
Chemical Engineering Journal 107 (2005) 27–32

Safety aspects of a bubbly medium inside a chemical reactor

K. Mitropetros∗, P.A. Fomin, H. Hieronymus
Federal Institute for Materials Research and Testing (BAM), Unter den Eichen 87, D-12205 Berlin, Germany

Abstract

The possibility of explosion of a compressed oxygen bubble in liquid cyclohexane due to interaction with a spherical shock wave emitted by
a nearby exploded bubble has been experimentally and theoretically investigated. Calculations for the explosion limits of a single bubble have
been performed too. It is shown that in order to prevent bubble explosions inside a chemical reactor, the operating conditions (temperature
and pressure) should be within a certain range.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Many processes in the chemical industry involve an or-
anic liquid containing oxidizer bubbles. For example, the
ixture: cyclohexane (liquid)–oxygen (bubbles) is used for

he production of nylon. Wave phenomena in these systems,
onnected with shock induced bubble explosions have close
onnection with the performance and safety of chemical re-
ctors. The first direct experimental registration of shock in-
uced chemically active single bubble ignition in the liquid
as performed in[1]. Shock wave initiation of chemically
ctive liquid-bubble mixtures with a line of bubbles and with
ubble columns were investigated in[2,3]. It was shown that
shock wave with amplitude above a critical value initiates

he ignition of the medium behind the shock front.
There are two different mechanisms of single bubble igni-

ion in chemically active systems. One of them is the increase
f the gas pressure and the temperature owing to the bub-
le compression, caused by a shock wave in the liquid. This
echanism of bubble explosion was intensively discussed in

he literature[1–5].

bubble ignition takes place only in relatively strong sh
waves[6–8] with amplitudes, which are not reached in s
sustaining waves of compression in chemically active bu
liquids, i.e. in bubble detonation waves[9–12]. If the gas in
side the bubble has a relatively low pressure and temper
the acoustical impedance of the gas is negligibly small c
pared to the corresponding value of the liquid. The aco
cal impedance is given byρc, whereρ is the density of th
medium andc the velocity of sound[13,14]. Thus, there i
an essential attenuation of the shock wave on the inter-p
boundary. As a result, the shock wave, which penetrate
the gas has low amplitude, which can be not enough to i
the gas phase of the bubble.

A different situation is given when a shock wave impa
a bubble, which is already compressed. In this case the
sure, temperature, density and sound velocity inside the
ble are essentially higher, compared to the situation whe
bubble is not compressed. Because of this, the differen
acoustical impedances between the gas of the bubble a
surrounding liquid is not high. As a result, the attenuatio
the shock wave owing to penetration into the gas will no
The second mechanism of bubble ignition is based on the
enetration of a shock wave from the surrounding liquid into

he bubble. The increase of the temperature and the pressure
ehind the shock wave inside the bubble can lead to bub-

of

227.
).

high and the gas of the bubble could be ignited. The possi-
bility of an explosion of an initially compressed bubble due
to penetration of a shock wave into the bubble and the role of
this kind of explosion in propagation mechanism of bubble
d

r of
o een
e bble

d.
le ignition. At normal initial conditions this mechanism
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etonation waves is still not adequately investigated.
In this work the shock induced behavior of a cluste

xygen containing bubbles in liquid cyclohexane has b
xperimentally investigated. Explosions induced by bu
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compression as well as explosions induced by shock waves
penetrating into compressed bubbles were observed. Theo-
retical calculations were performed that explain the experi-
mental observations.

Moreover, one of the important problems in the safety
engineering of chemical reactors with bubble systems is to
define those operating ranges of pressure and temperature
that would not allow bubble explosions in the system. For
this reason, the explosion limits of a bubble at different initial
temperatures, pressures and for several amplitudes of incident
shock waves have been calculated.

2. Experimental

A schematic of the autoclave, which was used in the ex-
periments, is shown inFig. 1. The autoclave has the form
of a vertical cylindrical tube of 100 mm inner diameter and
1070 mm length. The bubble generator is installed at its bot-
tom. The autoclave contains four holes of 100 mm diameter,
in two of which the windows for the optical measurements
are installed. In the other two holes the adapters for the pres-
sure measurements are installed. The following positions are
denoted inFig. 1: (1) gas inlet, (2) gas outlet, (3) exploding
wire, (4–7) pressure sensor positions, (8) liquid outlet and (9)
g
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t ere
p f the
e
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Fig. 1. Schematic of the autoclave.

and consequently ignite the bubbles. InFig. 2, oxygen bub-
bles in cyclohexane under shock wave impact are presented.
Time zero corresponds to the moment when the shock wave
enters the observation window. The incident shock wave can
be observed on the frame att= 8�s. After the shock wave
passage, bubble compression follows. During this phase also
jet penetration through the bubble can occur (e.g. see bubble
no. 3). As a result of the bubble compression, ignition in some
of the bubbles was observed (e.g. seeFig. 2, 33�s).

It was observed that shock waves emitted by exploding
bubbles were able to trigger bubble ignition of nearby com-
pressed bubbles. For example, the bubble no. 2 ignition was
initiated by the overlapping of two shock waves from nearby
bubble explosions (Fig. 2, 35�s). Then the shock wave of
this explosion ignited the bubble no. 4 (Fig. 2, 40�s). The
fact that the gas phase of the bubble is compressed means

F le explo nd 3
r

as inlet for the bubbles.
A shock wave in the liquid is generated by a gas d

ation of the explosive acetylene–oxygen gas mixture a
t. The liquid phase consisted of pure cyclohexane. The
ial pressure of the mixture was 1 bar. All experiments w
erformed at room temperature. Detailed description o
xperimental set-up can be found in[15].

. Results and discussion

The shock wave that was generated in the liquid by the
act of the detonation in the gas phase was used to com

ig. 2. Bubble ignition from a planar shock wave or from nearby bubb
espectively.
sion. Initial equivalent diameter of the bubbles no. 1–4: 3.7, 4.1, 3.6 a.6 mm,
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Fig. 3. Planar and spherical shock waves inside the liquid.
that the acoustical impedance is higher than the initial one in
the bubble. Based on the experimental measurements of the
bubble radius before the second shock wave impact, it is cal-
culated that the increase of the acoustical impedance of the
gas is about two orders of magnitude. The interaction of the
shock wave with the preliminarily compressed bubble results
into a new shock wave in the gas that ignites the bubble.

For the calculation, the following scenario was assumed. A
planar shock wave with constant amplitude of 40 bar impacts
two bubbles. As a result both bubbles start to shrink. During
this process one of the bubbles explodes. At the moment of
its explosion this bubble has a radiusRign. The bubble explo-
sion has a peak pressurePin. The exploding bubble emits a
spherical shock wave (SWb) in the liquid with an amplitude
initially equal toPign. This shock wave impacts on the sur-
face of the second bubble (seeFig. 3). After the impact of the
SWb on the surface of the second bubble, a rarefaction wave
in the liquid and a refracted shock wave inside the bubble
(SWref) are created. This refracted wave has an initial peak
pressurePref and initial propagation velocityuref.

At the moment of the shock wave impact, the bubble is
nearly in mechanical equilibrium, i.e. the pressure inside this
bubble is close to the pressure of the planar shock wave,
40 bar.

To calculate the explosion pressurePign inside the first
b
i ubble
d eigh-
t

β

P

HereRis the bubble radius,β =R/R0 the dimensionless radius
of the bubble,ρ and ρL are the gas and liquid density,P
the pressure of the gas,νL, CL andPL are the kinematical
viscosity, velocity of sound and pressure of the liquid,B and
n are the constants of Tait equation of state of the liquid,t
the time. Index “0” corresponds to the initial stage, the time
momentt= 0 corresponds to the start of bubble compression.

The gas is assumed to be ideal:

P

ρ
= �T

µ
. (2)

HereT andµ are the temperature and molar mass of the
gas,� the universal gas constant.

The point in time of the gas ignitionti is determined by
the conventional condition:∫ ti

0

dt

τ
= 1, (3)

whereτ is the induction period of a homogeneous gas mixture
with constant parameters.

All chemical reaction proceeds in the gas phase. During
the induction period the gas–vapour mixture is non-reactive,
and thereafter it transits instantaneously into the state of
chemical equilibrium. The chemical equilibrium is shifted
as the bubble radius changes and liquid transforms into
g

rium
a g
t

U
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ubble, the following theoretical model, presented in[4,5],
s used. The bubble is assumed to be spherical. The b
ynamics is described by the generally accepted Rayl

ype equation[16]:
d2β

dt2
+ 3

2
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β
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dβ

dt
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. (1)
as.
The molar mass of gas in the state of chemical equilib

nd specific internal energy of gasU are described accordin
o the model of chemical kinetic[17–19]:

ρ

µ

(
1 − µ

µmax

)2

exp

(
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) (
µ
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− 1
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= AT 3/4
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(
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. (4)

(T, µ) =
[

3

4

(
µ

µa
+ 1

)
+ 3

2

(
µ
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− 1

)
Θ/T

exp(Θ/T ) − 1

]
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µ
+ E

(
1

µ
− 1

µmin

)
, (5)

hereµa, µmin, µmax are the molar masses of gas in
tomic, completely dissociated and completely recomb
tates,Θ the effective temperature of excitation of the vib
ional degrees of freedom of the molecules,E the averag
nergy of dissociation of the reaction products,A,K+ are the
ate constants of dissociation and recombination of the
ralised reaction products. Parametersµa, µmin, µmaxare the

unctions of initial chemical compositions of the gas and
e calculated according to[17,18].

The constants of the model of chemical kine
re: E= 459 kJ/mol, A= 5× 1010 m3/(kmol s K3/4), K+ =
× 108 m6/(kmol2 s), Θ = 3000 K. The algorithm for calcu

ation of these constants was described in[17,18]. The con
tantsCL = 1284 m/s,ρL = 7.8× 103 kg/m3 can be found in
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[20]. The follow exponent of the Tait equation of state of liq-
uid cyclohexane is used:n= 7. Thus,B=ρLC2

L/n= 1837 atm.
The bubble compression is assumed to be adiabatic. Adi-

abatic curve and adiabatic indexγ of chemically equilibrium
gas are described according to[21]:

dT

dρ
= −Uµµρ − (�T/ρµ)

UT + UµµT
,

γ = dln P

d ln ρ
= 1 − ρ

µ
µρ + ρ

T

(
1 − T

µ
µT

)
dT

dρ
. (6)

DerivativesUµ,UT,µρ,µT are the explicit algebraic func-
tions ofT, ρ and can be obtained from (4) and (5). Eq.(6)
can be used for chemically non-reactive gas too. In this case
derivativesUµ, µρ, µT are equal to zero.

Eqs.(4)–(6) allow us to take into account a wide range
of variation of the following parameters: (i) molar mass, (ii)
adiabatic index and (iii) heat release of chemical reaction due
to recombination and dissociation processes.

The jump of gas parameters at the time momentti is cal-
culated from the energy conservation law, equation of state
and chemical equilibrium. Bubble radius, gas density and
parametersµa, µmin, µmax at this jump are constants.

Note, that compared with the classical Rayleigh equation
for bubble dynamics, Eq.(1) takes into account the com-
p the
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Fig. 5. Calculation for the velocity of the shock wave which penetrated the
bubble (a), the pressure (b) and the temperature (c) behind such a wave and
the induction period of the gas explosion (d).

the bubble compression was adiabatic. Then by using the
pressure of the incident shock wave as input, the temperature
inside the compressed bubble was calculated by the model
presented in[4,5] and described above. The temperature in
the compressed bubble is then 585 K.

A one-dimensional simulation of the interaction of the
SWb with the surface of the second bubble was performed.
In this simulation the parameters of the refracted shock
wave were calculated only at the beginning of its propa-
gation. For the simulation, the well-known theoretical de-
scription of interaction of a one-dimensional shock wave
with inter-phase boundary was used, see e.g.[13,14]. For
this description the equations of conservation of mass, mo-
mentum, energy and the equation of state are used. Apart
from that, the pressure as well as the velocity of the gas and
of the liquid on the inter-phase boundary are equal to each
other.

Fig. 5 presents several calculated properties of the re-
fracted wave. InFig. 5a the calculated velocity of this
waveuref is presented. The calculated initial amplitude of
the wavePref and temperatureTref behind the wave are
shown inFig. 5b and c, respectively. The calculated induc-
tion period of the gas explosion behind this waveτ, is pre-
sented inFig. 5d. For this calculation the following equation
was used:τ =AP0.5

ref exp(Σ/�Tref), whereΣ = 109 kJ/(kmol),
A −11 0.5

o
i that
p isely
t nd
t high
t ime
n
T that
w
i iod
ressibility of the liquid and the energy losses owing to
iscosity and the acoustic radiation from the bubble. The
erence between this model and other known models of
ropagation in a bubbly system is as follows. The adiab

ndex of the gas is not assumed to be constant and the
ibility of chemical reaction inside the bubble is taken
ccount.

The pressurePign inside the first bubble was calculated
he model described above to be in the order of 5× 103 bar.
he amplitude of the emitted spherical shock wavePSSW
y the bubble explosion, as function of the distanceL be-

ween the wave front and the center of the bubble, ca
escribed by the known equation for spherical acous
aves[13]: PSSW=Pign(Rign/L). Fig. 4showsPSSW accord-

ng this equation as a function of the dimensionless dist
/Rign.

The temperature inside the compressed, second b
t the moment when the spherical shock wave impact
as calculated too. For this calculation it was assumed

Fig. 4. Calculation for the pressure behind the secondary shock wa
= 5.1× 10 s Pa [4,5].
A direct conclusion fromFig. 5 is that, provided the tw

nteracting bubbles are close enough, the shock wave
enetrates the second bubble can ignite it. More prec

he calculation shown inFig. 5d means that the pressure a
he temperature behind the refracted wave can be so
hat the induction period for the ignition is less than the t
ecessary for the bubble to change its radius (i.e. a few�s).
his is the explanation of the “instantaneous” ignition
as observed in the experiments (seeFig. 2 at 35�s). For

llustration, ifL/r ign, is less than 2, then the induction per
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Fig. 6. Calculated explosion limits of a single bubble in the plane of initial pressure and temperature at different amplitudes of shock waves (40 bar (a) and
20 bar (b)).

is less than 0.65�s, i.e. the second bubble would seem to
ignite instantaneously at a�s scale.

In the following paragraph we consider the case of shock-
induced compression of a single bubble. In this situation the
bubble is under relatively low initial pressure and tempera-
ture. Thus there is bubble compression due to the shock wave
but the penetration of the shock wave into the bubble is neg-
ligible. For this case inFig. 6the calculated explosion limits
of a single bubble are presented. For this calculation it was
assumed that if the duration of the first bubble compression is
less than the induction period of the gas explosion, the bubble
does not explode. The duration of the bubble compression
as well as the induction period of the gas explosion inside
the same bubble were calculated by the model described in
[4,5] and described above. The calculation is presented as a
function of the initial temperature and initial pressure of the
system and for two different amplitudes of incident shock
waves. InFig. 6 it can be seen that for a certain amplitude
of incident shock wave, a line in the plane of initial pressure
and temperature exists, above which no bubble explosion can
take place.

The influence of inter phase mass and heat transfer pro-
cesses through the bubble’s surface on the explosion limits
of a single bubble, has been analyzed. As a first approxima-
tion, the bubble surface is assumed to be spherical, without
d e an
u d at
t s
o e
s
s -
r ula
[
e
t
i

ase
t bble
i first
b into
t the
b nflu-
e uction

period of chemical reaction and the duration of the first bub-
ble oscillation.

The results presented inFig. 6support the following con-
clusion. In order to prevent bubble explosions in a chemical
reactor, the operating temperature should be relatively high.
The explanation of this follows. It is known, that the adia-
batic compression of a gas strongly depends on the adiabatic
index. The adiabatic index of hydrocarbon–oxygen gaseous
mixtures is reduced if the concentration of hydrocarbons is
increased. If the temperature of the bubbly mixture increases
at a constant pressure, the cyclohexane concentration in the
bubble increases too and the adiabatic index of the gaseous
mixture decreases. Thus, at the same stage of compression
the gas temperature will be higher inside that bubble, which
was initially under lower initial temperature.

4. Conclusions

In the present work safety related aspects of shock induced
phenomena inside a cluster of oxygen containing bubbles
in liquid cyclohexane has been experimentally and theoreti-
cally investigated. Explosion due to bubble compression was
experimentally observed. Direct bubble ignition due to re-
fraction of a shock wave impact on compressed bubbles was
o

hock
w nted.
A the
r ssary
f hock
w e in-
s tane-
o

can
i pro-
c ible.
T ding
o bbly
m

gle
c pre-
s ondi-
isturbances. The following formula is used to estimat
pper limit for the mass of the liquid that is evaporate

he bubble’s surface[22]: LdM/dt=qwS. HereM is the mas
f gas inside the bubble,qw the specific (per unit of surfac
quare) heat flux from the gas to the bubble surface,S the
quare of the bubble surface (S= 4πR2), L the heat of evapo
ation of the fuel. The heat flux is calculated by the form
23]: qw =σ(T−T0). The heat-exchange coefficientσ can be
stimated according to[23,24]: σ =λπ2/3R, whereλ is the

hermal conductivity of gas. ParametersL andλ can be found
n [20].

The calculations show, that the influence of inter ph
ransfer processes on the explosion limits of a single bu
s negligibly small. The calculation shows that during the
ubble oscillation, the mass of the fuel that is evaporated
he bubble is only a few percent of the initial mass of
ubble’s gas. This mass addition practically does not i
nced the temperature and pressure of the gas, the ind
bserved too.
The calculated parameters behind the refracted s

ave inside a chemically active bubble have been prese
ccording to the calculations, the ignition delay behind

efracted shock wave is shorter as the time, which is nece
or the bubble to change its radius considerably due to s
ave impact. This means, that a refracted shock wav
ide a compressed bubble can ignite it practically instan
usly.

The observed phenomenon that bubble explosions
gnite nearby bubbles indicates that an automatic
ess of synchronization of bubble explosions is poss
his result provides a first step to a better understan
f the mechanism of self-sustaining waves inside bu
edia.
Additionally, the calculated explosion limits of a sin

hemically active bubble under shock wave impact are
ented. The calculations show the possible range of c
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tions for a safe operation of a chemical reactor containing a
bubbly liquid.

Acknowledgements

This project is financially supported by the Deutsche
Forschungsgemeinschaft (DFG).

References

[1] R.I. Soloukhin, On the bubble mechanism of shock ignition in
liquids, Sov. J. Doklady Akademy Sci. (Doklady Akademii Nauk
SSSR) 136 (2) (1961) 311–312 (in Russian).

[2] T. Hasegava, T. Fujiwara. Detonation in oxyhydrogen bubbled liq-
uids, in: Proceedings of the 19th Symposium (International) on
Combustion, The Combustion Institute, Pittsburgh, 1982, pp. 675–
683.

[3] A.I. Sychev, Shock-wave ignition of liquid-gas bubble systems, Com-
bust. Explo. Shock Waves 21 (2) (1985) 250–254.

[4] P.A. Fomin, K.S. Mitropetros, H. Hieronymus, Modeling of detona-
tion processes in chemically active bubble systems at normal and
elevated initial pressures, J. Loss Prevent. Process Ind. 16 (2003)
323–331.

[5] P.A. Fomin, K.S. Mitropetros, H. Hieronymus, J. Steinbach, Mod-
elling of detonation wave parameters, initiation and hazard of chem-
ically active bubble systems, J. Phys. IV 12 (7) (2002) 403–

ble
eed-
and

371–

tudy
hock

ex-

om-

[10] A.I. Sychev, A.V. Pinaev, Self-sustaining detonation in liquids with
bubbles of explosive gas, J. Appl. Mech. Tech. Phys. 27 (1) (1986)
119–123.

[11] A.V. Pinaev, A.I. Sychev, Structure and properties of detonation in
a liquid–gas bubble system, Combust. Explo. Shock Waves 22 (3)
(1986) 360–368.

[12] A.V. Pinaev, A.I. Sychev, Effects of gas and liquid properties on det-
onation wave parameters in liquid-bubble systems, Combust. Explo.
Shock Waves 23 (6) (1987) 735–742.

[13] Ya.B. Zel’dovich, Yu.P. Raizer, in: W.D. Hayes, R.F. Probstein (Eds.),
Physics of Shock Waves and High – Temperature Hydrodynamics
Phenomena I, Academic Press, New York, 1966.

[14] L.D. Landau, E.M. Lifshitz, Fluid mechanics, Landau and Lif-
shitz Course of Theoretical Physics, vol. 6, 2nd ed., Butterworth-
Heinemann, 1995.

[15] K. Mitropetros, H. Hieronymus, J. Steinbach, B. Plewinsky, Shock
induced ignitions of oxygen bubbles in cyclohexane under normal
conditions, Archivum Combust. 22 (1–2) (2003) 55–70.

[16] V.K. Kedrinskii, Hydrodynamics of Explosion (Experiment and
Models), Siberian Division of the Russian Academy of Sciences,
Novosibirsk, 2000 (in Russian).

[17] Yu.A. Nikolaev, P.A. Fomin, Analysis of equilibrium flows of chem-
ically reacting gases., Combust. Explo. Shock Waves 18 (1) (1982)
53–58.

[18] Yu.A. Nikolaev, P.A. Fomin, Approximate equation of kinetics in
heterogeneous systems of gas-condensed-phase type, Combust. Ex-
plo. Shock Waves 19 (6) (1983) 737–745.

[19] Yu.A. Nikolaev, D.V. Zak, Agreement of models of chemical reac-
tions in gases with the second law of thermodynamics, Combust.
Explo. Shock Waves 24 (4) (1988) 461–464.

[ ow,

[ en-
ock

[ to-
fuel

0.
[ ical

[ r-
983)
412.
[6] V.K. Kedrinskii, Ch.L. Mader. Accidental detonation in bub

liquids. Shock Tubes and Waves, H. Gronig (Ed.), in: Proc
ings of the 16th International Symposium on Shock Tubes
Waves, Aachen, West Germany, July 26–31, 1987, pp.
376.

[7] P. Mazel, R. Saurel, J.-C. Loraud, P.B. Butler, A numerical s
of weak shock wave propagation in a reactive bubbly liquid, S
Waves 6 (5) (1996) 287–300.

[8] N.K. Bourne, J.E. Field, Bubble collapse and the initiation of
plosion, Proc. R. Soc. Lond. A 435 (1991) 423–435.

[9] A.I. Sychev, Detonation waves in a liquid-gas bubble system, C
bust. Explo. Shock Waves 21 (3) (1985) 365–372.
20] I.K. Kikoin (Ed.), Tables of Physical Quantities, Atomizdat, Mosc
1976 (in Russian).

21] P.A. Fomin, A.V. Trotsyuk, An approximate calculation of the is
trope of a gas in chemical equilibrium, Combust. Explo. Sh
Waves 31 (4) (1995) 455–457.

22] S.M. Frolov, B.E. Gel’fand, A.A. Borisov, Simple model of de
nation in a gas-film system with consideration of mechanical
removal, Combust. Explo. Shock Waves 21 (1) (1985) 104–11

23] D.A. Frank-Kamenetskii, Diffusion and Heat Transfer in Chem
Kinetics, Plenum Publishers, 1969.

24] A.V. Tyutyaev, A.P. Amosov, L.G. Bolkhovitinov, Ignition of a vapo
gas bubble in a liquid, Combust. Explo. Shock Waves 19 (4) (1
423–427.


	Safety aspects of a bubbly medium inside a chemical reactor
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


