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Explosions of oxygen bubbles in cyclohexane
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Abstract

Experimental investigations of the explosive behavior of pure oxygen bubbles in cyclohexane have been performed. For the investigations
an autoclave containing a bubble generator was used and optical and pressure measurements were carried out. A shock wave was used
to ignite the bubbles. The present work is the first where the explosion behavior of the bubble was investigated not only in the first
oscillations after the incident shock wave passage, but for many oscillations after it. From these investigations two bubble ignition types
are registered. One type of explosion is the well-known bubble explosion occurring in the first bubble oscillation after the shock wave
impact. The other type was unknown up to now. It takes place after many bubble oscillations and has a significantly longer delay time
before ignition.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Systems consisting of a fluid as the matrix and a gas as
a dispersed phase have for many decades attracted investi-
gators because of their special properties[1]. Some studies
have been made investigating the explosive behavior of a
bubbly medium under shock wave[2–4]. Bubble ignition
was found to be possible in the following systems, referred
as systems I and II. In system I, the liquid is inert and the
gas phase of the bubbles explosive, e.g. water with bubbles
of hydrogen–oxygen mixtures. In system II, a fuel and its
oxidizer are in separate phases, e.g. a liquid organic solvent
containing oxygen bubbles.

A similar ignition behavior in both systems was observed.
When a bubble explosion was obtained in system I, the bub-
ble ignition took place in the first oscillation following the
incident shock wave impact[2–6]. The bubble ignition in
system II, was found to present a similar behavior as in sys-
tem I [7–9]. The main difference of the bubble ignition be-
tween these two systems is that in system II the presence of
mass injection, evaporation and mixing processes in the gas
phase of the bubble is necessary. It was also found[8,10,11]
that in bubble columns of systems I and II the formation of
a self-sustaining bubble detonation wave is possible.

∗ Corresponding author. Tel.:+49-308-104-3449;
fax: +49-308-104-1227.
E-mail address:konstantinos.mitropetros@bam.de (K. Mitropetros).

It is interesting to note here that until today only the pos-
sibility of a bubble explosion after a relatively short-time,
i.e. only in the first bubble oscillations after the passage of
the incident shock wave, has been investigated. This has
left open the question of the bubble behavior in later stages
after the shock wave loading. This question is interesting
especially in system II, where the interaction between the
liquid and the gas phase of the bubble plays a critical role
in the explosion behavior of the latter. A further interest
on this point rises from the fact that hydrocarbons can
give explosion regimes with a variety of explosion mech-
anisms and explosion parameters[12]. These mechanisms
may vary from high temperature ignition to low tempera-
ture two stages ignition. Additionally, cool flames can be
involved.

The investigations in system II and especially those in-
volving an organic solvent and oxygen bubbles are very rare
[3,9]. Furthermore, there is only one known investigation
[8] referring to the intermediate system: liquid fuel with ox-
idizer bubbles where the vapor pressure of the liquid, initial
pressure and temperature of the system allow the bubble
to contain an explosive gas mixture before the shock wave
impact. An example of such an intermediate system is liq-
uid cyclohexane containing initially pure oxygen bubbles,
under normal conditions.

The lack of experimental work with system II in general,
and with these intermediate systems in particular, is very
surprising considering the fact that such chemical systems
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are widely used in the chemical industry. Such media are
required to conduct processes, such as liquid-phase hydro-
carbon oxidation. An example is the oxidation of cyclohex-
ane to cyclohexanone and cyclohexanol, which is used as
raw material for the production of nylon.

The tendency of the industry towards more extreme con-
ditions (e.g. use of pure oxygen instead of air in oxidation
processes) is caused by the need for cost and quality op-
timization of the production[13,14]. An indication for the
existence of this tendency can be found also in the general
direction of the patents from the industry. For example, the
patents for the oxidation of cyclohexane were referring to
simple air bubbles 30 years ago[15], while new patents
during the last years already involve bubbles containing
90% oxygen[16].

For these reasons, we performed our investigations for the
system liquid cyclohexane containing pure oxygen bubbles
under normal conditions, i.e. an intermediate system II. The
present work is focused on the single bubble explosion be-
havior. This was done mainly for two reasons. First, because
it is a necessary step in order to solve the problem of the
bubble detonation wave initiation and propagation. Second,
because the ignition and subsequent collapse of even single
bubbles may lead to industrial chambers wall erosion as
experiments have shown[17,18]. Furthermore, the present
work is the first where the explosion behavior of the bub-
ble was investigated not only in the first oscillations after
an incident shock wave passage, but for many oscillations
after it.

Two bubble ignition types are registered. Apart from the
ignition behavior known in systems I and II, also a new
ignition type was observed that takes place after many bub-
ble oscillations and has a significantly longer delay time
before ignition. Much more complex phenomena seem to
dominate this new type of ignition.

2. Experimental

A scheme of the autoclave is shown inFig. 1. The au-
toclave is designed pressure resistant for up to 1100 bar at
200◦C. The inside of the autoclave is a vertical cylindrical
tube of 100 mm inner diameter and 1070 mm length. The
bubble generator is installed in the bottom of it, and consists
of an orifice with two side openings of 0.35 mm diameter
each. The autoclave contains four holes of 100 mm diame-
ter, in two of which the windows for the optical measure-
ments are installed. In the other two holes, the adapters for
the pressure measurements are installed.

The experimental procedure was the following. First the
appropriate volume of liquid is imported into the autoclave.
Then an explosive acetylene–oxygen gas mixture is fed in
from the upper gas inlet. Bubbles are created by injecting
gas (oxidizer or inert) into the liquid phase through the bub-
ble generator on the bottom. A shock wave in the liquid
is generated by a gas detonation of the explosive mixture
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Fig. 1. Scheme of the autoclave: (1) gas inlet; (2) gas outlet; (3–6) pressure
sensor positions; (7) liquid outlet; (8) gas inlet for the bubbles.

above the liquid. The gas detonation is ignited by an ex-
ploding wire in the top flange of the autoclave. The gas and
liquid outlets are used for the evacuation of the autoclave at
the end of the experiment.

For the pressure measurements, piezoelectric pres-
sure transducers (Kisler 601H) in combination with a
multi-channel transient recorder operating at a sample rate
of 1 MHz were used. The detonation pressure in the gas
phase is measured at the positions 3 and 4 (see Fig. 1). The
resulting shock wave pressure in the liquid is monitored
at two positions on each of the two adapters. The vertical
distance between these two positions is 66.4 mm.

The interaction of the bubbly liquid with the incident
shock wave was observed with the help of high-speed dig-
ital framing photography using either a diffuse or parallel
light as external light source.

In all the experiments presented here, the liquid phase
amounted to 4750 ml pure cyclohexane. Its surface was sit-
uated 350 mm from the bottom of the autoclave, reaching
the level shown in Fig. 1. The mole fraction of acetylene
and oxygen in the explosive mixture above the liquid phase
were 0.25 and 0.75, respectively. The initial pressure of
the mixture was 1 bar. The bubbles in our system were
typically of non spherical shape. The equivalent bubble
diameter was typically 3.0 mm ± 0.5 mm. The equivalent
diameter was defined by: de = (ab2)1/3, where a and b
are the minor and major axes of the bubble, respectively.
All experiments were performed at room temperature
(20–25 ◦C).
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Fig. 2. Nitrogen bubbles under shock wave. Just before the entrance of the incident shock wave into the observation window (0 �s). The incident shock
wave is in the middle of the observation window (8 �s). Maximum levels of compression for first bubble (26 �s). Strong jet formation in the second
bubble (32 �s). The second bubble is broken into two parts. Recording rate: 500,000 fps. Exposure time per frame: 2 �s.

3. Results

Experiments with O2 bubbles under the above conditions
were carried out. For comparison, we performed experi-
ments with N2 bubbles under the same conditions also. The
oxygen bubbles showed two different explosion behaviors, a
distinctive macroscopic difference between them being the
different delay time before ignition.

3.1. Nitrogen bubbles under shock wave

For illustration of the shock-induced bubble dynamics, the
frames from an experiment with nitrogen bubbles, recorded

Fig. 3. Nitrogen bubbles under shock wave: detonation wave impact on the surface (123 �s); shock wave passage through the bubbles (272 �s). Recording
rate: 40,500 fps. Exposure time per frame: 24.69 �s.

at a speed of 500,000 fps are presented in Fig. 2. The fol-
lowing stages of shock-induced bubble behaviour were ob-
served. After some time delay, the bubble starts to shrink.
During the compression a jet forms, which penetrates the
bubble (e.g. see Fig. 2, 32 �s, bubble no. 2). The main reason
for this jet formation is the inhomogeneous pressure field in
the liquid near the bubble, as well as surface instabilities and
the non symmetrical bubble form. After the jet formation,
the bubble compression continues and two different behav-
iors were observed. Either the bubble breaks up into two
parts (e.g. see Fig. 2, 130 �s, bubble no. 2), or the bubble
remains unbroken and reaches a minimum diameter which
is followed by an expansion phase (e.g. see Fig. 2, frames
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between 26 and 130 �s, bubble no. 3). The initial equivalent
diameters of the bubbles shown in these frames, were in the
range 3.0–3.6 mm. The peak pressure of the incident wave
was 54 bar.

The camera used to record the frames presented in Fig. 2
offers a high time resolution but a limited total number
of recorded frames. Therefore, a second camera was used,
which offers a much higher total number of frames and
recording time. The time resolution and optical quality of
these frames is not as high as of the first camera. Neverthe-
less, this camera was necessary to be used in order to observe
the explosion behavior of the bubbly medium for longer
times with an acceptable time resolution (i.e. 40,500 fps).

For comparison with the oxygen experiments recorded
by this camera, an experiment with nitrogen bubbles is pre-
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Fig. 4. Pressure signals of the experiment showing (A) nitrogen bubbles, (B) oxygen bubbles with short ignition delay and (C) oxygen bubbles with long
ignition delay. The pressure of curves (I) correspond to the gas phase and was measured at position 4 in Fig. 1. The pressure of curves (II) correspond
to the liquid phase and was measured at position 6 in Fig. 1. A pressure of 80 bar is artificially added to all pressure signals in the gas phase, to make
them distinguish from the pressure signals in the liquid phase.

sented in Fig. 3. In this experiment, the incident shock wave
in the liquid had a magnitude of 61 bar. The pressure sig-
nals of the detonation wave in the gas phase and the shock
wave in the liquid phase are the signals A in Fig. 4. The
data shown in Fig. 4 were recorded with a time resolution
of 1 �s and smoothed with a running average of 20 points.
The smoothing was necessary for reducing the influence of
the natural oscillations of the pressure transducers. Averag-
ing over 20 points corresponds to exactly three oscillation
periods of the transducers.

In the experiments with the nitrogen bubbles, the follow-
ing were observed. During the propagation of the detonation
wave in the gas phase towards the surface of the liquid, both
the bubbles and the liquid are becoming brighter. This ef-
fect reaches its maximum as the detonation wave reaches the
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surface of the liquid (Fig. 3, 123 �s) and is reduced rapidly
thereafter, reaching an almost constant level. Bubble and liq-
uid illumination, caused by the light of the detonation wave
propagating in the gas phase, was a common effect of all
our experiments with nitrogen and with oxygen bubbles.

As shown in Fig. 2, the shock wave impact on the bubble
causes a violent change of the bubble’s size and form. The
time delay after the shock wave impact for this change to be
evident, is estimated to be generally about 10–15 �s in our
system (see Section 4). Each frame in Fig. 3 corresponds
to about 25 �s recording time. Therefore, the frame during
which the passage of the shock wave through the bubbles
took place, is the first one in which the bubbles’ form appear
to be changed. Having identified the frame during which the
detonation wave from the gas phase hits the liquid surface,
the approximate time between these two events can be calcu-
lated. This time corresponds to the time calculated directly
from the shock wave propagation velocity in the liquid and
the distance between the surface of the liquid and the center
of observation.

3.2. Oxygen bubble ignition during the first shock-induced
oscillation

We observed two different ignition delays (τign) for the
explosion of the oxygen bubbles under the same experimen-
tal conditions. In Fig. 5, an example of an experiment with
the first type of bubble explosion, i.e. with a short ignition
delay, can be seen. The incident shock wave in the liquid
had a magnitude of 91 bar. This shock wave passed through
the bubbles, during the recording of the frame at 222 �s.
The pressure signals of the detonation wave in the gas phase

Fig. 5. Oxygen bubbles under shock wave: detonation wave impact on the surface(123 �s); shock wave passage through the bubbles (222 �s); bubble
ignition (247 �s). Recording rate: 40,500 fps. Exposure time per frame: 24.69 �s.

and the shock wave in the liquid phase are displayed in
Fig. 4.

The light effect from the detonation wave in the gas phase
reached its maximum during the frame at 123 �s (Fig. 5).
After the passage of the shock wave (frame at 222 �s, Fig. 5)
a different bubble behavior as compared with the nitrogen
bubbles was observed. The bubbles did not break into parts,
but expanded and the light intensity related to the surround-
ing liquid was increased. These indicate the existence of
a bubble explosion, shortly after the passage of the shock
wave. Since the light emission from the gas phase above
the liquid is still influencing considerably the optical mea-
surements during the time period when this early bubble
explosion takes place, one of the experiments with another
highspeed digital camera is presented to clearly demonstrate
this type of bubble explosion. The advantage of this cam-
era is the higher quality of the frames produced, as can be
seen. Due to the limited number of frames it can produce
per experiment, it was not possible to record both bubble
explosion behavior with this camera.

Frames of this experiment can be seen in Fig. 6. The in-
cident shock wave in the liquid enters the observation win-
dow at 0 �s. Its magnitude was 56 bar. The sequence of the
frames shows that the passage of the shock wave through a
bubble, makes the bubble first to shrink. During this com-
pression phase the bubble explodes, which results in a se-
quence of single bubble explosions after the passage of the
shock wave. This kind of early explosion had in our ex-
periments a typical duration of light emission of a few mi-
croseconds and an ignition delay typically in the range of
τign = 18–24 �s. This short delay before ignition and dura-
tion of light emission is reported also in other systems (e.g.
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Fig. 6. Oxygen bubbles under shock wave. The incident shock wave is inside the observation window during the time 0 –32 �s. In the frames recorded
during the time 26–50 �s. Sequential bubble ignitions. Illumination of light from the gas phase above the liquid can be seen on the bubbles during the
time before their explosion. Recording rate: 500,000 fps. Exposure time per frame: 2 �s.

[4,6,7,19]). Not in all experiments we observed bubble ig-
nition during the first compression phase after the incident
shock wave impact. A second bubble explosion behavior,
that is described in the following paragraph, was occasion-
ally also observed. This kind of explosion behavior is not
described in the literature up to now.

3.3. Oxygen bubble ignition after several oscillations

In Fig. 7 one can see a typical example of an experiment
with the second type of bubble explosion, i.e. with a rela-
tively long ignition delay. The incident shock wave had a
magnitude of 105 bar. This shock wave passed through the
bubbles, during the recording of the frame at 222 �s. The
pressure signals of the detonation wave in the gas phase and
the shock wave in the liquid phase are the signals C in Fig. 4.

The light effect from the detonation wave in the gas
phase reaches its maximum at the frame taken at 123 �s
(Fig. 7) (so during this frame the detonation wave reached
the surface of the liquid). This optical effect is reduced
thereafter reaching an almost constant level after the frame
at 568 �s. An unexpected expansion phase of the bub-
bles started at 617 �s after the shock wave impact. This
expansion is evident in Fig. 7 (938–1111 �s) and Fig. 8.
An explanation of this expansion phase can not be cav-
itation effects, as a strong rarefaction wave that would
create such effects was not observed during that time, (see
curve C in Fig. 4). Therefore, it can be reasonably assumed
that a bubble explosion takes place. It is interesting to
note that as a result of the passage of the incident shock
wave, bubble breakage proceeded this new type of bubble
ignition.
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Fig. 7. Oxygen bubbles under shock wave: detonation wave impact on the surface (123 �s); shock wave passage through the bubbles (222 �s); bubble
ignition (963 �s). Recording rate: 40,500 fps. Exposure time per frame: 24.69 �s.
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Fig. 8. Diagram of total bubble area divided with initial bubble area, as a function of time after the shock wave impact for (A) the nitrogen bubbles and
(C) the oxygen bubbles with long delay before ignition. The curves (A) and (C) correspond to the signals (A) and (C) of Fig. 4, respectively.

In Fig. 8, the change of total visible bubble area as a
function of the time from the shock wave impact is pre-
sented. This curve gives a qualitative information on the
mean bubble diameter change as a function of the time. For
comparison, the corresponding curve from the experiment
with nitrogen bubbles is also included in the diagram. It is
interesting to note the two peaks that the curve for the oxy-
gen bubbles presents. This is a characteristic feature that
we observed always in this type of bubble explosion. The
bubble explosion starts at the beginning of the first peak,
which is typically more than 600 �s after the shock wave
impact.

4. Discussion

4.1. Pressure signals

It was not possible to clearly identify either type of bub-
ble explosion inside our pressure measurements. The reason
of this must lay on the fact that the pressure waves from the
single bubble explosion had to travel a relatively long dis-
tance (at least 5 cm) to meet the pressure sensors, making
the damping effect important. A further difficulty originates
from the fact that the structure of the pressure in the liquid
has a very intense oscillatory structure and that stochastic
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processes can have a strong influence in its properties
too.

The propagation velocity of the shock wave inside the
bubbly medium had always a value close to the sound speed
of 1280 m/s [20] in the liquid. The measured spread of the
shock wave propagation velocity between the experiments
can be explained by the variation of the parameters that have
an influence on it (e.g. bubble concentration in the liquid,
magnitude of the detonation wave from the gas phase). After
the passage of the incident shock wave, the pressure inside
the liquid tends to oscillate around—and finally reach—a
value, which is the pressure of the gas phase after the deto-
nation. In our experiments, this value was about 10–20 bar
at about 1 ms after the incident shock wave passage (see
Fig. 4). The oscillatory structure of the wave inside the liq-
uid phase is a known characteristic feature of a shock wave
propagation inside a bubbly medium [21–24].

4.2. Diffusion process in the bubble, before the shock
wave impact

We fed in pure oxygen or nitrogen for the gas phase of the
bubbles. During the rising of the bubble in the liquid cyclo-
hexane, vapors of the shock wave are expected to have en-
riched the bubble’s gas phase. Under the assumptions that:
(i) only the molecular diffusion is responsible for this enrich-
ment; (ii) the bubble is a sphere with constant radius �; (iii)
interfacial equilibrium holds at r = α; (iv) the diffusion coef-
ficient D, and the equilibrium concentration of cyclohexane
in the bubble, Ceql, are constant; (v) the initial concentration
of cyclohexane in the sphere is zero; and (vi) radial diffu-
sion process takes place, the second Fick’s law for diffusion
applies. The solution for this equation, for spherical coordi-
nates and under the above assumptions is given in [25]:

C(r, t) = Ceql + 2 a Ceql

πr

∞∑
n=1

(−1)n

n
sin

n π r

α
e(−D n2π2t)/α2

(1)

where C(r, t) is the concentration of cyclohexane at the
position r inside the bubble and at the time point t. From
(Eq. (1)) it follows that the average concentration of cyclo-
hexane in the bubble is:

Cav = Ceql − 6Ceql

π2

∞∑
n=1

1

n2
e(−D n2π2t)/a2

(2)

This equation can also be written as:

Cav

Ceql
= 1 − 6

π2

∞∑
n=1

1

n2
e−n2(t/τ), (3)

where

τ = α2

π2D
(4)

is the characteristic time of the process.

Table 1

t/τ Cav/Ceql

0.001 0.045
0.010 0.105
0.100 0.310
0.200 0.421
0.500 0.610
1.000 0.774
2.000 0.918
3.000 0.970
4.000 0.989
5.000 0.996
6.000 0.998
7.000 0.999
8.000 1.000

In Table 1, calculated values for (Cav/Ceql) for some typ-
ical values of t/τ are presented.

It can be seen that after the characteristic time τ = α2/

(π2D), the saturation level of the gas bubble in cyclohexane
vapors is about 77%. After 3τ the bubble has reached 97%
of the saturation level.

For a binary gas mixture, and for temperatures up to about
1000 K and pressures of maximum 70 atm the Chapman–
Enskog equation provides good estimates of D [26].

From that equation it follows that:

DP1,T1 = P0

P1

(
T1

T0

)3/2

DP0,T0 (5)

The experimentally measured value of the diffusion coeffi-
cient of cyclohexane in oxygen at a temperature of 15 ◦C
and at a pressure of 1 bar, is D = 0.0744 cm2/s [26]. With
the help of Eq. (5) it is found that D = 0.0783 cm2/s at a
temperature of 25 ◦C and at a pressure of 1 bar. For a bubble
of 1.6 mm in radius, the characteristic time of the diffusion
process is calculated from Eq. (4) to be τ = 33 ms. As is
shown in Table 1, at this time point the saturation level of
the bubble is about 77%. After 3τ, i.e. 100 ms, the saturation
level of the bubble is about 97%.

This time is considerably less than the time the bubbles
need to rise up to the center of the windows which is at least
500 ms. As a result, the cyclohexane pressure inside the gas
phase of the bubble must be the vapor pressure at ambient
temperature. The vapor pressure at 25 ◦C is 0.13 bar [20].
Therefore, the mole fractions of cyclohexane and oxygen in
the bubble before the shock wave impact are expected to
be 0.13 and 0.87, respectively. At a total initial pressure of
1 bar, this explosive mixture is nearly stoichiometric. There-
fore, the oxygen bubbles in these experiments contain an ex-
plosive mixture of cyclohexane–oxygen already before the
shock wave impact.

4.3. Bubble ignition with short delay time

From experiments it is known [2–7,19] that the igni-
tion of an explosive gas bubble takes place during the
compression phase after the impact of the incident shock
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wave. This is because the bubble reaches its highest tem-
perature during the first compression. It is assumed that the
appropriate temperature levels are reached for a time period
long enough for the self-ignition of the bubble’s gas phase.

A rough estimation of the time needed for this first com-
pression after the shock wave impact, can be calculated by
the Rayleigh equation. Under the assumption of total col-
lapse of a spherical bubble that contains no gas phase (vac-
uum), the solution of the equation gives:

tcollapse ∼= 0.9R0

√
ρliquid

P
(6)

where R0 is the initial diameter of the bubble before the im-
pact, P the pressure of the shock wave during the compres-
sion, assumed to be constant over the compression phase
and ρliquid the density of the liquid [27]. For a 3 mm bubble,
and 100 bar magnitude of shock wave, the collapse time of
such a bubble is about τcollapse = 12 �s. Taking in account
that the bubbles are in reality not spherical and they contain
a gas phase, this value correlates reasonably well with the
observed short ignition delay (τign = 18–24 �s). This cor-
responds to the explanations provided for similar ignition
delays experimentally observed in other systems too. It is in-
teresting to note at this point that bubbles of (C2H2 +2.5O2)
in water with a diameter of (2.7 ± 0.3) mm were ignited by
shock wave loading as reported in [28]. The measured igni-
tion delay, τign, in those experiments was about the same as
in those of our experiments which gave the bubble explo-
sion with a short ignition delay. This indicates the similarity
of this ignition type in systems I and II.

Soot production is a distinctive characteristic in fuel-rich
hydrocarbon systems. Such fuel-rich gas mixture can be pro-
duced by cumulative jet penetration during the interaction of
the bubble with the incident shock wave. A theoretical anal-
ysis of the influence of soot production during the bubble
explosion with short ignition delay was initiated in [29,30].

4.4. Bubble ignition with long delay time

It was observed that a bubble breakage as a result of
the impact from the shock wave was coupled with all the
single bubble explosions that took place with the longer
delay before ignition. A possible qualitative explanation for
this phenomenon is given as follows.

It is known that the shock wave impact first results in a
mechanical compression of the bubble. At some stage of
this compression a penetrating jet may form. Photographic
confirmation of this jet can be found in many publications,
for example, in [17,23,31–35]. This penetration provides
the inner part of the bubble with amounts of the surround-
ing liquid. The high temperature that the bubble has during
its compression, allows some or all of this liquid to be
evaporated into the gas phase of the bubble. Because of
this evaporation, the temperature of the bubble’s gas phase
is reduced. Investigations revealed that the jet structure in-
creases with solitary pressure wave amplitude and that the

jet entrains the whole gas bubble when the pressure wave
intensity is above a certain limit [36].

If the jet formation is strong enough, its penetration re-
sults into the direct breakage of the bubble. In this case,
the amount of liquid injected into the bubble’s gas phase is
significantly higher. Therefore, in the bubble, the tempera-
ture is essentially lower and the amount of cyclohexane is
significantly higher, compared to the case without strong jet
formation and bubble breakage. This consideration could
provide the explanation why the new bubbles formed after
the initial bubble shock-induced breakage, did not explode
during their first oscillations. Either the bubble’s gas mix-
ture is not explosive because it reaches the fuel-overenriched
area, or although it remains in the explosive area its tem-
perature is not adequate to reach the self-ignition point.

In the experiments, a relatively long time was needed
(more than 600 �s) before the bubble explosion finally took
place. During this time, the pressure in the liquid is tending
to reach lower levels of pressure (see Fig. 4), which means
that the average bubble radius is becoming longer and
therefore the gas temperature of the bubble is decreasing.
Heat transfer phenomena on the bubble’s surface (evapo-
ration of cyclohexane, heat conduction) make this decrease
more intense. Mass transfer phenomena in both directions,
i.e. evaporation and condensation, are expected to play an
important role for this processes too. It can be assumed that
at the ignition time the bubble contains a very high fraction
of gaseous fuel. This means that higher quantities of soot
should be expected to be produced in this case, as compared
to those from an explosion in the first oscillations.

It is interesting to note here that the ignition behavior of
fuel-enriched hydrocarbon gas mixtures under relatively low
temperature is still not a completely investigated area. Igni-
tion under such conditions can have a much more complex
mechanism with significantly different parameters as com-
pared with the ignition in high temperatures [12]. In our
situation, the processes are essentially further complicated
by the heat and mass exchange phenomena and by soot for-
mation that take place in the bubble. Further experimental
and theoretical investigations in this direction are needed in
order to reveal the mechanism of this new type of bubble
ignition.

5. Conclusions

Two types of single bubble ignition in the system liquid
cyclohexane–oxygen bubbles are observed. The first type
is characterized by a bubble explosion in the first oscilla-
tion after the shock wave impact. A light emission with a
duration of a few microseconds was observed during this
explosion. This type of ignition corresponds to the bubble
ignition reported for other systems too. The ignition delay
of the second type were much longer, i.e. more than 600 �s.
This type of bubble ignition is reported for the first time.
We suppose that strong heat and mass exchange phenomena
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as well as the soot formation during the explosion strongly
influence this type of ignition.

We observed both types of bubble explosion under the
same initial conditions. This could be an indication that we
worked in an intermediate area between two regimes where
only one of the two bubble ignition types is possible. It
is known that bubble explosions with short ignition delay
can form self-sustaining shock waves, even in relatively
short bubble columns. Although it seems impossible for
bubble explosions with a long ignition delay to create a
self-sustaining shock wave in columns of such lengths, it is
at the present time not clear if such self-sustaining waves
could indeed exists inside bubble columns of industrial
scales. Since liquid hydrocarbon–oxygen bubble systems
are very common in the industry, a clear need for further
investigation of these phenomena is evident.
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