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1 Introduction

The critical diametertf detonation transmission from a tube of i.dodrée space represents one of the main
criteria characterising the detonation sensitiaitya reactive mixture [1, 2, 3].

For usual fuels mixed with oxygen and slightlyutéd with nitrogen (or with other two or three-aiic
diluent), 4 is correlated to the detonation cell widiky by a quasi universal constats.3 (i.e. d =13¢;[4]).
Nevertheless, recent results obtained with hydragehsome common fuel mixed with air show th#k 18-
24 [5,6].

Large discrepancies in the value gfilave been observed also in mixtures highly dilddgé monatomic gas
[7, 8]. In particular, dilution of stoichiometrid,/O, and GH./O, mixtures by argon, helium or krypton up to
50% in volume has nearly no influencelq(=13) while dilution up to 75-80% doubles its v&{i8].

Many different geometrical diffraction conditiofrem a tube to free space (or to half-space) heen studied
in the past (various shapes of normal diffractsmetion, central obstacles of different shapes ldncage
ratios). In all these experimental conditioksgcan differ from 13 but remains constant for \eegi geometrical
condition demonstrating the self-similarity to thell width of the detonation diffraction phenomenadin
exception appears also with systems highly diluigdArgon when self-sustained detonation diffracterf a
cylindrical tube to diverging cones of various aw]9].

These conclusions are only valid for the abovertineed reactive systems where the oxidizer is eryd heir
detonation exhibits only a single cellular struetuBelow they will be referred as “one reactiorpstixtures in
a global sense.

On the contrary, recent studies on mixtures whkee oxidizer N@is mixed with H or with hydrocarbon (
CH,, GHg ) or included in the chemical formula of a mongeitant as nitro or nitrate group [10], clearly sho
that the chemical energy is released here in twio B1zccessive exothermic steps inside the detanatiaction
zone. These steps are characterized:

- for stoechiometric and rich mixtures by twadb maxima of reaction rates of very different cuderistic
timest;; andT;; or lengths Liand Lb (Li,/ Li;> 10, [10,11] ) each time being defined as theydbktween the
leading shock wave and each maximum of reactiom. Nate have shown that the two exothermic steps of
chemical induction lengths Land Li are correlated to the two nets of cellular strees of characteristic size
Ar andA; (A; nested irk,).

- for lean mixtures, by only one maximum of réactrate corresponding to the first stpcharacteristic
time1;; (and length Lj), and by a single cellular structure of siag. Even in these conditions the chemical
energy release is also hon-monotonous.

So, being interested to determine the dynamichhweur of these detonations and in particularrthgtical
conditions of existence, we carried out an expemtadestudy of the detonation diffraction ky/NO, mixture
from a cylindrical tube to half space. For this tuhe at ambient initial temperature and for diffarpressures,
we know the ranges of equivalence ragifor which the detonation cellular structure is uniquelouble and the
corresponding cell sizes. The goal of this studys vt determine the critical diameter relationshgy f
detonations with non-monotonous energy release.
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2 Experimental

We have studied the critical tube diameter N, mixtures in the range of equivalence ratio 0¢@<1.3, at
the initial temperature o= 293K and initial pressures 0.3 g91.25 bar.

The experimental set up consists of a stainliess gibe of 52 mm i.d. and 7 m length. One end @mnnected
to a coaxial chamber of 200 mm i.d. and 500 mmtlengixtures were prepared directly inside the tabd the
chamber, using partial pressures method takingaotmunt the chemical equilibrium between Ndd NO,.
Mixtures homogenisation was insured by a recirgptapump. Detonation was initiated directly at tiesed
end of the tube by an exploding wire or by a higplesive charge. Self-sustained detonation pressetecity
and cell size were systematically measured jusbrbethe plane of diffraction. Detonation diffractiavas
recorded using smoke-foil technique.

3 Results and Analysis

For each equivalence ratip we have decreased the initial pressure down tatitieal pressure p= . for
which the detonation transmission fails. For a## #txperiments, detonation velocities were closéhéir C J
values within 1%.

We have reported in Fig 1 the critical initial pgase g.with respect tap. The U-shape curve shows a minimum
for @=0.6-0.7.This result is not surprising since tle&dability of H-based mixture is higher for lean mixtures.
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Fig 1 : Critical initial pressure g for detonation transmission versus equivalenc®rgtin H/NO, mixtures at
=293 K. Black circle:” no Go”; Open circle:” Gb

The mean features of detonation diffraction weralysed from smoke-foils (cf Fig 2). Results shovatth
detonation diffraction differs from that observed dne reaction-step detonation (i.e. with monotenbeat
release). Indeed, in the case of critical transmis®f one reaction-step detonation, the head efléteral
expansion fan destroys instantaneously the dgtaneells outside of the unperturbed central diffron cone.
Detonation re-initiates after the shock-reactionezdecoupling in the vicinity of the axis at a diste of about
1.5-2d from the tube exit. A transverse detonatimpagates in the narrow zone of pressurised veagtixture
between the leading shock and combustion prodaradsre-initiates the detonation of the whole chahgehe
two-step detonation studied here, cells associatdle first step enlarge when submitted to theaagpn fan
before being destroyed progressively while thedamnes, when they exist, disappear immediatelysTthe
second reaction step vanishes and is probablyffioieet for the detonation re-initiation. Detonatti reinitiates
like in one-reaction step systems. However, dutigdiffraction, the lateral propagation of the ai@ng shock
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wave depends op. At ¢=0.5, diffraction(Fig 2a) looks like the one-reactistep diffraction while in rich
mixture =1.1, Fig 2b) the lateral propagation of the desgyeading shock wave is very limited due to a fast
and important loss of energy sustaining the shoogamation.

Knowing the variation of the sizes of the twdluar structures (i.e\; etA,) and the single oné\{) with
respect to the equivalence ratio (cf [11]), fockea (@) we have established the relationsthigk A.

The value of k is defined for the fine cell owbe entire range of equivalence ratio (k F &nd for the larger
cell (k = k) only for@ > 1. Variations of kand k values in function ofp are reported in Fig 3. We naotice that:

1°) k is an increasing function gf from 17-18 forp= 0.5 to 45-50 forp= 1 and up to 100 fap= 1.3,

2°) k remains approximately constant and equal to 3-4.

These values are far from the classical valyg®=d3 relative to ¢H,/O, and H/O, mixtures presenting
practically only one reaction step. Neverthelesg, can notice that, gsdecreasek; becomes closer to 13.
The studied mixtures exhibit two main exothermiobgl reactions A<»B and B=>C) which lead for
stoichiometric and rich mixtures to a double calfudtructure whereas for lean mixtures only tanglsi one.

- the first global reactior’A=»B) called reaction (1) is written fag> 0.5 as:

@H,+05NQ =>05NO+05H0+ (@-0.5H
- the second global reactioR=® C) called reaction (2), is written as:
forp <1 :
05NO+05@+ (@-05H=>025N+@H,0 +0.5(1 - O,
forp > 1 :
05NO+05@+@-05H=2>025N+H0+@-1)H,

The reaction (1) is relative to the oxidation gfaat of H by O,, the reaction (2) to the oxidation of Hy NO.
These two oxidizers are provided by the Nd@composition and their oxidation characterigtices are very
different [11].

Figure 4 displays the total heat of reaction Q@)+Q(2) (Q(1) and Q(2) being heat of reactiohsand (2)
respectively) in function of and the ratio Q(1)/Q. One can notice that tat®ris maximum at 67% fap=
0.5 and decreases to 36%ypat 1.This value remains constant fpr 1.

Some specific comments about the critical difiatof two reaction-step detonation are the follogy
1°) for stoichiometric and rich mixtures exhibitihgo nets of cells of very different sizes (at kealsone order
of magnitude), the number of cells needed for tr@ssion in a diameter is 3-4 if we consider theydgircell
representative of the reaction (2). This diffractimppears markedly promoted if compared to thakattive
mixtures with Q as oxidizer for whichld/A=13. The main reason lies in the existence of theti@a¢l) of the
very short characteristic time providing 36% of tb&al energy. This reaction is significantly lssnsitive to the
drastic expansion effects during the detonatiofratifion.

Let us consider now the critical detonation traission results based on finer cells. Their numbesded in a
tube diameter is 50 to 100 dependingpin that case, these cells are representativieeo$maller part (36%) of
the total energy, while 64% being released witheayMong characteristic time increasing wiph Thus, the
reaction (2) ceases to support detonation duriagstidlden expansion and does not take part to thaat®n re-
initiation in the near field flow. So, the critidiner cell number must be greater than 13.

During the critical diffraction of the double odgr detonation, re-initiation of detonation is theontrolled
mainly by the finer cellular structure, the fewdar cells present in the tube diameter disappetenglthe
drastic expansion. These larger cells appear agdhe case of successful detonation transmissitrias from
the tube exit where the radius of curvature ofdémnation is large.

2°) for detonation diffraction of lean mixtures éxting only a single cellular structure represéinta of the
sole reaction (1) , the number of cells in the tdla@neter decreases when the contribution ofrefdstion to the
total energy release increases, i.e. whelecreases. Far= 0.5, k becomes “closer” to the classical value of 13
of a one reaction-step detonation. Indeed, indhag, the second part of the energy release dedtrhying the
diffraction process, as explained above, represanis33% of the total energy. One can think tialhé energy
of the delayed step (reaction (2)) becomes smalipawed with the first one, then k should evolveaoihvi3.

Finally one can notice that/d = 26-30 forg = 0.8. This value corresponds also to that ofckioimetric
C,H»/O, mixture diluted by 80% of Argon.
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4 Conclusion

Conditions of critical detonation diffraction froentube to free space in mixtures obeying a noneatwmous
two reaction-step energy release (i.e. a faststegpA=>»B of short delay followed by a slow second sBe@C)
have been determined experimentally. The mixtueal is H/NO, exhibiting single or double cellular structure
depending on the non-monotonous energy releasedaying with the equivalence ratip

When the quasi-CJ detonation is a one-cell deilmmatorresponding to lean mixtures/\d varies from 17-18
(9=0.5) to 50 ¢ ~1)that is significantly larger than 13 of the siaal law. For detonation with a double cellular
structure, @A, increases from 50pt1) to 100 ¢=1.3) while @/A, is quasi constant and equal to 3-4. One can
underline that the larger ig/d; relative to 13, the larger is the contributiortleé second step to the total energy
release.

Besides, in a completely different chemical systi& has been shown that a second reaction stegaap when
the dilution by a monatomic gas of a fuel-oxygerxtonie becomes large. We have shown that this non-
monotonous heat release is at the origin of thgelayA observed [9].

So, in a more general way, detonation in gassgatems can be thought to proceed according tontain
above mentioned exothermic reaction steps. The gtep would be responsible of the cellular striestihe
second being at the origin of larger cells provitleat a characteristic time of this step can be@ated with the
existence of a local maximum of the reaction ratee increase of /A above 13 is attributed to the increase of
the relative contribution of the second exotherst@p to the total chemical energy.

(a) b) (

Fig 2 : Examples of smoke foil records of detonatiofratition in H/NO, mixture :
(a)one-cell detonationg= 0.5, p= 0.5 bar; (b) two-cells detonatiorp=1.1, py= 0.95 bar
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Fig 4 :Variation of Q=Q+Q, and Q/Q versus equivalence ratip
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