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Abstract—A mathematical modeling of the chemical inhibition of the detonation of hydrogen–air mixtures
is performed. It is demonstrated that a onedimensional model of detonation based on a chainbranching
mechanism of hydrogen combustion makes it possible to describe the main regularities of the effect of inhib
itors on detonation. The calculation results, which are in good agreement with the available experimental
data, show that inhibition causes a narrowing of the concentration limits of detonation and an increase in the
critical diameter of detonation.
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1. INTRODUCTION
The suppression of explosions of organic com
pounds with small amounts of additives was observed
during tests of internalcombustion piston engines
well before the theory of branchingchain reactions
appeared [1, 2]. Antiknock additives were methane,
hydrogen iodide, organic iodides, and various meta
lorganic and nitrogencontaining compounds. In [1,
2], the effect of additives was attributed to their ability
to prevent the formation and accumulation of organic
peroxides and aldehydes, active intermediates of the
reaction. The formation of these intermediate prod
ucts during the oxidation of organic compounds is
known to occur by the degenerated chainbranching
mechanism at relatively low temperatures (below
800 K), in the region of socalled cool flames (see,
e.g., [2]).
In recent times, search for effective antidetona
tion additives was resumed in connection with a new
stage in the development of hydrogen energetics,
largely based on fuel cells. It was demonstrated [3–5]
that adding small amounts of inhibitors, including
hydrocarbons with unsaturated bonds (olefins), to
hydrogen–air mixtures substantially narrows the con
centration limits of detonation, increases the predeto
nation distance, and can even quench a steady detona
tion wave.
According to these works, the inhibition of the det
onation of hydrogen–air mixtures occurs due to an
additional chain termination in the chainbranching
reaction by the additive. The high efficiency of olefins
is associated with a rapid capture of atomic hydrogen
by the π bonds of inhibitor molecules.

The authors of [6] systematically examined the
predictive possibilities of the onedimensional theory
of detonation limits proposed by Ya.B. Zel’dovich [7–
9] by using a detailed kinetic scheme of hydrogen oxi
dation and refined values of the friction factor and
heat transfer coefficient at the tube walls. It was dem
onstrated that the onedimensional model satisfacto
rily predicts the detonation limits as a functions of the
composition, initial temperature and pressure, and the
type and content of the inert diluent in the hydrogen–
air mixture. The aim of the present work was to apply
the model developed in [6–9] to the problem of deto
nation inhibition in hydrogen–air mixtures with small
amounts of effective antidetonation additives.
2. FORMULATION OF THE PROBLEM
2.1. Physical Formulation of the Problem
Let a steady planar detonation wave propagate in a
straight channel of diameter d filled with a mixture of
reactive gases. As in [6–9], the following simplifying
assumptions were made:
(1) the flow behind the detonation wave is one
dimensional;
(2) the structure of the detonation wave is the same
as in the Zel’dovich–von Neumann–Doering model;
(3) the reaction mixture obeys the equations of
state of an ideal gas;
(4) isothermal conditions are specified at the tube
wall;
(5) the parameters of the flow change in the trans
versal direction only due to friction and heat transfer at
the tube wall;
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(6) the friction factor and heat transfer coefficient
are related by the Reynolds analogy;
(7) the contribution from light emission is negligi
bly small;
(8) the chemical reaction rate is constant across the
channel.
A scheme of the flow in the system of coordinates
attached to the front of the leading shock wave (x = 0)
is displayed in Fig. 1. The x axis is directed down
stream of the flow. According to the theory developed
in [7–9], the entire flow region was divided into five
zones (1)–(5). In this system of coordinates, the tube
wall moves at a velocity D and has a temperature T1.
Zone 1 is occupied by a uniform initial mixture
with density ρ1 , pressure p1 , and temperature T1 ,
which flows onto the shock wave front at the detona
tion velocity D .
Zone 2 is the reaction zone, in which the initial
mixture is first instantaneously adiabatically com
pressed in the shock wave (the density, pressure, and
temperature increases from ρ1 , p1 , and T1 to ρ s , ps ,
and Ts (the subscript s denotes the parameters of the
gas immediately behind the shock wave front),
whereas the flow velocity decreases from D to u s ,
which is always smaller than the local speed of sound,
us < as ). Then, after a certain induction period, the
mixture selfignites and gradually burns out. It is
known that the heat input from the reaction into a sub
sonic flow accelerates it to a velocity of u2 = uCJ (the
subscript CJ denotes the parameters of the gas at the
Chapman–Jouguet point). At the CJ point, an impor
tant condition is fulfilled: the gas flow velocity is iden
tical to the local speed of sound uCJ = aCJ. This condi
tion (CJ condition) ensures the stability of the detona
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

tion wave, since small perturbations arising
downstream from the front does not reach the reaction
zone. The temperature in the reaction zone increases
from T2 to TCJ , whereas the density and pressure
decrease to ρ2 = ρCJ and p2 = pCJ . Since the tempera
ture T2 is higher than the temperature of the tube wall
T1 , a heat flux q from the reaction zone to the wall
arises; i.e., the flow in zone 2 is essentially nonadia
batic. In addition, since u2 < D , the tube wall does
external work on the gas because of a nonzero viscous
friction stress σ, which is directed downstream of the
flow (Fig. 1). In contrast to the heat released by the
reaction, the heat transfer to the wall and the external
work done on the gas cause a deceleration of the sub
sonic flow, i.e., impede the gas from achieving the
Chapman–Jouguet condition and thereby predeter
mine the existence of the detonation limits. The fac
tors that prevent the gas from achieving the CJ point in
the reaction zone of the detonation wave are normally
termed “losses”, more specifically, heat and momen
tum losses. Note that, because of the competitive
action of the abovementioned physicochemical pro
cesses on the flow in the reaction zone of the detona
tion wave, the chemical transformations at the CJ
point remain uncompleted.
In zones 3 and 4, the afterburning of the mixture
and the expansion and cooling of the detonation prod
ucts occur. In zone 3, under the action of the external
work done on the gas and of the heat transfer to the
tube wall, the supersonic flow accelerates from
u3 = uCJ to u3 = D ; i.e., a complete expansion of the
gas from the density of ρ3 = ρCJ to the density of the
initial mixture, ρ3 = ρ1 , occurs. Clearly, the afterburn
ing of the mixture in zone 3 to some extent impedes
the acceleration of the supersonic flow. Since the gas
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Fig. 2. Changes in the state of the gas in the detonation wave illustrated in the pressure–specific volume plane.

temperature at the end of zone 3 still differs from the
temperature of the wall (T3 > T1), the cooling of the gas
continues. In zone 4, the supersonic gas flow first con
tinues to accelerate to a velocity of u4 > D due to the
predominant influence of cooling and then deceler
ates to a velocity of u4 = D due to the predominant
influence of viscous stress at the wall, which reverses
its direction in zone 4 if u4 > D (Fig. 1).
In zone 5, the detonation products have the density
and temperature identical to those of the initial mixture
and flow at a velocity D . The pressure in zone 5 may
somewhat differ from the pressure p1 if the number of
moles of gas changes after the chemical reaction.
Based on the results from [9], we plotted Fig. 2,
where the arrows show the changes in the state of the
gas in the detonation wave in the pressure–specific
volume plane. As can be seen, in the presence of
losses, the state of the gas changes along curve 1–s–
2–3–4–5, with the transition from state 1 to state s
occurring stepwise. Recall that, in the ZND theory of
ideal detonation, the state of the gas changes along the
Rayleigh line, line 1– sCJ –CCJ , where CCJ is the classi
cal CJ point, the point of tangency of the Rayleigh line
and the Hugoniot curve. In the presence of momen
tum and energy losses, the CJ point is positioned
below and to the right of the classical CJ point for ideal
detonation, generally outside the Hugoniot curve cor
responding to the thermodynamically equilibrium
detonation products at the given initial conditions.
Thus, the detonation wave region encompasses
zones 2, 3, and 4. To solve the problem of inhibition of
the detonation of hydrogen–air mixtures with small

amount of effective antidetonation additives, it is
necessary to consider the flow in all these zones.
2.2. Mathematical Formulation of the Problem
The governing equations of the model include [6–9]:
The mass conservation equation

dρ u
= 0.
dx
The species conservation equation

dρiu
= χiμi,
dt

(1)

ρi = ciμi

L

χi =

∑β r ,

(2)

ij j

j =1

n

rj = k f

m

Π

cl − k r

l =1

Πc .
l

l =1

The momentum conservation equation

d p + ρu 2 = Π σ.
dx
Φ
The energy conservation equation

(

)

(3)

⎡ 2
⎛N
⎞⎤
(4)
ρu d ⎢u + 1 ⎜ H ici ⎟⎥ = Π (σD − q) .
⎟⎥ Φ
dx ⎢⎣ 2 ρ ⎜⎝ i =1
⎠⎦
In Eqs. (1)–(4), ci , µ i , and H i are the molar concen
tration, molecular mass, and enthalpy of the ith chem
ical species of the mixture, L is the total number of

∑
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chemical reactions occurring in the mixture, β ij is the
stoichiometric coefficient of the ith component in the
jth reaction, N is the total number of species in the
mixture, k f and k r are the rate constants for the for
ward and reverse reactions, and Π and Φ are the
perimeter and cross sectional area of the tube.

tions at the shock wave front correspond to the Rank
ine–Hugoniot conditions:

ρ sus = ρ1D,
ps + ρ sus2 = p1 + ρ1D 2,
N
N
2
1 ⎛ H c ⎞ + us = 1 ⎛ H c ⎞ + D 2 ,
⎜
⎜
i i⎟
i i⎟
⎟
⎜
⎟
ρ s ⎜⎝ i =1
⎠ s 2 ρ1 ⎝ i =1
⎠1 2
(ci ) s = (ci )1 .

∑

The reaction rate constants k f and k r were calcu
lated by the formula

k = AT n exp ( − E RT ),

(5)

where E is the activation energy, A is the preexponen
tial factor, and n is the temperature exponent.
The system of equations (1)–(4) was supple
mented with the equation of state for a mixture of
ideal gases:
N

p=

∑ρ RT,
i

(6)

i =1

where R is the universal gas constant. The expressions
for the viscous stress σ and heat flux q read as
,
σ = 1 C f ρ ( D − u) D − u , C f = 0.3164
2
Re 0.25

(7)

2
q = C hρ ( D − u ) ⎡C p (T − T1) + 1 ( D − u ) ⎤ , C h = 1 C f .(8)
⎣⎢
⎦⎥
2
2

In Eqs. (6)–(8), C f is the friction factor given by the
Blasius formula, C h is the dimensionless heat transfer
coefficient determined from the Reynolds analogy,
C p is the heat capacity of the mixture at constant pres
sure, and Re is the Reynolds number calculated by the
formula

Re =

ρ1 ( D − u) d
,
η1

(9)

where d is the tube diameter and η1 is the dynamic vis
cosity of the mixture [10]:

(μ1T1) 0.5 .
η1 = 26.7 × 10
2
−7

σm

(10)

Here, σ m is the hardsphere radius of the mixture spe
cies, and µ1 is the molecular mass.
To solve the system of differential equations (1)–
(4), it is necessary to formulate the boundary condi
tions at the shock wave front (at x = 0) and at a large
distance from the wave ( x → ∞). The boundary condi
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∑

(11)

At a large distance from the wave, the following condi
tions should be satisfied:
(12)
x → ∞ : ρ → ρ1; T → T1.
In this formulation, the detonation velocity D is the
eigenvalue of the problem, which is determined by
using the shooting method [6].
2.3. Kinetic Mechanism
To describe the effect of inhibitors on the detona
tion of hydrogen–air mixtures, it is necessary to use
kinetic mechanisms including the main steps of the
branchingchain oxidation of hydrogen with the
known rate constants and thermodynamic data. The
kinetic mechanism of hydrogen oxidation used in the
present work is presented in the table. The mechanism
consists of 21 reactions (I–XXI) involving 8 species
(H2, O2, OH, H2O, H, O, HO2, H2O2); M denotes any
species. The relevant thermodynamic data were bor
rowed from [11].
The inhibitor of the detonation of hydrogen–air
mixtures was propene (С3Н6). The effect of propene
was modeled by the following two reactions added to
the kinetic mechanism given in the table:

C3H 6 + H ( + M) → C3H 7( + M)

(XXII)

and
(XXIII)
C3H 7 + O 2 → C3H 6 + HO 2 .
Reaction (XXII) is chain termination via the addi
tion of a hydrogen atom to a C3H6 molecule with the
formation of the less active propyl radical (С3Н7). Due
to the high frequency of triple collisions at atmo
spheric and higher pressures, reaction (XXII) obeys
the secondorder kinetic law, with the rate constant
given by l/(mol s)

(

)

(13)
k = 1.3 × 1010 exp − 787.87 l/(mol s).
T
A comparison of the rate constants for reac
tions (XXII) and (III) shows that, if only several tenths
of a percent of propene are present in a hydrogen–air
mixture, chaintermination reaction (XXII) effec
tively competes with chainbranching reaction (III).
Note that propene reacts not only with hydrogen
atoms but also with oxygen atoms and hydroxyl radi
cals; therefore, the use of only reaction (XXII) under
estimates the chain termination rate, since the reac
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Kinetic mechanism of hydrogen oxidation
Forward
Reaction
no.

Reaction

Reverse

log A
[cm mol s]

n

E,
kcal/mol

log A
[cm mol s]

0

48.1

10.82

0.3

29.2

1.6

18.57

I

H2 + O2 = OH + OH

13.24

II

OH +H2 = H2O + H

8.00

1.6

3.30

8.66

III

H + O2 = OH + O

17.08

–0.9

16.52

13.25

IV

O +H2 = OH + H

7.18

2.0

7.55

V

O + H2O = OH + OH

10.18

1.1

17.26

VI

H+H + M = H2 + M

17.81

–1.0

VII

H + O2 + M = HO2 + M

17.85

VIII

OH +H + M = H2O + M

IX

E,
kcal/mol

n

0

0

3.69

2.8

3.88

9.18

1.1

0

0

18.77

–1.1

–0.8

0

19.06

–1.2

21.92

–2.0

0

15.11

0

HO2 + H2 = H2O2 + H

13.48

0

13.68

0

7.95

X

HO2 + HO2 = H2O2 + O2

12.26

0

0

13.73

0

39.74

XI

H +HO2 = OH + OH

14.40

0

1.9

13.08

0

40.1

XII

H +HO2 = H2O + O

13.15

0

2.08

12.74

0

57.53

XIII

H +HO2 = H2 + O2

13.82

0

2.13

14.16

0

56.64

XIV

O +HO2 = OH + O2

13.24

0

–0.4

13.35

0

52.66

XV

OH +HO2 = H2O + O2

13.48

0

0

14.60

0

73.0

XVI

OH +OH + M = H2O2 +M

24.76

–3.0

0

33.11

–4.9

53.25

XVII

HO2 +H2 = H2O + OH

11.78

0

18.68

11.44

0

73.74

XVIII

HO2 +H2O = H2O2 + OH

13.40

0

32.29

13.06

0

1.76

XIX

H +H2O2 = H2O + OH

13.38

0

3.97

14.06

0

79.19

XX

OH +M = O + H + M

15.38

0

99.36

18.67

–1.0

0

XXI

O + O + M = O2 + M

13.28

0

–1.79

18.26

–1.0

118.1

tions of С3Н6 with O and OH also result in the substi
tution of lowactive radicals for active species.
Reaction (XXIII) is the regeneration of propene
through the interaction of propyl radicals with
molecular oxygen. This reaction proceeds in two
steps [12–15]:
С3Н7 + О2 = С3Н7О2,

26.03

104.4
48.41
105.1

small amount of inhibitor caused a reduction in the
intensity of combustion, decreases in the concentra
tions of H, O, and OH, and, an increase in the НО2
concentration. The spectra of atoms and radicals in
the flame were recorded with LMR and EPR spec
trometers.
The rate constant of reaction (XXIII) was set equal to
k = 1.26 × 10 l/(mol s).
8

followed by the isomerization of the С3Н7О2 molecule
and the subsequent abstraction of НО2,
С3Н7О2 = С3Н6 + НО2 .
Note that the formation of НО2 radicals by the reac
tion of propyl radicals with О2 was observed during the
inhibition of hydrogen combustion by this hydrocar
bon [14, 15]. In this experiment, the introduction of a

(14)

3. SOLUTION OF THE PROBLEM
3.1. Numerical Method
The system of nonlinear differential equations (1)–
(4) together with relationships (5)–(14) was reduced
to a dimensionless form using the notations:
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Fig. 3. Calculated (curves) and measured (symbols) dependences of the ignition delay time on the temperature for hydrogen–air
mixtures at (a) [Н2] = 5 vol % and p1 = 0.0211–0.0436 MPa and (b) [Н2] = 20 vol % and p1 = 0.0215–0.0346 MPa.

v1dΠ
v dΠ
p
σ; W = 21 q; Ma = D ; P = ; V = v ;
2
C1
p1
v1
C1 Φ
C1 ΦD
(15)
C
τ = 1 t ; ξ = x ; Q = dQ d3 ,
d
d
dt C1

In the dimensionless form, the system of governing
equations reads as

where v1 is the specific volume, C1 is the speed of
sound in the gas in zone 1 (Fig. 1), and Q is the rate of
heat release by the chemical reactions.

(16)

S=
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dV = 1 f ' − f '' ,
dξ Ma 2 ψ
dP = γ f ' − f '' (1 − ψ) ,
1
ψ
dξ
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Therefore, instead of boundary conditions (12), we
used the condition of continuous transition through
this singular point.

tind, µs

10

In the course of numerical solution of the problem,
the value of D was determined by the shooting
method, as in [6], i.e., by integrating system (16)
together with the kinetic equations and the additional
relationships at various D until both conditions (17)
were met. The problem was solved by the fourthorder
Runge–Kutta method. The system of kinetic equa
tions was solved by the matrixexponential method
[16] with internal integration step. The relative accu
racy of calculating the detonation velocity was within
0.05%.

1

5
2

2

1
0.5
1

2

3

4

p, МPа

Fig. 4. Calculated dependences of the ignition delay time
on the initial pressure p1 for a stoichiometric hydrogen–air
mixture with (1.0 vol %, curve 1) and without (curve 2)
inhibitor. The initial temperature, Т1 = 1200 K.

where
ψ =1−

γP
,
γ 1Ma 2V

f ' = S,

3.2. Tests of the Kinetic Mechanism

∑

Qi
f '' = ( γ − 1) S 1 − V − W − ( γ − 1)
2.
V
V
MaV

(

)

Here, the parameters S and W describe, respectively,
the rates of momentum and heat losses.
The variable ϕ = f ' − f '' is proportional to the dif
ference between the rates of heat release and heat
losses, whereas ψ is the difference between the local
flow velocity and sound speed. The conditions at
which the variables ϕ and ψ simultaneously become
equal to zero,

dV = 0 ,
dξ 0
dP = 0 ,
dξ 0

The effect of an inhibitor on the structure of the
detonation wave and on the detonation limits was
examined for small additives (1 and 2 vol %) of pro
pene C3H6, as an example. Such concentrations of
propene are smaller than the lower concentration limit
of flame propagation in the absence of hydrogen at an
initial temperature of 293 K. In the presence of Н2, the
hydrocarbon reacts with the atoms and radicals
formed in the flame; therefore, part of the oxygen is
spent on reactions involving the radicals formed from
the С3Н6 molecule.

(17)

correspond to the generalized Chapman–Jouguet
condition, which was first suggested by Ya.B. Zel’dov
ich [7, 8]. The singular point in Eqs. (16) is of saddle
type, and, therefore, to solve the problem with bound
ary conditions (12), it is necessary to ensure a contin
uous transition through the singular point into the
region of supersonic flow. This transition is possible
only at a certain value of the detonation velocity D .

To test the selected mechanism, we calculated the
ignition delay times for hydrogen–air mixtures of var
ious compositions at different initial conditions. The
calculation results were compared to the available
experimental data. In Figs. 3a and 3b, the symbols
represent the experimental data from [17] for hydro
gen–air mixtures containing 5 and 20 vol % hydrogen,
respectively, whereas the curves show the correspond
ing calculation results. The vertical dashed line indi
cates the temperature 1200 K. All the points to the left
of this line correspond to temperatures realized in det
onation waves in hydrogen–air mixtures. As can be
seen, the calculation results are in close agreement
with the experimental data.
3.3. Detonation Limits
The main effect of a detonation inhibitor is to
increase the autoignition delay time. Figure 4 shows
calculated dependences of tind for a stoichiometric
hydrogen–air mixture with (curve 1) and without
(curve 2) propene additive on the initial pressure at
1200 K. As can be seen, the behavior of the upper
curve qualitatively differs from that behavior of the
lower curve. For the mixture containing the inhibitor,
the ignition delay time decreases monotonically with
increasing initial pressure, at least within p1 = 0.1–
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Fig. 5. Calculated time profiles of (a) temperature and (b) [H] concentration for the autoignition of (1) 29.6% Н2– 70.4% air and
(2) 29.6 Н2–1.0% С3Н6 + 69.4% air mixtures at initial conditions of Т1 = 1200 K and p1 = 0.1 MPa.

5.0 MPa. At pressures above 5.0 MPa, the curves con
verge; i.e., the efficiency of the inhibitor decreases.

observations are manifestations of the inhibition of the
process.

Figure 5 shows the calculated time profiles of the
temperature and atomic hydrogen concentration at an
initial pressure of 0.1 MPa, with the rest of the condi
tions being specified in the caption of Fig. 4. As can be
seen, the ignition delay times differ by an order of
magnitude. The final temperature of the mixture with
the inhibitor is nearly 200 K higher than that of the
mixture without the inhibitor, which can be explained
by the occurrence of the exothermic process of forma
tion of НО2 radicals through reactions (XXII) and
(XXIII).

Figure 6 shows the time histories of the [C3H6]
concentration and the concentrations of a number of
radicals. Within the initial portion of the time history,
[C3H6] concentration remains nearly constant, but
propyl radicals C3H7 appear and accumulate starting
from the very beginning of the process, an observa
tion indicative of the reaction of C3H6 with atomic
hydrogen (one of the main chain carriers of the
chainbranching process). The inhibitor is regener
ated with the formation of HO2 radicals. For com
parison, Fig. 6 displays the kinetic curves for [НО2]
in the presence and absence of the inhibitor. Note
that the inhibitor is regenerated only partially, since
it participates in other reactions [13]. However, this
circumstance does not affect the main conclusions
of the present work.

Curve 2 in Fig. 5b shows that the maximum con
centration of atomic hydrogen is by ~20% lower than
that observed for the autoignition of the inhibitorfree
mixture. Moreover, in the inhibitorcontaining mix
ture, atomic hydrogen exists for a substantially shorter
time as compared to the inhibitorfree mixture. These
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Fig. 6. Calculated time histories of the [C3Н6], [C3Н7], and [НО2] concentrations for the autoignition of a stoichiometric hydro
gen–air mixture without (solid line) and with (1 vol % C3Н6) inhibitor (dashed lines) at initial conditions of Т1 = 1200 K and
p1 = 0.1 MPa.
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Fig. 7. Calculated dependences of the limiting diameter of
detonation on the hydrogen concentration. The curves
correspond to different amounts of inhibitor added: (1) 0,
(2) 1.0, and (3) 2.0 vol % at initial parameters of the system
of Т1 = 298 К and p1 = 0.1 MPa.

Addition of an inhibitor results in a narrowing of
the concentration limits and in an increase of the min
imum channel diameter in which the detonation wave
still propagates. The calculated dependences of the
limiting diameter of the tube on the hydrogen content
in the hydrogen–air mixture without and with the
inhibitor (in concentrations of 1 and 2% propene) are
displayed in Fig. 7. All the curves have a Ushaped
form and make it possible to determine the detonation
concentration limits at a given diameter of the chan
nel. Curve 1 closely reproduces the calculation results
reported in [6]. Note that the authors of [6] compared
their calculation results with the experimental data
from [18, 19] and revealed a satisfactory qualitative
and quantitative agreement. The theory predicts that
the minimum (limiting) channel diameter at which
steady detonation can still propagate in a hydrogen–
air mixture is 3.7 mm. Figure 7 shows that, upon addi
tion of 1% propene to a hydrogen–air mixture in a
20mmdiameter tube, the lean detonation limit shifts
from 16.9 to 19.76 vol % whereas the rich limit shifts
from 60.05 to 50.63 vol %. Upon addition propene,
the limiting diameter of the tube increases from
3.7 mm (without inhibitor) to 6.3 mm and 12.5 mm at
1 and 2 vol % propene, respectively. In addition, upon
introduction of the inhibitor, the minimum of the
Ushaped curves shifts to lower hydrogen concentra
tions.
An analysis of the data presented in Fig. 7 led us to
another important conclusion: even in largediameter
tubes, in which momentum and energy losses can be
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Fig. 8. Calculated time profiles of the temperature and mass fractions of [H], [HO2], and [H2O2] for (1) 22 vol % Н2–78 vol %
air and (2) 22 vol % Н2–1.0 vol % С3Н6–77 vol % air mixtures at initial parameters of the system of Т1 = 298 K and p1 = 0.1 MPa.

disregarded, propene additives influence the concen
tration limits of detonation. Indeed, addition of 1%
inhibitor results in a narrowing of the lean and rich
detonation limits, by 3 and 8% in Н2, respectively;
at 2% inhibitor, the corresponding values are 6.0
and 16%.
3.4. Detonation Structure
Let us consider how inhibitor additives influence
the structure of the reaction zone of the detonation
wave. Figure 8 shows the calculated time profiles of the
temperature, specific volume, and concentrations of
H, НO2, and Н2O2 in detonation waves propagating in
nearcritical mixtures without and with (1%) inhibi
tor. Calculations were performed for tubes 6 and 9 mm
in diameter. Note that the calculated time profiles of
the pressure and density feature no irregularities, and
therefore, they are not shown. The calculation results
displayed in Fig. 8 refer to a 22 vol % hydrogen–air
mixture at an initial temperature of T1 = 298 K and an
initial pressure of p1 = 0.1 MPa. The temperatures at
the front of the leading shock wave in the two mixtures
differ because of the difference in the detonation
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

velocity: D = 1681.5 m/s (curve 1) and 1748.4 m/s
(curve 2), which can be explained by a higher enthalpy
of formation of the inhibitor. Generally, in both cases,
the temperature profiles are qualitatively similar.
Note, however, that, in the mixture with inhibitor, the
atomic hydrogen concentration is substantially lower
whereas the concentrations of less active species, НО2
and Н2О2 are markedly higher.
The calculated dependences of the detonation
velocity on the hydrogen concentration in the mix
ture with and without inhibitor are shown in Fig. 9.
As is seen, near the concentration limits, the limiting
detonation velocity only slightly differs from DCJ :
Δ D / DCJ = 4–5% at the lean limit and Δ D / DCJ = 8–
10% at the rich limit. The maximum decrease in the
detonation velocity, Δ D / DCJ = 15%, was observed for
mixtures containing 35–45 vol % hydrogen. Upon
addition of the inhibitor the concentration limits nar
row and the velocity decrease also diminishes (Fig. 9,
curve 2). For example, upon addition of 1 vol % C3H6,
the admissible change in the detonation velocity at the
lean and rich limits turned out to be close to
Δ D / DCJ = 2–3 and 3–4%, respectively, whereas the
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The initiation section was a variablecrosssection
narrow tube attached to the detonation section. The
experimental procedure was as follows. First, the initi
ation and detonation sections were evacuated and then
filled with the working hydrogen–air mixture. The
working mixture was introduced through an inlet
located at the middle of the tube to a pressure 0.8–
0.95 atm, after which the initiation section was filled
through the inlet at its end face with a stoichiometric
hydrogen–oxygen mixture to a total pressure of 1 atm.
During such introduction, the hydrogen–oxygen mix
ture displaced the working hydrogen–air mixture from
the initiation section and from a leadin part of the
detonation section, by 0.9–1.0 m from the junction
between the sections. Detonation was initiated near
the end face of the initiation section with a 3J electric
discharge. The detonation wave passed from the initi
ation section into the detonation section propagated
there. The detonation velocity was calculated from the
recordings of the signals from the pressure transducers
and photodiodes.

D/DCJ
0.98
0.96
0.94
0.92
2
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0.88

1

0.86
0.84

20

30

40
[H2], vol %

50

60

Fig. 9. Calculated dependences of the detonation velocity
on the [Н2] concentration for (1) Н2–air and (2) Н2–air–
1% C3Н6 mixtures at initial parameters of the system of
Т1 = 298 K and p1 = 0.1 MPa.

maximum decrease in the detonation velocity was
Δ D / DCJ < 11%.
4. EXPERIMENTAL STUDIES
The results of experimental studies of the inhibition
of the detonation of hydrogen–air mixtures by small
amounts of hydrocarbons are presented in [5]. Fig
ure 10 shows a schematic of the experimental setup
used in [5]: a straight detonation tube, 101 mm in
diameter and 15 m in length, equipped with detona
tion initiation, gas handling, and measuring units. At a
number of positions along the tube, a pressure trans
ducer and a photodiode opposite it were installed.

The working mixture was composed of 33.8% Н2
and air. In mixtures containing no inhibitor, detona
tion propagated at a velocity of 1980 m/s, very close to
the CJ detonation velocity for this mixture. This deto
nation velocity settled at a distance of 2.0–2.5 m from
the detonation section entrance. Figure 11 shows the
distance–time diagrams for four experiments with the
same initial condition; as can be seen, the results are
well reproducible. The pressure and light emission sig
nals at each cross section deviated from the base line
simultaneously, an observation that, together with the
measured wave velocity, is indicative of the detonation
mode of wave propagation.
The detonation inhibitors in [5] were isobutene and
propene. At an inhibitor content of 3 vol % and higher,
no detonation in a 33.8% hydrogen–air mixture was
observed, all other things being equal: the reaction

5

1

2

4

Recording
devices
3
Fig. 10. Schematic of the experimental setup used in [5]: (1) detonation tube, (2) detonation initiation section, (3) recording
devices, (4) pressure transducers, and (5) photodiodes.
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Fig. 12. Distance–time diagram for (a) shock wave and
(b) reaction front propagation in 33.8% Н2–air mixtures
(1) without and (2, 3) with inhibitor in concentrations of
(2) 2.0 and (3) 2.2 vol % [5].

Fig. 11. Distance–time diagram for detonation propaga
tion in a 33.8% Н2–air mixture as measured in four exper
iments at the same initial conditions [5].
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Fig. 13. Distance–time diagram for (a) shock wave and (b) reaction front propagation in 45% Н2–air mixtures (1) without and
(2, 3) with inhibitors: (2) 2.5 vol % propene and (3) 2.5 vol % isobutene [5].
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front progressively lagged behind the shock wave. This
fact cannot be explained by the effect of dilution of the
mixture. Special experiments showed that, in order to
suppress detonation, substantially higher concentra
tions of an inert diluent are needed. At lower inhibitor
concentrations in the hydrogen–air mixture, detona
tion failure was observed at larger distances from the
detonation section entrance. For example, after the
introduction of 2.2 vol % isobutene, detonation failure
was observed only at a distance of 8 m from the deto
nation section entrance (Fig. 12). Up to this point, the
detonation velocity was virtually constant and close to
the detonation velocity of the mixture without inhibi
tor. By the end of this segment, a hardly noticeable but
rapidly increasing lag of the reaction front behind the
shock wave, which also begins to slow down, is
observed, and detonation fails.
In the mixtures containing 2 vol % inhibitor, the
detonation velocity is virtually identical to that in the
mixture without inhibitor up to a distance of 12 m
from the detonation section entrance, after which the
lag between the reaction front and the shock wave
becomes noticeable, but detonation persists.
Figure 13 compares the efficiency of isobutene and
propene as inhibitors. As can be seen, in the presence
of isobutene, detonation fails earlier and more sharply
than in the presence of the same amount of propene.
Calculations within the framework of the kinetic
scheme presented in Section 3 for a 45% Н2 –air mix
ture containing 2.5% C3H6 showed that a steady detona
tion wave could propagate in this mixture at d < 60 mm.
The fact that detonation failed in a 101mmdiameter
tube is apparently associated with an approximate char
acter of the model, in particular, with the absence of a
number of reactions involving C3H6 in the kinetic
scheme.
5. CONCLUSIONS
Thus, a mathematical modeling of the chemical
inhibition of hydrogen–air mixtures was performed. It
was demonstrated that the proposed onedimensional
model of detonation makes it possible to describe the
main regularities of the influence of inhibitors on det
onation waves within the framework of a chain
branching mechanism of hydrogen combustion. The
calculation results were found to be in close agreement
with the available experimental data. According to
these results, inhibitors cause a narrowing of the con
centration limits and an increase in the limiting tube
diameter at which detonation propagation is still pos
sible. The inhibitor was demonstrated to suppress det
onation despite the fact that it gives rise to additional
exothermic reactions and additional hydrogen oxida
tion steps. At the same time, a retardation of the pro
cess is observed, which manifests itself in an increase
in the autoignition delay time and in a decrease in the
atomic hydrogen concentration, the main chain car
rier of the branchingchain reaction. The effect of an

inhibitor is largely determined by the specifics of the
temperature dependence of the rate of the branching
chain reactions radically differs from the Arrhenius law.
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