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ARTICLE INFO ABSTRACT

Keywords: A state-of-the-art chemical mechanism is introduced to properly describe chemical processes inside a harmon-
Bubble dynamics ically excited spherical bubble placed in water and saturated with oxygen. The model uses up-to-date Arrhenius-
Sonochemistry

constants, collision efficiency factors and takes into account the pressure-dependency of the reactions. Duplicated
reactions are also applied, and the backward reactions rates are calculated via suitable thermodynamic equi-
librium conditions. Our proposed reaction mechanism is compared to three other chemical models that are
widely applied in sonochemistry and lack most of the aforementioned modelling issues. In the governing
equations, only the reaction mechanisms are compared, all other parts of the models are identical. The chemical
yields obtained by the different modelling techniques are taken at the maximum expansion of the bubble. A brief
parameter study is made with different pressure amplitudes and driving frequencies at two equilibrium bubble
sizes. The results show that due to the deficiencies of the former reaction mechanisms employed in the sono-
chemical literature, several orders of magnitude differences of the chemical yields can be observed. In addition,
the trends along a control parameter can also have dissimilar characteristics that might lead to false optimal
operating conditions. Consequently, an up-to-date and accurate chemical model is crucial to make qualitatively
and quantitatively correct conclusions in sonochemistry.

Chemical modeling
Chemical reactions
Reaction mechanisms

1. Introduction

In sonochemical reactors, a liquid domain is irradiated with high-
intensity, high-frequency acoustic field in the ultrasound regime [1].
As a result, the dissolved gas content in the liquid—mixed with water
vapour—tends to form numerous bubbles [2,3] which assemble into
clouds, often called bubble clusters [4,5]. Due to the oscillating pressure
field, these bubbles pulsate around their equilibrium size demonstrated
by various experiments in the last couple of decades [6-9].

If the acoustic amplitude, expressed in pressure, is sufficiently high
(practically exceeding the ambient pressure), the bubble radius can
grow up to even 20-30 times its equilibrium value in the expansion
phase [10]. Due to the large inertia of the liquid, the bubbles undergo
extremely rapid compression in the positive pressure change phase
(depending on the employed frequency). This phenomenon is usually
called bubble collapse. The resulting final peak internal temperature and
pressure can reach several thousands of kelvins and hundreds of bars,
respectively [11-13].

Under these extreme circumstances, chemical reactions can take
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place, i.e., dissociation of water, oxygen or even nitrogen molecules
[14,15]. Evidently, the produced species like atomic O or H, Hy0, and
many other molecules tend to react further with each other, resulting in
a complex interaction between all the species. These complex chemical
reactions are used in several applications, like in wastewater-treatment
[16,17], pharmaceutical industry [18] or even synthesizing nanocrytals
[19,20] and other chemical substances [21,22]. The physical effects of
acoustic cavitation is also utilized in medicine, for example in sonody-
namic therapy [23-25].

The radial dynamics (periodic or chaotic oscillations) of a single
bubble (excluding chemistry) has become fairly well-known in the last
decades [26-28]. Several investigations [29-31] have discovered the
effect of the excitation parameters, bubble size, and even the effects of
dual-frequency driving [32-34]. Different metrics for the collapse
strength (e.g., compression ratio) were often introduced to characterize
the cavitation/chemical activity of a bubble by simple means [35-39].

Another direction of sonochemical research is the quantitative
modelling of the chemical processes inside bubbles [40-42]. This is a
significantly more difficult approach: the rates of all the chemical
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reactions have to be precisely calculated. The size of the kinetic differ-
ential equation system grows drastically, as well as its complexity [43].
For example, Storey and Szeri [44] was among the firsts who introduced
chemical modelling in bubbles. They solved the complete reac-
tion—diffusion system of partial differential equations of an n-component
system. However, the kinetic model was limited to a couple of parameter
combinations only, presumably due to the model complexity and the
limited available computing power. Even after two decades since the
investigation of Storey and Szeri, the majority of the studies still employ
the spatially homogeneous bubble approach (including the present
paper); that is, the interior concentrations are homogeneous that re-
duces the governing equations into a moderately large ordinary differ-
ential equation system. In the next couple of paragraphs, the main
contributions of different research groups to the better understanding of
the behaviour of a chemically active bubble are summarised briefly.

From the early 1990s, chemical calculations started to be published
continuously. Besides the excellent work of Storey and Szeri mentioned
above, Yasui and his co-workers published numerous exceptional works
from 1995. He established a proper evaporation-condensation approach
[45] as well as a linear heat conduction approximation [46]. He made
several calculations with pure Oy [47] and air bubbles [48]. He found
optimal bubble temperatures in air bubbles in terms of different oxidant
production, like OH radical, O atom or HoO5 molecule [49]. He also
examined the effect of several ambient parameters, for example,
ambient radius, temperature or pressure [50,51].

In 1993, Kamath et al.[52] reported a theoretical approach of
chemical calculations based on the hydrogen combustion chemical ki-
netic model of Egolfopoulos and Law [53]. They used the detailed
temperature-distribution model of Prosperetti [54] for precise temper-
ature estimation. Based on the work of Kamath, Lohse and his group
released various outstanding studies about sonochemical processes: they
introduced a convenient method for heat conduction estimation
[55,56], they constructed detailed phase-diagrams for various gas
compositions [57], and they also examined radical production as a
function of driving frequency and pressure amplitude [58].

From the mid-2000s, Hamdaoui, Merouani, Kerboua and their group
have also published studies regularly about chemically active single
bubble [59-61]. Only to name a few from their extensive work: they
examined the sensitivity of free radicals on different gas content [62],
studied the effect of multiple driving frequencies [63], or even made
energy-efficiency considerations [64].

Presumably, the reason of the biggest challenge in sonochemical
modelling is that the rates of most chemical reactions have exponential
dependence on the temperature. This fact results in an extreme sensi-
tivity on the model parameters and demands a precise and up-to-date
validation process (e.g. for the Arrhenius constants). Most of the
applied chemical mechanisms in the works mentioned above tend to
lack an advanced validation method, and their model parameters are
often outdated. For example, Storey and Szeri use a mechanism from
1988 [65]; Yasui in [48] adopts his mechanism from the 1980s [66], or
Merouani et al. in [67] referred to studies from 2004 and 1999. The
reaction equations and their parameters are often taken from previous
studies, sometimes resulting in chain-references to decades old models.
The primary goal of the present study is to break this habit and to use a state-
of-the-art reaction mechanism, and compare the chemical output of a bubble
by employing our and the most important reaction mechanisms available in
the relevant sonochemical literature.

Besides using up-to-date parameters in the reaction mechanism,
there are other modelling issues which are usually neglected during the
computation of a chemically active bubble. For example, the so-called
three-body reactions are occasionally taken into account, but enhanced
third-body efficiencies for specific molecules are rarely specified. In
addition, pressure-dependence of reaction rates is seldom included in
the mechanisms, although it can change the chemical rates significantly
due to the high compression ratio inside a bubble. Finally, the rate
constants of some specific reactions can have a more complex

Ultrasonics Sonochemistry 83 (2022) 105925

dependence on the temperature than exponential; this needs a special
care. The reader is referred to Sec. 2.2 for a detailed description.

In the present paper, a precisely validated, up-to-date chemical mech-
anism for a single, sonochemically active bubble is introduced, which
takes into account all the aforementioned modelling issues. As a test
case, the reaction mechanism is built-up for a bubble that initially
contains pure oxygen and water vapour. Nevertheless, Sec. 2.2 can also
be regarded as a “guideline” how to build-up a proper, state-of-the-art
reaction mechanism for other bubble compositions (e.g., air bubble).
Naturally, the modelling constants have to be always taken form the
latest corresponding publications or databases. The NIST Chemical Ki-
netics Database [68] is the traditional, very comprehensive database of
rate parameters, but it is nowadays not updated systematically. The k-
evaluation web page [69] contains a continuously updated list of rate
parameters of elementary reactions of several high temperature reaction
systems, including the hydrogen-oxygen system. The listed rate pa-
rameters were directly measured, theoretically calculated based on first
principles, fitted to indirect experimental data or used in previous
modelling studies.

The performance of our proposed modelling technique in terms of
chemical yield is compared with three other reaction mechanisms,
which are extensively employed in sonochemistry by other research
groups (Yasui; Kamath and Lohse; Hamdaoui, Merouani and Kerboua).
The basis of the comparison is the replacement of the reaction mecha-
nism only. The rest of the governing equations are identical to clearly
identify the effect of chemical kinetics. The major differences between
the reaction mechanisms are discussed in Sec. 2.4.

Numerical simulations are made with different driving parameters
(pressure amplitude and frequency) at two different bubble sizes. Re-
sults show that employing an outdated reaction mechanism can lead to
orders of magnitude differences in the chemical yield. In addition, even
the trends of the yield as a function of a control parameter might have
different characteristics leading to false optimal operating conditions.
Therefore, employing an up-to-date and accurate reaction mechanism
introduced in this study is crucial to make qualitatively and quantita-
tively correct conclusions in sonochemistry. For reproducibility reasons,
all the employed numerical codes are available as Supplementary
material.

2. Governing equations

The mathematical model of a sonochemical bubble can be separated
into two main parts: physical and chemical. The physical part of the
model describes the temporal evolution of the bubble radius, tempera-
ture and pressure, while the chemical part focuses on the chemical
processes and the rates of the chemical reactions. This approach is
convenient for the comparison of different chemical reaction mecha-
nisms. That is, the physical part of the model can be kept fixed, and only
the reaction mechanism needs to be replaced. Thus, the difference be-
tween the chemical mechanisms can be examined precisely.

Keep in mind that the papers cited in Sec. 1 have a variety of slightly
different approaches in the physical modelling. For instance, the
approximation of the heat loss across the bubble wall, the computation
of the material properties of the chemical components inside the bubble
or the employed equation of state of the gas composition (e.g., ideal gas
or Van der Waals). In order to clearly separate the effect of the chemical
kinetics, only the reaction mechanisms are adopted from these papers.

Although the present paper focuses only on the influence of the re-
action mechanisms, a sufficiently complex physical model is employed
for the proper estimation of the peak temperature and temperature loss,
the evaporation/condensation of water vapour and the computation of
the material properties of the gas mixture. These quantities are critical
for chemical processes. For the modelling details, see Sec. 2.1.
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Fig. 1. The simplified temperature distribution. The temperature changes lin-
early from T to T, in the thermal boundary layer.

2.1. The physical model

The following general assumptions are applied during the physical
modelling. The bubble is separated and considered spherically sym-
metric. The liquid is water subjected to harmonic pressure excitation.
The bubble interior initially contains non-condensable gas (oxygen) and
water vapour. Due to the chemical reactions, the composition of the
bubble interior continuously varies. This gas content inside the bubble is
considered as an ideal mixture of ideal gases. The pressure, temperature
and the concentrations of the components inside the bubble are spatially
uniform except in a thin thermal boundary layer. Heat transfer via a
boundary layer approximation, and non-equilibrium evaporation and
condensation of water vapour are involved in the model. The diffusion of
the chemical species (other than water vapour) into the liquid domain is
neglected assuming that the time scale of the diffusion is much larger
then the oscillation period of the bubble (the length of the simulations
are only few acoustic cycles).

The inertia of the liquid domain has the most important effect on the
radial dynamics of a bubble. This is the main reason for the developed
high compression ratio during the collapse phase: to stop the liquid
moving towards the center of the bubble, a high internal pressure has to
build-up (even hundreds of atmospheres [1]). Due to such an extreme
dynamics, the liquid compressibility has to be taken into account. The
modified Keller-Miksis equation [70] (and its various forms) is a widely
used equation in sonochemistry to model the inertial effect (valid
approximately up to Mach number 0.3 [71]). It is given as

BV (1= 8 B o (1 B R emee)
cr 3¢, ] 2 ¢, cpdt L

where R(t) is the radius of the bubble, t is the time, c; is the sound speed
in the liquid and p; is the density of the liquid. py, is the liquid pressure at
the bubble wall which is related to the internal pressure (p) via the
boundary condition

20

P=rtop

R
4p,— . 2
g (2)
Here, o is the surface tension and y; is the dynamic viscosity of the
liquid. The dots stand for derivatives with respect to time. The far field
pressure p,, contains the harmonic ultrasound excitation as

P (1) = P + pasin(2zft), 3

where P, is the ambient pressure, ps and f are the ultrasound pressure
amplitude and frequency, respectively.

In order to calculate p in Eq. (2), an equation of state has to be
applied. Here, we assume ideal gas for the mixture indicating
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p=MR,T, 4

where M is the total concentration of the mixture, R, is the universal gas
constant and T is the temperature. The concentration of each component
is described later in details (see Sec. 2.2).

The temperature is calculated by solving the first law of thermody-
namics in the time-dependent form of

P —-pV + >0 7 (5)
n,C,
where V = 4R37/3 is the volume of the bubble, 3" Q is the sum of heat
diffusion and reaction heats (their exact formulae are presented later). n,
is the total amount of substance of the mixture in moles and C, is the
average molar heat capacity of the mixture at constant volume.
Various thermodynamic quantities (heat capacities, enthalpies, en-
tropies) are calculated using the NASA chemical equilibrium code [72].
This assumes that these properties are the functions of temperature only
and they are given in terms of polynomial fits as

C N

w=D T (6)
8 n=1

H M a7 anig

ki I ! : 7
7 Zl: — %)

s N g, 1!

2E — ), nT + Z * +aniok- (€)]

R, ~ n-1

Here, k = 1...K is the index of the chemical components, where K = 10
is the total number of the components in the mixture. C, stands for
molar heat capacity at constant pressure, Hy is the enthalpy of formation
and S is the entropy of component k. For the NASA polynomials, a, x are
the polynomial coefficients for component k and N = 5. It is worth
noting that NASA polynomials have different sets of a,x coefficients for
intervals [Tiow, Tmia) and [Tmid, Thigh]- If T < Tiow o1 T > Thgn, the values for
the low or high bound are used, respectively. Consequently,
(N+2)-2 =14 coefficients belong to each chemical component. Tioy,
Tnia and Tyigy can also be different for each component. The applied
values of a,x and other parameters are shown in Tables A.6 and A.5.
The molar heat capacities at constant volume are calculated as

Cv.k = Cp.k - Rg . (9)

Some average values of the mixture are calculated as follows. The

mole fraction of component k is defined as
Ck

X = R (10)
where ¢ is the molar concentration of component k, and the total
concentration M is the sum of each concentration (M = c). Most
average values of the mixture are the weighted average of the compo-
nents with respect to the mole fractions, such as

K
W=> XW, an
k=1
K
/7 = Z Cka ) (12)
k=1
o K
C, = ZXkaAk ) 13)
k=1
o K
Co=> XiCy, a4
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where W is the molecular weight, p is the density, and the overline
means averaged values for the mixture. It is worth emphasizing again
that the equations above are only valid for the assumption of ideal gases.

Heat conduction between the fluid and the bubble interior is
modelled with the approach used by several authors in the past[55,73].
Zhou and Prosperetti made an excellent work on thermal modeling
recently [74], the interested reader is referred to their paper. In their
conclusion, in the case of violent collapses, introducing a thermal
boundary layer is an appropriate method for precisely modeling heat
fluxes. In this boundary layer, the temperature changes linearly from the
bubble mean temperature T to the ambient liquid temperature T,
which is kept constant. A sketch about the simplified temperature dis-
tribution is shown in Fig. 1. In this approach, the amount of heat transfer
is approximated as

JoT Tw — T

D, = Ad—]| _, ~ A 15
th arlr‘:R ' bl ( )

where A is the area of the bubble surface, 1 is the averaged thermal
conductivity of the mixture and [y is the thickness of the thermal
boundary layer calculated as

Ry R
lm:min( %7) 16)

T

where ¥ is the averaged thermal diffusivity of the mixture. 1 is calculated
similarly as the other averaged values; that is,

K
1= Xk, a7
k=1

where the /i values are collected in Table A.5. Using 1, the average
thermal diffusivity is

B

F=—= (18)

P

ol
I

p)
=
WP

Note that some A, values are not indicated, because their exact values
were not found in the literature; these are excluded from the averaging
process in Eq. (17). Since the gas mixture contains dominantly oxygen
and water vapour (as it is shown in later sections), this neglection does
not have significant effect.

Heat diffusion is a rather important phenomenon that damps tem-
perature peaks during violent collapses. Since temperature is one of the
most influential variables regarding the chemical processes, a proper
estimation of heat transfer is essential. The other part of heat source is
the reaction heat that is defined later in Sec. 2.2.

The evaporation and condensation of water are considered as a net
substance flow rate into the liquid. The rate of evaporation and
condensation are expressed as [75,45,44]

Teva = L7 (19)
WHZ()\/ ZTER\,TOO
and
AMPH,0 (20)

Ticon = Y Ao
WHZQ\/ZHRVT

respectively. Here, ay = 0.35 [45] is the accommodation coefficient for
the evaporation (assuming non-equilibrium phase change), p, is the
saturated vapour pressure, Wy,o is the molecular weight of water, R, is
the specific gas constant of water and py,o is the partial pressure of the
vapour inside the bubble:

P0 = Xmy0°p- 21

The quantities r,, and n,, are representing the amount of evaporating
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and condensing moles of water in unit area and unit time, respectively.
The difference of the two is the net evaporation rate, denoted simply by
et ( = Meva — Meon ). The evaporation and condensation processes have a
significant effect on the sonochemical behaviour since they considerably
modify the amount of vapour trapped inside the bubble that can disso-
ciate during the collapse phase and act as an effective third-body (see
Sec. 2.2 for details). Keep in mind again that the physical part of the
model is the same during each simulation; only the chemical mecha-
nisms differ.

2.2. A state-of-the-art reaction mechanism for an oxygen bubble

The second part of the mathematical model primarily focuses on the
chemical processes taking place inside the bubble. Here, an up-to-date,
precisely validated reaction mechanism is presented that describes
chemical processes inside an initially pure oxygen bubble. For a detailed
description of the modelling approach with examples, the reader is
referred to [76]. The major differences in the modelling technique be-
tween our and the three reaction mechanisms adopted form the litera-
ture for comparison is discussed in Sec. 2.4.

First, let us consider the following reversible chemical reactions
involving K chemical species in the general form of

K K

ZViiZk‘:’ Z”fi)(k

k=1 k=1

(i=1,...1), (22)

where vy; are the stoichiometric coefficients, y; is the chemical symbol
for the kth species, and I is the total number of reactions. The super-
scripts f and b indicate forward and backward directions, respectively. It
is worth mentioning that most chemical reactions involve two or three
species on each side of the chemical equation; hence, the matrices b{d
and 12, are sparse, especially with increasing K.

Reaction kinetics focuses on the rate of chemical reactions. The net
rate of reaction i (q;) is calculated as the difference of forward and
backward rates as

Ko S
qi = ky, I | o — ki, | I o, (23)
P k=1

where k¢, and ky, are the forward and backward reaction rate constants of
reaction i (defined later). With the reaction rates g;, the production rate
of each species can be written as

1
dlk:zl/ki% (k: 17~~~7K)-, 29
i=1

where vy =18, —b{d. The production rate represents how fast the amount
of species k changes in time in a unit volume.

With @y being defined, the total net reaction heat, which was
mentioned in Sec. 2.1, is

K
0, = =Y Hy (25)
k=1

With this term, the total heat transfer in Eq. (5) is

> 0=0,+0. (26)

The forward rate coefficient kg, used in Eq. (23) is calculated by the
extended Arrhenius-equation written as

—E:
k; = AT N 2
—arven(3E) @

8

where A; is the pre-exponential factor, b; is the temperature exponent,
and E; is the activation energy. The three constants (A;,b; and E;) are
different for each reactions, and they are fundamental inputs of a re-
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action mechanism. The backward rate constants k,—unlike in the
referenced sonochemical articles—are calculated as follows. They are
related to the forward rates through the equilibrium constant defined by

K, =2 (28)

The equilibrium constant K., (given in molar concentration unit) can be
determined as

P 2
K, =K, =~ > e 29)
R,T
where P, is the atmospheric pressure and K}, is obtained from
AS; AH;
K, =exp - . (30)
R, R.[T

The notation A means the total change in a reaction (from reactants to
products):

AS, KOS

R - kZm— . (31)
AH; i” H, 32)
RT & “RT"

Here, Sy and Hy are the entropy and enthalpy of species k at temperature
T, respectively. The exact values of the applied Arrhenius-coefficients
are shown in Table A.7. The mechanism developed by Varga et al.
[77] was extended with the O3 reactions from [78] by Zhao et al. For
detailed discussions of state-of-the-art Hy/Oo/H50O reaction mecha-
nisms, the interested reader is referred to studies [79,80].

The Arrhenius-equation is a general approach for describing the
temperature dependence of reaction rate coefficients; however, some
chemical reactions behave in a more complex way, and their rate co-
efficients cannot be calculated with this function. This issue applies only
to the forward rate coefficients; the backward rate coefficients are still
calculated as described above. In the following, the three most impor-
tant additional definitions are presented that are included in our
modelling technique.

2.2.1. Three-body reactions
Thermally excited decomposition reactions require a so called third
body collision partner, like

H,0, +M < 20H + M.

The collision with molecule M provides the excess energy for the HoOy
molecule needed for the decomposition. The collision partner M loses
translational, rotational or vibrational energy, but does not change
chemically. The so called complex bimolecular reactions also contain
collision partner M, like in the reaction

H+02+M<:>H02+M.

The product of the collision of species H and O is a highly energized
product HO,, which either decomposes, or loses energy via collision
with M and is stabilized in the form of HO,. In general, any molecule or
radical can act as a third body, but the collision with larger molecules is
more effective. This effect is taken into account in the third-body colli-
sion efficiency factor ay, which has a unit value for No, smaller than 1 for
O,, and larger for bigger molecules. The third-body efficiency factor is
very large for HyO; au,0 = 12 is assumed for several reactions. This
means that considering the third-body efficiency factor of water is
essential in sonochemistry where a large amount of water vapour is
“trapped” inside the bubble during the rapid collapse. It is worth noting
that the collision efficiency factors can be different in each reaction
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(even for the same component).

In a reaction equation, a third-body is marked with an additional M
species on both sides, suggesting that the third-body does not take part
in the reaction itself, for example:

In these cases, the reaction rate g; obtained from Eq. (23) is modified
as

q/ = q:i[M], (33)

where g; is the modified reaction rate, and

K
M = aua, (34)
k=1

is the effective total concentration of the third-body species and q; is the
matrix of the third-body efficiency factors. The applied third-body effi-
ciency factors are presented in Table A.8. Usually, most ay; is assumed to
be 1, and only those that differ from 1 are highlighted.

2.2.2. Pressure-dependent reactions

Some reaction rate constants are not only temperature, but also
pressure-dependent. The phenomenon was first interpreted by Linde-
mann et al. [81] for the model reaction of cyclopropane isomerisation.
Several later pieces of research confirmed the idea and extended the
method for other areas in reaction kinetics [82-85]. Here, only a brief
description of the fall-off reactions is presented; the interested reader is
referred to the papers mentioned above.

A pressure-dependent reaction is marked with an M in brackets in the
reaction equations:

H+ 0,(+M) & HO,(+M).

As a first step, the high-pressure limit (k) and the low-pressure limit
(ko) rate coefficients have to be defined as

—E,
— beo ®
koo = AT exp(RgT> , (35)
—E
ko = AgT"exp (ﬁ) . (36)

Consequently, there are two different sets of Arrhenius constants here.
The two limiting rate constants together yield an overall rate constant
using the equation

F, 37)

where the reduced pressure P, is given by

P, = ]% M . (38)

Again, [M] is the effective total concentration of the mixture enhanced by
possible third-body efficiencies, calculated by Eq. (34). In Eq. (37), there
are several approaches for the computation of F; here, only the Troe
formalism [82] is introduced and employed:

-1

with

¢ = —0.4—0.6710gF e, , (40)
n=0.75 — 1.2710gF e, (41)
d=0.14, (42)
and
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Feent = (1 —(I)eXp(;*T*) + aexp (;T> +exp (7; ) (43)

If T is very small (e.g. 10~°%) and T* and T** are very large (e.g. 107°0),
then Eq. (43) is reduced to F.,, = a. This way a temperature indepen-
dent F,.,, value can be defined. From the equations above, it follows that
(for a fall-off reaction)

/ ke,
kﬁ _){kU[M}

The four parameters a, T, T" and T** are different for each Troe-
form reaction. In some cases, T** is not used and the last term in Eq.
(43) is neglected. In summary, ten parameters have to be defined for
each pressure-dependent reaction using the Troe-formalism: six Arrhe-
nius and four Troe coefficients. In most cases, these are extended with
the corresponding third-body efficiency factors.

As an example, the rate constant of the pressure-dependent reaction

if p—oo
if p—0.

H+ 0, (+M) s HO, (+M)

is depicted in Fig. 2 as a function of pressure at T = 2000 K. Observe that
the rate constant can vary between several orders of magnitude, sug-
gesting that this effect is not negligible in sonochemistry.

101 : —
= kM
101
o 102
g
®
g 1010
A
108, H+OZ(+N[)<:>HOZ(+M)
T = 2000 K
10° : :
10" 0>

1
p [bat]

Fig. 2. The rate constant of the pressure-dependent reaction H + O (+ M) <
HO, (+ M) as a function of pressure at T = 2000 K.

_x10"

3.5
ZH()Z = ()2 + Hz()2

(S8}

0 500 1000
T K]

1500 2000 2500
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As aresult of this procedure, the (modified) forward rate constant kﬁ’
can be determined. The backward reaction rate is calculated in the same
way as in the case of the non-pressure-dependent reactions, see Egs.
(28)-(32). The employed low-pressure limit Arrhenius parameters and
the Troe coefficients are summarized in Tables A.9 and A.10.

2.2.3. Duplicated reactions

Most elementary reactions occur via a single molecular mechanism
and the temperature dependence of the rate constants of these reactions
can be defined by a single set of Arrhenius parameters. In some rare
cases, the reactants and products of an elementary reaction are identical,
but the reaction proceeds via two different ways. The rate constants of
these two channels have different temperature dependence; therefore,
they can be characterised by two different sets of Arrhenius parameters.
These reactions are given in the mechanisms as two separate reactions,
like in the reaction

2HO, & 0, + H,0,

two Arrhenius-sets are defined:

Ay =1.3000-10"cm’/mol, b =0, E; =-1.9983-10"cal/mol,
A, :l.6048-10'50m3/m017 b, =0, E, :+1A9063~104ca1/m01‘

While calculating the reaction rates, the sum of the rates of the two
channels is used as the rate of the reaction step. In Fig. 3, the rate
constants of the above reaction are shown on normal scale (kvs. T, left
panel) and on Arrhenius plot (log;yk vs.1000/T, right panel). It can be
seen that for this reaction, the rate constant k, is dominant above
1500K, the rate constant k; is dominant below 500K, while both
channels play an important role in the temperature range of 500 to
1500K.

2.3. System of ordinary differential equations

The equation system to be resolved consists of the following ordinary
differential equations (ODEs). Since the Keller-Miksis-equation defined
by Eq. (1) is of second order, it represents two first-order ones. The first
law of thermodynamics given via Eq. (5) is an ODE for the temporal
evolution of the temperature (the pressure is acquired from the algebraic
equation of the ideal gas law). The concentration change for each
component is obtained from the production rates

. v
Ce = W = iy - (44)

The concentration of water vapour is adjusted with the net evaporation
rate as

0 il 'rf\kz

0 500 1000 1500 2000
1000K /T[]

Fig. 3. The overall rate constant as a function of temperature for the duplicated reaction 2HO, < O, + H30,. Left panel: kvs. T, right panel: log;kvs.1000/T.
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. . V. .

CH,0 = WH,0 — €0y +’lne‘v . (45)
The dimension of the complete ODE system is K + 3, where the number
of the chemical components is K = 10.

2.4. Comparison of the reaction mechanism with the ones frequently used
in sonochemistry

For the sake of convenience, our chemical model described in Sec.
2.2 will be referred to as ELTE/HDS2022 throughout the rest of the
paper. In this section, the differences between our model and three
widely applied reaction mechanisms in the sonochemical literature is
discussed briefly. All of these models have been used for bubbles con-
taining initially only Oz and water vapour. Our mechanism is considered
as the most precise one, since it incorporates a realistic and detailed
description of the chemical and physical processes occurring during the
chemical reactions.

The first one was introduced by Kamath et al. [52] in 1993. This
model was used and referenced several times by Lohse and Toegel
[86,57] later in the following decades. It uses 19 different reaction
equations and calculates the backward constants from distinct
Arrhenius-equations with prescribed backward Arrhenius-constants. It
does not include O3 as a component. Several third-body efficiencies are
indicated, but neither pressure-dependent nor duplicated reactions are
used. The applied Arrhenius-constants are shown in the Appendix in
Table B11. This mechanism is referred to as Kamat1993 later in this
article.

The second model was applied by Yasui in some of his publications
[47,48]. It uses 25 reactions and includes O3 as a component. It also
calculates the backward rate constants similarly to Kamatn1993. Some
third-body efficiencies are indicated; however, pressure-dependency
and duplicated reactions are not taken into account. The applied
Arrhenius-constants (including the rate parameters of the backward
reactions) are summarised in Table B12. The model is indicated as
Yasui2003.

The third mechanism is commonly used by Merouani and his co-
workers in the last decades [67,62]. Rashwan in [87] also applies this
model in his work. It consists of the same 19 reactions as in Kamatu1993
with different Arrhenius-constants (they are different sometimes even
by orders of magnitude). Here, O3 is excluded in the model, and
enhanced third-body efficiencies are not indicated; thus, they are
regarded as 1 for all components. Again, pressure-dependence and
duplicated reactions are not considered. The backward rate constants
are estimated similarly to the first two models. The Arrhenius parame-
ters for the forward and backward reactions are also shown in the Ap-
pendix (see Table B13). The mechanism is denoted as Merouani2014.

It must be noted that there are several other papers in the literature
having different initial gas content. Their discussion is out of the scope of
the present study. Nevertheless, it is to be stressed that to the best
knowledge of the authors, they lack most of the advanced modelling
principles introduced in Sec. 2.2.

3. Numerical methods and parameters

In our calculations, the ODE systems are solved with the Matlab
built-in differential equation solver odel5s. It is a variable-step, vari-
able-order numerical ODE solver of orders 1 to 5, with embedded error
estimation. It is developed for solving stiff problems, which is certainly
the case here (especially around the strong collapses). Both the relative
and the absolute tolerances were set to 10710 in all simulations.
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The initial conditions are set as follows. The bubble is initiated from
its equilibrium conditions; that is, from Ry = Rg,Ro = 0 and Ty = T,
where Rg, is the equilibrium bubble radius (bubble size) in the absence of
ultrasonic irradiation. The specified value of R determines the initial
pressure aspp = P, + 20/Rg. The initial vapour content of the bubble is
set according to the partial pressure of the saturated water vapour
(PH,00 = P,), whereas the remaining oxygen content is set via po,o =
Do —Pm,00- This yields the initial concentration of oxygen and water
vapour (in unit mol-m~3) to be

Po,0

Co,0 = , (46)

0,.0 R.To

and

CH,00 = ’;lz—]o,:- (47)
8

The initial concentration for every other component is 0 mol-m~2.

Each simulation was performed through 16 excitation cycles, and the
first 12 of them are considered transient and got discarded. The last four
cycles are regarded as convergent solution, and every further analysis is
made on this convergent part. The 12 transient cycles seems to be short;
however, when considerable amount of chemical reactions take place,
the bubble have to exhibit strong collapse indicating large acoustic
damping. Thus, in chemically relevant cases, this short initial transient is
reasonable.

The fixed physical parameters (material and ambient properties)
during the simulations are shown in Table 1. The values of the control
parameters (ps,f and Rg) are given in Table 2. The total number of
parameter combinations is 41-6-2 = 492. Therefore, all the four models
were simulated 492 times. The computational time for each equilibrium
radius was around 12 h on a 4 threaded Intel Core i7-4790 CPU @ 3.60
GHz.

Table 1

The applied physical constants during the simulations.
Name Abbrev. Value Unit
Liquid sound speed L 1483 m/s
Liquid density oL 998.2 kg/m?
Surface tension o 71.97-107% N/m
Dynamic viscosity Hy 0.001 Pas
Ambient pressure P, 1 bar
Ambient temperature Te 300 K
Univ. gas constant Ry 8.31446 J/mol-K
Accommodation coeff. for evaporation am 0.35 -

Saturated vapour pressure D, 2338.1 Pa

Table 2
The ranges of the control parameters. The total number of parameter combi-
nations is 492.

Parameter name Abbrev. Value range

Pressure amplitude Pa 1to2bar, increment:

0.025bar

Ultrasound f 20,35,50,75,100,200kHz
frequency

Equilibrium radius Rg 4,8um

Corresponding natural 912.6,430.6kHz

frequency, f,
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4. Comparison of the reaction mechanisms via the chemical
yield

Performing a simulation with the conditions mentioned above, one
can obtain the time curves of bubble radius, bubble wall velocity, in-
ternal temperature, and the concentration of each component.

The convergent time curves (last four acoustic cycles) at p, = 1.8bar,
f =100kHz and Rg = 8 ym with the ELTE/HDS2022 model are shown in
Fig. 4. On the top chart, the dimensionless bubble radius (R/Rg) is drawn
with blue, and the internal temperature with red lines, respectively. On
the bottom chart, the amount of substance for each component (n;) are
shown in moles with different colors on logarithmic scale. Notice that
the time axes are in dimensionless form of 7 = t-f in both cases, resulting
in 7 = 1 being one excitation cycle.

It is apparent from the time curves that during the violent collapses,
the internal temperature grows significantly, even up to over 4000 K.
The main reason for this is that the time scale of heat transfer between
the liquid and the bubble interior is considerably larger than the dura-
tion of the collapse; thus, the cooling effect cannot compensate the
extreme amount of work done by the rapid compression. In the rela-
tively slow expansion phase; however, heat diffusion balances out the
expansion work, and the internal temperature does not vary from the
ambient temperature remarkably.

During the expansion phase, only the molecule number of the water
vapour changes noticeably due to the high rate of evaporation from the
liquid. At the strong collapses, the immense peak temperature induces
the dissociation of the accumulated water vapour. As a result, the
amount of water vapour decreases drastically, and the molecule number
of other products (such as H, Hy, HO; and many others) start to rise
rapidly. However, after the really short collapse time, the temperature
drops back roughly to the ambient temperature, and the dissociation of
water vapour stops. Consequently, the amount of the aforementioned
products slightly decreases (due to recombination processes), and after
the possible afterbounces, they stay constant through the subsequent
expansion phase. This process repeats itself in each excitation cycle. In
the long run, the bubble pulsates identically through several cycles,
maintaining this dynamical equilibrium.

In order to quantify the chemical activity of the bubble, a proper
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definition of the chemical output is required. Several different defini-
tions of the chemical yield have been introduced during the last decades,
each for its own objective (i.e. maximum number of molecules [48,87],
or the total diffusing molecules out of the bubble [39], etc.). In the
present study, for keeping simplicity, the chemical yield for each
component is defined as the amount of substance in moles at the maximum
bubble radius taken at the convergent integration phase. This approach is
useful from a practical point of view: by turning off the ultrasonic
irradiation, the bubble most likely contains this amount of substance. In
this way, the fluctuations caused by the possible afterbounces are also
taken into account. An example is presented in Fig. 4, where the vertical
dashed black line indicates the maximum bubble radius. Its intersection
with the corresponding molecule amounts are the investigated chemical
yields of the components, see the arrows on the bottom chart.

4.1. Pressure amplitude response curves

After performing the simulations, one can obtain the chemical yields
for every component at a given parameter combination. The evaluation
strategy is to compare the chemical yield of several components at
various control parameter values for the four chemical models intro-
duced in Sec. 2.4.

For instance, Fig. 5 shows the yield of hydrogen as a function of ps
with Rg = 8um at 4 different driving frequencies (20, 50, 100 and
200kHz). Note that the vertical axes are on logarithmic scale. Hydrogen
is of keen interest in sonochemistry and its production has become a very
appealing topic lately [88,87,89]. It is apparent that the chemical yield
intensifies radically at around ps = 1 —1.4bar (where the threshold for
sonochemical activity is reached) with all four models. Moreover,
increasing the driving frequency shifts this sonochemical threshold to
higher pressure amplitudes.

In some certain parameter domains, fairly good quantitative agree-
ment can be observed between the models considering the hydrogen
outcome. For example, at f = 20kHz, from py = 1.1 to 1.5bar, all the
other three models agree quite well with ELTE/HDS2022. However, the
yield with ELTE/HDS2022 has a maximum value at around p, = 1.5bar,
and it starts to decrease slightly above. An overall good agreement can
be found between Kamatr1993 and ELTE/HDS2022, especially at f = 50

T 6000

p, = 1.8 bar

f=100 kHz - 4000
RF, =8 um

ELTE/HDS2022

J—

T K

2000

L
=

Ve

L L

0 [moles]

Fig. 4. The convergent time curves at p, = 1.8bar,f = 100kHz and Ry = 8 um with the ELTE/HDS2022 model. On the top chart, the dimensionless bubble radius is
shown with blue line, and the temperature with red line. On the bottom chart, the amounts of substance are drawn for the different components on logarithmic scale.

The time axes are also in dimensionless form.
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Fig. 5. The chemical yield of Hy as a function of the pressure amplitude at Rg = 8um, at four different driving frequencies. The graphs are magnified on a linear scale

from py = 1.5—2bar.

and 200kHz but Merouani2014 also follows their trend moderately well.
Only Yasui2003 differs significantly from the other three mechanisms,
particularly at higher driving frequencies. However, keep in mind that
the yield axes are on logarithmic scale, meaning even a small distance in
the graphs can mean 2-3-fold difference in numerical values (the graphs
are magnified on linear scales on the bottom right of the charts).
Nevertheless, regarding Hz outcome, it can be stated that the four
examined models behave in a similar way.

Despite of the relatively good agreement between the reaction

mechanisms for hydrogen production, large variance emerges for almost
all other components. For example, in the case of HyO5, the same graphs
are shown in Fig. 6 as in the case of Fig. 5, except at Rg = 4um.
Hydrogen peroxide is used especially in wastewater technologies [90],
and several experimental works focus on its production [14,91]. The
discrepancy amongst the models is more than apparent: the numerical values
tend to differ by up to more than two orders of magnitude, and even the trends
of the yields can vary drastically. Observe, for example, that the yield of
KamatH1993 is almost 100 times higher than that of Merouani2014, and

——e— Kamath1993 Merouani2014
——— Yasui2003 —e— ELTE/HDS2022
1016 10716
T a0 10 fm“"x
£
o 107 1020}
EN
% 102} 1022
o RE =4 pm
-24 24
107 ¢ 1077 ¢ f=50kHz
1 1 1.2 14 1.6 1.8 2
107" 107
o) 18 | 18 f
= 10 10
é 20 20
o 10 110
:I:N
o 102} {1022}
g R, =4 pum R, =4 um
102} f=100kHz{ 102 f =200 kHz
1 1.2 14 1.6 1.8 2 1 1.2 14 1.6 1.8 2
p, [bar] p, [bar]

Fig. 6. The chemical yield of H,O, as a function of the pressure amplitude at Ry = 4um, at four different driving frequencies.
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Fig. 7. The chemical yield of OH radical as a function of the pressure amplitude at Rg = 4um, at four different driving frequencies.
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Fig. 8. The chemical yield of HO, as a function of the pressure amplitude at R = 4um, at four different driving frequencies.

even bigger than that of ELTE/HDS2022. The model of Yasui2003 be-
haves even qualitatively differently than the other three; it shows a
visible peak of HyO5 yield at lower pressure amplitude values for all
driving frequencies, followed by a steep decrease as p4 increases (except
for f = 200kHz). This can lead to the identification of false optimal
operating conditions.

Similar behaviour can be seen for the other strong oxidants, for
example OH radical or HO, as well. Their respective yields are shown at
Rg =4um in Figs. 7 and 8. The orders of magnitude differences are
clearly visible, and the trends also differ between the mechanisms.

10

Observe, for example, the deep “valley” in OH yield (Fig. 7) with
KamatH1993 at f = 20kHz, or the peaks with Yasui2003 at f =
20 —100kHz, which are absent in the cases of Merouan12014 and ELTE/
HDS2022. Although the variances somewhat diminish with increasing
driving frequency, quantitative agreement can hardly be identified.
The biggest difference can be observed in the case of HO5 yield
(Fig. 8). KamatH1993 shows a monotonously increasing yield with the
pressure amplitude at all frequencies, except for f = 20kHz over py =
1.8bar. The yield with Merouani2014 remains rather constant, especially
at f = 20 —100kHz, while ELTE/HDS2022 and Yasui2003 have their



C. Kalmdr et al.

maximum Yyields at relatively low pressure amplitudes (around
Ppa ~ 1.2 —1.4bar); but their trends are very dissimiliar. At f = 200kHz,
the yields of ELTE/HDS2022 differs by almost two orders of magnitude
from the other three models.

4.2. Quantitative comparison of the mechanisms

For a more thorough comparison of the reaction mechanisms, the
yields of all the chemical components have to be taken into account. In
order to avoid the plot of a large number of figures, the yields are
compared only at two parameter combinations: Rg = 4um, ps = 2bar,
f =50kHz (Casel, Table 3) and Rg = 8um, ps = 2bar, f = 100kHz
(Case2, Table 4).

It is apparent from the tables that in some rare cases, a fairly good
numerical agreement can be found between the models. Compare, for
example, the yields of OH in Case 1, where the values for Merouani2014
and ELTE/HDS2022 are rather similar (8.5293-107° and 2.2682-10!8
mol highlighted by bold text in the table). Keep in mind that it is still
almost a three fold difference between the yields. The other two models
differ from these values by orders of magnitude. Relatively good
agreement can also be observed in Case2 for the Hy output; for all the
four models they are in the same order of magnitude (as it was already
pointed out in Sec. 4.1).

However, comparing only a single component at a specific parameter
combination can be misleading in the understanding of the complete
picture. In spite of the good agreement between Merouani2014 and
ELTE/HDS2022 for the production of hydrogen molecules in Case 2, the
H»03 output differs by a factor of 21. In addition, the crossing pressure
amplitude response curves (see for instance Fig. 8, at f = 20kHz)
indicate that a parameter combination usually exists where two reaction
mechanisms provide nearly the same yields for a specific component.
This does not imply that good agreement holds for a wide range of pa-
rameters and/or for another component (see again Figs. 6-8). In general,
from the values presented in Tables 3 and 4, it is clear that the calculated
chemical yields usually differ by several orders of magnitudes; thus, the
proper modelling of the chemical reactions is mandatory for drawing

Table 3
The chemical yield of several components with the four models at Rg = 4um,
pa = 2bar and f = 50kHz (Case1).

Component Yield [mole]
Kamatn1993 Yasui2003 MEROUANI2014 ELTE/HDS2022

0 7.4819.100%°  6.6699-1071°  6.4846.1071%  5.3582.107'7
H 1.4769-10722  2.9508107'¢  8.5419-107'°  5.377.107%

H, 3.2419.107®  1.8631.10717  4.3697-107'®  3.4358.107!°
OH 6.7356:1072°  6.9494.1072°  8.5293.1071°  2.2682.10718
HO, 2.6952:1071%  3.3472.1072  8.2519-10°%°  5.7095.107%%
H,0, 3.116810°Y7  8.4383.10%*  6.516:10*° 1.8041-107%°
05 0 117711002 0 5.4264-107%°

Table 4

The chemical yield of several components with the four models at Ry = 8um,
pa = 2bar and f = 100kHz (Case 2).

Component Yield [mole]
KamatH1993 Yasui2003 MEerouani2014 ELTE/
HDS2022

o) 379121077  1.4461.1077  9.811.107Y 3.4092.1071°
H 2.6629-1071° 246841077  1.6617-1077  3.4843.1071°
H, 1.5451.107'®  2.566.107'®  5.9448.107'%  2.2287.107'®
OH 4.208410°%  6.3705-107Y7  3.402:107Y 1.5793-107Y7
HO, 9.1965.107%  4.9736.107'°  9.5032.107'°  1.8663.107%2
H,0, 7.4967.10°Y  7.7173.107'®  7.9393.107'°  3.7281.10°%°
03 0 2.5344.10°7 0 1.9318-10718
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meaningful conclusions.
5. Summary and discussion

The present study focuses on the chemical modelling of single-bubble
sonochemistry. A detailed, state-of-the-art chemical mechanism is pre-
sented for a bubble initially containing only oxygen and water vapour.
The model includes accurately validated Arrhenius-coefficients and
third-body efficiency factors, takes into account pressure-dependent and
duplicated reactions, and calculates the backward rate constants from
accurate equilibrium equations.

The proposed mechanism was compared to three other chemical
models that are widely used in sonochemistry (only the reaction
mechanisms were different). The analysis is made via a well-defined
chemical output. Apart from some moderately good agreements in
some cases, it was shown that there are orders of magnitude differences
between the yields of the products as calculated from the various
chemical models in a wide parameter range. In addition, the trends of
the yield as a function of control parameters can have different char-
acteristics; thus, one can identify false optimal operating conditions.

The immense amount of differences between the results have various
reasons. Obviously, the difference in the Arrhenius-coefficients can lead
to large differences in the rate constants due to the strong exponential
dependence on the temperature. The effect of pressure-dependency and
reaction duplication may also have a high impact in sonochemical ap-
plications since the peak pressure can lead up to even several hundreds
of bars during the strong collapse. This can cause substantial change in
rate constant of pressure-dependent reactions. As already mentioned
before in Sec. 2.2, the effect of third-body efficiencies is also important
in a gas mixture where water vapour has very high concentration.

These imply that in order to make qualitatively and quantitatively
correct conclusions about the chemical activity, it is mandatory to employ
an up-to-date, properly validated chemical mechanism for a given sono-
chemical task.
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Appendix A. Data tables for the applied chemical mechanism

See Tables A.5-A.10.

Table A.5
The thermodynamic properties of each species.
Component W[ 8 } Tiow [K] Tinia K] Thign [K] 2 [X]
mol k1K
(6] 16 200 1000 6000 -
H 1 200 1000 6000 -
Hy 2 200 1000 6000 0.1805
OH 17 200 1000 6000 -
(o2} 32 200 1000 6000 0.02658
H,O 18 200 1000 6000 0.016
HO, 33 200 1000 5000 -
H,0, 34 200 1000 6000 0.5863
O3 48 200 1000 6000 -
OHex 17 300 1000 5000 -
Table A.6

The applied NASA coefficients of each species, taken from [77,78]. The units of the coefficients set the units of C,x, Hx and Sy values in Egs. (6)—(8) to be in CGS unit
system.

Component NASA coefficients
a a: as ay as <73 az
0 low 3.1683 -3.2793.10°3 6.6431.10°° —-6.1281-10°° 2112710712 2.9122.10* 2.0519
high 2.5436 —-2.7316:107° —4.1903107° 4.9548.10712 —4,7955.10716 2.9226-10* 4.9223
H low 2.5 0 0 0 0 2.5474.10* —4.4668107!
high 2.5 0 0 0 0 2.5474.10* —4.466810!
H, low 2.3443 7.9805.1073 —~1.9478107° 2.0157-10°8 -7.3761.10712 —9.1794-10% 6.8301-107!
high 2.9329 8.2661-107* —~1.464-1077 1.541-10° 1 —6.888:1071° -8.1307-10% —~1.0243
OH low 3.992 —2.4011-1073 4.6166-107° -3.8792:107° 1.3632:10712 3.3689-10° ~1.04-107!
high 2.8385 1.1074-10° —2.94.1077 4.207-1071! —2.4229-1071% 3.6978-10° 5.8449
0, low 3.7825 —-2.9967.1073 9.8473.10°° -9.6813-107° 3.2437.10712 -1.0639-10° 3.6577
high 3.661 6.5637-10~* -1.4115.1077 2.058-10° 11 -1.2991-1071% -1.21610° 3.4154
H,0 low 4.1986 —2.0364-1073 6.5203-10°° —5.4879-10° 1.772:10712 —3.0294-10* —-8.4901-10!
high 2.677 2.9732:10°3 -7.7377-1077 9.4434.10° —4.269-10°1° —2.9886-10* 6.8826
HO, low 4.3018 —4.7491.1073 2.1158107° —2.4276-10°8 9.2923.10712 2.6402-10% 3.7167
high 4.1723 1.8812:10°° —3.4628-1077 1.9466-107 11 1.7626-1071¢ 31.0207 2.9577
H,0, low 4.3152 —-8.4739.10°* 1.764.107° -2.2676-10°8 9.0895-10712 -1.7707-10* 3.2737
high 4.5798 4.0533-10°3 -1.2984-10°° 1.9821-10°1° -1.1397.10°1* -1.8007-10* 6.6497-107!
03 low 3.4074 2.0538.1073 1.3849-107° -2.2331.10°8 9.7607-10712 1.5864-10* 8.2825
high 12.3303 -1.1932.1072 7.9874.107° -1.7719-107° 1260810713 1.2676-10* —40.8823
OH,y low 3.6373 1.8509-10°* -1.6762:10°° 2.3872:10°° -8.4314.10713 5.0021-10* 1.3589
high 2.8827 10141073 ~2.2769-1077 2.1747.10711 -5.1263-1071° 5.0265-10* 5.5957
Table A.7

The applied chemical mechanism with their Arrhenius-constants. The values are taken from [77,78]. For pressure dependent reactions marked with (+M), the values
A;, b; and E; represent the coefficients A, b, and E.,, respectively. The units for A; are in 1/s for first order reactions, and in cm®/mol-s for second order reactions. The
units for E; are in cal/mol. For the rest of the special coefficients, see Tables A.8, A.9, A.10.

No. Reaction A; b; E;

1. H+OH+M & H,0+M 1.4818-10% —2.5379 1.4808-10%
2. 20+M & 0y + M 6.165-10'° -0.5 0

3. O+H+M & OH+M 4.714.10'8 -1 0

4, H+0, & O+ OH 5.0712:10%° —0.48596 1.9771-10*
5. H+ 0, (+ M) & HO, (+ M) 4.65-10'? 0.44 0

6. 20H & O+ H,0 8.4999.10* 2.2642 -2.1881-10°
7. H+HO,  Hy + O, 2.1231-10° 2.1133 -1.9919-10%
8. H+HO, & 20H 5.7734.10'3 0 2.0967-10%
9. 0+HO, & OH + 0, 3.25.10%3 0 0

10. OH + HO, & O, + H,0 9.584.10!! 0.42008 -1.1629-10°
11. 2H+M & Hy, + M 4.9806-10'8 —-1.2127 7.5034.10%
12. 0+H, & H+OH 1.2554-10° 2.2704 8.5289.10°

(continued on next page)
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Table A.7 (continued)

No. Reaction A; b; E;
13. H, + OH & H+H,0 1.3193-107 1.878 3.863-10°
14. 20H (+ M) & H,0, (+ M) 2.148-10° 2.3219 -4.1712-10°
15. H + H,0, < OH + H,0 2.41-10%3 0 4.8671-10°
16. H+ H,0, © Hj + HO, 9.7543.10%° —1.9249 1.1555-10*
17. 0 +H,0, & OH + HO, 9.55.10° 2 4.8671-10°
18. OH + Hy03  Hy0 + HO; (dupl) 1.74-10'2 0 3.8986-10
19. 7.59-1013 0 8.9116-10°
20. 2HO © O + H0; (dupl) 1.3-101 0 -1.9983-10°
21. 1.6048-10'° 0 1.9063-10*
22. 03 (+ M) & O+ 0y (+ M) 1.37-10'° —0.67 2.599-10*
23. H+03 & OH+0, 8.43-.10'3 0 9.34.10%
24. H+ 03 & O+ HO, 452101 0 0
25. OH + 03 & O, + HO, 1.85-10"! 0 8.31-10%
26. HO, + O3 & OH + 20, 6.62-10° 0 9.94.10%
27. 0+03 & 20, 4.82.10'? 0 4.094-10°
28. Hy0 + O3 © Oy + Hy0, 66.2 0 0
29. O+H+M & OHe + M 1.5.10%2 0 7.3252.10°
30. H,0 + OH, & OH + H,0 5.93-10'? 0.5 -1.0543-10°
31. H, + OH, & Hy + OH 2.95.10'? 0.5 —5.4432-10%
32. OH + OH,, & 20H 6.01-10'? 0.5 —9.3664-10%
33. H+ OHe < H+ OH 1.31-10'2 0.5 —2.0475.10%
34. 0, + OHex & OH 40, 2.1-10'2 0.5 —5.86-102
Table A.8
The enhanced third-body efficiencies. For every other non-mentioned component, ax; = 1.
No. Reaction Enhanced third-body efficiencies (ay ;)
1 H+OH+M & H,O0+M Hy: 2.5 Hy0:12
2 20+M & 0, + M Hy: 2.5 Hy0:12
3. O+H+M & OH+M Hy: 2.5 Hy0:12
5 H+ 0, (+ M) & HO, (+ M) Hy: 1.511 H,0: 11.372
11. 2H+M & Hy + M Hy: 2.5 Hy0:12
14. 20H (+ M) & Hy0, (+ M) Hy: 2.47 0,:0.8 Hy0:5 H0y: 5.13
22. O3 (+ M) & O+ 0y (+ M) 0:6 Hy3 015 03375
29. O+H+M & OHe, + M 02: 0.4 Hy0: 6.5
Table A.9

The low-pressure limit Arrhenius parameters of the pressure-dependent reactions. The units for Ag are in 1/s for first order reactions, and in cm®/mol-s for second order
reactions. The units for Ey are in cal/mol.

No. Reaction Ay bo Ey

5. H+ 03 (+ M) & HOy (+ M) 5.2669-10"° -1.3737 0

14. 20H (+ M) < H0; (+ M) 1.9928-10'8 -1.178 -5.2382-10°

22. 03 (+ M) @ 0+ 0, (+ M) 2.275.10%8 —4.37 2.7297-10*
Table A.10
The Troe-parameters of the pressure-dependent reactions.

No. Reaction al -] T [K] T" [K] T [K]

5. H+ 0, (+ M) & HO, (+ M) 0.67 1073 10%0 10%0

14. 20H (+ M) & Hy0, (+ M) 0.43 1073 10%0 10%0

22. 03 (+ M) © 0+ 0, (+ M) 0.6417 3.91.107* 8.6807-10° 6.0607-10°

Appendix B. Arrhenius-constants of the three other models
It is worth to mention that these three models calculate the backward rate coefficients k; from separate Arrhenius constants, similarly to the

forward rate coefficients. These constants are indicated with subscript b. Where specific third-body coefficients are used, they are shown under the
reaction line (Tables B.11-B.13).
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Table B11
Arrhenius-coefficients for the model Kamatn1993. Subscripts f and b refer to backward and forward directions, respectively. The units for Ay and Ay are in 1/s for first
order reactions, and in cm®/mol-s for second order reactions. The units for E; and Ej, are in cal/mol. The enhanced third-body efficiencies are indicated at the specific

reactions.

No. Reaction Ag by Ey Ay by E,

1. H+OH+M & H,0+M 2.25.10% -2 0 1.96-10%2 -1.62 1.186-10°
Hy: 2.5 Hy0:16

2. 20+M & Oy + M 6.17-10%° -0.5 0 1.58-10"7 -0.5 1.1818-10°
Hy: 2.5 H,0:16

3. O+H+M e OH+M 4.72.10'® -1 0 4.66-10'7 —0.65 1.0166-10°
H,0: 5
H+0, © O+OH 1.92-10%* 0 1.644.10* 7.18.101! 0.36 —6.79-10?

5. H+0,+M& HO, + M 2.10'° 0 -1.10° 2.46-10%° 0 4.829-10*
Hy: 2.5 Hy0:16

6 20H & O+ H,0 2.1-108 1.4 3.97-10% 2.21-10° 1.4 1.6628-10*

7. H+HO; & Hy + O, 6.63-10"° 0 2.126-10° 2.19-10"3 0.28 5.642-10*

8. H+ HO, & 20H 1.69-10™* 0 8.74-10% 1.08-10" 0.61 3.622:10*

9. 0+ HO, & OH+ 0, 1.81-10"3 0 —4.10% 3.1.10'2 0.26 5.1832.10*

10. OH +HO, & 0, + H,0 1.45-10'¢ -1 0 2.18-10'¢ —-0.72 6.9181-10*

11. 2H+M & Hy + M 2.45.10%° -1.78 9.6-10% 4.58.10"° 1.4 1.044-10°
H,: 2.5 H30: 16

12. 0+H, © H+OH 5.08-10* 2.67 6.292:10° 2.64-10* 2.65 4.462-10°

13. H, + OH < H+H,0 2.18108 1.51 3.43-.10° 1.02-10° 1.51 1.862-10*

14. 20H+M « Hy,0, + M 910" 0.9 —6.062-10° 1.2.10"7 0 4.55.10*
H,: 2.5 H,0:16

15. H + Hy0, < OH + Hy,0 3.2.10™ 0 8.96-10° 1.14-10° 1.36 7.587-10*

16. H+ Hy0, © H, + HO, 4.82.10"° 0 7.948.10° 1.41-101 0.66 2.448.10*

17. 0 4 H,0, < OH + HO, 9.55.10° 2 3.97-10° 4.62.10° 2.75 1.8435.10*

18. OH + H,0, < Hy0 +HO, 11013 0 1.8.10% 2.8.10%° 0 3.279-10*

19. 2HO, & O, + Hy0, 31012 0 1.387.10° 4.53.101 -0.39 3.914.10*

Table B12

Arrhenius-coefficients for the model Yasui2003. Subscripts f and b refer to backward and forward directions, respectively. The units for A; and A, are in 1/s for first
order reactions, and in cm®/mol-s for second order reactions. The units for E; and Ej, are in cal/mol. The enhanced third-body efficiencies are indicated at the specific

reactions.

No. Reaction Ay by Ey Ap by Ep

1. H+OH+M & H,0+M 2.25.10'¢ -2 0 1.96-10'¢ -1.62 1.4543-10°
H»: 2.5 H50: 16

2. 20+M & O, + M 6.17-10° —0.5 0 1.58.10"! —0.5 1.4487-10°
H,: 2.5 H,0:16

3. O+H+M & OH+ 4.72.10'2 -1 0 4.66-10"! —0.65 1.2472-10°
H,0: 5
H+0, © O+ OH 1.92.10™ 0 2.0146.10* 7.18.10™ 0.36 -8.3311-10%

5. H+0,+M& HO, + M 2:10° 0 -1.21810° 2.46-10° 0 5.9195.10*
Hy: 2.5 Hy0:16

6. 20H & O + Hy,0 2.1-108 1.4 4.872102 2.21-10° 1.4 2.0384-10*

7. H+HO, & Hy + O, 6.63-10"° 0 2.6065-10° 2.19-10" 0.28 6.915810*

8. H+ HO, & 20H 1.69-10'* 0 1.0718-10° 1.08-10" 0.61 4.440810*

9. 0+ HO, & OH+ 0, 1.81-10"3 0 —4.872:10% 3.1-10%? 0.26 6.3538.10*

10. OH +HO, & 0, + H,0 1.45-10'¢ -1 0 2.18.10%¢ —0.72 8.4805-10*

11. 2H+M & Hy, + M 2.45.10™ -1.78 1.1693-10° 4.58.10" -1.4 1.2789-10°
Hy: 2.5 H,0:16

12. 0+H, © H+OH 5.08-10* 2.67 7.7124-10° 2.64-10* 2.65 5.4688-10°

13. H, + OH & H+H,0 2.18108 1.51 4.2045.10° 1.02-10° 1.51 2.2825.10*

14. 20H+M & H,0, + M 9:10° 0.9 —7.4298-10° 1.2.10" 0 5.5784-10%
H,: 2.5 H,0:16

15. H + Hy0, & OH + H,0 3.2.10™ 0 1.0986-10* 1.14-10° 1.36 9.3007-10*

16. H + H,0, © H, + HO, 4.82.10"° 0 9.744.10° 1.41-10"! 0.66 3.0012-10*

17. 0 +H,0, & OH + HO, 9.55.10° 2 4.872-10° 4.62.10° 2.75 2.2599.10*

18. OH + H,0, < Hy0 +HO, 11013 0 2.1924-10° 2.8:10'3 0 4.0194-10*

19. 2HO, & O, + Hy0, 31012 0 1.7052-10° 4.53.10 —0.39 4.7989-10*

20. 03+M&0+0,+M 2.48.108 0 2.7844.10* 4.1.10° 0 —2.5749-10°
0,:1.63 H,0: 15

21. H+ 035 © OH+0, 2.3.10"! 0.75 0 4.4.107 1.44 9.403-10*

22. H+ 035 © O+HO, 9-10'2 0.5 4.8964-10° 0 0 0

23. OH + 03 & Oy + HO, 7.8:10'! 0 2.3386-10° 0 0 0

24. HO, + O3 & OH + 20, 1101 0 3.4348.10° 0 0 0

25. 0403 & 20, 5.2:10'2 0 5.0912-10° 1.2:10%3 0 1.2131-10°

N
S
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Table B13
Arrhenius-coefficients for the model Merouan12014. Subscripts f and b refer to backward and forward directions, respectively. The units for A¢ and Aj are in 1/s for first
order reactions, and in cm®/mol-s for second order reactions. The units for Ef and E}, are in cal/mol. The third-body coefficients are not indicated in the article [67], thus
it was supposed to be 1 for all components.
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No. Reaction Ag by Ef Ay by E,

1. H+OH+M & H,0+M 2.2.10% -2 0 1.912:10% -1.83 1.185.10°
2. 20+M & 0, + M 6.165-10'° -0.5 0 4.515-10"7 —0.64 1.189:10°
3. O+H+M & OH+M 4.714-10'8 -1 0 9.88-10%7 —0.74 1.021-10°
4. H+0,  O+OH 1.915.10" 0 1.644-10* 5.481-10"! 0.39 —2.93-10%
5. H+0,+M& HO, + M 1.475-10'2 0.6 0 3.09-10'2 0.53 4.887-10*
6. 20H & 0 +H,0 1.465-10° 2.11 —-2.904-10° 2.97-10° 2.02 1.34-10*
7. H+HO, & Hy + Oy 1.66-10'3 0 8.23-10% 3.164-10'2 0.35 5.551-10*
8. H+HO, & 20H 7.079-10'% 0 2.95.10% 2.027-10'° 0.72 3.684-10*
9. 0 +HO, & OH + 0, 3.25.10%% 0 0 3.252.10'2 0.33 5.328-10*
10. OH + HO, & O, + H,0 2.89-101% 0 —4.97-102 5.861.10'% 0.24 6.908-10*
11. 2H+M & Hy + M 1.146:10%° -1.68 8.2:10% 4.577-10"° -1.4 1.044-10°
12. 0+Hy © H+OH 3.82:10'2 0 7.948.10° 2.667-10* 2.65 4.88.10°
13. H, + OH & H + H,0 2.16-108 1.52 3.45.10° 2.298-10° 1.4 1.832:10*
14. 20H+M & H,0, + M 110 —-0.37 0 2.951.10™ 0 4.843-10*
15. H + Hy0, & OH + Hy0 2.41-10"3 0 3.97-10° 1.269-108 1.31 7.141-10*
16. H + Hy0, © H, + HO, 6.025-10'% 0 7.95.10° 1.041-10! 0.7 2.395-10*
17. 0 + H,0, « OH + HO, 9.55.10° 2 3.97-10° 8.66-10° 2.68 1.856-10*
18. OH + H,0, & Hy0 +HO, 1102 0 0 1.838.10'° 0.59 3.089-10*
19. 2HO, & O, + Hy0, 4.2.10"* 0 1.198.10* 4.643-10'° —-0.35 5.067-10*

Appendix C. Supplementary data

The supplementary material includes figures of the yields for all the chemical substances as a function of the pressure amplitude similarly to
Figs. 5-8. The employed MATLAB code is also included for reproducibility reasons (made in version R2020a). Finally, the CHEMKIN input files for the
four chemical mechanisms are attached, as well. Supplementary data associated with this article can be found, in the online version, at https://doi.
org/10.1016/j.ultsonch.2022.105925.
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