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Induction periods for ammonia oxidation in the NH3-O2-Ar and NH3-O2-N2 mixtures
were measured by monitoring an ultraviolet absorption of ammonia in reflected shock
waves. For the NH3-O2-Ar mixtures, induction periods in the temperature range of 1450-
2730°K were found to be expressed by

when oxygen content is in the range of 4-10%, and by

when the oxygen content is less than 1%. Values of induction periods for the 0.5% NH3-
0.5%O2-99%N2 and 1%NH3-1%O2-98%N2 mixtures were also measured and compared
with those for the NH3-O2 mixtures highly diluted with argon. Both results agreed well
by taking into account vibrational relaxation of the reacting system if appropriate values
of vibrational relaxation times for Na dilute in NH, is assumed. Therefore, possibility of
coupling of vibrational relaxation of Na and oxidation reaction was considered to be small.

In the first paper of this series1,2) we found
a linear relationship between logτi[O2] and

1/T for the shock-heated NH3-O2-Ar mixtures
where τi was induction period determined by

the reaction between NH2 and O2. Thereafter,
we3) measured induction periods for the
mixtures of 90%N2-6%NH3-4%O2 and 90%
N2-4%NH3-6%O2, and made Arrhenius plots
by assuming two possible cases; (a) nitrogen
is relaxed translationally, rotationally and
vibrationally, and (b) nitrogen is relaxed
translationally and rotationally. Comparison
of these plots with a plot for the NH3-O2-Ar
mixtures showed that data calculated for the
case (b) are very close to the plot for the
NH3-O2-Ar mixtures at higher temperatures
but those for the case (a) approach to the
latter plot at lower temperatures. This phe-
nomenon was attributed to the effect of
vibrational relaxation of nitrogen which be-
came comparable to the induction period of
ammonia oxidation in certain temperature
range. Also, it was considered that the co-
existence of NH3 and O2 might shorten the
vibrational relaxation time of N2.

In order to minimize the effect of these
additives and to examine the effect of vibra-

tional relaxation of N2 on the oxidation
reaction, measurement of induction periods
was performed for the NH3-O2 mixtures
highly diluted with nitrogen and compared
with those for the NH3-O2 mixtures highly
diluted with argon.

Experimental

The experimental details have been described
previously.1-4) Induction periods were measured in
reflected shock waves by monitoring the absorption
of NH3 at 2245Å, 2300Å or 2400Å. One of these

wavelengths was chosen depending on the NH3
concentration because the extinction coefficient of
NH3 was higher at shorter wavelength. The

mixtures used and experimental conditions were
summarized in Table 1, where data for the mixtures

VIII and X were taken from the previous report.1)

Results and Discussion

The Induction Periods for NH3-O2-Ar

Mixtures. Arrhenius plots of τi[O2] for the

mixtures I-XI are shown in Fig. 1. Here,

data for the mixtures containing more than
4% oxygen are expressed by a straight line,
a least-squares expressions of which is as
follows:

(1)
This indicates that the linear relation between

1) T. Takeyama and H. Miyama, This Bulletin,
39, 2352 (1966).

2) T. Takeyama and H. Miyama, ibid., 39, 2609
(1966).

3) H. Miyama and R. Endoh, J. Chem. Phys., 46,
2011 (1967).

4) T. Takeyama and H. Miyama, J. Chem. Phys.,
42, 3737 (1965); This Bulletin, 38, 1670 (1965).
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TABLE 1. EXPERIMENTAL CONDITIONS

Note: Shock parameters calculated for mixtures XII and XIII correspond to case (a), and
those corresponding to case(b)are shown in parentheses. T6 and P6 are temperature
and pressure behind reflected shock waves.

Fig.1. Arrhenius plot for τi[O2].

log τi[O2] and 1/T obtained previously1) holds

over a wide range of oxygen concentration
(4-10%).

However, when the oxygen content is less

Fig.2. Arrhenius plot for τi.

Marks are the same as in Fig. 1.

than 3%, logτi[O2] decreases as the former

decreases. Especially, when the oxygen con-

tent is less than 1%, the result is well

expressed by a linear plot of logτi via 1/T

as shown in Fig. 2, where the solid line

obtained by a least-squares calculation is

expressed by:
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(2)

In order to explain this relationship from the
viewpoint of chemical kinetics, available ex-

perimental data are not enough.
The Induction Periods for NH3-O2-N2

Mixtures and Vibrational Relaxation of
Nitrogen. According to the preliminary ex-
periment, the dependence of τi on the oxygen

content observed for NH3-O2-N2 was similar
in tendency to that for NH3-O2-Ar. In order
to examine the effect of vibrational relaxation
of nitrogen, it is desirable to use mixtures of
small ammonia and oxygen contents. There-

Fig.3. Arrhenius plot for τi and τN2-N2.

Triangles and circles refer to mixtures XII

and XIII, respectively, open marks correspond

to case (a) and closed marks to case (b), and

asolid and a broken line were calculated

from Eqs. (2) and (3).

fore, detailed measurments were performed

for the mixtures XII and XIII. The results

are shown in Fig. 3, where a solid line is
calculated by Eq. (2) and open and closed
marks correspond to cases (a) and (b), respec-
tively. These two cases were assumed to
calculate reflected shock temperatures and
oxygen concentrations from the initial pres-
sures and incident shock velocities. As
described previously,4) nitrogen is considered
to be relaxed translationally, rotationally, and
vibrationally for (a), and to be relaxed trans-
lationally and rotationally for (b). In both

cases, it was assumed that the internal degrees
of freedom of ammonia and oxygen are
completely relaxed. From the figure, it is
obvious that data calculated for the case (b)
agree with the plot for the NH3-O2-Ar
mixtures at higher temperatures and those
for the case (a) at lower temperatures.

Vibrational relaxation time of nitrogen,
τN2-N2, is given by the expression of Milliken

and White5) as follows.

(3)
Values of τN2-N2 calculaletd by substituting

P=3.0atm, which is an average of pressures

behind reflected shock waves for the mixtures

XII and XIII, are also shown in Fig. 3 by a

broken line. From the figure, it is seen that

τN2-N2 is equal to τi for the NH3-O2-Ar

mixtures at 1570°K, and that τN2-N2<τi below

this temperature and τN2-N2>τi above it.

Therefore, it is expected that the case (a) is
applicable at lower temperatures and (b) at
higher temperatures. However, the crossover
temperature from (a) to (b) in Fig. 3 is
higher than that expected. This is considered
to be due to the effect of NH3 and O2 in
shortening the vibrational relaxation time.3)

It is well known6) that translational tem-
perature of polyatomic gas behind the shock
wave decreases exponentially with time t as
follows.

(4)

Here, Ta and Tb are shock wave tem-
peratures corresponding to the cases (a) and
(b), Cp is average specific heat at constant
pressure, Cp' is Cp minus vibrational con-
tribution, and τv is vibrational relaxation

time. For the system diluted with argon,
the temperature behind shock front is almost
constant during the induction period. How-
ever, for the system diluted with nitrogen,
the temperature decreases from Tb and ap-

proaches to Ta during the induction period
according to Eq. (4). Therefore, instead of
constant temperature in the case of argon
dilution, average temperature must be adopted
to define temperature of the system diluted
with nitrogen. Thus, temperature T of the
reaction system during the induction period
τi is given as follows by using Eq. (4).

5) R. C. Millikan and D. R. White, J. Chem. Phys.,
39, 98 (1963).

6) T. L. Cottrell and J. C. McCoubrey, "Molecular
Energy Transfer in Gases," Butterworths, London
(1961), p. 54.
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(5)
Therefore, if τv is known, it is possible to

TABLE 2. PARAMETERS USED FOR THE
CALCULATION OF TEMPERATURES

OF THE REACTION SYSTEM

calculate temperature of the system from Eq.
(5). According to the empirical expression of
Millikan and White7) (which is not correct
theoretically but very useful) where only
translation-to-vibration energy conversion was
assumed, τv of the present system is expressed

as follows.

(6)

Here, relaxation times with two subscripts
refer to relaxation of the first species when
it is present at high dilution in the second-
named gas at a total pressure of P atm, and
φs' are mole fractions of components, Al-

though τN2-O2 is not known, this can be

estimated by using an empirical formula of

Miltikan and White7) and was found to be

comparable to τN2-N2. Since φN2》 φO2 in the

Fig.4. Arrhenius plot for τi.

present experimental conditions, the third
term in Eq. (6) can be neglected. Therefore,
Eq. (6) is expressed as follows.

(7)

Here, τN2-N2 is given by Eq. (3), but no

information about τN2-NH3 is available. How-

7) R.C. Millikan and D. R. White, J. Chem. Phys.,
39, 3209 (1963).
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ever, recently, White8) found that τN2-He,

τN2-C2H2, and τN2-CH4 are approximately double,

equal to, and 60% of τN2-H2 in the range of

1600 to 2500°K. Since vibrational frequencies

of NH3 are not close to those of N2, much

more rapid vibration-to-vibration exchange

between N2 and NH3 compared with that be-

tween N2 and C2H2 or CH4 is not expected

and τN2-NH3 may be comparable to τN2-C2H2 or

τN2-CH4, that is, to τN2-H2. Therefore, as a rather

reasonable approximation, let us assume

(8)

By using an expression for τN2-H2 given by

White,9) τN2-NH3 is expressed as follows.

(9)

From Eqs. (3), (5), (7), and (9), temperature

of the present system can be calculated with

a computor by using known values of Ta,

Tb, P, Cp/Cp' and τi as shown in Table 2,

where reflected shock pressure P is an average
of those for (a) and (b) since difference
between them is less than 0.5% at maximum.
Also, calculated values of the temperature T
are shown in the table. Thus, in Fig. 4,
values of τi is plotted against newly obtained

values of T. Here, excellent agreement

between both polts for NH3-O2-N2 and NH3-

O2-Ar is observed. This agreement suggests

that τi for the NHS-O2-N2 is the same as

that for NH3-O2Ar and possibility of coupling

of vibrational relaxation and oxidation reac-

tion is small. However, we cannot say that it

is conclusive unless τN2-NH3≒ τN2-H2 is proved.

It is a very challenging problem to measure

vibrational relaxation times for N2 dilute in

NH3 and to obtain more detailed informations

about kinetics of NH3-O2-N2 system.

The author wishes to express his thanks
to Dr. Soji Tsuchiya for his helpful advice,
to Mr. Kazutoshi Sugiyama for his help in
the experiment, and to Mr. Takashi Suzuki
for reviewing the manuscript.

8) D. R. White, ibid., 48, 525 (1968).
9) D. R. White, ibid., 46, 2016 (1967).


