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Abstract

The ignition of flammable gas leaks can cause catastrophic accidents involving explosions and detonations. A detailed
chemical kinetic reaction mechanism is used here to determine the influence of chemical inhibitors on the detonability of
hydrogen-air mixtures. A series of halogenated compounds and halons are used in the present study to describe the inhibition
of hydrogen oxidation under detonating conditions. The chemical effects of retardants were studied in the present work, and
their efficacy in suppressing a given detonation wave was estimated. The inhibiting efficiency of halogen acids, halomethanes,
haloethanes, haloethenes, and carbon compounds containing more than one halogen atom is studied in the current work.
One-dimensional ZND computations were carried out for the H,-air mixtures in the presence of different series of retard-
ants. The numerical results suggest that iodine-containing halogenated compounds are the most effective class of inhibitors,
whereas fluorine-containing halogenated compounds are the least effective class of inhibitors for H,-air detonating mixtures.
The ability of retardants to successfully suppress a detonation wave was evaluated by considering the effect they produce on
the induction length and the detonation velocity. For H,-air mixtures, based on the induction length analysis, bromo-ethane
(C,H;Br) was found to exhibit the highest inhibition efficiency among all the inhibitors studied in the present work. Similarly,

CF;I showed the best inhibition effect for H,-air mixtures based on the CJ detonation velocity analysis.

Keywords Detonation inhibition - Halons - Halogenated compounds - Fire suppressants

Introduction

Catastrophic hydrogen explosions or detonations could occur
during accidents at nuclear power plants and in process
industries. It is now known that explosions resulting from
the buildup of pressurized hydrogen gas in such power plants
and process industries could be devastating to both human
life and property. One of the probable causes of hydrogen
accidents is accidental leakage that results in the formation
of a vapor cloud. Hydrogen vapor clouds can ignite with
very low energy input, nearly 1/10th of that required for the
gasoline-air mixture due to the high flammability and reac-
tivity of hydrogen. Once ignited, deflagration to detonation
transitions (DDT) can occur in such systems with minimal or
even no congestion if the mixture is sufficiently reactive and
turbulent. Such vapor clouds can quickly explode, generating
very high overpressures that could be devastating to both life
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and property. Preventing detonation transmission and surviv-
ability during hydrogen fire accidents is essential to avoid
substantial damage to life and property. Hence, the safety
systems should be adequate and practical for containing det-
onations to reduce life and property damage. Inhibition and
extinction of hydrogen oxidation in flames and detonations
by chemical inhibitors is a practical and theoretical prob-
lem that has been studied experimentally for many years.
Examination of how chemical inhibitors alter the flame and
detonation structures and propagation rates can lead to more
efficient methods of controlling combustion in potentially
hazardous environments. Since most chemical inhibitors
are potentially dangerous to use in the laboratory, modeling
analyses can provide a safe alternative to some experimen-
tal studies where they can lead to valuable insights into the
fundamental physics that govern all combustion processes.

The mechanism of detonation inhibition/suppression for
hydrogen and hydrocarbon fuel-air detonation using chemi-
cal inhibitors is essential for safety and regulation and had
been studied extensively. The addition of chemical inhibi-
tors to the fuel-oxidizer mixtures could alter the structure
of a detonation wave and its propagation rates, resulting in
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controlled combustion in a potentially hazardous environ-
ment (Oran and Gamezo 2007). The inhibition mechanism
by which the chemical inhibitors suppress or inhibit a deto-
nation wave can be broadly classified into two categories:
the physical and chemical mechanisms (Babushok et al.
1997). When the effects of dilution and heat capacity domi-
nate, the inhibition mechanisms are governed by the physi-
cal mechanisms. The chemical mechanism of inhibition is
the result of the radical scavenging action and the chemical
kinetic effects. Here, the chemical inhibitors or flame retard-
ants interfere with the combustion chemistry and can help
in scavenging the active radicals to bring about significant
inhibition effects. Flame retardants or suppressants behave
both chemically and physically. Halogen acids and hydro-
carbon compounds containing one or more halogen atoms
are an excellent class of inhibitors. Babushok et al. analyzed
inhibiting characteristics of several kinds of halogenated
compounds on the flame speed of C,-C, hydrocarbon flames
and used an extensive inhibition parameter to provide the
relative efficiency of these additives (Babushok et al. 1996).
Experimentally it is observed that iodine-containing spe-
cies are more effective in reducing the flame speed than the
bromine-containing species, followed by the chlorine and
fluorine-containing species (Evariste et al. 1996). The inhi-
bition effect of chemical inhibitors increases with increas-
ing inhibitor concentration in the reacting fuel-oxidizer mix-
tures. Also, a linear relationship was found to exist between
the inhibitor concentration and the burning velocity. The
flame speed or burning velocity is an important parame-
ter and can be used to quantify the inhibition effect of fire
retardants in a laminar flame (Westbrook 1982a).

In the case of detonations, the detonation cell width is
found to be important in determining the limiting parameters
for detonation propagation (Gavrikov et al. 2000; Dahake
and Singh 2022a; Kumar et al. 2022, Iyer et al. 2022a). The
effect of inhibitors on the structure of a detonation wave can
be evaluated by investigating the corresponding effect they
produce on the detonation cell width or size. The induc-
tion and reaction zone length in a ZND detonation structure
can be empirically correlated to the detonation cell size or
width for many fuel-air-diluent mixtures over a wide range
of initial and boundary conditions (Lee 1984, 2008; Crane
et al. 2019; Knystautas et al. 1984; Stamps et al. 2006;
Ciccarelli et al. 1994). Thus, the characteristics of a self-
sustained detonation wave (cell size) can be correlated to
the physicochemical characteristics of explosive mixtures
(induction lengths/times, lengths of the heat release zone).
A dramatic increase in induction or reaction zone length
could decouple the reaction zone from the leading shock
front and could transform a self-sustained detonation into
a loosely coupled shock-flame complex. On a more funda-
mental level, the reaction zone in such cases increases in
thickness and eventually decouples from the leading shock
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front. In such scenarios, the underlying detonation wave
attenuates and degenerates into a deflagration wave. Thus,
the inhibition efficiency of chemical inhibitors can be meas-
ured from the corresponding induction length analysis of
a given fuel-air mixture. Also, inhibition mechanisms by
chemical inhibitors could lead to the damping of transverse
waves by altering the structure of the underlying detonation
wave. Transverse waves that are critical for the formation of
detonation cells play an important role in the self-sustained
propagation of a detonation wave. Transverse waves are
unsteady and continue to decay in time unless the periodic
reignition of the reactive mixture is accomplished behind the
leading shock front. Chemical inhibitors could inhibit the
periodic reignition of the mixture behind the leading shock
front by decreasing the detonation velocity to levels such
that the post-shock temperatures fall below the autoignition
temperatures of the reactive mixture. In such cases, trans-
verse waves are damped, and the underlying detonation wave
then transforms into a loosely coupled shock-flame complex
and eventually degenerates into a deflagration wave. Thus,
the reduction in detonation velocity could also be used as a
parameter to determine the inhibition efficiency of chemical
inhibitors.

The halogenated inhibitors have been widely studied
for laminar flames using different test flow configurations
for a wide range of fuel-oxidizer mixtures (Hamins et al.
1994; Pagliaro et al. 2016; Xu et al. 2017; Takahashi et al.
2015). However, the inhibition effect of a particular inhibitor
greatly depends on the combustion environment. It has been
observed that the same inhibitors could have different inhibi-
tion effects in laminar flames and detonations. For example,
Moen et al. (Moen et al. 1984) reported that CF;Br has a
better inhibition efficiency than CO, in suppressing laminar
flames, but the efficiency gets reversed in the suppression
of a detonation wave for the same fuel-oxidizer mixtures.
Experimental studies have been carried out by Mathieu et al.
(Mathieu et al. 2015) to study the effect of CF;1 addition on
auto ignition and flame speed for hydrocarbon fuels. How-
ever, their study was limited to laminar flames. Santosh et al.
studied the effect of the addition of CO,, H,0, and CF;I on
H,-O,/air detonations, where they reported the promotion
and suppression effects of CF;I addition at smaller and larger
concentrations, respectively (Kumar and Singh 2021; Kumar
et al. 2021). Experimental and computational studies were
carried out by Evariste et al. to determine the inhibition effi-
ciency of halogenated compounds in suppressing the under-
lying detonation wave (Evariste et al. 1996). Halogenated
compounds generally increase the induction length and time
scales of a fuel-oxidizer mixture by slowing down the rate
of chain-branching reactions. A larger induction length and
time scale for a given fuel-oxidizer mixture are indicative of
a less detonable mixture and vice versa (Lee 2008; Dahake
et al. 2022a; Iyer et al. 2022b; Kumar and Singh 2023; Ivin
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and Singh 2023). Thus, an understanding of the inhibition
mechanisms of different sets of halogenated compounds for
suppressing a detonation wave is important for improving
risk management in the oil and gas industry and will help
in creating a framework on which worker safety regulations
can be based. The present work is offered as a contribution
towards this end.

In the past, different halogenated compounds were ranked
according to their ability to reduce the laminar burning
velocity of a given flame. However, their effectiveness in
inhibiting more violent forms of combustion, such as those
involving detonations, has not been clarified. The current
study aims to bridge the gap in our fundamental understand-
ing of the inhibition mechanisms of chemical inhibitors for
suppressing a detonation wave. In the present work, different
series of chemical inhibitors are ranked based on their ability
to suppress a detonation wave. Different classes of halogen-
ated inhibitors such as halogenated acids, halomethanes,
haloethanes, haloethenes, and inhibitors containing more
than one halogen atom are studied in the present work. The
effect of the addition of these halogenated compounds on
hydrogen-air detonation was studied using the one-dimen-
sional ZND model. The inhibition efficiency of chemical
inhibitors is ranked based on their ability to increase the
induction length of a ZND detonation structure in stoichio-
metric H,-air explosive mixtures. The inhibition efficiency
of the halogenated compounds is also ranked based on their
ability to decrease the CJ detonation velocity.

Numerical Methodology

One-dimensional ZND detonation model is adopted in the
present study to study the inhibition efficiency of a series of
halogenated compounds. A detailed chemical kinetic reaction
mechanism is used here to describe the inhibition of hydrogen
oxidation by halogenated species. The ZND computations are
carried out using the modified version of the CalTech Shock
and Detonation Toolbox (Kao and Shepherd 2008; Browne
et al. 2008). Cantera (Goodwin et al. 2009) integrated with
MATLAB is used to compute the species concentration pro-
files and the chemical reaction rates. USC Mech II was used
to model the oxidation chemistry of hydrogen-air mixtures
(Wang et al. 2007). The detailed chemical kinetic reaction
mechanism for several retardants was obtained from West-
brook (1982b) and Manion et al. (2015). The chemical reac-
tions of hydroxyl radicals (OH) and oxygen atoms (O) with
halogenated species that were not considered by Westbrook
(1982b) have also been included in the reaction model to get a
clear understanding of the inhibition mechanisms of halogen-
ated compounds. The chemical kinetics model was validated
by computing the laminar burning velocity for hydrogen-air
mixtures in the presence of inhibitors and comparing it with

the available experimental data. The computational results
obtained were found to be in close agreement with the experi-
mental data of Noto et al. (Noto et al. 1998). The methodology
employed for the computation of the detonation length/time
scales and the critical detonation parameters can be found in
the literature elsewhere (Noto et al. 1998; Dahake et al. 2021,
2022b, c; Iyer et al. 2022b; Dahake and Singh 2022b). After
the estimation of the ZND detonation structure, the induction
length can be obtained as the location of the maximum tem-
perature gradient. Similarly, the induction delay time is defined
as the period from the shock to the maximum temperature
gradient point (Lee 2008; Iyer et al. 2021; Dahake and Singh
2022d; Dahake et al. 2022c).

Results and Discussions

The induction length and time scales of a ZND detona-
tion structure were computed for H,-air-retardant mixtures
at Py=1 atm and T,=298 K. The induction length and CJ
velocity were computed for hydrogen-air-retardant mixtures
to ascertain the effects of halogenated compounds on the
given parameters. The retarding efficiency of different series
of inhibitors is studied. The chemical inhibitors considered
include the halogen acids HF, HCI, HBr, and HI, species with
one F, Cl, Br, or I atom substituted for an H atom in methane,
ethane, and ethylene. More complex halogenated hydrocar-
bons with more than one halogen species like CF,, CF;Cl,
CF;Br, and CF;l are also considered. These complex halo-
genated hydrocarbons are frequently used as fire and flame
suppressants. The inhibition mechanism of these series of
inhibitors involves different reaction pathways by which active
radicals like H, OH, and O are abstracted from the radical
pool. These active radicals play a vital role in propagating
the chain-branching reactions and thereby improve the deton-
ability of a given fuel-oxidizer mixture. Thus, in the presence
of halogenated species, the available radical pool is reduced,
which lowers the overall rate of chain-branching reactions.
This results in the suppression or inhibition of an underlying
detonation wave. The important reaction pathways by which H
radicals are extracted from the radical pool by different series
of retardants are given below.
For halogen acids:

H+ HX - H,+ X (R1)
H+ X,—- HX + X (R2)
X+X+M->X,+M (R3)
H+X+M-> HX +M (R4)
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where X =F, CI, Br, or I atom. Reactions (R1) to (R4) have
been shown to describe inhibition by halogen acids in hydro-
carbon-air and hydrogen-air flames. The reactions (R1),
(R2), and (R4) above constitute a catalyzed recombination
of H atoms into relatively non-reactive H, or HX molecules,
which are then unavailable for chain branching through
reaction with O, molecules (see reaction R14) or reaction
with fuel molecules in the pre-flame pyrolysis region. This
reduces the available radical pool and thus lowers the overall
rate of chain branching.

For halogenated hydrocarbons, it is observed that C—X
bond energies are much lower than the C-H bond energies.
For instance, CH;—H, CH;—Cl, CH;—Br, and CH;—I have
bond energies of 104, 83.5, 70, and 56 kcal/mole, respectively.
Therefore, the abstraction of the halogen atom has a larger rate
than the abstraction of the H atom for the halogenated hydro-
carbons. It must be noted that initial halogen atom abstraction
quickly reduces the kinetic mechanism to that for the halogen
acid HX. The following inhibition reactions become important
for the halogenated hydrocarbons.

For halogenated hydrocarbons:

H + RX - HX + R (R5)
R+ X,- RX + X (R6)
H+ HX - H,+ X (R7)
X+X+M->X,+M (R8)

where X represents the halogen atoms, while R represents
the methyl, ethyl, or vinyl radicals in the above reactions.
Like the reactions R1-R4, the net result of the cycle of reac-
tions R5-R8 is H4+ H=H,, a catalyzed recombination of
H atoms into relatively non-reactive H, molecules, which
decreases the overall rate of chain branching.

For inhibition by halons like CF;X, where X=Cl, Br, I,
the simple mechanism of halogen abstraction followed by
hydrocarbon fragment oxidation does not apply. Because
of the differences between the bond energies for the C—F
and C—X bonds in CF;X, the X atom is removed first. CF4
radicals are consumed along two parallel paths, one leading
through CF,0 and the other through radical recombination
to form C, species, particularly CH,CF,. The final state for
the F atoms is HF which is not further oxidized. The follow-
ing inhibition reactions become important for halons.

For halons:

H + RX - HX + R R9)
O+RX - OX + R (R10)
OH + RX - XOH + R (R11)

@ Springer

CH; + RX — CH;X + R (R12)

where X represents the halogen atoms, while R represents
the trifluoromethyl group (CF;) in the above reactions. The
above reactions result in the binding of active radicals like
H, O, and OH and their substitution with less reactive radical
R. Further, the abstraction of O and OH radicals are accom-
plished by the reactions:

O+X+M-0X +M (R13)

OH + X, - HX + OX (R14)

Thus, halogenated species act by catalyzing the recombi-
nation of H, O, and OH radicals into relatively non-reactive
molecules. Due to the scavenging of active radicals like H,
0O, and OH, the overall rate of chain-branching reactions
is reduced. The reactions R1-R14 compete with the chain-
branching reactions R15-R16 and inhibit flame propagation.

H+ O0,—- O + OH (R15)

O+ H,—- OH + H (R16)

Chemical Efficiency of Inhibitors at 20,000 ppmv
of Retardant

The inhibition efficiency of halogenated compounds was
computed based on the increase in the induction length.
The mitigating ability of the retardants on H,-air detonating
mixtures can be evaluated by the induction length analy-
sis since the induction length or time is a critical factor in
determining the detonability of fuel-oxidizer mixtures. In
the given analysis, the induction length of the retardant case
(H,-air-retardant mixture) is compared with the induction
length of the no-retardant case (H,-air mixture). The calcu-
lations were performed for stoichiometric H,-air mixtures
at an initial pressure and temperature of 1 atm and 298 K,
respectively. The results are tabulated in Table 1.

The last column of the table represents the factor of
increase (FOI) in the induction length. It is defined as the
ratio of the induction length of the H,-air-retardant case to
the induction length of the H,-air case without retardants.
The stoichiometric H,-air mixtures were doped with 20,000
ppmv (molar concentration) of the flame retardants.

The results in Table 1 show the inhibition efficiency of
different retardants in decreasing order based on the increase
in induction length. The addition of 20,000 ppmv of bromo-
ethane increases the induction length by a factor of 39.10
compared to the induction length of H,-air detonation with-
out inhibitors. The computed results also suggest that for
a particular class of inhibitors, the compounds containing
bromine atoms are more efficient suppressants, followed
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Table 1 Induction length (4,) and the factor of increase (FOI) in
induction length for different halogenated compounds at concentra-
tions of 20,000 ppmv. The calculations were performed for stoichio-
metric Hy-air mixtures at 1 atm and 298 K

H,-air-retardant mixtures

Retardants Induction length Factor of
X,,,=20,000 ppmv A, increase
(mm) (FOI)
Ai ,,,,, et
No retardant 0.189 1.00
C,H;sBr 7.391 39.10
HBr 6.300 33.33
C,Hsl 5.926 31.35
CF;l 3.930 20.79
CF;Br 3.930 20.79
HI 2.340 12.38
CH;l 1.930 10.21
CH;Br 1.840 9.74
CH;F 1.385 7.33
CF;Cl1 1.090 5.71
C,H;l 0.810 4.29
C,H,Cl1 0.330 1.75
CH;C1 0.327 1.73
HC1 0.213 1.10
HF 0.199 1.05
C,HsF 0.193 1.02
C,H;F 0.171 0.90
C,H;Cl1 0.167 0.88
CF, 0.159 0.84

by the iodine, chlorine, and fluorine atom. However, in the
halomethane series of inhibitors, iodomethane has a better
inhibition tendency than bromomethane, followed by fluo-
romethane and then chloromethane.

It was observed that most of the vinyl halide compounds,
when added to the H,-air mixtures in small amounts (20,000
ppmv), promote detonation. This is because the addition of
vinyl halides provides more fuel in the form of the C,H; rad-
ical which tends to increase the energy release in the reac-
tion zone and promotes faster kinetics. The halogen atom
on the other hand will tend to inhibit the chain-branching
reactions through the catalytic recombination of H atoms
as discussed earlier (see reactions R1-R4). However, vinyl
iodide and vinyl bromide are the exceptions in this series
which offer a very good inhibition effect on stoichiometric
H,-air detonations. This is because the concentration of I
and Br atoms is much higher ahead of the flame due to lower
bond energies that result in large production rates of I, and
Br, molecules and relatively effective detonation inhibi-
tion by reactions R1-R4. When the level of halogen atom
(X) is low, the production rate of halogen molecule (X,) is

also small and therefore catalytic recombination reactions
are relatively ineffective in removing the H atoms from the
radical pool. It must be noted that in the case of halogenated
hydrocarbons, RX, where R represents the methyl, ethyl, or
vinyl radicals the inhibition efficiency of iodides (R-I) and
bromides (R-Br) are comparable and are considerably larger
than chlorides (R-Cl) and fluorides (R-F). It is observed that
complex halogenated hydrocarbons like CF;I, CF;Br, and
CF;Cl exhibit good inhibition efficiency except for CF,
which acts as a promoter rather than an inhibitor for hydro-
gen-air explosive mixtures (see Table 1). It must be noted
that the hydrocarbon part of a halogenated hydrocarbon mol-
ecule acts as a fuel and that the halogen part of the molecule
is the effective inhibitor. Therefore, the inhibiting action of
halogenated hydrocarbons can be explained in terms of the
addition of both inhibitors and extra fuel to the system. It’s
the relative competition of the two effects that determine the
inhibition efficiency of a given inhibitor. The additional fuel
content of the halogenated hydrocarbons makes their inhibi-
tion efficiency vary with the initial conditions and therefore
the fuel content of the halogenated hydrocarbon must be
included in calculating the inhibition efficiency of a given
inhibitor. Since many halogenated hydrocarbons are com-
bustible in the air themselves, a detailed reaction mechanism
was employed in the present study to describe the complex
interactions between hydrocarbon oxidation and inhibition
kinetics.

The increase in the induction length is similar for CF;Br
and CF,l at concentrations of 20,000 ppmv. The chemical
kinetics of the reactant mixture change with the addition
of retardants, which leads to a change in fuel consumption
and the temperature rise of the compressed reactant gases
in the reaction zone. To get a better understanding of the
phenomena, species concentration profiles of active radi-
cals, thermicity, and the temperature variation in the reac-
tion zone are presented in Fig. 1. The solid lines in Fig. 1
represent the no-retardant case, whereas the dashed lines
represent the case with the addition of 20,000 ppmv of
C,H;Br to the stoichiometric H,-air mixture at P,=1 atm
and 7,=298 K. It can be observed that the oxidation of
hydrogen gets delayed with the addition of C,HsBr. Also,
the ignition delay time increases due to the addition of the
retardant C,HsBr. Behind the leading shock front, hydrogen
gets oxidized very fast if there is no retardant in the reactant
mixture. The concentration of active radicals such as H and
OH that promote chain-branching reactions is also high in
the absence of flame retardants. On the other hand, the addi-
tion of C,HsBr reduces the concentration of these active rad-
icals and slows down their production rate (see Fig. 1). The
temperature rise in the reaction zone is also reduced con-
siderably with the addition of C,HsBr, as shown in Fig. 1.
Thus, the post-shock environment in the case of inhibitor
C,H;Br is chemically weaker to achieve periodic reignition
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Fig.1 Species concentration, thermicity, and temperature profiles for
stoichiometric H,-air detonations at an initial temperature and pres-
sure of 298 K and 1 atm. Solid lines represent results without sup-
pressant, and dotted lines represent results with the addition of 20,000
ppmv of C,HsBr

of the reactive mixture. Lower post-shock temperatures also
result in slower kinetics and result in larger induction lengths
for hydrogen-air-retardant mixtures. Due to the reduction
in the available radical pool with the addition of C,H;Br,
the overall rate of chain-branching reactions is reduced, and
ignition is delayed. Thus, the inhibition effects of C,H;Br
can be readily seen in Fig. 1.

The concentration profiles of key species for stoichiomet-
ric H,-air, H,-air-HI, and H,-air-CF;Br detonations at initial
conditions of 1 atm and 298 K are shown in Fig. 2. The

Hz-alr

Hz-air-HI

retardants HI and CF;Br are chosen to represent the different
classes of halogenated inhibitors. The production of active
radical species like H and OH is delayed with the addition of
HI and CF;Br retardants to H,-air mixtures. The oxidation of
hydrogen is also delayed in the presence of chemical inhibi-
tors (see Fig. 2). The concentration of radicals and their pro-
duction rate after the addition of retardant can be compared
with the no-retardant case. It is observed that the maximum
H and OH radical concentration is almost the same for HI
and no-retardant cases (refer to Fig. 2a and b). However, the
maximum H radical concentration reduces by more than an
order of magnitude after the addition of CF;Br at 20,000
ppmv. It can also be seen from Fig. 2b and c that the location
of the peak radical concentrations is also increased with the
addition of the retardants. This indicates that the addition of
retardants not only reduces the maximum radical concentra-
tion but also slows down its production rate.

The concentration of I and I, increase with the addition
of HI due to the reaction R1 and R3, respectively (refer to
Fig. 2b). Further, I, consumes H radicals by reaction R2. The
retardant CF;Br removes the H atom from the radical pool
by reaction R9. An increase in the species mole fractions
of CF; and HBr can be seen in Fig. 2¢, which suggests a
catalyzed recombination of H atoms into HBr. Thus, CF;Br
acts as a flame inhibitor and delays ignition.

Effect of Varying the Inhibitor Concentration
on Induction Length

The detonability of a given fuel-air mixture decreases with
increasing retardant concentration. Figure 3 illustrates the
effect of increasing the inhibitor concentration of several

H2 -air-CFsBr

-42000

Species mole fraction

0 014 02 03 04 050 05 1
Post-shock distance, x (mm)

Thermicity, o (1/us)
Temperature, T (K)

16 2 25 3 350 1 2 3 4 5 6
Post-shock distance, x (mm)

Post-shock distance, x (mm)

Fig.2 Concentration profiles of key species for stoichiometric H,-air detonations with and without retardants. a No retardant b 20,000 ppmv HI

¢ 20,000 ppmv CF;Br
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Fig. 3 Variation in induction length with the concentration of retard-
ants in stoichiometric H,-air mixture at P,=1 atm and 7,=298 K

inhibitors on the induction length for stoichiometric H,-air
mixtures at Py=1 atm and 7,,=298 K. In Fig. 3, the vari-
ation of induction length with the molar concentration of
retardants of each series is plotted to compare the inhibition
effects of various retardants. The induction length increases
as the molar concentration of the retardants increases in the
reactant mixture.

At low concentrations (up to 8000 ppmv), it can be
observed that the addition of HI resulted in the largest
increase in the induction length, as shown in Fig. 3. HI
seems to exhibit a higher inhibition effect than other series
of inhibitors at lower concentrations up to 8000 ppmv. How-
ever, after that, a significant increase in induction length
can be observed for the case of inhibition with C,HsBr and
C,H,I additives. Figure 3 shows that the induction length
increases more for CF;Br when compared to CH;Br in the
range of molar concentrations of 17,000 ppmv to 20,000
ppmv. It indicates the inhibition effect due to additional fluo-
rine atoms in CF;Br. A significant difference in the induction
length can be observed for the series of inhibitors containing
iodine and chlorine atoms (see Table 1). The C-I bond ener-
gies are much less than the C—Cl bond energies (for instance,
the bond energy for C-I and C—Cl is 56 and 83.5 kcal/mole,
respectively), and hence the abstraction of the I atom has a
much larger rate than the CI atoms. Since the bond energy of
carbon with iodine (C—I) is much less than that of bromine
and chlorine (C—Cl), the I atoms are more readily available
when compared to Cl atoms, where they reduce the rate of
chain-branching reactions via consumption of H radicals

(see reaction R4). Thus, the inhibition effectiveness of halo-
genated compounds containing I atoms is more when com-
pared to the halogenated compounds containing Cl atoms.
It was observed that the induction length first decreases for
smaller concentrations of inhibitors such as CF;Cl, CF;l,
C,H;l, and C,Hsl (refer to Fig. 3), where a local minimum
in the induction length was observed for such inhibitors at
lower concentrations. It suggests that the addition of these
retardants to H,-air explosive mixtures at lower concen-
trations has a promotion effect on the resulting detonation
structure as it reduces the induction length.

It is observed that the induction length varies significantly
beyond 10,000 ppmv of molar inhibitor concentration. The
factor by which the induction length is increased with the
addition of HI, HBr, C,HsBr, C,H,I, C,H;l, CF;Br, CF;l,
CH;Br, and CH,I at 10,000 ppmv is 2.96, 4.63, 2.31, 2.31,
0.89, 1.53, 1.68, 1.58, and 1.00, respectively. However, the
induction length is increased by a factor of 12.38, 33.33,
38.89, 31.35, 4.29, 20.79, 20.79, 9.74, and 10.21, respec-
tively, at larger concentrations of 20,000 ppmv. Thus, a sig-
nificant difference in the FOI can be observed for C,H;Br,
C,Hl, and C,H;I when their concentration is varied from
10,000 ppmv to 20,000 ppmv. A higher concentration of
inhibitors leads to the large availability of halogen atoms or
molecules, and these halogen atoms or molecules consume a
significant amount of H radicals available in the radical pool
via reactions R2-R4. The halogen acids and halogenated
hydrocarbons also consume the active radicals through the
reaction R1 and R5, respectively. Furthermore, these species
slow down the chain-branching reactions and promote the
chain-terminating recombination reactions. In the current
work, bromine-containing species were found to possess the
best inhibition efficiency, with fluorine-containing inhibitors
being the least efficient as evaluated by the induction length
analysis.

Figure 4 shows the species concentration profiles for active
radicals H and OH at various concentrations of HI, C,H;Br,
and CH;Br retardants. It can be noticed from Fig. 4a that the
maximum molar concentration of active radicals (H and OH)
remains the same for no dopant case and at various concentra-
tion levels of HI. However, the location of peak radical con-
centration increases with the addition of HI. This shows that
the production rate of active radicals like H and OH is slowed
in the presence of HI, which manifests the inhibition effects
of HI. However, in the case of C,HsBr and CH;Br, increasing
the retardant concentration in the H,-air mixture reduces the
peak concentration of the active radicals. The FOI for HI was
found to be 120% greater than that of C,HsBr at 5000 ppmv of
retardant concentration, and it is lower by 317% than C,HsBr
at 20,000 ppmv (see Fig. 3). The reason behind this can be
observed from Fig. 4a and b. At lower concentrations (less
than 8000 ppmv), the production rate of active radicals like
H and OH is greater in C,HsBr than in HI addition, and hence
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Fig.4 Species concentration profiles of active radicals (H and OH)
for stoichiometric H,-air detonations in the presence of inhibitors at
varying molar concentrations (0 ppmv, 5000 ppmv, 10,000 ppmv,

ignition delay will be larger in the case of HI. The maximum
concentration of active radicals for the HI case does not vary
much over the range of inhibitor concentrations considered in
the present work. However, at higher concentrations (greater
than 8000 ppmv), significant ignition delay and decrease in
the concentration of active radicals like H and OH can be
noticed for C,HsBr (refer to Fig. 4b).

The post-shock (von Neumann, vIN) and post-detonation
(CJ plane) parameters, along with the induction length
and time scales, were computed in the presence of various
inhibitors at 10,000 ppmv and 20,000 ppmv, and are tabu-
lated in Table 2. It can be observed that the post-shock and
post-detonation parameters (vN and CJ) do not vary much
with the addition of retardants. The post-shock pressure and
temperature (Py, and Ty, for the stoichiometric H,-air mix-
ture without any retardants were computed to be ~28 atm
and 1537 K, respectively. Similarly, the post-detonation
pressure and temperature (P; and T;) were computed to
be ~16 atm and ~2960 K, respectively. A small increase in
Pyn, Tyyn, Pey, and T can be observed for all the retard-
ants except in the case of halogen acids (HBr, HI, HCI,
HF), where a small decrease can be seen (refer to Table 2).
Although the post-shock (vIN) and post-detonation (CJ)
properties change with the addition of the retardants, the
change is very minimal. The maximum change in the post-
shock temperature (7y,) and pressure (Py,) was evaluated
to be ~ 5% and ~ 7%, respectively, for the case of the addition
of 20,000 ppmv of C,H;CI (when compared to other inhibi-
tors) in the fuel-oxidizer mixture. The maximum change in
the CJ temperature of ~4% was observed for C,H,I at 20,000
ppmv (for the other retardants, it was found to be less than
4%), and the maximum change in post-detonation pressure
of ~6% was observed for 20,000 ppmv of C,H;F (for the
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15,000 ppmv, and 20,000 ppmv). a HI, b C,HsBr, and ¢ CH;Br. The
computations were carried out at Py=1 atm and 7,=298 K

other retardants it was found to be less than 6%). Thus, the
addition of retardants minimally affects the post-shock and
post-detonation parameters. The detonation velocity (V)
generally decreases with the addition of retardants except for
CH,Cl, CH;F, C,H;Cl, C,H;F, C,HCl, and C,HsF. The rea-
son for such behavior is discussed in the subsequent section.
However, it is observed from the computational results that
the speed of sound in the initial mixture (a;) also decreases
with the addition of retardants. Thus, the overall change in
the detonation Mach number (M) is found to be minimal
with the addition of chemical inhibitors/retardants. Thus,
the inhibition effects of various retardants are due to the
scavenging of active radicals from the radical pool since they
do not affect the post-shock and post-detonation parameters
much. Scavenging of active radicals decreases the overall
rate of chain-branching reactions and produces dramatic
inhibition effects by increasing the ignition delay time.

Effect of Inhibitor Concentration on Detonation
Velocity

The effect of various inhibitors on detonation velocity was
also investigated at various inhibitor concentrations. The
detonation velocity (V) is the property of the energetic
gas (fuel-oxidizer mixture). The detonation velocity is
independent of the initial and boundary conditions, and it
solely depends on the energy content of the reacting fuel—air
mixture. Figure 5 represents the variation of the detonation
velocity V-, with the retardant concentration for different
series of retardants in stoichiometric H,-air mixtures at
Py=1 atm and T,=298 K.

As discussed earlier, periodic reignition of reactive mix-
ture behind the leading shock front is essential to prevent
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Table 2 Critical detonation parameters in the presence of retardants (0 ppmv, 10,000 ppmv, and 20,000 ppmv). Computations were carried out
with stoichiometric H,-air explosive mixtures at the initial conditions of 298 K and 1 atm

Retardant Molar con-  a; (m/s) Tyn (K) Pyy (bar) Ty (K) P; (bar) My V¢y (m/s) A; (mm) T; (ps)
centration
(ppmv)
No Retardant - 407.4 1537.7 28.2 2960.4 15.8 4.85 1975.6 0.189 0.507
HI 10,000 397.3 1538.0 28.2 29479 15.8 4.85 1927.1 1.223 3.369
20,000 388.0 1538.1 28.2 29348 15.8 4.85 1882.0 2.337 6.845
HBr 10,000 401.7 1533.1 28.1 2941.5 15.8 4.84 1943.9 0.879 2.323
20,000 396.2 1528.1 279 2922.0 15.7 4.83 1913.2 6.301 16.324
HC1 10,000 405.9 1533.2 28.1 29459 15.8 4.84 1964.4 0.200 0.529
20,000 404.4 1528.7 279 2931.3 15.7 4.83 1953.2 0.775 1.254
HF 10,000 407.5 1534.8 28.1 2949.5 15.8 4.84 1973.1 0.195 0.518
20,000 407.6 1531.8 28.0 2938.4 15.7 4.83 1970.6 0.201 0.532
CH;l 10,000 395.7 1551.5 28.9 2963.4 16.2 491 1943.8 0.594 1.614
20,000 384.8 1550.9 29.4 2925.5 16.3 4.95 1903.7 1.930 5.295
CH;Br 10,000 400.0 1548.8 28.9 2961.8 16.1 4.90 1962.3 0.304 0.784
20,000 393.0 1547.4 29.3 29279 16.2 4.93 1939.8 1.840 4.261
CH;Cl1 10,000 404.2 1550.7 28.9 2970.6 16.2 491 1984.4 0.238 0.627
20,000 401.1 1553.2 29.4 2951.4 16.4 4.95 1984.3 0.327 0.876
CH,F 10,000 405.9 1555.1 29.0 2979.2 16.2 491 1995.2 0.267 0.702
20,000 404.4 1562.4 29.6 2968.9 16.5 4.96 2006.2 1.385 3.255
C,H,l 10,000 394.3 1563.3 29.5 2979.8 16.5 4.95 1954.0 0.304 0.787
20,000 382.3 1563.7 30.1 2925.8 16.6 5.01 1915.5 0.810 2.111
C,H;Br 10,000 398.6 1560.3 29.4 29717.3 16.4 4.95 1972.4 0.149 0.401
20,000 390.3 1560.2 30.0 2930.6 16.5 5.00 1951.5 0.152 0.41
C,H;Cl 10,000 402.8 1561.8 29.4 2985.9 16.4 4.95 1994.3 0.170 0.450
20,000 398.2 1565.1 30.2 2951.6 16.6 5.01 1995.5 0.167 0.449
C,H;F 10,000 404.5 1565.4 29.5 2993.3 16.4 4.95 2004.6 0.177 0.467
20,000 401.5 1572.7 30.3 2968.1 16.7 5.02 2016.3 0.171 0.456
C,Hsl 10,000 393.7 1549.8 29.5 2947.9 16.3 4.96 1951.8 0.440 1.173
20,000 381.2 1526.6 29.9 2836.5 16.3 4.99 1901.9 5.926 16.928
C,HsBr 10,000 398.2 1549.6 29.4 2947.9 16.3 4.95 1970.2 0.746 1.915
20,000 389.4 1529.6 29.8 2846.4 16.3 4.98 1938.9 7.392 19.523
C,HsCl 10,000 402.3 1596.7 29.6 2983.5 16.6 4.98 2002.7 0.142 0.364
20,000 3974 1626.6 30.3 2927.6 16.8 5.05 2006.7 0.330 0.736
C,HsF 10,000 403.9 1556.2 29.5 2966.6 16.4 4.96 2003.2 0.182 0.488
20,000 400.6 1544.9 30.1 2886.4 16.5 5.00 2005.0 0.194 0.532
CF;l 10,000 390.3 1544.6 29.0 2946.8 16.2 4.92 1921.2 0.328 0.917
20,000 374.9 1550.8 29.8 2932.8 16.5 4.99 1872.9 3.930 10.24
CF;Br 10,000 394.4 1539.4 28.9 29394 16.1 4.91 1936.9 0.286 0.771
20,000 382.5 1540.5 29.6 2918.4 16.4 497 1901.4 3.928 10.315
CF;Cl 10,000 398.5 1539.5 28.9 2943.6 16.1 4.91 1956.5 0.394 1.018
20,000 390.1 1540.8 29.6 2926.8 16.4 4.97 1938.4 1.092 2.822
CF, 10,000 400.2 1537.7 28.8 29394 16.1 4.90 1961.7 0.163 0.435
20,000 393.3 1537.3 29.4 2918.4 16.3 4.95 1948.3 0.158 0.429

the damping of transverse waves. Transverse waves govern  turn, depends on the shock strength and hence the detona-
the propagation of self-sustained detonations. However, they  tion velocity.

are unsteady and continue to decay in time. They stay alive If the shock strength or detonation velocity drops below
as long as the periodic reignition of the reactive mixture  some critical value, the periodic reignition of the reactive
is accomplished behind the leading shock wave. This, in ~ mixture may not occur (since post-shock temperatures drop
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Fig.5 Variation in detonation velocity with the concentration
of retardants in stoichiometric H,-air mixture at P,=1 atm and
T,=298 K

below the autoignition temperatures due to reduced shock
strength), and the shock front may get decoupled from the
reaction zone. In such scenarios, detonations are inhibited.
The addition of inhibitors affects this coupling by reduc-
ing the detonation velocity and the leading shock strength,
and if added in sufficient amounts, may inhibit the underly-
ing detonation wave due to the decoupling of the reaction
zone from the leading shock front. The detonation velocity
reduces with the increase in the concentration of retardants
in the reactant mixture (see Fig. 5).

At a lower concentration of C,H;Br, the detonation veloc-
ity reaches a maximum and then decreases with an increase
in its concentration. A peak in V; is observed at 4000 ppm
of C,H;Br (see Fig. 5). The detonation velocity is a property
of the energetic fuel—-air mixture and depends on the nor-
malized energy release. It was observed that with the addi-
tion of C,H;Br to H,-air mixtures, the normalized energy
release first increases up to 4000 ppmv and then decreases
(>4000 ppmv), while in the case of other inhibitors, the
energy release was found to decrease continuously for all
concentration levels. As the V; is the function of normal-
ized energy release for a given fuel-oxidizer mixture, similar
trends are observed for the variation of V;. However, this
peak in detonation velocity does not represent the promo-
tion effects of C,HsBr. It must be noted that no promotion
effect was observed for C,HsBr at concentrations less than
10,000 ppmv as A; and 71; (induction delay time) were found
to increase continuously with the retardant concentration.
The detonation velocity reduces by 5.2% if the concentration
of CF;l is increased from O ppmv to 20,000 ppmv, while it
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is reduced by 5% for HI. The lowest reduction in detonation
velocity is observed for the addition of 20,000 ppmv of HF.
The retarding effect of CF;l, based on the CJ velocity analy-
sis, is the highest among all the halogenated inhibitors stud-
ied in the current work, followed by that of HI and CF;Br.

It was observed that the addition of several retardants
increased the CJ detonation velocity of stoichiometric H,-air
explosive mixtures. The CJ detonation velocity of H,-air
mixtures was found to increase in the presence of inhibitors
such as CH;F, C,H;F, C,H,F, CH;Cl, C,H;Cl, and C,H;CL
The primary reason for the enhancement of the detonation
velocity with the addition of the retardants is the presence
of the methyl, vinyl, and ethyl groups in such inhibitors.
These hydrocarbon groups act as fuel, thereby increasing
the energy content of the reacting mixture. Thus, the nor-
malized energy release increases in the presence of such
compounds. The inhibition effect of a halogenated hydro-
carbon R-X (R is a methyl, vinyl, or ethyl group, and X is a
halogen atom) is primarily due to the presence of a halogen
atom, X (Westbrook 1982a). Simmons and Wolfhard, in
their work, emphasized that the hydrocarbon part of an R-X
inhibitor acts as a fuel and the halogen part of the given mol-
ecule act as an effective inhibitor (Simmons and Wolfhard
1955). It is interesting to note that the CJ detonation velocity
increase can be observed only for halogenated hydrocarbons
that contain fluorine and chlorine as halogen atoms. Since
the inhibition efficiency of halogen atoms follows the order
of I>Br>CI>F, iodides and bromides are the most effec-
tive inhibitors, whereas chlorides and fluorides are the least
effective inhibitors. Therefore, the CJ detonation velocity
increase is only observed for the inhibitors that contain F
and Cl as halogen atoms. In the case of a halogenated hydro-
carbon, an increase in the detonation velocity is a result of
competition between the hydrocarbon part and the halogen
part of the given molecule. It’s the relative competition of
the two effects that determine the inhibition efficiency of a
given inhibitor. Based on normalized energy release calcu-
lations, it is found that the halogenated hydrocarbons that
contain fluorides and chlorides act as a fuel, whereas they act
as an inhibitor in the case of bromides and iodides.

It would also be interesting to see the effect of these
velocity-enhancing retardants on the induction length of
H,-air-retardant mixtures. Based on the induction length
analysis, it has been observed that out of the six retardants
that increase the CJ detonation velocity, only two retardants
namely C,H;Cl and C,H;F, decreased the induction length,
which suggests a promotion effect on the resulting detona-
tion structure. C,HsCl and C,HsF showed a dual behavior,
where it first reduces the induction length and then increases
it. Thus, an increase in the CJ detonation velocity does not
necessarily mean that a given retardant is an ignition pro-
moter as the induction length and induction delay time can
still increase with the addition of such retardants. Thus, to
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distinguish between an ignition promoter and an inhibitor
and to evaluate the inhibition efficiency, the induction length
is the best-suited parameter.

The detonation velocity was found to linearly decrease
with the concentration of inhibitors for most of the halogen-
ated inhibitors studied. The ranking of the inhibitors based
on their ability to reduce the detonation velocity when added
to stoichiometric H,-air mixtures at 20,000 ppmv is given
as follows:

CF;1 > HI > CF;Br > CH3I > C,HsI >
HBr > C,H;I > CF;Cl > CH;Br >
C,HsBr > CF, > C,H;Br > HCl > HF

The ranking shows that the net effect of retarding charac-
teristics of iodine-containing retardants is more significant
in their respective series, and fluorine-containing species
have the least.

It must be noted that the impact of the retardants on
the CJ speed is measurable but minimal (5% decrease, 2%
increase maximum). Since retardants minimally affect the
detonation velocity which may lead to minimal change in
the post-shock environment, the detonation velocity is not
an effective parameter to judge the inhibition efficiency of
chemical inhibitors. It is found that the induction zone length
and induction delay time is the most suited parameter for
determining the inhibition effect of the retardants and is
potentially related to detonation initiation and detonation
propagation sensitivities. A larger induction zone length
and induction delay time are indicative of a loose coupling
between the leading shock front and the reaction zone and
quantitatively represent mixtures that are less detonable.

Conclusions

The inhibition of hydrogen-air gaseous detonations was
studied in the current work using a series of halogenated
inhibitors. The halogenated inhibitors investigated in the
current work include halogen acids (HI, HBr, HCI, HF),
halomethanes (CH;1I, CH;Br, CH;Cl, CH,F), haloethanes
(C,HslI, C,HsBr, C,H;Cl, C,HsF), haloethenes (C,Hj;l,
C,H;Br, C,H;Cl, C,H;F) and compounds with more than
one halogen atoms (CF;l, CF;Br, CF;Cl, CF,). The inhibi-
tion effectiveness of these halogenated inhibitors was evalu-
ated based on two parameters, the induction zone length
(A);) and the CJ detonation velocity (V;). While the former
is potentially related to detonation initiation and detonation
propagation sensitivities, the latter only marginally affects
the detonation pressure and temperature. The inhibition
effects of various retardants are due to the scavenging of
active radicals from the radical pool since they do not affect

the post-shock and post-detonation parameters much. It has
been observed that the location of the peak radical concen-
trations is also increased with the addition of the retardants.
This indicates that the addition of retardants not only reduces
the maximum radical concentration but also slows down its
production rate. Scavenging of active radicals decreases
the overall rate of chain-branching reactions and produces
dramatic inhibition effects by increasing the ignition delay
time. The induction length and ignition delay time of the
ZND detonation structure were found to increase with an
increase in the concentration of the retardants. However,
the post-shock and post-detonation properties were mini-
mally affected by the addition of halogenated inhibitors to
hydrogen-air mixtures. In the current work, bromine and
iodine-containing species were found to possess the best
inhibition efficiency, with chlorine and fluorine-containing
inhibitors being the least efficient as evaluated by the induc-
tion length analysis. The addition of some inhibitors showed
a dual effect, with the induction length decreasing first and
then increasing with the inhibitor concentration. A local
minimum in the induction length was observed for inhibitors
such as CF;Cl, CF;l, C,H;l, and C,H;I when added to stoi-
chiometric hydrogen-air mixtures. The complex halogenated
hydrocarbons like CF;I, CF;Br, and CF;Cl exhibited good
inhibition efficiency except for CF,, which acts as a promoter
rather than an inhibitor for hydrogen-air explosive mixtures.
In the case of hydrocarbon inhibitors, the hydrocarbon part
of a halogenated hydrocarbon molecule acts as a fuel, and
the halogen part of the molecule is the effective inhibitor.
Therefore, the inhibiting action of halogenated hydrocarbons
can be explained in terms of the addition of both inhibitors
and extra fuel to the system. It’s the relative competition of
the two effects that determine the inhibition efficiency of a
given inhibitor. For H,-air mixtures, based on the induction
length analysis, bromo-ethane (C,HsBr) was found to exhibit
the highest inhibition efficiency among all the inhibitors
studied in the present work at 20000 ppmv of the inhibitor
concentration, followed by HBr, C,Hsl, CF;l, and CF;Br.
The ranking of the inhibitors based on their ability to
reduce the detonation velocity, when added to stoichiometric
H,-air mixtures at 20,000 ppmv, shows that the net effect of
retarding characteristics of iodine-containing retardants is
more significant in their respective series, while the fluorine-
containing species exhibit the least inhibition efficiency. The
ranking of inhibitors also shows that haloethanes have better
inhibition efficiency than halomethanes, followed by vinyl
compounds. The CFj; series of inhibitors has a good inhibi-
tion tendency due to extra halogen atoms. In the case of
a halogenated hydrocarbon, an increase in the detonation
velocity is a result of competition between the hydrocarbon
part and the halogen part of the given molecule. It’s the
relative competition of the two effects that determine the
inhibition efficiency of a given inhibitor. Based on the CJ
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detonation velocity analysis CF;I showed the best inhibition
effect for H,-air mixtures followed by HI and CF;Br.

For H,-air mixtures, based on the induction length analy-
sis, bromo-ethane (C,H;Br) was found to exhibit the high-
est inhibition efficiency among all the inhibitors studied in
the present work. Similarly, CF;I showed the best inhibition
effect for H,-air mixtures based on the CJ detonation veloc-
ity analysis.

In the present work, the inhibition or promotion effect of
a given retardant was evaluated based on two parameters,
the induction zone length (A,;) and the CJ detonation veloc-
ity (V). In the present work, it is found that A; is the most
suited parameter for determining the inhibition effect of a
given retardant. The detonation velocity is not an effective
parameter to judge the inhibition efficiency of chemical
inhibitors since retardants minimally affect the detonation
velocity (maximum 5% decrease or 2% increase), which may
lead to minimal change in the post-shock environment. A
larger induction zone length is indicative of a loose coupling
between the leading shock front and the reaction zone and
quantitatively represents mixtures that are less detonable.
Thus, the induction zone length was found to be a better
parameter to evaluate the inhibition effect of a given retard-
ant for H,-air mixtures.
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