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Abstract

The present paper investigates the energy intensity of ammonia production by a freely oscillating microbubble placed in an infinite liquid 

domain. The spherical bubble initially contains a mixture of nitrogen and hydrogen. The bubble is expanded from its equilibrium size 

to a specific maximum radius via an isothermal expansion. The work needed to expand the bubble is its potential energy calculated by 

the sum of the work done by the internal gas, the work needed to displace the mass of the surrounding liquid, and the work needed 

to increase the area of the bubble against the surface tension. During the radial pulsation of the freely oscillating bubble, the internal 

temperature can reach several thousands of kelvin inducing chemical reactions. The chemical yield is computed by solving a set of 

ordinary differential equations describing the radial dynamics of the bubble (Keller—Miksis equation), the temporal evolution of the 

internal temperature (first law of thermodynamics), and the concentrations of the chemical species (reaction mechanism). The control 

parameters during the simulations were the equilibrium bubble size, the initial expansion ratio, the ambient pressure, and the initial 

concentration ratio of nitrogen and hydrogen. In the best-case scenario, the energy requirement in terms of GJ/t is 18.4 times higher than 

the best available facility of the Haber—Bosch process (assuming that the hydrogen is produced via the electrolysis of water).
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1 Introduction
Ammonia plays a vital and important role in the global-
ized economy [1]. As a primary commodity for nitrogen 
fertilizers, the existence of modern agriculture depends 
heavily on a reliable source of ammonia. In fact, 70% 
of the produced ammonia is used as fertilizers. It is the 
most energy and emission-intensive chemical industry. 
The global average energy intensity of ammonia produc-
tion is about 46.2 GJ/t (the best available technology is 
approximately 28 GJ/t [2]), and the average emission inten-
sity is nearly 2.4 t CO2/t (the best available technology is 
1.56 CO2/t [2]). In comparison, the corresponding values 
for steel and cement production are 19.4 GJ/t, 2.4 GJ/t, and 
1.4 t CO2/t, 0.6 t CO2/t [1], respectively. The magnitude of 
the ammonia industry can also be quantified by its natural 
gas consumption: more than 20% of the unearthed meth-
ane is used for feedstock (methane steam reforming for 
hydrogen). Thus, any serious policy that attempts to reach 
net-zero emission by 2050 needs to address the issue of 
"Green Ammonia".

Today, ammonia is produced by the more than a hun-
dred-year-old technology called the Haber—Bosch pro-
cess [2–4]. It requires high temperature (500 °C) and 
pressure (400 bar), which makes the process and the nec-
essary equipment expensive and dangerous. The hydrogen 
(obtained from methane or from the electrolysis of water) 
and the nitrogen (obtained by air separation) are reacted 
catalytically. The process is difficult. High temperature is 
needed to increase the reaction rate to an acceptable level. 
However, the equilibrium for ammonia favors low tem-
peratures. Therefore, to increase the equilibrium concen-
tration of ammonia, high pressure is a requirement.

The present study focuses on an alternative way of pro-
ducing ammonia from bubbles containing nitrogen and 
hydrogen. The underlying physical phenomenon is the 
extreme dynamics of microbubbles observed in the sci-
entific field of cavitation [5, 6]. In a fluid flow system, 
such bubbles in a liquid domain, e.g., in water, exhibit 
expansion in low-pressure regions (for instance, due to 
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high velocity or in the rarefaction phase of ultrasound). 
The expansion (maximum bubble radius) can be an order 
of magnitude higher than the equilibrium size of the bub-
ble. If the bubble travels into a high-pressure region, it 
starts to compress very rapidly, which is called bubble 
collapse. Due to the possibly high compression ratio, the 
temperature inside the bubble can reach several thou-
sands of kelvin inducing chemical reactions [7–16]. 
In this regard, the bubbles can be considered as micron-
sized chemical reactors. Because of the large energy-fo-
cusing mechanism that occurs during a bubble collapse, 
the high temperature, which facilitates the dissociation of 
H2 molecules and the subsequent reactions involving NH 
and NH2 intermediates, can easily be reached. Moreover, 
the high compression ratio means extremely high inter-
nal pressure (usually in the order of thousands of atmo-
spheric pressure), which is a favorable environment for 
high ammonia equilibrium concentration.

There are two widely employed ways to generate and/
or excite bubbles: hydrodynamic [16] and acoustic cavi-
tation [6]. Although in both techniques, bubbles appear 
as clusters, which have complex dynamics [17, 18], the 
present paper focuses on the single spherical bubble that 
can be considered as a building block of a more complex 
cavitational reactor. One of the reasons is the reported 
low energy intensity of ammonia production by cavi-
tation [19]: approximately 882353 GJ/t, which is several 
orders of magnitude larger than that of the Haber—Bosch 
process. In the present study, the authors show that the 
experiment mentioned was highly suboptimal and that the 
energy intensity can be as low as 719 GJ/t. Although this 
value is still 18.4 times higher that of the Haber—Bosch 
process, it is a significant step to make ammonia produc-
tion by bubbles an energetically viable alternative.

The key aspect of our approach is that the input energy 
and the chemical yield of a single freely oscillating bub-
ble are connected intrinsically. More precisely, the energy 
required to expand a bubble is obtained by calculating 
its potential energy at the maximum radius (sum of the 
work done by the internal gas, the work done on the liq-
uid domain, and by expanding the bubble area against the 
surface tension); and the chemical yield is computed by 
numerical simulation of the governing equations includ-
ing chemical kinetics.

It is important to stress that we focus on theoretical energy 
considerations based on an idealized test case. The tech-
nique of the generation of microbubbles, their spherical 
stability [20, 21], the effect of mass transfer at the bubble 

interface (e.g. evaporation/condensation) and the effect of 
bubble-bubble interactions [22] are out of the scope of the 
present study. Instead, we focus on optimizing the most 
important parameters that occur in the single bubble system: 
initial (equilibrium) bubble size, expansion ratio, ambient 
pressure, and initial composition. Although the simplifica-
tions mentioned above can have a significant influence and 
should be taken into account in a more detailed investiga-
tion in the future, the more than three orders of magnitude 
increase in energy intensity (882353 GJ/t vs. 719 GJ/t) is 
still a valuable result of the present study. After presenting 
the results, a possible reason for the poor experimental out-
come in [19] is also discussed.

2 The governing equations
We can separate the mathematical model of a sonochemi-
cal bubble into two main parts: a physical and a chemical 
model. The physical model describes the radial pulsation 
of the bubble and the fluctuation of the temperature and 
pressure inside the bubble, while the chemical model deals 
with the chemical reactions in the bubble interior.

The equation system involves a large number of con-
stants for the description of the reaction mechanism and 
for the NASA polynomials to compute the material prop-
erties (they are taken from [23]). In order to avoid the 
inclusion of these data as large tables in the main paper, 
they are provided as an OpenSMOKE++ reaction mecha-
nism file [24, 25] in the Supporting Information.

2.1 General description of the reaction mechanism
In this section, all equations are taken from [14, 26, 27]. 
In general, we can write a chemical reaction in the form
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where νki are the stoichiometric coefficients and χk is the 
chemical symbol of the kth species. There are K types of 
species in the system; that is, k = 1, …, K. The index of the 
reactions is i = 1, …, I, where I is the number of the reac-
tions. The upper index f means forward; the upper index b 
means backward reactions. In reaction kinetics, the reac-
tion rates are calculated as 
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where kfi
 is the ith forward, kbi

 is the ith backward reaction 
rate coefficients, and ck is the concentration of the kth spe-
cies. The production rate of each species is 
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f� � . The ith forward rate coefficient is gen-

erally calculated from the extended Arrhenius-equation 
written as 
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where Ai is the pre-exponential factor, bi is the temperature 
exponent, Ei is the activation energy, and Rg is the univer-
sal gas constant. The backward rate constants kbi

 are calcu-
lated from the equilibrium constants defined as 
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The equilibrium constants have the form of 
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where Pst is the standard pressure (101325 Pa), and Kpi
 is 

calculated via 
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In Eq. (7), ∆Si and ∆Hi are 
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respectively. Here, Sk and Hk are the molar entropy and 
molar enthalpy of formation of species k at temperature T. 
The notation ∆ means the total change in a forward reac-
tion (from reactants to products).

There are other types of reaction rates that cannot be 
described accurately enough by the Arrhenius equation. 
The first type is the three-body reactions, which are often 
dissociation or recombination reactions. This type of reac-
tion needs a third molecule which removes the excess 
energy of the energetically excited reaction intermediate. 
Every molecule present can be a third body, but the larger 
molecules are more effective. We can take the efficiency 
into account in a third-body collision efficiency factor via 
the modification of the reaction rates as 

� � �� �q q Mi i , (10)
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is the effective total concentration of the third-body spe-
cies, and αki is the matrix of the third-body efficiencies.

Some reaction rate constants are pressure-dependent 
(besides depending on temperature). First, the high-pres-
sure limit reaction rate coefficient (k∞) and the low-pres-
sure limit reaction rate coefficient (k0) have to be calcu-
lated via Eq. (12) and Eq. (13): 
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Next, the overall rate constant is given by 
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where the blending function, F controls the shape of the 
� �k Pf ri

 curve, and the reduced pressure (Pr ) is described as 
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Here, [M] is the total concentration of the mixture 
enhanced by the third-body efficiencies, see Eq. (11). 
In Eq. (15), the effective total concentration [M] is already 
applied; consequently, it does not need to be multiplied 
again while calculating qi' in Eq. (10). There are several 
approaches to calculate F in Eq. (14). In the Lindemann 
formalism, F = 1. In the Troe formalism, F is computed 
from the following set of equations: 
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where Fcent is the broadening parameter, 
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and 
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Equations (16)–(20) give the following limit cases: 
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In Eq. (20), the four parameters (α, T ***, T *, T **) are the 
Troe parameters, which can be different for each Troe-
form reaction. For some reactions, T ** is infinite; in this 
case, the last term in Eq. (20) is neglected.

Another way of defining the pressure dependence of 
a reaction rate is based on the PLOG formalism, when 
several pressure levels Pj are given with an Arrhenius set 
(Aj , βj , Ej ) for each reaction. The forward reaction rate 
coefficient for the jth pressure level is described as 
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If the pressure is between Pj and Pj+1, then the natu-
ral logarithm of k is calculated from the logarithm of the 
pressure levels by a linear interpolation (from here is the 
name PLOG): 
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There are some reactions in which the reactants and the 
products are the same for both reactions, but the reaction 
depends on temperature in two different ways. These reac-
tions can be described with two Arrhenius sets and are 
known as duplicated reactions.

2.2 The physical model: radial bubble dynamics
The equation system to be resolved consists of ordinary 
differential equations (ODEs). One of the equations is the 
modified Keller—Miksis equation [5] that describes the 
radial oscillation of a spherical bubble:
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Here, R is the bubble radius, t is the time, cL is the liq-
uid sound speed, and ρL is the liquid density. The connec-
tion between the pressure inside and outside the bubble 
is given by 
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where pL is the liquid pressure at the bubble wall, σ is the 
surface tension, and μL is the dynamic viscosity of the liq-
uid which is assumed Newtonian. The far-field pressure 
(p∞) is constant (free oscillation): 

p t P� �� � � , (26)

where P∞ is the ambient pressure. The internal pressure is 
calculated from the ideal gas low for the gas mixture: 
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 is the total concentration of the mixture, 

Rg is the universal gas constant, and T is the internal 

temperature.
The temperature can be calculated via the first law of 

thermodynamics, written as 
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where V R� � �4 3
3 �  is the volume of the bubble, Q̇th is 

the heat transfer at the bubble interface, and C̄v is the aver-
age molar heat capacity of the gas mixture in the bubble 
at constant volume. The molar heat capacity at constant 
pressure Cp,k, the molar enthalpy of formation Hk and the 
molar entropy Sk of the chemical species are described by 
the NASA polynomials as 
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where N = 5 and an,k are the NASA coefficients. There are two 
sets of coefficients for the intervals [Tlow, Tmid] and [Tmid, Thigh]. 
The connection between the molar heat capacities are 

C C Rv k p k g, ,� � . (32)

Some average values of the gas mixture need to be cal-
culated. The mole fraction of component k is 
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The average molar mass M̄ , the average molar heat 
capacity in constant pressure C̄p and in constant volume 
C̄v, and the average density ρ̄ are given as follows: 
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Here M is the molecular mass, and the bars mean aver-
aged values for the mixture.

For the heat transfer between the fluid and the bubble 
interior, the Toegel model is used [28]. In this model, there 
is a thin thermal boundary layer in which the tempera-
ture changes linearly from the bubble mean temperature T 
to the ambient liquid temperature T0. The amount of heat 
transfer is approximated as 
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where A is the area of the bubble surface, λ̄ is the average 
thermal conductivity of the gas mixture, and lth is the thick-
ness of the thermal boundary layer, which is approximated as 
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where χ̄ is the averaged thermal diffusivity of the mixture:
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The reaction enthalpies are taken into consideration in 
the changing of the internal energy, which is why the heat 
transfer is composed only of heat conduction: 

 Q Qth� � . (41)

The parameters and material properties of the physi-
cal model are summarized in Table 1. We assume that the 
bubble is placed in water, and its constant material proper-
ties are calculated at ambient temperature T∞ (also given in 
Table 1). Since the ambient pressure P∞ is a control param-
eter, see Section 3, its value is not specified.

2.3 Structure of the governing equations
The governing equations are a set of ordinary differen-
tial equations (ODEs), which have the following structure. 
The Keller—Miksis equation describes the radial pulsa-
tion of the bubble and provides the evolution of the bubble 
radius R and bubble wall velocity Ṙ as a function of time. 
One of the equations accounts for the inertia of the liquid 
domain and is responsible for the proper modeling of the 
compression mechanism of the gas content.

Via the first law of thermodynamics, the temperature T 
inside the bubble can be calculated. It takes into account 
the work done by the compression, the reaction enthalpies, 
and the heat transfer across the bubble interface.

With the help of the reaction mechanism described in 
Section 2.1, the following set of ODEs can be obtained for 
the concentrations of the chemical species inside the bubble:

 



c c V
Vk k k� � �� . (42)

Assuming that the bubble initially contains only nitro-
gen and hydrogen, and that the evaporation of the water is 
negligible (oxygen is excluded), only reactions involving 
elements N and H are necessary. This means altogether 
I = 36 chemical reactions and K = 14 chemical species. 
The mechanism file in the Supporting Information origi-
nally contained all the reactions for the complete N-H-O 
system; therefore, the reactions involving the element O 
are commented out.

Altogether there are K + 3 governing equations: two 
first-order systems from the Keller—Miksis equation (sec-
ond-order ODE), a first-order system for the internal tem-
perature, and K ODEs for the change of concentrations.

To close the equation system, the ideal gas law is 
employed for the gas mixture of the bubble content. This 
creates a relationship between volume, temperature, and 
pressure. Since the volume is calculated from R and the 
temperature is obtained from the first law of thermody-
namics, the ideal gas law is employed to calculate the 
internal pressure.

Table 1 Parameters and material properties of the numerical simulations

parameter notation value units

liquid sound speed cL 1483 m/s

liquid density ρL 998.2 kg/m3

surface tension σ 0.07197 N/m

dynamic viscosity μL 0.001 Pa∙s

ambient pressure P∞ Pa

ambient temperature T∞ 293.15 K

universal gas constant Rg 8.31446 J/(mol∙K)
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3 Control parameters and the numerical technique
The major parameters in a freely oscillating spherical bub-
ble system are the equilibrium size of the bubble RE; the 
expansion ratio R0/RE, where R0 is the initial size of the 
bubble during the simulations (also the maximum bubble 
radius); the initial composition of the bubble in terms of 
the percentage of hydrogen H% and finally the ambient 
pressure P∞. Table 2 summarizes the employed ranges of 
the control parameters. Due to the stiff nature of the gov-
erning equations, the build-in Python solvers LSODA and 
Radau are used, which are stiff algorithms. The full pro-
gram code is available at [29]. We take care that the opti-
mum values do not lie on the upper or lower limits of the 
specified parameters.

The reason behind the parameter selection is as fol-
lows. The equilibrium bubble size describes how much is 
theamount of nitrogen and hydrogen gas inside the bubble. 
The larger the equilibrium size of the bubble, the more 
substance participates in the reactions. The bubble radius 
should not be more than 10 mm otherwise the bubble will 
have poor spherical stability, because the surface tension 
force is inversely proportional to the equilibrium bubble 
radius [5, 7]. The expansion ratio describes the potential 
energy of the bubble; see Section 4 for more details. This 
is the energy that can be focused during the first collapse 
of the bubble and create extreme conditions. In the long 
term, all the potential energy is dissipated by viscous 
forces. From stoichiometric considerations, the optimal 
initial composition of the bubble would be 75% hydrogen 
and 25% nitrogen. However, due to the short time scale of 
the extreme conditions and the reaction pathway involving 
intermediates such as NH and NH2, the internal composi-
tion of the bubble may not be fully converted into ammo-
nia. Thus, tuning the initial composition of the mixture 
might result in higher energy intensity. The ambient pres-
sure is an important parameter from the view of the input 
energy and the equilibrium concentration of ammonia. 
A large portion of the input energy is spent to displace the 
volume of the surrounding liquid. The lower the ambient 
pressure, the less energy is needed for such displacement. 
However, higher ambient pressure favors higher equilib-
rium concentrations of ammonia.

4 Energetic considerations of a freely oscillating bubble 
and the definition of the chemical yield
Fig. 1 shows a typical example of the dynamics and the 
chemical history of a freely oscillating bubble. In Fig. 1 (a), 
the bubble radius vs. time curve (blue) and the temporal evo-
lution of the internal temperature (red) is depicted. The equi-
librium bubble size is 50 μm, which is expanded to 350 μm 
representing a 7-fold expansion ratio. In the initial stage of 
the dynamics, the bubble starts to shrink since it is out of 
equilibrium. In later stages, due to the inertia of the surround-
ing liquid, the bubble radius swings through its equilibrium 
value, and a large compression ratio is realized with a peak 
temperature as high as about 6000 K. After the first collapse, 
the bubble loses most of its energy via shock wave (acoustic 
emission [30]) indicated by the much smaller local maxi-
mum during the first rebound. In the subsequent dynamics, 
the oscillations are less rapid, the temperature peaks are less 
pronounced, and the long-term behavior of the bubble is the 
convergence to its equilibrium state.

Fig. 1 (b) represents the temporal evolution of the chem-
ical species inside the bubble in moles (nk ). Initially, the 
bubble contains only nitrogen and hydrogen. Next, during 
the first collapse, around the minimum bubble radius, some 
of the hydrogen dissociates and other chemical species are 
produced. Observe that a large portion of nitrogen (dashed 
red curve) and the hydrogen (solid orange curve) does not 
take part in the chemical reactions; however, the main 

Table 2 Summary of the control parameters and their employed ranges

RE (μm) R0/RE (–) P∞ (bar) H% 

range 1–10000 3.0–17.5 1–1000 65–85

(b)

Fig. 1 A typical example of the dynamics of a freely oscillating 
microbubble: (a) bubble radius and internal temperature as a function of 

time, (b) temporal evolution of the chemical species in moles

(a)
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product of the reactions is ammonia (blue curve). The rest 
of the chemical species involved in the reaction mechanism 
have orders of magnitude lower concentration. The chem-
ical yield of a bubble is defined as the amount of ammonia 
nNH3

 presented inside the bubble after chemical equilibrium 
is reached, which is the final time instant of the simulation 
denoted by the black dot in Fig. 1 (b) on the blue curve.

The mass of the produced ammonia is calculated as 

m n M
NH NH NH3 3 3

� � , (43)

where MNH3
 is the molar mass of the ammonia.

The potential energy 
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of the expanded bubble is composed of the work done by 
the internal gas during isothermal expansion (assuming 
that the expansion is slow) 

W N R T R
RG t g E
E

� � � � �
�

�
�

�

�
�,

ln
0

0

3

3
, (45)

the work needed to enlarge the surface of the bubble 
against the surface tension 

W R RA E� � � � �� �� �4
0

2 2 , (46)

and the work required to expand the bubble against the 
liquid domain 

W P R RL E� �
�

� �� ��

4

3
0

3 3� ; (47)

that is the work needs to displace the volume of the liq-
uid against the ambient pressure. The initial amount of gas 
in moles is denoted by Nt,0. The potential energy of the 
bubble can be considered as the required energy to expand 
the bubble from its equilibrium state RE to its initial max-
imum size R0.

It is important to consider the energy to produce the 
hydrogen content. Assuming that the hydrogen is pro-
duced via electrolysis, the energy requirement of the 
hydrogen content can be calculated as 

w m M
M

WEH H NH

H

NH

2 3

3

� � � , (48)

where mH/NH3
 is the mass fraction of atomic hydrogen of 

ammonia molecule (its unit is t H/t NH3), MH is the molar 
mass of atomic hydrogen, and WE = 180 GJ/t H is the 
energy requirement of electrolysis of water.

At ambient pressures higher than the atmospheric pres-
sure, the initial bubble content has to be pumped into 

a reaction chamber. It needs the following amount of spe-
cific energy:

w R T P
Pp
st

� � �
�

�
�

�

�
��

N H2 2
ln  (49)

where p index refers to the pumping energy and 

R
R M X R M X

M X M XN H

N N N H H H

N N H H

2 2

2 2 2 2 2 2

2 2 2 2

�
� � � � �

� � �
. (50)

In Eq. (50), the specific gas constants are the following: 
RN2

 = 297 J/(kg∙K) and RH2
 = 4124 J/(kg∙K) [31].

The total input energy of the bubble system is com-
posed of three components; namely, the energy required 
to expand the bubble, the energy to produce the hydrogen 
content and the energy of pumping (in units of GJ/t) is 

w W
m

w wTB
P

p� � �
NH

H

3

2

. (51)

This value highly depends on the system parame-
ters. The energy requirement of the Haber—Bosch pro-
cess if the hydrogen is also produced via electrolysis is 
wHB = 39.1 GJ/t. During the parameter optimization, this is 
the baseline value with which the energy intensity of the 
ammonia production by bubbles is compared.

5 Parameter optimization
In this section, the energy intensity as a function of the 
control parameters defined in Section 3 is explored based 
on the quantities introduced in Section 4.

Fig. 2 shows the energy intensity as a function of the equi-
librium bubble size at different expansion ratios (color-coded 
curves). The ambient pressure and the initial composition of 

Fig. 2 Energy intensity of the ammonia production as a function of the 
equilibrium bubble size at different initial expansion ratios
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the bubble were P∞ = 1 bar and the stoichiometric ratio of the 
hydrogen in ammonia (H% = 75%), respectively. The energy 
intensity of the Haber—Bosch process is denoted by the 
horizontal red and dark blue lines. The optimum parameter 
combination is at RE = 49.77 μm and at R0/RE = 6. In this case, 
the energy intensity is 2145 GJ/t, which is approximately 
54.9 times higher than the Haber—Bosch process.

Theoretically, the optimum initial composition of the 
bubble is 75% hydrogen and 25% nitrogen, assuming that 
all molecules participate in the formation of ammonia. As is 
already depicted in Fig. 1, this is not the case, and a large 
portion of nitrogen and hydrogen molecules remain "intact". 
Since the formation of ammonia incorporates the dissoci-
ation of H2 and the subsequent reactions of intermediates 
such as NH and NH2, it might seem feasible to optimize the 
initial mole fractions of the nitrogen and hydrogen to vital-
ize these intermediate reactions, and potentially improving 
the energy intensity. For a 65, 75, and 85% hydrogen con-
tent and the best relative expansion from Fig. 2, the results 
are presented in Fig. 3. The ambient pressure is kept the 
same as shown in Fig. 2. Despite our expectation, in the best 
case, the mole fraction of hydrogen is 75%.

At the final stage of the optimisation, the impact of 
the ambient pressure on the energy intensity is explored. 
According to the previous results presented in Fig. 3, the 
initial composition of the bubble is 75% hydrogen and 25% 
nitrogen. The ambient pressure dependency is summa-
rized in Fig. 4. Only seven expansion ratios are depicted 
to avoid the overcrowding of Fig. 4. In our experience, the 
ambient pressure can significantly alter the dynamics of 
the bubble; thus, the internal temperature profile and the 
chemical history of the bubble. In order to keep the bub-
ble size reasonable, it is limited to a maximum of 10 mm.

Results shows that by increasing the ambient pressure, 
the energy intensity of the ammonia production drops sig-
nificantly to 719.5 GJ/t, which is only 18.4 times higher 
that of the Haber—Bosch process. However, the optimum 
bubble size is increased to RE = 5.214 mm.

The summary of the optimal parameter combinations 
and energy intensities are collected in Table 3. The ambi-
ent pressure is increased up to 1000 bar. It is much higher 
than the operating condition of the Haber—Bosch pro-
cess. However, this study intends to explore the theoreti-
cal energy intensity limits, which is the reason for employ-
ing such a high value. Similarly, the optimal bubble sizes 
tend to increase to the millimeter size for lower values of 
energy intensities. These bubbles are considered large and 
exposed to non-spherical collapse. However, the bubble 
needs to "survive" only a single collapse and long-term 
spherical stability is not mandatory. Thus, these cases are 
not excluded Table 3. The optimal expansion ratios are 
within a moderate range of 4–6.

To visualise the tendency of the energy intensity as 
a function of the ambient pressure, the corresponding 
data are also depicted in Fig. 5. Approximately above 
10 bar ambient pressure, the energy intensity shows rapid 
decrease and tend to saturate somewhat above 700 GJ/t.

6 Discussion and summary
The main aim of the present study was to investigate the 
theoretical energy intensity of ammonia production via 
a freely oscillating bubble initially containing nitrogen 
and hydrogen. The input work is computed as the poten-
tial energy of the initially expanded bubble and the energy 
required to produce hydrogen by the electrolysis of water. 
The chemical yield is obtained via numerical simulations 
of the chemical history of the bubble. The control param-
eters were the equilibrium size of the bubble, the initial 
expansion ratio, the initial hydrogen concentration and 
the ambient pressure. At the best parameter combination, 
the energy intensity of ammonia production was 719 GJ/t. 
In comparison, the energy requirement of the Haber—
Bosch process is 39.1 GJ/t (best available technology with 
water electrolysis) or 46.2 GJ/t (global average).

Although the energy intensity of the ammonia produc-
tion by bubbles is approximately 18.4 times higher than 
the best available technology with Haber—Bosch process, 
it is still several orders of magnitude better than the avail-
able data in the literature [19]: 882353 GJ/t. Such a huge 
difference needs a theoretical explanation. In the experi-
mental study of [19], the bubbles are generated via bub-
bling air throughout a vessel, and the bubble collapses 

Fig. 3 The effect of the mole fraction of hydrogen on the energy intensity of 
the ammonia production at the best relative expansion from Fig. 2
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Fig. 4 The energy intensity of the ammonia production at several ambient pressures
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are achieved by a 900 kHz ultrasonic irradiation. In some 
of our previous publications [7, 14], where the chemical 

computations are carried out for ultrasound excited bub-
bles, it turned out that significant chemical activity takes 
place only in the first few acoustic cycles. Afterwards, 
a dynamic equilibrium of the bubble content is settled. 
That is, the concentrations are continuously changing in 
time; however, their averaged values remain the same. 
In this regard, sonicating the same bubble for several min-
utes (millions of acoustic cycles) has a very little effect 
on the chemical yield, while continuously dissipating the 
input energy [30, 32, 33]. Therefore, the present theoretical 
work showed that ammonia production via microbubbles 
can still be a viable option; however, the operation strat-
egy of such systems must be reconsidered.
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