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Safety aspects of a bubbly medium inside a chemical reactor
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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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1. Introduction bubble ignition takes place only in relatively strong shock
waves[6—8] with amplitudes, which are not reached in self-

Many processes in the chemical industry involve an or- sustaining waves of compression in chemically active bubbly
ganic liquid containing oxidizer bubbles. For example, the liquids, i.e. in bubble detonation wavgs-12]. If the gas in-
mixture: cyclohexane (liquid)—oxygen (bubbles) is used for side the bubble has a relatively low pressure and temperature,
the production of nylon. Wave phenomena in these systems,the acoustical impedance of the gas is negligibly small com-
connected with shock induced bubble explosions have closepared to the corresponding value of the liquid. The acousti-
connection with the performance and safety of chemical re- cal impedance is given byc, wherep is the density of the
actors. The first direct experimental registration of shock in- medium anct the velocity of sound13,14] Thus, there is
duced chemically active single bubble ignition in the liquid an essential attenuation of the shock wave on the inter-phase
was performed irf1]. Shock wave initiation of chemically ~ boundary. As a result, the shock wave, which penetrates into
active liquid-bubble mixtures with a line of bubbles and with  the gas has low amplitude, which can be not enough to ignite
bubble columns were investigated3]. It was shown that  the gas phase of the bubble.
a shock wave with amplitude above a critical value initiates A different situation is given when a shock wave impacts
the ignition of the medium behind the shock front. a bubble, which is already compressed. In this case the pres-

There are two different mechanisms of single bubble igni- sure, temperature, density and sound velocity inside the bub-
tion in chemically active systems. One of them is the increase ble are essentially higher, compared to the situation when the
of the gas pressure and the temperature owing to the bub-bubble is not compressed. Because of this, the difference in
ble compression, caused by a shock wave in the liquid. This acoustical impedances between the gas of the bubble and the
mechanism of bubble explosion was intensively discussed insurrounding liquid is not high. As a result, the attenuation of
the literaturg1-5]. the shock wave owing to penetration into the gas will not be

The second mechanism of bubble ignition is based on the high and the gas of the bubble could be ignited. The possi-
penetration of a shock wave from the surrounding liquid into bility of an explosion of an initially compressed bubble due
the bubble. The increase of the temperature and the pressuré& penetration of a shock wave into the bubble and the role of
behind the shock wave inside the bubble can lead to bub-this kind of explosion in propagation mechanism of bubble
ble ignition. At normal initial conditions this mechanism of detonation waves is still not adequately investigated.

In this work the shock induced behavior of a cluster of
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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 & I 100
shock waves have been calculated.

2. Experimental

A schematic of the autoclave, which was used in the ex- 3
periments, is shown ifrig. 1L 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 irFig. L (1) gas inlet, (2) gas outlet, (3) exploding
wire, (4—7) pressure sensor positions, (8) liquid outlet and (9)
gas inlet for the bubbles.

A shock wave in the liquid is generated by a gas deto-
nation of the explosive acetylene—oxygen gas mixture above
it. The liquid phase consisted of pure cyclohexane. The ini-
tial pressure of the mixture was 1 bar. All experiments were
performed at room temperature. Detailed description of the
experimental set-up can be foundirb].

Fig. 1. Schematic of the autoclave.

and consequently ignite the bubblesHig. 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 &t 8 us. 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 aresult of the bubble compression, ignition in some
of the bubbles was observed (e.g. 5@ 2, 33us).

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
3. Results and discussion initiated by the overlapping of two shock waves from nearby

bubble explosionsHig. 2, 35us). Then the shock wave of

The shock wave that was generated in the liquid by the im- this explosion ignited the bubble no. Big. 2 40us). The
pact of the detonation in the gas phase was used to comprestact that the gas phase of the bubble is compressed means

30 Is

0 ps 8 us 22 ps 29 us

34 ps 35ps 36 us 38 us 40 ps 50 ps

33 us

Fig. 2. Bubble ignition from a planar shock wave or from nearby bubble explosion. Initial equivalent diameter of the bubbles no. 1-4: 3.7, 4.163rrand 3
respectively.



K. Mitropetros et al. / Chemical Engineering Journal 107 (2005) 27-32 29

HereRis the bubble radiug = R'/Ryg the dimensionless radius

of the bubble,0 and p_ are the gas and liquid densitly,

the pressure of the gas,, C. andP, are the kinematical

viscosity, velocity of sound and pressure of the liqi&nd

n are the constants of Tait equation of state of the liquid,

the time. Index “0” corresponds to the initial stage, the time

moment = 0 corresponds to the start of bubble compression.
The gas is assumed to be ideal:

P WT
—= )
0

n

— HereT andu are the temperature and molar mass of the
— gas ) the universal gas constant.
The point in time of the gas ignitioty is determined by

- incident SW the conventional condition:
-_ — fi dr
_ B — =1, 3)
_ 0 T
Fig. 3. Planar and spherical shock waves inside the liquid. wherer is the induction period of ahomogeneous gas mixture

that the acoustical impedance is higher than the initial one in with constant parameters.
the bubble. Based on the experimental measurements of the  All chemical reaction proceeds in the gas phase. During
bubble radius before the second shock wave impact, it is cal-the induction period the gas—vapour mixture is non-reactive,
culated that the increase of the acoustical impedance of theand thereafter it transits instantaneously into the state of
gas is about two orders of magnitude. The interaction of the chemical equilibrium. The chemical equilibrium is shifted
shock wave with the preliminarily compressed bubble results as the bubble radius changes and liquid transforms into
into a new shock wave in the gas that ignites the bubble. gas.

For the calculation, the following scenariowas assumed. A The molar mass of gas in the state of chemical equilibrium

planar shock wave with constant amplitude of 40 barimpacts and specific internal energy of gdsare described according
two bubbles. As a result both bubbles start to shrink. During to the model of chemical kinetjd 7—19}

this process one of the bubbles explodes. At the moment of
its explosion this bubble has a radiggn. The bubble explo- B(l o )2 o < E ) < wo )

sion has a peak pressuPg. The exploding bubble emitsa RT ) \ temin

spherical shock wave (Syyin the liquid with an amplitude 34 32

initially equal toPign. This shock wave impacts on the sur- _ AT (1 _ exp(£>> ) ()
face of the second bubble (s€ig. 3). After the impact of the 4K 4 T

SW;, on the surface of the second bubble, a rarefaction wave

in the liquid and a refracted shock wave inside the bubble 3/ 3/ o/T
(SWier) are created. This refracted wave has an initial peak U(T, u) = [Z (— + 1> + > (— - 1) —}

Mmax

pressurd®s and initial propagation velocityief. Ha Ha exp©/T) ~ 1
At the moment of the shock wave impact, the bubble is RT £ 1 1 5
nearlyir_l mechanical equilibrium, i.e. the pressure inside this X w + ; - wmin /)’ ®)
bubble is close to the pressure of the planar shock wave, )
40 bar. where ia, umin, tmax are the molar masses of gas in the
To calculate the explosion pressuPg, inside the first atomic, completely dissociated and completely recombined
bubble, the following theoretical model, presented4rs], states@ the effective temperature of excitation of the vibra-

is used. The bubble is assumed to be spherical. The bubbldional degrees of freedom of the moleculésthe average
dynamics is described by the generally accepted Rayleigh-€nergy of dissociation of the reaction produétsi. are the

type equatiori16]: rate constants of dissociation and recombination of the gen-
d2,3 31/dp 2 _ P Po eralised reaction products. Parameje{Sumin, imaxare the
ﬂﬁ >3 (d—> = <P — F) —, functions of initial chemical compositions of the gas and can
d B\ ar 0/ pLRG be calculated according {@7,18]
5o 1 » 20 4 pLv dB The constants of the model of chemical kinetic
=2 ( - 7) T8 P dr are: E=459kJ/mol, A=5x 1019m3/(kmols K¥4), K, =

. 6 x 108 m8/(kmol? s), ® = 3000 K. The algorithm for calcu-
po Ro < P—-P >_ /" dP dp lation of these constants was describefilin, 18] The con-

B 3/33P0 cL B— P, dp dt’ (@) stantsC, = 1284 m/s,p. =7.8x 103 kg/m® can be found in




30

[20]. The follow exponent of the Tait equation of state of lig-
uid cyclohexane is used=7. ThusB= pLCE/n =1837 atm.
The bubble compression is assumed to be adiabatic. Adi

abatic curve and adiabatic indgxf chemically equilibrium
gas are described according/#1]:
ar _  Uump — OtT/pp)
do Ut +Uppt
din P P 0 T dr
= =1-- —(1-— —. 6
v =i == L+ 2 (1= L) O ©)

DerivativesU,,, U, u,, 1 are the explicit algebraic func-
tions of T, p and can be obtained from (4) and (5). E6)
can be used for chemically non-reactive gas too. In this cast
derivativesU,,, i ,, ut are equal to zero.

Egs. (4)-(6) allow us to take into account a wide range
of variation of the following parameters: (i) molar mass, (ii)
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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

adiabatic index and (iii) heat release of chemical reaction due the induction period of the gas explosion (d).

to recombination and dissociation processes.
The jump of gas parameters at the time monigistcal-

culated from the energy conservation law, equation of state

and chemical equilibrium. Bubble radius, gas density and
parametersa, min, Lmax at this jump are constants.

Note, that compared with the classical Rayleigh equation
for bubble dynamics, Eq1) takes into account the com-
pressibility of the liquid and the energy losses owing to the
viscosity and the acoustic radiation from the bubble. The dif-

ference between this model and other known models of wave

propagation in a bubbly system is as follows. The adiabatic

index of the gas is not assumed to be constant and the pos

sibility of chemical reaction inside the bubble is taken into
account.

The pressur®ig, inside the first bubble was calculated by
the model described above to be in the order af B° bar.
The amplitude of the emitted spherical shock w&®ggsw
by the bubble explosion, as function of the distahcbe-

tween the wave front and the center of the bubble, can be

described by the known equation for spherical acoustical
waves[13]: Pssw= Pign(Rign/L). Fig. 4showsPssy accord-

ing this equation as a function of the dimensionless distance

The temperature inside the compressed, second bubbl
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Fig. 4. Calculation for the pressure behind the secondary shock wave.

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 ij4,5] and described above. The temperature in
the compressed bubble is then 585 K.

A one-dimensional simulation of the interaction of the
SW;, 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.8,14] 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
wave Uref is presented. The calculated initial amplitude of
the wavePes and temperatur@ s behind the wave are
shown inFig. 5b and c, respectively. The calculated induc-

&ion period of the gas explosion behind this waves pre-
at the moment when the spherical shock wave impacted it P g P aves p

was calculated too. For this calculation it was assumed that

sented irFig. 5d. For this calculation the following equation
was usedt = AP2? exp(Z/% Tref), whereX = 109 kJ/(kmol),
A=5.1x 10 11sP&5[4,5].

A direct conclusion fronFig. 5is that, provided the two
interacting bubbles are close enough, the shock wave that
penetrates the second bubble can ignite it. More precisely
the calculation shown ifig. 5d means that the pressure and
the temperature behind the refracted wave can be so high
that the induction period for the ignition is less than the time
necessary for the bubble to change its radius (i.e. afsW
This is the explanation of the “instantaneous” ignition that
was observed in the experiments ($ég. 2 at 35u.s). For
illustration, if L/rign, is less than 2, then the induction period
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Fig. 6. Calculated explosion limits of a single bubble in the plane of initial pressure and temperature at different amplitudes of shock wave$ & bar (
20 bar (b)).

is less than 0.6ps, i.e. the second bubble would seem to period of chemical reaction and the duration of the first bub-
ignite instantaneously atjes scale. ble oscillation.

In the following paragraph we consider the case of shock-  The results presented kig. 6 support the following con-
induced compression of a single bubble. In this situation the clusion. In order to prevent bubble explosions in a chemical
bubble is under relatively low initial pressure and tempera- reactor, the operating temperature should be relatively high.
ture. Thus there is bubble compression due to the shock waveThe explanation of this follows. It is known, that the adia-
but the penetration of the shock wave into the bubble is neg- batic compression of a gas strongly depends on the adiabatic
ligible. For this case ifrig. 6the calculated explosion limits  index. The adiabatic index of hydrocarbon—oxygen gaseous
of a single bubble are presented. For this calculation it was mixtures is reduced if the concentration of hydrocarbons is
assumed that if the duration of the first bubble compression isincreased. If the temperature of the bubbly mixture increases
less than the induction period of the gas explosion, the bubbleat a constant pressure, the cyclohexane concentration in the
does not explode. The duration of the bubble compressionbubble increases too and the adiabatic index of the gaseous
as well as the induction period of the gas explosion inside mixture decreases. Thus, at the same stage of compression
the same bubble were calculated by the model described inthe gas temperature will be higher inside that bubble, which
[4,5] and described above. The calculation is presented as awas initially under lower initial temperature.
function of the initial temperature and initial pressure of the
system and for two different amplitudes of incident shock
waves. InFig. 6it can be seen that for a certain amplitude 4. Conclusions
of incident shock wave, a line in the plane of initial pressure
and temperature exists, above which no bubble explosion can  Inthe present work safety related aspects of shock induced
take place. phenomena inside a cluster of oxygen containing bubbles

The influence of inter phase mass and heat transfer pro-in liquid cyclohexane has been experimentally and theoreti-
cesses through the bubble’s surface on the explosion limitscally investigated. Explosion due to bubble compression was
of a single bubble, has been analyzed. As a first approxima-experimentally observed. Direct bubble ignition due to re-
tion, the bubble surface is assumed to be spherical, withoutfraction of a shock wave impact on compressed bubbles was
disturbances. The following formula is used to estimate an observed too.
upper limit for the mass of the liquid that is evaporated at  The calculated parameters behind the refracted shock
the bubble’s surfac2]: L dM/dt=qgyS. HereM is the mass ~ wave inside a chemically active bubble have been presented.
of gas inside the bubble, the specific (per unit of surface  According to the calculations, the ignition delay behind the
square) heat flux from the gas to the bubble surf&he refracted shock wave is shorter as the time, which is necessary
square of the bubble surfacg< 47R?), L the heat of evapo-  for the bubble to change its radius considerably due to shock
ration of the fuel. The heat flux is calculated by the formula wave impact. This means, that a refracted shock wave in-
[23]: qw =o(T — Tp). The heat-exchange coefficientan be side a compressed bubble can ignite it practically instantane-
estimated according 23,24} o =A7%/3R, wherex is the ously.
thermal conductivity of gas. Parametérandi can be found The observed phenomenon that bubble explosions can
in [20]. ignite nearby bubbles indicates that an automatic pro-

The calculations show, that the influence of inter phase cess of synchronization of bubble explosions is possible.
transfer processes on the explosion limits of a single bubble This result provides a first step to a better understanding
is negligibly small. The calculation shows that during the first of the mechanism of self-sustaining waves inside bubbly
bubble oscillation, the mass of the fuel that is evaporated into media.
the bubble is only a few percent of the initial mass of the  Additionally, the calculated explosion limits of a single
bubble’s gas. This mass addition practically does not influ- chemically active bubble under shock wave impact are pre-
enced the temperature and pressure of the gas, the inductiosented. The calculations show the possible range of condi-
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