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Abstract
A theoretical model for estimating inactivation effects on marine Vibrio sp. is developed from the viewpoint of
the chemical action of the OH radicals induced by interaction of bubbles with shock waves. It consists of a biological
probability model for cell viability and a bubble dynamic model for its collapsing motion due to the shock pressures.
The biological probability model is built by defining a sterilized space of the OH radicals. To determine the radius of
the sterilized space, the Herring equation is solved in the bubble dynamic model in consideration of the effect of the
heat conductivity and mass transportation. Furthermore, the pressure waveform of incident shock wave used in the
model is obtained with the pressure measurement. On the other hand, a bio-experiment of marine Vibrio sp. is carried
out using a high-voltage power supply in a cylindrical water chamber. Finally, the viability ratio of marine bacteria
estimated by the theoretical model is examined under the experimental conditions of this study. In addition, we also
discuss the influence of bubble initial size for predicting the inactivation effects.
Key Words: Theoretical model, Bubble-shock interaction, Chemical inactivation, Biological probability model,
Generation and diffusion of OH radicals
1. Introduction

The bubble dynamics have been studied in detail experimentally, theoretically, and numerically. After exposed
to a pulse of pressure, bubbles oscillate and collapse with physical and chemical phenomena. Some destructive
productions such as strong pressure pulse, high-speed jet, and oxidative free radicals are generated so that the tissues
and cells around them would be damaged by their mechanical and biochemical actions. Takayama [1] found the
collapsing motion of cavitation bubbles could result in the tissue damage of the body when they tried to employ
underwater shock wave focusing in an ellipsoidal reflector to develop an extracorporeal shock wave lithotripsy.
Delius et al. [2] examined the effects of shock wave-gas bubble interaction on cell destruction at the minimum static
excess pressures. The freed hemoglobin was identified as a marker of cell destruction. They noted that shock waves
with the amplitude of 400 kPa caused membrane destruction and other biological effects. Lokhandwalla and
Sturtevant [3] analyzed the interactions of red blood cells with shock-induced shear flow and bubble-induced radial
flow fields in a shock wave lithotripsy, respectively. They found that the extensional fluid motion induced by both of
the flow fields contributed mainly to the cell deformation and a tension in the cell membrane [4]. Loske et al. [5]
investigated the bactericidal effect of Escherichia coli in an electrohydraulic shock wave generator in order to develop
a non-thermal food preservation method using shock waves. And they indicated that the bacteria were inactivated by
the mechanical action of the shock wave. Okada et al. [6] used single-shot pulsed ultrasound to investigate the
respective contributions of mechanical effect and sonochemical effect on cell membrane damages. Their results
showed that the damage of cell membrane adjacent to microbubbles was mainly caused by mechanical effect rather
than sonochemical effects.

Forits application to marine sciences, Abe et al. [7] proposed a shock wave sterilization method for killing
marine bacteria in a ship’s ballast water using the collapse of bubbles induced by incident shock waves. In the
sterilization method, the products like rebound shock waves and free radicals are expected to inactivate marine
bacteria by their mechanical and biochemical actions. They investigated the cell damage induced by the shock wave
pressure via an electron microscope. The cell was regularly deformed by the shock pressure. It differed from the
irregular deformation by the osmotic pressure. Furthermore, they examined the tolerance of marine Vibrio sp. to the
shock pressure by using a gas gun [8] and measured the pressure pulse emitted from the collapse of microbubble [9].
These results indicated that rebound shock waves generated by the bubble motion had a potential to kill marine
bacteria. Wang and Abe [10] carried out a bio-experiment of marine Vibrio sp. to clarify the sterilization effects of
this method in a circular-flow water tank. Furthermore, they also examined the respective effect of mechanical action
and biochemical action by adding sodium L-ascorbate to the cell suspension. The results showed that free radicals
mainly contributed to inactivating marine bacteria in their experimental condition [11]. Based on the theoretical and
experimental studies [12-17], these free radicals are the products of chemical reactions inside a bubble. As a result of
bubble collapse, the internal temperature and pressure reach thousands of absolute temperature and hundreds of
atmospheres or more, so that water vapor and non-condensable gas inside the bubble are dissociated. Free radicals
generated by the bubble motion, hydroxyl (OH) radicals, have extremely high oxidization, so that they are dominant
to sterilization of marine bacteria. For investigating inactivation effects of OH radicals, Bai et al. [18] used a physical
method of strong electric-field discharge to generate the OH radicals. The results showed that it was effective to apply
the OH radicals for killing marine bacteria and algae in ships’ ballast water.



On the other research, Sundaram et al. [19] proposed a theoretical model to relate the membrane permeabilization
to the number of transient cavitation event when they investigated the viability of cells exposed to varying does of
acoustic energy using a suspension of 3T3 mouse cells. They suggested that the critical strains of the membranes
could be easily exceeded when the cells were exposed to microbubble-induced shock waves. Given the mechanisms
of cell disruption by shear forces, a simple model was developed to investigate the inactivation ratio of Enterobacter
aerogenes under low-frequency high-power ultrasound in the study of Gao et al. [20]. The fits obtained with the
model were in good agreement with the experimental data. Wang and Abe [21] built a hybrid analytical model to
estimate sterilization effects considering the inactivation both free radicals and collapsing shock waves. The sterilized
space was assumed where the pressure behind the rebound shock wave front was stronger than 150 MPa, and their
estimation was consistent with the experimental results. Based on their study, we also develop a theoretical model to
estimate inactivation effects of the OH radicals generated by bubble-shock interaction in the present study. The
present theoretical model consists of a biological probability model for cell viability and a single bubble dynamic
model for the interaction of bubbles with shock waves. In the bubble dynamic model, the transfer of the heat and
mass through the boundary interface between bubble and water are considered to determine temperature condition
for the generation of the OH radicals. The pressure waveform of incident shock wave used in the model is attained
by the pressure measurement. On the other hand, the validity of the theoretical model is made by comparison with a
bio-experiment of marine Vibrio sp.. Finally, the viability ratio of marine bacteria obtained with the theoretical model
is examined under the experimental conditions of this study. In addition, we also discuss the influence of bubble
initial size for predicting the inactivation effects.

2. Bio-experimental setup

Figure 1 shows a bio-experimental arrangement for investigating sterilization effects. The experimental system
consisted of a cylindrical water chamber, a high-voltage power supply (HPS 18K-A, Tamaoki Electronics Co-Ltd),
and a pulse generator. The external dimension of the cylindrical water chamber was 90 mm in diameter and 120 mm
in length. There were two equivalent parts, namely, the upper part was a test chamber and the lower was an electric
discharge chamber. The shape of each part was a cylinder of 30 mm in diameter and 30 mm in depth with a circular
cone of a 30-mm diameter, and depth of the taper end was 6 mm. A 0.1-mm silicone film was used to separate the
two parts. Two parallel slots in the electric discharge chamber were equipped for the installation of electrodes. A slot
with a 6.5-mm diameter at the top of the test chamber was designed for the setup of a probe of pressure transducer
and for the sample extraction of cell suspension. Given the mechanism of underwater electric discharge, incident
shock waves are generated by the expansion of the thermal plasma channel consisting of high-temperature vapor.
Next, a vapor bubble is formed at the tips of the two electrodes. As described in our previous study [11], with the
expansion and contraction of the vapor bubble, the oscillation of the silicone-film separator is caused, and then
resulting in the up-and-down movement of the liquid surface in the slot of test chamber. Consequently, air in the slot
is brought rapidly into the water chamber and simultaneously an increasing number of the bubbles are generated in
this way. These bubbles still remain when the next incident shock wave is coming. The collapses of these air bubbles
take mainly responsibility for the inactivation of marine bacteria due to number density and long lifetime of air
bubbles [11]. In addition, the UV produced by the electric discharges has no inactivation effects on marine bacteria, as
described in Appendix.

In the experiments, incident underwater shock waves were generated with the frequency of 1 Hz, i.e., the electric
discharge was triggered once every second. The output power was 31.6 kV. The electric discharge chamber and the
test chamber were filled with the distilled water and the cell suspension of marine Vibrio sp., respectively.
Furthermore, the upper end of the slot in the test chamber was covered with a rigid wall during the experiment. Here,
samples of 0.1 ml were extracted regularly from the cell suspension, diluted serially, and then spread on agar plates.
The plates were incubated for 24 hours at 35 ‘C. Finally, the cell viability in 1 ml was evaluated using the numbers
of colony-forming cells on the agar plates on the basis of the dilution ratio, as shown in Fig. 2.

3. Theoretical model for estimating sterilization effect

3.1 Biological probability model

In the previous studies on the inactivation of marine Vibrio sp. using bubble-shock interaction, the results
showing the contribution of OH radical has been obtained [11]. Extremely high-temperature and pressure are required
to break up chemical bonds of H,O and gasses in order to produce the OH radicals. In the bubble-shock interaction,
an influence area of high-temperature may be confined inside and in the vicinity of the bubble surface since the
temperature at the bubble-water interface basically equals to the water temperature [22]. Consequently, it is thought
that most of the OH radicals are generated inside the bubble and transferred into water [23-27]. Therefore, the OH
radicals dissolving into water probably just exist in a thin layer of bubble-water interface [28, 29]. The space in which
the marine bacteria will be strongly affected by the OH radicals is defined as the sterilized space in the biological
probability model. Figure 3 is a schematic of the sterilized space of a single bubble from the test chamber filled with
the cell suspension. It is assumed that the number of microbubbles M and the number of marine bacteria Ny randomly
distribute in the test chamber with a volume of V, and then the water volume and the number of marine bacteria for



a single bubble are V}, and M, respectively. The sterilized space is represented as a sphere of radius, r; including the
interior of the bubble.

We consider the cell viability of marine bacteria after an incident shock wave passes though M of the bubbles
in the test chamber. First of all, as shown in Fig. 3 (b), the number of inactivated bacteria around one bubble, in other
words, the number of bacteria located in the sterilized space, N, is given by

4 3N b
NS_3anVb 4 (1)
where these bacteria of N, is assumed to distribute randomly in the water volume of ¥}, regardless of the position of
the bubble since there is possibility that the bacteria exist inside the bubble owing to their small sizes. The water
volume ¥V, = V/M and the number of bacteria N, = Ny/M for a bubble are obtained.
Therefore, the cell viability ratio of the bacteria after the collapse of one bubble, Il, is expressed as follows:

a1 = 1- )\1, (2)
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where the subscript 1 means the number of the bubbles generated in the test chamber. The inactivation ratio of the
bacteria l is presumed to the same for every bubble, i.e.,il = l2 = = lM in the model.

Next, given that the distribution of microbubbles and bacteria in the cell suspension of the test chamber is random,
the cell viability ratio after M of bubbles collapse, IM, is given by

M
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After a Taylor expansion, Eq. (4) can be rewritten as
ay=e ik (5)

The number of viable cells for once incidence of shock wave, is presented by,
N{=ay X Ny. (6)

Finally, the bacteria viability ratio after #-shot incidences of shock waves, is shown as follows:
E__ t_ -t
N, = am =e = (@)
Hence, the bacteria viability ratio is determined by two parameters, I1 and ¢, wherel1 depends on the radius of
the sterilized space r; around a bubble and the number of the bubbles M in the test chamber, and ¢ is related to the
number of the electric discharges.

3.2 Bubble dynamic model

To obtain the value of ll in Eq. (3), it requires to obtain the radius of the sterilized space, r;, relative to the
generation condition of the OH radicals. It is difficult to directly measure or observe the generation of the OH radicals
due to their fast reactions in a dynamic stimulus [30]. Few experimental data are available on the concentration of the
OH radicals for a single air bubble in water. In the present paper, a bubble dynamic model was developed to analyze
the generation and diffusion conditions of the OH radicals. Its schematic is shown in Fig. 4. The bubble begins to
contract just after exposed to the pressure of incident shock wave. The chemical and physical phenomena, such as a
luminescence flash called as sonoluminescence are caused with increasing the internal temperature and pressure [31,
32]. Zhang et al. [33] argued that the luminescence flash occurred at tens of microseconds before the bubble reached
the minimum size. These results indicate that thermal decomposition of the gas molecules can occur before the
temperature reaches the peak. In other researches, Locke et al. [34] used a planar laser-induced fluorescence method
to investigate a large-scale and high-pressure combustor environment and obtained the images of the OH radicals at
the inlet of 1034 kPa and 866 K. Varatharajan and Williams [35] investigated the high-temperature oxidation of
acetylene numerically and theoretically, and reported that the OH radicals were formed by the reaction of the H
radicals and O, under the initial condition of 50 bar and 1100 K. The study by Abe et al. [9] also found that free
radicals were generated after the passage of underwater shock waves with amplitude of about 200 MPa at 293 K
when they used a gas gun to investigate the tolerance of marine Vibrio sp. against the shock pressure. Consequently,
it is suggested that the conditions to generate the OH radicals are related closely to the experimental conditions. In
the previous study [11], the OH radicals are suggested to be generated at about1000 K of internal temperature in the
interaction of air bubbles with underwater shock waves. Based on these backgrounds, we define a 1000-K temperature
as critical condition for the generation of the OH radicals in the model.

As shown in Fig. 4 (b), a thermal boundary layer with a temperature drop is basically formed in the gas inside
the bubble since the density and specific heat of water are so much larger than the respective values for gas. It is
assumed the temperature is spatially uniform at the center of the bubble, while to be linear within the boundary layer.
Therefore, the radius of the sterilized space, r, is defined as the bubble radius when internal temperature becomes



over 1000 K. For the diffusion of the OH radicals, the diffusion constant is approximately equal to the thermal
conductivity given the study of Toegel et al. [36]. As a result, the heat and mass are suggested to transfer through the
same boundary layer. According to the generation mechanism of the bubble in the cylindrical water chamber, the
bubble is assumed to be filled with ideal gas, air. Therefore, most of the OH radicals are generated by thermal
decomposition of water vapor. To simply the bubble dynamic model, the OH radicals are assumed to transfer to the
outside with the mass transportation of water vapor through the boundary layer. In addition, the gas inside the bubble
except water vapor are thought to be noble gas.

In the model, we applied the Herring bubble motion equation [37] to analysis of interaction between a bubble
and an underwater shock wave, as shown in Eq. (8),

. ZRRR 3(, 4RR2 1, 5 R dPg
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where R is the bubble radius, R = dR/dt, ¢ is the time, R = dR /dt. C,, is the sound speed of water at infinity, IQO is the
density of water at infinity, and P; is the pressure at the interface of a bubble, P, is the pressure behind an external
incident shock wave inducing the collapse of bubble.

C.,, is given by,

n(Ps + B) 0
R @

where B and n are constant values, B =2963 bar and n = 7.41.
P is described by,

1 .
PS:Pm—E(ZO'-I-‘l-MR), (10)
where .is the surface tension, and lis the viscosity coefficient, and Pj, is the pressure of the gas inside the bubble.
An ideal gas equation was used as,
Ppv = RgTin, (11)

where v and T}, are the molar volume and temperature of the gas inside the bubble, and R, = 8.3145 J/(mol K). The
molar volume v is presented by

NV
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where N, is the Avogadro number, 6.02 X 1023, the volume of the bubble V' = 4/3IR3, and Nt is the total number of
gas molecules in the bubble, consisting of the number of water vapor Ny, and other molecules Nygers,

Ntot = Nyater + Nothers: (13)

In the model, the gas except water vapor inside the bubble was presumed not to involve in the mass transportation.
During the bubble motion, the rate of particle changes for water vapor [38] can be estimated by Eq. (14)
Cp=C
Nyater ~ 4TR?D . (14)
Laiff
where C=C; (Ty) corresponds to the equilibrium density at the wall [39, 40], C,= P(To)/kTy = 5.9X 10?> m? for
Ty=293.15K, k is the constant, 1.38 X 10-23 [36], C is the actual concentration of water vapor inside the bubble, C =
Nyawer!V, D is the diffusion constant. As mentioned above, we obtained the diffusive penetration depth, /g %.the
thickness of thermal boundary layer. Hence, the instantaneous diffusive penetration depth /¢ can be expressed by
the Rayleigh-Plesset time Ic [11, 41], referring to the calculation of thermal boundary.

Pi
Lagy =TTe = |UiglpgCr)0915Ry | e

wherelg islthe thermal conductivity, C, the heat capacity at constant pressure, Ig is the density of gas, AP is the

difference pressure between outside and inside the bubble.
Considering the effect of the thermal conductivity at the bubble wall, the energy balance of the gas inside the
bubble is written in Eq. (16) according to the first law of the thermodynamics for an open system,

Ethwater+Q_Wt (16)



where /4 denotes the enthalpy per water molecule, 2 =~ 8/2kT, Q is the heat transfer to the bubble, W represents the
work done by the bubble, and dots on the upper side denotes the differential of the variables. In addition, the heat of
reaction occurring inside the bubble is neglected in the system according to the studies in Refs. [42-45]

The internal energy is made up of the translation energy of the molecule of gas and the internal energy of the
molecule of water vapor [36].

04T
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where l‘, are the characteristic vibrational temperatures, Il =2295K, 'z =5255K, and I3 = 5400 K [36]:
According to the Fourier’s law, the heat loss AQ through the thermal boundary layer can be written in Eq. (18).

4g(4mR?AT  4g(4mR*)(To - T;n)
AQ = At = At. (18)
o o
Where Iis the thickness of the boundary layer, I ~ it
_ The work one by the bubble is describe by Eq. (19),
W=P,J. (19)

atherskT + NyaterkT, 17)

Finally, the Herring bubble motion equation (8) was solved using the fourth-order accurate Runge-Kutta-Gill
method. Then, from Egs. (10), (11), and (12), the pressure changes at the interface, dPy/dt, is derived as the following
equation;

dPs  (RgNror, R,T RyTN7o; V

dt \ NV T+ N, VNT‘”

—(20—R + 4uR* - 4uRR). (20)

3. Results and discussion

Figure 5 shows the estimation on the cell viability at 31.6-kV electric discharges in the test chamber. The electric
discharge was triggered once every second, i.e., the applied frequency of incident shock waves was 1 Hz. An air gap of
10 mm in the slot was set to make the water surface move freely, so that numerous bubbles were generated. In the
experiments, the height of the air gap was maintained by putting an equivalent amount of artificial seawater into the cell
suspension after every sample extraction. The effect of the artificial seawater on the dilution of the cell suspension was
removed when sterilization effects were estimated. The initial density of marine bacteria was about 4.62 x 10° cfu/ml.
The solid diamonds in the figure are of the average for 6 sets of bio-experimental data. Here, the error bars are not shown
because the low value of the standard deviation (STD) are not clearly recognized in the exponentially ordinate of the
viability ratio. In the figures including the following bio-experimental results, the STD are less than 15, even close to 0
except the point (STD == 27) at the beginning of the experiments. Samples were taken from the test chamber every 20-
shot electric discharges after the beginning of the bio-experiment. In the experiments, the sodium L-ascorbate was also
added in the cell suspension to get rid of the chemical inactivation effects. The results are indicated by the solid squares.
The number of marine bacteria hardly change throughout the experiments. It suggests that the mechanical action of the
bubble motion take no responsible for killing marine bacteria, and the OH radicals contribute mainly to the activation.
From the results without the sodium L-ascorbate as indicated by the solid diamonds, it is found that the viability ratio
of marine bacteria is decreasing exponentially and all of marine bacteria are killed completely in about 160 seconds. The
results suggest that the strength of the collapsing bubbles keep consistent after every sample extraction. The pressure of
incident shock wave is thought to be constant during the experiments. Hence, the number density of the generated
bubbles is constant with the extractions of the samples.

To investigate the propagation behaviors of the shock waves in the test chamber, pressure measurements were also
carried out using a transducer (Fiber Optical Probe Hydrophone: FOPH 2000, RP acoustic). Figure 6 shows a pressure
profile at a 30-mm position of the central axis of the test chamber from the discharge pint obtained with FOPH 2000. In
the figure, the experimental data within 10 Is is affected by the light noise of the discharge flash. We observe the 1st
shock wave (1st SW) at about 19 Is and the 2nd shock wave (2nd SW) at about 27 Is, respectively. The 1st SW is
generated by the electric discharge, and reflected at the inner wall, and concentrate at the central axis of the cylindrical
chamber to form the 2nd SW. Based on propagation velocity of underwater shock wave, about 1500 m/s, the 3rd shock
wave (3rd SW) is the reflections wave of the 1st SW at the bottom boundary of the electric discharge chamber. There
are some expansion regions observed behind the 2nd SW and around the 3rd SW. Cavitation bubbles are thought to be
produced in these regions, so that the pressure variation after 30 Is is affected by their collapses. However, the activation
effects are barely induced by the motion of these cavitation bubble due to their small number in the present study,
compared with the air bubbles generated by the rapid up-and-down movement of liquid surface in the test chamber.

By 20-set pressure measurements at the positions of 20 mm, 30 mm, 40 mm, and 50 mm from the discharge point,
the physical characteristics of the 1st shock wave front were obtained. The full width of half maximum (FWHM) was
about 0.8 Is, the mean peak was about 4.5 MPa, the rising time to peak pressure was 0.4 Is, and the falling time to



atmosphere was about 0.6 Is. Such a pressure waveform of incident shock wave was applied to investigation of the
bubble motion in the bubble dynamic model. The other values of the pressures equal to the atmosphere in the profile.

Figure 7 shows analytical results of bubble motion equation substituted by a pressure wave. The initial radius of
the bubble took about 50 lim based on the optical images in Ref. [11]. In this analysis, the density of water loo =999.7
kg/m3, the viscosity coefficient I =1.307 X 1073 Pa-s, the surface tension I: 74 X 103 N/m, the density of gas lg =
1.20 kg/m3 at T, = 293.15 K when R = R, , the thermal conductivity in the gas Ig =0.599 W/(m-K), the heat capacity of
gas C, = 4186 J/(kg'K) , the atmospheric pressure Py =1.01325 X 10° Pa were used. Figure 7 (a) represents the time
variation of radius and pressure of incident shock wave. After the bubble is exposed to the shock pressure, the radius
begins to contract and eventually reaches a minimum, about 11.5 Im at about 1 Is, and simultaneously the pressure
inside it increases to maximum. After that, the bubble expands to about 104.0 Im since the exposed pressure decrease
to the atmosphere, so that a large pressure difference between inside and outside the bubble is caused. Figure 7 (b) shows
the time variation of temperature inside the bubble. In the bubble dynamic model, the radius of the sterilized space is
defined as the bubble radius when the internal temperature achieves 1000 K. From this figure, we could see that the
temperature firstly reaches about 1000 K at #. = 0.844 Is when the bubble contracts to 25.75 Im and achieves a peak of
about 4800 K at the minimum size of the bubble. After that, the temperature decreases with its expansion and secondly
reaches about 1000 K when 7= 1.083 Is and R=24.79 Im At the second rebound, the peak internal temperature change
to about 1200 K due to the loss of energy induced by the water compressibility, heat conductivity, and mass
transportation. Hence, it could be seen that the effective inactivation of marine bacteria is limited to the first rebound of
the bubble motion. During the motion of its first rebound, the period to maintain a 1000-K temperature is about 0.24 Is.
However, in consideration of high oxidation reaction of the OH radicals, the bacteria would be inactivated just once the
radicals are generated, so that we ignore the inactivation time of the radicals and focus on the space distribution of
inactivated bacteria for a bubble collapse in the theoretical model. Therefore, the radius of the sterilized space is
determined based on the temperature distribution inside and outside the bubble at #. = 0.844 Is, also presented in the
figure. The temperature around the bubble center maintains 1000.23 K and drops linearly to 293.15 of water temperature
within the boundary layer. Consequently, the radius of the sterilized space 7, is about 24.46 Im in the theoretical model.

Figure 8 shows the time variation of the number of the total molecules and water vapor inside the bubble. The
initial total number of the molecules inside the bubble was determined by Egs. (11) and (12) when P;, = 1.03 X 10° Pa,
Tin=293.15K, R=50 Irn. The initial number of water vapor corresponded to the equilibrium density at the wall, C..
The difference between the number of total molecules and water vapor was defined as the number of other molecules,
Nomer- During the collapse of the bubble, other molecules would not involve in the mass transportation in the bubble
dynamic model. As shown in this figure; water vapor diffuses into the outside during its contraction and enters the bubble
during its expansion. The minimum and maximum of the water-vapor number are 3.7 X 10°and 2.7 X 102, respectively.
Compared with the total number of the molecules, it can be seen that the transfer of the water vapor through the boundary
layer has little effects on the mass transportation. Therefore, it is reasonable that the characteristics of the gas inside the
bubble keep consistent with that of air, so that the effective thermal conductivity and heat capacity could be regarded as
constant during the collapsing process.

Next, we set out to.estimate the cell viability ratio under the conditions of the present bio-experimental setup.
Given the generation mechanism of the bubbles resulting in the effective activation, the number of the bubbles M,
for triggering the electric discharge once can be estimated by [46]

air air
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where V;, is the volume of air in the slot of the test chamber, R, is the initial bubble radius.

Considering the condition of the cell experiments, the sample extraction was conducted every 20-shot electric
discharges. Assuming that the generated bubbles after every electric discharge are accumulated, the total number of
the bubbles before the extraction of the sample is presented by

n
M, = MIZ i. (22)
i=1
where 7 is the number of the electric discharges before the extraction of the sample in the experiments. The average
number of the bubble after every electric discharge can be rewritten by

n
X X
i Vair i=1

n 4 /3n R% n
According to the present experimental system, Vy; = 3.982X 107 m3, Ry = 50 Im, Viubble = 5.24 X 1013 m3, n =
20, V=12 ml, r,=25.78 Im, M="7.68X10° and Il = 0.0382 were obtained. Therefore, we attain the viability ratio

(23)




of marine bacteria, N/N,, when one incident shock wave passes through M of the generated bubbles in the test
chamber. However, as shown in Fig. 6, multiple shock waves were produced due to the reflection and concentration
in the test chamber. To get close to the real pressure field, a coefficient ' is defined as the number of incident shock
wave when the electric discharge is triggered once. The Eq. (7) would be changed to Eq. (24).
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Figure 9 shows a comparison in viability ratio of marine bacteria between the bio-experimental results and the

estimation of the theoretical model. The open circles indicate the average of 6-set experimental results. The initial
density of marine bacteria ranged from 2.62 x 107 cfu/ml to 8.65% 10° cfu/ml. From the figure, that the viability ratios
of marine bacteria are decreasing exponentially, so that a maximum and minimum for the viability ratio are expressed
by y = e -00%tand y = 0072 respectively, as indicated by the dashed lines. The solid lines represent the estimation by
the theoretical model at Jf = 1, 2, and 3, respectively. It can be seen that the experimental data were just between the
estimation of I’= 1 and j§= 3. The pressure profile of incident shock wave shown in Fig. 6 was obtained when numerous
bubbles were not generated, so that we observed clearly the 2nd shock wave, the concentration of reflected shock waves
at the inner wall of the test chamber. However, the motion of numerous bubbles would affect the propagation behaviors
of the underwater shock waves. Therefore, the number of incident shock wave 'changes between 1 and 3. As a result,
the estimation by the theoretical model shows good agreements with the bio-experimental data.

24

Substituting Eq. (23) into Eq. (2), the inactivation ratio of the cells for a single bubble ll is rewritten by Eq.
(25). 1t is found that the dimensionless radius of the sterilized space, rg/R,, determine directly the value of Il, and
thus the viability ratio of marine bacteria. Figure 10 shows the relationship between initial radius and dimensionless
radius of the sterilized space ry/R, for a bubble. From the figure, we could see that the value of the dimensionless
radius increases with the initial radius and reaches about 0.5 fora 25 Im radius bubble. The phenomenon is caused
due to the respectively large surface tension. After that, the value of /Ry hardly changes. It indicates that the sizes of
the bubbles do not influence the sterilization effect in the case of larger bubbles than 25 Im radius, i.e., the initial
radius of bubble is an insensitive factor in estimating the viability ratio of marine bacteria.

n
E 3
Vairi=1 (Ts) (25)
M=

VnR_O

4. Summary

The paper reported on a theoretical model consisting of a biological probability model for cell viability and a
bubble dynamic model, to predict the inactivation effects in the interaction of bubbles and underwater shock waves.
From the viewpoint of the chemical inactivation, the biological probability model was developed to estimate the
viability ratio by defining the sterilized space of the OH radicals. The generation of the OH radicals are related to the
temperature inside the bubble. The collapsing motion of bubble was analyzed in the bubble dynamic model based on
the Herring equation. Furthermore, the heat conductivity and mass transportation through the boundary layer were
considered in the model. In the model, the radius of the sterilized space was defined as the bubble radius when the
internal temperature achieved 1000 K, the critical condition for generating the OH radicals.

On the other hand, bio-experiments of marine Vibrio sp. were carried out in the test chamber of a cylindrical
water, chamber. A high voltage power supply was used to generate underwater shock waves. The propagation
behaviors were also analyzed by the pressure measurement of a pressure transducer. The bubbles for inducing
effective inactivation of marine bacteria were produced by the rapid up-and-down movement of liquid surface in the
slot of the test chamber. Here, the ascorbic sodium was added into the cell suspension to remove the inactivation
effects of the OH radicals. The bio-experimental results showed that the marine bacteria are killed by the chemical
actions of the OH radicals rather than the mechanical of the bubble motion. Furthermore, the viability ratio of marine
bacteria decreased exponentially.

For estimating the viability ratio by the theoretical model, we discussed the number of the generated bubbles
and pressure waveform they exposed to in consideration of the experimental conditions. Given the results of the
pressure measurement, there were more than an incident shock pressure leading to the motion of the bubble after
once trigger of the electric discharge. Consequently, the number of incident shock wave was also considered in the
theoretical model. As a result, the estimation by the model shows good agreements with the bio-experimental data.

In our previous study, we have investigated the cell damage induced by underwater shock wave via an electron
microscope. The deformation obviously differed from that by the osmotic pressure. In order to improve the
sterilization effect of marine bacteria, it is necessary to find a method to efficiently generate OH radicals in a simpler
way. The size and number density of bubbles, strength and waveform of external introducing pressure to induce



bubble motion are important parameters. Identification of optimum conditions for these parameters is required by
considering a chemical reaction model. For better understanding the model, it may be interesting to investigate more
accurate critical conditions for generating the OH radicals
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Appendix

In the bio-experiments, the underwater electric discharge was used to generate shock waves. During the process of
the electric discharge, ultrasound (UV) light was also thought to be emitted. Sun et al. [47] investigated the characteristics
of the UV light emitted by the electric discharges. They argued that the energy of the UV light was 3.2 % of the total
energy. In other research, UV light has been applied to the sterilization in some fields such as food and marine
engineering. Iwaguch et al. [48] constructed a novel microwave-UV light sterilization system and investigated the
sterilization effects of the UV light. They pointed out a sterilization effect was clearly obtained using only irradiation
with UV light. The experimental result in Ref. [5] also indicates that UV produced by the electric discharges affected
the inactivation of E. coli in saline solutions. Hence, to examine the sterilization effect of the UV light produced by the
underwater electric discharge, we used the experimental arrangement shown in Fig. A.1.in Ref. [49]. The water chamber
consisted of two parts, namely, an ellipsoidal chamber in which the underwater electric discharge was triggered and an
upper chamber filled with a cell suspension of the marine Vibrio sp. A 0.1-mm silicone film was used to separate the
two chambers. To prevent the underwater shock waves from the electric discharge propagating into the cell suspension,
an air gap of about 5 mm between the water surface and the silicone film was employed to ensure that the cell suspension
was irradiated only by UV light, as shown in Fig. A.1 (b).

Fig. A.2 shows an estimation of the number of viable cells under condition 1 (UV light and shock pressure) and
condition 2 (UV light only). The solid squares and diamonds represent the bio-experimental results under condition 1
and condition 2, respectively. During the experiments, the applied frequency was 1 Hz and the output power was 31.6
kV. After 200 s, it was found that there had been very little sterilization under condition 2 (UV light only) while about
two orders of the marine bacteria were killed by the shock pressure. Therefore, we can say that that the UV light emitted
by the electric discharges is ineffective at killing the marine bacteria in the present underwater system.
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Fig. 1 Schematic of experimental setup for estimating sterilization effect

Fig. 2 Colonies of marine Vibrio sp. on agar plate

Fig. 3 Schematic of sterilized space of single bubble from test chamber filled with cell suspension

Fig. 4 Schematic of single bubble dynamic model on generation and diffusion of OH radicals: (a) Collapsing motion of
bubble induced by incident shock wave, (b) Determination of radius of sterilized space

Fig. 5 Estimation of cell viability at electric discharge of 31.6 kV with-air gap of 10 mm in slot of test chamber: l with
and € without sodium L-ascorbate

Fig. 6 Pressure profile at position of 30 mm from discharge point obtained with FOPH 2000 in test chamber

Fig. 7 Analytical results of bubble motion equation for 50-fim radius bubble after passage of incident shock wave: (a)
Time variation of radius and pressure of incident shock wave and (b) Time variation of temperature inside bubble

Fig. 8 Time variations of number of total molecules (blue line) and water vapor (orange line) inside bubble

Fig. 9 Comparison in viability ratio of bacteria between bio-experimental results and estimation of theoretical model
Fig. 10 Relationship between initial radius and dimensionless radius of sterilized space ry/R, around bubble

Fig. A.1 Schematic of experimental setup for determining effect of UV light on cell viability of marine Vibrio sp.
Fig. A.2 Estimation of number of viable cells from bio-experiments under condition 1 (flash light and shock pressures)
M, and condition 2 (flash light only) 4

® A theoretical model is developed to estimate inactivation effects of OH radicals in bubble-
shock interaction.

® [t consists of a biological probability model for cell viability and a bubble dynamic model for
bubble-shock interaction.

® Heat conductivity and mass transportation through a boundary layer are considered in the
model.

® The estimation by the model shows good agreements with the bio-experimental data.
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