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ABSTRACT

This work, based on numerical simulations, discusses the effect of HBr as an inhibitor on the explosion limit of stoichiometric
hydrogen-oxygen gas mixture in a closed spherical vessel. The numerical simulation solves the complete governing equations for
mass, momentum, species and energy. In addition, wall surface reactions are included to describe the destruction of chemically
reactive radicals. The in-house INSFLA code is used, which takes into account the differential diffusion and thermal diffusion
(Soret effect) to describe the mass transport of species within the system. The inhibitory effect of HBr on all three explosion
limits under the considered conditions is analyzed based on sensitivity analysis of the explosion limit with respect to chemical
reaction rates and reaction pathway analysis. It is found that the main reason for the inhibition effect is the chain-propagating step

HBr+H — Br+H, which is in effect terminating. However, each of the three explosion limits is governed by different key reactions.

1 | Introduction

Hydrogen, being a potential zero-carbon clean fuel without
emitting greenhouse gases, is applied in various engineering
application. For example, hydrogen-powered vehicles are inten-
sively developed and improved. Hydrogen internal combustion
engines (H2-ICE) offer several advantages over traditional fuel
engines. Besides the fact of zero carbon emissions, hydrogen
engines achieve higher thermal efficiency due to its faster
combustion rate [1-3]. Additionally, hydrogen engines can be
adapted from existing internal combustion engine technology,
making them a cost-effective transition option for manufacturers
[2, 4]. In industrial manufacturing based on oxyhydrogen torch,
combustion of hydrogen-oxygen mixture is further used for
cutting and welding metals [5]. In the iron and steel industry,
natural gas is increasing replaced by hydrogen to supply high-
temperature heat in the electric arc furnace, aiming at the
decarbonizing [6, 7].

Despite being a potential zero-carbon clean fuel that does not emit
greenhouse gases during combustion, hydrogen presents signifi-
cant safety challenges due to its highly flammable and explosive
nature [8-10]. Additionally, it has a very low ignition energy,
meaning even a small value of spark deposition energy can
result in an explosion or a fast flame formation and propagation
[10, 11]. These properties have raised significant concerns about
process safety in hydrogen production, storage, transportation,
and utilization within the energy industry [12-14]. Consequently,
research on inhibitors to identify efficient and reliable methods
for suppressing hydrogen ignition and reaction is of great interest.
Inhibitors, also known as explosion suppressants or flame retar-
dants, are substances added to a system to prevent or mitigate
explosions. In the context of hydrogen, inhibitors can play a
significant role in enhancing process safety and usage. For exam-
ple, inhibitors can effectively narrow the flammability limits and
slow down the propagation of a flame [15, 16]. In [17], ammonia
serves as a combustion inhibitor to eliminate engine knock in the
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direct-injection hydrogen engines at stoichiometric and wide-
opening throttle conditions. A review on suppression effects of
various inhibitors (up to eighty compounds) on hydrogen-air
flame can be found in for example,[18], and a recent review on
chemical inhibition of hydrogen-air explosions can be found in
[19].

While most of these studies primarily concentrate on the sup-
pression effect on flammability limits and laminar premixed
flames, specifically in terms of laminar burning velocity, there are
few investigations reporting the inhibitor effect on the explosion
limit of the hydrogen/oxygen system, which can be attracting
for the process safety. Unlike the flammability limits which the
concentration range of a flammable gas within which flame
front can be steadily propagated, the explosion limits refers to
conditions where combustion occurs rapidly enough to cause
an explosion (i.e., rapid temperature rise). In the present work,
the hydrogen bromide (HBr) is considered as inhibitor for the
hydrogen-oxygen reaction system. Although HBr is toxic and cor-
rosive and therefore not suitable for direct use as an industrial fire
suppressant, its fundamental role in bromine-based inhibition
chemistry makes it an ideal model system for mechanistic inves-
tigation. Even for brominated hydrocarbons and commercial
inhibitors such as CF;Br and C;H,F;Br [20-22], the suppression
chemistry is largely governed by the HBr subset of reactions [23].
Therefore, investigating the effect of HBr provides an a priori
understanding of the inhibition mechanisms of other brominated
hydrocarbon-based inhibitors. Furthermore, Dixon-Lewis et al.
[23] updated and validated the Br/H/O sub-mechanism against
measurements of the second explosion limit and laminar burning
velocity, offering a reliable kinetic foundation for the present
work. Studying HBr directly also allows the chemical effects to
be isolated from the complicating chemical reaction pathways
of larger halogenated species, enabling a clearer and easier
mechanistic interpretation. While most existing studies focus
primarily on the impact of HBr on laminar burning velocity, the
present work aims to extend this understanding by examining
how HBr modifies all three explosion limits of the hydrogen-
oxygen system. Thus, the objective is not to propose HBr as a
practical suppressant, but to use it as a canonical representative of
bromine-driven inhibition chemistry relevant to a broader class of
brominated inhibitors. Several important scientific questions will
be addressed:

* How does the addition of HBr affect the explosion limit of the
hydrogen-oxygen mixture? Does the addition of HBr suppress
the explosion of hydrogen-oxygen mixtures, which is similar
to its effect on laminar flame speed and flammability limit?

* If HBr has a suppressive effect on the explosion limit of
a hydrogen-oxygen mixture, do the controlling chemical
reactions that correspond to different explosion limits remain
the same, or do different explosion limits have different key
reactions that lead to the explosion?

* The presence of HBr can introduce additional surface reac-
tions involving atomic Br radical. Would these surface
reactions have an impact on the explosion limits?

This work is organized as follows: First, the mathematical
modeling of the auto-ignition process for studying the explosion
limit will be introduced. The applied chemical mechanism will

then be validated against experimental measurements from the
literature. Next, the explosion limit in the presence of HBr will
be presented, together with a brief discussion on the definition
of a successful explosion. Different explosion limits will then be
investigated through sensitivity analysis of the explosion tem-
perature with respect to the chemical reaction rate and reaction
pathway analysis of selected species. Here throughout the whole
work the explosion temperature is defined as the minimum
mixture temperature at which an explosion can occur. Finally,
the conclusions will be summarized, and some perspectives for
further research will be suggested.

2 | Mathematical Model

To determine the explosion limit, the auto-ignition process
is modeled in a spherical closed vessel with one-dimensional
geometry. Corresponding to the experimental setup in [24-26],
the gas mixture inside the reactor is spatially homogeneously
distributed and initially at a high temperature, such that the
mixture undergoes spontaneous explosion without the need for
any external energy source, such as spark ignition. While a
detailed discussion and derivation of the mathematical formu-
lation for the governing equations of species mass, momentum,
and energy can be found in [27], this section will provide a
brief overview of governing equations, chemical mechanism
and numerical software applied in the present work for better
clarity. More details can be found in the corresponding provided
references.

It should be emphasized that a spatially resolved 1D model in
the present work is more suitable for determining explosion
limits compared to the 0D homogeneous auto-ignition reactor
used in for example, [28-30]. A 0D homogeneous auto-ignition
reactor requires an artificial explosion definition (e.g., specifying
a temperature-rise threshold [28, 29] or consumption threshold
of fuels [30]), and the predicted limits are sensitive to such user-
defined criteria. In contrast, as will be shown later, in the absence
of an explosion the temperature and species profiles remain flat
in both space and time, whereas an explosion is characterized
by a sharp rise in temperature or main products. This makes
the 1D model a more objective and physically tool for identifying
explosion behavior.

2.1 | Governing Equations

According to [27], the governing equations are formulated by
using the Lagrangian coordinate (r,t) = /Or p(r,t)r*dr [31], in
which r is the radius, ¢ the time and p the density. Furthermore,
a =1 is for cylinder and a = 2 for sphere. By introducing the
Lagrangian coordinate, the convection terms from the governing
equations are eliminated, and the continuity equation becomes
unnecessary in Lagrangian coordinates, as it is automatically
satisfied following the transformation [27, 32]. Consequently, the
governing equation simplified to [27, 33]:
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where t and 3 are two independent variables, and all other
thermo-kinetic quantities and physical variables are functions of
t and ¢: r=r(t,9), T =T(t,¥), p = p(t,¥), and w; = w;(t, ).
In these equations, p = pressure, T = temperature, ¢, = isobaric
specific heat capacity of the mixture, 1 = heat conductivity of the
mixture, n, = number of species, w; = mass fractions of species i,
M; = molar mass of species i, h; = specific enthalpy of species i,
@; = molar formation rate of species i, c,; = isobaric heat capacity
of species i. V; represents the diffusion velocity of species i,
including the differential diffusion and thermal diffusion (Soret
effect).

This mathematical model solves the governing partial differential
equations by incorporating molecular transport processes, such
as heat conduction and molecular diffusion. These transport
mechanisms play significant role in accurately capturing the
explosion limits, since species can diffuse towards the wall surface
and undergo surface reactions.

2.2 | Reaction at the Wall Surface

Asreported in various literature [27, 34-36], reactions at the vessel
surface play a crucial role in the auto-ignition process within a
closed vessel. These surface reactions include phenomena such as
surface recombination of atoms or surface destruction of reactive
molecules. For the hydrogen-oxygen system, we adopt the simple
surface reaction model described in [27], which includes five
recombination/destruction reactions of reactive molecules on the
surface, together with one additional surface reaction involving
the destruction of chemically reactive atomic Br at the wall
surface, as follows:

wall ] 3
(S1) HO, — SH0+ 20,

wall
(s2) 0 25 %oz
wall ]

(53 H-S H,

(s4) OH 2, %HZO + }102
(S5) H,0, 5 H,0 + %oz
(S6) Br W—au> %Br2

The mass rate of formation per unit surface area due to the surface
reaction @, is quantified by the surface destruction efficiency
¥r» where index k stands for the species k. A higher value of
7, indicates a faster destruction of radicals at the wall surface.

A more detailed modeling for surface reaction including the

determination of mass rate of formation per surface unit and
surface collision number of one species can be found in [27, 37].
A surface destruction efficiency of y = 1 - 1073 is suggested to all
surface reactions, because this choice has been shown to provide
reasonable predictions for all explosion limits of stoichiometric
hydrogen-oxygen mixtures, as illustrated in [27].

2.3 | Boundary Conditions

To ensure computational efficiency, the simulation domain is
defined from the reactor center to the wall surface. At the center
of the reaction vessel ( = 0), symmetry boundary conditions are
applied:

or
o

_ Jw;

=0, w =0. (5)

r(¥ =0,1)=0,

¥=0,t $=0.t

At the outer boundary condition (applied at the vessel surface
(¥ = %)), the temperature is assumed to be constant at T, and
the total mass flux of species i vanishes at the surface. Thus the
corresponding boundary conditions are formulated as:

rp=9,0=R, T@=90=T, pwV;+a&;=0, (6)

where R is the radius of the vessel. We notice that at the wall
surface, the temperature is set to a fixed value. This is because the
thermal transmittance of the solid wall is much higher than that
of the gas phase, allowing us to assume a negligible temperature
gradient within the solid wall. Furthermore, when a temperature
gradient exists in the gas near the wall surface, heat loss from
the gas to the wall is also taken into account. Later, we will
show through comparison with measurements that this choice of
temperature boundary condition is reasonable.

2.4 | Software: In-House INSFLA Code

In this study, numerical simulations are conducted using the
in-house code INSFLA [27]. The spatio-temporal evolution of
the underlying system of partial differential equations (PDEs) is
solved using the method of lines, with given initial and boundary
conditions. The integration time step is automatically adapted
based on error control. Additionally, an algorithm for automatic
adaptive mesh grid is employed to ensure that grid points are
sufficient in regions with high scalar gradients, while fewer
grid points are distributed in regions with small scalar gradi-
ents. This approach optimizes computational efficiency while
maintaining high accuracy. The INSFLA code has been widely
validated against experiment measurement for various combus-
tion scenarios such as three explosion limits for auto-ignition
process [27], laminar burning velocity for laminar premixed flame
[38], extinction strain rate for counterflow diffusion flames [39]
and others.

2.5 | Gas Mixture and Chemical Mechanism

The combustible mixture consists mainly of stoichiometric
hydrogen/oxygen (H,:0, = 2:1), with additional HBr doped into.
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TABLE 1 | Selected important chemical reaction steps in the H,/O,/HBr reaction, and their rate coefficients. The rate constants are expressed in

terms of a modified Arrhenius as k = AT"exp(—E, /(RT)). Units are kJ, cm, mole, s. Detailed sub-mechanism for H/O is from [27], and sub-mechanism

for Br/H/O is from [23].

Elementary reactions A n E, Ref.
(R1) H+0,=0H+0 2.00 x 10 0.00 70.3 [27]
(R8) H+0,+M = HO, + M* 2.30 x 1018 —0.80 0.00 [27]
(R9) HO, + H = OH + OH 1.50 x 10 0.00 4.20 [27]
(R14) HO, + HO, = H,0, + 0O, 2.50 x 101 0.00 —5.20 [27]
(R16) H,0, + H=H, + HO, 1.70 x 10" 0.00 15.70 [27]
(R20) H + Br+M = HBr + M® 1.90 x 10! -1.87 0.00 [23]
(R21) HBr+H<=H, + Br 1.30 x 10%° 1.05 0.682 [23]
(R24) HBr + HO, = Br + H,0, 4.20 x 10? 2.93 32.123 [23]
(R26) Br+ HO, = HBr + O, 8.60 x 10° 1.00 1.96 [23]
(R27) Br+Br+M = Br, + M¢ 1.50 x 10 0.00 —7.118 [23]
(R34) BrO + OH = Br + HO, 1.10 x 10%3 0.00 —2.081 [23]
aThird body efficiencies: H, =1.0, O, = 0.35, H,0 = 6.5.
bThird body efficiencies: HBr = 2.7, H,0 = 5.0.
cThird body efficiencies: H,0 = 5.4, Br, = 0.0.
The amount of added HBr is expressed by the HBr mole fraction 1000 v v
in the unburnt gas mixture as
=]
HB g 100}
X(HBr) = n(HEBr) ) £
n(H,) + n(0,) + n(HBr) = a
= a
Z
O I
where n; is the molar amount of component i in the mixture. £ 10 °\
¢
The corresponding chemical kinetics comprises two sub-
mechanisms. The H,/O, sub-mechanism is adopted from [27], | ‘ ‘ ‘
exhibiting high accuracy in predicting all explosion limits 750 800 850

compared to experimental measurements. The Br/H/O subset of
the reaction mechanism is sourced from [23]. In Table 1, several
important reaction steps necessary for the discussion are listed
with the corresponding rate constants.

It should be emphasized that experimental data for HBr-
containing H,/O, systems are limited to ppm-level HBr concen-
trations in [23]. As a result, the present chemical mechanism
cannot be fully validated across the entire parameter space stud-
ied here. The results based on this mechanism should therefore be
interpreted primarily as providing qualitative mechanistic insight
into bromine-driven inhibition, rather than as quantitatively
exact predictions. Additional experimental measurements at
higher HBr concentrations and over wider pressure ranges would
be highly valuable for further constraining and improving the
kinetic mechanism.

Additionally, it is noted that in [23], no information regarding
Br species is provided. Therefore, the Lennard-Jones parameters
and related transport coefficients for Br species used in the
present study was taken from Noto et al. [40].

Temperature (K)

FIGURE 1 | Computed and experimental explosion limits for stoi-
chiometric H,-O, mixtures. Symbols for measurements: black diamonds
from [41]; black circles from [25]; black squares from [24].

2.6 | Validation of the Mathematical Models

Before discussing the major topic of the present work, it is
necessary to validate both the mathematical model and the
applied chemical mechanism. In Figure 1, the computed explo-
sion limits for stoichiometric hydrogen-oxygen mixtures are
compared with measurements. For these measurements, the
black diamond symbols denote the first explosion limit in a
cylindrical reaction vessel with a diameter of 1.8 cm, taken from
[41]; the black square and circle symbols represent the second
and third explosion limits in a spherical reaction vessel with a
diameter of 7.4 cm, from [24, 25]. It should be emphasized that
this comparison for stoichiometric hydrogen-oxygen mixtures
has already been reported in [27]. Nevertheless, we present this
comparison again here to allow readers to clearly and directly
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FIGURE 2 | Comparison of explosion pressure between measure-
ments (circles) [23, 26] and predictions based on numerical simulation
(solid line) using the mechanism from Table 1(lines) on the second
explosion limit in a reactor at 773 K. The mixture consists of 28% H,, 14%
0, (H,:0, = 2:1), different HBr mole fraction. The rest is Nj.

12 T w w
O Experiment (Day et.al.)
10t present work

Laminar burning velocity (cm/s)

0 100 200 300 400

HBr mole fraction (ppm)

FIGURE 3 | Measured (symbols) and computed (solid line) laminar
burning velocity versus HBr in mole fraction (ppm). Measurements from
Day et al. [42]. Inlet gas composition was 18.8% H,, 4.6%0,, and 76.6%N,
by mole, with varying amounts of HBr. The temperature of unburnt gas
mixture is 336 K.

see that the mathematical model used in the present work is
feasible and reliable. As shown, the computed explosion limits
match the experimental results very well, indicating that the
applied boundary conditions and the chosen surface destruction
efficiencies y, = 1 - 1073 are reasonable and trustworthy. Further
discussion on the mathematical model can be found in [27].

Next, it is necessary to validate the chemical mechanism shown
in Table 1. To this end, two different validation cases have
been performed. The first validation case concerns the explosion
pressure at the second explosion limit in a reactor at 773 K, as
presented in Figure 2. The second validation case investigates the
laminar burning velocity, as shown in Figure 3. In both cases, the
numerical predictions show good agreement with the measure-
ments, confirming the reliability of the chemical kinetic model.
Such accurate numerical prediction indicates that the chemical
mechanism not only captures the overall reactivity of the system
but also adequately reflects the effects of HBr inhibition. The

1000 w ;
g 100} ]
g
=
=
% 0% HBr 0.5% HBr
;"d 104 \ |

1 1 1 1
750 800 850 900

Temperature (K)

FIGURE 4 | Calculated explosion limits for 2:1 hydrogen-oxygen
mixtures with different HBr addition.

validated mechanism can thus be further applied in subsequent
simulations and analyses under various operating conditions.

3 | Results and Discussion

In the following, numerical simulations are performed to investi-
gate the inhibitory effect of HBr on the stoichiometric hydrogen-
oxygen system. The reactor geometries are chosen to be consistent
with those used in the classical experimental studies reproduced
in [27]: for the first explosion limit, a closed cylindrical vessel with
a diameter of 1.8 cm is used [41], whereas a closed spherical vessel
with a diameter of 7.4 cm is used for the second and third explo-
sion limits [24, 25]. These specific geometries correspond directly
to the vessels in which the historical explosion-limit measure-
ments were performed, and they are the configurations for which
the present mathematical model together with its boundary
conditions and surface-reaction parameters (surface destruction
efficiency y, = 1 - 1073) has been validated, as shown in Figure 1.
Because domain size, geometry, diffusion length scales and wall
reactions strongly influence radical concentrations, adopting the
same domain sizes as the validated baseline H,/O, system ensures
that the underlying model remains quantitatively accurate for the
reference case. The use of different domain sizes is therefore not
arbitrary, but rather the choice to ensure consistency with the
established validation framework.

Figure 4 illustrates the calculated pressure and temperature for
the explosion limits in stoichiometric hydrogen-oxygen mixtures
with varying HBr mole fractions. It can be clearly observed that
HBr shows an inhibitory effect, suppressing the explosion for all
three explosion limits. It should be pointed out explicitly that
there is a discontinuity in the curves between the first and the
second explosion limits, which is only due to the use of different
vessel diameters.

In the following, the effect of HBr on each explosion limit will
be discussed separately. Sensitivity analysis and reaction pathway
analysis of a selected species will be used to better understand the
role of HBr. The sensitivity analysis is performed by increasing
the rate coefficient of all elementary reactions and their reverse
reactions by a factor of two. We focus on the sensitivity of the
explosion temperature with respect to the reaction rate. A positive
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FIGURE 5 | Calculated transient profiles for temperature and mass
fraction of H,O in an igniting stoichiometric hydrogen-oxygen mixture:
p =3mbar, T =860 K.

sensitivity value indicates that an increase in a specific reaction
rate suppresses the explosion, requiring a higher explosion tem-
perature to initiate the process. In contrast, a negative sensitivity
value indicates that the reaction promotes the explosion, leading
to a lower explosion temperature.

3.1 | Transient Explosion Process and Criteria for
Explosion

Before discussing the effect of HBr on various explosion limits,
it is instructing to provide typical examples of a simulation of an
igniting mixture for different explosion limits. Such a discussion
helps us to clearly understand how the auto-ignition process is
identified as a successful explosion.

Figure 5 shows typical profiles of temperature and mass fraction
of H,O for a successful auto-ignition at an initial temperature
of 860 K and an initial pressure of 3 mbar, which is located in
the first explosion limit. We observe in the temperature profile
that the temperature at the vessel center increases only slightly
after a certain induction time (around 0.1 s) from 860 K to
900 K. After the temperature increases over the whole reactor
vessel, heat transfer across the reactor vessel surface leads to a
decrease in temperature so that the temperature inside the reactor
vessel is uniform in space and equals the surface temperature

3000

re

1500 +

Tempera

\

e
N

Mass fraction HZO
o o
N BN

¥

O

2 3.169

0 .
r (cm) 3.168 Time (s)
FIGURE 6 | Calculated transient profiles for temperature and mass
fraction of H,O in an igniting stoichiometric hydrogen—oxygen mixture:
p =100 mbar, T = 793 K.

at the end. Despite a small temperature increase here, the
profile of H,O mass fraction shows that after the induction
time (around 0.1 s), H,O is produced rapidly. At around 0.2 s,
although the temperature is maximally 862 K inside the vessel,
the mass fraction of H,O reaches around 0.9, indicating nearly
complete reaction.

Figure 6 shows another typical profile of temperature and mass
fraction of H, O for a successful auto-ignition at an initial temper-
ature of 793 K and an initial pressure of 100 mbar, which is located
in the second explosion limit. We observe in the temperature
profile that after a certain induction period (around 3.168 s in this
figure), there is an extreme sharp temperature increase of approx-
imately 3000 K at the vessel center within only a few milliseconds
(around 2 ms in this figure). After ignition occurs throughout the
entire reactor vessel (here after 3.17 s), heat transfer across the
reactor vessel surface causes the temperature to decrease until it
becomes spatially uniform and equal to the surface temperature
(not shown in the Figure). Similarly, after the induction time,
there is a rapid increase in H,O mass fraction, starting in the
vessel center first where high temperature is observed. At the end
of ignition, the H,O concentration approaches to the equilibrium
concentration. It should be mentioned here that similar time-
and spatial-dependent profiles of temperature and H,O mass
fraction can be observed for the third explosion limit, which is
not shown here.
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FIGURE 7 | Calculated transient profiles for temperature and mass

fraction of H,O in a failed-igniting stoichiometric hydrogen-oxygen
mixture: p =100 mbar, T = 792 K.

To better illustrate that an explosion is characterized by a sharp
rise in temperature or in the mass fraction of H,O whereas in
a non-exploding case the system remains essentially unchanged,
Figure 7 shows a representative example of a non-igniting condi-
tion. Here, compared with the igniting case in Figure 6, the initial
temperature is reduced by only 1 K. Despite this small change, the
system indicates fundamentally different behavior: the maximum
temperature increase over 100 s is less than 0.04 K, and the
H,0 mass fraction remains below 1073, indicating negligible
reaction progress. Thus, ignition can be easily identified by
examining whether a sharp increase occurs in either temperature
or H,O concentration. This clear qualitative difference enables
the explosion limits to be determined without relying on any
threshold-based ignition criterion, such as those used in [28-30].

To summarize, the identification of the first explosion limit
requires a rapid increase in the main product (in this case, H,0).
To identify the second and third explosion limits, a rapid increase
in temperature is considered as an indicator.

3.2 | First Explosion Limit

Figure 4 shows that for the first explosion limit, the addition
of more HBr to the hydrogen-oxygen mixture requires a higher
temperature for the onset of explosion. This indicates the inhi-
bition effect of HBr on the explosion behavior. In order to find

I 0% HBr M 0.5% HBr 3% HBr

H— 05 H2 (wall)
0—05 O2 (wall)

Br+ HO2 — HBr + O2

02+H+M%H02+M

02+H—>OH+O

-0.1 -0.05 0 0.05 0.1
Relative sensitivity of explosion temperature

FIGURE 8 | Relative sensitivity explosion temperature at first explo-

sion limit for different HBr addition in a stoichiometric H,-O, mixture

at p = 5mbar and the time point of the maximum temperature increase
dr

(max (— )).

dt

out the dominant elementary reactions contributing to the first
explosion limit, a sensitivity analysis for different HBr addition is
performed and represented in Figure 8 at p = 5mbar, showing the
most sensitive elementary reactions. The elementary reactions,
which are not shown in the figure, have then minor or almost
no effect on the second explosion limit. It is observed that even
with the presence of HBr, the most sensitive reactions are still
mainly related to the consumption of H radicals based on the
chain branching reaction (R1) and chain termination reaction
(83)

(R) H+0,—> OH+O

all ]
(S3) H$>EH2

Addition of HBr leads to another chain termination through
reaction (R26) Br+HO, — HBr+0O, in Figure 8, which on the
other hand still has small sensitivity value. It is interesting
to note that the inclusion of surface reactions involving the
destruction of atomic Br (e.g., surface reaction S6) has almost
no observable impact on this explosion limit, and thus no
sensitive behavior. This can be attributed to the relatively low
concentration of atomic Br generated from the added HBr, which
remains significantly lower than that of highly reactive radicals
such as H radicals. Even with an HBr concentration as high as 3%,
the amount of atomic Br is insufficient to contribute meaningfully
to radical loss at the reactor wall surface. As a result, the overall
influence of atomic Br destruction at the wall surface becomes
negligibly small.

In order to support the sensitivity analysis and understand the
suppression effect of HBr on the explosion temperature, Figure 9
shows the main consumption of H radicals for the non-explosion
case (left) and the explosion case (right) at p =5 mbar. For the
explosion case, 0.5% HBr addition (percentage in []) and 3% HBr
addition (percentage in ()) at explosion limits are considered. Two
major observations can be addressed here:

* For the non-explosion case, a large amount of H radicals is
consumed at the wall surface to form stable H,. On the other
hand, for the explosion case, the H radicals are only consumed
in a small amount at the wall surface. The majority of H
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+ wall
(-2.2%)
[-4.2%]

+ HBr

OH+O Br+H,

(-9.2%)
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Explosion
=820 K, 3% HBr

Non-explosion ()T
[]: T=802 K, 0.5% HBr

(): T=819 K, 3% HBr

FIGURE 9 | Main consumption of H radical for non-explosion case
(left) and explosion case with two different HBr addition (right). All cases
at p = 5 mbar and the time point of the maximum temperature increase

(max (d—T>).

dt

Explosion temperature (K)

L p =100 mbar
(second explosion limit)
780 . . . . .
0 1 2 3 4 5 6

HBr mole fraction (%)

FIGURE 10 | Explosion temperature versus HBr mole fraction at p
=100 mbar, which is at second explosion limit.

radicals is consumed through the chain branching reaction
(R1) H+0O, — OH+O, leading to mixture explosion.

* However, in the presence of HBr, a portion of the H radicals
will be consumed through the reaction step

(R21) HBr+H — Br+ H,.

It should be explicitly emphasized that although atomic Br is
also a highly reactive species, it is less reactive than H radicals.
Therefore (R21) is a chain propagation reaction that is in effect
terminating, which serves to slow down the growth of radical-
pool population. This explains the inhibitory effect of HBr at
the first explosion limit, where the addition of HBr leads to a
higher required explosion temperature.

3.3 | Second Explosion Limit

In this part, we focus to the second explosion limit. Figure 4 shows
that also for the second explosion limit, HBr acts as an inhibitor
for the H,/0O, system, as a higher temperature is required to initi-
ate an explosion. Figure 10 illustrates the relationship between
the explosion temperature and the HBr mole fraction. In this
figure, we have selected 100 mbar as a representative candidate
for the second explosion limit. We can clearly observe that as the
HBr mole fraction increases, the explosion temperature rises in
a monotonic manner. In the following, we will further study the
second explosion limit in detail.

I 0% HBr [ 0.5% HBr 3% HBr
Br+Br+MaBr2+M

Br+H02—>HBr+O2
H202+H~>H2+H02
H02+HO2 ~>H202+02
HO,+H—H,0+0
H02+HaH2+O2

H02+HHOH+OH

02+H+M—>H02+M
02+H~>OH+O

-0.06  -0.04 -0.02 0 0.02 0.04 0.06
Relative sensitivity of explosion temperature

FIGURE 11 | Relative sensitivity explosion temperature at second
explosion limit for different HBr addition in a stoichiometric H,-O,
mixture at p = 100mbar and the time point of the maximum temperature
increase (max (i—f )).

Figure 11 shows the most sensitive elementary reactions to
the second explosion temperature at p = 100mbar. Consistent
with explanations found in literature [24, 33, 34, 43] for the
H,/O, explosion system, regardless of the HBr addition the
second explosion limit is primarily influenced by the competi-
tion between the chain branching reaction (R1) and the chain
termination reaction (RS)

(R) H+0,— OH+O

(R8) H+0,+M— HO,+M

Several elementary reactions involving HO,, such as (R14) HO, +
HO, — H,0, + O, and (R16) H,0, + H — H, + HO,, which are
sensitive in the H,/O, mixture, become noticeably less important
with the addition of HBr. In the presence of HBr, the HO, radical
participates in a chain termination reaction

(R26) Br+HO, > HBr+0,,

which shows the third most sensitive elementary reactions.
Furthermore, Br+Br+M — Br,+M (R27) serves as another chain
termination step, but with small sensitivity values.

The inhibitory effect of HBr on the second explosion limit can
be further understood by investigating the reaction pathway
analysis. From the sensitivity analysis (c.f. Figure 11), it can be
concluded that the consumption of H radical and atomic Br plays
a significant role in the second explosion limit. Therefore, in
Figure 12, the main sources of consumption for H radical and
atomic Br are shown.

Starting with the non-explosion case, the following two major
observation must be mentioned:

* With the presence of HBr, H radicals are predominantly
consumed through the chain termination three-body reaction
(R8) H+0,+M — HO,+M, producing the mildly reactive
hydroperoxyl radicals (HO,) and preventing explosion. It is
interesting to note that the second major consumption of H
radicals is the chain propagating step (R21) HBr+H — Br+H,
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HO, + M

Br+H, OH+0O

Explosion
Non-explosion (): T=853 K, 3% HBr
(): T=852 K, 3% HBr []: T=834 K, 0.5% HBr

(a) Consumption of H radical

HBr+M HBr+M

Explosion
(): T=853 K, 3% HBr
[]: T=834K, 0.5% HBr

(b) Consumption of atomic Br

Non-explosion
(): T=852 K, 3% HBr

FIGURE 12 | Main consumption of H radical (upper) and atomic Br
(lower) for non-explosion case (left) and explosion case with two different
HBr addition (right). All cases at p = 100 mbar and the time point of the
maximum temperature increase (max (Z—f )).

with the presence of HBr
+H

FIGURE 13 | Reaction pathway for the illustration of HBr inhibition
effect at the second explosion limit.

which is in effect terminating which produces a large amount
of atomic Br.

* Although alarge amount of atomic Br is produced, it is mainly
consumed via another two chain termination steps (R20) and
(R26). The third-body reaction H+Br+M — HBr+M (R20)
consumes directly active H radicals. The reaction (R26)
Br+HO, — HBr+0, involves the participant of HO,, which is
produced via another chain termination reaction (R8). There-
fore, although atomic Br is produced, it will be consumed
again to produce stable HBr and O, molecules.

We now focus on cases where the explosion is successful.
To explain the phenomenon where increasing HBr suppresses
H,/0, explosion at second explosion limit, we will analyze main
consumption of H radical and atomic Br in Figure 12 (right
column), together with Figure 13. Here Figure 13 represents the
simplified reaction pathway for the illustration of HBr inhibition
effect at the second explosion limit derived from the observation
shown in Figure 12 (right column). It can be observed that

860

850

840

Explosion temperature (K)

830
p = 600 mbar
4 (third explosion limit)
820 : : : ‘ :
0 1 2 3 4 5 6

HBr mole fraction (%)

FIGURE 14 | Explosion temperature versus HBr mole fraction at p =
600 mbar, which is both at third explosion limit.

regardless of whether HBr is present or not, the radicals increase
at an exponential rate, mostly via the chain branching step (R1)
H+0, — O+0H, whose rate is far faster than other reactions
such as chain termination reaction (R8) H+0,+M — HO,+M
and chain propagating reaction which is in effect terminating
(R21) HBr+H — Br+H,. With the presence of HBr, some amount
of H radicals will react with HBr, producing the less reactive
atomic Br via (R21) HBr+H — Br+H,, which is then consumed
again to produce HBr. Throughout this process, the presence of
HBr slows down the production rate of reactive radicals, thereby
achieving the inhibitory effect.

3.4 | Third Explosion Limit

In this last section, we will discuss the third explosion limit.
Figure 14 presents the curve of explosion temperature as a
function of HBr mole fraction in H,/O, mixture. Here, 600 mbar
is chosen as a representative example. Similar to the other two
explosion limits, in the third explosion limit, an increase in
HBr concentration suppresses the hydrogen-oxygen explosion.
As a result, achieving an explosion requires a higher explosion
temperature. Same as the other two explosion limits, with the
presence of HBr, the reaction step (R21) HBr+H — Br+H, serves
to inhibit reaction, slowing down the production rate of H radicals
and thereby achieving the inhibitory effect. However, as will
be shown below, the effect of HBr at the third explosion limit
differs from that at other explosion limits, and the key controlling
reactions are worth investigating.

In order to investigate the effect of HBr at the third explosion
limit, sensitivity analysis is performed to find out the most
sensitive reactions, as shown in Figure 15 at p = 600 mbar as
representative example. When we compare with the sensitivity
of the second explosion limit (c.f. Figure 11), we find that more
chemical reactions involving HO, become more sensitive, turning
into a more crucial reaction step in the process. Among them are
for example, (R24) HBr+HO, — Br+H,0, and (R34) BrO+OH —
Br+HO,. Additionally, we observe that the destruction of HO,
radicals at the wall surface becomes noticeable for pure H,-O,
system, but its sensitivity values remain small in the presence
of HBr. Therefore, the discussion on the sensitivity analysis
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FIGURE 15 | Relative sensitivity explosion temperature at third
explosion limit for different HBr addition in a stoichiometric H,-O,

mixture at p = 600 mbar and the time point of the maximum temperature
. dar
increase (max ( - )).

loH+oH| |H0,+H|
+H +H,
+0,+M
2 :I HO, (wall) destruction

+0, + Br
- HBr

5o on
| Br + H,0,

with the presence of HBr

FIGURE 16 | Reaction pathway for the illustration of HBr inhibition
effect at the third explosion limit.

will be conducted together with Figure 16, allowing us to
better understand how key reaction steps influence the third
explosion limit.

It is straightforward that the chain termination step (R8)
H+0,+M — HO,+M is still important at the high pressure. For
pure hydrogen-oxygen mixtures, the sensitivity of this reaction
is still positive but greatly reduced compared to the second
explosion limit. According to the reaction pathway shown
in Figure 16, under these relatively high-pressure conditions,
the HO, generated through the chain termination step (R8)
will be further consumed through the chain branching step
(R9) HO,+H — OH+OH. Additionally, HO, also opens up the
H,0, chain sequence through the chain propagation step (R16)
HO,+H, — H,0,+H. Although the production of HO, would
benefit other chain-branching steps that promote ignition at high
pressures, the termination of the HO, radical at the wall surface
suppresses its production and thus serves to slow down the
reaction. Therefore, the sensitivity value of the wall destruction
reaction of HO, is positive. These results are consistent with the
conclusions reported in for example, [33, 35, 44].

It is noteworthy that, in the presence of HBr, the sensitivity of
the chain termination step (R8) becomes negative, which implies
that this reaction (R8) would actually promote an explosion. By
integrating sensitivity analysis from Figure 15 with the reaction
pathway from Figure 16, we can observe that with the presence
of HBr, the consumption of HO, follows some new reaction
channels:

* One reaction pathway is (R24) HO,+HBr — H,0,+Br. Since
Br is highly reactive compared to HO,, this serves as a
chain-propagating step, effectively promoting the reaction.
Furthermore, this step also benefits the production of H,0,,
which initiates its chain sequence for further chain propaga-
tion and chain branching steps [35, 44]. Therefore, (R24) also
has a positive sensitivity value. However, the production of
atomic Br due to HO, via (R24) is slower than the production
of H radical due to HO, via (R16) HO,+H, — H,0,+H. Thus,
the presence of HBr slows down this chain propagating step
which effectively promotes the reaction, and thus serves as
inhibitory effect.

* The other reaction pathway involves the consumption of
HO, through its reaction with atomic Br. The step (R26)
HO,+Br — O,+HBr is a chain-termination step, which there-
fore has a positive sensitivity value. In contrast, the step
(R34) HO,+Br — BrO+OH is a chain propagating step which
is in effect promoting, since the OH radical is much more
chemically reactive than atomic Br. This also explains why
(R34) has a negative sensitivity value. Reaction pathway
analysis shows that (R34) consumes more HO, through its
reaction with Br than (R24). Therefore, overall, the reaction
steps involving HO,+Br promote the explosion. However,
these reaction steps are still slower than the reaction step
(R9) HO,+H — OH+OH. Therefore, the presence of atomic
Br continues to show an inhibitory effect.

It is interesting to observe that the wall destruction of HO, almost
loses its significance in the presence of HBr. This is mainly
because more HO, radicals participate in gas-phase reactions
with Br-containing species, reducing the number of HO, radicals
that can diffuse towards the wall surface and are destroyed there.
As a result, the influence of surface reactions involving HO,
reduces at third explosion limit. This shift shows the competitive
nature between gas-phase reactions and HO, surface reaction in
determining HO, radical concentrations under the influence of
HBr added into the hydrogen-oxygen mixture.

To summarize, in the presence of HBr, the produced HO,
can further participate in additional chain-propagating steps,
effectively promoting the reaction. Consequently, the overall
sensitivity of (R8) becomes negative, indicating its promoting
effect on the explosion.

3.5 | Practical Impact

From a practical perspective, the present results provide mech-
anistic guidance for understanding and modeling explosion
suppression in hydrogen systems. The present work shows that
explosion limits are controlled by different dominant reactions
at different pressure regimes, and that inhibitors such as HBr
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interact with these regimes in different manners. This insight
is particularly relevant for safety-oriented modeling of hydrogen
storage, handling, and processing systems, where explosion lim-
its, rather than steady flames, are often the governing concern.
Moreover, the limit-specific reaction pathways identified here
may serve as a useful reference for the development or assessment
of alternative bromine-containing or halogen-based inhibitors in
future studies.

4 | Conclusion

The auto-ignition process of stoichiometric hydrogen-oxygen
gas mixtures has been modeled in a spherical closed vessel.
HBr, in concentrations ranging from 0% to 3%, is added into
the mixture as an inhibitor to suppress explosions in the
hydrogen-oxygen reaction system. Using detailed numerical sim-
ulations that include differential diffusion, thermal diffusion
and additional modeling of surface reactions, the corresponding
pressure-temperature explosion limits have been determined.
Reaction pathway analysis shows that in general the chain-
propagating step HBr+H — Br+H, plays the most important role
in consuming H radicals and slowing down the overall chemical
reaction, effectively acting as a termination step. This explains
the inhibitory effect of HBr in the hydrogen-oxygen reaction
system. Importantly, the present work provides, for the first time,
a unified analysis of how HBr modifies all three explosion limits
and shows that HBr inhibition does not follow one universal
mechanism. Instead, each explosion limit is governed by a
different controlling reaction set, representing a new contribution
beyond previous studies, which focused primarily on laminar
flame inhibition or global suppression trends. More precisely, the
three explosion limits are governed by different key reactions as
follows:

* For the first explosion limit, even with the presence of HBr,
the most important reactions are related to the consumption
of H radicals by the chain branching reaction H+O, — OH+O

and the chain termination reaction H ﬂ iHZ. Although the
modeling of surface reactions involving reactive atomic Br is
included, these surface reactions have almost no impact on
the first explosion limit.

* For the second explosion limit, the most important reac-
tions involve the competition between the chain branch-
ing step H+0O, - OH+O and the chain termination step
H+0,+M — HO,+M. In the presence of HBr, the produced
atomic Br is further consumed to form stable HBr molecules
through two chain termination steps: Br+HO, — HBr+0O,
and Br+H+M — HBr+M. Therefore, the presence of HBr
slows down the production rate of H radicals, thereby
achieving the inhibitory effect.

» Ateven higher pressure at the third explosion limit, although
the reaction H+0,+M — HO,+M still serves as a chain
termination step, the produced HO, opens new reaction chan-
nels involving chain propagating steps such as HO,+HBr —
H,0,+Br and HO,+Br — BrO+OH. These reactions produce
more reactive radicals than those on the reactant side; thus,
while they are chain propagating steps, they have overall
a promoting effect. Therefore, in the presence of HBr, the

chain termination step H+O,+M — HO,+M has a negative
sensitivity value of the explosion temperature with respect
to its reaction rate, indicating its promoting effect on the

explosion. The wall surface reaction HO, ﬁu) §H20+302 is
important in the H,-O, system but shows reduced sensitivity
in the presence of HBr, as more HO, radicals participate in
gas-phase reactions with Br-containing species.

The present study provides physical and chemical understanding
on the inhibitory effect of HBr on explosion limits of stoichiomet-
ric hydrogen-oxygen mixture, offering practical insights into fire
safety and explosion prevention in hydrogen-based industries.
Finally, different hydrogen/oxygen chemical kinetics have been
extensively discussed and compared in the literature, particularly
with respect to ignition delay times and laminar flame speeds
[45]. In contrast, the influence of different hydrogen/oxygen
mechanisms on explosion limits has received less attention, and
a systematic investigation of mechanism-dependent explosion-
limit behavior is currently under preparation. Furthermore,
because of the limited experimental data available for HBr-
containing mixtures, the present model cannot be fully validated
over the whole range of pressures and HBr concentrations
examined. Therefore, the results should be viewed as providing
qualitative mechanistic understanding. It is expected that future
experimental studies will enable more comprehensive validation
and refinement of the Br/H/O kinetic subset, thereby improving
the predictive capability for inhibition phenomena involving
bromine-containing species.”
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