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THE PHYSICAL CHEMISTRY OF CONCENTHATED OZONE.  VI, 
VHS EXPLOSIVE SENSITIVITY OF OZOHE-OXY&EN 
SQLUTIGHS wi-ira RESPECT TO HEAT XMFULSAS 

[Following is a translation of an article by 
V. V» Yaatrebov and Ye. U. Pltskhelauri, and 
N. I. Koboaev In Zhurnal Fizlcheskoy Kblmil 
(Journal of Physical Chemistry), Vol. JUUUII, 
Mo. 6, 1959, pages 1209-1213. i 

Not a single investigation has *>•« j;??J*e* ^^J? 
on tHe dependence of the explosive susceptibility of any ii 
raid substances on the dilution by indifferent diluents, the 
SleoSlM of which do not participate in the chemical pro- 
SM of explosive decomposition. An lnTastleatlon jrf m»H 
a dependence, using osone-oeygen solutions as «» «ajple, is 
the most convenient because the sensitivity of pure ozone 
has been determined sufficiently accurately [1J. In addi- 
tion, the sensitivity of osone Is sufficiently high,, so that 
experiments can be carried out in l*^ratory conditions, by 
eoSfinlng oneself to weak actions on the explosive substance 
and bv consuming, saall amounts of 'the latter. J £the present investigation the explosion susceptibi- 
lity of liquid ozone-oxygen mixtures in response to heat pul- 
se?was investigated by the method of burning wlres over a 
broad range of concentrations of an indifferent diluent, name- 
ly oxygen. 

Experimental Part 

Experimental Procedure  Tfrrperiiflotg with Small...Amountsjrf 

Matter 

The investigated oaone-oxygen solutions of required 
concentration were sealed In. glass ampoules, so that It was 
possible to mix thoroughly before the experiment each batch 
of solution, keeping it perfectly pure. 

A thin (20-30 microns) tungsten wire, wound in a 



:splral on a thicker {0.3 mm) molybdenum wire, was sealed bV 
forehand into a ready-made ampoule made of molybdenum glass» 
During the sealing process., a stream of nitrogen was passed 
through the ampoule to prevent oxidation of the strongly 
heated metal. Then a mixture of acids (nitric — 5 parts by 
volume, sulfuric — 3 parts, water ~ 2 ?art8J *a* pi^!?4KL 
the ampoule to dissolve,the molybdenum wire without affecting 
the tungsten. An ampoule with a thin tungsten wire inside 
was thus obtained. The residues of the thick molybdenum wire,, 
"still retained in the sealing points and protruding outward 
from the ampoule,, provided reliable electric contact during 
the burning of the tungsten wire and guaranteed that it would 
be burned of necessity inside the ampoule. 

The ampoule was sealed to the setup used to obtain pu- 
re oieone gas.' After verifying (with the aid of a vacuum) tne 
quality of the seal between the wire and the ampoule, *ne pu- 
re gaseous oaone and oxygen were condensed in sequence in tae 
necessary amounts. The amounts of these components were mea- 
sured by measuring the pressure in a measuring container of 
on© liter capacity» filled alternately with ozone gas or o- 
xyfien *as. Then the ampoule with the liquid mixture of the- 
se BubstaneeB was sealed away from the setup and transported 
in a Dewar flask with liquid nitrogen to the place where the 
explosion susceptibility was measured. 

The  stirring and the exploding of the aapouj.es were 
realised behind a reliable-shield. The ampoule was placed in 
a manipulator, which made it possible to stir the contents 
bv rotating it in a large Dewar flask filled with liquid ni- 
trogen or with liquid oxygen» After a prolonged stirring, 
the'ampoule was taken out rapidly,, with the aid ot the same 
manipulator, from the Dewar flask and carried to metallic 
plates which served,  as electric contacts* The outer ajiyb- 
denum leads from the amooule were brought in contact with *ne 
plates, causing an electric circuit to be closed, ano a snort 
electric pulse"" was passed through the tungsten wire inside 
the ampoulej the pulse burned the wire. At the same time, 
the presence or absense of an explosion were registered* 
The transporting of the ampoule from the Dewar flask to «he . 
electric contacts was completed within not more than one se- 
cond; therefore, there was no evaporation or noticeable 
heating of the sontents. 

*To burn the wire, alternating or direct current at 
voltages ux> to 200 v was used» An additional relatively lar- 
ge resistance (20 ohms) was connected in series with tne cir- 
cuit, and this determined essentially the current in tne cir- 
ei'Hf and made it little dependent on variations of the re- 
sistance of the burned wires during the process of their 
heating by the current» 



In the abäence of explosion, one could observe inside 
the ampoule a bright flash, of the burning wire and a splash 
of liquid, ox _L-t.qu.xu. 

Neverthelessi the flow of current through the wire 
was monitored in addition With an oscillograph.  If there wa* 
no explosion; the current was turned on again in order to 
verify once more whether the wire inside the ampoule actual- 

Experiments yifith Large Amounts of Substance, 

To test ozone-oxjrgen solutions of relatively low con- 
centrations, stronger heat pulses were necessary and consi- 
derably greater amounts of the investigated substance in 
each test (up to 150 cm3)j and, therefore, experiments with 
them were carried out in an especially equipped room, and 
the vessels with ozone were located behind reliable shield- 
ing during the entire time of operation. 

The ozone-oxygen mixture for these experiments was 
condensed in a coil cooled with liquid oxygen; the conden- 
sate ran off from an open vessel, which was also cooled. To 
avoid freezing of the air, which could have introduced mois- 
ture in other contaminations into the condensate, the vessel 
was subjected to a flow dry oxygen during the entire experi- 
ment.  The resultant ozone-oxygen solution, containing seve- 
ral percent of ozone, was then concentrated by gradually re- 
ducing the cooling (the cooling Dewar flask was gradually 
lowered). 

To accelerate the evaporation and to produce stirring, 
ox^rgen gas was bubbled through the solution. At the instant 
of" testing explosion susceptibility, the solution was at_its 
boiling temperature, at which no stratification of the li- 
quid took place [2]*, f 

The concentration was measured by the £-method L3Jo 
The capacitive transducer was removed at the required ins- 
tant from the vessel with the solution, to protect it from 
the action of the explosion» 

The heat pulse during these experiments was transmit- 
ted to the ozone by burning in it a constantan wire 50 mi- 
crons in diameter, or a nichrome wire 300 microns in diameter. 

Calculation of the Energy of the Heat Impulse» 

?or each series of experiments, the values of the 
energy of the primary heat pulses were calculated.  These 



consisted of two components: 

1) energy of combustion (oxidation) of the material of the 
wire; 

2) Joule heat liberated in the Wire by the passage of the 
current. 

The energy of combustion Ei can be calculated with 
sufficient accuracy, since the quantities necessary for this 
purpose, namely the amount of metal and the heat effect of 
oxi ation, are known.  Since a considerable amount of energy 
is liberated during the oxidation of metals, the difference 
in the thermal effect of oxidation by oxygen or ozone is re- 
latively small, and can be neglected. 

The Joule heat E2 can be calculated by two methods. 

1) By means of the formula 

E2 = 0.24 i
2rt cal 

where S2 [sic] is the current strength, equal to V/R; R is 
the resistance of the entire circuit, which remains approxi- 
mately constant; t is the time of current flow, measured with 
the aid of the oscillograph; r is the resistance of the burn- 
ed wire.  Since r changes during the time of heating, it be- 
comes necessary to take its average value in the interval 
from the initial temperature up to the melting temperature 
of the metal. Such a calculation is naturally approximate, 
but it can be verified by a second method. 

2) It can be assumed that the Joule energy is approximate- 
ly equal to the energy necessary to heat the wire to melting, 
considering that the melting stops the flow of the current. 
Then E2 can be calculated knowing the specific heat and the 
melting heat of the metal. 

The values of E2, calculated on the basis of 1( and 2), 
were somewhat different: for example, for a 27 micron tungs- 
ten wire (experiments of series 5) E2(l) = 0o047 cal, E2(2) = 
0.017 cal, and the average value used was E2 = 0.032 cal. 

However, such a discrepancy is insignificant, since 
S2 remains a small fraction of the total energy E (in this 
example, E = 0.15). 
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Results of the Experiments 

A total of seven seriefe of experiments were perform- 
ed, of which, the first five were under laboratory conditions 
and the last two oh larger^. Scales. 

Series 1. 

The energy of the heat pulse remained constant, E = 
0.230 cal/cm (tungsten, d = 32 microns, 1 = 0.7 centimeters, 
V = 65 volts with an additional resistance Radd = 21 ohms). 
The concentration (c) of the ozone of the mixture varied from 
15 to 63 percent (Table l)t    The stirring was at -I960, 

Explosions took place in all the experiments; the 
sound of the explosion weakened noticeably as the temperature 
was decreased. 

The explosions in this series of experiments were ob- 
viously explained by the fact that at -196°C the mixture 
breaks up into two layers — a heavy one, with an ozone con- 
centration of approximately 76 percent, and a light one with 
a concentration of 03 of approximately 7 percent (the figu- 
res are those given by Schumacher [2].) 

Thus, in all the experiments, an explosive heavy lay- 
er was present in the lower portion of the ampoule. The a- 
mount of this heavy material decreased in the total concen- 
tration of the mixture. 

From this series of experiments one can conclude that 
in the case of a heat pulse with the given energy, the con- 
centration boundary of explosiveness lies below 76 percent 
of ozone. 

Series 2. 
■»I  IP" WIWH  '■■■-■> H 

The energy of the heat pulse E was the same as in Se- 
ries 1. The concentration of the ozone varied from 20 to 
53.5 percent. The stirring of the mixtures in the ampoules 
was carried out at the temperature of liquid oxygen (-183°C), 
which made it possible to obtain homogeneous solutions over 
a wider range of concentrations (region of stratification in 
this temperature, according to Schumacher, lies between 25 
and 58 percent of ozone). 

The explosiveness boundary under these conditions lies 
at a concentration below 52.5 percent of ozone, This value 
is lower than the upper boundary of stratification after 
Schumacher (58 percent). Since the boundary of explosiveness 

'The percentages are always by weight. 



cannot bo determined, if it is within the stratification in- 
terval, then either our value is not completely accurate, or 
else the upper boundary of stratification has been determined 
inaccurately by Schumacher. 

Series 3» 

E = 0*70 cal/cm (tungsten d = 20 microns, 1 -  0,7 cen- 
timeters, V = 11*5 volts and Radd - 21 ohms). The concen- 
tration was varied from 55.J5 to 90 percent. Stirring at 
-183°C. The boundary of explosiveness lies below 81 per- 
cent of ozone. 

Series 4» 
i  i i. ■■■■—■—^»m 

Concentration constant — approximately 75 percent o- 
zone. The energy of the pulse varied (tungsten d = 25 mi- 
crons, J -  0.7 centimeters, voltage from 14 to 90 volts at 
Radd = 21 ohms). Stirring at -183°C 

The explosiveness boundary of the 75 percent mixture 
corresponds under the given conditinn to 82 volts or O.OSO 
cal/cm. 

Series 5. 

Concentration constant, approximately 75 percent o- 
zone. The pulse energy was varied (tungsten, d = 27 microns, 
£ = 0.7 centimeters, voltage from 90 to 200 volts, Radd = 
21 ohms). Stirring at -183°C. 

The boundary of explosiveness for the 59 percent mix- 
ture under these conditions corresponds to 175 — 180 volts 
or 0.150 cal/cm. 

Series 6. 

S = 0.140  cal/cm  (constantan,   d = 50 microns, 2 = 1.0 
centimeters,  V = 10 volts at Radd = 0.5 ohms).     The concen- 
tration varied from 18.5 to 80 percent ozone.     Stirring at 
-183°C. 

The explosiveness boundary lies below 80 percent ozo- 

Under the same conditions a stronger pulse was used 
in one experiment (V = 100 volts, 3 = 2.5 cal/cm). An explo- 
sion took place at a concentration of 45 percent ozone. 

7 



Series 7« 

E = 9.7 cal/cm (nichrome, d = 300 microns, jt ~  10 
centimeters, V = 150 volts at Radd = 1.4 ohms). The con- 
centration varied from 9 to 30 percent ozone, stirring &u 
—18?>®C #The explosiveness boundary is measured by concentra- 
tion, lies below 28 percent ozone. 

Discussion of the Results 

Data on the explosion susceptibility of ozone-oxygen 
solutions with respect to different heat pulses are pre- 
sented in Table 2« 

Table 2 

Series ■■ 
no.   ; 

.     % by    J 
c»   weight 

1 

E, cal/cra ; t, seci W,   w/cm 

90-95 0,001 0,001 4,2 
3 81 0,07 0,001 290 
6 80 0,14 0,02 29 
4 75 0,08 0,001 340 
5 59 0,15 0,0005 1260 
2 52,5 0,23 0,01 96 
6 45 2,5 0,01 1050 
7 28 9,7 0,02 2000 

The first three 
columns give the num- 
bers of the series of 
experiments, the values 
of the concentration c 
of the solutions in % 
by weight, and the low- 
est values of the ener- 
gy of the heat pulses, 
E in cal/cm, at which 
the explosion registe- 
red. The value of E in- 
cludes the heat of oxi- 
dation (combustion) of 
the wire. The last co- 
lumns give the time of 
current flow (t) in se- ■ . _, 
conds and the power of the pulse (W = E/t in watts). The va- 
lues of E and W are referred to 1 centimeter of wire lengtn. 
The table includes data for 90 — 95 percent of ozone (first 
row) obtained earlier [l]. 

The results of the experiments show that the explosion 
susceptibility of the ozone with respect to a heat pulse is 
«reatlv reduced upon dilution with oxygen. Whereas an energy 
of 10-3 cal/cm is sufficient for explosion of concentrated 
ozone, corresponding to heating of the wire to 210© Uj, ior 
an explosion of 75 percent of ozone this quantity increases 
by a factor of several times 10.. In 75 percent ozone i*xs 
possible to burn a tungsten wire 20 microns thick without 
producing an explosion (series 4). 28 percent ozone can be 
exploded only with great difficulty. 

The concentrations and the minimum energies necessary 
for the explosion are represented in the diagram in coordi- 

8 



hates log S — e. In spite of 
the considerable spread In the 
data* which Is quite natural in 
investigations of this kind, o- 
ne can note that the points cha- 
racterizing the boundary of ex- 
plosiveness fit within a cer- 
tain band, the lower edge of 
which fits the eouation los; £ 
= 2.7 - 0,063 c» "or JE = 186 
exp {-c/6.9), where E is in cal/ 
cm and e is in percent by- 
weight« 

The heat pulses with low- 
er energies than called for by 
the equation do not cause ex- 
plosion of the given osone-oxygen 
mixture. 

It is obvious that this dependence loses its meaning 
in the case of weak solutions, In which the explosion is In 
general incapable of propagating. 

Conclusions 

The explosion susceptibility in response to heat pul- 
ses of liquid ozone-oxygen mixtures containing ozone from 15 
to 90 percent wi*s investigated. A sharp reduction in the ex- 
plosion susceptibility was observed on dilution with oxygen. 

A mixture with ozone concentration c{% ay weight) will 
not explode if the heat pulse has an energy 2 (eal) less than 
called for by the equation E ~  186 exp{a/6.9)* 

Moscow State university Received 
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