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This paper investigates the effect of the flame retardant hydrogen bromide (HBr) on premixed hydrogen/air
flames undergoing head-on quenching at an inert cold wall. Numerical simulations with full spatio-temporal
resolution and detailed treatment of chemical reactions and molecular transport are employed to study this
configuration. The simulations reveal how the addition of HBr affects the species profiles and the heat
release rate in the flame, particularly at the quenching time, defined as the point of maximum heat loss
to the wall. It is found that the accumulation of HO, and H,0, at the wall, which is significant for pure
hydrogen/oxygen flames, becomes much weaker in the presence of HBr. Instead, with HBr the near-wall
accumulation of Br and Br, becomes more pronounced. Further investigation shows that the recombination
reaction Br+Br+M — Br, + M is the dominant exothermic reaction contributing to the heat release rate
at the wall. Moreover, heat losses from the flame to the wall have been compared for different fuels. For
stoichiometric H, air, the wall heat loss (and therefore the thermal stress exerted onto the wall by the flame)
is around two times higher than that for a conventional fuel like, e.g. methane. However, when 2% HBr are
added to the combusting mixture, the heat loss is similar to methane. HBr addition can therefore efficiently
reduce the thermal load for walls exposed to hydrogen combustion down to the levels of the conventional fuel
CH,.

1. Introduction in turbines, flow patterns and cycle timing schemes in piston-based

engines [8,9]. Availability of means for “tuning” the flame speed of hy-

Hydrogen receives increasing attention for its potential role as
a zero-carbon fuel in energy systems. A drawback in technological
applications, however, is that hydrogen is highly flammable and ex-
plosive [1-3]. Means are desired to limit the high reactivity of hy-
drogen/air mixtures. This can be desirable for several reasons. From
the aspect of explosion and fire safety, hydrogen can form flammable
mixtures with air over a wide range of H,/air ratios [1,2]. This flamma-
bility range is huge compared to that of most other fuels [4]. Therefore,
hydrogen leaking from a pipe or a tank is a much more serious
safety issue than a leaking conventional fuel [5,6]. Likewise, flames
in hydrogen/air mixtures have a large propensity to transit to deto-
nation, thus exacerbating the hazard potential of this fuel [7]. From
the aspect of gas-phase combustion properties, a smooth transition
from conventional fuels to carbon-free hydrogen strongly depends on
the possibility of using existing (conventional fuel-based) combustion
devices also with hydrogen fuel. The much higher flame speed of hy-
drogen compared to conventional fuels strongly changes the operation
characteristics of combustion devices, like the required gas flow speed

drogen to match conventional fuels can render the fuel transition more
seamless. From the aspect of flame/wall interaction, the properties of
hydrogen flames allow hydrogen flames to sustain the heat release
even when the flame is close to a solid surface [10], like the cylinder
wall in an internal combustion engine or the surface of gas turbine
blades [11,12]. This makes the thermal stress and high-temperature
oxidation (corrosion) experienced by materials that get exposed to
hydrogen flames much larger than the one experienced with other fuels
(in particular, the “conventional” hydrocarbon fuels) [9,12]. This can
impede re-fitting conventional (fossil fuel-based) combustion chamber
hardware for operation with hydrogen, as special materials may be re-
quired to meet the stringent requirements of hydrogen combustion [9].
Means that allow to run conventional hardware with hydrogen are
desired, and a reduction of hydrogen’s reactivity to typical hydrocarbon
fuel levels can aid this process.

Various studies have examined if and how addition of chemical
substances to hydrogen/air mixtures can achieve the desired reduction
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of reactivity. Among the considered measures are adding diluents
(e.g. Np) [13,14], and also adding chemical inhibitors like H,O and
CO, [15,16], trifluoroiodomethane (CF;I) [17], hydrofluorocarbons
(e.g. CHF; and C,HFs) [18], bromine species (e.g. HBr and Br,) [19-
21], and aqueous solution [22]. Commonly used inhibitors include
halogenated compounds, such as halons, which release halogen atoms
that react with key radicals (H, O, and OH) in the flame, thereby
interrupting the chain reactions essential for combustion. A review on
suppression effects of various inhibitors (up to eighty compounds) on
hydrogen-air flames can be found in e.g. [3,23,24].

Most studies concerning the effect of inhibitors on hydrogen/air
systems primarily concentrate on the suppression effect on laminar
premixed flames, specifically in terms of laminar burning velocity and
explosion limits [17,18,20]. These studies provide valuable insights
into the fundamental combustion characteristics and the effectiveness
of various inhibitors in controlling flame propagation and stability.
However, there are fewer investigations reporting the inhibitor effect
on hydrogen/air systems interacting with walls and the consequent
quenching processes. Flame-wall interactions (FWI) are of great in-
terest in designing and developing new engineering applications. As
is well-known, flames can be quenched by solid surfaces in a range
of practically relevant combustion systems [25,26]. This quenching
process is critical in understanding how inhibitors perform in real-
world scenarios where flames often encounter physical boundaries.
The interaction of flames with walls can significantly affect the flame
structure, species profiles and the overall efficacy of flame inhibitors.
Investigation of wall quenching can typically be divided into three
different groups [27]: (i) the head-on quenching (HoQ) process, where
flame propagation is perpendicular to the cold wall, (ii) side-wall
quenching (SWQ), where the flame propagates parallel to the cold wall,
and (iii) tube quenching, where the flame quenches inside a tube as
it propagates. Various studies have shown that the flame-wall geom-
etry plays a significant role in the quenching process, with intensive
investigations conducted in, e.g., [28,29]. For HoQ, the configuration
can be simplified to a one-dimensional flame geometry, enabling the
study of parameters such as reaction mechanisms and mixture compo-
sitions with lower computational costs [30]. In contrast, SWQ or tube
quenching requires a two-dimensional or three-dimensional numerical
approach, which necessitates considering multidimensional diffusion
transport [31] and boundary layer effects [29].

The present work investigates the head-on quenching (HoQ) pro-
cess, describing flame-wall interaction in a one-dimensional geometry.
Although the more complex multidimensional diffusion effects and
other phenomena present in two- or three-dimensional geometries are
not included in the one-dimensional HoQ process, this simplification
allows for a computationally efficient approach. Consequently, param-
eter studies can be conducted at a lower computational cost while still
providing valuable insights into the fundamental mechanisms of flame
quenching. The impact of HBr as an inhibitor on the quenching process
is studied in detail, focusing on the species profiles and heat release
rate profiles. The phenomena are discussed in comparison with the
quenching process of hydrogen/air flames without HBr doping.

2. Modeling for head-on quenching at an isothermal wall

In the present work, we simulate the processes during head-on
quenching of a one-dimensional premixed hydrogen/air flame doped
with HBr. Although the one-dimensional geometry is relatively simple,
it proves to be a highly effective tool for investigating flame-wall
interactions. This approach enables numerical simulations by using
detailed transport models and comprehensive chemical kinetics. The
use of the one-dimensional geometry is well-documented in the lit-
erature, where it has been extensively employed to study the head-
on quenching process in one-dimensional geometry [27,32,33]. These
studies demonstrate its capability to provide valuable insights into
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Table 1
Boundary conditions for the numerical simulation.

Left boundary (x = 0%)

Right boundary (x = Q)

Temperature: T=Ty=T, T
Species mass flux pw;V; =0 )
Species mass fraction -) % =0
Pressure p=1 bar p=1 bar

flame quenching dynamics, offering a robust framework for analyz-
ing complex interactions in combustion systems while maintaining
computational efficiency.

Fig. 1 exemplifies the process by showing qualitative spatio-
temporal profiles of temperature: The first stage (left figure) represents
flame propagation towards an isothermal and non-reacting wall (lo-
cated at x = 0 m) with a constant speed equal to the laminar burning
velocity; The second stage (right figure) begins when the flame feels
the presence of the wall due to heat loss. If the heat loss becomes
sufficiently large, flame quenching occurs.

The amount of doped retardant HBr is expressed by the mole
fraction X(HBr) of HBr in the unreacted mixture:

n(HBr)

X = e n(AIn) + n(HBD) M

where n; is the molar amount of component i in the mixture (i =
1,...,ng, with n, the total number of species).

Table 1 gives the relevant boundary conditions applied in our
numerical simulation. The combustion system is isobaric at p = 1
bar. The species mass flux j; = pw;V; vanishes at the surface (x =
0%), where V; is the diffusion velocity. It should be emphasized that,
in the present work, the wall surface temperature is assumed to be
isothermal and remains unchanged throughout the analysis. However,
as investigated in [34], the choice of wall materials and the application
of thermal-barrier coatings can affect the quenching distance. Such
findings open up potential further investigation, particularly for the
considered combustion systems.

The initial condition for the flame is given by spatial profiles of a
freely propagating flame in the gas phase, far away from the wall.

The employed chemical mechanism for H,/air coupled with inhi-
bition mechanism involving HBr consists of two sub-mechanisms: (i)
a H,/air mechanism from the Maas and Warnatz [35]; (ii) a Br/H/O
sub-mechanism from the one developed by Dixon-Lewis et al. [20]. The
mechanism consists of 15 species, which participate in 49 reversible
elementary reactions.

The numerical simulation is performed by the in-house code INS-
FLA [35]. This code solves the unsteady conservation equations for
energy, species and momentum in reacting flows in one spatial dimen-
sion with detailed chemistry and detailed transport model including
differential diffusion and thermal diffusion (Soret effect) [36]. The
numerical solution method features a self-adapting spatial grid sys-
tem and time stepping with error control. The INSFLA code has
been extensively validated against experiments for various fundamental
combustion properties, including ignition delay time [37], explosion
limit [35], laminar flame speed [38], extinction strain rate [39], and
minimum ignition energy [40]. For the considered HoQ process studied
in the present work, INSFLA has also been validated against experi-
mental measurements by comparing species concentrations with and
without considering wall surface reactions [41,42].

Fig. 2 compares simulated and measured values of the laminar
burning velocity (LBV) in dependence of X(HBr). As observed in prior
studies [20], HBr addition decelerates LBV. This phenomenon is at-
tributed to the interaction of bromide Br with the radicals H and HO,,
as studied by sensitivity analysis in [20]. In presence of Br, these
species undergo chain termination reactions, yielding stable Br, and
HBr molecules:

H+Br+M=HBr+M
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Fig. 1. Schematic illustration of Head-on Quenching (HoQ) process in the present work.
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Fig. 2. Measured and computed laminar burning velocity versus HBr in mole fraction
(ppm). Experiment measurement from Day et al. [43], simulation from Lewis et al. [20].
Inlet gas composition was 18.8% H,, 4.6%0, and 76.6%N, by mole, with varying
amounts of HBr.

Br+ Br+ M= Br, + M
Br + HO, = HBr + O,

This removal of radicals retards further progress of chemical reaction
in the flame’s reaction zone, and thereby reduces the laminar burning
velocity.

3. Results and discussion

In the following, the transient head-on quenching process of pre-
mixed stoichiometric hydrogen/air added with HBr at p = 1 bar will be
discussed. The computational domain is 5 cm, and the flame front of
the unstrained freely propagating flame is located at around 4 cm. This
positioning ensures that the flame is far from the cold wall, meaning
there is no initial effect of the cold wall on the premixed flame.

The range 0 < X(HBr) < 6% of HBr doping is considered in this
work, which is consistent with the range in [20]. As shown in this
work, the addition of 6% HBr to a hydrogen/air mixture significantly
reduces the laminar flame speed by approximately 80% compared to
that of a hydrogen/air mixture without HBr. Moreover, this addition
results in a laminar flame speed similar to that of a methane/air
premixed flame. Thus, adding 6% HBr to a hydrogen/air mixture results
in a strong inhibition effect in terms of laminar flame speed, enhanc-
ing process safety. Consequently, this concentration range is worth
investigating to examine the corresponding inhibition effect during the
quenching process.

The transient species profiles and heat release rate profiles will be
studied in detail. Specifically, we will analyze how the addition of
HBr influences the formation and quenching of key species such as
HO,, H,0, (which are important for the hydrogen/oxygen premixed

2500
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2
(=]
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Fig. 3. Transient temperature profiles for stoichiometric H,/air premixed flame with
4% mole fraction HBr addition. Different lines represent various time points with
1<ty <ty <ty=t, <t5 <l

flame interacted with wall [10]) as well as the overall heat release
rate. Additionally, the accumulation behavior of Br and Br, at the wall
will be examined, highlighting the distinct mechanisms governing their
concentrations during the quenching process.

3.1. Temperature profile analysis

To initiate the discussion, Fig. 3 presents typical transient profiles of
temperature for a stoichiometric H,/air premixed flame with 4% mole
fraction HBr addition. The isothermal non-reacting wall with T,, = 373
K is positioned at x = 0, and the flame propagates freely from ¢, until #5.
As the flame approaches the wall more closely, the temperature gradi-
ent at the wall rises rapidly. At the time where the heat loss at the wall
reaches its maximum (1, = 1,), the flame is quenched. Afterwards, the
temperature tends to the cold wall temperature until the temperature
is spatially homogeneous throughout the entire domain.

Fig. 4 (left) further shows the spatial temperature profiles for flames
with different HBr additions at quenching times, where the heat loss
at the wall reaches its maximum. It is observed that the temperature
gradients at the wall decrease monotonically with increasing HBr ad-
ditions. Consequently, the heat loss at the wall at the quenching time
is reduced by approximately 80% with the addition of just 6% HBr to
the mixtures, which can be observed in Fig. 4 (right).

It should also be mentioned at this point that for the same configu-
ration, the laminar premixed methane/air flame results in heat loss at
the wall with a maximum of 0.75 MW/m? [42]. Such amount of heat
loss can also be achieved for hydrogen/air system doping with only 2%.
If 6% HBr is added into the system, the heat loss at the wall is around
0.2 MW/m?, which is lower than the heat loss caused by the premixed
iso-octane/air flame with a maximum of 0.3 MW/m? [44].
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Fig. 4. Left: spatial temperature profiles for flame with different HBr additions at quenching times. Right: dependence of max. heat loss at the wall against HBr addition in the

gas mixture.
3.2. Species profile analysis

3.2.1. H, O, OH, HO, and H,0,

As Dabireau et al. [10] reports in detail, for a premixed H,/0,
flame interacting with an inert wall, the profiles of the radicals H, O
and OH across the flame front remain almost unchanged relative to a
freely propagating flame until quenching sets in. The low temperature
levels at cold walls prevent chain branching reactions of these radicals.
However, HO, and H,0, get accumulated at the wall surface since
they are produced at the low temperatures near the wall by several
recombination reactions. Such reactions are

H+0,+M — HO, +M
and HO, + HO, — H,0, +0,

This is also seen in Fig. 5, which shows mole fraction-vs.-
temperature profiles of H, HO, and H,0, (right) for H,/air flames
without HBr addition (X(HBr) = 0, upper row) and with 4% HBr
addition (X(HBr) = 4%, lower row). Showing the profiles vs. tem-
perature (rather than vs. the distance from the wall) more clearly
highlights some important features. Each row compares steady, freely
propagating H2/air flames (blue profiles) with head-on quenching
flames (red). These results for pure H,/air flames are consistent with
those of Dabireau et al. [10], showing that HO, and H,0, accumulate at
the cold wall surface (373 K), leading to relatively high mole fractions
compared to those in freely propagating flames.

This phenomenon is not observed in flames with HBr addition.
Comparison of the upper and lower row in Fig. 5 shows that mole
fractions of HO, and H,0, for the case X(HBr) = 4% are one to two
orders of magnitude below those for the case X (HBr) = 0. As discussed
in [20], the presence of HBr enables the chain termination step

Br + HO, — HBr + O,

which reduces the flame speed, and significantly consumes HO,. The
reduction of HO, levels leads to a reduction of H,0, levels. Therefore,
in HBr doped flames, HO, and H,0, cannot significantly accumulate at
the wall, in contrast to pure hydrogen flames, with a wall, as pointed
out in [10].

Investigating the formation rate of HO, and H,0O, at the wall at the
quenching time, it is shown that the major HO,-consuming reaction is
the chain termination step

Br+HO, - HBr+0, .

which keeps HO, at the wall at a low level. On the other hand, a slight
accumulation of H,0, at the wall at the quenching time is observed,
which can be attributed to the reaction

HBr + HO, — Br+ H,0,

3.2.2. Br and Br,

Fig. 6 represents typical transient mole fraction profiles for Br and
Br, for stoichiometric H,/air premixed flame with 4% mole fraction
HBr addition. The timepoints corresponds to those in temperature
profiles in Fig. 3. It is clearly observed that the main feature is the
accumulation of Br and Br, directly at and near the cold wall. In other
words, concentrations of both Br and Br, at the wall will increase when
the flame gets closer to the wall and is affected by it. Afterwards they
decrease again.

To demonstrate this phenomenon more clearly, in Fig. 7 we show
the relationship between mole fractions of Br and Br, against temper-
ature at two specific timepoints: when the flame is freely propagating
(blue lines) and at the quenching time (red lines), which corresponds
to the moment of maximum heat loss flux at the wall. Like in Fig. 5,
showing the profiles vs. temperature (rather than vs. the distance from
the wall) more clearly highlights some important features. It is seen that
while the temperature brings similar concentrations of Br and Br, at
high temperature ranges, the concentration profiles look quite different
for both timepoints at low to middle temperature ranges. Especially
at the temperature 373 K where the cold wall is located, both Br and
Br, are accumulated and the Br, concentration at the wall can be even
around seven times higher than its peak value in the freely propagating
flame.

To investigate the accumulation of both species at the wall, Fig. 8
shows the temporal development of Br and Br, at the wall surface (red
solid lines). It is clearly seen that both species’ concentrations increase
significantly and rapidly to a peak, and then decrease due to flame
quenching. Analyzing the diffusive transport rate and chemical reaction
rate, it is interesting to note that the controlling factors for species
accumulation are totally different for each species:

+ For atomic Br, the chemical source term is negative throughout
the entire transient process, i.e., atomic Br is chemically con-
sumed at the wall surface. Thus, the accumulation of Br is by the
(positive) diffusive transport term.

Atomic Br quickly diffuses from the reaction zone in the flame to
the wall, due to its high concentration gradients pointing towards
the wall (c.f. Fig. 6 (left)).

Molecular Br, has a positive chemical source term at the wall
throughout the whole transient process. This positive source term
is dominant over the diffusive transport term, making chemical
production the controlling factor for the accumulation of Br,.

Now the remaining question is which elementary reactions mainly
contribute to the consumption or production of Br and Br,. To answer
this question, the total reaction of production (ROP) and the ROP of
each elementary reactions are computed for both Br and Br,, and the
contribution of each elementary reaction to the total ROP is calculated.
The 6 elementary reactions with largest contribution are presented in
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Fig. 9. In this figure, the reaction contribution is defined as

; (2)

a)is,jr

Cyy(ROP) = —

jr=1

@

is,jr
in which index is identifies species, and jr identifies elementary re-
actions. n, is the total number of elementary reactions. da;, ; rep-
resents the reaction rate of the jrth chemical reaction for the isth
species. Negative (positive) values of C; ;. (ROP) indicate that re-
action jr contributes to the consumption (production) of species is,
respectively.

The figure shows that for all three levels of HBr addition, the

recombination reaction
Br+Br+M— Br, + M

is the most important elementary reaction contributing to the consump-
tion of Br and to the production of Br,.

3.2.3. BrOO, HOBr and BrO

In this part, the remaining three species, BrOO, HOBr and BrO, will
be shortly discussed. As will be shown later, these three species are less
important since they are all in low concentrations and have only minor
contribution to the heat release rate.

Fig. 10 shows the mole fractions of BrOO (left), HOBr (middle) and
BrO (right) versus temperature for steady, freely propagating flames
(blue) and for quenching flames (red) for hydrogen/air systems with
4% HBr addition.

It is firstly observed that the BrOO concentration is at a very low
level. This has also been observed in [20], which shows that the BrOO
mole fraction tends to zero due to the low thermal stability of this

species. The bond strength of Br-OO is estimated to be 1.7 + 3.9
kJ/mol, which is essentially zero, indicating that BrOO is not a stable
species. This low stability leads to negligible levels of BrOO, making
it an insignificant factor in the H,/air/HBr system under the studied
conditions.

This is also the case for HOBr, which is present only at very
low mole fraction levels. As discussed in [20], HOBr was not even
considered in early work on inhibition by bromine species, as it is not
important for the generation or removal of chain carriers under the
considered conditions. The negligible impact of HOBr further simplifies
the analysis of bromine’s role in flame inhibition and quenching, since
it also has almost no contribution to the heat release rate (see below).

Finally, BrO profiles are shown in Fig. 10. They indicate that,
although BrO also exists only at low mole fraction levels, it accumulates
at the wall surface. At the quenching time, the BrO mole fraction at
the wall surface is even by 50% higher than its peak value during free
flame propagation. Fig. 11(left) shows the transient mole fraction of
BrO profiles, and (right) the temporal development of the net rate of
change of BrO at the wall surface.

The result indicates a dynamic process where BrO is initially formed
mainly due to chemical reaction, simultaneously diffusing towards
the wall. Over time, the concentration of BrO at the wall decreases,
likely by both chemical consumption and further diffusion away from
the wall. However, despite that such accumulation and subsequent
reduction of BrO highlights the complex interaction between diffusion
and chemical reactions, both the chemical reaction rate and diffusive
transport rate are in a low level. Since the chemical reaction rate alters
from positive (production of BrO) to negative (consumption of BrO),
Fig. 12 shows the reaction contribution to the ROP of BrO at the time
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of max. production reaction rate (blue bars) and of max. consumption
reaction rate (red bars). It is clearly observed that the elementary
reaction

Br, + O — Br + BrO

contributes dominantly to the production of BrO, and the reaction

BrO + BrO — Br + Br + O,

mainly contributes to the consumption of BrO.

3.3. Heat release rate analysis

Following the discussion on species profile analysis, in this section
we will focus on the analysis of the heat release rate (HRR), which is
defined as:

N
Heat release rate (HRR)= — Z @;h;, 3)
i=1
where @; and h; are the net production rate and specific enthalpy of
speciesi (i =1...,n,). The HRR is a crucial parameter for the dynam-
ics of the combustion process, as it directly relates to the intensity and
stability of the flame. Analyzing the HRR profiles during the transient
quenching process of premixed hydrogen/air flames with varying HBr
additions provides insight into the influence of HBr on the combustion
characteristics.

Fig. 13 (left) shows transient HRR profiles for a stoichiometric
hydrogen/air premixed flame with 4% HBr addition as an example, and
(right) represents the corresponding temporal evolution of HRR at the
wall surface. A closer look at the heat release rate (HRR) profiles reveals
notable differences between the freely propagating flame (here 7, ... 13)
and the quenching flame (here #, = 1, ...1,): When flame quenching
sets in (r = 1, = t,), the HRR-profile rapidly develops a pronounced
peak directly at the wall. Afterwards, the flame temperature decreases
and the corresponding HRR decreases simultaneously.

In Fig. 14, we show the relationship between heat release rate (HRR)
and temperature at two specific points in time, one during free flame
propagation (red) and the other at the quenching time #,. As shown, the
peaks of HRR for the freely propagating flames are located near 1000 K,
whereas the HRR at quenching reaches its maximum at the isothermal
wall. This observation clearly indicates a significant difference in the
controlling chemistry for the two cases. Thus it is now of great interest
to know which elementary reactions make the most contribution to the
HRR.
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Fig. 15 shows the seven most important heat releasing reactions.
Data for a freely propagating flame at the spatial peak of HRR are
shown on the left, and data for a quenching flame (+ = ) at the
wall surface are shown on the right. It is evident that the main HRR-
controlling reactions are different for the two cases: For the freely
propagating flame, HRR is dominated by the reactions

H, + OH & H + H,0,

H+0,+M s HO, + M,

and

H + HO, < OH + OH.

These reactions, however, become less important for the HRR at the
wall surface in a quenching flame.

For a quenching flame, the recombination
H+0,+M & HO, +M

is important for a flame of pure hydrogen/air. In the presence of HBr,
however, the production of atomic Br through the dissociation of HBr
adds a new pathway for heat release. The recombination of atomic Br
to form Br,

Br+Br+M & Br, + M,

a highly exothermic process, results in a considerable heat release at
the wall.

4. Summary and conclusions

This work analyzes the influence of the flame retardant hydrogen
bromide (HBr) on laminar premixed hydrogen/air flames. A focus is the
influence of HBr-addition on flame-wall interaction. The study is based
on numerical simulations of laminar flames featuring detailed chem-
istry and transport. Simulations of flame-wall interaction with various
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amounts (0% up to 6% by mol) of HBr are considered. The results yield
insights on the impact of bromine species on flame behavior. Analysis
of the transient spatial profiles of species and heat release rate (HRR)
highlights how HBr addition affects the chemical reactions, diffusion
processes and heat losses at the wall. The main results are as follows:

Generally, when a flame front approaches a cold wall, the heat
flux from the flame to the wall first increases, and the flame
quenches by this large heat loss. This heat flux from the flame
into the wall is significantly smaller for HBr-doped H,/air mixture
than for pure H,/air: With solely 2% HBr addition, the resulting
wall heat loss is similar to conventional hydrocarbon fuels such
as methane and iso-octane. This reduction of the wall heat flux is
particularly notable because it helps mitigating thermal stresses
on the wall, which can lead to material degradation.

During flame wall-interaction, HO, and H,0, accumulate to high
concentration levels at the wall. This accumulation is much lower
for HBr-doped H,/air compared to pure H,/air.

With HBr addition, atomic Br and molecular Br, accumulate at
the wall to high amounts during flame-wall interaction. While
the accumulation of Br can be attributed to diffusive transport
from the flame front to the wall, the accumulation of Br, is due
to chemical reactions. At the wall, the recombination reaction
Br + Br + M — Br, + M is the dominant reaction contributing to
the consumption of Br and the production of Br,.

Species HOBr and BrOO are present only at negligibly low con-
centration levels at the wall, and do not affect the flame behavior
at the wall to any significant extent.

Species BrO accumulates at the wall during flame-wall interaction
to a relatively high level. BrO is initially produced by the reaction
Br, + O — Br + BrO, and then consumed by the reaction BrO +
BrO — Br+Br+0,.

At the flame quenching time, the heat release rate (HRR) profile
reaches its maximum at the isothermal cold wall. The recombina-
tion reaction of atomic Br, Br + Br + M < Br, + M, then becomes
the dominant exothermic reaction, significantly contributing to
the heat release rate at the wall surface.

The present work provides insight into the impact of HBr on hy-
drogen/air flames interacting with a cold wall. This detailed analysis
provides also a deeper understanding of how inhibitors like HBr can
be utilized to control flame behavior and improve combustion usage in
engineering applications. Noticeable accumulation of different species
at the wall surface could potentially lead to heterogeneous wall reac-
tions. In the future, surface reactions describing the recombination and
destruction of radicals will be accounted for, and their possible effects
on the quenching process will be further investigated.
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