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A fas te r  increase  in t h e  cell size and  o t h e r  ve ry  i m p o r t a n t  mul t i f ron t  d e t o n a t i o n  pa-  
r a m e t e r s  c o m p a r e d  wi th  t ha t  p r e d i c t e d  by  the  kinet ic  calculat ions  has  b e e n  shown 
for n i t rogen -d i lu t ed  fue l -oxygen  mix tu re s  of  hyd rogen  and  typica l  h y d r o c a r b o n s .  Di- 
lu t ion of  m i x t u r e s  wi th  o t h e r  iner t  gases does  no t  lead  to  a similar effect .  This  may  
be  assoc ia ted  wi th  t h e  increase  in the  chemical  r eac t iv i ty  of  n i t rogen  u n d e r  t h e  ac t ion 
of  t he  e lectr ic  field o f  a d e t o n a t i o n  wave. A m o r e  cor rec t  m e t h o d  o f  ca lcula t ing t h e  
ignit ion delays  o f  var ious  n l t rogen-cont~in ;ng  m i x t u r e s  for  d e t o n a t i o n  condi t ions  is 
p roposed .  

I N T R O D U C T I O N  

Many important multifront detonation parame- 
ters, which play the decisive role in explosion hazard 
problems, such as critical initiation energies, critical 
scales of gas charges, channel dimensions for limiting 
detonation, etc. (see, for example, [1-3]) are deter- 
mined via the cell size a. In turn, the value of a can 
be calculated using the technique proposed by West- 
brook, the author, and others [2, 4] within the frame- 
work of the models of detailed or averaged kinetics 
of chemical reactions in a combustible mixture. 

The kinetic constants of the reaction rates for 
several hundreds of various elementary (direct and 
reverse) reactions proceeding in a given chemically 
active system are the basis of the model of detailed 
kinetics for hydrocarbon-fuel combustion. Knowl- 
edge of the kinetic constants for all the components 
makes it possible to calculate, at given initial pres- 
sure and temperature (for a fixed volume and uni- 
form parameters throughout the volume at each mo- 
ment of time), the entire kinetic scheme and the 
initial substance-to-reaction product transformation 
(see, for example, [5, 6]) and to separate the charac- 
teristic stages for a macrokinetic description of the 
system, i.e., the induction period and the effective 
duration of a chemical reaction. We note that de- 
tailed kinetic calculations are more complicated for 
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reactions in a flowing gas mixture. 
The traditional macrokinetic parameter is the 

ignition delay r of the mixture being examined (an 
analog of the calculated induction period). Usually, 
this parameter is presented, within the framework 
of the averaged-kinetics model, in the form of the 
Arrhenius formula (see, e.g., [6]): 

A exp (E /RT)  
- { [ / 7 1  (1) 

where f is the fuel, o is the oxidant, i is the inert 
additive, E is the activation energy of the "limiting" 
(leading) reaction in the induction period, R is the 
universal gas constant, T is the temperature of the 
mixture in the induction zone, the molar concentra- 
tions of the components of the combustible mixture 
per unit volume are indicated in the square brack- 
ets, and ki are the numerical coefficients (constants) 
which are determined in the mathematical process- 
ing of experimental data. 

E X P E R I M E N T S  A N D  B A S I C  R E S U L T S  

In [3], the author expounded the basic results of 
the theoretical and experimental investigations de- 
voted to the determination of a. In the present pa- 
per, the effect of the dilution of mixtures with inert 
gases on the cell size a is discussed. Figure 1 gives 
the summary (from [3, 7-17]) experimental data on 
the sell size of a multifront detonation upon dilu- 
tion of stoichiometric fuel-oxygen mixtures (FOM) 
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Fig. i. Variations of the cell dimensions a upon dilution of mixtures with nitrogen: (a) 2H2 + 02 q" nN2: points z~, o, +, 
O, and x refer to the experimental data from [7-9], [14], and [15], respectively; (b) C2H2 + 2.5(02 + nN2): points x, o, z~, 
and + refer to the experimental data from [7], [8], [10], and [11], respectively; (c) C2H4 + 3(02 + nN2): points ~, o, +, and 
[] refer to the experimental d,~ta from [7], [8], [II], and [13], respectively; (d) CH4 + 2(02 q- nN2): points A, x, and n refer 
to the results obtained by I. O. Moen [11] and reported in [1] and [16]; in all the diasranls, points * and �9 refer to the data 
obtained by the author (see also [3]). 

with nitrogen (P0 = 0.1 mPa, n is the molar concen- 
tration of N2 relative to 02, a~d vertical lines refer 
to air: n = 3.76). The dashed curves are the calcu- 
lated dependences a(N2) within the framework of the 
averaged-kinetics model for the induction period r: 
only the curves which correspond to the "optimal" 
choice of the coefficients of formula (1) for a FOM 
selected from a large amount  of r da ta  obtained by 
various researchers [3] are given: 
H2-02 [18]: kl = 63 = 0, 62 = 1, A ,=  5.38- 10 - s ,  

and E -- 17,150 cal/mole; 

C2H2-O2 [19]: 61 = k2 = 0.5, k3 = 0, A = 
2.82- 10 -s ,  and E = 18,100 cal/mole; 

C2H4-O2 [20]: kl -- k3 = 0, k2 = I, A = 
3.55- I0 -6, and E = 27,500 cal/mole; 

CH4-O2 [21]: kl -- k3 = 0, k2 = I, A = 
6 .0 .10  - s ,  and E = 33,200 cal/mole; 

the oxygen concentration and I" are given in moles 
per liter and microseconds, respectively. The specific 
features of all the diagrams is the more rapid increase 
in the experimental values of the cell size as the mix- 
tures are diluted with nitrogen compared with the 
calculated values. This feature is observed for the 
other characteristic parameters of multifront deto- 
nation with the dimension of length (or proportional 
to a) [3]: critical diameter of a free gas charge, chan- 
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nel dimensions for limiting detonation propagation, 
critical initiation energy, etc. 

At the same time, the experimental dependences 
a(N~) do not go beyond the limits calculated with 
the use of the "minimum" and "maximum" (for ex- 
ample, curve 2 in Fig. la) delays, displacing toward 
the upper boundary as the content of N~_ in the mix- 
ture grows. 

It is necessary to emphasize that as the mix- 
tures are diluted, the unusual behavior of the cell 
size (and the other parameters proportional to a) is 
observed only for nitrogen. For the mixtures with ar- 
gon or helium, the experimental values of a(Ar, He) 
are in agreement with the calculated ones up to very 
high concentrations of an inert gas, wh:.ch markedly 
exceed the nitrogen concentration in stoichiometric 
fuel--air mixtures [3]. In other words, it is not jus- 
tiffed reason to consider that the observed effect of 
a(N2) is due to the imperfection of the cell model 
[4]. The reason should be sought in the description 
of the kinetics of the induction period as applied to 
a multifront detonation wave (DW). 

D I S C U S S I O N  O F  R E S U L T S  

The specifics of the detonation conditions (first 
of all, a strong spatial and time nonuniformity of the 
multifront DW parameters) makes it practically im- 
possible to perform reliable experimental measure- 
ments of the detailed kinetics of chemical reactions 
occurring in the DW. Even under uniform condi- 
tions, which are typical of shock waves, most of the 
measurements were performed for averaged kinetics. 
The measurement results obtained under conditions 
which are different from the detonation ones were 
then extrapolated, with any degree of accuracy, to 
the region of interest. Because of this, for almost all 
fuels extrapolated to the region of gas dynamic pa- 
rameters typical of detonation (temperature, density 
or concentration, and pressure), the "averaged" ki- 
netic data for r obtained by various researchers yield 
a pronounced scatter in the values of r (see, for ex- 
ample, [3, 6, 22, 23]). 

To "optimize" r in the domain of detonation pa- 
rameters, attempts at a repeat "averaging and reap- 
proximation" of a set of kinetic data of various au- 
thors are known with a view to obtaining the new 
generalized constants for Eq. (1) (see, for example, 
[6, 23]). We note that calculation with the use of 
reapproximated coefficients in formula (1) does not 
eliminate the divergence of the experimental and cal- 
culated curves a(N2). 

The next step is to calculate a(N2) with the use 

of the available data on r of the mixtures which are 
examined within the framework of a detailed kinet- 
ics. An analysis of the results calculated according 
to the detailed kinetics and given in [5] for a num- 
ber of mixtures shows, for example, that in the dilu- 
tion of a stoichiometric hydrogen-containing mixture 
with nitrogen and in the transition to a hydrogen-air 
mixture (N2/O2 = 3.76), the v value increases by a 
factor of 9 (the calculated delay was determined as 
the period from the beginning of the process to the 
moment of fastest growth in temperature). At the 
same time, a calculation by means of formula (1) for 
the averaged kinetics shows that none of the known 
sets of kinetic constants for (1) gives the same in- 
crease for the "averaged" induction period [3]. Ow~ 
ing to this, the curves a(N2), which were calculated 
according to the delays from the detailed kinetics 
model, are somewhat steeper than the curves which 
correspond to the averaged kinetics, although they 
are, as before, lower than the experimental ones. 

Formally, the situation with the faster increase 
in a(N2) can be improved, for example, 

(a) by increasing the effective activation energy 
E (and by decreasing A for connection with the 
starting point, i.e., the "pure" mixture); 

(b) by increasing the order of the "limiting" re- 
action. 

Unfortunately, using this approach, it is neces- 
sary, for example, for the mixture H2-O2-N2, either 
to "bring" E up to a value of 240 kcal/mole or to 
increase kl above 2. Neither the first nor the second 
has sufficient physical substantiation or experimen- 
tal support (although such "approaches ~ for other 
mixtures are known in the literature, such as an in- 
crease in E in [24] or the variation of ki in [23]). 

H Y P O T H E S I S  O N  N I T R O G E N  
R E A C T M T Y  A N D  M O D I F I C A T I O N  
OF F O R M U L A S  F O R  7" 

According to the classical ideas, the nitrogen 
molecules remain inert up to very high temperatures 
(at T -- 3000~ and at normal pressure, only 0.1% 
of molecules [25] were dissociated) and they play a 
role only in triple collisions (energy transfer). Never- 
theless, at detonation temperatures an effective in- 
crease in the oscillatory degrees of freedom of molec- 
ular nitrogen can occur. According to [25], already at 
1500~ nitrogen intensely interacts with acetylene, 
with the formation of the radical HCN. Moreover, 
nitrogen is able to convert, under the action of the 
electric field, to an active (excited) substance which 
actively interacts, for example, with atomic oxygen 
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and hydrogen even at room temperature [25]. The 
presence of the longitudinal electric field in the multi- 
front DW was supported experimentally, in particu- 
lar, by Pinaev and Sychev [26]. One can assume that  
having been produced under the conditions typical of 
multifront detonation, this excited nitrogen will he 
able to affect (via the concentration of active par- 
tides) the course of the chemical conversion of the 
initial substances to the final reaction products and, 
first of all, the induction period and, via this period, 
the basic dynamic parameters of multifront detona- 
tion, namely, cell size, critical initiation energies for 
a plane, cylindrical, or spherical cases of symmetry, 
critical charge diameters, etc. Unfortunately, the au- 
thor failed to find in the literature a direct support of 
the hypothesis on the effect of electromagnetic fields 
on the induction period of nitrogen-containing mix- 
tures. 

It is worth noting that  according to the existing 
ideas, for almost all kinds of fuels, the role of nitrogen 
reduces only to tha t  of an inert additive, and it is in- 
corporated in (1) indirectly, via the variation of [02] 
in a mixture. Meanwhile, according to the assump- 
tion on nitrogen excitation in a detonation wave, a 
direct account of N2 in (1) upon mixture solution is 
required. 

In this paper, the effective activation energy E 
and the total order of the "limiting" reaction re- 
mained unchanged (in accordance with the experi- 
mental data). Since the concentrations of the mix- 
ture components can be expressed via one another, 
the effect of nitrogen can be taken into account 
mathematically with the use of a variable coefficient 
in front of [02], which characterizes already the mo- 
lar relations between nitrogen and oxygen in the mix- 
ture: 

[N2]"[O2] "~ = [N2/O2]"[Oz] '~+"~ = B[O2] "+'~. 

Attention should be given to the formal contra- 
diction in formula (1), namely, to the trend of r to 
infinity as the concentration of any component de- 
creases to zero. To avoid this mathematical feature 
in the extrapolation to the FOM [nonzero amount of 
N2 in the denominator of formula (1)], the coefficient 
B before [O2] was defined via a fraction of the FOM 
in a nitrogen-diluted mixture rather than the molar 
fraction of N~_. For example, for a 2II2 + 02 + aN2 
mixture, B(n) = 3/(3 + n) is added in the for- 
mula for r from [18]: in the transition from a sto- 
ichiometric nitrogen-air mixture to a stoichiometric 
hydrogen-oxygen mixture, the value of, B tends from 
3/6.76 = 0.444 to a correct asymptotic limit, i.e., to 
3/3 = 1.0. Similarly, B(n) = 3.5/(3.5+2.5n) appears 
in the formula from [19] for a C2H2 q- 2.5(02 + aN2) 

mixture, B(n) = 4/(4 + 3n) is introduced into the 
formula for r from [20] for C2H4 -1- 3(02 +nN2) ,  and 
B(n) = 3/(3 + 2n) appears in the formula of type 
(1) for ~" from [21] for CH4 + 2(02 + nN2), etc. 

The solid curves in Fig. l a -d  refer to the calcu- 
lation according to the proposed technique. Clearly, 
the refined technique for calculation of ignition de- 
lays in the presence of nitrogen in a mixture describes 
the experimental dependences a(N2) much more cor- 
rectly compared with the previously used ones. We 
note that  this approach has turned out to be more 
efficient for all the other mixtures considered. 
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