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1 Brief History of Spherical Detonations

The major interest of spherical diverging detonagiaconcerns the conditions of existence of detonati
Critical conditions of their initiation, either lyyoint source ignition or by a detonation diffracti'om a tube
into free space, provide a good estimate of therddtility of a reactive mixture, via the notionstbé critical
initiation energy and the critical tube diametetrahsmission of a detonation, respectively.

The absence of confinement renders the problermsitally “clean”. Only divergence competes withet
chemical energy release.

After the formulation of his hydrodynamic theorfadetonation, Jouguet [1], in 1917, did not beli¢khat the
self-sustained diverging spherical detonation canp@gate at a constant velocity independent of the
hydrodynamic field behind it, i.e.:
« rien ne dit précisément que ce mouvement restep’il faut pour que la célérité soit constante »
Nevertheless, Lafitte [2] in 1923 succeeded ireoliag spherical detonation having the same velaast plane
detonation in Cg+ 30, and in 2H + O, mixtures. As these waves were initiated by reddivpowerful
detonators (1g of mercury fulminate) and recordeer gather short distance (10-13 cm) some doubedaon
their true nature.

During the second world war, Taylor [3] on the drad, and Zeldovich [4] on the other, examinedittmhs
capable of representing the movement of the bugasdbehind the combustion wave compatible withGe
condition. A self-similar solution for the detormii field produced by diverging detonation wave whasn
expressed assuming the existence of infinite gnaslieist behind the detonation front of zero theds

N. Manson, in 1954, with his colleague Ferrié {Bidertook an experimental investigation of the sighé
detonation in order to verify if the aforementiortedory is valid. He knew the work of Lafitte withe inherent
caution about the autonomy of the detonation wdready observed. Experimental results obtainedariger
volumes than those used by Lafitte and with difféngoint ignition sources confirmed the previouedty i.e.,
the spherical detonation velocity was very closethte CJ value for different reactive mixtures,gO,,
C3Hg/O,, CH,;-CoH,4/O,, St Marcay’s natural gasgp

Later, co-workers of N. Manson, i.e. J. Brossand R. Cheret, addressed again the diverging sjahemd
cylindrical detonation propagation in gaseous andandensed matter in order to obtain some newndétm
insights as (i) wave structure, (ii) asymptotic afettion velocity (when the detonation wave radeisds to
infinity) [6] and (iii) some wave curvature-velogirelationship [7]. In 1981, Desbordes et al. [8asured
accurately the pressure profile inside the quassé&fisustained spherical detonation wave ignitedakpoint
source and confirmed the Taylor-Zeldovich theorystkeliminating the controversial weak-detonatiolutson in
fuel-oxygen mixtures (see Fickett and Davis [9]).

At the same period, a large international effaas Hbeen directed on the problem of the directaitiith of
spherical detonation in order to understand theplegsics (Litchfield et al. [10], Bach et al. [11$truck [12],
Lee et al. [13]). Some phenomenological models wkes built aiming at describing the main mechasgism
involved (Chernyi and Levin [14], Lee [15] ).
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The pioneer work on the key issue of direct ititia of detonation (by point blast and planar atitin) is that
of Zeldovich et al. [16] in 1956. For the first #ma criterion was established on the dependentgeadritical
initiation energy Eto the chemical induction length, LLe.:

c"'H:-i3

for spherical diverging shock wave decaying to € detonation wave pressure level. This expredses t
competition between the expansion behind the spdilediecaying shock wave and the chemical energasel
behind it. In essence, the energy source wouldbeta create a spherical shock wave of sufficetrength (p ~
Pcy over a minimum thickness {ilin such a way that chemical reaction couplesi¢oshock wave turning into a
CJ spherical detonation. This criterion is only lgaive but of great fundamental significance limk the
hydrodynamics and the chemical kinetics of thadtidan process.

The second result of the same work underlineptbgious result and was perhaps at the origin efabove
mentioned criterion. Quantitative data on critickédmeter of transmission of a detonation from aetwb
diameter d into free space established, for eigfferdnt reactive mixtures, another critical inften criterion,
viz.,

<8151

This work, after the discovery of the cellular stire of detonation and the link postulated by 8dfie and
Troshin [17] between its characteristic shkzéits width) and the chemical induction length was followed by
that of Mitrofanov and Soloukhin [18] in 1964 fdret GH,/O, system where correlations were found between
the critical diameter and the cell size:

cd 13A
for tube of circular section, and

cd 10A
for tube of square section.

These fundamental findings were followed by a lostodies, particularly by the work of Matsui andd_[19]
who explored the detonability of many differentlf@@ and GH./air systems. Edwards et al. [20] showed some
discrepancies with the previous correlation forteys presenting very instable cellular structureveNitheless,

a clear failure of the &13\ correlation was shown by Moen et al.[21] fofHZO, mixture highly diluted by
argon and later by Desbordes et al.[22] in mixturggly diluted (more than 50% in volume)by monatom
gases as helium, argon and krypton. For more tha% &lilution, the critical tube diameter becomes
unquestionably g26-30A.

During this time, the Zeldovich et al. criteriorasvrevisited in the light on the one hand of thimfplolast wave
theory and, on the other hand, of the planar déitmmaliffraction. A few semi-empirical theories gaa better
guantitative approach to the critical initiationeegy of diverging spherical detonation (see Beredical. [23]),

E. being generally expressed by:

& /A\Ypol:)caz)\3
At critical conditions, experiments showed (Deslaar [24]) that a quasi spherical pre-detonationore@f
mean critical radius Rexists in both situations (point blast or planéodation diffraction initiation) linked with

cell size by the relationship:

R=20A=164d
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This result could be compared to that of Murray dm® [25] who determined the critical condition of
detonation front curvature i.e.,.R 14-15A, necessary for its propagation in a slab geomeitl lateral
expansion of the detonation products.

Attempt of rigorous theoretical models was madeesithe ninety’s. In the theoretical model of He &avin
[26] based on quasi-steady solution of curved deton, with the assumption of large R/lt was shown that a
sonic solution at the rear of the reaction zonenily obtained for a minimum value of RAR/L; ranging from
300 and 700, depending on the chemical system @i$&dnon linear curvature effect of the detonafiont was
then recognized as the mechanism of detonaticatioi failure.

Few years later, for Eckett et al. [27] the priyn&ailure mechanism of point blast wave initiatiohdetonation
was not the wave front curvature but the unsteadinethe induction zone arising from the decelenadf wave
front.

Both works found the expression of critical irtiiien energy as previously written in the above
phenomenological models using the point blast waeelel. Nevertheless, in these models three-dimeakio
unsteady cellular aspects of detonation are ignored
At the same time, numerical simulation of cellutltonation propagation and of initiation of detioma by
diffraction of a planar detonation from a tube otular section to free space without and with ablg in the
tube exit provide semi-quantitative very good resah critical initiation conditions (cf Khasainet al. [28]).

In this paper, based on results of experimentsnamderical simulations, we present new insight spberical
detonation initiation by plane detonation diffracti Based on results obtained with two chemicattiea-step
systems as $#NO, mixtures [29] showing very fast first exotherm@action followed by a much slower one, we
present an attempt to justify the large discrepenaif critical diameter correlation for initiatiaf spherical
detonation in reactive mixture highly diluted byn@natomic gas if compared with the same undilutedure.

2 The critical tube diameter

As explained above there are many gaseous reantitares where the critical tube diameter of traission in
free space obeys more or less thel® A rule. They are essentially classical fuel-oxygeimtunes close to
stoechiometry, eventually with a limited amountddfient. Correlations for very rich and lean fueli@ixtures
which have not been explored systematically ardlyra@ot known. Few experiments in stoechiometric
fuel/O,/N, have been performed in the past and up to thasairxidizer for a limited number of fuels (the more
detonable as £l,, H, and GHy). In general, with air, the cellular structureviery irregular with substructures
inside and therefore it is difficult to measurewately its cell sizeand consequently to obtain good critical tube
diameter correlation. Indeed, for,Mir stoechiometric mixture at ambient conditiotise correlation first
announced as A3J30] now is admitted as 18-2431]. Some tests performed with ¢Eind GHg in oxygen and

nitrogen mixtures result ing of 24 and 21 respectively (cf [32]).

In a recent study presented elsewhere [29], weeaddd the detonation diffraction 0f/NO, mixture with two-
steps energy release. In that mixture, the total Qeis released in two successive exothermic stepsspective
energy Q and Q. An example of the ZND reaction zone structure 0.5 is displayed Fig 1. The
characteristic chemical time of the first step (esponding to the delay of the maximum heat releatgebehind
the leading shock wave) is very short, typically’dGn standard conditions £plbar, 5=293K) and depends
weakly on equivalence ratip, in the range 0.5¢<1.3. Associated to this time is the cell net ofirizeA;.
Depending orp, a second maximum of reaction rate (i), existsgfod typically one to two order of magnitude
later than the first one and, (ii) does not ex@t@<1. It was shown experimentally and numericallyt ttee
existence of a second maximum of reaction rate tkeaorigin of the larger cell net in the doubkdlsystems
[33, 34].

Detonation diffraction in such systems exhibite+otassical behaviour, i.e.:

- in single-cell detonationA(= A;) corresponding tap < 1, the critical tube diameter for successful
transmission of the detonation must contain moam th3 cells: dA; is an increasing function af close to 17-
18 for@ = 0.5 and equals to 45-50 fpr- 1. A so large discrepancy from the classicat A3 law is due to the
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fact thatA; is only representative of the chemical kineticeresponding to the Qpart of the whole chemical
energy release Q. K =) is a decreasing function @fequal to approximately 2/3 fgr= 0.5 and 1/3 fop ~ 1.

- in double-cell detonation correspondinggo 1, d/A; continues to increase witpivarying from 45-50
for @ ~ 1 to about 100 fop= 1.3 while the ratio K remains constant of abol®, Independently of. The
critical diameter can be also established considetie cell size\,, for which Q represents 2Q/3. A quasi-
constant relationship. @, ~ 3.5-4 is then shown.

Some analogy can be found if we examine detonatifiraction in H/NO, lean mixtures and in a reactive
fuel/O, mixture diluted by a large amount of argon or oth@natomic diluent. Increasing argon dilution
changes progressively the energy release law. f&tance, examining the steady ZND reaction zone in
CH,+2.50,+ZAr mixtures as Z increases from 0 to 15 (81% #Autibn), we notice that beyond Z=3.5 (50% Ar
dilution), a second very slow heat release stegargoclearly behind the first very short step,Kge? [35]. The
first step is associated mainly to oxidation off®iCO and the second to oxidation of CO into,Odb delay
can be associated to the second step of duratmeatly two orders of magnitude larger than thstfone, and
accordingly no second-cell net appears. So, thguancell observed represents only the first pathefenergy
release, as for #NO, lean mixtures fop > 0.5.

For dilution by 81% argon,.cequals 26-3B, as in H/NO, mixture for@ =.8. In both mixtures, observation of
critical tube diffraction of the detonation revedst cells submitted to the head of the expanfaonare not
destroyed but enlarge before their progressivariilln other words, the coupling between shock raadtion
front is maintained if submitted to 2D expansiomc® the structure is destroyed by further expansgiition
of the transverse super detonation happens indbeghock reactive mixture at a finite distancerfrihe tube
exit where curvature becomes moderate. In the ohseone-step exothermic reactive mixture, cells, am
general, quasi instantaneously destroyed (decayplapears instantaneously) as soon as detonatsubisitted
to the head of the expansion fan limiting the uhpéed cone (see Vasiliev [36], Lee [37] and Pintgad
Shepherd [38]).

Probably, in the above mixtures considered, durihe diffraction, the second reaction step of long
characteristic time is completely destroyed anthégsefore not operational for the detonation rédtion and
propagation at short distance from the diffractidimis can be compared to what happens in doubls-cel
detonation systems when “low velocity detonatioas® observed in tubes because the second reatgjprs o
more included in the detonation reaction zone nfiting conditions are attained (see [39] and [4QJpen
detonation propagation supported only by its fisstp once submitted to expansion, cell of largee si
representing really the first reaction step alomemgyes before to be destroyed progressively. indhse, using
the classical hydrodynamic theory, a loss of 20%hefchemical energy for instance, (i) reducesditenation
velocity by 10% about and (ii), for systems of laetivation energy (i.e. Ea/Rip,~5 as for large argon
dilution), increases the chemical time and cekk $iy 100%. So, successful detonation diffractioa tmvo-step
reaction mixture needs a number of cells in quakiréyime, representing only a part (the first) leé total
energy release, larger than in classical one-gtagtion systems.

Another observation that demonstrates the existefi a second exothermic reaction step of lon@ttur in
highly argon diluted reactive mixtures can be dedutom a very simple experiment. A long run sel$tained
quasi-CJ detonation propagating in a circular tub€,H,+2.50,+15Ar mixture and containing in the diameter
of the tube about 1€ellsor more, encounters a slightly diverging cone ofhaff summit angle. As clearly
shown in [31], the detonation entering the conavsladown very progressively, its velocity losingemth of
percent while the cell size increases twice andt anbre continuously before to stabilize. If theneois long
enough and for a large number of cells includedhim diameter of the tube, it is possible to obsehe
detonation reacceleration towards the quasi-Cdneds its cell size decreases. The same experiwidnt
C,H,+2.50, mixture differs markedly from the previous showititat detonation cell size and velocity are
unaffected by the change of geometry for 5-7 adt®nation in the diameter of the tube.

Thus, cellular structure of such two-steps systemmself-sustained propagation regime in tubes ¢uasi CJ
wave) can be thought as that of a one-step (thg fietonation wave pushed by the energy releaskebsecond
step. In such case the cellular structure is ratbgular. Suppressing the second step of the ssthined
detonation by a small divergence results in thergermee of irregular cells with a substructure iasiHor this
low velocity detonation regime, the critical tubardeter should be very close to the classigal8A rule.

21°' ICDERS - July 23-27, 2007 - Poitiers 4



Daniel Desbordes On the Diverging SphericaDetonation

Guilly et al.[41] performed recently a numerisathulation of the detonation diffraction inld,+2.50Q,+15Ar
mixture, approximating accurately the heat reldaseof Fig 2 by two successive Arrhenius steps. Témilt
shows that critical tube diameter is=B2\ while experiment gives.d- 26-30\. The same calculation, based on
one Arrhenius step for8,+2.50, mixture, validates the.d- 12\ correlation obtained experimentally [28].

3 Conclusions

Examining the ZND detonation reaction zone gfig&-2.50,+ZAr mixtures for large Z , it has been shown that

chemical energy release law differs from that & tmdiluted mixture. It is in particular characted by the
occurrence after the first ever-present short delaythermic step of a second exothermic step of lamg
duration (without any maximum in the heat releade)r The first step producing a maximum heat sdeate is
always responsible of the cellular structure ofdbtonation.
This non-monotonous heat release law controls ¢hengtion behaviour once it is submitted to limitedabrupt
expansion. The larger is the relative amplitudé¢hef second energy step, the larger are the nunilusile (of
the first step) needed for the critical transmisdimm a tube to free space. This is also obseivéty/NO, lean
mixtures where energy release occurs in two steps.

This leads one to the conclusion that the ceajulaity in high monatomic gases diluted mixturesniot
responsible of the breakdown of thg=f3\ correlation. Thus, the schematisation of the eneajease in
detonation reaction zone by a global one step oheéxius form represents poorly what happens raally
different chemical systems. The chemical heat seléaw is more complex and can change during #resition
from two-step to one-step only mechanism.

All these features highlight that the conditiofi€ristence of detonation in free space and itabielr in other
given hydrodynamic configurations is intimately goved by the energy release law via its own detaile
chemical kinetics, and that detonation dynamic patar correlations established only with the detionacell
size give an incomplete view of the complexity tf dynamics. Probably, for a one-step energy releas
detonation system, the= 3\ law may be universal, otherwise for other systampresented above the number
of cells in the tube diameter needed for sphedetbnation initiation must be larger.

4 Dedication

This paper is dedicated to Numa Manson, my makteave known Numa since the last 60’s when studlent
undertook a thesis under his supervision on th@stibf spherical detonation. During my scientfficmation, |
remember the few sabbatical visits of Tony Oppemh&nd Rem Soloukhin in Poitiers and how | followishw
interest their lectures. | remember, too, manytegi tremendous, controversial and in fine liveigcussions
on detonation between the three “fathers” of ICDERS
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Fig 1: Time evolution of temperature and main chemipalcges in the ZND reaction zone
of FNG,/N,O4 mixture forg=0.5, p=1 bar, T,=293 K.
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Fig 2: Temperature evolution in the ZND reaction zon€si, +2.50, + ZAr mixture for
p=1 bar, T,=293 K, in function of Z (0<Z<15).
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