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A one-dimensional model of gaseous detonation waves with heat energy losses was used to explain the narrowing of detonation
limits in the presence of small amounts of efficient inhibitors by the example of hydrogen oxidation, and it was found that
chemical energy losses due to chain termination should be taken into account along with heat and friction energy losses.

The distinction between two regimes of gaseous combustiogervation, respectively, with heat losses take the forms:
(deflagration and detonation) is that the chemical energy of a
metastable mixture in deflagration (subsonic combustion) is trans- P/Vo= (D —w)/v;
formed into thermal and kinetic energies of expanding reaction  p-p, = -D2(v—vy)/vé; 2)
products, whereas in detonation (a supersonic mode of combus- H —Hg + 0.50—pg)(Vp +V) = _J'de,
tion, in which the wave travels at a velocity of thousands of
meters per second) a part of chemical energy is converted inteherev is the specific volume) —w is the DW velocity in the
the energy of compression of the reaction products (shock wave)oordinate system associated with the leading front of D¢,
The suppression of gaseous detonation is of practical importandbe pressureH is the enthalpy behind the DW fro¥] is a
Physical methods like detonation arresters are insufficiently efunction that describes heat losseds a coordinate, and the
fectivel It was found that small amounts of gaseous inhibitors subscripts ‘0’ indicate the initial state. Note that a consideration
lead to the marked narrowing of the detonation limits. As a rulepf only heat losses leads to a linear relationship betweesmn
gaseous detonation is caused by branching chain processesThis simplifies the following treatment and makes it more
(BCP) of fuels oxidation. Thus, the properties of BCP will illustrative because the problem can be solved in an implicit
strongly determine the velocity of a detonation wave (DW) andorm. Separating the chemical part of enthatpy k/(k— L)pv+
detonation limit$3 However, the majority of studies.g, refs.  +Q, whereg is the fraction of an unreacted component (fuel
4, 5) dealt with physical aspects of DW propagation, and ther oxidant), takingk ahead of and back of the DW front to be
kinetics of a chemical reaction was represented by the Arrhenitegqual, and neglecting both the temperature dependence of Cp and
equation. This is not true in BGP.It is evident that the strong the initial pressurgy, we can transform equation (2) to the
narrowing of detonation, which was obsef@dthe presence differential form (see ref. 10):
of ~2% inhibitor, cannot be explained on the basis of the one-
step Arrhenius kinetics. It was also fodnithat GF,Br, ad-
ditives (up to 30% of k) decrease the detonability of 29.5%
H, + air mixtures, although the additive content is too high to
have only chemical nature. An effort was nfadle describe  wherev, = ki(k+ 1), T'(X) is the temperatureR is the gas
detonation limits using a one-dimensional theory applied to @onstant, andy is the rate of chemical reaction with the
detailed mechanism of Hoxidation. However, a numerical opposite sign. Considering the origin of the coordinates just
simulation involving a wide variety of elementary steps did notbeyond the front of a shock wave and taking the corresponding
reveal the determining chemical factors. For exarfplliee  initial valuesv=(k—1)/k+ 1)v, andj =1 at this point, we
important role of the termolecular reaction H4#©M was  examine the behaviour @f(x) in the immediate vicinity of the
specified. However, the rate constants for M = Ar, He agd Nfront for v(x) = (k— 1)/(k + 1)v,.
were taken to be equal, though this is not the tase. First, the rate of BCP is calculated. On the basis of a simple
The aim of this work was to explain the effect of smallmechanism of Hoxidation in stoichiometric and rich mixtures
amounts of effective inhibitors on the DW velocity and on thewith no regard for the reactions of termolecular chain break and
detonation limits on the basis of the Zel'dovich—-von Neumann-ehain origination, we havg:
Doring one-dimensional DW model taking into account the ki-
netics of BCP. This consideration corresponds to the test condi-  dn(®/dt = n(®{2k,[O,1{O;]o —k[inh]},
tions of initiating detonation in a mixture by a shock wave or  d[o,], /dt = ~k;n(t)[0,],{0],
another detonation wavé?
The consideration of chain terminatieia an inhibitor and  wheren(t), [O,]; are the concentrations of H atoms anchi®-
the neglect of heat and friction energy losses (henceforth, lossdsefules, related to the initial concentration of [0.],, [inh] is
seemingly give rise to the classical DW velocity without lo$8es: the concentration of the inhibitor of the same dimension gg;[O
2 o k., k, are the rate constants of elementary reactions of H with
Ds=(-1R @ inhibitor and Q, respectively. Thus, the chain terminatica
whereD, is the DW velocity without losse&=C/C, is the  an inhibitor is considered to be most rapid. Next, the consump-
ratio between the heat capacities at constant pressure and volutiien of the inhibitor is ignored. We divide the first equation by
respectively;Q is the specific heat. Because chain terminatiorthe second, eliminating and denote by definition [ =p.
via an inhibitor causes a decrease in the reaction rate andlhe subsequent integration results in
evidently, a decrease in the heat released, an increase in the _ )
inhibitor concentration leads 1, arbitrarily close to the sonic N() = 2(1 =) + kilinh]In(B)/(k[O2]o) @)
speed. However, the experimentally observed DW velocity at the The rate of consumption of s W = —,3[O,],n(5). Using
limit is supersoni&? It means that the DW propagation with equation (4) (the temperature dependenck, a$ ignored be-
losses should be taken into account. Therefore, a one-dimecause the activation energies of reactions of H atoms evigh,
sional DW model with heat losses is examined. The kinetics ofialogenated compounds as inhibitors, are much lowerEHan
a chemical reaction is represented by the simple oxidation afonsidering In§) = —(1 —3), and replacing [6), by P, we obtain:
H,.11 We will follow the consideratio#? )
2The gas-dynamic equations of mass, impulse and energy con- W=-2B(1 —p)(e =T~ ky[inh]/2k,P) ®)

Qk— 1)[vo — 2()](y —M/Q)

RAT'(X)/dx] = e

®
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Substitution of (5) into (3) gives If H/2f,0Q is not too close to 1, the expansion in series can

R[AT'(x)/dx] = be used:
2(k-1 ky[inh
Q- s~ 2 D0 500 —pe-ermo M)y @ <H2pQ (s)
= " 1 (6) Next, x can be expressed fram[equation (9)]. Replacing
i Ko = (k= 1N by its upper boundary from equation (15) and substitutjrg

k+1

We examine the behaviour ¥f in the immediate vicinity of RET2KeERT,
the front of a shock wave, where only a small fraction of com- x=_—_—_—_0"—~___
ponents reacts. The factor®8T¥ changes the most rapidly. 20QBk-1)3K)
This change is an order of magnitude, wh&r) increases by a Let [H(X)dx ~ Hx, andx is taken from equation (16). Next,
small quantity, as compared wil, at the front of the shock [H(x)dx estimated in such a way is substituted into equation (11)

= e FRTo we obtain

(16)

wave. Thus, we expand the exponent in the sdEEST(x) = taking into account thgf,,<<1, 3—k~2, ki(k+1)=C,/R,
= E/RT,—E[T'(X) - TQ/RTE in (6), assumindl'(x) — T = T(x), 0 ~Oax~ 0.25. After this transformation, equation (1§) takes
0 = (1 —p) andf, = e¥RT equation (6) takes the form the form

dT(x) _ TR 5 Kalinh] D2 CRTE(Qky[inh]/4koP + M)eE/RTo

R=2% =k Yk — 1)(3 —k)(2f{,QO EETWRTe — QL= — M 7 =Q-_"*
X k- 1)(3 —k)(2f,Q5 Q P ) o 20T oF 17)
Equation (7) is integrated by changing variablEs) = One of the most important outcomes of equation (17) is the

In[t(x)]RTE/E: fact that for [inh] = 0 we have the classical equation for a one-

' dimensional DW with heat loss&slt is seen that the chain
ReTR dé(x) 1 _(k=1)E-K2fOIQkP-OQkMINN - MP} o preak reaction (the chain terminatioi an inhibitor in this
X R KiP work), which depends on temperature only slightly, is respons-
Equation (8) shows that, as distinct from the classical treatble for chemical losses.
mentl0 the new term responsible for chemical energy losses It is of interest to clarify whether only chemical losses are

0Qky[inh])/(k,P) occurs along with heat losses. Let= responsible for the existence of detonation limits. At the front
0QKk[inh]/(k,P) + M be the sum of chemical and heat lossesof a shock wave (ignoring the initial temperatuf®)T, =
Upon integrating (8) in view df0) = 1, we obtain: =D?1-(k-1p/(k+ 1)]/C, Taking into account the above
1 © relation andh(v;,Dy) = D2/ £(k2— 1) and Zsubstituting =2EC,/
EETORTS = 9 R[1 - (k—-1pP/(k+ 1), g, = 2(k — 1)C,RTZ/EQin equation (17),
Zfﬁ% - (Zfoé% - e we have ' e
= EH(¢ - &K+ 3K D2-D§ = —0,(Qky[inh}/4ksP + M)ex/>* (18)
R2T 2k

The expzansion 2of tpe exponent in a series is used again:
According to ref. 10, the following inequality asserts thee«/b? = gu/D§ e-(O?-P&u/Dg | As follows from equation (18):
occurrence of a detonation regime (the heat-loss rate must be (D2 DA _ _ g,(Qkfinh]/akgP + Myuen'od e~ Do

lower than the heat-production rate): oF o (19)
0 0
o <tor (5‘?"1['”“] +M) Lo<i (10) Let s=-u(D2-D2)/DE, g, = gy(0.25Qk,[inh]/k,P + M
©Q koP A0Q eM/D(?/Dg‘. Equation (19) takes the form:
The set of equations (2) can be easily transformed to the 5= ge (20)
= Y2

following form0
It is easy to verify that, ifj, = 0, D = D,. Equation (20) is
differentiated with respect i,

ds/dg, = /(1 —s) (1)

whereh(v;,D) = D%2(k2 - 1) is the function that governs deto- It can be seen in equation (21) tisat 1, because fos= 1
nation without losses [see equation (B{x) describes the sum ds/dg, is equal to infinity. It can also be seen that a detonation
of chemical and heat losses; in this cage), = v, at the point regime cannot occur at any valueggf a detonation regime is
Xy, heat-production and heat-loss rates are eqfijglis the  impossible starting from some value of losses. For the maxi-
fraction of the unreacted component at this point. Note that it immum values= 1, we havé?

the point of tangency of the Hugoniot curve and the Rayleigh— _

Mikhelson line; equation (1) takes place at this point. Moreover, D?=D§-Dg/u. D?~D3(1-RTE), D~Dy(1-RT2E)
the simultaneous equality of the numerator and denominator of Now, let M =0. The foregoing is also true in this case: a
equation (3) to zero at this point is a necessary condition for théetonation regime is impossible starting from some valgg; of
occurrence of a detonation regidfeThus, at the temperature however, detonation occurs over a certain range of [inh]. There-
Too corresponding to the point of tangency, we have fore, it is shown that the detonation limit occurs only due to
chemical losses. Lédl = 0O, [inh]/P = X,. The substitution of the

X

h(v;,D) = Q1 —By0) — 1[ H(x)dx (11)

¥ =MQ o »a _ﬂ)_(er%R_TOO_ 'fl[i”h]/ ‘_(OP) =MQ (_12) ~ expression fog, in equation (19) gives:
thg/Xe consider that inhibitor is entirely consumed at this point, (D2 D __ CpRTZXfyuexiDs -0~ 03} )
D 4k,EDG
M/2Qfo = foo1 —Fod (13) The expression fqr [equation (18)] and corresponding para-
It follows from equation (10) that OMYQf, < 1. The fol- meters are substituted into equation (22)= 230000 cm .,
lowing identity takes placév/Qf,, = (M/Qfy) (fo/fo0): Co=4R/m (m=12 is the mean molecular weight of the
2H, + O, mixture)8 R=8.3x10 erg mot1K-1, T,= 2000 K,E =
M/2Qf, = Me-E/RTo/ 2Qf,e- &R Too @) 2% axigoerg n)10’r1,9 k=15, klg = 2.7x161 cre molecl s-1

It follows from equation (14) in terms of equation (12) andin the case of an efficient inhibitdg = 4x10-11cm? molec1s19
folfoo << 110 0.5M/Qfyo << 1 and thenf,y<<1. Thus,fy, in  The calculation is given below only for illustration due to a quali-
equation (13) can be neglected. tative character of the treatment performed. The solution of (22)

The value[H(X)dx is estimated. It is evident from (9) takes the form:

g‘ 2t_2;°n6((1-‘)/_HH72$02(§‘g$/H ~Ler<1 then (1-H/2pQ)e and D = +1.08x16[4.5 + 15.4LambertW(~7.26)]12
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