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SUMMARY . -—--—--.~ -

An experi mental technique is described whereby the sensi-

t iveness of a number of hydrocarbon/air mixtures is assessed
in terms of direct detonative initiation from solid explosive

charges. A microwave interferometer is used to monitor continu-

ous ly the propagation of the reaction zone in the gaseous system

over a path length of sever al metres , and to give a reliable

dis tinction between detonation and deflagration . The hydr o-

carbons acety lene, ethylene , ethane , propane, butane , isobutane ,

and methane are ranked in order of the sensitiveness of the

stoichiometric fuel/air mixtures. The critical initiation energ\’

of ethane is measured as a function of fuel/air stoichiometry .

Ethan e, the most abundant “impurity” in natural gas , turns out

also to be the most sensitive ; the minimum initiation energy

for various stoichiometric methane/ethane/air is assessed. A

bri ef Liter ature survey is included .
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(e,’ & i  re~ y e a r s  t h er e  has be en  :i c o n s i d e r a b l e  ~ r o v L f  in pot~~nt u .~ l i a c a r .s

a r i s i n g  f r o m  an i n c re a s e  in the occurreio7 e of ac identa l release or spillage of

large q ~~ntities of explosive vapours and gases . The necessity to transport sn~i

store ever increasing quantities of hydro carbon fuels has excited a revival of

ister est in the study of the fundamental mechanisms involved in the initiation

and propagation of unconfined explosions ~nd detonations in fuel/air mixtures.

Depending on the nature of the ignition source , combustion of a 1larw~~aie

fuel/air mixture will be either deflagrative or detonative . Ignitio n stuoies

relating to  fuel/air mixtures indicate that initiation of a deflagration wave is

much easier than direct initiation of a detonation wave~ typically a def i ac r ~ —

tion may he initi a. od in a hydrocarbon/air mixture with a spark energy of iCss

than a m illi jo it le , whereas direct initiation f a detonation wave will requirc-

on energy deposition of several thousand joules. Therefore , in the accident

S i t t i o t i o f l  de fI ,igrat io n is more likel y t o  co ur , T her e  i~ no d o u b t , however ,

about the occurrence of detenations in  u n c o n f i n e a  v a p o u r — c l o u d  exp l o s ion s ,

althoug h firm p ro~f is lacki ng in the accident environment , as such exp losions

ore never instrumented. t h e  dire~ t: initiati~~i of a detonation b y a s~~t t i c i e n t 1y

strong igni tion source is not  the only me chaaism by which a self—sus t~ ini:ig

u& ’t o na t  ton wave isa’. be es t a b li s h e d , t h e r e  is a l so  t i e  p o s s i b i l i ty  of ~f ie

t r a n s i t i o n  of a ~ l a U r a t i o n  Ln t o  a d e t o n a t i o n  by fl ame acceleration processes.

Th 0 m e c h a n i sm  u i  f l a m e  l e e le r a t i on  p r o c e s s e s  is not f u l l y u n d e r s to od  at

pres ii t , in -.rite of ex t e n s i v e  s t ud i e s  both io tubes  and in an u n c o n f i r E c

m o t r ; , m l  is  not the s u b j e c t  of t h i s  r epo r t , which confines its atuention

s~~l e I v  t o  the case of d i r e c t  i n i t i a t i o n  o f  ih er i c a l  d e t o n a t i o n  w o v e b .

~~ o riin e n t~~I data on t h e  d ir eL t. initiat l en  01 i u e l / o i  r d e t o n ~~t ions  in an

m i t c o nf  m e d  gcsr liot i ’  is  somewhat  sp a r s e , f~~ r t  i c u l a r l y  in the  case  of L U 0  l e ss
“ seas  it  i ve ” f i i ls  so U as m e t h a n e , SiflcC r~~e L~, l i t  ion  ene rg i e s  sod

v o l u m e s  of . xp los ly e  ~1sea ’1 s ma i~~t ire s m v i i  ~~d m r ~ Oct  compat i b l e  wi th  l a b o r a t o r y —

s c a l e  i n v e s t i g a t i o n s ;  i n d e e d  ~ numb er of l a r g e — s c a l e  e x p er i m e n t s  aimed at

s L u d y i n ~ s ph e r i c a l  f e t o l a t  i ons  may be c r i t i ci s e d  oc the grounds that the volume s

o t  ga s used we re i n su f i i c i ~~n t  t o  e s t a b l i sh  u n e q u i v o c a l l y  t he  e x i s t e n c e  of s t a b l e

c l O t i r L i t  i ve  
~~~~~~~~~~~~ io n.

I he i n s L i  is ed bomb c h a m t . e r -  at  i L R ~-In , wh i  ~~i i  or e  s u i t a b l e  i cr  f i r i n g

ex p l o s i v e  u l i m r g e s  ( i i  i j )  1) 3 kg ot 1St , hav e  a f f o r  3 d  ~. o ideal  e x p e r i m e n t a l

Th~Cw1Z~~ FAdE ~LAZ~C.ZIOT 11 
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environment for the study of the initiation and propagation of spherical detona-

tion waves in gas volumes of up to 2 cubic metres. It will be shown in this

report that this facility has enabled a reliable assessment of the relative

sensitiveness of a number of hydrocarbon fuel/air mixtures to be made in the

context of direct detonative initiation, and has also assisted in the elucida-

tion of the mechanism of initiation and propagation of spherical detonation

waves.

The report aims principally at describing the experimental techniques used

to assess the detonability of fuel/air mixtures; a comprehensive literature

survey of explosions in unconfined vapour clouds is not attempted, since this

has been the subject of numerous comprehensive reports,
1 however, a brief

review of some of the background work on direct initiation of spherical detona-

tions is included.

Some of the work described in this report was the subject of an Extra-

Mura l Contract with the University College of Wales, Aberystwyth, and some of

the work was carried out for the Thornton Research Centre of Shell (UK) Ltd.

2 BACKGROUND

In the earliest experiments on spherical detonations conducted by Laffitte ,
2

Manson,
3 and Zeldovich,

4 
it was clearly demonstrated that direct initiation

requires the explosive release of a relatively large quantity of energy by the

ignition source. The subsequent work by Freiwalci and Koch5 on the C
2
H
2
/02/N2

t - v ~~tem , and t i le  work of Litchfield et al6 on C2H4/02, C3H8/02 and

mixtures have illustrated that the magnitude of this initiation energy is

related to the induction zone thickness in the gaseous explosive mixture. This

in turn depends on the nature of the gas, the fuel/oxygen stoichiometry, the

amount of inert diluent in the mixture, and the initial pressure of the gases.

Under the mistaken view, however , that the sole criterion governing direct
initiation of spherical detonation waves was the total source energy, some of

the earlier work is of limited usefulness since the precise nature of the

initiation source in terms of the temporal and spatial parameters of the energy

release , ie source volume and rate of energy deposition, was not recorded , and

it has since been illustrated by Bach et al
7 
that for the same explosive

mixture at the same initial conditions (C
2
}1
2 

+ 20
2 at 4000 Pa) the magnitude of

the critical ignition energy required for direct initiation differed by several U

orders of mignitude if different types of ignition source were used. Electrical

6
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sparks , laser sparks , exploding wires and chemical explosives covered a

critical initiation energy range of from 0.6 joule for a laser spark of

0.02 ~
js duration to 450 joules for an electric spark discharge of 60 ~s

duration. Litchfield et al6 quote minimum energies for direct initiation of

3H2 
+ 20

2 
at atmospheric pressure of 82 and 12.5 joules for electric spark and

exploding wire respectively. The values quoted by these authors refer to the

erergy stored in a capacitor bank used to initiate the discharge , and it is

noted that not all this energy will be delivered to the gas, and will of

course be different for the two modes of initiation.

Bach et a17 tried to reconcile the differences between the critical

initiation energies for the various types of ignition source by introducing

the concept of a critical average power density, defined as (total source

energy)/(maximum source volume) x (total time of energy release), with some

success. The power density for the 0.6 joule laser spark and the 450 joule

electric spark is the same for both cases — 3 x lo~~ W/m3. They point out ,

however , that the power density alone cannot be a physically meaningful

parameter that can be related to the properties of the gaseous explosive . The

reason is that the source energy can be made vanishingly small and the power

density maintained constant through the appropriate reduction in the discharge

time or the source volume. With presently available mode—locked lasers , pulses

of the order 0F picoseconds can be achieved , and for the magnitude of the

critical power density quoted above, the energy required would be of the order

of microjoules.

The r~e11—estab1ished experimental fact cited for example by Lewis and

von Elbe8 that just the ignition of a combustible mixture alone requires minimum

energies of the order of a millijoule lends support to the argument that the

energy required to initiate a detonation cannot be arbitrary and hence power

density alone cannot be a meaningful parameter. It seems reasonable to assume

that irrespective of the source used , a certain minimum energy must be deposited

in such a way as to generate a blast wave in the gaseous system which is of

sufficient peak pressure and positive duration to raise the temperature of the

gas to a sufficient ly high value for a sufficiently long time to induce the

hydrodynamic and chemical kinetic conditions required for detonative reaction.

One approach therefore is to attempt to define the minimum strength and

duration of the required blasr wave. Experimental work of Alcock et al9 has

7
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shown that the hydrodynamic flow structure of a spherical blast wave generated 
. 

-

by a laser spark is in good agreement with point—blast theory, even at times very

early after the termination of the laser pulse. This enabled Lee and his co-

workers10 to correlate experimentally measured critical laser spark initiation

energies with those predicted by an idealized—point—blast theory.

Any comprehensive theory covering the initiation of spherical detonations

must cover the case of the three distinct propagation mechanisms that may occur.
These are as follows:

a The Super—Critical Regime — where the initially overdriven spherical

detonation decays continuously to a multi—headed detonation wave with a

velocity of propagation within a few per cent of the theoretical Chapman—

Jouguet (C—J) value .

b The Sub—Critical Regime — where the mixture is capable of detonation,

but the initiation energy is below that required for direct initiation.

In this case the overdriven shock wave decays rapidly , and the reaction

zone decouples from the shock front, with the result that the wave

ultimately decays to a spherical deflagration wave.

c The Critical Regime — when the initiation energy is a certain critical

value, the initially overdriven wave at first decays, and decoupling of the

shock front and the reaction zone occurs . However, unlike the sub—critical

regime, where decoupling progresses in an exponential manner , in the

critical regime the decoupling stops when the reaction zone is a certain

distance behind the shock front. The shock front and the reaction zone

then propagate as a quasi—steady complex for some distance at a velocity

well below the theoretical C—J value. Eventually instabilities give rise

to “local exp losions” at isolated spots in the spherical reaction zone,

which gives rise to a wave motion which eventually achieves the C—J

velocity .

These three regimes have been illustrated by Struck,
11 f or C2H2/02 and

C2H2/02/N2 mixtures at sub—atmospheric initial pressures ; typical velocity

profiles as a function of time from the moment of initiation are given in

Fig la. Brossard et al’2 have shown the initiation of spherical detonations in

C2H2/02/N2 mixtures for various degrees of nitrogen dilution , Fig lb. The

super—critical and critical regimes are shown. Fig ic shows a typical result

8 
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f o r  the critical case as observed by Lee and his co—workers for the oxyacetylene

system.

In essence the theoretical model of Lee and his co—workers considers the

propagation of a point blast wave in a reacting gas , where the chemical energy

released in the shock wave is a function of the local shock strength and the

shock radius . In other words the effective chemical energy release per unit

mass 
~e 

is given by

= . F (M , Z)

where Q is the chemical energy release per unit mass of exp losive gas and
F (M , Z) is a specified function of the shock wave Mach number , M , and the

shock radius Z, where Z = R /R ; R being the shock radius , and R is the
S 0 5 0

characteristic explosion length, proportional to the cube root of the energy

of the point initiator E .  The function F (H , Z) incorporates an induction

distance e during which 
~e 

= 0, and also postulates no chemical energy release

below the Mach number (M) corresponding to that for auto—ignition. F (M , Z)

= 1 for large values of Z where M5 
= Mcj~ 

and also for M
5 

> ~~~ in the

initially overdriven shock wave . In the region M
~j 

> M
5 

> M
~ 

the functional

form of F (M , Z) is the lowest order polynomid that fits the boundary

conditions and also gives a continuous derivative dF (M , Z)/dZ. The induction

distance c is set to that of the experimentally observed value for planar

detonations . Fig ld shows theoretical curves for the variation of shock Mach

number with shock radius for various values of 6 c/R , which is inversely

related to E .  The theoretical model recovers the two limiting cases , ie the

super—critical energy regime where the wave decays monotonically to the C—J

state for very large initiation energies , ie 6<<l , and the sub—critical regime

where the blast wave decays asymptotically to an acoustic wave for very low

initiation energies, S>l . In between there is a critical value and for

values of ~ slightly less than 5c ’ ie E of the order of or greater than E ,

the blast wave decays below the C—J value and then slowly recovers to a steady

velocity close to the C—J condition . ihe minimum valocity reached depends on

the magnitude of the ignition energy, ie 6. The solution suggests that , unless

the initiation energy is large , a decay below the C—J condition always occurs ,

and this is in agreement with the experimental observations of Struck , Fig la ,

and Brossard , Fig lb. The theoretical solutions indicate that in the neighbour—

9
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hood of the critical ignition energy (ie 6~ 6), the blast wave can propagate

tar quite some distance at a sub C—J velocity, this also accords well with the

experimental observations of Lee et al ,
7 
who observed a sub C—J phase of almost

constant velocity for 10 — 15 ~is in a stoichiometric C H /0 mixture at an

initi al pressure of 13 300 Pa before instability finally accelerated the front

due to the growth of exp losion centres , Fig lc.

It was also noted in the theoretical solutions that in the neighbourhood

of the critical value of ~ the solution exhibited slight oscillations , indica-

ting that the coup ling between the chemical reaction and the shock motion is

extreme ly sensitive to small per turbations in this critical regime .

Foll owing the theoretical model proposed by Lee and his co—workers ,

Edwards et al ’3 proposed a model which related the positive duration of the

ini tiating blast wave from a solid explosive charge to the distance between the

f r o n t a l  shock and the sonic or C— J p lane in a self—sustaining detonation wave

in the gas mixture under investigation , which is in turn derived from the

three—dimensional structure of the wave . The cases of C
3
H
8/0

2
/N~ and C

2
H
2/0

2
/N
2

mixtures are considered , and the initiation energy limits for various degrees

of nitrogen dilution are compared with values predicted from the admittedly

somewhat sparse data available on the detonation wave structure in these

mix tures. The calculated values of charge weight necessary to initiate a given

mixture agreed reasonably well with the experimental values. The mainstay of

t h i s  theory was the experimental  work of Vasi l iev  et al 14 who have shown that a

sonic surface does exist in multi—headed detonation waves in tubes and that it

is l ocated at a distance well behind the region where the bulk of the chemical

energy release takes place. Indeed these authors show that the sonic plane

occurs at a distance of some 3 — 10 characteristic “cell” lengths behind the
wavefront , when the cell length is in turn an order of magnitude greater than

the “hy drod ynamic thickness” of a mul ti—headed detonation wave . Since the

hydrod ynamic thickness of a multi—headed wave is considerably greater than the

reaction zone width , it follows that the location of the sonic plane in a multi—

headed wave is well removed from its interpretation in a one—dimensional model.

However , it has been shown experim entally from pressure records that the burned

gas emerging from the front of a multi—headed wave continues to be processed

h wnstr & ul, by the “tails” of the t ransverse  shock waves and it is only when
the energy of the waves is almost wholly attenuated that the f low become s fully

10 j
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sonic with respect to the front (Edwards et al t5
) giving considerable credi-

bili ty to the work of Vasiliev.

Recent experimental and theoretical work by Lee and his co—workers
16 ’17

has proceeded along similar lines k ’-’ Edwards et al)3 Two parameters of the

ini tiation source are found to be important in the case of direct spark—

initia tion of detonation ; the peak power of the source and the energy
rele ase of the source up to the time when the peak power is achieved. The

minimum power requirement indicates that the shock wave must be capable of

generating a shock wave of a certain minimum strength , corresponding to about

the auto—ignition limit for the explosive mixture. The minimum energy

requirement , on the other hand , guarantees that the shock wave radius must

exceed a certain value when the shock Mach number is that associated with the

auto—ignition limit. This minimum value of shock radius is necessary for
sufficient chemical energy to be released by the gas within the shocked volume

so that the shock can be sustained by it subsequently.

Lee et al18 
thus proposed the concept of a “detonation kernel” , and noted

the close analogy between the initiation of a flame and a detonation. In

flame ignition the energy source generates a volume of hot gas whose size
when the temper ature of th~ gas is of the order of the normal flame temperature
should be a certain minimum size. If the size of the so—called “flame kernel”

is too small , the rate of heat liberation , via chemical reac tions inside the
kerne l , is insufficient to compensate for the rate of heat loss by conduction

to the surrounding gases . In that case the temperature drops throughout the

flame kernel and the reactions gradually cease. In the case of detonative

initiati on the source must be capable of generating a blast wave of sufficient

strength to raise a given volume of gas to a temperature above the auto—ignition
limit for a sufficient duration as indicated above. The radius R* ot the

detona t ion  kernel is derived f rom shock tube k ine t i c  da ta , ie

M * C  ~~
= 

S 0 Ms

r M * 2 h 1/3
1 1

2 M
CJ 

~
j

where M is the mach number of the C—J wave and C is the sound ~peed of theCJ 0
unshocked gas. Of course the evaluation of the induction period t* requires

Ms

11
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a comp lete knowledge of the shock—hy drodynamic  f l o w  s t r u c t u r e  f o r  R <

since the molecules reacting at R R *  actuall y crossed tile shock earlier in

t ime, when M > M * . Lee et al relate the characteristic cell size of the gaseous
5 S

detonation wave to the detonation kernel size , and show rea sonable agreemen t wi th
expe riment for oxyhydrogen and oxyace ty lene systems at sub—atmospheric ‘pressures .

These authors also note the importance of caretul specitication ol the

initiation source , be it electrical or explosive , if comparisons of experi~~ental

data on critical energies are to be made among ditferent inJtst i~;ations .

In the present study pressed pelle ts of tetryl , initia ted by exploding

bridgewire (EBW) detonators , were chosen as the source of ignition for fuel/air

and fuel/oxygen/nitrogen mixtures at an initial pressure of one atmosphere.

Unlike the electric spark , laser spark or exp loding wire techni ques the power

density of a detonating condensed phase exp losive is not readily capab le of

direc t monitoring . The total energy can , of cou rse , b2 either calculated or

measured in a bomb calorimeter , and information is available on the strength

and hyd rodynamic structure of the spherical bla st wave generated in air by

the explosive as a function of radial distance from the charge . The values of

initiation energies readily available fro m explosive charges , ranging f rom

hundreds of j ou les to megajoul es , span the values necessary for the initiation
of a large number of hydrocarbon/air mixtures. Also the physical and chemical

form of pressed tetry l pelle ts can be closely specified , enabling a high
degree of reprod ucibility in experimental results to be achieved. Consequently

the experimental results obtained in th e present investigation may be tested

against any existing or future theoretical model.

3 EXPERIMENTAL DETAILS

3.1 The General Layout

The gaseous mixtures under investigation we~~- :ontained in polythene

ballo ons at atmosp heric pres sure. The propagation o~ the wavefront Irom the

initiating source through the gas was monitored by means of a microvave “Doppler ”

radar unit which transmitted X—band microwaves (~ 10 GHz). Some fraction of the

~rari m itted microwave signal is reflected by the ionized reaction zone behind

the shock front in the gas , and this rel lect d signal is combined with a samp le

of the transmitted signal in a microwave mixer diode . The resulting difference
or “Dopp ler” signal thus contains a component the frequency ct which is directly

12 
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1)rot>orlional to t h e velocity of t he  ionized cet lectin g front. This enables a

continuous monitor to be obta ined  of t i le p r o p a g a t i o n  of the r e f l e c t i n g  f r o n t

over the entire width of the polythene balloon , in addition a number of p iezo—

electric gauges monitor the blast wave external to the polythene bag . The

general experimental layout is shown in Fig 2. The individual components of

the system are now considered.

3.2 The i’olythene Bag

Th e gas mixtures were contained in large polythene bags with a volume of

up to 2 cubic metres and a maximum length of 3 metres. The bags were fabri-

cated from “Lay ila t” pol ythene tubing 1.8 metres in width , 130 ~im in thickness
and 130 g/m

2 
specific weight . The length of the bags varied from 1.80 to

3.05 metres. The bags were suspended with top edge 2.0 metres above the ground

by a 30 mm diameter steel rod running the length of the top of the bag, as

shown in Fig 2.

3.3 The Gas—handling Sys tem

The gas—handling system , shown in Fig 3, is capable of admitting simultan-

eously four gases into the pol ythene bag . The f low ra te s  required  to  f i l l  the

bag w i t h  t h e  t e i~ t gases  in the  a p p r o p r i a t e  p r o p o r t i o n s  were c a r e f u l l y

calculated beforehand for each mix tu re  composi t ion , and the f low ra tes  set

accordingl y by the needle valves and rotameters. The total volumes of the

gases admitted t the bag are recorded by the integrating gas meters. Turbulent

mixing of the gases occurs in a small mixing chamber prior to admission into the

bag via a flame trap . A heavy—duty gate valve isolated the gas—hand1in~ equip-

ment from the explosion and a water—filled manometer indicated the back—pressure

in the gas meters. Provision was made for extraction of a samp le of the gas
mixture from the feed from the mixing vessel to the gas bag . This took the form

at a 25 ml (previously evacuated) volumetric flask , the contents of which were

submitted for gas chromatographic anal ysi~~ By virt ue of the passage of the

gases through water—filled gas meters , the mixture contained the saturation

vapour pressure of water at the ambient temperature of the bomb chamber. This
0 0wa s genera l l y 10 it 2 C. No attempt was made to dry the gas mixtures , and a l l

theoretical detonation parameters quoted in this report include the effect of

water vapour.

13
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The compositional accuracy of the gas mixtures was limited by the accuracy

of the gas meters. Minor adjustments to the water levels in these enabled

calib ration of the individual meters to ± 0.25% — the figure quoted by the

makers for these meters . Thus for a mixture of three gases a compositional

acc uracy of the order of 1% could be realised .

3.4 The Microwave Circuit

A number of variations on the microwave circuit were tried. Initially a

simila r system to that used by Edwards et al
19 was emp loyed , as shown in

Fi g 4. The klystron is followed by a ferrite isolator and a variable attenuator.

A 10 dB directional coupler samples the output power of the klystron , and is

fitted with an accurately calibrated cavity wavemeter. A VSWR meter and 3—stub

tuner enables mismatches in the system to be tuned out . A “hyb r i d ” or “magic”

tee directs the power from the klystron to the launching horn via the flexible

waveguide; the reflected signal is monitored by the detector crystal D2. In

the fi rst instance a 30 mW Klystron type 2K25 was used ; the reflected power
signals were found to be inadequate to follow the entire trajectory of the
detonation wave , so that it was later replaced by a 1500 mW klystron type K350

(CV5426). This klystron is a two—cavity klystron of low noise modulation and

good f requency stabil i ty,  oscillating at 8800 MHz. It does , however , require
forced air cooling , and substantial powe r supp lies. It is also expensive .

The pyramidal brass launching and receiving horn opened to an aperture of

146 x 118 mm and had a gain of 16 dB. The horn was fitted with a PTFE p lug
and a flexible waveguide coupling to give a measure of mechanical protection

to the microwave circuit. It was later found that for simple “go—nogo” tests

a commercial microwave doppler unit (type AEI DA 8525/6) could adequately

rep lace the complex microwave circuit and yet give adequate performance. This

device was found to be mechanically robust to the extent that it could be

coup led direc tly to the horn without the flexible waveguide . It was also cheap .

The output of the detector diode , either from the microwave circuit or the

Dopp ler unit , was fed through a passive high—pass fil ter with a cutoff at 15 KHz

to an operational amplifier with a gain of 400. The doppler signal was recorded

on two Datalab DL 905 transient recorders to give a data capture time of 2

milli seconds. Thus one recorder covered the period 0 — 1 millisecond sampling at

1 micr osecond intervals , and the second covered the period 1 — 2 milliseconds .

The output from the transient recorders was either fed on to a chart recorder ,

14
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pho tog rap hed f rom an o s c i l l o s c o p e  screen , or t r a n s f e r r e d  to paper  tape fo r  sub-

sequent computer process ing .

3 .5  The Exp losive Charges

Pressed  charges of t e t r y l were used f o r  the  exp l o s i v e  initiator. These

were in the  form of righ t sq uare cy linders arid had masses  ranging f rom 2 . 5  to

520 grams . The charges were suspended in line with the microwave horn either

at the cent re  of the pol y thene  bag or at the end remote  f r o m  the  horn .  The

cy l i n d r i c a l  charges were end i n i t i a t ed  by an exp loding b r i d g e w i r e  de tona to r

f i r e d  f r o m  a 0 . 2 5  pF capacitor charged to 4 kV. The properties of the tetryl

exp lo sive used were as fo l lows :

Energy release 4270 kJ/k g
Density 1500 kg/m

3

Gas libera ted 0.845 m
3/kg

Detona t ion  p r e s s u r e  2 x l0~ MPa

De tona t ion  v e l o c i t y  7 . 3  km/s

For some of the exper imen t s  the exploding bridgewire detonator alone was used

as the i n i t i a t i n g  charge .  The de tona to r  contained 0 .33  g of PETN . This  was

assumed to be equ iva len t  to 0 .46  g of t e t ry l ;  however the  r a t e  of energy
depos i t ion  f o r  PETN is not necessa r i ly ti le same as fo r  t e t r y l , and the

detonator certainl y produc es a directional blast wave , so that there is no

s t r i c t  c o m p a r a b i l i t y  t ha t  can be established.

3.6  The P r e s s u r e  Gauges

An a rr ay of type B l2  a i r — b l a s t  gauges was deployed above the poly thene
bag as shown in Fig  2.  The s i ze  and geomet ry  of the  gas bag and the bomb

chamber  did not pe rmi t  the ideal  layout  of the  gauges  to give the desired
uninterrupted pressure record; the major p r o b l e m  being the  close proximity

of the bomb chamber walls. The array used s’-t s inLended to be a comp romise

between these limitations . The output of the gauges was fed directly to a

Tektronix 551 oscilloscope fitted with a type M p lug—in.

The Bl2 p iezoelectric gauges monitored the blast tield utside the

p o l y t hen e  bag. It was a lso  r equ i r ed  to moni tor  the shock w.~~e p r e s s u r e

profiles in close proximity to the i n i t i a ti ng charge; for instance 3 — 20 cm

I rom a 2.5 g charge . At such close proximity to a solid explosive charge the

peak  s t a g n a t i o n  p r e s s u r e s  are such  tha t  gauges o r d i n a r i l y used f o r  b l a s t  wave
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measurement , in which the sensing element is a piezoelectric crystal , cannot be

used. It was decided therefore to develop a Hopkinson pressure gauge for this

purpose. For the preliminary studies a silver steel bar 8 mm in diameter and

200 mm in length was used. The bar was mounted in Teflon collars located

inside a stainless steel tube. A matched pair of semiconductor strain gauges,

cemented diametrically opposite each other and connected in series, respond to

long itudinal strains whilst those arising from flexure of the bar are cancelled .

In this way a record that is remarkably free from flexural oscillations is

obtained. The development of this gauge will be discussed in a future report.

A further pressure transducer was used to detect the arrival of the

blast wave at the end of the polythene bag. This took the form of a small

piezoelectric disc , the output of which was displayed on a Tektronix 551

oscilloscope. This was basically a diagnostic aid to determine the total

propagation time of the wavef rout from the initiating charge to the end of the

polythene bag, and no pressure/time profiles were interpreted.

4 EXPERIMENTAL RESULTS

The description of the experimental results is divided into two main

sections . As indicated in the introduction the aims of the investigation

were twofold , namely to study the mechanism of initiation of spherical detona-

tions, and to assess the sensitiveness of a number of hydrocarbon/air mixtures

to direct detonative initiation. Thus this results section deals firstly with

the interpretation of the microwave interferograms of the initiation process,

and secondly with the experiments aimed at determining the critical initiation

conditions of various fuel/air mixtures.

4.1 Microwave Signals

In Fig S is a sketch of the principal features of the records which are

obtained of the reflected microwave power from a spherical detonation.

Lnitia ll y the blast wave formed by the tetryl pellet is very intense, and the

reflection of the microwaves is near metallic. As the radius of the blast

wave grows, so does the reflecting area, hence the signal amplitude increases

as indicated by the region labelled AB. The velocity of the blast wave at

this stage can be related to the slope of the voltage—time graph dV/dt by

M = k/R .dV/dt where k is a constant which can be determined from the total

reflection of the microwave power at the distance of the initiating source
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t rots the horn. The expanding cloud 01 gaseous p r o d u c t s  of d e t o n a t i o n  of t h e

Letry l pellet will, also ret lect microwaves; the si gnal from this source will

follow the same general trend as that f r o m  the  i o n i z a t i o n  assoc ia ted  w i t h  t he

bl ast wave . The combination of these two ef~ ccts is to super impose upon the

genuine  dopp ler si gnal , which is of s i nuso ida l  form in the trequency range

50 — 200 kHz , a large amp li tude low frequency component AB as shown in Fig 5.

1 there was no loss in reflectivity of the front as the blast wave propa—

gated out f rom the t e t ry l pe l le t  the ampl i tude  of the si gnal would cont inue

to grow beyond B, until the total power emitted by the horn would be

reflected . However as the Mach number decays below the Chapman—Jouguet value

a rapid fall in frontal ionization occurs , with a consequent fall in reflected

microwave power; this accounts for the observed decay in signal BC. Even-

tuall y a near steady state is attained in which the front velocity is constant

and the iriterferogram is a regular near— sinusoidal oscillation. The values

of t ime t and distance R given in Fig 5 are an order of magni tude indication

for a 2.5 g tetry l charge in a detonating L
3
H
8

/0
2

/N
2 

mix ture , and are not

precise values for any particular mixture composition. Likewise the M — R

p lot in Fig 5 is schematic.

The precise torm of the microwave interferogram was highl y dependent upon
the distance of the initiating source from the microwave horn , the initiating

charg e wei ght , t i i~ gas under investigation and the stoichiometry of the fuel/

air mixture. Thus with a small volume of gas and the microwave horn close to

the initiating charge in a propane/oxygen mixture vith little nitrogen dilution ,

the total volocity trajectory of the blast wave could be clearly resolved ,

whereas in the case of methane/oxygen mixt~ r.~s with substantial nitrogen

dilution , the blast wave trajectory c~ u1d not be resolved in the sub—Chapman—

Joug uer phase on account of the low Ic- ~l of ionization that obtained in that

region.

Th us al tho ugh in principle the micr ive i1iterferometer could be used to

observe both the initiation process and the stable propagation of sp herical

detonation waves in a single experiment , in p r a c t i c e  the two phenomena were

investigated separately.

17

- -— -, 

- - 
- 

- ______



4. ~ The I n i t i a t i n g  B l a s t  Wave

flic microwave interferometer has been used to follow the motion of blast

waves f rom small  t e t ry l  pellets  in mixtures of C3H8 + 502 + ZN 2 . For these
experiments a commercial grade “Calor” propane was used. For radial distances

of less than 5 cm or so from the tetryl pellet the cross—sectional area of the
r e f l e c t ing surface was small in relation to the microwave horn field , and thus
there was some ambiguity as to the space origin on the microwave interferogram .

In order to identif y the space origin on the record an ionization probe was
situated 5 cm from the tetryl  pellet;  the signal from this probe enabled the
position of the blast wave corresponding to a particular instant of time to be
found . F ig 6 shows a record obtained with a 2.5 g pellet  ini t iat ing a detona-
tion in C

3
H
8 

+ 502 + 4N 2 ; the uppe r trace showing the output from the micro-
wave interferometer and the lower trace showing the marker pulse from the

ionization probe. An analysis of this particular record is also given in

Fig 6. It can be seen that at R 4 — 5 cm or t 10 — 15 us a change of

slope occurs in the grap h which marks the transit ion from the ini t ia t ing blast
wave to the detonat ion wave . This corresponds to the minimum in the velocity—
distance sketch of Fig 5. Confirmation that the velocity trajectory of the

initial phase of the blast wave is being correctly monitored by the microwave

system was obta ined from streak shadow photographs obtained with a Beckman and
Wh i tley 339 streak camera. Data obtained from one such record is included in
Fig 6 for  comparison with the microwave values. The agreement in the initial
slopes of the two g raphs is very close , and th e slight discrepancy that occurs
at their origin is no more than the experimental error. It should of course
be noted that the st reak camera observes the motion of the shock front whereas
the m icrowave in ter ferometer  responds to the ionization associated with  the
react ion zone .

The i n i t i a l  t r a jec to ry  of the shock wave can be represented by the
re la t ion

R l3.5t °~
9

where R is in cut and t in u s .  Lee et al 20 show that when the shock t r aj ecto ry
can be exp ressed as a power law of the form R 5 — AtN then the energy—time curve

of an expanding piston which is supporting the shock is of the form E — Bt °

whe r e
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where  I is an integral the numerical value of which is given by Dabora.
21

Substituting in th~ above expression with j = and k. 4’ we find that

- 2.48
E ~~

‘- . 2t

where E is expressed in joules and t in vs.

If it is assumed that all the chemica l  energy of the source , which for

2 .5  g of t e t r y l is about  l0~ J , is a - .iilable as piston energy then on this

model the piston would expand t a r about 10 ,s before all the source energy is

expended .  A t  this time the b last viva rn~i us is 4 — 5 cm.

It is interestin g to n ot e  that tti ~~ tine dependence  of t he  energy depos i t i on

by a solid exp iost v e is s in i l a r  to  that t o u t i d  by Lee et a120 in t he i r  pu l se

discharges. For examp le , iii one case , with cylindri cal geometry , they f ind
that L (J/cm) = 167 ~~~~~~~~~~~~~ Figs 7 and 8 show the variation of velocity of

the shock front with radi al distance [or various mi xtures of C
3

1-1
8 

+ 50
2 

+ ZN 2.
Fig 7 shows t i e  veioci t. v profile from an i n i t i a ti n g  source of 2.5 g tetryl in

a mixture that is easil y detonable , whereas Fig 8 shows protiles from the same

initiating s i r ~ i in m i x t u r e s  th a t  are  c lo se  to  the  l imi t of d et o n a b i l it v  fo r

that part ic- .tlar charge weight. Several features emerge from these records.

Fir s t l y all the records show the gen~-ra1 !eoviir es illustrated in the sketch

of Fig , ~~ , predic t d by the model of Lee at  a~ (1971) and shown experimentally

b ’  Bross ird , Lce and S t r u c k  (F ig 1 ) ;  tb - it is to say a rapid decay in b l a s t

wavefront veloc ity from the initiating H~r~ ” to a va l ue substantially below

the Cliapman—Jouguet value , f o l low ed by a ~- t - ’ s  rvse to a velocity that is

withi n a few per cent of  the theoretical Chapman—Jouguet value . In every case

the recovery from the sub Chapman—Jougu~ r condition takes the form of irregular

luctu ations in frontal velocity, the extent of this irregularit y increasing

as the Lim it of detonability of the mixture is appzoached . 1 01’ mixtures well

renovid t rom the  l i m i t  o~ detonability , i e (;.3H8 
+ 

~~2 
+ 6.9N 2 the Chapman—

i i g a t  au dit ion is achieved at some 25 cm from the initiat ing source , whereas
or . 1  mixture on tiR limit ol detonabi litv , ic C 1

rf ,~ ~ 
50

2 
+ l0 .2N~~, a s table
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frontal velocity is achieved at approximatel y twice this distance . In some

di lute systems , ie C2
H
6

/Air , wi th larger initiating weights (o 150 g) the sub—

Citipinan—Jouguet phase is observed to propagate for distances of grea ter than

1 metre. In such cases velocity fluctuations were difficult to resolve clearly

owing to the low level of ionization that obtained in those waves; however

there is little doub t that such fluctuations occur in all marginal systems .

The exper imen tal records of Struck , Fig la indicate this irregularity in the
sub C—J phase. It is interesting to surmise that the mechanism of decay in
wave strength and subsequent acceleration in these velocity fluctuations may

be the same as that observed in tubes , that is “cyclic” or “gallop ing”

detonations . This phenomenon was observed by Mooradian et al
22 

and studied in

mare detail by Saint—Cloud et al
23 

and Edwards et al.
24 Gallop ing detonations

in tubes exhibit a regular fluctuation about the Chapman—Jouguet velocity ,

where the wavelength of these fluctuations is typically 2 — 4 metres . The
scale of the unconf ined detonations described in this report is not sufficiently

large to establ ish whether in the spherically d ivergent s i tua t ion  the velocity
f l uctuat ions wou ld propagate indefinitely , or whether the wave would ultimately
either achieve the Chapman—Jouguet state or decay to a sonic wave . In any

case the phenomenon of galloping detonations occurs only over a very narrow
range of compositions near the limit of detonability of the mixture , and was
not the subject of the present investigation .

4.3 The “GO—NOGO” Test

One of the principal aims of the present investigation was to study the
l i m i t s  of d e t o n a b il i t y  of f u e l / a i r  and fuel/ oxygen/ni t rogen systems . This is
an area whi cr . has received scant attention in the literature in the past ,
probab ly since it is generally true that , in the case of hydrocarbon/air
sys tem s , substantial initiating charges and volumes of gas are necessary .

I d e a l l y a very la rge volume of gas would be used to establ ish unequivocally the
limit of detonability of the mixture. In practice this is not generally

poss i b l e .  Thus in the present series of experiments considerable at tent ion was
g iven to the problem of using the minimum volume of ga s con si stent wi th

achieving reliable and unambiguous results. -
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D i s t i n c t i o n  between experiments in which de tona t ion  occurred and those in

whi ch the wave failed was usually simple and unequivocal by reference to the

nature of the microwave interferogram. For “go—nogo” tests the initial stages

of the wave propagation were not recorded , as these were essentially the same

in either case of a “go” or a “nogo ” . Fig 9a and b show typical microwave

int erferograms for the case of a “go” and a “nogo” respectively. In region AB

o Fig 9a an oscillating signal  of steady frequency denotes a reflective wave
moving at a constant velocity calculable from its frequency and the free—space

wavelength of the microwaves. In such a record the velocity invariably turns

out to be within a few per cent of the theoretical Chapman—Jouguet values for

the particular gas mixture. At B the poly thene bag is rup tured and thereaf ter
the interpretation of the record becomes problematical. In Fig 9b the initia-

ting charge weight is such that detonation is not induced in the gas mixture .

In this case there is a complete absence of regular sinusoidal fluctuations .

Th e record is terminated by the rup tu re of the pol ythene bag. In Fig 9c the
initiating charge weight is near the limiting value for initiation of detona-

tion. In this case there is some evidence of a sinusoidal fluctuation at a

frequency consistent wi th a wave travelling at the Chapman—Jouguet velocity,

alb ei t wi th red uced amp li tude and limited duration , as shown in region CD.

In such cases the amplitude of the sinusoidal oscillations may be comparable

in amp lit ude to the background noise , and it may be necessary to Fourier

analyse sections of the record to determine the strength and frequency of
such fluctuations . There is thus a certain degree of ambiguity in the

records  f r o m  m i x t u r e s  on the l imi t  of de tonab i l i t y ;  however the cri teri on
t h a t  was adopted was that if a sufficient number of sinusoidal oscillations

were prese nt to enable a wave velocity close to the Chapman—Jouguet value to
be i d e n t i f i e d , then , had a sufficient path length been available , a stable

detonation would have been observed. Some justification for this criterion

was obtained from the fact that mixtures that appeared to be highly marg inal
in polythene bags of 1.8 metres in length generally indicated a clear detona—
tion in bags 3 metres in length. However the microwave interferogram formed

only one of a number of pieces of evidence as to whether a detonation

propagates  in the m i x t u r e , as w i l l  be discussed la te r .  The choice of bag size
in each exp eri ment was so as to arrange that the ratio (per unit steradian) of

the energy of the initiatin g charge to the total energy within the system was

always less than 1% by the t ime tha t  the wave had a r r ived  at the fa r  end of
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t h e  bag; in most of the exper iments  it was less than O.5 Z , thus when the
in i t i a t o r  charge was increased , large r bags were used.

A pre l iminary experiment was conducted with 20 g cha rges of t e t ryl  to

establish whether the position of the initiator had any effect on the measured

value of the cr i t ica l  ni trogen concentration in a Fuel/oxygen/nitrogen mixture.
The mix ture chosen was CH

4 
+ 20

2 
+ ZN

2
. Two sets of tests were carried out ,

one with the i n i t i a to r  charge suspended at the centre of 3.05 m x 1.52 ut bags,

the other with the charge at the end of 1.8 x 1.8 in bags . The results are

pr e sented  in Fig 10, f rom wh ich it can be seen that the re was essent ial ly no

d i f f e r e n c e  in the propagat ion l imits in those tests in which the sample of gas
was detonated at one end and those in which it was detonated centrally . More-
over the initial velocity profile was independent of the siting of the initiator.

This is a useful result , because it allows a spherically propagating detonation

wave to be fol lowed over a much greater radial distance for a given total volume
of gas , and hence f o r a g iven liberated exp los ive power. The lack of a s u f f i —
cient radial path length for observation of the wave has hitherto been one of

the major obstac les to experimental progr ess in the study of spher ical l y propa-

gat ing detonation waves . The result of course only applies to the particular

bag geometry and thickness used in the present investigation , and caution

should be exerc ised in general is ing this resu l t .

it wi l l  be noted in Fig 10 that two of the experimental po ints  near the

propagation limi t are neither clear detonations nor clear deflagrations. For

this mixture and initiating charge weight, CH
4 

+ 20
2 

+ 3.75N
2 

and 20 g of tetry l,

there ex i s t s  a “g r ey ” areo whe re it is d i f f i c u l t  to assess wi th confidence
whethe r or not the mixture  has detonated. This region of uncertainty becomes
wider f o r  more d i lu te  mixtures  and larger initiating charges. Recourse has to be

made in such cases to diagnostic evidence other than the microwave interfero—
meter.

(a) In cousnon with all encased explosive systems, a measure of the violence
of the event c~ n be gained from the fragments of the polythene bag that are
recove red.  In the even t of a detonat ion , th e f r agments of the bag were small ,

wi t h  the m a j o r i t y  of the pieces less than 50 mm in diameter , and the remainder

typ i ca l l y less than 150 mm in diameter .  For the case of a de f l ag ra t ion , there
are few small I ragmen ts, and large sections of the bag may be recovered intact.

Few f r a g m e n t s  w i l l  be less than 150 mm in diameter.
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(b) The peak pressure of the blast wave outside the bag will be less in

the case of a de f l ag rat ion than in the case of a detonat ion.  This wi l l  be

shown by the records from the array of p iezoelectr ic  B 12 blast  gauges mounted
ver tically above the bag.

(c) The arrival time of the wavefront at the end of the bag remote from

the in i t ia t ing  charge wil l  be greater for a def lagrat ion than for  a detonation.

This wi l l  be witnessed both on the microwave interferogram (point B in Fig 9a)
and on the piezoelectric “marker” affixed to the end of the bag .

These add i t iona l  diagnostic techniques ar e of cons ide r able ass istance in
l imit determining experiments which use a successive approximation techni que .
The numerical  values for l imits quotes in this report , however , are those f r om

comp letely unambiguous records. For instance experimental records where the

evidence of the microwave interferometer is at variance with that of the
pressure gauges (ie the points denoted + in Fig 10 are discounted fr ’m the

analysis).

The techniques used to determine the limit of detonability of the various

fuel — air and fuel — oxygen — nitrogen system varied slightly for the
different gases; these are now considered in turn.

1 Methane

It has long been recognised that it is very difficult to establish a

self—sus taining detonation in the spherical mode in methane—air mixtures. In

general it is more difficult to establish a detonation in the spherical mode

than in a tube , and Kogarko 25 
found it necessary to use tubes of very large

diameter to obtain satisfactory propagation of a detonation wave in methane/

air. ft is therefore no surprise that until recently there have been few

attempts to study spherical fuel—air detonations with methane as the fuel ,

although natural gas—air detonations have been reported by Vanta et a1
26

(96% CH
4 

— 4% higher hydrocarbons). Kogarko ’s experiment
27 

on spherical

detonations in a methane/air mixture may be criticised on the grounds that the

path length available was insuf f ic ien t  to ensure that the behaviour of the
wave was free from the effects of the solid explosive charge used as the

initiator. Kogarko ’s experiment showed that a charge weight of 1 kg of TNT

would i n i t i a t e  a detonation in stoichiometric CH
4/air. However , the measured

deto nation veloci ty ,  1540 m/ s , was well below the theoret ical  value , ~ 1800 rn/ s .
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The experiments described in the present report were aimed at determining the

limi ts of detonability of various methane/oxygen/nitrogen mixtures with varying

degrees of nitrogen dilution with a view to obtaining a reliable extrapolation

to the methane/air case. A stoichiometric mix was used throughout . The

critical nitrogen concentration for six different masses of initiating charge

was determined . The charge weights were 0.46, 2.96, 20.46, 71 , 154 and 540 grams
respec tively. The results are shown in Fig 11. All the charges were tetryl

except that of the 0.46 g charge , which is the equivalent exp losive wei gh t of
an EBW detonator. For the majority of the tests the microwave interferometer

and the blast gauges agreed in their diagnosis of detonation . There were however

five tests in which the blast gauges indicated detonation but no clearly

periodic signal was recorded by the microwave interferometer. These results are

represented by the distinct symbol (+) in Fig 11 , and were omitted from the

s ta t is t ical  treatment of the r e su l t s .  To identif y a boundary in the charge
wei ght — n i trogen di lu t ion p lane , the highest value of nitrogen dilution which
detonated and the lowest value which did not were noted for each charge weight.

Then treating these results as censored observations a regression analysis

was emp loyed which assumed that log10W was a linear function of nitrogen

dil ution Z. This analysis predic ted that a charge weight of the order of 18 kg

would be required to initiate a detonation in a stoichiometric mixture of

methane/air , as shown in Fig 11. This figure also shows that the assumption of

a log
10
W/Z relationship is justitied . Values of detonation velocity as a

function of Z are given in Fig 12.

2 Propane

Two separate series of experiments were performed with propane as the test

fuel.

(a) The effect of nitrogen dilution on the minimum charge weigh t of tetryl
ne cessa ry for initiation of detonation in propane/oxygen/nitrogen mixtures was

investigated for three charge weights; 0.46, 2.96 and 20.46 grams . For these

experiments the principal aim was the investigation of the initial trajectory of

the b las t  wave f rom the t e t r y l  pelle t initiating a spherical detonation . The gas

used in these experiments was commercial grade “Calor ” Propane . An analysis of

th is gas showed i t  to contain 90% C
3
H
8
, the remainder being a mixture of

nitrogen and other hydrocarbons; however the precise composition of the gas

obta ined from such a cy l inder  depends to some extent on how full the cylinder
is , and thus  these r e su l t s , shown in Fig 13 , wer e used on ly as a gu ide as to the
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charg e weight necessary to initiate a detonation in a mixture of pure propane!

air. Detonation velocity is plotted as a function of Z for the 2.95 g charge

in Fig 14. A regression analysis of the ‘~Ca1or ” Propane/oxygen/nitrogen
resu l t s  indicated a charge wei gh t  of 100 g of tetryl as be in g necessary to

detonate a mixture of “Calor ” Propane and air. Benedick et al28 find that
150 g of sheet exp los ive wil l  detonate a commercial grade (95% pure) propane
in air , with a stoichiometry ratio ~ of 1.19. These authors also find that a

charge weight of 800 g of sheet explosive will detonate the same propane in

air with stoichiometry ratios from 0.74 to 1.8. Kogarko27 f inds that 155 g of
TNT wi l l  detonate a stoichiometric propane/air mixture~ this author does not

quote the purity of the fuel.

(b) In order to obtain a value for the minimum charge weight necessary
to initiate a detonation in a mixture of pure propane and air , varying charge

weights of tetryl were fired in a stoichiometric mixture of pure (> 99%)
propane and air. These results are also shown in Fig 13. 80 g of tetryl

reliably initiated the mixture , whereas 50 g did not. In the case of a 60 g
charge the result was a highly marginal detonation; some 7 cycles of doppler

signal were observed at a frequency characteristic of the C—J detonation

velocity. In the case of a stable detonation in this mixture  the measured
detonation velocity was 1844 m/s, compared with the value calculated by

Kogarko et al
27 

of 1850 rn/s. These authors obtain an experimental value of

1730 rn/s. The difference between the results predicted from the “Calor ”

Propane/oxygen/nitrogen tests and that observed in the case of pure propane

may possibly be accounted for by the difference in stoichiometry that

obtained in the two mixed on account of the high level of impurity in the

“Cal or” Propane .

3 Ace,~~j ene

Acetylene was not investigated in the present study because the results

of Freiwald and Koch
5 
were obtained under similar experimental conditions ,

ie balloons of capaci ty 15 — 500 litres. These authors obtained the limit

of detonability of C
2
H
2
/0
2

/N
2 
mixtures for various nitrogen dilutions , and

f o r  the sake of comp leteness thei r resu l t s  are included (Fig 15). It wi l l
be noted that a charge weigh t of less than 1 g of tetryl will initiate a
detonation in a mixture i t  C

2
H
2 

+ 20
2 

+ 7.54N2, ie acetylene/air. This is

of course not the stoichiometric mixture. It will be noted that in contrast
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tu the methane and propane results there is not a linear log 10W/Z dependence

at high values of Z. It is not possible to say from the evidence available

whether this is a general effec t for Z > Z , or whether the result isair
peculiar to this fuel/air mixture , or merel y due to the particular variety of
charge conf igurations used by these authors. Kogarko et al 27 f ind that a
charge of 1.5 g of TNT will-initiate a stoichiornetric mixture of acetylene and

air.

4 Butane

The resul ts for a stoichiometric butane/air mixture were very similar to

those of propane/ a i r , ie 80 g of tetryl gave a clear detonation , 50 g gave a
deflagr at ion , and 60 g gave a marginal result — one firing showed 6 cycles of

microwave oscillation at a frequency corresponding to the C—J value , a repea t
firing gave a deflagration. Benedick et al

28 
show that 800 g of sheet explosive

will initiate a butane/air mixture over a stoichiometry ratio of 0.8 to 1.7.

5 Isob utane

A stoichiometric mixture of isobutane/air proved to be marginally less

sensitive than n—butane/air. Thus a charge of 100 g was required for reliable

initiation of detonation , whereas 80 g gave a deflagration .

6 E thylene

The minimum charge weight required to initiate a detonation in stoichio—

metric ethylene/air lies between that for acetylene and propane . Thus a charge

of 15 g of tetryl initiated a detonation ~-;her eas a charge weight of 10 g failed

so to do.

E thy lene/air mix tures gave particularl y clear microwave interferograms ,
enabling the trajectory of the reactioLl front to be followed from the initiation

source to the end of the bag. Also , for ini tiation energies close to the limit

of de tonabil i ty,  the irregular fluctuations in itont velocity in the region

where the wave is recovering to the C—J value are particularly marked. A typical

record , along wi th its interpretation in terms of velocity—time and velocity—

di stance trajectory, is shown in Fig 16. In the region AB of the microwave

interferogram the interpretation of the record is complicated by electrical

interference from the high voltage detonator ; however between B and C there

is a strong signal corresponding to a velocity of about 800 rn/s. Acceleration

in the reg ion CD is indicated , bu t deper den t upon t he confidence p laced on
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in d i v i d u a l  cyc les  of d o p p l er  f r e q u e n c y ,  two a l t e r n a t i ve s  r e p r e s e n t e d  by t he

curves  P and Q may be suggested. The curve Q is thoug h t  to be the nore

realistic interpretation; extensive evidence from work using smoked foils in

sp herical bomb chambers , as yet unpublished , gives credence to the postulate

of successive attempts by the shock and reaction zone to recouple prior to

the establishment of a stable C—J wave.

7 E thane

Two series of experiments were conducted on ethane/air mixtures.

(a)  The minimum charge weight necessary to initiate a detonation in the

st,~ ciiiometric mixture was assessed by using varying sizes of tetry l booster.

~O g gave a reliable detonation , whereas 30 g gave a deflagration .

(b) The e f f e c t  of varying the f u e l/ a i r  s t o i ch iome t ry  was inves t i ga ted .

The r i ch  and lean l imits  of de tonab i l i ty  were es tab l i shed  f o r  charge wei ghts

of 520, 154 , 50, 40 and 20 grams . The results are shown in Fig 17 , where

th e “ go—nogo ” po in ts  are p lo t ted  as a func t ion  of s to i ch iomet ry  r a t i o  ~~. It

will be noted that the curve shows a minimum for a slightly fuel—rich mixture ,

p = 1.15.

4 . 4  Pressure  Records

in order to characterise the flow field of the initiating charges , the

Bl2 bl ast gauges were used to record the blast of the tetry l pellets alone in

air; typical results tor the mid and far f i e l d  are shown in Fig 18. The

near field was monitored by a hiopkinson bar gauge ; typ ical  res ul ts for  a
2 .5  g t e t r y l charge  are shown in Fig L9 , the measurements were taken along the

axis of i n i t i a t i o n , and show some d i r ec t i ona l  enhancement . In general the

pea k p ressures  and p o s i t i v e  dura t ions  of the  b l a s t  waves cor re la ted  reasonably

well with values quotes by Petes.
29 

Lee et al point out that it is not 7

meaning ful . to specif y the critical initiation conditions solely on far field

measurements , as direct initiation occurs close to the source , and thus
further work is in progress on development of Hopkins on bar gauges to moni tor
the flow field close in to exp losive charge s.

4.5 Gas Mixtures — Sensitisation and Inhibition

It is evident that there is a considerable difterence in the sensitive—

ness of the various hydrocarbon—air mixtures to direct detonative initiation ,
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vary ing fr om less than  a grin ci t c L r y l  La £Lut i it e acetylene—air to greater

Lu aU 10 kilograms to initi su- st oi -Houctcic -ie-tltane— air . This naturally leads
to the question as to whether sma ll quantities of a “sensitive” hydrocarbon will

drama t ical l y reduce the critic a l i l i n i a t i o n  energy of an “insensi tive” sys tem

such as methane—air. This is particularly pertinent to the case of natural gas,

whi ch consist -~ p r i m a r i l y of methane . but cat.Lains significant fractions of

ethane , ~rupaue , bu tane , and ~L1 Lane , table I ~iiows the constitution of

natural gas from a number at sourLes; it is seen that ethane is the most

abundant impurity in all cases . In a~~s been ‘huwri that a stoichiometric

ethane—air mixture is the most s~-u siL ive -~~i the impurities generally fo und in
natural gas. A series of experiments were there fore conducted with mixtures of

stoichiornetric methane/air and ethane / iir in ~-~i 1CUs proportions . The results

are giv en in Fig 20. It was not possib le to establish the minimum ini t ia t ion
energy for mixtures app-~oaching 100% methane since the maximum initiating charge

tha t cou ld be f i r ed  in the bomb chamber was 540 g. Vanta et a1
26 

claimed to

observe detonation in a natural ga- -air mixture (Table 1) with a 1 kg charge.

The evidence of their measured values el velocity of detonation (1195—1325 m/s)

casts some doub t on this assertion; it is more probable that a quasi—steady

sub C—J wave was observed , as is characten istic of an initiation energy near

the critical velue . The mixture which gave a detonation was not stoichiometric ,

being nearer ~ = 0.9.

5 DISCUSSION AND CONCLUSIONS

I A s imp le m j - r - - - s ~ e interferometer has proved to be capable of giving
accurate information on the initial trajectory of the blast wave generated

in a r eac t ive  gas mixture by a snaL l exp losi ve charge of tetry l.

F o l l o w i n g  the decay of t h i s  b l a s t  w a v e  to a velocity below the Chapman—

I Jouguet value of the ~as mixtur e , t~ie initiitc d gaseous detonation , particu—

l a r ly  near the l i m i t  ~i icton ab ili ty of L h 2  e m a s i t i o n , is found to exhibi t
ve loc i t y  i n s t a b i l i t y  as i t  ap p r ~~a c hcs t h e  st~ a-~ ~-J value .

2 A steel pres sure bar ~~~~~~ ~as successfull y used to record the blas t
wave f i e l d  close ta the tetr yl i c l i e t , howe ver f u r t h e r  work is required with
s m a l l e r  d i a m e t e r  ba r s  to improve  t h e  f r equency  response of the gauge.

I Spherica l detonation ot  w e lt—mixc d st ichiometric mixtures with air of

each of e thane , p rop an . - , n-- t u L a n e , i s o — b u tane  an d ethy lene have been demo n—
s t r a t e d  u n e q u i v o c a l l y .  D i r e c t  d e t a n a t i v e  i n i t i a t i o n  has been demonstrated
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i n  v a  otis sto t c ii i i:iotric methane/oxygen/ni trogen and pro~~. cf ~ - --:vgen , iu trc .cn

mixtur es , ma in ethane/air mixtures of various st ichio neL rie s. Va ric -us

st jchj net ri c ce-thane /ethane/air mixtures have also shown d et o n a t i e L

p r o - i ga t ion

In eve ry  case the s tead y s t a te  v e l o c i t i e s  have been measured w i t h  the

m i c r o w a v e  in t e r f e r o r n e ter , these have accorded well  w i t h  t h e o r e t i c a l  v a l u e s .

ilie relative detonabilities of the various hydrocarbon—air mixtures

ti - 1 - -;c been q u a n t i t i e d  in terms of the weight of tetryl explosive required to

n1iv. direct detonative initiation. In experiments resulting in gaseous

~h tonat ion the j~- l i h  l engths were sufficientl y long for sustained detonation to

he observed unequivocall y. Typ ica l l y the contribution of the initiator charge

energy  to the total energ y , per unit solid angle, released in the wave had

reached less than 0.3% by the time that the wave reached the bay end wall. This

was achieved in a consequence cf the preliminary experiments ftig 10) which

s~iw .~d that there was no essential differenre in  the pr~~~ gation li m i t s  when

the samp le~ of gas vms initiated at the end of the gas volume , and those in

which central initiation was emp loyed. This useful result allowed a

spherical ly propagating detonation wave to be followed over a much greater

radial di stiuc~ t ar a given liberated exp losive power; the lack of saL t i

eject radial oath length between the initiating exp losive charge and the

bociulary o’ the gas volume has in the past represented an obstacle in the

stud y of nnc-  a f i i i c d  gaseous detonation waves , particularl y in the “ l ess

sensitive r ~a1res such as methane .

In making m - - mpsrison between the detonabi litv of the saturated hvdrc—

o m-t’ons we see (;i) that methane—air is likely to be very much more

ct I icul t to det omit e than the next three homologues , (b) ethane—air is

ei si -~r to dot cam than propane and n—bic . ao -~ / a i r  n i - t i r e s , whilst (c) is0

hitane is slig htl y more diffic ult to det on -ito .

Comparison of the gasdynamic factors and the enthalpy terms do not

reveal differences of sufficient significance to account for cmv of these

findings. The hi gh temperature oxidation rate data (arbitrarily computed

for 2000 K in Table 2 ) does however roug hly parallel the trends of (a) and

(b) above . No shock tube data are available to make a comparison between

r.—butane and iso—butane , but auto—i gni tion data at rather lower temperatures

imp l y that iso—hut -in . ii s a somewhat lower oxidat ion rate than n—butane .
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~ inu lar l y comparison at  the d m a  .i eth y l ene/ a i r  and ace ty l ene/ ai r
w i l i l  t h a t  ci  e thaii. /Ll ir revea ls tar~ ki netic rat e differences and only

sli ght enthal py d it fe ren~ es (these J c .~uufl t -ilinos~ entirel y for the differences

in the C—J properties). It a~g ei r s again to be rme difference in reaction

rate which makes ethy lene and acety lene signil intly easier to detonate than

ethane .

Correlation of the detonab ilitv i - i t o  u i t m h b inetic oxi dation rate is

important because (a) it lois heefl long koovu t i a l  the thickness of the

detonation front is proportional to tn i t i  t o t  i c”  1 -no Lh derivable from the

chemical kinetic induction period - m d  the gas I low relative to the leading

shock , and (b) the structure of the detonation front also defines the coup l ing
of the combustion energy to su~- t ain the global motion of a detonation wave ; as

conditions tend to those just subcritical to detonation , it is this structure

which widens and fails.

6 The region in which the establi - it - a nn ~‘L 1 -ftLonation is criticall y

decided appears to be that zone in which the decay ing reactive blast wave , of

strength below the C—J value , undergues a re—acceleration process; this is

sh own in Figs la , Ib , Ic , 7, i and Ih~ Our microwave dopp ler mod u le does
not monitor the shock front position , so that i t  is not at present possible

f u l l y  to d e s c r i b e  the  n a t u r e  of t h r a  c r i t  i i i  reg ion, however , recent work using

the smoked foil techniq e.- , is yet - t u ~~i . h l i s h a d , does seem to indicate that the

region of re—es tab lim :in eii t in a - : 1 1 1  i : a l l y i nitiated spherical detonation bears

a striking resembi -cice to 1t.its- - i  - d e n  annoc transitions observed in tubes .

There is also a marked simil ni ity to tlt - ro-- est ab lis un ent phase of gal loping
detonations . Further work with schi ier ei -i 1 hotography will be necessary to

f u l l y elc i - idate this mechanism.

7 the minimum initiation energy ot  one lm y- a r :-ca~~~a ., erh ane , has been
es~~iolished as a function of stoi cimiomo : r7; it is noted that the limits of

detonability lie within the I l ammability lim its , and tha t the minimum
initi ative energy condition lies on t 1~ fuel—rich side of the stoichiometric

condi tion , ~t 1.15. This is clos e to the minimum flame ignition energy

stoi chiometry measured by M ocili tse et ai 30 us ing  an expanding capacitor

p late technique (~ = 1.17). It would also appear that the lean and rich

limits of deton ability are not tar removed from the ignition limits quoted

by Ihese authors. Fhere are , ol course , many orders of magnitude difference

in the energy required for flame i g ni ti o n and that required for direct detona—

ic
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tiv e initiation , however the above result would be - c r y u s e l u l  if it Ho ld be

app li ed to all fuel/air systems .

~ the results for stoichiomenric m i ’~tures of methane /air and e t h o t t n j  ~i r
tend to i n d i c a t e  tha t  the more s e n s i t i v e  c mgonent has an enhancing effect

on the deto~~bi1ity of the mixture , but that this effect is not very marked .

The enhancement may be due in part to the fact that ethane/air is more sensi-

ti ve in fuel—rich (~ = 1.15) mixtures , whereas all the evidence points to

methane/air being more sensitive to fuel—lean mixtures (
~ 

= 0.9), so that a

mixture of the two stoichiometrie systems might appear more sensitive on

these grounds alone . In order to quantif y this , it would be required to

establish the initiation energy—stoichiome try curve for methane—air , an

extremely laborious pr ocess si nce it wou ld be necessary for each stoichio—
metry to use vary ing degrees of nitrogen dilution in the methane/oxygen system

to ex t rapola te  to the air case.

6 SUGGESTIONS FOR FURTHER WORK

I A thorough experimental investigation of the minimum initiation energy of

all the volatile hydrocarbons as a function of stoichiometry would be usedul

in assessing the likely affects on the environment of the detonation of a

cloud of such a material following an accidental spillage .

2 Combined schlieren photography and microwave interferometry of the

initiatio n phasH of a spherical detonation would contribute to the under-

standing of this phenomenon .

3 At present solid exp losive charges represent the onl y initiator -uethod

cap ab l e of span n ing the ra nge of source energ ies required . They do , however ,

add -mc r t iin unattra ct i- e complexities to the gasdynam ics , due to such

effects -is directiona l blast , ‘ jetting ’, and failure to “sLale ’ f or small
charge sizes. A thorough char~ cteri sat icrt of the cear [ie ’~d air blast from

various charge sizes , using a l{opkinson bat gauge , wou ld c la r i f y the

situation..
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TABLE 1 -~~

Properties of Natural Gases *

Composition Volume 7.

Dutch Sahara** North Sea US Natural
Gas***

4-

C}1
4 

81.76 86.5 91.8 96.05

C2H6 
2.73 9.42 3.5 2.47

C3H8 
0.38 2.63 0.8 0.032

C4H10 
0.13 1.06 0.3 0.14

Pentanes and
higher 0.16 0.09 0.33 0.04

Co 2 0 . 8 7  — 0.43 0.074

N
2 

13.96 0.3 2.8 0.024

He 0.01 — 0.04 -

*Reference 31

**as distributed from the Canvey terminal

***as used by Vanta et al (Ref 26)
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The hydrocarbons acetylene , ethylene , ethane, propane , butane , isobutane , and methane
are ranked in order of the sensitiveness of the stoichiometric fuel/air mixtures . The
critical initiation energy of ethane is measured as a function of fuel/air stoichio—
metry. The minimum initiation energy for various stoichiometric methane/ethane/air is 

-

assessed. A brief literature survey is included .
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