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Abstract

The unwarranted leakage/release of hydrogen gas from metal processing, automotive, petrochemical industries, and nuclear
reactors, along with its subsequent ignition and transition to detonation, could lead to catastrophic damage to both life
and property. The development of practical hazard prevention and safety control systems demands an understanding of the
effectiveness of the chemical inhibitors to suppress/mitigate a detonation wave under varying operational conditions. In
the current study, the inhibition efficiency of chemical inhibitors under varying mixture initial conditions was investigated
using numerical computations. The inhibition efficiency of trifluoroiodomethane (CF3I), carbon dioxide (CO;), and steam
(H>0) on hydrogen-oxygen/air mixtures was evaluated using a detailed chemical kinetic model for hydrogen oxidation. ZND
computations were carried out over a range of initial mixture composition, pressure, and temperature. It was found that CF31
is a better inhibitor than CO, and H,O at all the initial mixture conditions. However, at very high temperatures, the inhibitors
CF31, CO,, and H>O have a similar detonation inhibition efficiency. The inhibition efficiency of carbon dioxide and steam is
comparable and significantly lower than CF31. The findings from the current work can be used to design optimized detonation
safety systems over a range of practical operating conditions.
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1 Introduction

Accidental explosions occur during the storage and trans-
portation of fuels, primarily due to gas leaks and fuel spillage.
In the case of highly reactive fuels such as hydrogen, the
chemical reactions and species molecular diffusion rates are
greater than for typical hydrocarbon fuels. Therefore, a flame
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accelerates rapidly, leading to fast deflagrations or even a
detonation through the deflagration-to-detonation transition
(DDT) phenomenon. It is well known that gaseous detona-
tions resulting from the formation of an explosive mixture
due to the uncontrolled release of flammable gas and an oxi-
dizer are the most destructive accident scenarios. A fully
developed detonation wave propagates at supersonic veloc-
ities (> 1800m/s), reaching overpressures of more than
20 bars. The mechanical load associated with a shock wave of
such high overpressures is a major destructive factor. There-
fore, Wang et al. suggested that the flame acceleration and
the DDT phenomenon must be taken into consideration for
safety and hazard evaluation [1].

Hydrogen is a very reactive clean fuel and is believed to be
a future energy carrier. Hydrogen is seen as a universal rem-
edy to address problems related to global warming, increased
air pollution, and fossil fuel depletion. However, the primary
concern for adopting hydrogen as a suitable alternative to the
currently used energetic fuels is the safety aspects associated
with possible gas leaks and hydrogen hazards. Due to the
low ignition energy and wide explosion limit of hydrogen,
several hydrogen explosion accidents have been reported in
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the production, storage, and refueling stations [2]. Hydrogen
being a small molecule, and due to its low viscosity, it is
more prone to leakages from pipeline connections as com-
pared to larger hydrocarbons. It was found that hydrogen
leaks three times and five times faster than natural gas and
propane, respectively, on a volumetric basis [3]. The leakage
of hydrogen from storage tanks or transport pipelines results
in the formation of a large vapor cloud; the hydrogen vapor
mixes with air and forms a flammable mixture before ignition
occurs. Vapor cloud explosions have been widely studied in
the literature due to their resemblance to practical explosion
scenarios [4-9]. Oran et al. showed that such vapor clouds
under favorable conditions could undergo DDT even in the
absence of any confinement and could lead to loss of life and
resources [7, 8]. Jiang et al. carried out experimental studies
on unconfined hydrogen explosions in the presence of exter-
nal turbulence. It was found that the cumulative effect of
external turbulence and the inherent flame instabilities could
result in flame acceleration [9]. Also, the blast wave over-
pressures for a partially confined detonation were found to
be significantly greater than an unconfined detonation for
the same amount of fuel [10]. In the case of nuclear reactors,
hydrogen gas can be formed by the reaction of zirconium
and steam at elevated temperatures during a severe accident.
Also, hydrogen can be formed in light water-cooled reactors
due to the radiolytic decomposition of water [11]. The dam-
age reported at the Fukushima nuclear plant (2011) resulted
from an intense hydrogen explosion [11]. Thus, there is a
great interest in hydrogen flammability and detonability lim-
its and their implications for safety and prevention in many
applications.

The use of chemical inhibitors and diluents for detonation
and fire suppression has been widely studied by researchers
worldwide [12-22]. The chemical inhibitors, when added to
a fuel-oxidizer mixture, interfere with the oxidation chem-
istry. The primary objective of the addition of a chemical
inhibitor to a fuel-oxidizer mixture is to alter the mixture’s
detonability and thus reduce detonation hazard. Halogenated
hydrocarbons, especially those containing more than one
halogen compound, have been found to be very effective
in detonation inhibition [12]. Brominated additives such as
bromotrifluoromethane or Halon 1301 (CF3Br) and bro-
mochlorodifluoromethane or Halon 1211 (CF,BrCl) have
been found to be excellent additives for fire suppression in
a given fuel-air mixture [13]. However, their production and
use in fire suppression have been banned by the Montreal
Protocol because of the high ozone depletion potential of
bromine [14, 15]. The bromine atoms from the brominated
compounds reach the stratosphere and are a major ozone
depletor. In the recent past, efforts were devoted to find a
suitable replacement for Halon 1301 with similar suppres-
sion ability and also environment-friendly production and
application. It was found that iodinated hydrocarbon could
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be a suitable replacement. Leclerc et al. [14] conducted an
experimental study on methane oxidation in the presence of
trifluoroiodomethane (CF3]) to evaluate the inhibiting effect.
It was found that CF3lI is as good an inhibitor as bromi-
nated compounds [14]. The addition of chemical inhibitors
reduces the rate of bimolecular reactions. The addition of
CF3l to hydrocarbon fuels such as methane, propane, and
acetylene was observed to reduce the laminar flame speed by
consuming the active radicals and producing fewer reactive
radicals [15]. Moen et al. evaluated the detonation inhibi-
tion efficiency of various inhibitors [16]. The experimental
results showed that CO, as a diluent has a better detonation
inhibition tendency than CF3Br for fuel-air and fuel-oxygen
mixtures. It was found that dilution with nitrogen and carbon
dioxide leads to a change in the thermodynamic properties
of a fuel-oxidizer mixture. The addition of these diluents
reduces the thermal diffusivity and thermal conductivity of
the fuel-oxidizer mixture, thereby reducing the flame speed
of the mixture [17]. Kumar and Singh performed numeri-
cal computations to study the efficacy of CF3I, H,O, CO,,
and N for suppressing Hy—O»/air detonations. The results
suggested that H,O is a better inhibiting agent than CF3I
based on the retardant weight required to suppress a detona-
tion wave [14]. It was also found that CF3I has a detonation
promotion effect at lower concentrations (< 6000 PPM), and
the expected inhibition effect is observed at higher additive
concentrations for Ho—O» mixtures. The promotion effect
of CF3l at lower concentrations is due to an increase in
the production of H radical through I + H, — HI + H,
whereas at higher concentrations, the reaction, H + CF31 —
HI + CF3 dominates and consumes the reactive H radical
leading to detonation inhibition [18]. Thus, the inhibition
effect of CF31, a potential Halon 1301 (CF3Br) replacement,
is well documented in the literature. However, the stud-
ies reported in the literature are specifically carried out at
stoichiometric conditions and standard initial pressure and
temperature. The hydrogen explosions occurring, especially
in confined spaces and nuclear reactors, can have a range of
initial mixture composition and pressure-temperature vari-
ations. The boiling water reactors and pressurized water
reactors operate at very high initial pressures; also, partially
combusted fuel-oxidizer mixtures can heat the unburned
mixture and change the initial thermodynamic state of the
flammable mixture [11]. Therefore, it is important to study
these chemical and thermal inhibitors over a range of mix-
ture initial conditions. However, the literature regarding this
is minimal [23]. As such, no literature is available to the
author’s knowledge in which a systematic study of the effect
of a mixture’s initial thermodynamic state on the inhibition
efficiency of halogenated inhibitors has been carried out.
Therefore, in the present work, we attempted to evaluate the
effect of varying initial conditions on the inhibition efficacy
of detonation inhibitors.
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Gaseous detonations are characterized by a cellular struc-
ture resulting from strong interactions between the incident
shock, the transverse waves, and Mach stems [24]. The det-
onation cell size is quantified based on the average width
of the detonation cell, which is the spacing between trans-
verse waves of the same family. The detonation cell width
(1) depends on the type of fuel and oxidizer, the fuel-oxidizer
stoichiometry, the initial thermodynamic state of the reactive
mixture, dilution, etc. The detonation cell width is the most
prominent detonation parameter and has been extensively
studied due to its relation to different detonation propa-
gation parameters [25-28]. Researchers in the past have
used simplified one-dimensional analysis (i.e., ZND deto-
nation model) to predict the dynamic detonation parameters.
It was found that the ZND reaction length (A) correlates
linearly with the cell width of multi-dimensional detona-
tions [29-32], i.e., A = AA. The value of A changes by
more than an order of magnitude for different fuel-oxidizer-
diluent mixtures [29, 30]. Further efforts were devoted at
refining the correlation by developing elaborative theoretical
approaches for the ratio of the cell width to the induction
length. Gavrikov et al. proposed an approach to generalize
the correlation (\ = A x A;) by considering the multi-
dimensional structure of detonations. The proportionality
constant A was considered to be a function of two stability
parameters [dimensionless effective activation energy (er)
and a parameter describing the relation between chemical
energy and the initial thermal energy of the combustible mix-
ture (Tyn/To)] [29]. Ng et al. also developed a correlation
where A was defined as a function of the non-dimensional
stability parameter (xy = &1 X Aj .u“g‘;‘) with empirically fit-
ted coefficients [33]. Mevel et al. proposed a correlation with
A =3007023 (1 - XNZ)O'098 (P1/Py)?99 as a function of
mixture equivalence ratio, nitrogen mole fraction (X, ), and
the ratio of initial to standard pressure (P1/p,); it predicted
the cell width with a mean relative error of 28% for Hy—N,O
(-N7) mixtures [34]. Zhang et al. proposed a correlation with
A having a similar functional form as given by Mevel et al.
and including the effect of argon dilution for Hy—N>O-Ar
mixtures, i.e., A = 25.680 012 (1 — X ,,)~123 (Pi/py)0-016
[35]. The primary difference between the two expressions of
A is the exponent of the diluent term (1 — Xgj1). The induction
length does not change much with argon dilution due to the
two competing effects: an increase in the specific heat ratio
(y) and a decrease in the total energy release [35]. However,
experimental observation reveals increased cell width with
increasing argon dilution. Therefore, to keep A increasing
progressively, the exponent of the diluent term (argon molar
fraction) was thus set to be negative [35].

Although the one-dimensional detonation model does not
incorporate the entire structure of the multi-dimensional
detonation, it has been historically used to predict the detona-

tion cell width using the induction length based on detailed
chemical kinetics. The use of such a simplified model can
significantly reduce the computational costs and time. It
allows the study of fuel oxidation chemistry over a range
of initial conditions and fuel-oxidizer combinations using
detailed kinetic reaction mechanisms. The addition of chem-
ically active inhibitors increases the induction length of a
ZND detonation, which indicates a loose coupling between
the reaction zone and the leading shock wave and thus qual-
itatively represents less detonable mixtures. Thus, chemical
inhibitors are critical in reducing the detonability hazards of
practical fuels, and their effectiveness under varying initial
conditions warrants further study.

The efficiency of detonation inhibitors can be evaluated
based on various detonation parameters such as the detona-
tion cell width, ZND induction zone length, CJ detonation
velocity, and the weight of the inhibitor required [18]. Along
with the detonation parameters, the economic feasibility of
a particular inhibitor can also be used as a limiting param-
eter for ranking the effectiveness of a given inhibitor over
a range of mixture conditions. However, the use of the cell
width or the ZND induction zone length based on detailed
chemical kinetics has been proven to be the most appropri-
ate parameter to evaluate the efficiency of various inhibitors
[12]. Therefore, in the present study, the factor by which
a given inhibitor increases the induction zone length of
H,—O»/air detonations is used as an indicative parameter of
the inhibition efficiency.

In the present study, the effect of the initial thermodynamic
state of the fuel-oxidizer mixture on the inhibition efficiency
of CF3l, CO;, and HyO was evaluated. The primary objec-
tive of the present work is to study the influence of initial
mixture conditions on the efficiency of detonation inhibitors
using a detailed chemical kinetics model for hydrogen oxi-
dation. The computations include varying the initial mixture
composition, initial pressure, and temperature of Ho—O»/air—
CF31/CO,/H70 mixtures.

2 Methodology

In the present work, the one-dimensional ZND detonation
model was used to study the efficacy of detonation inhibitors
on Hp—O,/air mixtures at different initial conditions. The
modified version of the Caltech Shock and Detonation Tool-
box was used for the ZND computations [36]. The chemical
kinetic computations were carried out using CANTERA [37]
integrated with MATLAB. The Foundational Fuel Chemistry
Model — 1(FFCM-1) was used to model hydrogen oxidation.
The FFCM-1 model consists of 39 species and 301 reac-
tions [38]. The mechanism adopted by Leclerc et al. for CF31
was incorporated into the FFCM-1 reaction mechanism to
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Fig. 1 Effect of varying CF3I concentration on the detonation cell
width. The filled symbols represent the experimental cell width data
from Crane et al. [32], and the hollow symbols represent the predicted
cell width based on the induction length correlation (. = 27.6 x Aj)
given in [32]. The induction length was evaluated under similar condi-
tions using the combined FFCM1-CF31 model

model CF3I chemistry [14]. In our previous work [18, 39],
it was highlighted that other models describing CF3I chem-
istry (Mathieu et al. [15] and Babushok et al. [21]) were not
able to capture the ignition promotion effect shown by CF31
at lower concentrations. However, the CF31 sub-mechanism
from Leclerc et al. [14] was able to predict the ignition pro-
motion effect of CF3I at low concentrations and produced
results that were in excellent agreement with previous exper-
imental results for hydrogen-oxygen detonations [32]. The
comparison between the predicted cell width and the exper-
imentally measured cell width is shown in Fig. 1.

The reaction zone in a standard ZND detonation model
includes the induction zone and the recombination zone. The
induction zone is dominated by two-body chain branching
and radical generation reactions, whereas the recombination
zone is dominated by three-body chain-terminating reac-
tions. The induction zone length is a characteristic detonation
length scale of the standard one-dimensional ZND model. It
is now known that a smaller induction length is indicative
of more reactive mixtures. A larger induction zone length
denotes a slower reaction, and if the induction length is large
enough, the reaction zone can be completely decoupled from
the leading shock front. However, the shock and reaction
front can propagate independently if a sufficient flammable
mixture is available [ 18]. It must also be noted that the leading
shock and the reaction zone can again become coupled and
propagate as a detonation wave under favorable conditions.
Thus, the increase in the induction length indicates a corre-
sponding decrease in the detonability of a given fuel-oxidizer
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mixture. Therefore, in order to rank the inhibitor efficiency,
the induction length is utilized as a governing parameter.
The inhibition efficiency of an inhibitor is given by the
factor of increase (f) in the induction length/time with the
addition of inhibitor at the same concentration levels for all
the inhibitors. A higher factor of increase in the induction
length or time indicates higher efficiency of a detonation
inhibitor and vice versa. The factor of increase in the induc-
tion length ( fa) is the ratio of induction length with inhibitor
to without inhibitor for Hy—QO»/air-inhibitor detonations. It is
given by
Aj, inhibitor

fa=

Aj, no inhibitor

Similarly, the factor of increase in the induction time ( f¢) is
given by

fo= T, inhibitor

Ti, no inhibitor

Kumar and Singh, in their work, pointed out the dual nature
of CF3I addition to Hy—O»/air mixtures. They observed det-
onation promotion at a small molar concentration of CF3I
addition (<1200 PPM for Hp—air mixtures and <6000 PPM
for Hy—O; mixtures) [18]. Therefore, in order to overcome
the ambiguity of any promotion effect, the concentration
of the inhibitor addition was fixed as 50,000 PPM or 5%
molar concentration. The ZND computations were carried
out at these concentration levels, and no promotion effect
was observed. Therefore, the inhibitor concentration of
50,000 PPM or 5% molar concentration was used for fur-
ther computations.

3 Results and discussion

3.1 Effect of varying equivalence ratio on the
inhibition efficiency

3.1.1 H-05/air-CF31 mixtures

The induction length/time and the corresponding factor of
increase were evaluated for Hy—O;/air—CF31 mixtures with
5% CF3lI addition at an initial pressure of Py = 1 bar, and
initial temperature of Tp = 295 K (refer to Table 1 and
Figs.2 and 3). It is known that CF3I shows a chemical inhi-
bition effect at higher concentrations, where it drastically
increases the induction length/time [18]. The chemical inhi-
bition effect of CF31is primarily due to the radical scavenging
of active radicals (specifically H radical) in the combustion
environment. The recombination of active radicals with the
halogenated atom is the major inhibition step for all halo-
genated inhibitors. The reaction cycle responsible for the
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Table 1 Critical detonation parameters (7yn, Aj, and T;) and the factor of increase (fa, fr) at various mixture equivalence ratios (@) with and

without inhibitors for H,—O»/air mixtures

D H,-0, Hy—air
TuN (K) Aj (mm) Ti (1) fa fx T\~ (K) Aj (mm) Ti (1s) fa S
No inhibitor 0.4 1621.6 0.054 0.134 - - 1155.3 69.21 224.8 - —
1.0 1761.6 0.050 0.096 - - 15354 0.215 0.573 — -
2.0 1724.9 0.102 0.157 - — 1470.1 0.387 0.924 — -
5% CF3l 0.4 1459.1 2.863 9.67 53.1 72.1 934.5 ND* ND#* ND* ND*
1.0 1605.8 0.764 2.18 15.2 22.8 1326.3 50.15 166.9 233.2 290.8
2.0 1545.5 2.072 5.28 20.4 33.5 1285.5 69.14 210.9 178.6 228.2
5% CO» 0.4 1545.4 0.077 0.21 1.44 1.54 1080.5 290.2 985.3 4.2 4.38
1.0 1674.8 0.066 0.14 1.31 1.44 1438.1 0.395 1.13 1.8 1.97
2.0 1633.6 0.132 0.24 1.32 1.50 1363.2 0.935 2.54 2.4 2.75
5% H,0 0.4 1577.2 0.080 0.20 1.49 1.52 1107.1 274.8 897.5 3.9 3.99
1.0 1712.3 0.065 0.13 1.299 1.34 1480.4 0.390 1.06 1.8 1.84
2.0 1669.1 0.134 0.22 1.316 1.39 1407.1 0.960 2.36 2.5 2.56
*ND — No detonation
H -O_-Noret/CF1/CO_/HO H_-air-Noret/CF 1/CO_/HO
2 2 2 3 2 2 2 4 2 3 2 2
10 T L] T T T T T 10 10 T T T T
—e+—A@NoRet = 7@ No Ret (a) ——4@NoRet <—r@Noret (P |
—#—4@5%CF| = 7@5%CF| —=—4@5%CF| - 7@5%CF| 10
, —*—4@5%CO, >~ 7@5%CO, ) 10° —~—A4@5%CO, == 1@5%CO,
£ 10 . TTT4@5%HO0 Y- 1@5%HO 10 2 = —¥—4@5%H0 ~-7@5%H.0 10 2
E - f s
- ﬂ; ~ -
< E < £
% S £ 102 =
c ) =i z
2 [ < =
c T 2L 8
[~] c c
= S S 16
7] = b= 10" 2
3 S S S
i - g

04 06 038 1 12 14 16 18 2

Equivalence ratio, @

06 0.8 1 1.2 1.4 1.6 1.8 2
Equivalence ratio, @

Fig.2 Effect of varying initial mixture composition on the induction length and time with and without retardants (5% CF3I, CO2, and H,O molar
concentration): (a) Hy—O; detonations and (b) Hp—air detonations at Py = 1 bar and Tp = 295 K

inhibition effect of most halogenated compounds is as fol-
lows [39]:

H+I1+M — H + M (R1)
L+0 —>1+1I0 (R2)
H + CF;l — CF3 + HI (R3)

The above reaction cycle is responsible for the deple-
tion of active radicals H and O in the reaction pool and its
corresponding substitution with a less reactive CF3 radical.
The reactions (R1)-(R3) compete with the following con-
ventional chain branching and chain propagation reactions:

0,+H —> O + OH (R4)
H, + O — H + OH (R5)
H, + OH — H + H,0 (R6)

and thus produce an inhibition effect on Hy—O/air detona-
tions.

The addition of 5% CF31 to H,—O,/air mixtures increases
the induction zone length/time for all the equivalence ratios
(0.4-2.0). This is because the post-shock temperature, 7yN,
which governs the chemical kinetics in the induction zone,
decreases drastically with the addition of CF3l. The post-
shock temperature without CF3I for @ = 0.4, 1.0, and 2.0 is

@ Springer



172

A. Dahake et al.

H -O_-CF1/CO_/HO
2 2 3 2 2

T T T—TT—~T—T—T [T~~~
—=— f @5%CF| (a) ]
-— f @ 5% CF,|
—a— f @5%CO,
2
- 1F - f @5%CO, 1
‘._} N —v— f @5%H,0
g V= f @5%H,0
S = '
]
£
b
o
1
s
G 10" | .
[T
10°

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Equivalence ratio, &

H_-air-CF1/CO_/HO
2 3 2’ 2

L[| R——
e
o 10* | r
g 1 —=— f @5%CF,| 3
© —
g -0— f @5%CF,l
£ —a— f @ 5% CO
Y- A 2
o
5 -a— f @5%CO,
s 10§ —>— [ @5%HO ]
~v— f@5%H0 ]
100 b 1

0.6 0.8 1 1.2 14 1.6 1.8 2

Equivalence ratio, @

Fig.3 Effect of varying initial mixture composition on the factor of increase in the induction length ( fa) and induction time ( f) at 5% CF31, CO;,
and H,O molar concentration: (a) Hy—O», detonations and (b) Hp—air detonations at Pp = 1 bar and 7y = 295 K

1621.6 K, 1761.6 K, and 1724.9 K, respectively, for H,—O»
mixtures. However, with the addition of a 5% molar con-
centration of CF3l, TN drops to 1459.1 K, 1605.8 K, and
1545.5 K for @ = 0.4, 1.0, 2.0, respectively. Similar results
can be observed for Hr—air mixtures (refer to Table 1). Thus,
the addition of CF3I decreases Tyn substantially, leading to a
larger induction length and time. In the case of fuel-lean mix-
tures, the induction length and time are higher as compared
to stoichiometric conditions, and the addition of CF3I further
increases the Aj and t;. The significant increase in the A; and
7; for both hydrogen-oxygen/air mixtures with CF3I addition
potentially indicates a very weakly coupled shock-reaction
zone, thereby representing a higher probability of a complete
decoupling of the shock and the reaction zone. Also, it can
be observed that the induction length for Hy—Oj/air—CFz1
mixtures is more than an order of magnitude larger than for
H;-0,/air-CO,/H7O mixtures at the same addition levels.
Thus, CF3l is a far better inhibitor than CO; and H,O at all
the equivalence ratios studied.

The variation of fa and f; with equivalence ratio is illus-
trated in Fig. 3. The inhibition efficiency varies similarly to
the induction length and time with equivalence ratio. It should
be noted that the inhibition efficiency of CFsI is higher in
fuel-lean Hy—O»/air mixtures as compared to stoichiometric
and fuel-rich mixtures (refer to Table 1 and Figs.2 and 3).
This is because, in fuel-lean mixtures, the H radicals are
present in small amounts. The H-radical is consumed by
both the reactions (R3) and (R4). Therefore, the presence
of CF3I hinders the H radical consumption by (R4), thereby
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hindering the chain branching process and thus increasing the
detonation length and time scales in fuel-lean H,—O»/air mix-
tures. Therefore, higher detonation inhibition efficiency can
be observed for CF31in fuel-lean conditions due to the limited
H radical concentration and competition between hydrogen
oxidation and radical scavenging by CFsl. It can also be
observed that with the addition of 5% CF3l, no detonation
was observed at equivalence ratios less than 0.7 (ER <0.7)
for Hy—air—CF3;1 mixtures. Thus, it can be concluded that the
addition of CF3I reduces the detonability of a given fuel-air
mixture, which is beneficial for hydrogen safety.

3.1.2 Hy-0,/air-C0,/H, 0 mixtures

The variation in the induction length and time and the inhi-
bition efficiency of CO, and HyO at 5% molar additive
concentration were evaluated at various equivalence ratios
for Hy—0,/air—-CO,/H, O mixtures. Unlike CF31, CO,, and
H,O are known to have an inhibition tendency at all concen-
trations. Carbon dioxide addition inhibits detonation due to
the rapid recombination of the H, O, and OH active radicals
with CO and CO»:

CO,+ O — CO + O, (R7)
CO,+ H — OH + CO (R8)
CO, + OH — HO, + CO (R9)
0 + CO — CO, (R10)
H + CO — HCO (R11)
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H2 - air - CO2

HZO2 +H<=> HO2 + H2

H,0, (+M) <=> 20H (+M)
HOZ + OH <=> H20 + O2
H+0, (+M) <=> HO_ (+M)
2H20 (+M) <=>H + OH + Hzo
HZO (+M) <=> H + OH (+M)

O +H (+M) <=> OH (+M)

OH +H2<=>H+H0

O+ H2 <=>H + OH

H+0,<=>0+0OH

-0.5 0 0.5 1

Normalized sensitivity coefficient

Fig. 4 Normalized sensitivity coefficients (top ten reactions) for (a)
5% CO3 and (b) 5% H;O addition to stoichiometric hydrogen-air mix-
tures. The initial conditions Py and Tp, used for the ZND computations

The consumption of these reactive radicals inhibits the
chain branching process and thus increases the induction
length and time.

Similarly, H>O inhibits detonation by removing the active
H radical from the reaction pool. However, for H>O, only the
following reaction is critical:
H + OH + H,O — 2H,0 (R12)
in which the H and OH radicals get recombined to form steam
(H,O) [18]. Thus, the reactions (R7)—(R11) for CO, and
(R12) for HO compete with the chain branching and chain
propagating reactions (R4)—(R6) and inhibit detonation.

Carbon dioxide and water vapor act like a suppres-
sant or inhibitor over a wide range of fuel-air equivalence
ratios, where the induction length steadily increases with the
addition of CO, and H,O (see Fig. 2). The post-shock tem-
perature, 7yN, also decreases with the addition of CO, and
H;O. The decrease in the post-shock temperature is slightly
greater for CO; than H, O, but it is substantially less than that
for CF31. The reduction in the post-shock temperature affects
the kinetics in the induction zone and governs the induction
zone length and time. Thus, CO, and H,O are comparable
inhibitors at all the equivalence ratios but are inferior to CF31
as the increase in A; is higher for CF3I than CO; and H,O
under the conditions tested.

In order to gain insights into the underlying reaction
kinetics, temperature sensitivity analysis was performed for
stoichiometric hydrogen-air detonations in the presence of
5% CO; and H,O. The initial conditions for the computations
were the corresponding post-shock thermodynamic state ((a)

H2 - air - HZO

HO +H<=>HO_ +H
2 2 2 2
H,0, (+M) <=> 20H (+M)
HO_+OH<=>HO+O0
2 2 2
H+ 0, (+M) <=> HO, (+M)
2H20 <=>H+OH+ H20
O +H (+M) <=> OH (+M)
20H<=>0+ HZO
OH+H_ <=>H+HO

2 2
o+ H2 <=>H+OH

H+02<=>0+0H

-1 -0.5 0 0.5 1

Normalized sensitivity coefficient

were 1 bar and 295 K, respectively, and the post-shock conditions
(PyN and TyN) were used as the initial mixture state for the sensitivity
analysis

CO;: Py =26.9 bar, and Ty = 1438.1 K; (b) H;O: Py =
27.15 bar, and Tyny = 1480.4 K). It can be seen that the
addition of CO, and H,O results in similar sensitivity spec-
tra under the given conditions. The primary chain branching
reaction, H + Oy < O 4 OH exhibits the highest posi-
tive sensitivity coefficient. A slight increase in the reaction
rate of this reaction can significantly increase the tempera-
ture (in the reaction zone), leading to lower induction zone
length/time for both Hy—air—CO,/H;O mixtures. The reac-
tions that exhibit a positive sensitivity coefficient are mostly
chain branching or chain propagating in nature, as shown in
Fig.4. It must be observed that the reactions responsible for
the inhibition effect of carbon dioxide (R7)—(R11) and steam
(R12) are not among the ten most influential reactions for
the given mixture under detonating conditions. Thus, it can
be concluded that the inhibition effect observed for CO, and
H;O when added to hydrogen-air mixtures is primarily due to
the change in the post-shock temperature, 7yN, and the chem-
ical reaction cycle plays a secondary role under the conditions
tested.

The inhibition efficiency of CO, and HO remains rel-
atively constant for Hp—0,—CO2/H>O mixtures at all the
equivalence ratios, as shown in Table 1 and Fig. 3a. However,
for Hy—air—CO,/ H>O mixtures, the inhibition efficiency is
comparatively higher at fuel-lean conditions than at fuel-rich
conditions. In the case of Hy—air—CO,/H, O mixtures, the fac-
tor of increase in the induction length (fa) at @ =0.6is~7.3
and ~9.4, and at @ = 1.6, itis ~2 and ~1.9 for CO; and H,O
respectively. Thus, H>O has a better inhibiting ability for
Hj—air detonations at off-stoichiometric fuel-lean condi-
tions.
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Table2 Critical detonation parameters (7yn, Aj, and T;) and the factor of increase (fa, fx) at various mixture initial pressure (Py) with and without

inhibitors for Hy—O»/air mixtures

Py (bar) Hy-0Os H,—air
TyN (K) Aj (mm) T (1) fa fx Ty~ (K) Aj (mm) Ti (s) fa S
No inhibitor 0.2 1677.9 0.308 0.602 - - 1492.0 1.070 2.904 - -
1.0 1761.7 0.050 0.096 — — 1535.4 0.215 0.573 - -
5.0 1846.4 0.011 0.021 - - 1572.8 0.124 0.328 - -
5% CF3l 0.2 1539.2 4.94 14.69 16.1 24.4 1305.6 224.5 763.7 209.7 263.0
1.0 1605.8 0.76 2.18 15.2 22.8 1326.3 50.2 166.7 2332 290.8
5.0 1670.9 0.13 0.36 11.8 17.5 1341.5 114 37.4 91.3 113.9
5% CO» 0.2 1600.4 0.379 0.818 1.23 1.36 1403.2 1.57 4.53 1.46 1.56
1.0 1674.8 0.066 0.138 1.31 1.44 1438.0 0.40 1.13 1.84 1.96
5.0 1749.6 0.020 0.040 1.74 1.94 1468.0 0.47 1.34 3.77 4.07
5% H,0 0.2 1634.9 0.367 0.739 1.19 1.23 1443.3 1.42 3.89 1.32 1.34
1.0 1712.3 0.065 0.128 1.30 1.3 1480.3 0.39 1.06 1.81 1.84
5.0 1790.3 0.021 0.040 1.87 1.9 1511.2 0.40 1.08 3.22 3.29

The inhibition efficiency of the inhibitors CF31, CO,, and
H;O varies considerably with the fuel-oxidizer equivalence
ratio, specifically for fuel-air-inhibitor mixtures. It can be
concluded that the variation in the inhibition efficiency is
the result of two separate governing parameters: the post-
shock temperature, 7yN, which changes with the addition
of inhibitor, and the radical abstraction mechanism of the
inhibitors, which can be quantified by evaluating the maxi-
mum H-concentration.

3.2 Effect of varying initial pressure on the
inhibition efficiency

3.2.1 H-0,/air-CF31 mixtures

The induction length decreases with an increase in initial
mixture pressure from 0.2 bar to 5 bar at the stoichiomet-
ric condition with and without any additives or inhibitors,
as shown in Table 2 and Fig.5a and b. The addition of
CF3I to H)—O, and Hp—air mixtures increases the induc-
tion length due to the suppression or inhibition effect at
any pressure (refer to Table 2 and Fig.5). Although the
addition of inhibitors offers an inhibiting effect for most
H,—0O, and Hr—air mixtures at any pressure, the inhibition
efficiency or the factor of increase in the induction length
and time decreases with increasing pressure. This is shown
in Fig. 6a and b for CF3I -diluted stoichiometric H,—O; and
Hy—air mixtures. For example, the addition of 5% CF3I at
an initial pressure of 0.6 bar increases the induction length
for a stoichiometric hydrogen-oxygen mixture by a factor of
~15.4 compared to the case with no CF31. However, for the
same concentration at a higher initial pressure of 5 bar, the
induction length increases by ~11.8 compared to the case
with no CF3l. Similarly, the addition of 5% CF3I at an initial
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pressure of 0.6 bar increases the induction zone length for
a stoichiometric hydrogen-air mixture by a factor of ~235
compared to the case with no CF31. However, for the same
concentration at a higher initial pressure of 5 bar, the induc-
tion length increases by a factor of ~91 compared to the case
with no CF31. Thus, the inhibition efficiency of CF3I seems
to decrease with increasing pressure, but still, CF3I is a far
better inhibitor than CO, and H,O.
At higher initial pressures, the recombination reaction

02 + H(+ M) — HO; (+M) (R13)
competes with the branching reaction
O+ H— OH + O (R14)

It causes an increase in the induction length and time scales
due to a decrease in the radical pool concentration. Since
detonations are already inhibited by the effects of this com-
petition for H atoms, the addition of CF3I does not have a
more significant impact on the A; and Tt as the pressure is
increased.

Therefore, the inhibition efficiency decreases with increas-
ing initial pressure for a particular concentration of an
inhibitor like CF3I. The effect of mixture initial pressure
on the Aj and t; is similar for both H,—O,—-CF3I and
Hj—air—CF31 mixtures. The same is true for Hy—O, and
Hy—air mixtures without any inhibitors.

3.2.2 Hy-0,/air-C03/H, 0 mixtures
The addition of CO, and H,O diluents or inhibitors to

H,—0; and Hj—air mixtures increases the induction length
for constant Py and Ty. Thus, the increase in the A; and T
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reduces the detonability and, in turn, the detonation hazard
for CO,/Hy0O diluted Hy—O»/air mixtures. The addition of
CO; and H,O provides an inhibiting effect for hydrogen-
oxygen and hydrogen-air mixtures at any pressure. Also,
the inhibiting efficiency of these inhibitors increases rapidly
with increasing pressure. This is shown in Figs.5 and 6 for
CO;-diluted and H,O-diluted stoichiometric H,—O; and
Hj—air mixtures at Ty = 295 K. For example, the addition

of 5% CO; at an initial pressure of 0.2 bar increases the
induction zone length for a stoichiometric hydrogen-oxygen
mixture by a factor of ~1.23 compared to the case with no
CO,. However, for the same dilution levels of CO; at a higher
initial pressure of 5 bar, the induction length increases by a
factor of ~1.75 compared to the case with no CO».
Similarly, the addition of 5% CO; at an initial pressure
of 0.2 bar increases the induction zone length for a stoichio-
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Table 3 Critical detonation parameters (7yN, Aj, and ;) and the factor of increase (fa, fz) at various mixture initial temperatures (7p) with and

without inhibitors for Ho—O»/air mixtures

To (K) H-O, H,—air
TN (K) Aj (mm) Ti (s) Sfa Jx Ty~ (K) Aj (mm) Ti (1) fa S
No inhibitor 300 1764.1 0.051 0.097 - - 1538.7 0.215 0.572 - -
500 1871.2 0.071 0.125 - - 1671.7 0.236 0.575 - -
1000 2171.6 0.106 0.156 - - 2015.2 0.288 0.589 - -
5% CF3l 300 1608.6 0.75 2.15 14.8 22.3 1330.2 48.96 162.29 227.5 283.6
500 1727.5 0.33 0.88 4.7 7.0 1484.7 13.32 41.59 56.4 72.3
1000 2059.4 0.09 0.21 0.9 1.3 1876.8 0.73 1.95 2.5 34
5% CO, 300 1677.3 0.066 0.139 1.30 1.44 1441.4 0.388 1.104 1.80 1.93
500 1787.8 0.085 0.166 1.21 1.33 1578.0 0.332 0.858 1.40 1.49
1000 2098.4 0.120 0.193 1.13 1.24 1932.8 0.351 0.726 1.22 1.28
5% H,0 300 1715.9 0.066 0.128 1.29 1.33 1483.5 0.384 1.037 1.78 1.81
500 1824.5 0.084 0.153 1.19 1.22 1619.4 0.310 0.762 1.31 1.33
1000 2127.2 0.121 0.182 1.14 1.17 1967.2 0.336 0.668 1.17 1.18

metric hydrogen-air mixture by a factor of ~1.46 compared
to the case with no CO,. However, for the same dilution at a
higher initial pressure of 5 bar, the induction length increases
significantly by a factor of ~3.8 compared to the case without
CO,. For mixtures diluted with H, O, the addition of 5% H,O
at an initial pressure of 0.2 bar increases the induction zone
length for a stoichiometric hydrogen-oxygen mixture by a
factor of ~1.2 compared to the case with no steam. However,
for the same dilution levels of steam at a higher initial pres-
sure of 5 bar, the induction length increases significantly by
a factor of ~1.9 compared to the case with no steam. Similar
results were obtained for stoichiometric hydrogen-air mix-
tures. Thus, when compared with the no-inhibitor case, the
inhibitors seem to have increased inhibition efficiency with
increasing pressure (refer to Table 2 and Fig. 6a and b).

The addition of CO, and H>O inhibitors to stoichiomet-
ric hydrogen-air mixtures increases the induction length and
time at pressures greater than 1 bar (Py > 1 bar). However,
at very low pressures, the induction zone lengths seem to
approach each other with the addition of CO, and HO, see
Fig. 5b. The computational results also exhibit a local mini-
mum in the induction length with increasing initial pressure.
The increase in initial pressure in the presence of inhibitors
like CO; and H>O would decrease the induction length ini-
tially and attain a minimum. After minima, the induction
length increases with an increase in initial pressure, as shown
in Fig. 5b. However, this effect is primarily seen in Hy—air—
CO,/H,0 mixtures and not in Hy—0,—CO,/H,O mixtures.
The results are consistent with the literature where Stamps
and Tieszen observed a cell width minimum in H,O-diluted
hydrogen-air detonations [23].
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3.3 Effect of varying initial temperature on the
inhibition efficiency

3.3.1 H-0,/air-CF3l mixtures

Hydrogen-oxygen and hydrogen-air mixtures with CF3] have
larger induction zone lengths than those without CF3I addi-
tion. However, it can be observed that the induction length
and time for CF31 diluted Ho—O»/air mixtures decrease with
an increase in the initial temperature. In contrast, the induc-
tion length and time increase for CO; and H,O diluted
H,—Oy/air mixtures (refer to Table 3). Although the addition
of CFsl increases the induction length and time (compared
to the no inhibitor case) and offers an inhibiting effect for
most hydrogen-oxygen and hydrogen-air mixtures at all mix-
ture temperatures, the inhibiting effect decreases rapidly with
increasing temperature. This is shown in Figs.7 and 9 for
CF3I -diluted stoichiometric Hy>—O» and Hj—air mixtures at
Py = 1 bar.

For example, the addition of 5% CF3l increases the
induction zone length for a stoichiometric hydrogen-oxygen
mixture by a factor of ~14.8 at 300 K compared to the case
with no CF31. However, the induction length decreases for
the same concentration level at a higher initial temperature
of 1000K compared to the case with no CF3l. Similarly,
the addition of 5% CF3I at an initial temperature of 300 K
increases the induction zone length for a stoichiometric
hydrogen-air mixture by a factor of ~227.5 compared to the
case with no CFz1. Again, for the same concentration level at
a higher initial temperature of 1000 K, the induction length
increases by ~2.5 compared to the case with no CF31. Thus,
the impact of the initial temperature on the induction zone
length and time is similar for both H,—O,—CF3I and Hp—
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air—CF3I mixtures, where the inhibiting efficiency of CF3I
was found to decrease rapidly with increasing temperature.
The effect of the mixture’s initial temperature on the induc-
tion length is quite different for Hy—O»/air mixtures and
H,—0,/air—CF;I mixtures. For example, the induction length
increases with an increase in initial temperature from 300 to
1100 K for hydrogen-oxygen/air mixtures in the absence of
CFsl. However, for hydrogen-oxygen/air—CF3I mixtures, the
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were the corresponding post-shock conditions (Pyn and 7yn). Reac-
tions that belong to the CF31 sub-mechanism are marked as solid color
bars

induction length decreases with an increase in initial temper-
ature from 300 to 1100 K.

The decrease in the inhibition effectiveness of CF3l at
higher temperatures is an interesting result, as the inhi-
bition effectiveness of CO, and H>O remains relatively
constant with changes in initial temperature. In order to eval-
uate the dominant reactions responsible for the observed
effect, temperature sensitivity analysis was carried out for
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H,—0O,—CF31 mixtures at different initial temperatures. The
initial conditions for the sensitivity computations were
the corresponding post-shock states ((a) Tp = 300 K:
Py~ = 32.4 bar, and Tyny = 1608.6 K; (b) Tp = 500 K:
Pyn = 18.8 bar, and Ty = 1727.5 K). The normalized sen-
sitivity coefficients for the top ten reactions are shown in
Fig.8. It can be observed that the consumption of H radi-
cal through the reaction H + I + M < HI + M shows
the highest negative sensitivity coefficient (amongst reac-
tions belonging to the CF31 sub-mechanism). The reaction is
responsible for an increase in the induction length with the
addition of CFsl, irrespective of the initial mixture temper-
ature. At Tp = 300K (Fig. 8a), the reaction CHF3 + I <
CF;+-HI exhibits a negative sensitivity coefficient, thereby
contributing to the inhibition effect. However, as the initial
temperature is increased to 7p = 500K (Fig. 8b), the reac-
tion exhibits a positive sensitivity coefficient. The production
of H radical through the combined effect of the reactions,
CHF3 + 1 < CF3+ Hl and CF3 4+ HI < CF31+4 Hresults
inradical proliferation, thereby reducing the induction length
for Hy, — Oy — CF31 mixtures at elevated temperatures. Thus,
the inhibition effectiveness of CFzI diminishes at higher ini-
tial temperatures due to the change in sensitivities of the
elementary reactions to the initial conditions.
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3.3.2 Hy-0,/air-C0,/H, 0 mixtures

H>-O; and Hjp-air mixtures diluted with CO, and H,O
have larger induction zone lengths than the same mixture
without dilution. The addition of CO, and H;O inhibits
H,—Oy/air detonations; however, it can be seen from Fig.9a
and b that the inhibition efficiency of these inhibitors is min-
imally affected with an increase in the initial temperature
of the reacting mixture, unlike CF3I diluted stoichiometric
H,—0O, and Hjp—air mixtures. For example, the addition of
5% CO; at an initial temperature of 300 K increases the
induction zone length for a stoichiometric hydrogen-oxygen
mixture by a factor of ~1.3 compared to the case with no
CO,. However, for the same dilution at a higher initial tem-
perature of 1000 K, the induction length increases by only a
factor of ~1.1.

This represents that the inhibition efficiency of CO;
decreases slightly with the rise in initial temperature. For
mixtures diluted with steam, the addition of 5% H,O at an
initial temperature of 300 K increases the induction zone
length for a stoichiometric hydrogen-oxygen mixture by a
factor of ~1.3 compared to the case with no steam. How-
ever, at a higher initial temperature of 1000 K, the induction
length increases only by a factor of ~1.1. Similarly, the addi-
tion of 5% H»O at an initial temperature of 300 K increases
the induction zone length for a stoichiometric hydrogen-air
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mixture by a factor of ~1.8 compared to the case with no
H>0. However, the same amount of dilution at a higher ini-
tial temperature of 1000 K increases the induction length by
only a factor of ~1.2 (refer to Table 3). Thus, the inhibition
efficiency of H,O decreases with an increase in the initial
temperature.

The addition of CO2/H,0 seems to have quite a differ-
ent effect for H—O; and Hp—air mixtures. The addition of
CO»/H>0 increases the induction zone length in the case
of H,—O, mixtures, whereas the induction length remains
mostly constant for Hy—air mixtures. Therefore, at a higher
mixture initial temperature, CO, and H,O are as good
inhibitors as CF3I and thus can be used for detonation inhi-
bition under the conditions studied.

4 Conclusions

The efficiency of detonation inhibitors on Hy—O»/air det-
onations was evaluated under varying mixture initial con-
ditions using numerical computations. The inhibitors CF3I,
CO;, and HyO at 5% molar concentration were added to
H,—O,/air mixtures, and the factor of increase in the induc-
tion zone length and time was used as an indicative parameter
of the inhibition efficiency of the detonation inhibitors. It was
found that CF3] is a far better inhibitor than CO, and H,O at
all the mixture equivalence ratios studied in the current work.
The inhibition efficiency of CF3l is higher in fuel-lean Ho—
O»/air mixtures than in stoichiometric and fuel-rich mixtures.
The addition of CF3I drastically reduces the detonability of
a given fuel-air mixture. It was also found that CO; and H,O
have a comparable inhibition efficiency at all the equiva-
lence ratios but are inferior to CF31 in inhibiting a detonation
wave under similar initial mixture conditions. In compari-
son to CO,, H>O has a better inhibiting ability for Hp—air
detonations at off-stoichiometric fuel-lean conditions. The
inhibition efficiency was found to be the result of two sepa-
rate governing parameters: the post-shock temperature, Tyn
which changes with the addition of an inhibitor and the rad-
ical abstraction mechanism of the inhibitors. The inhibiting
efficiency of CF3I was found to decrease with increasing ini-
tial mixture pressure; however, it was still a better inhibitor
when compared with CO; and H>O. On the other hand, the
inhibition efficiency of CO; and H,O increased rapidly with
increasing mixture pressure. At very low initial pressures, the
induction zone lengths approached each other with the addi-
tion of CO, and H» O as inhibitors. The variation of induction
length with initial mixture temperature showed an interest-
ing behavior where it decreases for Hy—O»/air—CF3I mixtures
and increases for undiluted and H>—O,/air—-CO3/H>O mix-
tures. The inhibition efficiency of CO; and H,O is minimally
affected with an increase in the initial temperature. A key
takeaway from the current study is the effect of initial tem-

perature on the inhibition efficiency of CF3I. It was found
that the efficiency decreased drastically at a higher mixture
initial temperature. This result is of particular importance for
flame and detonation suppression in nuclear reactors where
the initial flammable mixture temperature is higher, and the
results from the current findings can be used to make a proper
choice of inhibitor under such conditions.

The inhibiting effect of detonation inhibitors varied dras-
tically with the initial conditions, and the same should be
taken into consideration while designing fire and detonation
safety systems for applications in petrochemical industries
and nuclear reactors. It should be noted that for all the
inhibitors studied, the inhibition efficiency is minimal at very
high initial temperatures. The current study on Hy—Oj/air
detonating mixtures lays the groundwork for further stud-
ies on detonation inhibition in hydrocarbon-O;/air mixtures
and scenarios for possible gas leaks leading to vapor cloud
formation, especially under confined spaces.
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