relation of vapor pressure with

temperature is :

Pr = 1. 66 X iO(-H75''"'T'+2-67) + 1. 15 X lO'-2238-95^5'281

where P,. • vapor pressure , MPa j

T. temperature, "C-
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The wake shock was detected in spark schlieren photograph of the detonation of a single 2600|im DECH

droplet column in oxygen"- ' "J, it is of interest to note that double shock wave pressures are measured by

the second pressure transducer. After the first shock wave past over about 675ns (pressure 1. 504MPa) , the

second shock wave was measured, its pressure was 1. 551MPa, The average velocity among two pressure

transducers of the first shock wave was about 1428m/s, which is agreement with the detonation velocity

predicted for liquid-gas systems'-'TJ,

-NO, I

Fig. 4 Pressure records of spray detonation (15% propylene

oxide +85% ethanol, 8g 3021°, fl=l. 47m)

4- CONCLUSIONS

The monodispersed sprays of propylene oxide-ethanol mixture fuels in air have been produced in pie-shaped

test chamber, and the blast wave initiation of cylindrical detonation waves in gas-liquid phase has been

presented. The spray of 15% propylene oxide with 85% ethanol mixture fuel has been initiated in air. The

experimental results indicated that vapor pressure has an important effect on spray detonation, the low

vapor pressure fuel which does not detonate may detonate since adding the high vapor pressure fuels.

Compared to experimental results of low vapor pressure spray detonation, the results presented above are

more original for spray mechanism, and very good agreement with particular. It is very conducive to study

explosion hazards. The detonation mechanism and temperature effects in spray detonation of propylene

oxide-ethanol mixture fuels in pie-shaped shock tube will be discussed in another articles.
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THE MINIMUM ENERGY FOR DIRECT

INITIATION OF GASEOUS DETONATION

Chen Houhe, Sun Mingzhen

(School of Chemical Engineering, East China Institute of

Technology, Nanjing 210014, P.R.China)

ABSTRACT

A simple theoretical model is presented to determine the ignition delay for blast wave initiation of gaseous

detonation, which is comprised of an one-dimensional isentropic unsteady flow and self-similar method. In

this model, not only detonation characterization of explosive gas mixture, but ignitor source charge and its

detonation properties also have been taken into account. The predictions based on this simple model are in

good agreement with the experimental results.

1. INTRODUCTION

Direct initiation of gaseous detonation had been studied by many reseachers, some methods for evaluating

the minimum energy and power for direct initiation of gaseous detonation had also been given C'~fl. The key

for calculating critical ignition energy and power is ignition delay. In methods reported in ([l]—C4])» the

empirical formula for evaluating induction time of oxyacetylene mixture given by While^ was used, which

was reasonable success for predicting critical ignition energy and power of acetylene mixture, but it can not

be used or is only an approximation for the other cases.

The present work provides a simple theoretical model to determine the ignition delay for initiation of gaseous

detonation by blast wave. The model is based on the one-dimensional isentropic unsteady flow and self-

similar method. The results of calculation are compared with the experimental data on cylindrical detonation

in propylene oxide vapor-air mixture.

2. THEORETICAL CONSIDERATION

Fig. 1 is the schematic of the initiation of explosive mixture using high explosive in a tube. The length,

density and detonation velocity of high explosive charge is I , poand D respectively. The detonation wave

propagate to right, it reaches the right boundary of change at to =l/D. Because there is a velocity difference

between the leading shock wave and detonation products of high explosive in the mixture, there is a

compressed zone among them, and the width of compressed zone will increase with time. Thus, the
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explosive mixture mass in which will also increase. The leading shock wave compresses and heats up the

explosive mixture, excites the chemical reaction, and leads to detonation (see Fig. 2).

Fig. 3 shows a simple model for the initiation of gaseous detonation with blast wave. The leading shock

wave heats up the explosive mixture and exciter the chemical reaction which can lead to the detonation.

/. detonation products • bondary

2.leading shock wave

3. compressed aone

vacuum high explosive explosive gas mixture

Fig. J Scheme of one-dimensional flow

Detonation products plane

t

Chemical reaction plane

t_

Compressed explosive
mixture

r.

leading
shock
wave

Ignition delay zone

L

leading
shock
wave

Fig. 2 A simple flow field scheme

of high explosive detonation

Fig. 3 A simple scheme of blast wave

initiation of gaseous detonation

Thus, we suppose, when compressed gas zone coincide with the ignition delay zone, the corresponding

ambient state is critical state for direct initiation of explosive mixture detonation. Then, have.

(1) The time tr compressed the explosive mixture by leading shock wave is equal to ignition delay time

d,; t,— t^

(2) The compressed explosive mixture zone is same as the ignition delay zone. i. e. . A =L

(3) The downstream velocity w of compressed explosive mixture, i. e the flow velocity of detonation

products of explosive charge is equal to C-J detonation velocity Ofi of explosive mixture.

The unsteady, one-dimensional models are derived using the following simplifying assumptions•

(i) Ignitor source only supplys the energy of flow field.

(ii) There is no chemical reaction in compressed explosive mixture zone (i. e. ignition delay zone, see
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Fig. 3) , the leading shock wave heats up the explosive mixture and excites the rapid chemical reaction at the

plane of chemical reaction plane.

(iii) The explosive mixture density profile is uniform and only a function of time in compressed explosive

mixture zone.

Based on these assumptions the mass of compressed explosive mixture can be expressed as.

d(Jtf 'u) .,„ d« .
dt

For strong shock wave, we have.

VM + 1 ,„,
P = ' 7PM (2)

VM — 1

thus

M = a. A. p. = « . L VM + ]pM (4)
VM — \r compressed explosive mixture, the downstream velocity is;

= £ u> -«; (6)

and ignition delay zone can be determined as t

(7)

where u, x, t, p and p have their usual meaning , Sis the across area of tube , A is the length of compressed

explosive zone , L is length of ignition delay zone , pu and y« are the density and specific heat ratio of

explosive mixture respectively.

Let M=M' /s, then,

D

=
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Eq. (8) can be written as,

(z - Od«/d* + "2 = -f ?Pn (9)

In which P = -=f-j--(x/t — u)3 .

So Eq. (9) can be expressed as follows.

dt 27 o

da

S""r
da f 32po .-

|27p.(v.

Eq. (11) can only describe the behavior of flow field near by igniter source, therefore, a reference length

/" and a reference critical length ** are presented (

02)

(13)

where, ^ is constant depends on the ignitor source, E0is ignitor source energy and Pois initial pressure.

Moreover, a criterion is presented for one-demensional flow field,

f< x" isentropic unsteady flow

is = x* reference critical state

I > x * self-similar motion

therefoe, for x>x", have

The ignition delay time and delay zone length can be determined as i

566



(15)

(16)

and the critical energy and power are given by i

(17)

(18)

(19)

where, ; = 0,1,2 for planar, cylindrical and spherical geometries respectively^^, t' and a* are reference

critical time and velocity corresponding to reference critical length x".

3. RESULTS AND DISCUSSION

The critical ignitof source energy Em and ctitical effetive ignitor energy Ea can be calculated based on the

above assumptions and equations. The predictions are in good agreement qualitatively with the experimental

results for cylindrical detonation of propylene oxide vapor-air mixture in sectored shock tube (see Table 1),

where explosive mixture concentration are- 0. 45<<p<l- 33 (?> is equivalence ratio) and # = V(4ir)

Table 1 The ctitical ignition energy for blast wave initiation of propylene

oxide vapor-air detonation in sectored shock tube

9

0. 4489

0. 6708

0. 8908

1.1093

1.3261

Dci

m/s

1443

1465

1767

1830

1854

Experimental results

Eco

MJ/m

5. 24<Eco<7. 13

1. 46<Eco<3. 30

Eco<l. 46

Eco<l. 46

Eco<l. 46

Eca

MJ/m

3. 23<Eca<3. 7

1. !0<Eca<2. 26

Eca<l. 10

Eca<l. 10

Eca<l. 10

Calculating data

t*

MS

163. 26

76.21

55.48

47.14

44.15

Eco

MJ/m

7. 13

1.86

1.28

1.08

0.95

Eca

MJ/m

3.74

1.38

0.97

0.81

0.74

PC

MW/m

22908

18108

17484

17283

16761
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Fig. 4 shows that the energy of critical ignition source and the critical effective ignition energy decrease with

the increase of rp and approach respectively a threshold value in an asymptotic manner.

1 4

0.4 0.6 0.8 1.0 1.2 1.4

<P

4-0 4.B 5.0

Ml

Fig. 4 Critical ignition energy EC vs. cp Fig. 5 Critical ignition energy vs. the Mach number

MI of detonation wave in explosive mixtures

It can be seen in Fig. 5, when th" explosive mixtures are going to stoichiometrical composition, the energy

of the critical ignition source and the critical effective ignition energy will approach respectively a threshold

value in an asymptotic manner with the increase of the Mach number M\f detonation wave propagating in

explosive mixture. However, both the energy of critical ignition source and the energy of critical effetive

ignition will increase gradually with the increase of M\s the explosive mixture approaches the lean limit of

detonability.

The plot of Eva versus PC is shown in Fig. 6. It shows that the minimum effective ignition energy

corresponds to the minimum ignition power, and there exists a minimum (or threshold) energy, below

which the initiation can never be occurred even though the ignition power is large enough. Moreover, there

also exists a minimum power, below which the

initiation can not be achieved even though the

initiation energy is large enough.

It is interesting to note that the energy of critical

ignition source is larger than critical effective

ignition energy (see Fig. 4 and Fig. 5). The results

demonstrates that both the energy output

characteristics and the geometry of ignitor source

have an important effect on the critical ignition

energy. This result is not difficult to be explained

on the basis of the differences between the

experiment and ideal blast wave theory with

instantaneous energy release. In fact, a part of

o.

0.4

15. 0

Fig. 6 critical ignition energy

vs critical ignition power
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initiation energy would be lost through the tube wall and the leakage effects from the seams in the detonator

breech. In addition, the initiation energy release is not instantaneous, and the explosion energy release is

also not uniform along a line source as assumed by theory. Therefore, there is an energy efficiency of the

ignition source, which relates to the effective energy release with the calculated or maximum allowable

energy released in the tube^7-1'^. Moreover, there is also a critical effective energy Eco of the ignition

source.

4. CONCLUSION

This paper introduced a simple theorectical model of determining the ignition delay time. Based on this

simple model, the critical energy and power required for direct initiation of gaseous detonation may be

estimated. The analysis shows that the critical energy and power are relative to both the energy release

characteristics and geometry of ignitor source and the detonation characteristics of the explosive mixture

itself. Moreover, it was shown that for blast wave initiation, the detonation velocity of high explosive

charge is considerably larger than the C—J detonation velocity of explosive mixture. The predictions based

on this simple model are in good agreement with the experimental results on cylindrical detonation in

propylene oxide vapor-air mixture.
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THE EFFECT OF COVER PLATE ON THE IMPACT
INITIATION OF EXPLOSIVES

Pei Chi Chou, Deshou Liang and De Jun Li
(Drexel University, Philadelphia, PA 19104, USA)

ABSTRACT

Two-dimensional hydrocode simulations of fragment impact on PBX-9404 explosive, through a cover
plate, are presented. A combined Forest Fire and Arrhenius reaction-rate model is used. Initiation
threshold velocity for aluminium cover is lower than that for steel cover, in agreement with experimental
data. If the steel cover perforates, the initiation is due to macroscopic shear.

INTRODUCTION

In a recent paper, (Chou, Liang and Flis 1991), we have shown by computer code calculation that the
initiation of bare explosive by fragment impact is due to the shock process. For explosive charges covered
by a thick plate with a plug, the initiation of detonation is by a macroscopic shear mechanism. In this
paper, we shall extend the study to cover plate of different materials, and plates without a pre-plug. Also,
a "naturally" fractured plug from the cover plate will be studied
We shall first review briefly the shock and shear theories in impact initiation. The shock theory of
initiation is based on the assumption that the reaction-rate of an explosive is dependent on the pressure
behind the shock wave. The microscopic hot spots are not treated explicitly, and their effect is only
accounted by the magnitude of the pressure in the flow field. In hydrocode calculation, the shock theory is
represented by the Forest Fire model (Mader and Forest 1976), which is dependent on pressure only. A
simple version of the shock theory is the critical energy criterion (Walter and Wasley 1969, and James
1988). This criterion stipulates that when the energy per unit area reaches a certain value, the explosive
will be initiated.
In the shear theory of initiation (Howe 1985), it is hypothesized that plastic-work and viscosity in the
explosive can generate heat and hot spot regions. When temperature is high enough, chemical reaction
will commence and eventually develop into detonation wave. The shear theory is primarily temperature
dependent, therefore, the Arrhenius law is usually used. The shear theory has been reviewed by Chou,
Flis and Konopatski (1990). As discussed there, the shear effect could be either on microscopic scale,
such as micro-void, or macroscopic, such as regions near a sharp corner impactor. The macroscopic shear
effect has been applied by Frey (1981). The shear effect, also known as shear bands, in metals is
discussed by Chou, Hashemi, Chou and Rogers (1990).
In general, the shock theory is adequate. For instance, Bahl, Vantine and Weingart (1981) conducted
impact experiments with rod projectile of different diameters and determined the threshold velocity for
explosive initiation. They also used an Eulerian hydrocode, FLO, which has a "nucleation and growth"
reaction rate model, to simulate the initiation. This reaction model is pressure dependent, and not
temperature dependent, and has no viscous effect. It should be in agreement with the shock initiation
theory. For most of the cases studied, which include two explosives, both bare and covered, and both
flat-nosed and round-nosed projectiles, the calculated threshold velocities by FLO are in agreement with
the experimental ones.
One example which does not agree with the shock theory is the explosive with a thick cover plate, as
demonstrated by Cook, Haskins, and James (1989). Their results indicate that for impacts through
barriers (cover plates) below a critical thickness, the shock initiation mechanics dominates. For barriers in
excess of the critical thickness, their results provide strong evidence for initiation by a non-shock process.
They indicated that the non-shock process is consistent with the macroscopic shear model proposed by
Howe.
In the paper by Liang, Chou and Hashemi (1991), the pressure and temperature fields are presented for the
bare explosive and the explosive with a thick pre-plugged cover plate. Reaction-rate models are not used
there. Inspection of the pressure and temperature distribution indicates that the bare explosive is likely to
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be initiated by shock, and the covered plate by shear. In the paper by Chou, Liang and Flis (1991), three
reaction-rate models are used, namely, Forest Fire, Arrhenius, and a combined Forest Fire-Arrhenius.
Bare PBX-9404 explosive charges, and charges with pre-plugged thick cover plate, are studied.
In this paper, the impact initiation of an explosive charge with a cover plate of two materials, aluminum
and steel, will be studied. It will be shown that if the cover plate is ductile and does not fracture, the
initiation mechanism is again by shock pressure. If the projectile perforates the plate and forces a plug into
the explosive, then the initiation is again by the macroscopic shear mechanism.

THE COMPUTER PROGRAM DEFEL

All simulations are by the hydrocode DEFEL. This is a two-dimensional Lagrangian finite element
program originally developed for dynamic impact and explosive-metal interaction problems. DEFEL used
triangular elements, and includes the multiple-slide-line and rezoning capabilities, which makes it very
suitable for problems with severe distortion. General descriptions of DEFEL are given by Chou,
Hashemi, Chou, Rogers (1990). The reaction-rate models used are presented by Chou, Liang and Flis
(1991). The following is a brief review of some of the equations used in the code.
The Mie-Griineisen equation of state is used for both inert materials (metals) and the unreacted phase of
the explosive. It has the form

P = (Qi + Dn +Sn)0 - s ) + rop (1)
zp

where P, p, and E are pressure, density, and internal energy; |i = p/p0 - 1 is the compression; and C, D,

S, and F0 are material constants.
The JWL equation of state is used for the explosive reaction products, which has the form

P = A(l - ) exp( - RV) + B(l - fiL) exp< -R2V) + (2)

where V is the relative volume, E is explosive energy per unit initial volume, and A, B, R l t R2, and CO are
constants.
The reaction-rate modes used are the Forest Fire, the Arrhenius, and a combined Forest Fire and
Arrhenius. The well-established Forest Fire Model, developed by Forest (see Mader and Forest (1976)
and well described by Mader (1978), may be written in the form

^ = (1-F) exp(A+BP+CP2+....+XP") (3)

where P is the current pressure.
The first-order Arrhenius rate law, used in the present study, has the form

where Z is the frequency factor, E* is the activation energy of the material, R is the universal gas constant,
and T is the current temperature. The Arrhenius model depends on temperature only — as the temperature
increases, the rate of burning increases.
For shock initiation, the Forest Fire model is adequate and gives good results. For shear initiation, which
is primarily a temperature induced mechanism, the Arrhenius is more appropriate. For the situation where
the initiation is by both shock and shear, in which either pressure or temperature can induce reaction, we
propose a combined model. The simplest method for combining the two models is to add them,

^ = (1-F) [exp(A+BP+CP2+....+XPn) + Z exp( - jL )] (5)

We have incorporated Frey's constitutive model for explosives into our DEFEL hydrocode. In
generalizing this model to a three-dimensional state of stress, we consider the total stress as composed of a
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hydrodynamic pressure part, an elastic-plastic deviator part, and a viscous part The hydrodynamic
pressure is computed from the equations of state. The elastic-plastic part is computed by the standard
method of Wilkins (1964), with the plastic flow stress (or effective stress) taken as constant at 200 MPa
but decreasing linearly with temperature over the 30TC-range below the melting point.
The viscous part of the stress is given by Stokes's law, with a coefficient of viscosity dependent on
pressure and temperature.

PLUGGING CRITERION

Two different materials, 2024-T351 aluminium and S-7 tool steel, are used. For aluminium cover,
plugging is not considered; For steel cover, both cases (with and without plugging) are simulated.
The Johnson-Cook constitutive model and their constants (Johnson and Cook,1983) are used for both
materials.
A special technique is used to simplify the calculation of the plugging process in steel plate. A slide line is
placed at the position with a diameter of 13.3 mm at the beginning of the calculation. The numbers of the
nodes on both sides of the slide line are made the same and with one-to-one correspondence. Each pair of
corresponding nodes have th*3; same initial coordinates and are bound together. They will not separate until
certain criterion is met. Two criteria have been used, one is the critical shear stress in z direction, the other
is the critical effective strain. Both constants are determined by fitting the following empirical equation
from Thor( 1961),

V = V c - 1 0 v h m (6)

where Vs and Vr are the initial and residual velocity (in fps) of the projectile, h is the cover thickness (in

inches), ms is the weight of the original projectile (in grain), and c, a, [5, A, are material constants.

For steel projectile impacting steel plate, a=0.889, c=4.596, p=-0.352, X=0.019.
A sample problem of a steel projectile, 12.7 mm in both diameter and length, impacting a l l mm thick
steel plate was used for determining critical values. In this case, equation (6) would be further reduced to

V, * Vc - 2936.3 V,0.019
(7)

A critical perforating velocity (ballistic limit) of Vs=l 045 m/sec can be obtained by Setting Vr=0.
We also used DEFEL code to simulate the same problem, adjusting critical shear stress or critical effective
strain to obtain same ballistic limit, and obtain the critical values: Tc=78 MPa, or ec=0.8.

COMPUTATIONAL RESULTS

15 -

10-

-10 -5 0

Axis of Symmetry

(mm)

Fig. 1. Initial grid geometry of a covered explosive charge of PBX-9404 impacted by a steel projectile. For
plugging case, the projectile will penetrate the plate and force a plug (the fine mesh region) into the explosive.
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1. Results with aluminium cover plate
Figure 1 shows the initial grid geometry of a projectile
impacting the charge of PBX-9404 covered with an
aluminium plate and with no plugging. The projectile
length and diameter are 26.2 mm and 12.7 mm,
respectively; and the explosive charge is 15.2 mm in
thickness and 35.6 mm in diameter. The cover thickness
is 14 mm, and its diameter is the same as that of the •-
explosive charge. E
A fine mesh is used in the central part of the charge, N

where the initiation may occur; the size of each rectangle
there, which is further divided into four triangular
elements by its diagonals, is 0.22 mm by 0.19 mm. In
the rest of the explosive and in the cover and projectile,
coarse meshes are used to save computing time. In the
central region of the cover plate where material undergoes
larger deformation, mesh is also relatively finer than the
rest of it.
Figures 2 shows the pressure contours in the charge of
PBX-9404, impacted at 1300 m/s (threshold velocity). A
shock wave, followed by a region of high pressure, can
be clearly seen at 2.8 (is. The initiation started in this
region sometime between 2.8 and 3.2 |is, and at 3.6 [is,
the detonation-wave-pressure increases to a value
between Chapman-Jouguei (36.3 GPa) and von
Neumann spike (38.0 GPa). ^
2. Results with steel cover plate |
The initial grid geometry is also shown in Fig. 1. Figure N
3 shows the pressure contours in the charge of PBX-
9404, impacted at 1700 m/s (threshold velocity). A
shock wave can also be seen from the pressure contour at
4.0 (4.S. The detonation initiated at a point next to the
cover plate, This is not realistic, and is probably due to
the inaccuracy of the constants in the Arrhenius model.
Further studies on the explosive constants, including
Arrhenius constants and specific heat at impact condition,
are necessary.
3. Results with steel cover plate and plugging
The initial grid used is the same as in Fig. 1. A slide line
is placed at the interface between the would-be plug (fine
mesh region) and the rest of the cover. The slide line is
not activated unti l the shear stress in z direction reaches
the critical value of 78 MPa.
Figures 4 and 5 are the pressure and temperature contours 1
in the explosive charge impacted at 1400 m/s (lower j
velocity was not tried). The zigzag shape of the contour ^
in the outer part of the explosive charge is due to the
coarse mesh there.
These figures show that the plug totally separates from
the rest of the plate and intrudes into the charge before
4.0 |J.s. The highest pressure at 4.0 jis is in the wave
front, but the highest temperature is near the periphery of
the plug. This temperature keeps increasing and results in
the initiation at about 5.0 |is. The detonation wave
develops very fast and i.s pressure reaches von Neumann
Spike value at 5.5 H-S. Fig 2 Prcssllrc C0nloiirs (GPa) in a charge of PBX-9404
4. Material and plugging effects covered with an aluminium plate, impacted at 1300 m/sec.
The computed threshold velocity of PBX-9404 covered
with 14 mm thick aluminium plate is 400 m/s lower than that with a steel cover of same thickness. This is
due to the big differences between their densities and strengths. Steel is more effective in protecting
explosive charge from unintentional impact initiation.
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Fig. 3. The pressure contours (GPa) in a charge of PBX-9404 covered with a steel plate, impacted at 1700 rn/sec.
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Fig. 4. Pressure contours (GPa) in a charge of PBX-9404
covered with a steel plate, impacted at 1400 m/sec. The
cover plate fractured and a plug formed after impact.
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Fig. 5. Temperature contours (°C) in a charge of PBX-9404 covered with a steel plate, impacted at 1400 m/sec
The cover plate fractured and a plug formed after impact.

Plugging will generate high temperature at the periphery of the plug, and therefore reduce the calculated
threshold velocity. Our results with a 14 mm steel plate show that the computed threshold will reduce at
least 300 m/s, if plugging effect is taken into account,

CONCLUSION

A combined Forest Fire and Arrehenius reaction-rate model is used in a computer calculation of fragment
impact on covered explosive. According to this model, the reaction rate is a function of both pressure and
temperature. Therefore, it can distinguish shock initiation, which is pressure sensitive, from shear
initiation, which is temperature sensitive.
Our calculated results show that if the cover plate is not perforated by the projectile, the detonation
initiation is by shock. If the shear strength of the cover plate is low, and perforation occurs, then the
sheared off plug penetrates into the explosive and causes shear initiation.
For cover not perforated, aluminium plate gives a lower threshold velocity than that of steel plate of the
same thickness.
Our results with PBX-9404 explosive are in agreement with the experimental results obtained by Cook,
Haskins and James(1989) for PE4 explosive. The explosive PBX-9404 is used because its Forest Fire
constants are readily available. We intend to obtain constants for PE4 and compare directly code
calculation results with the experimental data.
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ABSTRACT

Influence of particle size on explosion characteristics of aluminium dust clouds was investigated in a 22 liter

vertical tube with closed ends. Maximum explosion pressure, maximum rate of pressure rise and low limit

of explosion concentration of aluminium dust clouds with various particle sizes were measured. The

experimental results showed that the explosion data of aluminium dust cloud were very sensitive about the

particle size, especially for particles with diameters less than 12fim- The effect of particle size (or surface to

mass ratio) on the low limit of explosion concentration was remarkable. -As particle size exceeded 30nm, the

aluminium dust explosion data were insensitive about the concentration of the dust cloud.

1. INTRODUCTION

A lot of dusts may be produced as end-products of by-products in modern industries such as flour, starch,

sugar, metals, coal and many others. Most of these dusts are combustible. When they are dispersed in air

and formed clouds with concentration in range of explosion limits, ignition sources with sufficient energy

can lead to a dust combustion of explosion. Dust explosion accidents have caused significant loss of life and

property. Therefore, dust explosions have recently received much attention. For the correct application of

protective measures against dust explosions, the explosion behaviour of the dust in question must be known.

Explosion behaviour is described in terms of explosion characteristics, such as the maximum explosion

pressure(MEP), and maximum rate of pressure rise (MRPR). The aim of present study is to investigate,

mainly from the view point of safety engineering, the effects of particle size for aluminium (Al) dust on

MEP, MRPR and low limit of explosion concentration (LLEC).

2. EXPERIMENTAL APPARATUS
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A 22 liter vertical explosion tube with closed ends was employed to determine the characteristics of Al dust

explosion as shown in Fig. 1. It was 1. 07m long with inner diameter of 0. 16m and its dispersion system

was essentially a linear version of the circular perforated pipe which was used in the 20 liter sphere by

Bartknecht[1]. The dispersion system consisted of follow parts t dispersion pipes with 10mm inner diameter,

dust vessels, air reservoirs and solenoid valves. The two paralled dispersion pipes were located

symmetrically along the inner wall of the explosion tube. Many orifices were perforated along the pipes and

the minimum diameter of the orifices was 1mm to prevent the orifices from being plugged by the residual of

the dust combustion. The jets of dust-air mixture from the orifices were impinged and the relatively uniform

distribution of dust cloud was obtained in the tube. Two parameters, i. e. the orifice size and its location

along the dispersion pipes were adjusted until the amount of dust mass collected from each segment along the

tube axis was equal.

. 16m

L-L

1.dispersion pipe
2. dust vessel
3. solenoid valve
4. air reservoir
5. valve
6. ignitor

Fig. 1 The schematic diagram of experimental apparatus

The explosion pressure-time history in closed tube was measured by a FTSV2100 strain pressure transducer

and recorded by a DM-7100 transient recorder.

Concentration of dust cloud was detennined from the mass of dust introduced into the explosion tube and the

volume of tube. Alumurum dusts, with five average particle diameters of 3. Ojim, 7. (Vim, 11. 9nm, 21. 8

\an and 30. Ojun, were chosen as testing materials. Scanning electron micrographs showed the particles to be

remarkably spheroidal in shape (Fig. 2). In a number of experiments, a fluidizing agent (CAB-O-SIL) ,0.

5%(by mass), was mixed with Al dusts to improve the dispersion and prevent the particles from being

agglomerated.
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Fig. 2 Scanning electron micrographs of aluminium dust particle

A paper capsule contained 0. 6g black powder was used as the ignitor which was placed in the center of the

bottom of the explosion tube. The 0. 06s delay time of ignition (the time interval between the opening of

solenoid valves and the triggering of ignitor) which corresponded to initial average RMS < root- mean-

square) velocity of dispersion-induced turbulence of 1. 25m/s was chosen in the present study.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

I . Effect of Particle Size of MRPR.

(dp /dOmax/Mpa/s )

120

30 D p / / i m

Fig. 3 Diagram of MRPR ((dp/dOmax/MPa • s ') of

aluminium dust vs. particle diameter (D,/Vm)

Fig. 3 shows the experimental results of MRPR of Al dust as a function of the particle size under the

conditions of the dust cloud concentrations of lOOOg/maand SOOg/m". As the Al dust particle size is less

than 12. Opm, the MRPR increase markedly with the decrease of particle size. When the particle size is
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larger than 22, Oym, the two curves in Fig. 3 become rather flat and approach same value. It shows that for

the coarse particle, the MRPR of dust explosion is insensitive about the concentration of dust cloud.

In dust explosion, the maximum rate of pressure rise depends on the maximum heat release rate of the dust

particles. The formula shown below gives a useful estimation of the chemical heat release rate of Al

particles^.

r. r\9
(1)

where C0, Drt QMl <p and q denote the Al particle concentration, the mean particle diameter, the global

heat of reaction of Al with gases, the volumetric fraction of oxidizing species and rate of energy released in

reaction, respectively.

Equation(l) demonstrates that the rate of heat release is a function of the particle size and increases rapidly

with the decrease of particle size. This is consistent with our experimental results. With same concentrations

of the dust clouds, the decrease of the particle size will increase the surface to mass ratio of dust particles and

contact areas between particles and the surrounding oxidizing atmosphere. Since combustion is primarily a

surface reaction, reducing particle size will therefore increase the reaction rate.

I . Effect of Particle Size on MEP.

Fig. 4 Diagram of MEP(APmax/MPa)of aluminium

dust vs. particle diameter (

The maximum pressure generated by the dust explosion is plotted against the Al dust particle diameter in

Fig. 4, with the dust cloud concentration of 1000g/msand 500g/m3. Both curves show that the maximum

explosion pressure (MEP) increases with the decrease of particle size. But as the particle size is less than

7. Qnm, the curves become rather flat. This means that further decrease of the dust particle has no further
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influence of the MEP.

The MEP is proportional to the total amount of heat release in the explosion chamber and thus should be

independent upon particle size if all dust particles burn completely and the heat loss through the walls of the

chamber is negligible. Practically , however , low MEP has been measured for coarse dusts due to incomplete

combustion reaction which results in less heat release. The incompletion of combustion reaction of coarse

dusts can be attributed to two causes. One is that the surface to mass ratio of coarse particles is small and

hence the particles may burn partly only from the surface of grain , but their cores remain unreacted. The

other is that the suspension time of coarse particles is shorter than that of fine particles and thus some of the

coarse particles have fallen of the bottom of the chamber before they burned completely. Moreover , the

amount of heat loss through the tube wall is relatively greater for coarse particles because their burnout time

is longer.

On summary, the MEP of fine particle dusts is higher than that of coarse particles. However , the effect of

the particle size on MEP is less significant than on MRPR.

I . Effect of Particle Size on LLEC :

Under the condition of the delay time of ignition being 0. 06s which corresponds to dispersion- induced

turbulence RMS velocity of 1. 25m/s, the measured low limit of explosion concentration (LLEC) is plotted

against the dust particle diameter in Fig. 5. The LI .EC is very sensitive about the particle size or the surface

to mass ratio of the particle. In Fig. 6 , the LL£C is plotted against the surface to mass ratio of the particle.

In the interior of a dust cloud, the fresh dust particles are heated by means of conduction and radiation from

neighbouring burning particles. When the surface temperature rises and reaches the ignition temperature , a

self-sustained exothermic reaction occurs. Because the surface to mass ratio of the fine particle is large , the

Fig. 5 Diagram of LLECCC^in/g • m 3) of aluminium

dust vs. particle diameter(£,/|im)
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Fig. 6 Diagram of LLEC(Cmin/g • m~3) of aluminium dust vs.

surface to mass ratio (_Sr/m2 • kg"1) of particle

particle obtains heat from its surrounding easily and reaches the ignition temperature rapidly. Therefore the

LIJEC of the dust cloud of the fine particles is lower than that of the coarse particles. At larger particle size ,

the rate of surface reaction limits the explosion developement. Eventually, near 30. Ojim (or surface to mass

ratio less than 74. 1m2 Ag) , the curve in Fig. 6 reaches a vertical asymptote. That is the critical size above

which explosion is very difficult at any dust loading. Therefore, the fineness of particle plays an important

role in dust explosion.

4. CONCLUSIONS

Experimental results suggest that dust explosion characteristics are very sensitive about dust particle size ,

especially when particle diameter is less than 12. Onm. When particle diameter is larger than 22. 0|im,

explosion properties become very low. For example, as the Al dust particle diameter is about 3. Opm , its

MRPR reaches about 110. OMPa/s, while the MRPR is only about 2. OMPa/s for particles larger than

22.

With the decrease of particle size , the MEP is increased , but the effects of the particle size on the MEP are

less significant than on the MRPR.

The influence of particle size of surface to mass ratio of particle on the LLEC is remarkable. When particle

diameter is near 30. O^m. it is very difficult to ignite a dust explosion. In other words, the LLEC of fine

particles is lower than that of coarse particles.
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NUMERICAL MODELLING OF DETONATION

USING HIGH RESOLUTION SCHEMES
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ABSTRACT

On the basis of high resolution theories an improved form of the fully conservative finite difference schemes

for one-dimensional Lagrangian equations is presented. The one-dimensional hydrodynamic code SIN made

by C. L. Mader was improved according to this method and initially fulfill applying the high resolution

schemes in modelling of detonation, especially in condensed explosives. The numerical results of piston

detonating PBX show that the improved schemes have high accuracy of shock formation.

Key words; high resolution schemes, shock wave, artificial viscosity

1. INTRODUCTION

At present the main technique of modelling of detonation is the finite difference (or element) schemes

together with several burn techniques, hi order to keep stability of the scheme the artificial viscosity is used

to smear the shock waves and the chemical reaction zone. The artificial viscosity (Q) method of Von

Neumann and Richtmyer in finite difference schemes has been used for over 30 years since presented in the

early fifties.

Errors induced by the Q method have been found since the late 1970s. And the effort has been made to

improve it with more accurate numerical techniques. W. F. Nohtl], pointed out that the artificial viscosity

"must be used in some caution, as serious Q-induced errors can occur in some calculation of strong shocks".

First, it will bring some general errors (such as producing loss, overdoing, vibrating and smearing data

near the shock front). Second, the constant of Q method has to be adjusted several times so that it is not

convenient and not convincing enough to use it. Since the beginning of 1980s, with the increasing speed

and memory of computers, the high resolution schemes in finite difference equations have been rapidly

developed, such as TVD, TVB and ENO, etc.. Now the high resolution schemes play an important role in

computational mechanics1^.

The so called high resolution is to cut down or cancel the Q-induced errors, to reduce the scheme viscosity

and the third order interrupted errors as far as possible in keeping the scheme steady under the isentropic
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condition^. The TVD scheme has been used to calculate the detonation of air-fuel spray in order to get high

resolution in China^. But no high resolution schemes were applied in the field of detonation of condensed

explosives because this kind of explosives have too complicated state equations beyond the abilities of high

resolution theories.

This paper tries to improve SIN code which includes chemical reactions for getting second order accuracy

under some appropriate conditions. The numerical calculations showed that the improved schemes have

achieved high resolution. This will provide reliable data for the further study of structures of chemical

reaction zone in explosives and high accurate data for the development of high explosives.

2. NUMERICAL TECHNIQUES

The one-dimensional Lagrangian equations1^ are ]

«•<»

fa/,) -|=o

(e + 0. 5u!) + = 0 (1.2)
dl as

Where « — the particle velocity , p — the pressure , p — the density , e — the specific internal energy and s- — the

mass per unit length or unit of solid angle. And ds = fdx , — = u .
at

The difference schemes are
u. = -(y + dp), (1.3)

«?' (1.4)Pit
e, = -(P + <SPH°-5 (1.5)

^-w° ' 5 . (1.6)

Here the symbols are represented by

a, = uJ+i-w?

«(o) = CT«,J+I + (1-«)W 0 < a < 1

and

Ap = -frt(pc')2 + D(wi-o.5,o'H.o.st0'.+ i.s)(/*-0. 5)
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D(a,^,y) js a controlled function. As for smooth solutions, D(o,6,c) may cancel the most of scheme

viscosity and retain second order accuracy. As for discontinuity, shock vibrations will be cancelled by the

local sound speed in <Jy, and first order accuracy will be retained. This is the monotonic restricting method

of high resolution schemes'̂ .

The following gives the stable conditions of scheme (1. 3)"- (1. 6). Suppose in the case of small linear

disturbances, i.e. ,

a = */ + «, = /> +

The schemes can be rewritten as

fi, = -

let a = -8 , y = %/Uc , we get

u, = Ucp.

Summing up the above two equations according to the cell number , we get

When ^>0. 5, we get

i. e. when ^>0. 5, the schemes are stable.

And when p= 0. 5 , it is easy to prove that

ft < + 6$ ' = pi +

Abviously the schemes get second order accuracy then.

3. IMPROVEMENT OF THE PROGRAMME

The equations of one-dimensional Lagrangian conservation for slabs , cylinders , and spheres are

3u 0 . a? («-i)vy
TT- = -Ra ' ̂ 7- - ̂  — z Conservation of momentum
at asa K

Conservation of mass-,at r 3M

~, — ~-.w*.a + A—(/(71 ™) Conservation of energy with heat conduction term
dt aM am oK
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where B = I + 0. 5U2, =£ = U, dAf = 2S. + 5,, a = » + 9 + s,.
at,

Viscosity

#+i = 1. 333A"/KJ+1(i^t15 — *frld/Mi* (where A" is the "coefficient of viscosity")

The local sound speed C in smooth areas can be written according to the entropy equation

Tds = de + pdv

C near shock points can be given from Hugoniot equations. Considering the shock front and reaction zone

including only one to three cells , the local sound speed near shock points can be given

4. RESULTS AND DISCUSSION

The explosion of PBX9404 detonated by a continuous piston with the above improved programme was

calculated.

First using the BKW programme the Hugoniot parameters for the detonation products of PBX9404 were

obtained. Then the comparison of the two programs (including original and improved) was made.

4. 1 Pressure

Chart 1 , 2 , 3 are the curves of pressure vs. distance. The curve with symbol * is about the improved high

resolution schemes and the another one is about the original schemes. We can see that the improved schemes

have high resolution about the shock waves from the initial pressure propagating into the explosives to

detonation.

4. 2 Speed

Chart 4 , 5 , 6 are the curves of velocity vs. distance. The improved schemes show their steady and smooth

properties to reflect the physical nature. Chart 6 also shows that the improved schemes have overcome the

overdoing of original schemes.

4- 3 Volume and temperature

Chart 7 and 8 are the curves of temperature and volume vs. distance at two moments. As for the sensible

volume , from chart 7 it is found that the improved schemes are steady at the beginning of detonation and

overcame the overdoing and losing. Chart 8 also shows the steadiness of improved schemes near shock

waves.
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The numerical results show that the improved high resolution schemes are efficient in numerical modelling of

detonation. From chart 3 ,6 ,7 ,8 , we can see clearly several shock interfaces. However, the original

schemes only give the approximately outlines. This proves that the improved schemes have high resolution

about shocks and small nonphysical oscillations.
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CHINA DETONATION RESEARCH IN THE EIGHTIES

DING Jing

(Mechanics and Engineering Department, Beijing Institute of Technology, Beijing 100081, China)
(Center for Explosives Technology Research, NMIMT, Socorro, NM 87801, USA)

INTRODUCTION

After the founding of the People's Republic of China, modern research on the physics of detonation was started in the
fifties. In the sixties, theory and application of detonation were discussed on several meetings. The First Symposium

on Detonation, sponsored by the Chinese Society of Theoretical and Applied Mechanics, was held in Lanzhou, July

26-31, 1979. Four years later, the Second Symposium on Detonation was held in Nanjing, Nov. 26 to Dec. 1, 1983.
The first International Symposium on Intense Dynamic Loading and its Effects'1' was convened in Beijing on July
3-7, 1986. Tlie Third Symposium on Detonation,'-combined with the International Symposium on Pyrotechnics and

Explosives'7', was held in Beijing. Oct. 12-15, 1987. Journals Explosion and Shock VFaiW3'. Ada Armamtntat-iW,

and Chintst Journal of High Pivssure Physic^, cover the detonation science and related technology.

The participation of Chinese scientists in the international activities on detonation for the first time was in 1981. Three

papers'6"8' were presented on tlie Seventh Symposium (International) on Detonation in Annapolis, Maryland, USA.

On the Eighth and Ninth Symposiums, seven'9"15' and ten papers'16"25' were presented respectively.

In this paper detonation research in the following fields in the past decade is reviewed: detonation reaction zone,

equation of state, shock-to-dctonation transition, dellagration-to-detonation transition, initiation techniques, gaseous
and fuel-air detonation, and detonation measurement.

REACTION ZONE

The shape of streamline in the detonation reaction zone of condensed explosive has been studied by Xue and Lu'76'.

Tliey derived an equation which relates the radius of curvature, ft, of the streamline with the volumetric energy release

rate, P, of the explosive and other variables reflecting the shape of detonation front and streamline. Taking pressed

cylindrical TNT charge witli radius TQ as example, the radii of curvature of the streamlines behind detonation front

were calculated.'Results show that R falls gradually to a minimum at a certain radius, r, and then increases with the

increase of r, but R remains negative in the range TO > r > 0. The detonation of the outer shell of explosive charge

acts as confinement converging the streamlines toward the axis. The effect of detonation heat, q, on R has also been
calculated. As q increases, R decreases in general, indicating that the degree of convergence increases.

A reaction zone model for two-dimensional (2-D) steady detonation of condensed explosives was developed by Hnan
and Ding'27'38'. They extended the Wood and Kirkwood model to the study of sonic surface and flow field in 2-D

steady detonation with the shape of shock front and the detonation velocity obtained experimentally. A generalised

C-J condition for a 2-f) steady detonation has been obtained in a natural coordinate system with cylindrical symmetry
as following:

OX _ s ing m_
ff 01 ~ ~l~ + jh, (1)
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where a is the thermicity coefficient, A the chemical reaction extent, 0 the streamline deflection angle, f the radial

coordinate, u the particle velocity, c the frozen sound speed, and / and rj are the tangential and normal vectors,

respectively, for particles along the streamline. Experimental results indicate that for cylindrical TNT charge, the

shock front is not a spherical surface, but a curved one with smaller curvature in the central part and larger curvature

at the periphery. With the help of experimental measurements, shapes of the effective reaction zone and curved

streamlines are calculated. The distribution of pressure, p, and reaction extent, A, along the streamlines in the reaction
zone are shown in figures'28'.

The determination of detonation properties from embedded gauge data has been a modest, but continuing effort in

China for more than adecade'29"32'. Q.J. Jiao et ai,'9' formulated a reactive flow Lagrangian analysis technique in which

the only data required are that from the electromagnetic velocity gauge measurements to study the shock initiation

characteristics of a plastic-bonded high explosive. Reaction rate histories of the explosive were obtained at different

Lagrangian positions. S. Huan et nJ.t33! illustrated the procedure of Lagrangian gauge analysis for evaluating reaction

characteristics in shocked explosives: reaction extent, reaction rate, volumetric energy release rate, instantaneous heat

oF reaction, and thermicity coefficient. F. Zhao et of.'17' recently studied the reaction rates of PBH-9D explosive in the

process of shock initiation. The electromagnetic particle velocity gauges were positioned at a distance of 0, 3, 6, 9 mm

respectively from the shock surface where the input shock pressure was 3 GPa measured with a manganin gauge. Three

equations of state, namely JWL, HOM, and 7 taw, were used in rate function fitting. The rate obtained with the f
law is apparently lower than that with JWL or HOM. The non-steady flow in a detonator was studied by Q.S. Jia

el a/.'21' using EMV gauges and the 2-D Lagrangian technique'16'. The growth and decay of detonation, and also

the retonation were observed. Lagrangian analysis and 2-D numerical computation were performed. D. Hu et a/.'34'

measured the reactive Hugoniot and Pop plot of cast TNT/RDX 35/65 with a density of 1.70 jj/cm3. Both wedge

test and manganin embedded gauges were used in the measurement. Their experimental results show that the "single

curve build-up principle" , assuming that a reaction shock wave grows to detonation along a unique line in distance ,

time, and state space, is not always true for describing such a very complicated physical process.

The retonation phenomenon in solid explosives has been known and interested to scientists since the late fifties.

Knowledge of the details about retonation would be helpful to the engineering design of high explosive systems. J. Ding

e.t (if.'11' and Q.N Deng et a/.'35' studied the retonation in a plastic-bonded HMX composition with performance similar

to PBX 9-10-1, initiated by a flyer plate of duralumin or brass. Pressure profiles were measured with manganin gauges.
A one-dimensiona.l (1-D) Lagrange code CHD-3 authored by L.X. Su el ai.'36' was used in the numerical simulation

of retonation. The existence of retonation has been confirmed by these experiments and also simulated numerically.

The necessary condition for the occurrence of retonation is that the initiated explosive is only partially reacted. It has

been proposed'35! that there is a critical curve for retonation in the form P$T r: const where PQ, r are the initial shock

pressure and the shock duration respectively, n, a constant related to the property of explosive.

Huan and Ding'18' proposed a global method for calibration of the constitutive relationship in the chemical reaction

zone. They use a reaction rate equation in the following form:

(«2>Jai -t- A)°*(a5 - A}"spa7, A < mm(l,a5)
(2\l

A > T 7 . ? n ( l . * > » )

where 17 = \JV\ 1, V\s the specific volume on shock front, A, the chemical reaction extent, and p, the pressure.

Constants «, (i = 1, 2, • • -7) are related, respectively, with the physical properties of explosive particles, the formation

and growth of the chemical reactions, the presence of slow reaction, the position of maximum reaction rate, and the

characteristics of the reactive flow. These constants have been listed'37' for cast TNT, pressed TNT at high and low

densities, standard grain TATB, and superfine TATB. All these rate laws for different explosives were calibrated with

the data from 1-D Lagrangian measurement and analysis. Since the calibrated rate law is related and consistent with

the equations of state and mixing law, these four constitute a complete and consistent set of constitutive relationships.
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EQUATION OF STATE FOR DETONATION PRODUCTS

Z.Y. Chen tt a/.'38' derived an equation of state for detonation products in Lennard-Jones Devonshire cell model based

on Buckingham exp-6 potential with consideration on the contribution of multi-layer molecules to the cell. Equilibrium

compositions of detonation products and C-J parameters for fifty one CHNO explosives were calculated. The calculated

detonation velocities and pressures are compared with experimental data. The average difference between calculated
and experimental values of detonation velocity is 4.5% and that of detonation pressure is 6.2%. This method, derived

theoretically and independent of experimental data, is reliable as these results indicated.

A simplified virial equation of state, called VLW EOS and based on the virial theory and Lennard-Jones 6-12 potential,

has been proposed by X. Wul14' in the following form:

PV , 1 ,
= 1 + WB + W2q + — W Q (3)

flT * 16

where B' - B/b0, b0 = f*No-3, W = b0/V, q = B'/T', T' = KT/c. B is the second virial coefficient,

N the Avogadro's number, t and a are defined in the Lennard-Jones 6-12 potential ^(r) = 4e[((t/r)12 — (ff/r)6], and

a equals to r when 0(r) =; 0. 7" varies from 25 to 40 in the case of detonation. The VLW equation of state is reliable

for detonation products of most explosives and as satisfactory as any other equation of state which has been proposed

in so far as agreement between computation results and experimental data is concerned

X. Wu and hi» colleagues^19' presented recently a revised VLW equation of state, where a modified Buckingham exp-6

intermolecular potential is used instead of Lennard-Jones potential. The exp-6 potential is more reasonable and flexible
since it does not contain an inverse-power repulsion term and contains three parameters instead of two. Detonation

properties of some new explosive compounds are predicted using the revised VLW equation of state.

A polynomial equation of state for combustion products of gun propellants up to a pressure of 800 MPs has been

developed by G.T. Cao et al\> The calculated pressure is in excellent agreement wi th experinn • I al data.

SHOCK-TO-DETONATION TRANSITION (SDT)

AND DEFLAGRATION-TO-DETONATION TRANSITION (DDT)

It has been known since the early sixties that a heterogeneous explosive is initiated by the local hot spots formed in it

by shock wave interactions with density discontinuities. Energy released in numerous hot spots strengthens the shock
wave, and finally, the shock wave becomes strong enough to produce propagating detonation. The mechanism of shock-

to-delonation transition has been an interesting area for Chinese scientists in recent years. ILL. Xue'40' proposed a

viscoplastic mechanism on the basis that the viscoplasticity plays an important role in the process of hot-spot formation.

He found that the temperature of the hot spot formed depends strongly on the degree of pressurization, the init ial

porosity, the dynamic yield strength and viscosity of the material. Numerical calculation has been done for the pressed

TNT with an initial void radius of 40^ni at a density of 1.6 y/cm3, and for the loosely packed TNT charge with void

radius of -100 (im at a density of 1.0 g/cm3. Results of calculation for the relative volume fraction of the melted zone

around the pore are 0.0416 for the pressed TNT, and 0.054 for the loosely packed TNT. The temperature rise for

the pressed TNT with an init ial porosity of 1.033 is 70 K when the final porosity is 1.02, and 1000 K when the final

porosity is 1.006.

G.R. Zhang'4'"''3! proposed a single shell-pore model for hot spot initiation of heterogeneous explosive. Pore in l.lie
explosive is assumed lo be spherical and the explosive layer incompressible. Following the theory of Ya B. Zel'dovich,

the deflagration occurs in a very narrow gaseous zone of thickness RT^ /E, where R is the gas constant, E the activation

energy, and 7'm the maximum temperature of deflagration. Under the assumption that the reaction rate is proportional

to )>, the following equation for the pressure during deflagration is obtained:

,,= ^ i/a (4)
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where p, is the final equilibrium pressure in the pore, /\ constant, and r the time for deflagration. It is obvious from

the above equation that when

pjr = — = const (5)
A

the pressure p wil l increase to infinity instantaneously, that is, the detonation occurs. Equation (5) is the same as the

detonation criterion obtained by Walker and Wasleyt4^, who derived this equation from energy conservation.

On the basis of experimental data on flyer plate initiation of heterogeneous explosives and empirical relationships

available, Y.Z. Wei I45! presented a general criterion for shock initiation of heterogeneous explosives in the following
form:

' * "
where p is the initial shock pressure in GPa, x the thickness of explosive in mm, r the width of shock pulse in fia, a the

area of impacting flyer in mm2 , and n, JV, b, B, in, M are empirical constants, r — 2<r/{7, where o is the thickness of

the flyer, and U is the velocity of the initial shock wave after impact. For PBX-9404, n = 2.0, N = 4.0, 6 = 1.6, B =

58, m = 2.8, M ~ 1700. Specific p — r relationship for different physical'conditions can be derived from this general

criterion (6). For plastic bonded HNS-I« tablet of 97.5 wt% HNS,(0 10 x 5 mm, pa = 1.570/cm3), the shock initiation

general criterion is obtained by Z.P. Wang it a/.'*6' in the following form:

where d is the diameter of flyer in mm. Experimental results for 12 sets of different parameters show that the

equation (7) is accurate to ±2%.

F.Q. He' ^ studied the initiation characteristics of PETN under a very short pressure pulse produced by a 0.15 mm

thick polyester film flyer with an impact velocity of 2.4 mm/fis. The impact pressure is 8.5 GPa with a duration of

0.07 /is only. In this case, the thickness of explosives does not show any obvious effect on initiation.

The method of Lagrangian analysis was first used by Huan and Xue'48' in the research on shock initiation of explosives.

Pressure profiles at different Lagrangian positions were measured with manganin gauges for the pressed TNT under
a long-duration initiation shock pulse of 4.37 GPa. Path lines were constructed in terms of least-square polynomial.
Histories of physical quantities were fitted to a least square cubic R-spline function. Behavior of the flow field has been

checked with the Lie group similarity solution.

The shock initiation property of a HMX-based plastic-bonded explosive PBH was studied by Q.Z. Chen'49' using the

wedge test. Hugoniot. of PBH is also obtained. Z.K. Zhou ei a/.'50' studied the effect of shock loading area and shock

duration on the initiation threshold of explosive HNJ-I^ and PBH-9 (plastic bonded HMX). HNS-U charge has a

diameter of 10 mm, a length of 5 mm, a density of J.57 g/cm3. The PBH-9 charge has a diameter of 20 mm, a
length of 5 mm, and a density of 1.85 g/cm3. Mylar or PMMA flyer driven by a electric gun device is used. The
flyer diameter varies from 0.05 to 0.76 mm. An up and down procedure is followed in the measurement of initiation

thresholds. Studying the minimum shock pressure required for the initiation of steady detonation in diverging geometry,
J.Z. Oao'51J formulated a relationship between the cri t ical pressure Pc, and the radius, ro. Critical pressures at different
r,, are calculated for PBX 9404 and TATB.

The flyer-impact overdriven detonation in condensed explosive has been studied by D.H. Li'52'. In his study, the

ZeTdovich-von Neumann- Boring model is assiimed valid in the case of overdriven detonation, keeping the Hugoniot

and the detonation energy the same as in normal detonation. The following equations relate the parameters of

overdriven detonation to that of CJ detonation:

P - P} D - D> „ -( i - Z ) ' ( i - z = ) ' / 2 ' u-
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where P, D, « are detonation pressure, detonation velocity and particle velocity respectively at overdriven condition,
and Pj, DJ, u} are parameters for CJ detonation, Z = 1 -~Pj/P is the degree of overdriving. Th< explosive TNT/RDX
40/60, with a density p0 = 1.696 ± 0.010 jj/cm3, DJ = 7.75 km/a, Uj = 2.06 km/e, Pj = 27.06 GPa, was used in
the experiments. The equation of state derived from the experimental result for the overdriven detonation products of
this explosive is:

/>= V77+27xlo"(p-Pl) (9)

wjiere A is the same as in CJ detonation.

As pointed out by H.L. Xue'53' the deflagration-to-detonation transition in solid explosives is a very complicated,

multiple-state, and unsteady process. In this transition process the rate of reaction propagation covers from tO~* cm/*
for ordinary combustion to 106 cm/s for detonation, and the pressure changes in the range from 10~3 to 10B atm.
For solid explosives the DDT process includes in general four main stages, namely, the stable laminar combustion, the
convective combustion, low velocity (800-3500 m/s) explosion, and steady detonation. The formation and development
of shock wave is most important in this process.

S.Q. Yang et a/.t54! studied the DDT of energetic granulated materials in a totally confined tube. They follow the fluid

mechanical model of K, Herman e( a/, for DDT in porous propellant bed, and add the gas-phase pressure gradient
in the solid-phase momentum conservation equation. A series of computation results are in good agreement with the
experimental data for RDX/wax 95/5.

The NONEL tube invented by P-A. Persson has been used widely for many years. The name structure and the
detonation wave formation mechanism dur ing the DDT process were studied by S.Q. Yang et a/.'55' The explosive used
in the experiment was RDX/AI 91/9 with a grain size of 3-5/jm. Sixteen milligrams of the explosive were loaded per
meter in a polyethlene tube with inner diameter of 1.5 mm and outside diameter of 3 mm. The DDT process was
studied by using a high-velocity rotating mirror streak camera with a writing speed of 3 mm/fie. It is characterized
by four zones: the ignition, deflagration, transition, and detonation, with propagation velocity of 0.91, 0.83, 1.3, and

1.9 mm/fts respectively, in a solid-gas two-phase flow. The presence of aluminum powder plays the role of catalyst
which shortens the ignition time significantly.

INITIATION TECHNIQUES

The initiation of explosives and their sensitivity problem have attracted the research interests in this field for many

years. Different initiation techniques including initiation by laser beam'56'57! and by exploding metal meshes'7'58' have
been studied. A lecture on the initiation techniques was given by S.Q. Zhang'59'.

C W. Sun tt al\*6' reported their earlier experimental results of laser initiation of both primary and secondary explosives
including PbNe, DDNP, PETN, RDX, and others. The energy output of the laser was 10.7 with pulse durations of
60, 80, and 200 us respectively. GSJ high speed streak camera was used for monitoring. The initiation process in
PETN was studied in detail. With a light density of approximately 100 .//em3, a low-velocity-detonation (LVD) of
2-3mm/^s was induced in the PETN tablets with a diameter of 6 mm in a brass capsule. The LVD changed abruptly

into a CJ detonation in a few millimeters. In 1986 C. W. Sun et a/.'57' reported the window effect and theory of thermal
explosion concerning laser initiation of explosives including HMX. Numerical modeling was also conducted in good
consistency with experiments.

Mesh-initiated large area detonator with magnetic flux compression current generator as source was presented by
G.R. Zhang'7'in 1981. The mesh pattern and the current generator were described in detail. Experimental current-
time curve was compared with the theoretical one. Z.P. Wang ft of.'58! discussed in detail the exploding mesh-flyer
initiator (EMFI) and its performance, the threshold condition of mesh initiation and the dependence of burst current

on mesh size and flyer thickness. It has been shown that the EMFI technique is successful and can be used to initiate
explosive charges with curved initiation surface as well.
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The interaction of shaped charge jet and high explosives has been studied since sixties for military applications and
safety consideration. The jet initiation of industrial explosives has been proved successful in the mining. C.L. Jiang et
a/.f601 studied the mechanism of jet initiation of two commercial explosives, ANFO (NH^NOa 94%, dieael oil 6%) and
rock explosive No. 2 (NH«NO3 84%, TNT 11%, and wood powder 4%). X-ray flash photography was used in studying
the jet penetration and initiation process. Beyond a certain point the detonation front propagated ahead steadily

and the jet lagged behind. The metallic jet initiation of TNT, Comp. B, and TATB has been reported recently by
Y.L. Zhang ct a/.'61' The jet initiation sensitivity of the explosive tested is expressed in terms of the critical thickness

of the steel target which gives a 50% probability of detonation of the explosive. For pressed TNT with a density
of 1.56 s/cm3, cast Comp. B of 1.69 9/cm3, and pressed TATB of 1.73 g/cm3, their jet initiation sensitivities are

42.5, 41.0, and 28.0 mm respectively.

GASEOUS AND FUEL-AIR DETONATION

The cellular structure of gaseous detonation or spin detonation was observed by C. Campbell and D.W. Wood head as
early as 1927. B. Xu and his colleagues I"'63) studied this interesting phenomena for mixtures 2Hj+ Oj, 2Ha+ 5 Air,
and 2H2-|- Oj + 3Ar. Relation between detonation pressure and cell modes was investigated. They found that the

relation between cell mode N and the detonation pressure P is approximately linear, and the slope of N — P/Pcj is
almost constant for different mixtures and different initial pressures. Here the cell mode TV is the number of transverse
waves within a distance of 40 mm, and the PCJ is the average CJ detonation pressure. Following formulae are derived:

(P/Pcj).- I = lM(l/L-l/LCj) (10)

4°
+ 2

where L is the cell breadth, D the detonation wave velocity, M the Mach number, and 7 the specific heat ratio. For

the mixture of 2H2 + Oi at initial pressure of 710 Torr, and in overdriven detonation, the experimental results are in
good agreement with equation (11).

Interesting experiments on the stability of equilibrium cellular in gaseous detonation by K.Y. Zhou e( a/.'64' show that
when a short section of the rigid shock tube wall is replaced by soft material, the transverse waves will be absorbed
and the equilibrium cellular structure will disappear, and then detonation wave will be weakened. When detonation

wave departs from the soft wall section, equilibrium cellular will recover gradually. They found that the distance from
the end of soft wall to the position of recovery of equilibrium cellular is related with the initial pressure. The higher
the initial pressure, the shorter will be the recovery distance. The fine structure of detonation wave demonstrates that
the transverse wave is not steady and diminishing continuously. Experimental study on the critical tube diameter for
gaseous detonation was carried out. in H^-Os and CjHj-Oj mixtures by C.G. Chen et o/.'65'. Tubes of square and

round cross sections were used. Following equation is derived in neglecting the high order terms:

rfe/A - 19 tg B (12)

where de is tlie critical tube diameter, A the width of the cell, 0 the angle of the conical tube.

Spin detonation is observed frequently in a gaseous mixture approaching the critical condition for detonation. Critical
detonation stability for two-dimensional perturbations was studied by J.S. Sun'66' using the theory of dissipative
structures and perturbation method. The process of the transition from perturbation to a regular detonation was
illustrated. The calculated angle of inclination a is in good agreement with experimental data.

D. Hu and his colleagues'67'68' studied the detonability and the DDT for the mixtures of hydrogen and oxygen in

different ratios in a cylindrical explosion shock tube of 6.6 m long and 100 mm in diameter. The detonability of the
H2-O2 mixtures is in the limit of 25-84% of Hj, and a critical initial pressure of O.OlMPa. The time required for DDT
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in the mixture of 2Hj + Oj was also measured willi infrared detectors. A relationship ( = 0.05 p$ ' lb is obtained from

experimental data' ', where the initial pressure, PO, is in MPa, and the time ( is in ma.

The military applications of fuel air explosives (FAE) aroused the world's interest in the seventies. The characteristics of
FAE initiation and detonation became research hot spots in past three decades. The focus of these research is bilateral:
safety and detonation performance. M.J. Tang'69' reviewed the shock characteristics in a combustible spray. Tang
and her colleagues'70' also proposed a theoretical model for the prediction of the detonation velocity of gas-liquid two
phase detonation. It is assumed that the shock front propagating into the fuel-air mixture is followed by an induction

zone. In this zone there are many processes proceeding, including the disintegration of few droplets, evaporation of

the micromists, mixing of the fuel vapor with air, and the induction of chemical reactions. Reactions are taking place
instantaneously at C-J plane where ignition occurs. The quantity of fuel which reacts at C-J plane is determined by

the relation between the rate of disintegration of droplets and the ignition time delay. Part of the fuel may react
behind the C-J plane, but it does not contribute in supporting the propagation of the detonation. Energy losses in the

processes are also considered. This model yields better results than other earliar models, because more factors have
been taken into consideration.

DETONATION MEASUREMENT

In detonation experiments the pin technique is important for measuring the wave form and the movement of flyer.
Techniques with electric pin'71}, optical fiber pin, and composite pin'10' have been developed. The application of optical

fiber in detonation research has become quite popular in the eighties'72!. The manganin gauge has been used directly for

the measurement of detonation pressure. The aquarium method'73'7*' is also used because of its simplicity in measuring
detonation pressure when only a small quantity of explosive is available.

The development of high-speed photography to study detonation and other fast phenomena started in China in the

late fifties. The first national conference on high-speed photography and photonics was held in 1974. In 1984 ten
models of high-speed camera were in production. The recent model WPG-30 high-speed rotating mirror streak camera
has a writing speed of 1.5-15 km/a and a highest time resolution of 1-2 ris. Its dynamic visual space resolution at
the maximum mirror rotating speed is 25 /p/mm'75!. The first cylinder test results with high-speed photography was

reported by Xia and Hua'7(il in 1982. The X-II flash X-ray machine first reported in 1983'77* is composed of a Max

generator, Blumlein and dynamic vacuum diode with a total length of 4.6 m. It produces 50 us, 800 mr/1 m X-ray

pulses with energy of about 1 MeV, which penetrate 6-8 mm thick lead at a distance of 4 m. It has been proved to

be a powerful tool in detonation research.

The measurement of detonation temperature in the reaction zone has been a continuing effort of C.B. Han and his

colleagues'13'23', A transient optical-electrical two-color pyrometer combined with optical fiber technique was developed.
Detonation temperature of solid explosives TNT, tetryl, RDX, HMX, PETN, liquid nitromethane (NM) and mixtures

of NM and solvents have been measured. The average detonation temperature of NM of 52 tests is 3595 ±51 K. Effects
of the charge density, the impedance mismatch at the interface, and the pore content of powder explosive charge were
studied. Experimental data were compared with computational results using different equations of state of detonation
products.
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IGNITION BY AN ELECTRICALLY HEATED WIRE IN SYSTEMS WITH

SIMULTANEOUS PARALLEL REACTIONS. ITS CRITICALTTY AND

THE DISAPPEARANCE OF CRITICALITY (TRANSITION)0

Du Zhiming, Feng Changgen

(Mechanics and Engineering Department, Beijing Institute of Technology,

P.O. Box 327, Beijing 100081, China)

ABSTRACT

One-dimensional thermal model of ignition of energetic materials in cylindrical form by means of a hot wire

has been studied. The system involves two or more simultaneous reactions. The common assumptions of

(a) considering only steady-state solutions, (b) neglecting reactant consumption, are employed. Critical

and transitional values of some important parameters for thermal ignition are obtained in exact form of

Arrhenius reaction-rate law.

1. INTRODUCTION

The thermal theory of explosion has been the subject of considerable investigation and a comprehensive

review has been given by one of the present authors'-1^ in 1988. Many real, exothermic systems involve

more than one simultaneous reaction. The systems were investigated by Boddington, Gray and WakeE2]and

Graham-Eagle and Wake[8^ using the exponential approximation for the Arrhenius law.

In this paper, we investigate a particular problem of thermal ignition. the hollow cylindrical reactant with

two simultaneous reactions, where heat is supplied to the inner surface at a constant rate and is exchanged at

the outer surface with surroundings after Newton's law. The diagram of the model is shown in Fig. 1. The

Arrhenius reaction rate law (no exponential approximation) is used in this investigation. A similar model

for systems with only one exothermic reaction was studied1^ and reviewed^ by the present authors.

The model should correspond to the pyrolysis of insulation around an electric current-carrying conductor and

the ignition of electric fuseheads. A fusehead consists of a bead of mixed explosive formed on a match-stalk

by a dipping process and which is initiated by electrical heating of an embedded fine resistence wire. The

model might also be used to describe the onset of combustion in lagging around a hot pipe.

0 Priject supported by a Research Fund for Ph. D. Training disciplines

in Colleges and Universities by State Education Committee, China.
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The boundary condition is.

- L + T[< - «fl ,Z,T)] = 0or A

33

where r ,2—Coordinate axis. The origin lies at the center of the cylinder (

((r,z»T)—Temperature at any point (r,z~) and at any time D^T(

\ conductivity j

a.—Coefficient of heat transfer

The solutions of equation(l) are taken as

t. - ..

X JO(A,MT/«) X «*<*..„«/£>«?[- (/4.,/«2 + ^,2/^2)flT] (2)

Where B\ — Criterion of infinite long cylinder, and B^Ca

B\ — Ctiterion of infinite large plate, and ft(= (a

^.,i»,«».2^~Rcots of characteristic equation in infinite long cylinder and infinite large plate

respectively.

The two characteristic equations respectively are

and

— — X

where JQ, J\ Bessel function of zero order and one order respectively.

^/(22 X 4J) - z6/(2z X 4Z X

cr — Coefficient of heat transfer measured by experiment.
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Table 2 The experimental data and the theoretical

predictions for the second set of experiments

^p/P

0.122

0.126

Mf/M

I

0. 0359

Experiment data

& (US)

1.527

1.503

Theoretical

prediction Ai((js)

1.543

1.480

Relative errors

-1.0%

1.5%
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One of the experimental records is shown in Fig. 4, where the left signal denotes the flyer's starting time and

the right one denotes the time impacting target.

It could be seen in Fig. 4 that waveform of flyer impacting the target has some fluctuation in its centre part,

which was resulted from the interaction between the two adjacent explosive blocks with different densities.

The waveforms at the both sides are flat since the above interaction did not affect them, so that the time

difference between them should be taken as the deviation in total action time.

Fig. 4 A streak record for the second set of experiments

DISCUSSION OF THE RESULTS

In Eq. (11), t,equals h/D where A —50mm is the height of explosive, / is the effective length of explosive

charge. The experimental data and the theoretical predictions from Eq. (11) are shown in Table 1 and Table

2. In Table 2, Ai is the total time deviation which includes that of the detonation propagating and flyer

flying period.

In Table 1, there is a datum which relative error is 9. 3%. Such a large error may be resulted from the

large f\M/M. Except this one, the measure deviations in time of flyer impacting target agree well with the

theoretical predictions as shown in Table 1 and Table 2. It is practicable to predict the influence of little

variation in charge density and flyer mass on the movement of explosive-driven flyer using Eq. (11). This

prediction is useful for designing the explosive devices.

Table 1 The experimental data and the theoretical

predictions for the first set of experiments

AM/3/

0. 0750

0. 0599

0. 0360

0. 0217

Experiment data

<U(us)

0.526

0.340

0.235

0. 149

Theoretical prediction

A/ (nS)

0.477
0.356
0.229
0.138

Relative

errors

9.3%

-4.7%

2.5%

7.3%
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where

(z - 2x - )
0 = Z (3)

2, x, y and w are the numbers of oxygen, carbon, hydrogen and the total atoms in an explosive molecule,

respectively.

Differentiate Eq, (1) and get

AD a\p ..,
-=- = —*- (4)

where

AD and Ap denote the deviations in D and />, respectively. For a small Ap , the coefficient a calculated by

Eqs. (2) and (5) could be regarded as a constant. In experiments Ap was controlled to be less than

0. 3g/cm3, therefore, being a known constant can be assumed.

The deviation of detonation propagating time t, in a fixed distance because of the variation in explosive

density is derived from Eq. (4) , that

where t,and (4+ AO are the propagation time respectively corresponding p and (p+Ap ). Stanukovich

gave an equation for calculating the movement of an explosive-driven rigid slab flyer where the detonation

products was assumed as a polytropic gas with the index r = 3'-3-'. From this equation and the concept of the

explosive effective length ̂ , the flying period // in the flying distance x{ could be yielded as

1 1 r~p n
9 9

in which

- Dtf - xr 16m
' I ' ~' / ' ' (27W)

/ and m are the effective length and mass per unit area of the explosive charge, M is the flyer mass. For the

explosive charge with fixed shape and size, the deviations in its mass and density should be related as :

Am _ A£ fo\ — (.oj
m p

Suppose, the charge is large enough so that the processing tolerance in its shape and its size could be ignored.
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THE INFLUENCE OF VARIATIONS IN CHARGE DENSITY AND FLYER

MASS ON THE MOVEMENT OF EXPLOSIVE-DRIVEN FLYERS

Gu Yan, Dong Qingdong, Xu Zhuqing

(Southwest Institute of Fluid Physics, CAEP

P. O. Box 523, Chengdu 610003, China)

ABSTRACT

The movement of a flyer depends on the density of the driving explosive charge as well as the flyer's mass.

Two sets of experiment were designed to determine the variation in flying velocity of flyer driven by

explosives at which the charge density or the flyer mass was changed, respectively. An equation was

derived, by which the velocity variation of flyer during flying could be predicted. The experimental data

show agreement with the predicted results.

INTRODUCTION

In some peculiar applications, the flying time of a metal flyer driven by explosive charge and impact time

with target need to be controlled precisely. However, the tolerances of charge and flyer parameters are

usually different from the designed values. Two sets of experiments with the explosive lens and flyer

assembly were designed to investigate the influence of the variations in charge density and flyer mass on the

flying time. When the charge density changed, the detonation velocity and the charge mass would change

consequently. Using the explosive-driven theory the variation in flying period provided the differences of

the parameters from their standard values.

THEORY

The dependence of detonation velocity D on the explosive density p usually is linear for the most C-H-N-O

solid explosives at density larger than lg/cms [I]. This linear dependence can be written as

D=a + bp (1)

where a, 6 are constants approximately, and can be calculated from the chemical composition of the

explosive. A. R. Martin and H. J. Yallop had given a solution to the constants a and 6M '•

D=2. 509 -(- 1. 325p -)- (3. 793 + 1. 281p)fl (2)
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a varnish, play a role a current-conductor simultaneously, A circu-

lar probe made out of a soft foil was placed in the middle plane

( the probe has an orifice I mm in diameter in the center ) and co-

ntacted with the matrix. A wire ( d - 0,5 mm ) which passes appro -

ximately "by the axis of the orifice, makes up an capacity with the

probe and matrix; at the ignition the capacity changes at appearing

Pig. 2 A scheme of the arran -

gement for impulsive ignition,

I - explosive, 2 - the chamber

of high pressure; 3 - nichrome

wire; 4- - the puncheons curre-

nt-conductors; 5 - a washer of

CpJV ; 6 - the pewter disk.

of the products of the explosion conducting the electricity. An imp-

ulse of the current ( duration ~" 8 mcs ) and a signal from the capa-

city take out on two-beam oscillograph. The dependence of a delay of

the ignition on temperature of the wire was measured and it determi-

ned by integral of impulse of current. Only the first period of heat

exchange ( ̂ I0~ ̂ s ) when the temperature on a border wire - explo-

sive is constant, was used from the prolonged period of cooling of

the wire. The temperature was determined through the ratio of ther -

mal activities of the material of the wire find explosive. It is not

far to initial temperature of heating of the wire T .

Figure 3 shows the dependencies obtained, every point is a number of

8 - IO measurements. In the region of pressures studied ( 5 -lOOMPa)

the data obtained for KDX and HMX coincide. The curves have two st-

rongly pronounced parts : sloping - with a strong dependence of the

delay of ignition on temperature and plateau at high temperatures

C higher than T# ) . On the plateau % , depends on pressure.

which are higher than limit it 'is naturallyThe values of
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re interval over which, the burning equation is valid.

Table I Effect of the particle size and density on the burning

parameters of HMX

Particle

size

Unscreened

Relative

density

0.91 -0.96

B

4

V Pressure

.11 0,87 3

interval

- 100

Remarks

At p>40 MPa bu-

rning with Jamps

100 - 200

< 50

0.92 -o.
0.86 -0.

94
92

4

3

.34

.78
0.84

0.87
3
5

- 100

- 100

» _ " _ "

Deflagration is

I - 10 0.83 -0.86 4.56 0.77 3 - 100

I - 10 0.52 -0.59 4.18 0.74 3 - 100

stable up to

80 MPa
Stable up to

100 MPa
Beginning with

15 MPa microja-

mps took place

It is seen from the table that a decrease of the particle size ( up

to <50w) does not effect on the burning rate but influence on the
stability og deflagration. So, unstable combustion of unscreened

HMX and with particle size 100 - 200jM begins at 40 MPa, for HMX with

particle size of less than 50 ̂  - at 80 MPa. The deflagration of

HMX with particle size I - 10 w was stable in all pressure range stu-

died, in this case HMX burned 1,4 times more slowly.

It is necessary to note that decrease of the particle size results in

decrease of relative density but inspite of this the stability of the
deflagration increased. These data are in accordance with discribed

rpf
inLJ and can be explained by the decrease of the probability of
the penetration of hot gases into pores under the action of dynamic
rise of the pressure, as it was shown in the workL?-!.

2. High- temperature ignition

The ignition of the explosive was carried out in a chamber of high

pressure by a wire which was heated impulsively ( fig.2 ) L -i

The puncheons ( 4 ) which were isolatedJTrom. a matrix by a layer of
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particle size.

Boggs and col. investigated the combustion of HMX over the pressure
range O.I - 100 MPa, however the dependence R ( p ) reported in*-J
showed linear burning rate ( cm/s ) but the density of the samples

not indicated.

RESUIffS AND DISCUSSIONS

I. D eflagrati on

In the present article relationship of the rate of combustion with

pressure was studied in a constant pressure bomb over the pressure

range O.I - 100 MPa with the aid of the photographic method*-4

The effect of the particle size and relative density of the samples

on mass burning rate and a stability of the deflagration was studied,

The particle size changed from I - lOwup to unscreened but the re-

lative density from 0.50 up to 0,96.

Figure I shows the experimental data for unscreened HMX and RDX un-

screened and with particle size I - 10 M .

Fig. I Dependence of mass

burning rate ( R ) of

RDX and HMX on pressure.

It is seen that the burning rates of RDX and HMX coincide. At press-

ure higher than 40 MPa the combustion of RDX and HMX occassionally

occured with jamps, which led to the penetration of gases deep within

it; in fig.I the values of Rm with jamps Jointed by dotted line.

Table I contains data concerning effect of the particle size and

density on the parameters of the combustion of HMX : values of B

and V in the equation of burning rate Rm - B p^ and the pressu-
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DEFLAGRATION AND HIGH-TEMPEFJITURE IGNITION OF RDX AND HMX

A.P.Glazkova, G.T.Apnansyev
( Institute of Chemical Physics USSR Academy of Sciences,
Moscow II?977,USSR )
S.I.Postnov

( Polytechnical Institute, Samara, USSR)

ABSTRACT

Principles of the combustion and high-temperature ignition of RDX and

HMX were studied. It was shown that mass burning rate of RDX and HMX

coincide in the pressure range O.I - 100 MPa but its dependence on
0 R7

pressure expresses by the equation R = 0,40 p " *
The relationships of a delay of ignition ^ign with temperatures Tg
( which was determined at comprechensive pressing in a pressform )
are also the same for RDX and HMX.
The parallel determination of the burning rate and parameters of
high-temperature ignition may "be used as a method of the determina-
tion an effective burning temperature and its dependence on pressure.
It is necessary to note that parameters of high-temperature thermal
decomposition similar to data of isothermal kinetic investigation at
low temperatures and the values of energy of activation correspond tc
thermochemical energy of N - NOp bond.

INTRODUCTION

Principles of the combustion of unscreened RDX were investigated in

a constant pressure bomb over the pressure range 0,1-100 MPa earlier^.

Effect of the particle size of RDX, HMX and PETN on mass burning ra-

te and the pressure of_ a transition to a convective burning regime

was studied by Taylor L2»3J at pressure3 up to 20 MPa. It was shown, in

these works that mass burning rate does not depend practically on

density ( when it changes from 1000 up to 1680 kg/nr5) but the press-

ure of the transition to a convective regime the more the less the

636



where w—weight of cylindrical concrete per unit length j

v~— mass velocity of concrete (

m—weight of cylindrical explosive charge per unit length (

Q—total energy of explosive charge per unit weight.

The explosive energy utilization coefficient is increased by 16% for <p— 3. 5 in compared with that of

9=1.0.

For high explosive charge, either coupling or of small decouphng ratios, the energy released per unit volume

is so large that the resulting pressure far exceeds the compressive strength of concrete or rock. Under these

circumstances part of explosive energy is wasted in accelerating the sample, in over-fragmentation of rock

or concrete, and in an over- fragmented zone formed. At the same time very strong shock waves are

generated in the medium. A part of explosive energy is lost in increasing the internal energy of medium and

intensifying the seismic effect. And finally, the detonation products carry away a part of energy early into

the air since the sample is fractured rapidly.

If decoupling charge is used, the rate of pressure decay is very big in the cavity. At some decoupling ratios»

the resulting pressure or stress in medium is equal to or smaller than the dynamic compressive strength of the

medium. In this case, the fracture form of medium is shearing fracture or stretching fracture. The over-

fragmented zone disappears, and the duration of pressure on boundary of cavity is prolonged. Appropriate

decoupling ratio is advantageous to full use of the explosive energy.

Our results show that decoupling is beneficial for the correct utilization of explosive energy. These results

are in good agreement with those obtained by previous authors^' ~a].
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RESULTS AND DISCUSSION

In the time interval At between the initiation of explosive charge to the instant of photographing, the

decoupling ratio is changed over the range from 1. 0 to 3. 5. The corresponding expansion is obtained by

measuring the photograph negative. Fig. 4 shows that, for fixed time interval, as the decoupling ratio qp

increased from 1. 0 to 3- 5 , the expanding radius changes nonlinearly with respect to qx

TGa)

1.9

1.8

1.7-

1.6

J .S

1 . 4

1.3
1.0 2.0 3.0

Fig. 4 Expansion radius vs. decoupling ratio

for given time interval for curve Ay

curve fl, A/2=400/«

Fig. 5 Expansion time at different decoupling

ratios

According to the results given in Fig. 4 the At is adjusted such that the samples of different decoupling ratios

expanded to the approximately same r/ra. Fig. 5 displays that for all samples expand to the same T/TO of

1. 92 1 time interval increases as decoupling ratio increases. This result shows that the pressure on the hole

wall decreases as decoupling ratio increases while A/ is prolonged. At decoupling ratio <p= 2. 5, the M is

50us, while at <p—$. 5, the M is 105ns.

Fig. 6 shows the relationship between expansion velocity

and decoupling ratio. The expansion velocity has the

maximum value at <p= 2. 0 approximately. The

maximum expansion velocity increased by 32% in

compared with that at <p=\. 0.

1.2

i.o

0.9

The ratio of the kinetic energy of the sample to the total

explosive energy is defined as the energy utilization

coefficient F by Eq. (3) ,

1.5 2.0 2. S 3-0

Fig. 6 Expansion velocity vs.

decoupling ratio

t

(3)
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Samples are cylindrical concretes of axis symmetry with cavity in the center. Decoupling ratio cp is charged

in the range from 1. 0 to 3.5 (?>= 1. 0, J. 5,2. 0,2- 5,3. 0,3.5) by varying cavity diameter and keeping

charge diameter constant, i. e. , 7. Omm. Internal and external radius of cylindrical concrete sample are

changed but the weight of cylindrical concrete sample per unit length is keeping constant. That is

— const. <D

where w— weight of cylindrical concrete sample per unit length}

ft—external radius of cylindrical concrete sample (

T—internal radius of cylindrical concrete sample)

p*—density of concrete sample.

For given internal radius, external radius are calculated by following equation

R = V r2 (2)

The tube for explosive filling is made of two sheets of kraft and the internal radiud of tube is 7. Omm. The

weight of explosive per unit length is 0. 38g/mm. The structure of sample is shown in Fig. 3- Table 1 gives

the structural size of six kinds cylindrical samples.

Table J Parameters of cylindrical concrete sample

No.

1

2

3

4

5

6

d/do

1.0

1-5

2 - 0

2-5

3.0

3.5

V/VQ

1.00

2.25

4.00

6.25

9.00

12.25

rf(mm)

7.0

10.5

14.0

17.3

21.0

24.5

O(mm)

80.0

80.4

80.9

81.6

82.4

83.4

^•S

—

T
,

—
_- — — - —

i
[

^___ 3

4

1 . Stemming
2. Detonator

3. Charge Tube
4. Concrete

Fig. 3 Schematic diagram for cylindrical

concrete sample

hi the Table 1, d/d0 is the ratio of the diameter of hole to the diameter of the explosive charge; V/VQ is the

ratio of hole volume to the volume of explosive charge, and d, D are internal and external diameter of the

cylindrical concrete sample respectively.
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Decoupling effect was also studied by Qing Mingwu^. He did a series of experiments for blasting in wild

clay No. 2 rock explosive charge of strip shape. These experiments show that optimal decoupling ratio is

between 1. 4 and 2- 45. Wu Ungguang et alM. observed motion characteristics of blasting swell in sandy

clay by high speed photography for varying decoupling ratio and length of charge. Their experimental

results show that the optimum decoupling ratio is in the range of 2. 39~3. 0.

EXPERIMENTAL

The instrument used in this experiment is flash X-ray photograph system with two ray tubes. Experiment is

conducted in a cylindrical concrete sample with a geometry shown in Fig. 2. Flash X-ray photograph system

can take two photograph in a very short interval. Given the time interval, average expansion velocity is

simply calculated by measuring the distance between two photographs. Fig. 2 gives a schematic diagram of

experiment. The X-ray generator and the device for initiation are controlled by X-ray synchrodyne of pulse

numerical control. Explosive detonated and photograph taken are controlled synchronously.

Flash X- ray :ubes

Fig. 2 Schematic diagram of experiment

As experimental materials we use the concrete with cement-sand ratio of 1 : 3 and cement-water ratio of

1 i 0. 7. Concrete samples stay before shot for one month. Physical-mechanical properties of concrete

samples are measured before shot. The density is 2- 21g/cms, the longituinal wave propagation velocity is

2800m/sec, and uniaxial static compressive strength is 240kg/cmz.

The explosive charges used are PETN with a compact density of lg/ cm3, a detonation velocity of

5500m/sec. C-J pressure is 9. 6GPa and the polytropic constant of the detonation products is 2- 2.
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EFFECT OF DECOUPLING RATIO ON EXPLOSION-GENERATED

EXPANSION VELOCITY FOR THE CYLINDRICAL CONCRETE MEDIUM

Gao Xiuzhu, Ding Jing

(Beijing Institute of Technology, Beijing 100081, China)

ABSTRACT

Cylindrical explosive charges of same diameter are detonated in variously- sized holes in the cylindrical

concrete medium and the resulting expansion velocity were analyzed by flash X-ray photograph system. The

expansion velocity of the outer diameter of the cylindrical concrete medium were studied as function of the

decoupling ratio cp, defined as the ratio of the diameter of the hole to the diameter of the explosive charge.

The decoupling ratio was changed over the range from 1. 0 to 3. 5. Experimental results showed that the

expansion radius decreases as decoupling ratio increases in the same time interval from the instant explosive

charge being detonated to the instant photograph being taken. When cylindrical concretes are expanded to

the same radius, the time interval increases as decoupling ratio increases. When the decoupling ratio is equal

to about 2. 0, the expansion velocity is maximum and increases by 22% in compared with that of <p=l. 0.

Rate of explosive energy used for driving medium increases by 16%.

/\NIt has been known for a time that for directional blasting

in a partially filled explosive chamber is more efficient

than in fully filled case. Detonating explosive charges in

cavities larger than the charge is called decoupling.

Engineering practices have shown that the decoupling

has following advantages- reducing the seismic effect,

improving the end effect, and using the explosive energy

effectively.

Fig. 1 Particle velocities at different

B. M. Chvetkov^ studied the effect of decoupling ratio decoupling ratio'-1-'

which was changed in the range of 1. 0 to 10. 0 by keeping spherical charge radius constant but varying

cavity radius. Velocity v of the soil particle driven by the explosion was measured at a distance from the

center of explosive charge. Results are shown in Fig. 1 where the z-axis is decoupling ratio qp, and the y-

axis V/VQ, wo is the particle velocity for coupling charge.
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CONCLUSION

Detonation pressure and velocity expressions which have the same form as
Kamlet' s expression were derived direcctly from BKW equation by systematic
analysing influencing factors, simplifying and neglecting unimprortant factors.
They are shown in the following.

( R 0 + R , p f l )

For CHON explosives,detonation products were determined according to the
princple of maximum release of energy5*'and values of C,R0 ,Ri were obtaircd
appoximately by linear simulation.The obtained results are as follws.

C = l.555 + 0.06364, R0 =1.001± 0.05690, RI - 1.308 ±0.04095
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7

5 •

3 ^

0.5 1.0 2.0 2.5

where R ^ . R : constans to be determined

According to equation (3 - 3), (3 4) and (3 - 5), we obtain:

Tor fifteen CHON explosives,R0 and R t values calculated from experimental

values of detonation velocties by linear simulation are given in Table 3 — 1.
It can be seen from Table 3 1 that R0 , R, values are around 1.001 and

1.308,and the standard deviations are 0.05690 and 0.04095 respectively.

R0 - l . O O l t 0,05690

R ; -1.308 + 0.04095

if Ro - 1.01, and, Ri -1.313, the Kamlet' s detonation velocity expression can

be written as follows.

DW^(1.01 + 1.313Po) = l.oW~^a + 1.30Po) (3-7)
Table 3-1 R0 and R; values obtained by linear simulation

Explosive \e Number

NM,TNB,TNM,
TNT.HNS

"+TNTAB

"+PETN

"+DATB

"+RDX

"+7507
"+2**
"+BTF
" + TATB
*+HMX
"+6**
Average c

5

6

7
8
9

10
11
12
13
14

15

Standard deviation a

Ro

0. 9682

0. 8602

0. 9830

0. 9867

0. 9846

1. 050

1. 094
1. 045
1.014
0. 9957
1. 028
1. 001

0. 05690

R:

1. 328

1. 412

1. 320

1. 318

1. 319

1. 274

1. 243
1. 277
1297
1.309
1.288
1.308

0.04095

Correlation
coefficient

R
0. 9960

0. 9824

0. 9613

0. 9641
0. 9666
0. 9591

0. 9562
0,9564
0.9593
0. 9619
0.9620

Maxima
relative error

MO%
1. 359

3. 280
4. 417

4. 449
4. 432
4. 883
5. 166
4.880
4.737
4.655

4.776
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Table 2-2 C values obtained by linear simulation

Explosive

Name
NM,TNM,TNT,

TNB,DATB
" +PETN
" +RDX
" +7507
" +6**

" +HMX
Average C

Number
5

6
7

8
9

10

Standard deviation a

C

1.544

1.556
1.562
1.555
1.549
1.561
1.555
0.006364

Correlation
coefficient

R
0.9989

0.9993
0.9994
0.9995
0.9996
0.9995

Maximum
relative error

MO%
9.571

6.652
7.047
6.607
6.238
3,854

DERIVATION OF KAMLET' S DETONATION VELOCITY
EXPRESSION

The basic equation of detonation velocity is given below.

(3-1)

= Pl ~P°v P »Pn V n -V --0-

Replace P by equation (2-15),we can obtain:

1.558p0-p,

Allowing R(Po) =
1.558p0-p.

(3-2)

(3~3)

(3-4)

we found that R(P0)is proportional to ^within the range of P0=1.0~2.5g-cm-3

( see the Fig. below)
Therefore, we can write:

(3-5)
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5. For various condense explosives, the relationship between P0and pg is shown
by:

P, = -—/>„ (2-8)

•••Pi^Po (2-9)
According to equation (2-5),(2-7),and (2-9), we can obtain:

-T-o (2_1Q)

1

Where 9—characteristic constant for explosive detonation,9>=N-M3- Q

Bp -i
Allowing _p.=B'C!

T2

NRA'p,- Tij =A' —J- (2-11)

From equation (2-4), we get;

C2

Allowing c=*"W~*l ( 2 ~i3)
ci

Then P = CPP0 2 (2-14)

For ten CHON explosives.C values calculated from experimental values of
detonation pressures by linear simulation were listed in table 2 — 2
It can be seen from Table 2-2 that C values are around 1.555 and the
standard deviation is 6.364xlO~3 ,i,e,:

C = 1.555 ±0.006364
if C = 1.558,equation (2-14) becomes Kamlet's expression:

(2-15)
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The calculated results are listed in table 2
Table_ 2 l_calculat_ed__ya]ues__o_f_wej_*

Value of Density of explosive Pn /g-cm

tcombin-
!ation of
[parameters
! TNT Type

• 1 . ... !.-2 _ . . . 1.4 1.6 ...1.8 .. 2 . 0 . _ _ _ _ ,
5.851 7.590 9.545 11.777 14.303 17.156

! RDX Type ;. 5.945 _ _ 7 . 9 6 2 IQ.368 13.225 16,606 20,594 J
Parameters for TNT type: A,B,T,0,«= 174.55, 16.73, 3000, 400. 0.5
Parameters for RDX type: A,B,T,0,<*= 150.12, 24.02, 3000, 400, 0.5
It can be seen from table 2 1 that the contribution of weflw to the
equation of state is much larger than 1, thus, 1 may be neglected in equation
(2~l ) ,and , we can write:

(T 4 BY
2, '•' 0 = 400,a -0.5, T-3000

T»0, T+0-T

r 4 BY '
5000K

(2 3)

,
P-NRAP. T1 exp (~-- r - )

73
( 2 4 )

3. Equation for calculating detonation temperature is given below.

T_

Where
Qv — mole detonation heat of explosive, KJ-mol"1 ;
Q — detonation heat of explosive, KJ-g"1 ;
Cv — mole heat capacity of detonation products, KJ-mol" ' • K ~ '
C - — spesific heat capacity of detonation products, KJ-g- ' • K"1

4. According to detonation hydrodynamics, we can write[J] :

(2-5)

1 (r+1) ' (2-6)

Where r —adiabatic exponent of detonation products because r is usually
approximate to 3,we may have:

(2-7)
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w ^ . ( T . 9 , ' X - X X 0 - 2 )

Where a, /?,K, 0 empirical constants.
Current ly BKW equation is the most widely used equation of state for
calculation of detonation parameters of condense explosives .For most CHON
explosives the calculated values conform to the observed values very well.
Beginning with BKW equation, we finally obtained Kamlet' s expression by
theoretical derivation and simplification.Thus a bridge between BKW equation
and Kamlet ' s expression was b u i l t up and the inherent relationship between
them was found. This made Kamlet ' s expression a more theoretical and
logical equation.

DERIVATION OF KAMLET' S DETONATION PRESSURE
EXPRESSION FROM BKW EQUATION

The value of specific volume \a. of detonation products of CHON explosives
is proportional to their relative molecular mass m/*1 , i .e . k^H-m,
For explosives with zero or plus oxygen balance,the detonat ion products do
not involve solid carbon,and N - M = 1 . P,= M/Vm = l/(NVm).
Thus,BKW equation can be simplified to :

(T f 9)'

Assuming KH^A.and £KH>B,we can then have;

(2-1)

. (2 2)

1. If Po = 1.0 — 2.0g.cnr3 ( P t = 1 . 3 ~ 2.7g.cnv3 ), for various A,B,T,0,a
values,we can calculate we**according to the following equation:
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THEORETICAL DERIVATION OF KAMLET' S LAW

Gao Dayuan, Zhang Xihe
(East China Instutite of Technology, Nanjing 2 100 14, China)

ABSTRACT

In this paper the empirical Kamiet' s expression was derived from BKW
equation with the aid of the theoretical tool of statistics. Relations between
Kamiet' s expression and BKW equation were described.
Keywords;BKW equation, Linear simulation, Kamiet' s law

INTRODUCTION

A simplified expression for calculating Chapman — Jo uguet detonation
pressures and velocities of CHON expK sives, known as Kamiet' or NMQ
expression, was suggested1'1 on the bases of the "RUBY" code;* of BKW
equat ion 2 1 by Kamiet and his co workers in 1968, This expression can be
used at loading densities larger than l .OOg-cnv3 and takes the from:

P-1.558W2

(1 + 1.30Po ) (1 - 1)

Where
N — quanti ty of detonation gases per gram of explosive, mo l -g" 1 ;
M — the average relative molecular mass of detonation gases;
Q —the chemical energy of the detonation reaction per gram of explosive,
J - g - ' .
This expression is completely empirical. Its theoretical derivation has not been
reported in the literature. Even Kamiet himself has not derived this expression
directly from BKW equation.
BKW equation was established basing on the model of dense gases with the
aid of the theoretical tool of statistics131. Thus, BKW equation is rigorous
both in theory and logicality. BKW equation is given below.
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stage involves the rate-determining endothermic decomposition of the tetrazole ring

and the exothermic rapid degradation reactions of intermediates such as HN3, and the

second stage is the exothermic decomposition reaction of nitrile compounds.

The first stage of 5-nitrotetrazole combustion involves also the rapid exothermic

redox reaction with NQ_, and the second stage is redox reaction with NO. The maximal

combustion temperature cannot be attained because of thermocouple destruction at tem-

perature above 2600 K.
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may be assumed as following:

HN3 * RCN

Only the rates of the opening of tetrazole ring and followed by fragmentation are
seen to be affected by the chemical nature of substituent. Thus, these reactions may
be considered as playing the principal role in the combustion of tetrazoles.
The temperature profiles for some tetrazoles at low pressures clearly indicate the
presence of two steps (Table 3). The measured maximal temperatures of the combustion
products of tetrazoles (except NO- derivative) are 500-930 K lower than the calcula-
ted values for equilibrium products.

Table 3 Measured and calculated temperatures on combustion of 5-substituted
tetrazoles

Compound

Tetrazole

5-Chlorotetrazole

5-Hitrotetrazole

Tetrazene

Pres-
sure/MPa

0.1
0.35
0.8

0.1
0.25

0.1

0.1

Measured

T?

1270
1240
1260

1420
1420

2030

730

temperature/K

TSmax

1420
1440
1500

1530
1580

>2560

1000

Calculated
Tc

eq

2195

2460

3059

1637

temperacure/K

Tdn.e

1272

1505

1975

1165

Temperature of the primary flame reached in close proximity to the burning

surface. The values of T, and T represent the average of 3-5 runs with an

uncertainty of - 20 K.

Measured maximal temperature.
QCalculated temperature corresponding to the thermodynamically equilibrium
composition of the combustion products.

Calculated temperature corresponding to the non-equilibrium composition of
the combustion products. This calculation assumed that HCN (1 mole per mole of
tetrazole and tetrazene), C~N? (0.5 mole per mole of 5-chlorotetrazole) and
NO (1 mole per mole of 5-nitrotetrazole) remained unreacted in the combustion
products.

A suggestion is made that this is due to the presence of an energetic nitrile com-
pounds in the combustion products of tetrazole, 5~chlorotetrazole and tetrazene.
Accordingly, the combustion zone consist of a two-stage reaction process: the first
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I R= OH
t Br
o ClD no2
* mm

— Tetrazene

8,1 1 18 100
Fig. 2 Linear burning rate versus pressure for 5-substituted

tetrazoles.

The introduction of electron withdrawing groups into the molecule of a tetrazole

raises the burning rate. Inspection of the experimental data reveals an interesting

correlation between Hammett's cr-values for substituents and logarithms of mass bur-

ning rates of tetrazoles at 30 MPa. This correlation is more satisfactory then one
between the burning rates and T (see Table 1 and Fig. 3).

eq

1000

; Lhn/kg.a"2.s"1

188

18 -

OH

Hannett's 6-values _

-0.7 -8.4 8.2 8,5

Fig. 3 Correlation between the mass burning rate of 5-substituted

tetrazoles at 30 MPa and Hammett's O-values for substituent.

Dn the basis of the previously reported results on the thermolysis of the
[13]

tetrazoles ,the primary processes in the combustion of 5-substituted tetrazoles
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The strands were ignited using an electrically heated flat Nichrome alloy wire ensu-

ring simultaneous inflammation over the entire top end.

In order to avoid the detonation process a different strand preparation technique was
ro-j

employed in the case of 5-nitrotetrazole, 5-nitraminotetrazole and tetrazene J . A

thoroughly comminuted substance was compacted in the form of pellets 10 mm in diame-
ter and 1-1.5 mm thick under a pressure of 500-600 MPa. The densities of the pellets
are given in Table 1. Plates about 2 mm wide were cut from the pellets. Before bur-
ning, the plate was positioned vertically in a beaker filled with an epoxy resin
which prevented flame propagation along the side surface.

The temperature profiles in the combustion wave of tetrazole, 5-chlorotetrazole and
5-nitrotetrasole were measured with H-shaped tungsten-rhenium thermocouples 5-7 JJQ
thick embedded in strands of 4 or 7 mm in diameter [12]

RESULTS AND DISCUSSION

The dependence of the burning rate (U) of tetrazoles on pressure (P) in the 0.1-36

MPa range .is shown in Fig. 1 and Fig. 2.

108

18

1

0.1 -

8.01- P/HPa

I »= H
+ NH2
0 CH
a CHH4
X NH-CHH4

0,1 1 18 180

Fig. 1 Linear burning rate- versus pressure for 5-substituted
tetrazoles.

A stationary combustion was observed for almost of all tetrazole compounds, and their
burning rates were varied from 0.8 to 37 cm/s at pressure of 10 MPa.

The U C P ) dependence for combustion of tetrazole (Fig. 1) was obtained with the
strands of 4 mm in diameter. While being compacted in the strands of 7 mm in diame-
ter, tetrazole burns 1.7 times faster in the pressure range of 0.1-1.2 MPa, but at 30
MPa the burning rates for strands of both 4 mm and 7 mm are equal.
There exist the rupture on the U<P) dependence for 5-chlorotetrazole (Fig. 2). Expe-
riments in the range of 1.05-9.0 MPa failed to obtain the self-propagation combustion
of this compound.
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EXPERIMENTAL

In the present work, the combustion characteristics of the 5-substituted tetrazoles,
Table 1, was studied in the 0.1-36 MPa pressure range. All substances studied were
synthesized using standard methods.
Burning rate measurements were carried out in a window constant-pressure bomb filled

with nitrogen. The burning rate was measured using a slit camera with a 3X magni-
fication of the optical system. The combustion strands were prepared by compacting
thoroughly comminuted substances in transparent acrylic tubes (internal diameter 7 mm
for R= H, NHo. OH and 4 mm for other tetrazoles). The height of the ready strands was
1.5 diameters. The compaction pressure was 200 MPa. The densities of the strands are

given in Table 1.

Table 1 Physico-chemical p roper t i es and burning rate data for 5-substituted

tetrazoles M — N v

N NK

S u b s t i tuen t Name Strand
R density

/kg.m"3

H

NH2

OH

Bn

Cl

CN

N02

NHNOZ

CHNU

NH-CHN,,

Tetrazole

5-Aminotetrazole

S-Hydroxytetrasole

5-Broraotetrasole

5-Chlorotetrazole

5-Cyanotetrazole

5-Nitrotetrazole

5-Nitraminotetrazole

Bistetrazole

Bis(tetrazolyl-5)amine

Tetrazene

1540

1430

1680

2160

1790

1590

1740

1660

1580

1530

1500

u am
(P=30 MPa)

85

15

22

218

269

224

487

473

458

95

975

T Hammett ' s
eq r

(P-30 MPa) a- value

1 /K

2230

1740

1400

2370

2590

2850

3540

3350

2560

2185

1580

0

-0.66

-0.37

0.23

0.23

0.66

0.78

0.3

0.40

0

0.65

Tlass burning rate at 30 MPa.
Calculated temperature corresponding to the thermodynamically equilibrium

composition of the combustion products at 30 MPa
'Hammett's U-values were taken from ref [10] As for 5-nitraminotetrazole,

bis(tetrazolyl'5)amine, and tetrazene, an estimate was made.
Combustion data for tetrazene were taken from ref .
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INFLUENCE OF CHEMICAL NATURE OF SUBSTITUENT ON

THE BURNING RATE OF 5-SUBSTITUTED TETRAZOLES

A.E.Fogelzang, V.Yu.Egorshev, and V.P.Sinditsky

(Mendeleev Institute of Chemical Technology,

9 Miusskaya Sq., 125190, Moscow, USSR)

ABSTRACT

Stationary-state combustion of a series of 5-substituted tetrazoles has been studied

in a window constant-pressure bomb in the pressure range of 0.1-36 MPa. The burning

rates of tetrazoles were found to depend on the Hammett's (J-values for substituents

rather then on the adiabatic combustion temperature. The temperature profiles on com-

bustion of tetrazole, 5-chlorotetrazole, and 5-nitrotetrazole were measured using

tungsten-rhenium tape microthermocouples. Temperature measurements data suggest a

presence of an energetic nitrile compound in the combustion products of some tetra-

zoles. On the basis of the results obtained, a scheme of transformation of 5--

substituted tetrasoles in the combustion wave is proposed. The decomposition reac-

tions are shown to play the principal role in the combustion of tetrazoles.

INTRODUCTION

The combustion of the endothermic substances propagates by virtue of heat produced at

their thermal decomposition. The investigation of the combustion of such substances

can yield the relationship between the burning rate and kinetic parameters of decom-
M 21

position. Previously, it has been established J that burning rate of diazonium

salts and nitroazidobenzenes is controlled by degradation of endothermic groups in

the flame. Tetrazole and its derivatives are known to possess a high heats of forma-

tion and are capable of combustion ' . The rate of the opening of the tetrazole
r c c T

ring has been shown to depend on electronic properties of substituents ' . It is

also known that explosive properties of tetrazoles, metal salts of tetrazoles, and

tetrazolato complexes are determined by the substituent in the 5-position of the tet-
P7 8 91razole ring . On this view it is of interest to consider the influence of sub-

stituents on the burning rate of 5-substituted tetrazoles.
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Table 1 Critical values for various values of the dimensionless activation energy

e(0=l,» = 50, /Jk = 0. J)

£

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0-11

fk,
0. 669740

0. 709426

0. 750446

0. 792876

0. 836809

0. 882350

0. 929615

0. 978747

1. 029899

1-083262

1. 139049

1. 197522

flU

3. 596654

3. 664902

3. 736785

3. 812750

3. 893307

3.979074

4. 070789

4. 169331

4. 275806

4.391544

4.518267

4. 658154

e,.n
0. 045943

0.047616

0.049446

0.051405

0. 053395

0. 055578

0. 057919

0. 060443

0. 063178

0. 066158

0. 069432

0. 073051

THERMAL EXPLOSIONS IN FLOW SYSTEMS

Chemical changes carried out in tubular reactors or catalyst beds or stirred tanks are studied by more

chemical engineers than by any other group, often in connection with problems of control. Where reaction

is exothermic and temperature-sensitive, then spontaneous ignition is again possible. Quantitative realisation

of the factors involved goes back to Uljenroth in 1918 but his pioneering thermal diagrams seem to have

been forgotten as soon as published , and his work has had to be rediscovered not only by combustion

scientists such as Semenov and his successors (especially Zeldovich ) in the period 1926—1941 but also by

the chemical engineers from 1953 onwards(van Heerden)^. The conditions for thermal explosion in the

continuous-flow stirred tank reactor (CSTR) are investigated t6'47~52^ recently using the magic group of

terms (BTf/E') as indicative of dangerously critical self-heating. CSTR shows ignition and extinction and

ranges of multi-stability. Mathematical expressions for the two important thermally sensitive boundaries of

ignition and extinction are derived.
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4. Temperature Evolution at Criticality

Steady state profile is foundCS7's8] when V takes precisely its critical value, where reactant consumption is

ignored but an arbitrary dependence of reaction rate on temperature is permitted. The solutions are found in

terms of leading-order descriptions of the behaviour of the reduced temperature-excess as it moves towards

the steady state profile. At criticality, the temperature evolution has logarithmic form

ft, = 0a + 01/T + 02(lm)Az + oj/T2 + ^(Im)2/*3 + osClnr)/!3 + O,/T* + -

Similar forms are also obtained for the temperature evolution at transition in systems with uniform

temperatures'-"'38^ and at both criticality and transition in systems with distributed temperatures^.

THERMAL EXPLOSION AND ITS INITIATION BY INTENSE LIGHT

Theoretical planar model describing the initiation of explosion in exothermic systems by intense radiation is

explored^'0'"•'. The mechanism of initiation assumed involves degradation of light into heat, with

subsequent thermal inbalance and runaway. The critical conditions for such a thermal mechanism can still

be expressed in terms of the standard dimensionless group <i. It reflects the experimental conditions under

which the system is set up and contains terms which are known to the experimenter (ambient temperature,

reactant density and various thermochemical parameters). The critical conditions for the onset of thermal

explosion are established as a function of light intensity ft. With increasing light intensities, the values of

6a decrease rapidly, while the values of &(>,„ increase. Criticality disappears when e reaches a transitional

value et,. e*is a decreasing function of ft. Expressions similar to eqn. (14) for times-to-ignition in systems

initiated by light under marginally supercritical condition are obtained^.

THERMAL EXPLOSION AND ITS INITIATION BY AN ELECTRICALLY
HEATED WIRE

One-dimensional cylindrical model of initiation of explosion by means of a hot wire has been

studied^8'""*^. It investigates a hollow cylinder of reactant where heat is supplied to the inner surface at a

constant rate and is exchanged at the outer surface with the surroundings after Newtonian law. In common

with many other investigators, the simplifying assumptions of ( i ) considering only the steady state

solutions, and (ii) neglecting reactant consumption, are employed. But the Arrhenius reaction-rate law is

considered in its exact form. The critical parameter 6,, and the corresponding temperature excesses are

functions of Biot number Hi, power input ft and activation ennergy e. Table ] gives some of the results.

Three cases are condsideredi (i) systems with only one exothermic reaction[<s>M], (ii) systems with two

simultaneous parallel exothermic reactions[<6], and (iii) the hollow cylinder includes two layers of reaction

zones with separate single exothermic reaction^. In general, with the increasing of energy input ft, the

values of dt, decrease rapidly, while the values of central temperature excess BO,a and external surface

temperature excess 9\„ increase. This means initiation getting easier as we expect.
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The important feature is that induction periods shorten sharply with increased temperature according to the

Arrhenius

) (13)

This may give a linear relation between ln(^//T.2) and (T,)"1.

The features of actual temperature- time profiles when 6 or ^ slightly exceeds its critical value have been

examined[29~S2]. The temperature first increase rapidly and then changes very slowly for a long while before

a final rapid acceleration leads to ignition or explosion. Times-to-ignition ( all have the form

t/t* = M/(S/^„ — l) l /2 (distributed temperatures) (14)

or

t/Ut = M' /(jp/j* — 1)1/2 (uniform temperatures) (15)

The shapes of the profiles depend upon reactant geometry, the boundary conditions and the temperature

dependence of reaction rate. The additional effects of variable thermal properties on times-to-ignition may

also be considered1^.

2. Effects of Reactant Consumption on Thermal Explosion

Allowance for reactant consumption[30l3K3Sp3<] increases the value of &„ above its critical value do when

reactant consumption is ignored. The system least sensitive to reactant consumption is a spherical sample

with significant diffusion and with distributed temperatures. Diffusion is thus fast enough to allow

replenishment of the reactant consumed, giving an effectively constant reactant concentration. The other

extreme is diffusion that is slow enough to be ignored. The relationships are

&T/W = 1 + <P(ff»/B)2/s (uniform temperatures) (16)

<W<Jo = 1 + # WB)W) (distributed temperatures) (17)

where 0 and <& are coefficients dependent upon /(S) and geometry, gwis an effective reaction order and B

is a dimensionless adiabatic temperature rise. The additional effects of variable thermal properties on the

relationship may again be considered^313.

3. Heating by a Programmed Temperature

It is also called dynamic problem of thermal explosion. When an exothermic reaction system is heated at a

programmed temperature, the opposing effects of (i) self heating, (ii) reactant consumption and (iii)

heating of the reactant boundary may cancel each other[35-3e]. Under these conditions, the simple model of

no external heating and negligible reactant consumption is a good approximation.
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conditions of the Frank-Kamenetskii model, precise values for <* = (#T./#),,are 0. 24578, 0. 24211 and

0. 23880 for infinite slab, infinite cylinder and sphere respectively^8-183. Graphical representations and

precise numerical values for the variation of transitional points with Bi are obtained^81'3118'19-1^ both the

Arrhenius and "bimolecular" rate-laws. Asymptotic expressions in terms of the small parameter Bi (starting

from ft = 0) are also considered for the values of <V,» ft,and flo./20'11-1-

(4) Steady-state treatment of criticality and transition in systems with variable thermal conductivity and

distributed temperatures is described^2Z~z<]. A thermal conductivity A that increases with increasing

temperature makes the temperature profile a little flatter in the centre of the reacting system and steeper at

the walls f the opposite effect is produced when the conductivity diminishes with increasing temperature. The

conditions for thermal explosions are also affected. Thermal conductivities that increase with increasing

temperatures make ignition more difficult, extending the subcritical domain t the reverse is also true.

(5) Where the distributed-temperature system involves simultaneous parallel reactions^-"~"], the

treatment is similar to that of the uniform-temperature system, the definition of E is modified to a

"communal" value based on the rate of energy release per unit volume by the whole system and additional

parameters o> and cri are introduced. The value to be used for &„ is then the sum of the separate values of 6a

for the constituent reactions.

UNSTEADY STATE THEORY

1. Induction Periods

Induction periods usually precede ignition. During them there is little or no observable change. They can

vary from milliseconds in the hot gaseous mixture in a car engine to weeks or months in a large bale of wool

in a warehouse.

The time that elapses between bringing a body into surroundings that put it at risk and the moment of

ignition depends on heat losses. If these are small, then approximating the system to an adiabatic one

overestimating the risk and gives a safer lower limit. The way in which temperature grows with time follows

different laws for different forms of heat loss, but a representative form was given by Gray and Harper1^in

1958-

T<T) =Too[l -exp(-fl)] (11)

T«, is predictable from the thermochemistry etc. If e is near zero, the adiabatic induction period r is

formulated in the formta](as 6—*oo)

r= 1 + 21* + U/2 | ) (4! - 2*3! V + (1/3|X6| - 6*51 + 6*4 ]V

+ (1/4DC8I - 12x7 \ 36x6! - 24*5]V + •» « = 0, e-* 0 (12)

where n is reaction order. Similar expansion are also obtained for w=l and «=2.
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the shape of the sample and is 0. 87846 for the infinite slabs, 2 (exactly) for the infinite cylinders and 3.

32199 for sphere^3.

This simpler theory has also been extended to allow for initially ignored factors such as ( 1 ) different

combination of thermal resistances^1^163 , (2) alternatives to the Arrhenius equation for expressing the

temperature dependence of reaction rate1*'133, (3) finite activation energies^18-17""213, (4) the temperature

dependence of thermal conductivities^2^2*3 , and ( 5 ) the occurrence of simultaneous parallel

reactions^8'26-283.

(1) The thermal resistance of the system is indicated by the Biot number , flli=3fao/A, where X is the surf ace

heat transfer coefficient and A the thermal conductivity of the material. The Semenov model (see the above

section) corresponds to Bi=0, and the Frank-Kamenetskii model to Bi-*-oo. Values of d^at intermediate

situations where both internal and boundary thermal resistances are important have been calculated^13'1*3.

Asymptotic expressions of considerable precision have been madeC15'1*3 (i) starting from the Semenov

extreme (/*— 0) in terms of Bi and (ii) starting from the Frank-Kamenetskii extreme (fli-*oo) in terms of

Ihr = *> + (fli)fc + («>*£ + - (for Bi-* 0) (9)

and

= <<fe>-1 + (flO-Xrfi)-1 + (Btf-'Wi)-2 + »• (forBi^oo) (10)

Coefficients in these series are determined. Although the asymptotic analysis is strictly valid only near the

extremes, very good estimates of A* that apply over the whole range of Biot number from Bi=0 to Bt-»oo

are obtained combining these expressions.

(2) In dealing with the temperature dependence of reaction rate, Frank-Kamenetskii used the exponential

approximation i(T)/i(T.) = /(#) = exp(0) which requires small values of e, while the Arrhenius equation

requires /(^) — exp[0/(l + «#)] • This has been generalized to any temperature-dependence of reaction

rate and are illustrated for the Arrhenius as well as "bimolecular" forms[MS]. With other factors being

equal, 6cr values are generally lower for systems obeying the "bimolecular" rate low.

( 3 ) In the context of exponential approximation for the reaction rate , the dependence of 4, on the

dimensionless activation energies e is ignored. Scattered investigations of the effect of e on the critical values

of 6 and So are not new, but even the best early work is rather limited in scope. Systematic studies of the

effect over the whole range of e (O^e^tw) are carried out1*'1*'143. Asymptotic expressions taken e as one of

the small parameters are also obtained^173.

Ignition phenomena and criticality disappear when e — RT,/E is at or above a transitional value. For

Semenov uniform temperature systems, this value a, is 1/4 exactly. In Arrhenius systems with boundary
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(2) Several forms of the temperature dependences of heat-transfer coefficients X , for example,

X/Xo = 1+ o(T - T.) (7)

/2 (8)

on the critical conditions of thermal explosions are studied1^ I0]. The results show that, in general, heat-

transfer coefficients that increase with increasing temperatures make ignition more difficult , extending the

subcritical domain j the reverse is also the case.

(3) Many real exothermic systems involve more than one simultaneous parallel reactions. Criticality is

considered for two parallel exothermic reactions1^ and the following is taken from numerous critical values

in tubulars ;

e = 0. 00 ft, = 0. 961443 fa = 0. 360163

0. 01 0. 980086 0. 363676

0.02 0.999658 0.367293

(for co — BZ/BI — 2 and a\ 0. 2 ). For this problem the definition of activation energy E is modified to

a "communal" value based on the rate of energy release per unit volume by the whole system. The value to

be used for fa is then 'the sum of the separate values of fa for the constituent reactions.

(4) Theoretical interpretations are also developedtllil2:tfor exploring the criteria for safe storage of explosive

masses with the situation in which a number of centres of reaction (or so-called discrete reactive particles)

are embedded in an inert, but not perfectly conducting, matrix. The simplest case of thermal explosion of

dispersed media is that in which the temperature of the matrix is uniform, but temperature distributions

within the reactive zones can also be considered. The heat released by one particle influnences the rate of

heat-release from other particles. Additional parameters were introduced to compare the resistances to heat

transfer of the reactant and the matrix material under various boundary conditions. Resistance to heat

transfer may be concentrated at (i) the reactant/ matrix interface, or (ii) at the matrix surface. As the

thermal resistance of the matrix increases, the interaction between different reactant zones increases and the

critical ambient temperature or the critical size may be decreased significantly. The shape of the embedded

reactant zones is important but their distribution in the matrix and the matrix geometry are not.

STEADY STATE THEORY-SYSTEM WITH DISTRIBUTED TEMPERATURE

In 1939, Frank- Kamenetskiira considered circumstances where Newtonian cooling was only an empirical

approximation and where the escape of heat was impeded internally by the thermal properties of the

medium. An interior temperature distribution with a maximum at the middle results. The values of

&„ representing the condition of such a thermal explosion (the Frank- Kamenetskii model) depend strongly on

G09



STEADY STATE THEORY-SYSTEMS WITH UNIFORM TEMPERATURES

Consideration of the balance between heat generation and heat loss in a mass of self- heating material

indicates that because , unlike the rate of heat loss , the rate of heat generation usually increases in a strongly

non-linear way with increasing temperature , there can only be a limited range of conditions under which a

stable temperature distribution can be established in the material. Outside this range , the rate of heat loss

falls increasingly behind the rate of heat generation and the temperature in the material can rise to high

values associated with active combustion, i. e. ignition occurs. The theories of thermal explosions specify

the condition for such a "runaway" temperature. When the Arrhenius rate law is considered, this critical

temperature in its exact form is'-7-' (for notation see refs. ^2-— 6])

U-4O"2] (1)

and the condition represented by the critical value of the Semenov number $ is given by

(l + *O] (2)

Usually the dimensionless activation energy e is a small parameter , thus we may havet7-8^ m asymptotic form

(as e~*0)

ep = 1 + 2s + Se2 + He3 + 42e< -f ...... (3)

f* = e-'[l + «•+ (3/2y + (17/6)*" + (149/24 V + ••• ] (4)

In bring out these most basic consequences , temperatures are assumed uniform except for sharp steps at the

surface of the material (or a vessel) , and the same assumption is made about concentrations. Steady states

are postulated , that is , reactant consumption is ignored.

The simplest theory above has been extended to allow for additional factors such as (1 ) alternatives to the

Arrhenius equation for expressing the temperature dependence of reaction ratem , ( 2 ) the temperature

dependence of heat-transfer coefficients^9'1^, (3) the occurance of simultaneous parallel reactions1̂  , and

(4) the situation in which a number of centres of reation are embedded in an inert

(1) Similar forms like eqns. (3) and (4) are also deduced1^ for the "bimolecular" reaction- rate law

[* oc T1/2exp(— E/ttn~\ namely (as ^-*0)

0* = 1 + (3/2>e + U1/4V + (45/8)es + (197/16V + ...... (5)

...... ] (6)

with other factors being equal, Rvalues are generally lower for systems following the "bimolecular"

equation.
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SOME RECENT STUDIES OF THE THERMAL EXPLOSION THEORIES*

Feng Changgen, Du Zhiming, Zeng Qingxuan

(Mechanics and Engineering Department, Beijing Institute of Technology,

P.O.Box 327, Beijing 100081, China)

ABSTRACT

Thermal explosion is concerned with the effects of uncontrolled internal heating (self-heating) on explosive

systems. It occurs when heat is produced in an energetic system (or reaction) faster than it can be carried

away. The concepts of thermal explosion have significant application to the safe handling and storage of

explosives as well as to the fundamental understanding of the mechanisms of initiation and growth of

detonation. In the present paper a number of studies of spontaneous ignition and thermal explosions carried

out recently by the authors are summarised.

INTRODUCTION

Strongly exothermic chemical reactions may arise from intermolecular redox processes in pure or relatively

pure compounds, e. g. many high- explosive compounds, or from interactions between oxidising and

reducing constituents of mixtures, e. g. black powder and other pyrotechnic compositions, and propellents.

Once the exothermic reaction has started, depending upon the thermal contact with the surroundings,

"thermal runaway" may occur, leading to explosion. Thermal explosion is also one of the mechanisms of

initiation and growth of detonation when fast chemical reactions in energetic materials are induced by a

flame, a spark, a hot wire, heat, friction, impact, light, laser or shock waves.

The first quantitative formulation of the theory of thermal explosion was published in 1928 by Semenov[l].

Since Semenov's pioneering work in laying the quantitative foundations, there have been numerous

developments. A vast literature has been published and the subject has been well served by several

reviews^~*^and books'-6'6^ Some new studies of spontaneous ignition and thermal explosions carried out

recently by the authors are briefly described and summarised in the following sections.

Project supported by the Research Fund for Ph. D. Training Disciplines in

Colleges and Universities by the State Education Committee, China
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C. For two simultaneous parallel reaction system, numerical computation were carried out for the exact

form of Arrhenius reaction-rate law. Critical and transitional parameters were obtained and given in Figures

1—9.

D. It is seen from our studies that, in generel, with the increasing of power input /?, the values of

(^decrease rapidly, while the values of 00>crand flll(Tincrease. This means ignition is getting easier as we

expect.

E. With the increasing of power input /?, the transitional values ft, decrease rapidly. This means critical

loci is getting smaller.
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Fig. 9 The transitional values e^ for various

values of dimensionless power /?

5. DISCUSSION AND CONCLUSIONS

A. A thermal, one-dimensional model of ignition by means of a hot wire in systems with simultaneous

parallel reactions, has been constructed. It was convenient, in order to reduce mathematical labour to a

minimum, to cast the model in dimensionless form, a technique employed very widely in the discussion of

explosion theory. In common with many other investigations, the simpifying techniques of (1) considering

only steady-state solutions, (2) neglecting reactant consumption, were employed.

B. Critical parameter <SW and the corresponding temperature excess 0o.tr and ^u^ are functions of Biot

number Bi, power input ft, activation energy e, ratio of activation energies ta and ratio of heat release a\.

When a>= 1, or a\ 0 and oi = 1, the model reduce to a problem with single reaction and /?= 0, po = 0,

reduce to the classical thermal explosion problem of cylinder geometry.
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4. SOLUTIONS

By solving simultaneously equations (9) and (10) subject to suitable boundary (or initial) conditions*

critical values can be obtained, and by solving equations (9), (10) and (11), transitional values

obtained. Newton-Raphson iterate method[1] is suitable for the iterative process of computation.

Our numerical investigation of the criticaliry and the transition1^for the system of equations (4) to (6) has

been successful. Some of the numerical results for the critical values of the dimensionless effective Frank-

Kamenetskii parameter 6, the dimensionless temperature excess 0 at />=0oand p=\r various systems

with different values of the dimensionless power ft, the reduced heat transfer coefficient (Biot number) Bi,

the dimensionless activation energy e, the dimensionless inner cylinder (wire) radius po, and the parameters

oiand o> are given in Figures 2-6. Critical temperature distribution is given in Figures 7—8 (<u=l, and ori

= 0). Some transitional values are given in Fig. 9. The physical significances of the criticality and

transition in the theory of thermal explosion and ignition are discussed in detail in references [1-8]-

25

20
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5
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t>
Fig. 2 The critical Frank-Kamenetskii parameter

&, for various values of dimenaionless

1
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1, £-
2
3, fl-2
4, p-

Fig. 3 The critical central temperature excess

for various values of dimensionless

power ft (tt>=l and ai = 0)

Fig. 4 The critical Frank-Kamemetskii parameter

^„ for various values of dimensionless

activation energy e

Fig. 5 The critical central temperature excess

for various values of dimensionless

actvation energy e
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For systems involving only two simultaneous reactions, at can be defined as

thus, we have

We have now completed the discripu'on of basic equations and new parameters introduced are only G> and

3. CRITICAL AND TRANSITIONAL CONDITIONS

The set of equations (4) to (6) isan exact description, in dimensionless form, of the model developed In

above section. Because of the strong nonlinear behaviour of the Arrhenius term ^jO;exp[j]!#/(l 4- e0)] ,

the analytical solution is impossible and the computation of equation (4) is very difficult. We shall here use

a method developed particularly for the thermal explosion theory - the shooting method (see, e. g.

[1,4,5,8]).

Let

60 = 8<.p = /*) = T) (7)

from equation (5) , we have

*>— (8)

therefore, equations (4) to (6) becomes an initial- value problem. If the value of y is chosen right,

equation (6) would be satisfied, i. e.

(9)

According to R. H. Roberts'̂  , critical and transitional conditions are given respectively by

ye

Fz(j/,«},c) = ~ = 0 (10)
<fff

and

/• 1 1 \)

Detailed derivation of equations (10) and (11) can be found in references [5,7,8]-
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valid for systems having large heat of reaction and activation energy.

The time-dependent system described by equation (1) subject to the boundary conditions (2) and (3)

remains complicated and intractable. Attention here will be directed towards finding steady state, i. e.
ffT

solutions with -=• = 0 and particularlly towards finding critical loci and transitional loci. In dealing with
at

explosives, critical conditions signalling the disappearance of steady-state should be useful as safety

criteria.

3T
Using some dimensionless variables, equation (1) in its steady-state form ( — = 0 ) and boundary

at

conditions (2) and (3) transform respectively to

(4)

(5)

(6)

the dimensionless quantities are defined as follows

fi ——
T — To

6 =

B i = X ^ ,

— ~~ Po =

, zcn>
n' s

WE

a. =

Where E is effective activation energy, defined as

and Z = Z i^* siRnaUinS a total heat release rate per unit reactant, is a function of temperature T and 6 is

effective Frank- Kamenetskii parameter^11. <* and 1$ are particular parameters of simultaneous parallel

reaction systems and have following relations
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Fig. 1 Sectional diagram of the model

2. BASIC EQUATIONS

The equation of local conservation of energy, assuming that heat is transfered through the reactant only by

conduction, has the form

1 \~ -~-" f 1 \ ftr ' ro ̂  r ̂  ri (.i;

where

c?r 71 dr

a is density, c specific heat, T local absolute temperature, t time, A thermal conductivity of the reacting

zone, r distance along a radius, A the universal gas constant. The exothermic term Qt &exp( —A',/#T) is

denoted by Z,, representing heatrelease rate per unit reactant respect to reaction i, where Qtis exothermicity

per unit reactant i. Et activation energy of reaction i, ft, related with reactant concentration and pre-

exponential factor. TO is temperature of surroundings.

The boundary condition at the inner zone surface where the embedded heat source (the wire) is in perfect

thermal contact with the reactant is

- - > , T = r0 (2)
or

This relation does not depend on the manner in which heat is supplied. In particular, for an electrically

heated wire, W=I*RQ, Rais the resistance per unit length of wire and / is the steady-current. Furthermore,

equation (2) is independent of how current density and temperature are distributed within the wire.

For Newtonian heat transfer at the outer surface of the reactant , the rate of heat flow across the boundary

surface is proportional to the temperature difference across the surface , i. e. [s]

T = r, (3)

In setting-up equation (1) , the approximation of no reactant consumption is adopted which is expected to be
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.0(0,0)

2. 2. The measurement of the coefficient of giving heat of explosive cylinder

2.2-1- Specimen

It is a <MOOX 100mm (JOB-9003) cylinder explosive with a ,

d>3 X 50mm hole at the center of the cylinder's bottom. A

thermocouple was mounted In the bottom of the hole, and a

certain amount of powdery explosive were filled in the hole.

This thermocouple was used to measure the central temperature

of the cylinder. Other three thermocouples were mounted on the pig 1 po6itions Q£ mermocouples

cylinder's outer surface for measuring the temperature of the

setting points on its surface. The position of the1 four thermocouples is shown in Fig. 1.

2- 2. 2. Experimental

Above specimen was placed in the chamber at 50*C for a long time to make specimen temperature

equilibratory (io= 50"C )- Then the specimen was suddenly transfered to the atmosphere from the chamber.

The environmental temperature t, was 14*C- The cylinder was cooled naturally. The central and surface

temperature changes in specimen were measured by the thermocouples. The coefficient of heat transfer was

found using the measured data in Naumo Fig. of infinite long cylinder and infinite large plate.

2. 2. 3 Coefficient of heat transfer

An average coefficient of heat transfer a was obtained for a <I>100 X 100mm explosive cylinder by

experiment (a=10. 98/J • s"1 • m~!). The a value is related with temperature difference between ioand

t, and size of explosive cylinder. Under laminar flow conditions, a can be expressed

a = A(.dt/d) (3)

Where a—Average coefficient of heat transfer (

A f — | f e — t i l

d—Diameter or height of specimen |

A—Constant.

Substituting a, d and Af into Eqs. (3), then A is obtained.

2. 3 Calculation of the temperature difference between the center and the outer surface of the cylinder

explosive in the test conditions.

The temperature at any point in the cylinder at any time can be obtained using Eqs. (2). The temperature

difference between the point O(0,0) and the point S(fl,0) for JO—9159 explosive as a function of time in

various size explosive cylinder and various temperature difference (*o—O are shown in Fig. 2 and Fig. 3

respectively.
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Fig. 2 Temperature difference as a function of time in explosive vylinder with different size

Cylinder size, 1. <D400X400 t 2. O200X200 f 3. 4>100X100(
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Fig. 3 Temperature difference as a function of time on different (to—

Oo-4)i I- HOrt 2.90r, 3. 70TC» 4. 50X:t 5. 36C

conditions

Fig. 4 Comparison between calculated and measured temperature difference

— calculated value ----- measured value

2.
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The measured and calculated temperature difference for a <1>100 X 100cm JOB9003 explosive cylinder under

two conditions are shown in Fig. 4.

The temperature difference is different for various explosives on the same conditions because of their various

heat conductivity. The calculated temperature difference for <£100 X 40mm explosive cylinders of JO-

9159, JOB-9003, GH-923, JH9105 and RHT-901 is shown in Table 2.

Table 2 Temperature difference between center and

outer surface of various different explosives

Explosive

JO- 9 159

JOB— 9003

GH-923

JH— 9105

RHT— 901

Time/min

10

27.5

29.9

36.7

33.1

35.1

20

27.6

30.9

37

34.7

36.2

30

22.9

26.9

32.6

31.7

33.4

60

9.9

13.0

16. 1

17.4

19.0

90

3.9

5.6

7.0

8.3

9.3

120

J.6

2 .4

3.0

3.9

4 - 4

180

0.3

0.4

0.6

0.9

0.9

240

0

0

0.1

0.2

0.2

Conditions

k—td

sor:
size*

O100X100

3. DEFINITION OF THERMAL SHOCK COEFFICIENT OF EXPLOSIVE

The cracks in cylinder explosive were produced by shock thermal stress in the test. The maximum thermal

stress for both infinite length cylinder and infinite large plate can be expressed by formula (4). Because the

thermal stress for cylinder with finite length can be considered as the summation of a infinite length cylinder

and a infinite large plate, the maximum thermal shock stress that occurs on the surface or in the center of

the cylinder is expressed by

1 - v<(o — O X x (4)

where <?—maximum thermal stress in the cylinder;

ft—coefficient of linear expansion of explosive;

E—modulus of elasticity of explosive j

»—Poissons ratio of explosive j

K—about constant under certain conditions.

((o — O is the temperature difference between the center and outer surface. It can be calculated using

Eqs. (2). From Eqs. (4) we can see that the thermal strees is relative to the physical properties of explosive

itself such as a linear expansion coefficient, modulus of elasticity K, Poisson's ratio, and heat conductivity

coefficient.
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The strength OB of explosive is an important property associated with the thermal shock , because the

explosive cylinder will be damaged when the maximum stress is large than &B. In order to compare different

types of explosives, thermal shock character of explosive material is determined by the coefficient of thermal
shock P.

P = osX Ml - w)/(f i X fl) (5)

The coefficients of thermal shock for several different explosive are shown in Table 3.

Table 3 Coefficient of thermal shock for several explosives

Explosive

CRT— 1

JO— 9159

JOB- 9003

JH-9105

GH— 923

JH-9105

GH— 923

RHT— 901

OB/MPa

1.00

4.84

6.47

4.45

12.70

4.45

12-70

2.14

E/GPa

0.06

11.37

12.07

11.87

10.94

11.87

10.94

8.1

oXIO-VK-1

8.35

5.17

5.48

6.87

7.55

6.87

7.55

7.23

V

0.380

0.224

0.300

0.29

0.360

0.29

0.360

0.31

X/W • m-1 • K~'

0.199

0.373

0.302

0.23

0.199

0.23

0.199

0.239

P

24.62

2-38

2.07

0-90

1.96

0.90

1.96

0.60

4. CONCLUSION

The study of thermal shock test has shown that the explosive capabih'ty against thermal shock in the test is

determined by the following factors i such as thermal physical and mechanical properties of explosive, the

geometric shape and size, environmental conditions and so on.

The coefficient of thermal shock represents the explosive capability against thermal shock. The calculation

results of thermal shock coefficient show that the capabih'ty against thermal shock for several explosives is in

accord with experimental observations. The capability against thermal shock of CHI explosive is much

better than other explosives because the modulus E of CHT1 explosive is merely about 1 % of others.

The shock thermal stress in the test is produced by the temperature difference. It is necessary to calculate the

temperature distribution and temperature difference basing on heat conductivity equation with computer.
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DETONATION VELOCITY DMOF LESS SENSITIVE HE-CHARGES

Manfred Held

(Messerschmitt-Bdlkow-Blohm GMBH (MSB),

Postfach 1340, 8898 Schrobenhausen, Germany)

ABSTRACT

The trend towards using much less sensitive high explosive charges is obvious. Such charges have,

generally, thick reaction zones and therefore large failure diameters. In order to get the real detonation

velocity it is necessary to use very large test charge with diameters of 100mm and more, several diameters

long. Such large quantities of test material can give technical and also financial problems,especially in the

research and development phase, where a greater variety of compositions should be investigated.

A method will be proposed for determining the detonation velocity for a very large charge, using only a

small specimen. This methods needs a sapecial diagnostic technique and, in addition, a high explosive

charge with a detonation velocity higher than that of the specimen. With the detonation velocity of the

reference charge known, one can then analyse the detonation velocity of the specimen with the help of the

streak record showing the arrival time of the detonation waves of the reference charge and of the specimen.

This paper describes the background theory, the layout of test charges, the test set-up used, and the results

obtained.
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A MODIFIED PHENOMENOLOGICAL MODEL FOR

SHOCK INITIATION IN HETEROGENEOUS EXPLOSIVES

Huan Shi

(Dept. of Applied Physics, Changsha Inst. of Tech. ,

Changsha 410073, China)

Bai Chunhua, Huang Fenglei, Ding Jing

(Mechanics and Engineering Dept. , BIT, Beijing 100081, China)

ABSTRACT

A modified reaction rate equation based on the concept of initiation and growth and its calibrating method

are presented in this paper. The calibrated equation of five kinds of explosives have been used in one-

dimensional numerical simulations to shock initiation and calculating the structure of 2- D steady- state

detonation reaction zone. The calculated results are in good agreement with that of mangar :n pressure gauge

and wedge test measurements.

1. INTRODUCTION

The processes of initiation and growth to-detonation in heterogeneous explosives are known to be associated

with the dynamics, physics and chemistry. Its complete determination would require not only a complete

determination of the microscopic hydrodynamic flow but also many detailed microscopic mechanisms, such

as the small scale nucleation and turbulent, real chemical reaction path and so on. For shock initiation, the

"hot spot"concept which includes the generation and the growth of the hot spot has been accepted by the

majority of researchers. A number of possible mechanisms for hot spot generation and growth have been

supposed over the past twenty years^"s^. The gap between the microscopic mechanism research and the

microscopic applications has been gradually getting closed, but it does exist at present. To meet the needs of

practical calculation and application, many phenomenological chemical reaction rate equation have been

presented including modified Arrhenius form^'sl, Batalova form1^, Dremin burning form^7], Forest Fire

form[B], Cochran form1^, [*e and Tarver form [ IOJ, Tang and Forest formL" Jand so on. Among the above

mentioned reaction rate equation, the ignition and growth model of Lee and Tarver has been accepted by a

lot of people as a good reaction rate expression in initiation and detonation of heterogeneous explosives.

In this paper, a modified reaction rate equation based on the concept of inflation and growth is assumed, and

a calibrating method for reaction rate equation is presented. The calibrated equations of five kinds explosives

have been used in one-dimensional (1-D) numerical simulations, and used to calculate the structure of 2-D
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steady-state detonation reaction zone[iz]. The results of the calculations are in good agreement with

manganin pressure gauge and wedge test measurements.

2. MODIFIED REACTION RATE EQUATION

Our model is once again a phenomenological model which is based on the ignition and growth concept of

shock initiation in heterogeneous explosives. Considering the fact that the initiation reaction comsumes very

small amount of explosive and provides an initial reaction rate only , we suggest a modified rate equation as

following ;

Oi(i2^' -I- A)Xo5 — A)V"», A< minCl, os)

0 , A>min(l, as)

Where i) = r: -- 1 and V\s the specific volume on shock front , A the chemical reaction extent and P the

specific volume on shock front, A the chemical reaction extent and P the pressure, o,(t= 1 , 2, •••,7) are

constants with following physical significance t

01 - the average ratio of surface area to volume of explosive particles , which is related to the magnitude

of shock front pressure P].

02 : the effective hot spot coefficient which relates with the size of explosive particles.

us; a constant related with the mechanism of hot spot formation. We take as = 3 for pressed charge and

da — 4 for cast chargec'0].

2 [if]
a4 : a geometrical constant for the growth of hot spot. If the hot spot grows spherically , a4 — -r

05: a constant related to the reaction rate at the>end of reaction. Ordinarily, as >1 , but if there is a

slow reaction following the fast reaction zone t os<C 1 , where the reaction rate equation ( 1 ) is not

applicable.

Of . related to the position of maximum of reaction rate.

07 : ordinarily , it is in the range from 0. 8 to 2. 0 , which related to the characteristic of laminar flow in

high speed burning reaction.

3. CALIBRATION METHOD
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Reaction rate equation must be calibrated to determine its coefficients, the usual method is adjusting these

coefficients in numerical simulation to make the calculations consistent with those reported experimental

measurements. But sometimes this method would raise a little doubts about the reliability of numerical

simulations. It is known that the reaction extent A curves could be obtained by using Lagrange analysis with

the 1-D Lagrange gauge records as its input. We have improved the fitting technique in our Lagrange

analysis to minimize the errors of A curves within the range of the measuring errors[is'1<]» so it allows us to

use these curves to calibrate the reaction rate equation ( see Fig. 1).

Cut TNT

2.01.0 1.5

t/ia

Fig. 1 Reaction extent A curves of calibration (dotted lines)

and Lagrange analysis (solid lines)

4. RESULTS

The reaction rate equation of five kinds explosives are calibrated on this method , and their coefficients are

listed in Table 1.

Table 1 Reaction rate equation coefficients

Explosives

Cast TNT

Pressed TNT

Pressed TNT

S.G. TATB

S.F. TATB

Po

1.61

1.60

1.564

1.8

1.8

«i

36

36

36

32

32

02

8

11

28

4

*

as

4

3

3

3

3

at

2/3

2/3

2/3

2/3

2/3

as

1.02

1.03

1.04

1.02

1.03

06

1.0

0.15

0.15

0.72

ft

07

1.2

1.2

1.2

1.2

1.2

* <&</»!> =-13.8 + 172Pi-9. 7Pf, (0. 4<a z <4.7)

ft ^(Pi) = 29.33 - 479A + 1944P?, (0. 4<06<3)

We directly use the calibrated reaction rate equation in the numerical simulation of the shock initiation and

find that the calculations are very well agreement with the records of 1-D Lagrange tests and wedge tests

(see Fig. 2 and Fig. 3). These equations have been used to calculate the structure of 2-D steady-state

detonation reaction zonetis] , and will be used in the numerical simulation of 2-D shock initiations.
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Pressed TNT(PD = 1- 60g/cms)

AI —0.00mm, A2 = 2. 07mm,

A3=4.15mm, A,= 4. 72mm.

2.0

Pressed TNT(po=l. 564g/cms)

Ai = 0. Omm, Az=2. 5mm,

Aj=4- 9mm, A< = 6. 6mm.

t/im ti\»

Standard grind TATB (po=l. 8g/cms)[15]

Ai = 0mm, A2^2. 275mm, As=3. 275mm,

A< = 4. 275mm, As = 6- 275mm.

Super fine TATB (po=l. 8g/cm3)t153

Ai = 0xnm, A;^2. 28mm, Aj^3. 72mm,

ht = 5. 27mm, A5 = 6. 69mm.

Cast TNT (/*=!. 61g/cms), Ai = 0. Omm,

Aj=3- Omm, Aj=5- Omm, A<^8. Omm.

Fig. 2 Results of 1-D Lagrange tests (real lines) and 1-D numerical simulations (dotted lines)
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7 10 15 20 25

I/mm

.Or 10

-ti-
lt

7 10 16 20 25

X/mm

• Standard grind TATB (po=l. 8g/cm3)

A Super fine TATB (po = l. 8g/cm3)

• Cast TNT (po=1.61g/cms)

A Pressed TNT (p<>= 1. 60g/cm3)

Q Pressed TNT (po=l. 564g/cm3)

Fig. 3 Run distance to detonation versus shock pressure for TNT and TATB
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DOUBLE CONSTANT-CURRENT METHOD FOR MEASURING THE
MIDDLE-AMPLITUDE PRESSURE VITO PIEZORESISTIVE TRANSDUCERS

Huang Zhengping Feng Xichun Hong Bing

(Beijing Institute of Technology, Beijing 100081, China)

ABSTRACT
In this paper, the double constant-current technique is proposed for
measuring middle-amplitude pressure with piezoresistance gauges. The method
extends the measuring range of low-resistance mahganin piezoresistive
transducer. The measuring range of this method is from 0.2 GPa to 4 GPa, and
its pressure resolution approaches to 20 MPa.

Key word: double constant-current method, manganin piezoresistive transducer,
constant current pulsed-power supply, low resistance, pressure resolution

1. INTRODUCTION

The langanin filament was used in the transducer by Bridgmen [1] for Kasuring
the static state pressure in 1911. In 1964, Bernstein et al [2] [3] published
the techniques using langanin filaient which was embedded in epoxy resin dish
to Measure dynamic higher pressure. Froi then on, the leasureient techniques
with manganin piezoresistive transducers have been extensively developed and
widely accepted for measuring dynamic high pressure.

There are two kinds of manganin prezoresistance transducer. One is low-
resistance which is made of manganin foil element of H or double H type. Its
•easuring range is about 2 - 100 GPa, and the size of the sensitive eleient is
usually small, with length of 0.5 ~ 2 u, width 0.1 - 0.6 n, thickness 0.01 -
0.02 u. The other is high-resistance with grid or double helical line type
of element. Its measuring range is about 0.2 - 10 GPa, and the sensitive
element size is very large compared to that of low resistance gauge.

Usually the low-resistance gauge is used for measuring high pressure while the
high-resistance gauge is used in the low pressure case. Sometimes, for example,
in measuring the pressure field in Materials or construction, small size of
sensitive eleient is needed for measuring liddle range of pressure (0.2 - 2 GPa)
So many lethods have been put forward to extend the operating range of the low-
resistance transducer. Ginn et al [4] adopt two special circuits (delay line
circuit and differential offset recording circuit) and special record apparatus
(TEK 1A5 or V Oscilloscope) to eliminate the DC part of the signal. Thus the
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analog signal of pressure can be amplified and the pressure resolution is raised.

In this paper, we proposed a new method, double constant-current method (DCCH),

to cancel the DC part of the signal. This method largely extends the range of
low-resistance gauge and is easy to be popularized as the method doesn't need

any special instrument.

2. THE OPERATING PRINCIPLE OF DCCM

The DCCM circuit is shown in Fig.l. Fig.l (a) is a principle drawing, Gi and G2

are the low-resistance piezoresistive transducers (LRPT), pcci and pcc2 join UP

two independent outputs of constant current pulsed-power supply; R is the cable

matching resistor and its value is equal to cable characteristic impedance; DSO

is a digital oscilloscope. Fig.l (b) is the drawing of equivalent measuring

circuit, Rio and R2o are the sensitive part resistances; Rn,Ri2,Ri3,Ri*,Rai,

Rzz.Rza.RzA are the resistance of transducer leads; h and I2 are constant

current; A and B join DSO oscilloscope with coaxial cables.

PUL'i '

Oi

: u q _^_
' *LJ r^: — » ^— J 1

DSO

(a) Principle drawing (b) Equivalent measuring circuit

Fig. 1 Measuring circuit of DCCM

We suppose that Gi is the embedded transducer, Gz is the transducer on which is

not put pressure. Before the transducers are acted by pressure, the resistance

of it leads is Ru! the voltage in the signal cable is U°AB, the current is

I°AB. When the transducers are acted, the resistance of the leads are
Rij + ARu; the voltage and current are DAB and IAB in the cable.

Then we have-'

IlO-Il+I AB

IzO=l2""I AB

(1)

(2)

(3)
(4)
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The relationship between the increment ratio of sensor ARio/Rio and Measured
pressure AP is:

AR10/R10=K • AP (5)

Where K. is the piezoresi stive sensitivity, it can be calibrated by experiments.
In fact, ARio/Rio is not got directly, but it can be obtained indirectly if we
know the voltage increment ratio AI!AB/U*AB AUABIS defined as:

AUAB=Zc(lAB-I°A») (6)

when I2=0 thus U°AB=U*AB
ir«=IiRia/<l+SRi.aj/Zc) (7)

Solving equations (3), (4), (6), (7), and eliminating the snail quantity of high
degree, we have'

A R l O / R l O = A U A B ( l + T) )/lTAB

n = A ( l + B )

A=(AR 1 2+AR 1 4 ) / (Zc+ER,. 2 J+AR, 2+AR,4) (8)

B=(I loRlO-I 2 R 2 o) / I ,0 /RlO ' U*AB/AUAB=U°AB/AUAB

Where »J is the correct coefficient decided by the factor A and B. As,
(ARi2+ARi4.) is corresponding to the piezoresistive effect of transducer
leads; A is the influential factor of leads by piezoresistive effect. In
genera 1 ,

Ri2+Ri*=0 .1Q. SRi.2j=l~2Q ,Zc=50Q, so A>0.2X.

So the influence of piezoresistive effect of leads on the record result is very
snail.

The factor B is mainly decided by the ratio of U°AB and AUAB. U°AB is the bias

voltage that output 1 subtract output 2 in double piezoresistive transducers!
AUAB is the voltage of analog signal of simulative pressure. Actually, it is

very difficult to make U°AB equal zero, therefore B is not a small quantity.

If U°AB=20mv,AP=0.2GPa, K=0.029/GPa U*AB=!V
thus AUAB=5.8mv B=3.5 n =0.009
If AP=0.02GPa then B=35 n =0.072.

Hence, the factor B shows that the bias voltage will influence the measured
results. In order to pledge the record precision, the bias voltage mast be
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kept, tfhen the bias voltage U°AB is very low, we can precisely calculate below
20 mv, the experimental result by the f o l l o w i n g formula:

AR,0/RlO=AUAB/lTAB (9)

In general, DSO resolution is 8 bit. The value of bias voltage U°AB can be cut
down greatly by use of the DCCM, the signal of simulative pressure lay be
enlarged fully, the pressure resolution can be amplified 10 or 20 times.

In general, the pressure resolution of LRPT is 0.2 GPa while DCCM is 0.02 GPa
(reckoning value).

3. APPLICATION EXAMPLE ~ MEASURING MIDDLE-AMPLITUDE SHOCK PRESSURE ON THE
BOUNDARY BETWEEN TWO MATERIALS

In simulating the process of middle amplitude shock waves acting onto sheet
metal, we need to know the pressure history at the boundary between the buffer
layer and metal. If the thickness of buffer layer is evidently larger than
that of the explosive, the pressure between the buffer layer and the sheet
metal may be small. If the measured pressure the DCCM is very appropriate for
measuring the shock pressure at the boundary. Fig.2 shows the arrangement of
DCCM.

In order to trigger the constant curren' -ulsed-power supply, the tr êred
electric pins must be fixed at appropriate position to pledge the simulative
pressure signal arrives in synchronism with the stable stage of bias voltage.

Oi

5 , „
i 4 3' i |

Oi

N,

2

D
TriggBT

^S-
• '. ~- ""-Ti"\. "f "t^-^s
^"I'/'i- ••£••.'"*•*": • '• .''V'S

* '

I - ; LI
rri -«ir

_
Probe

, _ Explosive

- Buffer layer

"~"~She*l iwtal

Fig. 2 Fixing pattern of measured sample and transducers

D is the propagation direction of detonation wave \ and 2 join with the pec! ^ 3 and 4 link up DSO t

5 and 6 join with the pccz i GI and G2 are double

n-type piozoresistive transducers
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Fig. 3 Typical record of £/,& 71im,]E-SSec

Fig. 4 Typical record of

Fig- 5 Typical record of MJM The analog signal of pressure

According to the fornula (9), we can get AR]0/Ri0 only after we know the A UAB

and U*AB. Firstly, we lust determine the U*AB in the measurement, and then,

get the U°AB and UAB in the experiment record. The typical U*A» is shown in

Fig.3, and the typical bias voltage U°AB is shown in Fig.4.

If U°AB is less than 20 BV, we adopt the formula (9> to deal with the experiment

result. If U°AB is larger than 20 mv, and use the formula (8) to handle that.

The typical sinulative pressure signal UAB is shown in Fig.5. The highest
pressure in this record is 0.54 GPa. It is impossible to measure such low

pressure and get exact result by using of the single-shot signal record system.

4. DISCUSSION

1) The effective operating time that eliminate the effect of DC part on the
measurement is determined by the length of delay line in the delay line
circuit.

2) DCCH has a longer effective operating time as same as the differential offset

circuit, for instance, 100 Ms.
3) The special amplifier and record apparatus are used in the method adopted

by Ginn, hall and keough, but the DCCM does not need that. This measuring
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circuit is very simple, the fixing and debugging is convenient.
4) The low - resistance piezoresistance transducer used in experiment has a

smaller size and higher frequency respondence, the time of transducer
respondence is 10 ~ 30 ns. It is very favorable to measure the middle-
amplitude dynamic pressure.
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3-D MEASUREMENT OF DEFORMATION FOR AN

ALUMINIUM PLATE UNDER EXPLOSIVE LOADING

Huang Tao

(Chemical Material Institute, CAEP, Chengdu 610003, China)

Tan Xianxiang

(Southwest Institute of Fluid Physics, CAEP, Chengdu 610003,China)

ABSTRACT

The 3-D deformation histories of an Al-plate under the explosive loading were measured by the high speed

projection moire technique with framing rate 0. 5 X 10*fps promising applications of this technique to

explosive driving experiments were also discussed. The data processing of the moire patterns with computer

enables the displacement deviation of this method to be less than it5% and reconstructed the 3-D graphs to

show the deformation of Al-plate.

1. INTRODUCTION

In order to study the deformation course of an object under explosive loading and determine its dynamic

behaviour, it is desired to measure continuously and contactlessly the 3-D deformation of its surface. At

present, the techniques applicable for this measurement are holography, speckle, moire and stereography.

The moire technique has many advantages in large measurement range, less restriction to test conditions,

wide adaptability, low experimental expenses and so on, therefore it is widely used in engineering and

experimental researches of elasticity, plasticity, creep, relaxation, static and dynamic loading at ambient

and high temperature. In this work, we conducted the 3-D deformation measurements of an Al-plate under

explosive loading by means of a technique composed of the projection moire technique with the high speed

framing photography (HSPMT). This kind of technique provided us with a better way to observe the

explosion effects experimentally. The experimental method of HSPMT and data processing from the

projection moire pattern to the 3-D deformation of the object has been described herein. In addition, the

deviation of this technique (HSPMT) was discussed as well.

2. EXPERIMENTAL ASSEMBLY

The experimental assembly shown in Fig. 1 was composed of the parts for illumination, projection and high

speed photography etc..
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Fig. 1 Experimental arrangement

1. protection box ( 2- detonator holder t 3. detonator i

4. steel platet 5. Al-plate| 6- Model FJZ-250 rotating mirror camera.

R cylindrical mirror i S Xenon flash lamp) L0 Condensing lens)

G,,Gzgrating ( LI projection lens t LZ camera lens.

2. 1 Illumination System

The illumination system consisted of the cylindrical mirror R, Xenon flash lamp S (tf>23 X 500) and

condensing lens LD ( /0 — 50mm,0o//0 = 1/1- 2 ). The charging voltage to a capacitor bank of 2401tif for

S was 2800V. The luminescence was focussed with lens Lgon the grating GI (pitch po = 0. 2mm ).

2. 2 Projection System

The grating GI was imaged with the projection lens L, ( ft = 50mm, /V/i = 1/0. 9 ) on the surface of Al-

plate with a magnification m0 = 6. 7 . The total magnification m between Al-plate and final images was

0.21.

2. 3 High-Speed Camera

The Al-plate surface was imaged on the grating G2 located at the first image plane of the camera by the main

objective Lz ( /2 = 300mm, Dt/Sz ~ 1/5 ) of the framing camera with a magnification l/m0. Both Giand

Gzhave the same pitch.
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The recording film with 36 DIN and 70mm in width was used, the framing rate of the camera was

0. 5X 10Bfps and the total recording time was SCHis. The xenon lamp flashed with 100^ in advance of

detonating.

2. 4 Test Specimen

The test specimen consisted of a hard Al-plate with 2mm in thickness and a slab of steel acted as the pressure

attenuator was placed between the former and the detonator. The surface of the Al-plate was processed for

well diffusing the xenon lamp luminescence to meet the needs of dynamic photography.

2. 5 Adjustment of Optical System

The main procedure includs adjusting the magnification of projection and imaging system as well as the

position of the Al-plate and the proper illuminative conditions. The goals are to feed as much as possible the

light energy into the camera, to reduce the noise of images and obtain the static moire patterns correctly.

2- 6 Experimental Results

Fig. 2 shows the results obtained by the above-mentioned apparatus. These moire patterns reveal the

deformation histories of the Al- plate under the explosive shock from a detonator. The framing intervals is

2us.

Fig. 2 Moire patterns

3. 3-D SHAPE OF TESTED OBJECT

The basic optical system of the projection moire pattern method is shown in Fig. 3- The image of grating

G j o n the tested object surface was overlaped with grating G2 , then, the moire patterns were produced.

The distribution of light intensity for the projection moire fringes were deduced i

follows :

/ -/o + /,cos(^>

mo/ o

and is given as

(1)

(2)



~

. =

J

cosft
1 f m

]

Where m0 —magnification of projection system

PO —grating pitch, the same for both G, and G2

f\s of projection lens

/? —focus of camera lens

0 —half angle between projection ray axis and camera optical axis.

Fig. 3 Optical system of projection moire patterns method

From Eq. (2) , it can be found out that

(3)

By use of Eq. (3), the deformation height Z could be solved from the coordinates of moire fringes on X —

)' plane.

Eq. (3) Ls somewhat different from that given in Kef. [2], and has shown which can give more exactly the

height changes of tested surface of specimen and be adapted especially for the high speed measurement of

dynamic deformation. In addition, Eq. (3) can be used to explain the phenomenon of "pseudo moire

fringes" of the plate. The pseudo moire fringes are the straight stripes parallel to the grating lines when the

tested plate is located at the X — 1 plane. They are symmetrical about the centre line ( 2 — 0 ) and arranged

gradually dense near to the centre line.



4. DATA PROCESSING

The digital image processing technique and the computer graphics have been applied to process the moire

fringes obtained in experiments. The folw chart is shown in Fig. 4.

Moire patterns

Digitizer

Digital filter

Background noise suppression

Calculate coordinates X , Y , Z

3-D graph

Fig. 4 Flow chart for computer data processing

Fig. 5 The 3-D deformation graph

tirne: 52^sf centric point height; 5.73mm

After the moire patterns were digitized in the special equipment, the digital images were processed with the

digital filter. Through the mean value and low-pass filter, the fringe lines and the noise in moire patterns
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were suppressed and the data were smoothed. In order to raise the signal to noise ratio for moire fringes, it

was also required to reduce the background noise the patterns. Before calculating 3- D coordinates with

Eq. (3), the period characteristics of moire fringes should be determined, so that the corresponding phase

distribution could be yielded with Eq. (1) from the light intensity distribution. Finally, the 3-D graphs for

the Al-plate deformation can be drawn as shown in Fig. 5.

The experimental results show that the deformation histories of Al- plate under shock of detonator are

symmetrical about the centric point. The displacement vs time in Z-direction for different points could be

determined.

5. MEASURING PRECISION OF THE HSPT

The precision of the HSPMT depends mainly on the quality of moire patterns, if the time resolution in

experiments is good enough. The results of this work demonstrate that the measuring deviation of HSPMT is

less than ±5% by means of the data processing technique used in this work.

According to the independent action principle of error, we get the deviation in measured height Z by means

of Eq. (3) as follows-

M>2 VI
t Po / \sinWcosA I

in which

K) l t f ) \ l - f - m o
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where r—grey resolution of the image digitizing equipment)

A'—numbers of sampling points in a moire fringe period.

Under the experimental conditions herein, we get

_ 1 o G O / il^i .1 r. O D / . '" — .(- 1 7"/— _1_- o. y "o f ^^ — -t- "• £/o' ^r — -i- -i- ' / o -
A A

Substituting these data into Eq. (<\~), we obtained

The above analysis indicates that the primary factor to affect the measuring precision is the error in

measuring the moire fringe phase. Therefore, it is an affective way to raise the precision by increasing the

contrast of moire fringes as large as possible and decreasing properly the numbers of moire fringe in the

measured range,

6. CONCLUSIONS

The experiments described in this paper has shown that the HSPMT is effective for measuring the 3-D

deformation histories of the object under explosive loading. In order to increase the framing rate of camera

or to raise the time resolution, it is necessary to improve the illumination on the surface of tested object.
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ANALYSIS AND PROCESSING OF ANALOG SIGNAL

FOR PARTICLE VELOCITY OF PRESSED TNT

Huang Zhengping, Zhang Hanping, Lin Jiang

(Beijing Institute of Technology, Beijing 100081, China)

ABSTRACT

In this paper, the methods how to analyze and process the analog signal of particle velocity for pressed TNT

and how to calculate the dynamic conductance and zero- load currents of the particle-velocity gauge and

detonation-products gauge are introduced. The correction function for removing the influence of detonation

products conductivity is also given. The detonation parameters of TNT explosive obtained by the corrected

particle velocity records (analog signals) agree well with that measured by other methods.

1. INTRODUCTION

Electromagnetic velocity gauge (EMVG) [ l ] ̂  [3] and Electromagnetic impulse gauge (EMIG), which are

used for measuring the detonation parameters of high explosives, have many advantages. The first

advantage is that the calibration of the gauge sensitivity against given parameters which will be measured is

needless. The second is they have short response time which is decided by embedding type of gauge element

and can reach 20—30ns.

The larger the conductance of detonation products is, the lower the accuracy of analog signal records of

EMVG (or EMIG) output is. It is the main defect of the electromagnetic method (EMM) by using EMVG

and EMIG. Therefore, the influence of detonation products conductivity on EMVG and the more abort ratio

in measurement using EMVG have been one of the most concerned topics for many years.

Over the last ten years, the research has been focused on removing the influence of detonation products

conductivity by various isolation methods, I^eiper et al-1] introduced a sealed gauge element which is made of

metal foil with teflon foils. Cowperthwaite and Rosenberg'51 and Vorthman et al^6] introduced another sealed

gauge element which is made of aluminium foil with the anodic oxidation technique to prevent crosstalk

between the gauge and detonation products. It is clear that the greater the thickness of isolation layers

( tef lon) is, the lower the EMVG response is. But the less the thickness is, the greater the influence of

detonation products is. This influence is caused by the effect of capacitance coupling between gauge element

and detonation products. In this case,the thickness of the isolation layer is too thin to prevent the effect of

capacitance coupling. Therefore, it is necessary to measure the dynamic characteristics of EMVG and
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detonation-products gauge (DPG).and gave a quantitative method to correct the influence of detonation

products conductivity on EMVG.

2. FLOW FIELD OF DETONATION PRODUCTS

Fig. 1 shows the schematic of the flow field of detonation products at a certain time after the explosive

specimen for EMM was initiated. WhiJe plane detonation wave arrived at the certain position,a cone-type

flow field,ABC, in which the flow of products is semi-one-dimensional, has been formed. The effective

operation time .V,of sensing element can be determined by time interval between the boundary points G and

A' of region I which is a centre simple wave (in Fig. 2). It can be defined as

i* (AT1 - D"1),

, D> Do and A« — he < A/2

/» />o and he, — he > d/2
(1)

where fc—-the position imbedded in the gauge element) &.-—the position of equivalent initiation plane; A " —

the height of cone-type flow field, h" — d/2 i d—the diameter of explosive specimen( I)0—the detonation

velocity of low velocity explosive in plane wave lens,which equals approximately to the slope of the weak

discontinuity between the regions I and D j />—the detonation velocity of measured explosive) (Ac—AtO is

defined as the propagation distance of self-similar detonation wave in region I . When (A^—AC-) > d/2 ,the

propagation distance is approximately equal to a constant A " (in Fig. 1) j In the general case, A" — d/2 , it

is caused by the effect of the radial flow behind the plane detonation wave.

Sensing elemenl EicpKwve specimen

Fig. 1 Two-dimentional flow schematic of detonation Fig. 2 One dimentional flow schematic of

products near the sensing element of EMVG detonation products near the symmetric line

It is not adaptable to describe whole expansion process of detonation products by the equation of state with

the constant polytropic exponent y. It is only adaptable to describe a small section of expansion process in

Taylor wave near CJ state by using a equation of slate with constant y or a linear relation,as the effective

operation time of the gauge is about 500-lOOOws for the explosive specimen with 50mm diameter. The

equation of state with constant y can be used in this short time interval. In region I ,the relation between

particular velocity U and time t can be expressed as the following
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V = < 1 +/0/U -/O
z = 1 4- .V/T

(2)

where UCj — the particle velocity on the sonic plane CJ of a steady detonation wave t Ai — a time interval, -V

~t—t<n /i— a constant ( r — (,.• — tc, the propagation time of self-similar detonation wave t fc.kr— the time at

which detonation wave arrive at the point (! , and the point C.

In a short time interval (for example, (^600ns, or \ 2^Z^1), the above equation can accurately be

displaced by a linear equation

I ' = A + ffl (3)

where A and R are constants.

3. CORRECTION OF THE INFLUENCE OF PRODUCTS CONDUCTIVITY

ON ANALOG SIGNAL OF PARTICULAR VELOCITY

The results had been reported in^, and only a summary will be given, including the completed results.

Hayes indicated that the conductance of detonation products of TNT is the highest in the given explosives,

about lQ4£J~tm~~t. The influences of products conductivity of various explosives on analog signal have

different orders of the magnitude.

The sensing element of EMVG is generally made of copper foil or aluminium foil. The copper foil is so

selected as to be welded conveniently.

When the detonation products make the expansive towards all the direction in the constant magnetic fields,

according to Faraday's law, all of the moving particle of conductivity products and the sensing micro-

elements are cutting magnetic lines of force and generate the micro-electromotive force whose direction is

vertical to the directions of the magnetic fields and the movement. Innumerable micro-electromotive force

will cause a number of closed circuits and form a lot of ring currents in the products. While the sensing-

element frametype velocity- gauge moves in the detonation products, it also generates an induced

electromotive force e0- As the analog signal e0 of the particle velocity is sent out through leads of the sensing

element,the analog signal will be affected by the ring current if the conductance j/oof the sensing element is

a finite value. (1) The ring current in detonation products has a bypass effect on the sensing element of the

EMVG. (2) The additional magnetic fields generated by ring current have interference to the original

magnetic fields. The experiments showed that the effect of the latter on the analog signal is much less than

the former. The effect of the attaching magnetic fields is usually neglected. The mathematics model of the

detonation products conductivity's effect on the working property of the particle-velocity-gauge's sensing

element is expressed by the following formula•

676



/ 4

/• =, Vi _, y\
' Z-t l> Z-i f#>

where i, = e}g, , which is the zero-load current of the branch j\(I' and / " are the dynamic conductance and

zero-load current of sensing element of DI*G ( y0and toare the dynamic conductance and zero-load current of

the sensing element of EMVG respectively. The above equations describe the relationship between the

variables at the same time. If (!" ,/" ,£oand in (they are the function of time) can be measured by a series

of experiments, then CD can be calculated by the following equations;

(5)

where i) is the corrective coefficient of the products conductivity. It is a function of the time, and its

magnitude is determined by the following factors-

(1) The material of which the sensing element is made;

(2) The geometric shape and size of sensing element and its embedded way;

(3) The variety and density of the explosive;

(4) The shape and size of the explosive specimen.

When the conductance g0of the sensing element is equal to zero,the relevant zero-load current i0is equal to

zero. In this condition the conductive detonation products compose a sensing element. We define the gauge

made of this kind of sensing element as the "products gauge" (DPG).

Equation (5) can be written as

/ 4. tic- = r
I = GU

where the dynamic conductance G* and zero-load current / " o f DPG can be determined by linearity

regression, as the relevant output of voltage V (e.g. /A,f/j , ,U,) can be measured by varying the

value of the load conductance G (e. g. G|,G2, ,G.) in a set of experiments. The dynamic conductance

j/o(0 and the zero-load current io(0 of the sensing element for EMVG can be obtained by using the same

method.

Fig. 3 shows two typical records of EMVG with parallel resistor t Fig. 4 shows two typical records of EPG

with parallel resistor j Fig. 5 shows the dynamic conductance (1* (O's curve of DPGj Fig. 6 shows the

dynamic conductance G0(O 's curve of EMVG t Fig. 7 shows the corrective coefficient's curve of the effect of

detonation products conductivity on EMVG i Fig. 8 shows two the curves of the corrected and uncorrected

analog signals of TNT particle velocity / /CO-
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o.zl-

1 ~2~

Time/IE-6 Sec.

Fig. 3 Two typical records of EMVG with

parallel resistor

Fig. 4 Two typical records of EPG with

parallel resistor

SO 100 ISO

T (IE—8ScC.)

Fig. 5 Dynamic conductance <7" (/) of DPG

SO 100 ISO" 200

IX IE—8 Sec. >

Fig. 6 Dynamic conductance yo(0 of EMVG

1 2

Timt( IE- 6 Sec)

Fig. 7 Corrective coefficient ry(O of EMVG Fig. 8 EMVG records uncorrected &- corrected
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4. CALCULATION OF THE DETONATION PARAMETERS BY TAYLOR WAVE

FITTING AND LINEAR REGRESSION

The particle velocity analog signals which have been corrected can be used to calculate the detonation

parameters and the attenuation characteristics by Taylor wave fitting and linear regression.

(1) Taylor wave fitting.

It means to fit particle velocity records with the relation of Taylor wave by using least square method.

Taylor wave fitting equations is shown below :

;,r) - /Kl — n

y = (1 +/0/U - /<> f (7)

atv = /?/(!+ y)

where @. The target function. The minimum of @ can be found by the method of the grid and the

descending to select the most appropriate p.

U • The particle velocity corrected

f i The attenuation function of the Taylor wave's particle velocity

a in lagrange coordinate,

w j Sampling address code, n is equal to zero near the CJ point j when the rate of sampling is

100MS/s,the

biggest address code n according with self-similar detonation is in range of 50 and 100.

(2) Taylor wave linearity regression.

It is important to determine the time interval of the initial section of Taylor wave (about 0. 4/ts—0. 6^s),

although it is easy to do that. The length of the linearity section depends on the geometric size and the

detonation property of the explosive specimen. The highest pressure near CJ plane, the peak particle

velocity t/.and the peak pressure Fmof the detonation wave, which may be out of accord with CJ theory,

can be calculated by use of the following shock wave equation ;

Pm = poDa. (8)

If CJ theory is accepted , the polytropic exponent y can be calculated. When EMVG records are processed by

the programme of Taylor wave fitting or the linear regression, it is necessary to determine the minimum of

correlative coefficient. The correlative coefficient r is related to the number n of the sampling for a certain

believable degree. When n = 50 and the believable degree is 95%, r is in range of 0. 3 and 0. 4. Under this

condition , the particle velocity in the Taylor wave near CJ plane can quite obey the linearity attenuation.

The above two methods may fully use the data in Taylor wave, and reduce the effect of artificial factor
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during the calculation of detonation parameters.

5. EXPERIMENTAL RESULTS AND ANALYSIS

(1) The whole experiments measured G" (O and /" (O of DPG are successful. But a few experiments

measured yo(0 of EMVG are abort.

(2) Some processed results, G' (O of DPG, and ?0(0 of EMVG, are shown in Fig. 5 and Fig. 6.

(3) The correction function of time,r/(0,is shown in Fig. 7. At certain time, the value of r/(t) may be

more than zero or less than zero. Therefore , it is needless that the measured //(O is accurate to higher level ,

the influence of a small variations of explosive density on the value of 77(0 is not clear too obvious.

(4) The results given in this paper is available only for our experimental conditions.

(5) Table 1 shows detonation parameters of pressed TNT by using EMVG and other methods, in which,

some results were obtained by Taylor wave linear regression of EMVG records. The experimental results

without conductivity correction are approximate to the data of electromagnetic method published by Dremin.

The results with conductivity correction are approximate to the data of other method published by Dremin

and of electromagnetic method provided by Edwards.

C 6 ) The experiments show that it is necessary and effective to make the quantitative corrections of

conductivity influence of detonation products on analog signal of EMVG embedded in pressed TNT.

Table 1 Detonation parameters of pressed TNT measured by use of EMVG and other methods

References

Author

Author

Author

Author

JlpewnH

Edwards

ApeMMH

po(g/cm3)

1.59

1 .59

1.606

1.606

1.59

1.60

1.59

UCJ(km/s)

1 . 6 0 1

±0. 028

1.770

±0.028

1.707

1. 853

1.62±0. 08

1.72±0. 05

1.80

Pr,<GPa)

17.38

±0.27

19.23

±0-21

18.83

20.43

17.78

19.0

20.2

method

Linear regress

Linear regress

Linear regress

Linear regress

note

no corre.

6 shot average

corre.

6 shot avarage

no corre.

corre.

no corre.

no corre.

indirect method
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NUMERICAL SIMULATION OF DETONATION0

Jia Quansheng, Feng Changgen, Chen Fumei

(Mechanics and Engineering Department,Beijing Institute of Technology,

P.O.Box 327,Beijing 100081, China)

ABSTRACT

The aim of this paper is to present some of the work and results on numerical simulation of detonation

phenomena by the present authors. The work consists of the following parts.

1. A generalized model of Lagrangian analysis for one dimensional particle velocity gauge for wave

propagation in symmetrical slab, cylinder and sphere has been set up and a computer code JLA is available.

The fitness and stability of the Lagrangian analysis are compared with those of the code SIN by C. L. Mader.

The agreement is very good. Two related problems, the flow field for explosion of the explosive 8701 by

point initiation and that of a detonator,are calculated as examples.

2. Numerical simulation for one-dimensional elastoplastic and reactive flow problems are carried out and a

computer code 1DL is written. A build-up to detonation in the explosive and the shock wave propagation in

a aluminium plate are computed, illustrated the applicability of the 1DL. code in solving some one-

dimensional explosion mechanics problems.

3. A numerical simulation code BKW for equilibrium detonation properties using the BKW equation of state

is transferred to our computer, and the corresponding BKW data for most explosives containing C,H,N,O,

F,A1, P, Na, B, S, Wi, Pb.Si element is set up. The C-J state parameters and the state equation of

detonation products of total 20 explosives are calculated.

4. A finite difference code 2DLE combining the Eulerian. and Lagrangian treatments for two dimensional

compressible fluid is written. It considers the effects such as elastoplastic flow, real viscosity, heat

conduction and reactive flow, and includes techniques for allowing slip between interfaces, and rezoning

regions undergoing serious distortion, and a one-dimensional gradient spall model.

O Project supported by a Research Fund for Ph. D, Training Disciplines

in Colleges and Universities by the State Education Committee, China.



INTRODUCTION

It is well known that[1~4] theoretical analysis,experimental research,and numerical simulation are the three

basic methods in reacting fluid dynamics, among which numerical simulation now becomes a very important

tool for solving complicated non-linear partial differential equations with the coupling of hydrodynamics and

chemical dynamics appeared in detonation and explosion dynamics, by adopting appropriate numerical

methods.

According to the space dimension of described object, numerical modelling of detonation can be divided into

one dimensional, two dimensional, and three dimensional. The method of Lagrangian in general is effective

one-dimensional hydrodynamics. In two dimensional flow field, there probably appear the phenomena of

twisting, vortex and slipping. The Eulerian technique is more useful for problems with large amounts of

distortion, but multicomponent Eulerian calculations require equation of state for mixed cells, treatment for

moving mass and associated values into and out of mixed-cell. These complications are avoided, however,

by Lagrangian calculation. An accuracy of state values of interface flow within the cell resolution can be

obtained by using Lagrangian treatments. The troubles with Lagrangian treatment appear when the

techniques for rezoning the regions undergoing serious distortion are required. For these reasons, the

combination of Eulerian and Lagrangian treatments is considered in the present work.

In models describing explosion dynamics, nonlinear equations of motion of fluid may involve elastoplastic

flow, viscosity, heat conduction, gravity, manner of burning in explosive, state equation, and so on.

Therefore in solving these equations some experiments and supplementary codes are required to supply the

coefficients for state equation and the equation of chemical reaction rate. It is a common way to utilize the

blast compressing line to calculate the state equation of material. The equation of state of the detonation

products of explosives can be supplied by the codes BKW or LJD for equilibrium detonation properties. The

form of the equation for chemical reaction rate of explosives is closely connected with the mechanism of

initiation of explosives. At present, equation of chemical reaction rate is usually set up by numerically

dealing with some experimental data based on the cuneiform experiment and Lagrangian gauge. A series of

work in the field of numerical simulation of detonation has been carried out and a relatively complete

program system for numerical simulation of detonations, including the Lagrangian analysis, a code 1DL for

one-dimensional flow, a code 2DLE for two-dimensional problems and the transferred code of BKW

originally given by C. L. Mader[<1, has been developed. These are discussed in the following sections.

LAGRANGIAN ANALYSIS

Lagrangian analysis is an experimental-numerical method based on experimental data of Lagrangtan gauge,

and used to quantitatively study the flow field of explosion and determine the equation of chemical reaction

rate of the explosive. However this method was first applied only to one-dimensional flows in slab for

explosion of explosives. One of the present authors Jia Quansheng[1] generalizes and extends the method to

problems of wave propagation in symmetrical slab, cylinder and sphere.



1 . Derivation of the Equations of the Lagrangian Analysis

Lagrangian analysis assumes that the front of the reactive wave may be treated as a nonreactive shock

governed by the Rankine-Hugoniot jump conditions. The basic equation up which the Lagrangian analysis

rests are given by the conservation laws of flow. [1~SJ Equation of mass conservation .

- ri— u
3h

Equation of momentum conservation .

Equation of energy conservation i

»

Relation between Eulerian and Lagragian radius

-(I),

Where a= 1, 2, 3 denotes symmetrical slab, cylinder and sphere respectively, p is density, po initial

density, * time, A Lagrangian coordinate, y Eulerian coordinate, u particle velocity, P pressure, e specific

energy, and V specific volume.

Using the concept of path line, rearranging Eqs. (l)-—(3) appropriately, the following may be obtained]

(6)
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By using Eqs. (4) — (7), the Hugoniot jump condition, and a group of a(0 particle trace curves, evolution

curves for P(0, e(0 , />(0, W(t) curves in flow field may be obtained . Moreover the chemical reaction

rate equation of the explosive may also be built up. W denotes mass fraction of the explosive.

The fitness and stability of the Lagrangian analysis are checked and compared with the code SIN given by C.

L. Mader^. The calculation shows very good agreement. The integrau've scheme is insensitive to small

perturbation and the calculation errors are small. From these we may conclude that the Lagrangian

integrative scheme is suitable and useful in the present study.

2. Application of the Lagrangian Analysis

As an example of a one-dimensional spherical symmetry Lagrangian analysis ,the ignition process of the

explosive 8701 by point initiation is studied based on the particle velocity measured by electric-magnetic

method^. The retonation and build-up detonation in a detonator with the method are also studied^'^'1^.

It is proved that the Lagrangian analysis not only can be used to determine equation of chemical rate of

explosives, but also can be conveniently used to study one-dimensional flows in the slab, cylinder and

sphere for the explosion of explosives since the burn equation and the equation of state are not required.

NUMERICAL SIMULATION OF ONE-DIMENSIONAL FLOW

A numerical simulation code 1DL for one dimensional elastoplastic and reactive flow is written^, which

includes various combinations of features, and is carried out by adopting the appropriate differential method

to work out the following fluid dynamics and partial differential equation for chemical dynamics.

Momentum equation

K = *-i J«

Equation of mass conservation

dm

Equation of conservation of energy

Equation of state

P = P(p. /. W)

Equation of chemical reaction rate, — = F(Ptl,W)
dt

rap

Where E — I + 0. 5U2 , — = V , dJW = p0y~1dr , V is particle velocity, t time, fi Eulerian radius, M unit
(X

length of mass, a the sum of viscous pressure, pressure of the equation of state, and the stress deviator, B
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total energy, A heat conduction coefficient, P pressure, p density, / internal energy, W mass fraction of

undecomposed explosive, T temperature, y Lagrangian radius, and a — 1 for slab, 2 for cylinder, 3 for

sphere.

Based on the fact that the Lagrangian method tracing the mass movement can reflect the pictures of flow

field clearly, and in one-dimensional flow, cells of flow will not catch up each other, numerical simulation •

of one-dimensional flow may be very effective if it adopts Lagrangian method. As part of the numerical

simulation of detonation, we have adopted the considerations in the program by C. L. Mader^ and written

the code 1DL for one dimensional flow with elastoplastic flow, viscosity, heat conduction, material

melting, spalling. It also considers many kinds of state equation and boundary conditions. By different

combination of these features,we may solve different one-dimensional problems.

1. Equation of State

The program includes various kinds of the equation of state such as HOM equation of state, build-up of

detonation equation of state, SESAME equation of state, and Barnes equation of state for high pressure.

2. Burning Techniques

The program includes various burning modes such as Arrhenius burning, C-J volume burning,sharp shock

burning, Gamma-law Taylor wave burning, and Forest Fire burning.

3. Viscosity

The program includes PIC form, Landshoff form, and real form.

4. Boundary Conditions

The right or left boundaries can be one of the follows i piston, free-surface, steady reaction zone piston,

and continuum boundary.

Using 1DL, a build-up to detonation in the explosive and shock wave propagation in a Al plate is

calculated1^. The results of calculation of shock wave propagation in Al is shown in Fig. 1.

(-9. 66

2.23 4 . 4 6 6 . 6 8 8.91

0 l- 'll ' 3.34 5.57 V.80 'lO.'o 11. 1

["M-46

2. 29 4Ji8_6. 87 ft. 16 11.4

01.08 3.25 5.42 7.59 9.75 10.8

WSTANCB

Fig. 1 Shock wave propagation in Al calculated by JDL

DISTANCX
0 I. 14 3.43 5.72 g. 01 10.3

DlffTANCg
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tt Boundary between explosive PBX-9404 and Al, * Boundary between Al with free surface. N-S

viscosity, HOM state equation, Hooke's law-Mieses yield model and tensile fracture spalling mcdel are

adopted in calculation.

BKW CODE

In 1-D and 2-D codes, the equation of state is used. For HOM equation of state, only two phases are

allowed, i. e. solid and gas, with reacting explosives being represented as some mixture of undecomposed

solid and the products. Solid are represented by a Gruneisen expansion off the shock Hugoniot with

temperature calculation by Walsh and Christian techniques. Gas products are represented by an equation of

state off the BKW calculated detonation isotrope. Therefore, the code BKW for equilibrium detonation

properties is a useful tool to provide parameters of the equation of state of detonation products. In the

present study, the code BKW written by C. L. Mader[4] is transferred to our computer, and the

corresponding BKW data for most explosives containing C, H, N, O, F, Al, P, Na, B, S, W, Pb, Si

elements are set upM. The C-J state parameters and state equation of detonation products of total 20

explosives have been calculated. This work has buili a foundation for numerical modelling of detonation.

Fig. 2 gives some results of two explosives calculated by the transferred BKW code.

-1.3 0.36 ? .032 .R6 - 1 . 3 0.36 2.03
LOO VOIJJME LOG VOLUME

4.0
-6-5-3.9 -1.8-0

LOO PRESSURE

Fig. 2 Detonation isotrope calculated by the transferred code BKW

—RDX/TNT/Al/WAX(40/38/17/5, Po=1.7), C2.o7H2.n3NL69

2—HMX/NF4BF(<i5/55,a=2. 0871) .QHgNioOgF^Bz. 05, * — CJ point

NUMERICAL SIMULATION OF TWO-DIMENSIONAL FLOW

Using MAGEE method, a two-dimensional Lagrangian code is also written by one of the present authors Jia

Quansheng for calculating elastoplastic reactive flow. In order to solve the large amounts of distortion of the

flow field, a chase interface movable net method and a method of rezoning whole regions, are included. On

the basis of the above mentioned methods, the 2-D code is further developed to form a two-dimensional code

2DLE of Eulerian-Lagrangian combination^61.

1. Basic Equations

Mass conservation is satisfied automatically because no material enters or leaves a Lagrangian computational
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cell. For two-dimensional planar ( a = l ) and cylindrical ( a = 2 ) geometries (with x being the radial

coordinate for cylindrical geometry) , the momentum and energy conservation relations are as follows

(to <K

- />) , AS',, («-!)„ -, ,
- -- 1- — - 4- — — — 5DJ -f g,
(K OX X

-'
X

a/, XJ,

In the code, equations of viscosity include quadratic viscosity, linear- quadratic viscosity and Navier-Stokes

viscosity.

2. Equation of State

The HOM equation of state is used. Throughout the calculation the pressure is given as a function of specific

volume(K), specific internal energy < / ) , and mass fraction of solid(W) ,i. e. /*—//<!', I ,W). Considering

the problems of elastoplastic flow, Hooke's law- Von Mises yield model, and tensile fnu^ure palling model

are adopted in the 2-D code.

3. Burning Techniques

Arrhenius burning, C-J volume burning, sharp-shock burning and Forest Fire burning are included in the

code.

4. Difference Equation

The 2-D code is based on the "MAGEE" method of differencing. m

5. Boundary Conditions

The boundaries may be free- surface , piston, continuum, axial, or slip. Corners may require special

treatments, depending upon the particular combination of boundaries at the corner. Besides, a special

routine for slipping and terminating mesh lines for different problems is also included in the code.

6. The Combination of MAGEE Method with Chase Interface Movable Net Method

MAGEE method is a Lagrangian differential method, and chase interface movable net method maintains

boundary of material non- movable. The latter uses a group of approximate elliptic equations inside the

material to form the cells, therefore having a capability of continuously rezoning the cells. The method

deals with state values into and out of the cell, and is a Lagrangian-Eulerian combination method. The

method can calculate the flow field with greater distortion and moreover it can provide more accurate results
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over the Eulerian approach. In order to solve the large amounts of distortion of flow field, the present study

adopts chase interface movable net method and developed the 2-D code to form an Eulerian and Lagrangian

method code 2DLE. Calculation process of the code 2DLE is: (1 )calculation using Lagrangian method ( (2)

rezoning the region; (3)calculation for state values into and out of cell.

7. Application of the Code 2DLE

We have successfully calculated the following problems with the code 2DLE: A. Covergent detonation[s~6J(

B. Divergent detonation (shown in Fig. 3); C. SDT process in the explosive with small diameter[7~~8]| D.

High speed collision of metal plateC6] (E-SDT in the explosive with an isolation plate (shown in Fig. 4).

MAX 26GPA, MIN 2GPA, MAX 0. 95, MIN 0. 05,

INT. 2GPA INT. 0. 05

(a) isobar,time =0. 871ns (6) mass fraction,time =0.
X-,-2

(c) model of calculation

MAX 26GPA, MIN 2GPA, INT. 2GPA

(<O isobar,time=l. 992ns

)'.* —0

MAX 0. 95, MIN 0. 05, INT. 0. 1

(e) mass fraction,time— 1. 992(os

Fig. 3 divergent detonation calculated by the code 2DLEjl,3—explosive,2—PMMA

There are good agreement beween the results of the above calculation and that of experimental data, and

show that the code 2DLE is suitable for the use in explosion dynamics.

The program system of numerical simulation of detonation developed in recent years in Beijing Institute of

Technology by the present authors has been very powerful and further development along the line is being

conducted.
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YMAX = 0. 8H19999 YMAX —0.8819999

(a) model of calculation

YMIN---4. 200002E - 0 2 YMIN^ *. 199989E - 0 2

(i) isobar,time = 0. 8ns (c) isobar, time =1. 2ps

Fig. 4 Initiation of explosion of the explosive with an isolation plate ( Forest Fire burning and

HOM state equation are usedt 1—Explosive PETN/WAX (85/15, (*>=!• 5). 2 —Steel
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TWO-DIMENSIONAL SIMULATIONS FOR HIGH SPEED COLLISION

AND CONVERGENT SHOCK WAVE PROPAGATION IN PMMA *

Jia Quansheng , Feng Changgen , Liu Jupeng

(Mechanics and Engineering Department , Beijing Institute of Technology ,

P . O . Box 327 , Beijing 100081 , China )

ABSTRACT

A two-dimensional code for Lagrangian elastoplastic and reactive flow is written , which takes

account of elastoplastic flow , viscosity , heat conduction , gravity , techniques for burning in explosion ,

HOM state equation , techniques for allowing slip between interfaces , and techniques for rezoning regions

under serious distortion . Brief content of the 2-D code is given in the present paper , and the

functions of the code are illustrated by the numerical simulations of a A1-A1 inclined collision and

of a convergent shock wave propagation in PMMA .

INTRODUCTION

Numerical calculation method for two-dimensional ( 2 -D) compressible non-steady flow can be di-

vided into two categories : ( 1 ) Lagrangian and ( 2 ) Kulerian"1 . The liulerian technique is more useful

for solving problems with large amounts of distortion . but multicomponent tfulerian calculations require

equations of state for mixed cells and methods for moving mass and its associated state values into

and out of mixed cells . These complications may be avoided by l-agrangian calculations . An accuracy

of state values of interface flow within the cell resolution can be obtained with I^gratigian treatments .

The troubles with Lagrangian treatment are concerned with techniques for allowing slip between inter-

faces and techniques for rezoning regions undergoing serious distortion . In the present paper , the

Lagrangian treatments are adopted .

For models describing explosion dynamics , the equations of motion of fluid are basic - Besides ,

it should involves elastoplastic f l o w , viscosity, heat conduction, g rav i ty , techniques for burning

in explosive , state equation , and so on". In the present paper , a scries of computer 2 D codes

written by Jia Quansheng1" including various combinations of features are introduced . As two exam-

* Project supported by a Research Fund for Ph . D . Training Disciplines in Colleges and Universities

by the State Education Committee , China .

091



pies , a high speed collision and a convergent wave propagation in PMMA are simulated using the

2 - D code .

BRIEF INTRODL'CIION OK THE 2 - D CODE

1 . Basic Equations
For numerical modelling of detonation with Lagrangian treatment , the conservation equations

are required . The conservation of momentum equations are

the conservation of energy equation is
.-;i i I ]

I=-PV(V-jS,J -^ -U M-^1- | + SJ ̂ -'- -I
1 '" dx x ' ^

+s. au

For square viscosity , we have

c^.A . V . ,
q=^V<Y ' -

q-0

for square-liner viscosity , we have

q .A , v
V l V

-A ,
PV

and for N - S viscosity , we have

faL

"ft!

j_ _V_
3 V

J_ _V_
3 V

,^L

Where a, is acceleration in x direction and a, in ?. direction ; g, , g, accelerations due to gravity

ty ; I internal energy ; M cell mass/(2n)' ' ; P pressure ; q artificial or bulk viscosity ; qM , q« , qn

viscosity deviators ; Rg gas constants ; S,, , Su . S^ elastic stress deviators ; T temperature ; U, , U; par-

tide velocities in x and z direction ; V specific volume ; W mass fraction of undecomposed explosive ;

X spatial (Eulerian) coordinate in x direction ; 7. spatial (Eulerian) coordinate in 7 direction ; a= 1 ,2

for slab and cylindrical geometries respectively ; /. thermal conductivity ; At time increment ;

p density ; and J.v , ,̂ real viscosity coefficients .
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2 . Equations of State

The HOM equations of state are used . Throughout the present study the pressure is given as a func-

tion of specific v o l u m e ( V ) , specific internal e n e r g y ( I ) , and mass fraction of s o l i d ( W ) ,

P = H( V , I , W) . Only two phases are allowed , i . e . solid and gaseous phases with reacting explo-

sives being represented as some mixtures of undecomposed solid and gaseous products . Solids are

represented by a Gruneisen expansion of the shock Hugcmiot with temperature calculation by the Walsh

and Christian techniques . Thus

P.tv.^ru.-UV.M./v. + p^v.). T J ( V , . I J - ( T . - I I ( ( V . ) ) / C V I + T H ( V . )

Where V, is spedfic volume of solid , I, specific internal energy of solid , 1 specific Hugoniot energy ,

and TFl Hugoniot temperature . For the case having only solid phase , V, = V , I, -I . and W = l .

Gaseous products are represented by a equation of state from the calculated BKW detonation

iscntropics . Thus we have

. V() + pf< v.)

Where Vg is specific volume of gas , Ia specific internal energy of gas , I, specific energy on the

isentropics , Pt pressure on the isentropics , and T, temperature on the isentropics . For the case with

one phase (gas on ly ) , V = V ( , I = I8 and W ~ 0 . Mixtures of gas and solid are calculated by

simultaneous solution of gas and solid equations for pressure and temperature equilibrium , assuming

ideal partition of volumes and energy . Thus , for mixtures , we have

where V = WV. + ( 1 - W) V( , and 1 ̂ WI, ( ( 1 W)I S .

Considering problems of elastoplastic flow , we adopt Hooke's law and Von Miscs yield model , and

tensile fracture spalling model in the 2 - D code .

3 . Burning Techniques

The 2 — D code considers the following burning techniques .

A . Arrhenius burn

W = - W Z * exp( -E*/RT)

Where Z* is frequence factor . E* activation energy , and R gas constant .

B . C-J volume bum

W = 1 - ( V 0 - V ) / ( V 0 - V 0 )

C . Sharp — shock bum

A sharp -shock burn burns a cell (sec Fig . 1 ) of explosive after compressing it by moving the
neighboring cell boundary at C-J particle velocity for an interval of time determined by the detonation

velocity .

D . Forest fire

) - ( l / W ) ( d W / d t ) -Oif P<Pmin ; W-0 i f W > P C J .
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where Ak is obtained from experiment of shock initiation of heterogeneous explosives .

4 . Difference Equations

In Lagrangian analysis , the conservation equation of mass is expressed simply by assuming the mass

of every cell ( see Fig . 1 ) in motion process is constant

M""-M°

The accelerations are calculated using "MAGFK" method1"

- 1 - 1 , 2 , 3 , 4

X,

M, f M2 , 2 M4+M

(S:,-S^(ZA-Z,| / x, I xo
M. f M, I 2

S1 --! ( A: ^- 4-S! - ; (S1 --1-
4 " M, " M, " M " M4

The equation of conservation of energy is

r '=I»-(V"-V)(P' + q'') + - -^ Ut S- ^ -(a-i)_^_^

. T 4 - 2 T , ( T , TS-2T, + T; a-1 Ta-T,
£*t I , . t ' , \» '2 ( x - x l ? ( / / I 2 x xL ^ ** xo' I 'n 'c-1 *o At
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When r ' [ , V ' ' , W " ' ' are known , we may use the H()M equations of state to fTmd Pn ' and T " ' ' .

5 . Boundaries

The boundaries may be free-surface . piston , continuum , axial . or slip . Corners require special treat-

ments , depending upon the particular combination of boundaries at comer , The 2 D rode for pres-

ent studies also includes rt special routine for slipping and terminating mesh lines for different prob-

lems .

EXAMPLES

1 . Example 1 : High Speed Al Al Inclined Collision

We consider two circumstances .The condition for the first one is shown in Fig .2,where Al( I) is in

still state and Al ( I I ) is a l ly ing plate at speed of lJ,n • 0.0225cm/^s and U^-0.02165cm/>s ,

"1" represents free surface boundary and "3 " continual boundary . In simulation , Navie- Stokes

viscosity , HOM state equation , Mookc ' s law and Von Miscs yield modle , and Tensile Fracture

Spelling model are adopted . The results of calculation is shown in Fig . 3 .

0

4

3

5

1

?

H

6

A

B E

Fig . I Location of cell centered quantities for

energy and acceleration equations

Fig . 2 Al - Al inclined collision

Fig . 3a time^S^s , cells Fig . 3b time-S^is , pressure Fig . 3c

Fig . 3 Two —dimensional simulation for A1- -Al inclined collision
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The isobar at t = 5^s shows that isobar similar to ladder - sharped appears in right boundary (continual

boundary) , and rarefractions intrude into left boundary (free surface boundary) distinctly .

The distortion of cells shows state of motion of particle in flow field .

The second circumstance for Al - Al inclined collision is shown in Fig . 4 , where initial speeds of flying

Al (I) are 1̂  = 0.0225cm/jus and U;D= -0.02165cm /us , and initial speeds of flying Al (II) are :

UM--0.0225cm//is and Un, = 0.02165cm/'/js . "1" expresses free surface boundary. The

Navier - Stokes viscosity , HOM equation of state and Hook's law and Von Mises yield model are

also used . Due to different initial conditions , we get a completely different results of calculation as shown

in Fig . 5 .

Fig . 5a time = 5/js , cells Fig . 5b time=5/js , pressure Fig .5c time=5/js ,isobar

2 . Example 2 : Convergent Shock Wave Propagation in PMMA

The circumstance for this problem is shown in Fig . 6 , where "0" express material boundary ," 1" free

Fig .4 Al - - A I inclined collision Fig . 6 Convergent shock wave
propagation in PMMA
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surface , "2" piston boundary (initial pressure 28GPa) , "3" continual boundary , "4" axial ,

I -PMMA, II-steel tube, and IIT-8 explosive (p0 = l.8) , HOM equation of state and Forest

Fire burning technique are adopted . The results of calculation are shown in Fig . 7 .

>in=! Kfi. Int'I KJi

Fig . 7a Time-O.fyis,cells Fig . 7b Time = 0.8/js , pressure Fig.7c Time = 0.8/js,isobar

Fig . 7d Time= 1.6/is , cells Fig . 7e Time- 1.6/js , pressure Fig.7f Time= 1.6/JS,isobar

Fig . 7 Convergent shock wave propagation in PMMA

When time is 0.8/is .distorted cell appears only in boundary between B explosive and steel tube,shock

wave does not enter the axis of PMMA , and isobar shows the distribution of pressure at the time .

When time is 1.6/js, cells of axis distrot, pressure at axis increases in a great quantity which exceed CJ

pressure of B explosive, which shows the fact that convergent shock wave can produces high pressure.

CONCLUSIONS

In the present paper , A1-A1 inclined collision under two kinds of circumanstances and convergent

shock wave propagation in PMMA are successfully simulated by use of 2DLE code written by Jia

Quansheng"1 , which show the suitability of the 1 — D code 2DLE for problems of explosion dynamics

with small distortion .

REFERENCES

fl] Mader C J . Numerical modeling of detonations . Berkeley : University of California Press , 1979

[2] Jia Quansheng , Numerical simulation of detonations : [Pb . D . dissertation ] , Beijing Institute of

Technology , 1989

697



THE RETONATION PHENOMENON IN HETEROGENEOUS EXPLOSIVES

Jia Quansheng, Liu Jupeng, Chen Fumei

(Mechanics and Engineering Department, Beijing Institute of Technology,

P.O.Box 327, Beijing 100081, China)

ABSTRACT

In the present study, the method of EMV particle velocity gauge is adopted to measure the particle velocity

history in SDT (shock to detonation transition) in a detonator. The curve of the particle velocity provides

the information of the explosive retonation (returning detonation) and the build-up of detonation. The

investigation by two-dimensional numerical simulation for a detonator also shows the retonation

phenomenon in the process of a detonator SDT and shows that the explosive pressure in retonation is higher

than the normal CJ pressure. In two-dimensional retonation, at the inner edge of the detonator, the

retonation phenomenon is delayed in comparison to that at axle center. The experiment using streak

recording camera equipped with a seven-slit device demonstrates the retonation phenomenon in the process of

explosion spreading from narrow passage to the broad passage at the corner.

INTRODUCTION

The retonation (returning detonation) phenomenon has ever been observed in gaseous detonation long

before. For heterogeneous explosives such as Comp-B, TNT, PETN, the phenomenon was observed in gap

test by Cook[1], and Johansson and Persson[^. It was shown that there was check-marked light trace in

scanning photograph. Dremin, in his work^, concluded that retonation could not be observed with the

EMV method, for if retonation had occurred in oscillograph, sharp negative pulse marking retonation should

appear. Using radiation photograph. Chick and Hatt[4] observed the process of the explosive Comp-B by

metal-jet ignition, and found clearly the phenomenon of retonation wave spreading along the pressed

explosive. Ding Jing et al. ts] obtained the retonatioc phenomenon of BO — 1 explosive with manganin

piezoresistance gauge, and pointed out that only when the detonation shock wave was weak, could the

retonation appearing in the pounded part of explosive be possible. Thus the study on retonation is attractive.

The study of retonation is not only basic in detonation theory, but also a question involving the utilization of

the retonation energy.

In the present study, the EMV particle velocity method and a 2-D numerical simulation in the observation

and measurement of the retonation phenomenon in explosives are used. In the meantime, the retonation

phenomenon of detonation spreading at the corner with a scanning camera is observed[6~7].
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THE RETONATION IN A DETONATOR

The traces of particle velocity in the process of detonation in a detonator was measured by the method of

EMV particle velocity. The experimental system included detonator, oscilloscope DM-902, electromagnetic

field, and IBM-XT micro-computer for collecting and mapping the data.

The assembly diagram for a detonator is shown in Fig. 1 and Tab- 1 gives the design parameters. In the

experiment, each detonator had two Y-type sensors gripped at different positions, by changing the position

of the sensor, the particle velocity at different positions could be measured, then the velocity curves of the

particle velocity at every position were disposed by using statistical average value. Two series of velocity

curves for two kinds of detonators, i. e. paper-shelled detonator and detonator with plexiglass shell were

measured respectively.

Tab. 1 Design parameters for the No. 1 detonator Tab. 2 Design parameters for the No. 2 detonator

No

1

2

3

4

Name

Ignitor

DDNP

RDX

TNT

Charge/mg

340

350

500

Density /g * cm *

1.17

1.39

1.69

No

1

2

3

4

Name

Ignitor

DDNP

RDX

RDX

Charge/mg

340

350

500

Density /g • cm s

1.17

1.39

1.69

-I

). Ignitor
2. DDNP
3. RDX
4. RDX or TNT

6. EMV gang*

Fig. 1 Assembly of a detonator under test

The «(() curve shows the characterization of chemical reaction of explosives. The more violent the reaction,

the steeper the slope of the a(0 curve. The slope of the a(0 curve gives the information about whether the

decomposition of explosive is weak or violent.

Fig. 2 shows typical signals of the detonator with paper shell at the four measured points, i. e.

,4(0. 00mm), B(3. 88mm), (7(7. 72mm) and 0(11. 85mm) (see Fig. 1). Fig. 3 is the statistical results

for the particle velocity traces.
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Fig. 2-a Position A (A = 0. 00mm) Fig. 2-6 Position B (A=3. 88mm)

Fig. 2-c Position C (A=7. 72mm)

2. 14 2. !» 2.16 2 .62 i.1i\ . T, 3

Fig. 2-rf Position D (A=ll. 85mm)

2 . 3 7 2 . ) 8 1.S9 5 .11

Fig. 3 Statistical results for the particle velocity

From Fig. 3, it can be found that in a(0 curve, at position A, the shock wave is followed by a wave front,

the curve is protruding', which shows the decomposition expediting. In the curve, at position B, during the

process from A to B, the detonation waves strengthen continuously, the peak value of particle velocity at

wave front rises, the shape of the curve turns into triangle, and its slope increased. It shows that the

reaction \jelocity is intensifying. It is interesting to note that at position B, after the shock wave, there

appears a negative velocity for particle, this phenomenon is duplicated at every test (see Fig. 2-6). There

are two possibilities for the appearance of the negative particle velocity. One could be that the negative pulse

is the result of boundary conditions behind the gauge; that is , the detonator head may have blown out

backward due to energy release at position (7, and driven the gas backward at position B. Another one could

be retonation. Because position B is the only place where there appears negative pulse among the four

positions AtBtC and D in Fig. 2 and there is no negative tail in the traces in Fig. 41 so retonation may

explain the negative pulse. At the position there is still a significant part of explosive energy remaining until



retonation occurs when the shock wave front has passed. At position Ct ignition sensitivity of TNT (po =

1.6914) is low, the strength of shock is not strong enough, «(O profile appears rectangular, and the

chemical reaction rate of the explosive comes down. When reaching position D, the curve shapes as triangle

again, and the chemical reaction rate expedites relatively.

t.tl B . J 1 S.il l .» 1.1* 1 .7* t .M !.«3 l . n
T1H1 < i n >

Fig. 4 Particle velocity traces in SDT of a detonator with PMMA

In order to find the condition under which the retonation phenomenon appears with the SDT in a detonator,

at the four points A (0. 00mm), B<4. 32mm), C(8. 64mm) and 0(13. 87mm), EMV tests were also

carried out with a group of detonators with plexiglass shell, loaded with explosive as DDNP(340mg, po— 1.

17), RDX(350mg, po=l. 39), or RDX(500mg, po=l- 69). The signals of typical waves at the four

measured points are shown in Fig. 4. It can be found that the intensity of detonation is strengthened

continuously. Since the confinement condition is strengthened at position fl, the detonation intensity is of a

higher level than that of detonators with paper shell (f/pMMA^-f/p^w, by the use of l^agrangian analysis PPMMA

= 16GPa, /*f.pat=10GPa). A large part of energy of the explosive is released at the neighbourhood of the

shock wave front the retonation phenomenon is not observed here.

The above experimental results show that there is a retonation phenomenon in the SDT of a detonator under

special conditions. On the contrary to Dremin's viewpoint1^, it is demonstrated, by the EMV method, that

the retonation phenomenon in the heterogeneous explosives may be observed.

TWO-DIMENSIONAL NUMERICAL SIMULATION

It is quite difficult to measure the flow field in SDT of a detonator, and it may be expensive too. By using

the two-dimensional code 2DLE for Lagrangian reactive flow[7J, two-dimensional retonation phenomenon in

a detonator loaded with PBX-9404 (po==l. 8) is numerically simulated. In calculation, the explosive is

considered as reactive flow, the Fe shell is considered as elastoplastic flow, and liner-square viscosity,

Forest Fire rate and HOM state equation calculated by BKW code were used (these terms are explained in

another paper by the authors in this proceedings). The simulated object is shown in Fig. 5 and Fig. 6 is the

results for pressure, temperature and chemical reaction degree in SDT of the detonator at different moment

calculated by the 2DLE code.
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1

INITIATED FROM THE

BOTTOM WITH IGPa
PISTON (BURH TECH-
NIQUESiFOREST PIHE)

Fig. 5 Detonator loaded with PBX-9404

I; 1« CYCLIi IN t - M CTCLL 1M TIMIi

Fig. 6-0 Pressure and chemical reaction degree disposition

at £=0. 4M$> where A is radial, Z is axle

1.Rill murrion

a.it a.7

1: 14 CTC

Fig. 6-6 Pressure and chemical reaction degree disposition

at 1=0. 9ps, where A is radial, Z is axle

1- 11 CYCLI--
1= H CYCLt

Fig. 6-c Pressure and temperature curve,

at t=\. 2us, where R is radial, Z is axle
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Fig. Q-d Pressure in SDT of the detonator with

Fe sheel at (=1. 6us and 2. Ons

From Fig. 6, the detailed growth-up process of detonation in the detonator is observed, and there is a two-

dimensional retonation phenomenon (double pressure peak) as shown in Fig. 6-c, among which, the first

pressure peak stands for forward detonation wave front, the second for the retonation wave.

Since the retonation wave propagates in the pressed partial- reacted explosive, the detonation pressure of

retonation is much higher than the normal. In addition, in the course of two-dimensional retonation, at the

edge, the retonation appearance is delayed compared to that nearby the axle center.

With the help of 2-D numerical simulation^, SDT process and 2-D retonation in a detonator were clearly

observed, which are quite difficult to find by experiment. And it demonstrated that it is possible for

retonation appearing in SDT of heterogeneous explosive with weak ignition.

THE RETURNING DETONATION IN DETONATION TURNING-CORNER

In addition to its appearing in heterogeneous explosives with weak ignition in a detonator, the retonation

phenomenon also appears in the process of detonation spreading at the corner from narrow passage to the

broad one.

T| 1 1 P '

•*

— )! —
f'

^—^

R!1

I

1. explosive

^grating 2 lmlll|e

3. Ughiwuree

4. IMACON 790 camera

--"" 5. illti

7. pulie netunk

8. lyncfaronoi* instrumenl

Fig. 7 Assembly for measuring the detonation spreading at the corner
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Hie assembly for measuring the detonation wave spreading at the corner is shown in Fig. 7, where explosive

is PETN/silicon rubber (85/15, po=l. 60g/cm3). The explosive was engraved at the plexiglass basement.

The appearance of the explosive passage was parallelepiped rather than a cylinder, and the thickness of the

parallelepiped was 1. 8mm. In order to get the overall streak traces of the detonation wave front and to

eliminate the interference induced from the detonation products, the test piece was covered by a 2mm thick

plexiglass and a 0. 1~-0. 3mm thick air gap was set up in the surface of the test piece. The flash of the air

induced from shock wave was used. The seven-slit device was set up on the 1MACON 790 camera after the

objective lens. The width of the slits was 0- 03mm, and the interval of two slits was 1. Omm. With the

magnification 10 t 9, the projected images of the slits were spaced 2mm at the explosive surface. Then the

overall area that the seven slits projected on the surface of test piece was 12 X 18mm (see Fig. 8). There

were no traces on the film because of the test piece being covered by the untransparent paper except the

projected images of slits on the surface, when detonation wave propagating in the basement.

Fig. 8 Light traces measured by streak recording

camera

Fig. 9 Sketch map of the detonation spreading

at the corner

(1) divergent detonation region

(2) detonation extinguishing region

(3) retonation region

In Fig. 8, the seven light traces show the trajectories for the forward shock wave spread through the big

passage at the positions 1-7 in Fig. 8 when the detonation turning at the corner. Through analysis, the

sketch map of the detonation spreading corner, shown in Fig. 9, can be obtained. The first section is about

divergent detonation wave spreading from lower to upper. The second section is that of the detonation

extinguishing, corresponding to the dim section of the lower parts of the second and third traces shown in

Fig. 8- The third section is the returning detonation (retonation), corresponding to the lower part of the

hook-shaped part of the forth to the seventh light traces. This is similar to the experimental image observed

by CookW, Johansson and Persson[!:i. In the explosive with weak ignition, the retonation wave appear in

the pressed partial- reacted explosive. The retonation velocity is higher than normal. But in turning

detonation, the explosive in which the retonation wave spreads is not pre- pressed and pre- reacted,

therefore, retonation in turning detonation can not be higher than the CJ value. It can be found from the

slope of the first to the seventh light traces shown in Fig. 9 that the velocity of detonation is even lower than

that of forward spreading detonation at every positions.
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CONCLUSIONS

1) By the EMV method, the particle velocity history in SDT of a detonator was measured. The negative

pulse signal of the curve of particle velocity is reported to be the retonation phenomenon in SDT of a

detonator.

2) The two- dimensional numerical simulation on the detonator SDT presenting the two- dimensional

retonation in the detonator, shows that the retonation pressure is higher than the CJ one. At the edge, the

retonation phenomenon is delayed in comparison to that nearby the axle center.

3) In the turning detonation, there were three characteristic sections of detonation, the section for forward

divergent detonation, the section for detonation extinguishing and that for returning detonation

(retonation). When detonation wave turning at the corner, the retonation velocity is lower than that of

forward divergent detonation.
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