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ABSTRACT: The paper presents a study on the combustion of S, over a wide range of air/fuel ratios, employing numerical
flame calculations, including a sulfur/oxygen reaction mechanism; reaction zone structures as well as the corresponding laminar
burning velocities are reported. The numerical simulations are based on a detailed reaction mechanism derived from a H/O/S
combustion mechanism from the literature after removing all reactions of hydrogen containing species. Using reaction rate
coefficients from the literature in the calculations brings about burning velocities in the order of magnitude of 300 cm s™* at T,
= 373 K and under stoichiometric conditions. Sensitivity analysis of the computed results identified which reaction rate has
crucial influence on the burning velocity and flame structure. It turned out that the sensitivity coefficients of burning velocity
with respect to the rate coefficient of reaction S + O, — SO + O are by far the largest sensitivity coefficients. Further
investigations have been performed on the basis of different values of the rate constant of reaction S + O, = SO + O taken from
the literature and from our own calculations. The obtained significant changes in burning velocities as well as in species profiles
elucidate the sensitivity of the burning velocity and flame structure on the magnitude of the reaction rate coefficient of this
reaction and stress the importance of this reaction. This work constitutes a necessary and to be continued footstep toward a

validated reaction mechanism for the combustion of sulfur.

1. INTRODUCTION

This work is part of a collaborative European research project
investigating a novel power cycle for renewable electricity
production. The basic step of this power cycle is the thermal
decomposition of sulfuric acid into SO,, O,, and H,O at
temperatures above 800 °C. The necessary energy is fed via a
solar centrifugal particle receiver into the process. In a
following process step, SO, disproportionates into S and
sulfuric acid. Part of the received solar energy thereby is stored
in sulfur, and combustion of sulfur releases again the stored
energy, enabling the extension of electricity generation for
baseload operation.1 Within that cycle, combustion of sulfur
should occur under hydrogen free conditions to avoid
corrosion as a result of sulfuric acid formation. For the design
of optimized combustion devices providing high power
densities, the knowledge of combustion properties, such as
laminar burning velocities, is necessary. Prerequisites for
estimating burning velocities are validated reaction mecha
nisms. Detailed reaction mechanisms involving only sulfur and
oxygen species are therefore required. The present study is a
first step in developing reaction mechanisms and to gain
insight into the dynamics of heat release and flame structure of
sulfur combustion.

Sulfur is a very cost effective material and can be
inexpensively transported and stored outdoors under ambient
conditions for long times and in large quantities.” Despite the
fact that combustion of elemental sulfur is being performed for
a long time on a large scale as part of the industrial production
process of sulfuric acid and sulfuric acid being one of the

world’s largest volume industrial chemicals, little data
concerning details of the combustion of sulfur are available
in the literature. This is attributed, on the one hand, to the fact
that experiments are difficult to perform because of the
complicated rheological behavior of sulfur. On the other hand,
the necessity to have a hydrogen free system to avoid corrosion
as a result of sulfuric acid hampers any experimental
investigation.

Several experimental and numerical studies for reaction of
sulfur and sulfur containing compounds in different oxidizing
atmospheres have been performed, and reaction mechanisms
for the C/H/O/N/S system are reported in the literature. The
scope of most reaction mechanisms from the literature is to
describe the reactions of sulfur compounds in combination
with hydrocarbon or hydrogen combustion (mostly motivated
by the technically applied Claus process). However, none of
them considers the oxidation of molecular sulfur in the absence
of hydrogen or hydrocarbons, and therefore, the rate
coeflicients of reactions in the C/H/O/N/S system may be
improper for use in pure sulfur/oxygen systems. One
comprehensive reaction mechanism involving 67 reactions
was reported by Glarborg et al. in 1996 and focused on the
impact of SO, and NO on CO oxidation in the presence of



hydrogen.® Alzueta et al* extend this mechanism to 82
reactions based on an experimental and theoretical study of the
interaction of SO, with the radical pool present under
combustion conditions. In a continuing study” the effect of
the presence of SO, on CO oxidation in a CO, atmosphere as
representative for oxy fuel combustion has been investigated
and compared to combustion in a N, atmosphere, character
istic for combustion with air. Glarborg and Marshall® recently
developed a detailed chemical kinetic model (30 reactions) for
oxidation of carbonyl sulfide (OCS) based on a critical
evaluation of data from the literature. More recently, Song et
al.” have conducted experiments on hydrogen sulfide oxidation
in O,/N, at a high pressure and developed a reaction
mechanism with 44 reactions. Mueller et al.* have reported on
kinetic modeling of the CO/H,0/0,/NO/SO, system and
proposed a mechanism with 180 reactions. Zhang et al.’
present a detailed kinetic mechanism for the homogeneous
decomposition of SO;—H,0 (sulfuric acid) vapor in the
sulfur—iodine cycle. The kinetic mechanism involving 27
reactions and 11 species has been validated by experimental
results.

As far as the above referenced literature comprises
combustion or oxidation of sulfur, the developed reaction
mechanisms contain the reaction S + O, — SO + O.>*%7 It
turns out by applying sensitivity analysis (presented and
discussed in detail in section 2.2.1) that, for combustion of
sulfur with air in a hydrogen and carbon free system, the
sensitivity coefficient of burning velocity with respect to the
rate coeflicient of this reaction is by far the highest sensitivity
coefficient. Therefore, the following discussion is focused to
begin with on this reaction.

The reaction rate coeflicients from the literature discussed
below for the reaction S + O, — SO + O are given the three
parameter form of k (cm® mol™ s7!) = AT? exp (=T,/T), in
which T, (K) = E,/R. Woiki and Roth'® have investigated the
oxidation of S and SO by O, at high temperature conditions
(1220 < T < 3460 K) with shock tube experiments and report
a rate coefficient showing Arrhenius temperature dependency

S+0,-S0+0  42x10"% 00 3110 (1)

giving then k(1600 K) = 6.01 X 10" cm® mol™" s7".
Similar experiments from Tsuchiya et al.'' reexamined that
reaction and brought about

S+0,-S0+0 152x10° 00 1840 (2

leading to k(1600 K) = 4.81 X 10"* cm® mol™" s™" and also an
Arrhenius type temperature dependency.

Lu et al.'” investigated experimentally the reaction S + O, in
argon at 50 Torr in the temperature range of 298—878 K in a
flow reactor employing laser photolysis. From their measure
ments, at 298 K, they deduced a reaction rate coeflicient for
the reaction S + O, — SO + O, with k(298 K) = 1.15 x 10"
cm® mol ™' 7.

They also report rate coefficients for the temperature range
of 505—878 K, combining their results with data reported at
high temperatures, and give a rate coeflicient for 298 < T <
3460 K, which increases slightly with the temperature

$+0,-80+0  $43x10° 211 -7300 (3

and gives k(1600 K) = 4.94 x 10'> cm® mol™ s™". They also
perform quantum chemistry calculations with Rice—Ramsperg

er—Kassel-Marcus (RRKM) multichannel simulations to
confirm the experimentally determined rate coefficient.

Glarborg et al’ referring to data collections from the
literature'” and the experiments in ref 10 derived and used the
following rate coefficients in an experimental and theoretical
study on the effect of SO, on moist CO oxidation with and
without NO:

S+0,-S04+0 20x10° 193 —7046 (4)

with k(1600 K) = 1.97 X 10"* cm® mol™" s™". In ref 4, quoting
the refs 11 and 13, the kinetic parameters for this reaction are
given as

S$+0,>SO+0 520x10° 18 —600.0 (5)

resulting, at a combustion temperature of T = 1600 K, in k =
4.43 x 10" cm® mol™' 7.

With the objective of developing a kinetic scheme, Savel'ev
et al.'* in a computational study analyzed the formation
kinetics of SO, and HSO, compounds using an extended
kinetic model. They report an only slightly temperature
dependent reaction rate coefficient

$+0,-S0+0 632x10" 05 00 (6)

giving k(1600 K) = 2.53 x 10" cm® mol™ s™". Additionally, in
ref 14, reaction rate coeflicients for the subsequent oxidation
reactions are given, which all exhibit non Arrhenius behavior
with a decrease of the reaction rate with an increasing
temperature.

SO+ 0, > SO, + O 446 x 10" 00 —3268.0
(7)
SO, +0 +M — SO, + M
k__, 440 x 10" 00 —3196.0
k. 316 x10% 00 =-32201.0 (8)
SO, +0 = S0, + 0,  650x 10" 00 —5456.0
)

Essentially, the above reported rate coefficients for the reaction
S + O, = SO + O have their origin in the experiments of refs
10 and 11 and, lying in the order of magnitude of 10", do not
differ significantly at 1600 K. They exhibit, however, different
temperature dependency. Only the rate coeflicients from ref 14
result in a higher value, viz., k(1600 K) ~ 2.5 X 10", These
rate coeflicients, which have been developed under particular
experimental conditions and modeling targets, may be out of
the original objectives and, consequently, may be used off topic
in the framework of pure sulfur/air combustion, and it can be
expected that the set of reactions selected lead to wide
variations in the results. Therefore and as a result of some
differences in the reported data, a revisiting of the rate
coefficient of this reaction seems appropriate.

In addition to the above discussed reaction, the formation of
different S/O species is important for the combustion of sulfur
in a hydrogen and carbon free environment. One example is
S,0,, and several isomers are existing for $,0,."%'° However,
reaction mechanisms describing the formation of this species
are not available in the literature. Frandsen et al.'” have
reported the formation of S,0, in cis OSSO and trans OSSO
structures formed from the addition of two SO. The
experimental and numerical study of the high temperature



reaction of S + SO, investigated by Murakami et al.'® has
shown the formation of S,0, intermediates. They have
reported several structures for this S,0, species, such as
S$SO,, 0SSO, or SOS=O0. Goodarzi et al.'® have carried out
theoretical studies on the triplet and singlet potential energy
surfaces for the reactions S + 'SO, and 'S + 'SO,, respectively,
and provide further information about gas phase reactions of
S + SO,.

In the present study, the rate parameters for the reaction S +
0, = SO + O are revisited with the help of numerical
simulations of premixed laminar one dimensional S,/air flames
over a wide range of equivalence ratios and quantum chemistry
computations. As a result of the scarcely available kinetic data,
other S/O compounds of these species as well as new
developed reactions will be considered in future work. For the
simulations, a starting mechanism based on the detailed
reaction mechanism in ref 20, removing all reactions involving
hydrogen containing species, is used resulting in 11 reactions
between 9 sulfur/oxygen species. Sensitivity analysis of the
computed results is performed to identify the reactions, in
which rate coeflicients generate the highest sensitivities with
respect to the burning velocities and flame structures. Different
rate parameters from the literature for this reaction are used in
comparison to new quantum chemistry based rate parameters
for the reaction S + O, 2 SO + O. With the help of the
numerical simulations of the combustion of S, with air, the
impact of the different rate coefficients on laminar burning
velocities and species evolution were analyzed and compared.
The effects of the temperature and pressure are investigated as
well.

2. RESULTS AND DISCUSSION

2.1. Basic Mechanism. The reaction mechanism used in
the present study is based on a detailed combustion
mechanism developed by the research group of Leeds
University.”” This reaction mechanism contains initially 450
reactions and 78 species. For this study, only reactions
involving species containing sulfur and oxygen are included.
The resulting mechanism encompasses 11 reactions between 9
sulfur/oxygen species. The reactions and corresponding rate
coefficients are listed in Table 1.

Throughout the study, the mechanism listed in Table 1 is
referred to as the “basic mechanism”. To find the crucial steps
for the combustion of S,, the kinetic parameters of reaction 1,
which turns out to be the reaction which rate coeflicients that
create the highest sensitivity of the burning velocities (see
section 2.2.1), are replaced by those reported in the literature.
Reaction 1 is also re evaluated using the methods defined in
section 3, and the rate parameters are compared to kinetic data
from the literature as well. The different reaction rate
coeflicients for reaction 1 used in this study are listed in
Table 3 along with the corresponding references.

2.2. Laminar Burning Velocities with the Basic
Mechanism. One of our objectives in the collaborative
research project is designing a sulfur combustor. For this,
combustion characteristics of sulfur, such as flame structure
and laminar burning velocities, are prerequisites. Sulfur is
supplied to the burner as liquid and, similar to oil in industrial
burners, is evaporated in the burner and, subsequently, to feed
as vapor in the flame. Although the “fuel” is liquid at typical
feed conditions, flame calculations that are used to compute
combustion characteristics usually start at the gas phase,

Table 1. Basic Mechanism Used in This Study for the
Oxidation of S, with Air Extracted from Ref 20

k= AT® exp( T,/T)

reaction A b 10
1 S+0,— SO +0 520 x 10° 1.8 600.0
2 S, +M =25+ M 480 x 10 0.0  38800.0
3 S, +0—SO+S 1.00 X 10 0.0 0.0
4 SO; + O = SO, + O, 2.00 x 10> 0.0 10000.0
5 SO; + SO — 280, 1.00 X 102 0.0 5000.0
6 SO + O (+M) — SO, (+M) 320 x 108 0.0 0.0

N, enhanced by 1.500 x 10°
SO, enhanced by 1.000 X 10

low pressure limit: 0.120 X 102,
0.154 x 10, and 0.00 x 10°

TROE centering: 0.550 X 10°,
0.100 X 107, and 0.10 X 10°!

7 SO, + O (+M) = SO; (+M) 920 X 10 0.0 1200.0

low pressure limit: 0.240 X 10%,
0.400 x 10, and 0.264 x 10*

8 SO+M—>S+0+M 400 x 10" 00  54000.0
N, enhanced by 1.500 x 10°
SO, enhanced by 1.000 x 10
9 SO + 0, - SO, + O 7.60 x 10° 24 1500.0
10 280 — SO, + S 2.00 x 10" 0.0 2000.0
11 SO; + S — SO + SO, 512 x 10" 0.0 0.0

“A, mol cm s K; T,, K.

because the heat for the evaporation step in technical systems
is fed back from the combustion process (flame) itself.

Using the PREMIX program from the CHEMKIN pack
age,”' the mass and energy balances for homogeneously
premixed, flat, one dimensional S,/air flames have been solved.
Isobaric conditions are presumed for the calculations of flame
and reaction zone structures and the corresponding laminar
burning velocities. The simulations were performed for a wide
range of air/S, ratios, and selected results are discussed for rich
(A < 1.0), stoichiometric (A = 1.0), and lean (4 > 1.0)
conditions. The results from numerical simulations are given in
terms of the air/fuel ratio 4 of S, combustion, which is defined
in eq 10, with m; being the masses of fuel and air.
mair/ Meyel

A

B (mair/mfuel)StOiCh (10)

The stoichiometry is determined considering the reaction
S, + 20, — 250, (11)

Additionally, the effect of the temperature and pressure has
been evaluated. Throughout the simulations presented in
section 2.2, the basic mechanism (Table 1) has been used.

In Figure 1, laminar burning velocities are plotted for two
temperatures and pressures in dependence upon the air/fuel
ratio A. The left panel of Figure 1 illustrates calculations of the
burning velocity at normal pressure (P = 1 atm) for two
temperatures of the incoming mixture Tj) = 373 and 423 K. On
the right panel of Figure 1, the effect of the pressure on §; at
T, = 373 K is demonstrated. The air/fuel ratio has been varied
in the range of 0.2 < A < 3.0. The results also are summarized
in Table 2 for a quantitative comparison.

The calculations clearly show that the highest burning
velocities for the combustion of S, are obtained, analogously to
hydrocarbon flames, under slightly rich conditions. In the fuel
rich region, 0.2 < A < 1.0, the burning velocity as expected
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Figure 1. Laminar burning velocity for S,/air calculated at (left) two temperatures, T, = 373 and 423 K, and (right) two pressures, P = 1 and § atm.

Table 2. Calculated Burning Velocities (cm s™') of S,/Air at Different Air/Fuel Ratios

fuel-rich mixture stoichiometric fuel-lean mixture

basic mechanism A=02 A=04 A=038 maximum value A=1 A=15 A=20 A=25
Ty =423 K 197.9 294.1 3584 A=09 358.1 303.8 242.8 196.5
P =1 atm 361.20
T, =373 K 156.5 238.6 294.0 A=0385 293.9 244.8 190.2 147.8
P =1 atm 296.0
T, =373 K 116.4 187.4 2244 A=0385 220.4 176.3 132.0 102.2
P =35 atm 224.70
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Figure 2. Sensitivity coefficients of the burning velocity with respect to the rate coefficients from Table 1 for fuel lean (4 = 2.5, left), stoichiometric
((4 = 1.0, middle), and fuel rich (1 = 0.25, right) conditions at T = 373 K and P = 1 atm.

increases to attain a maximum of 296.0 cm s™" at A = 0.85 and
T, = 373 K. Toward the fuel lean region, the burning velocity
decreases. The burning velocity increases significantly at a
higher temperature (T, = 423 K), with a maximum of 361.2
cm s™ at 4 = 0.90. The results exhibit unusual high burning
velocities, which are unfortunately difficult to confirm because
no experimental data are available. Burning velocities for the
combustion of H,S with air are comparably much smaller,
although hydrogen is contained in the fuel. In ref 22, values of
about 42 cm s™! at stoichiometric conditions for H,S/air are
reported, and similar values and a comparison to experimental
data are given in ref 23.

The laminar burning velocity was also calculated at an
elevated pressure (P = S atm); see the right panel of Figure 1.
The results show the expected decrease of the laminar burning
velocities with the pressure that has been observed for

combustion of numerous different fuels; see, e.g., refs 24—26.
The burning velocity of S,/air at 5 atm shows the same trend
as at 1 atm and reaches a maximum of 224.7 cm s™' again at 1
= 0.85, which is a reduction by about 25% compared to 1 atm.

2.2.1. Sensitivity Analysis of Laminar Burning Velocities
Computed with the Basic Mechanism. To identify the
reaction having the most important impact on the burning
velocity in the sulfur system, sensitivity analysis was performed
at three air/fuel ratios, 4 = 2.5 (lean), A = 1.0 (stoichiometric),
and A = 0.25 (rich). The sensitivity coefficients Kg are defined
here as the derivative of the burning velocity S; with respect to
the rate constant of reaction r, k, normalized by the
corresponding values under unchanged conditions S;, and k.

_ dSL krO

T dk, Sy

(12)



Table 3. Rate Coeflicients for Reaction 1 from the Literature for the Flame Calculations”

k = AT® exp( T,/T)

reaction A b Ty
S + O, = SO + O basic mechanism®® 520 x 10° 1.8 600.0
S+ 0, = SO + O Savel'ev'* 6.32 x 10" 0.5 0.0
S + 0, = SO + O Glarborg® 5.40 x 10° 2.11 729.7

“A, mol cm® s K; T,, K.

Table 4. Calculated Laminar Burning Velocities (cm s™') of S,/Air with Different Rate Coefficients for Reaction 1, with T, =

373 Kand P = 1 atm

rich mixture stoichiometric lean mixture

mechanism A=02 A=04 A=038 maximum value A=1 A=15 A=20 A=25

basic mechanism*’ 156.5 238.6 294.0 A =085 293.9 244.8 190.2 147.8
296.0

Savel’ev'* 371.1 507.7 541.6 A=07 506.0 388.6 300.4 238.3
548.5

Glarborg6 152.8 234.2 289.5 A =090 289.7 240.9 186.2 144.4
292.2

The sensitivity coeflicients reflect a relative change of the 600 - T B R S

model response, caused by a relative change of the rate
coefficient of a specific reaction.

As seen in Figure 2, the highest sensitivity coefficients of the
burning velocity at 1 atm and T, = 373 K result for the rate
coefficient of reaction 1, S + O, = SO + O, exhibiting an
increase with decreasing A. For fuel rich flames, e.g,, a +£10%
change in the rate coefficient of this reaction would increase
the burning velocity by approximately +5%. The sensitivity
coeflicients of all other rate coefficients are similar in the fuel
lean and stoichiometric regions, and the corresponding
reaction rates show a significant lower impact on S;. Under
fuel rich conditions, the impact of reaction 1 on the burning
velocity is not only as important as for the other mixture
compositions but is nearly the only determinant reaction. A
much smaller impact is exerted by reaction 2, S, + M — 2S +
M, followed by the disproportionation of SO to SO, and S,
reaction 10, in an even lower level of magnitude.

2.3. Discussion of Rate Coefficients for Reaction S +
O, — SO + O from the Literature. On the basis of the
findings of the sensitivity analysis revealing that the rate
coefficient of reaction 1 creates the highest sensitivity
coeflicient of the burning velocity of S, with air, different
rate coefficients reported in the literature and listed in Table 3
have been included in the numerical simulations of laminar
premixed one dimensional flames.

2.3.1. Burning Velocities with Rate Coefficients of
Reaction S + O, — SO + O from the Literature. The
burning velocities obtained at Ty = 373 K and P = 1 atm with
the basic mechanism as reported above are compared to those
obtained with the reaction mechanisms of Savel'ev'* and
Glarborg.6 The differences in the reaction mechanism are the
rate coeflicients of reaction 1. The computed laminar burning
velocities (see Table 4 and Figure 3) show all over the same
behavior as those estimated with the basic mechanism. It
appears that the burning velocity calculated with the rate
coefficient from ref 14 is by far faster than all other burning
velocities. This could be understood with the comparative high
value of the rate coefficient and from the high sensitivity of the
burning velocity with respect to this rate coeflicient. The
maximum burning velocity is obtained in the fuel rich region
with 548.5 cm s~ at 4 = 0.7. The rate coefficient from the basic

T=373K-P=1atm
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Figure 3. Laminar burning velocity for S,/air A calculated with the
rate coefficients for reaction 1 from Table 3, with T, =373 Kand P =
1 atm.

mechanism® results in a somewhat slower burning velocity of
296.0 cms~!at A = 0.8, revealing again the importance of this
rate coefficient. The rate coeflicient for reaction 1 in ref 4
appears to be the smallest rate coeflicient and, consequently,
produces the lowest burning velocity with 292.2 cm s™' at 4 =
0.90.

In summary, the computed burning velocities employing the
rate coefficients given in Table 3 apparently produce unusual
high burning velocities. Therefore, the rate coefficient of
reaction 1 is examined in more detail.

3. CALCULATION OF THE REACTION RATE
COEFFICIENT OF S + O, « SO + O WITH
QUANTUM CHEMISTRY METHODS

With the help of quantum chemistry methods, the kinetic parameters
for the reaction S + O, — SO + O have been revisited and the
resulting laminar burning velocity and species concentration profiles
for one dimensional laminar premixed S,/air flames have been
examined.

3.1. Applied Methods. The thermochemical properties of all
species involved in reaction 1 have been calculated with the help of
several computational methods using the Gaussian 09 program



suite.””*® Previous results® have shown that all density functional
theory (DFT) calculations give poor outcome in estimating the
enthalpies of reactions involving S,. Therefore, six composite methods
(ab initio) were tested (G2,30 G3,”! G3MP2,** G3MP2B3,** G3B3,**
and CBS QB3*). Finally, because of its reliability, the enthalpies
resulting from the well regarded CBS QB3 are selected for use in the
present sulfur/air system.

The reaction rate coefficients of reaction 1 were estimated usin
the canonical transition state theory (TST).>® The ThermKin code®
was used to determine the elementary reaction rate coefficients and to
express the rate coefficients in the modified Arrhenius form (see
Tables 1 and 3). ThermKin also converts thermochemical properties
to the National Aeronautics and Space Administration (NASA)
polynomial format required for simulations with CHEMKIN. From
the kinetic analysis, high pressure rate coefficients for each channel
are obtained from the calculated energies, vibration frequencies, and
structures. The modified Arrhenius parameters are determined from
regression analysis with application of the principle of least squares.

Thermodynamic and transport data of all species required for the
numerical simulations with CHEMKIN and not specifically
mentioned as well as the rate coefficients have been taken from the
Supporting Information of ref 7.

3.2. Estimation of the S + O, — SO + O Reaction as an
Abstraction Reaction. The burning velocity calculations above
show that the simulations with the rate parameters for the overall S +
0, — SO + O reaction, which are only a little dependent upon
temperature (see Table 3), yield comparatively high burning
velocities. One approach for refinement of these rate coeflicients is
to consider the S atom abstracting one oxygen atom from O, and
forming SO + O. Figure 4 shows a perfect displacement of middle

"o 09000

Figure 4. Transition state structures of (left) S—O—O0 and (right) O—
O-0.

oxygen between S and O with an imaginary frequency of —1234.6
cm™ on a triplet surface. It has also been identified on a singlet and
quintuplet surface. In this linear transition state structure, the S—O
bond length is at 1.8398 A and the O—O bond length is at 1.5233 A.
In an analogy, O; (to O, + O) has shown the same kind of transition
state, with the O—O—O0 bond lengths at 1.5098 and 1.510 03 A. For
this O; dissociation to O, + O, the same type of transition state
structure (imaginary frequency = —1038.5 cm™") has been observed,
as illustrated on the right of Figure 4.

The calculation of enthalpy for the S—O—O abstraction transition
state structure has resulted in a high barrier near 60 kcal mol™". Ref 12
reports a similar value (54.4 kcal mol™) on a quintuplet surface. This
is clearly not in agreement with the approximate barrier less reaction
reported in the literature. While this is an interesting transition state
structure, it does not explain the reaction process and is further not
considered.

A second approach is to consider the association of S + O, to form
an energized SOO* adduct, which can further react to SO + O or
dissociate back to S + O,

S+ 0, 2 SOO* - SO + O (13)
and
SO0* = SO0 (14)

The addition of O, to S occurs without a barrier to form SOO
calculated at the CBS QB3 calculation level®® This structure is
illustrated in the potential diagram in Figure 6. This association
reaction can occur on two different potential surfaces: a singlet
surface, where the non paired electrons of the S atom and the O atom
are of opposite spins, or a triplet surface.'” Studies performed on
oxygenated hydrocarbons have shown that the addition of O, is
without a barrier®® or with some 0.9 kcal mol™" only.*® The formation

of this SOO intermediate has also been reported in the work of Lu et
al."* They have calculated different geometries for SOO, which then
reacts further to SO + O or leads to SO, formation, depending upon
the multiplicity (0 or 3) and the temperature.

In this work, also two geometries as illustrated in Figure 5 were
identified. For this angular SOO, the geometry on the left of Figure 5

?%

J

Figure 5. Geometry of the (left) SOO singlet and (right) SOO triplet.

corresponds to the singlet state and the geometry on the right of
Figure S corresponds to the triplet state. The dissociation of the
singlet and triplet structures leads to SO + O. We note that the system
can also react to SO,. This last reaction is not investigated in this
study. The geometries are in good agreement with those reported by
Lu et al.”?

For the present, we consider that the formation and dissociation of
the SOO intermediate to SO + O and back to S + O, are determining
the overall kinetics of the reaction

S+ 0, = SO0* = SO + O (15)

The formation of SOO from both the triplet and singlet reactant sets
was included. The barrier needed for the dissociation of SOO is
derived from the O—O distance. Using the structure illustrated in
Figure 6, the new parameters are calculated as follows: first, the

S-0 = 1.634A
0-0 =1.277A
S00 =122.1°

CBS-QB3
46.9 SO0

Figure 6. Potential diagram of S + O, & SOO* « SO + O (kcal
land T
Nele)g

mol ™).

formation of SOO from S + O, association and then the dissociation
of SOO to SO + O. To determine the barrier needed for the
dissociation of SOO, the O—O distance at which the terminal oxygen
moves away from the second oxygen is taken. This O—O distance
corresponds to 1.856 A (see TS in Figure 6) and to an imaginary
frequency of —288.9 cm™. This structure also shows the SO double
bond being formed. We point out that, in their paper, Lu et al. have
identified several transition states for this reaction and defined that
the lowest barrier corresponds to the transition state structure at O—
O = 1.705 A.'> Using the structure illustrated in Figure 6 we have
calculated reaction rate parameters as given in Table S.

The newly calculated rate parameters exhibit a much stronger
dependency upon the temperature than those from the literature (see
Tables 3 and 5), leading to values at 1600 K, which are about 1 order
of magnitude lower. Using parameters of Table 5, the burning
velocities have been recalculated.

3.3. Laminar Burning Velocity with Calculated Reaction
Rate Parameters of Reaction 1. Using the rate parameters from
Table S, the laminar burning velocities have been calculated in
dependence upon the air/fuel ratio for two temperatures, T, = 373
and 423 K, and two pressures, P = 1 and S atm. Figure 7 illustrates the
results for atmospheric pressure for two temperatures, T, = 373 and
423 K (left), and the effect of the pressure at Ty = 373 K (right). The



Table S. Calculated Rate Parameters for the Formation of
SO“

k= AT® exp( T,/T)

overall reaction rate from master
equation analysis A b Ty

S+0,—>S0+0 singlet 2.69 x 10 0.15 5358.8
k(1600 K) = 2.86 x 10°
S+0,—>S0+0 triplet 1.09 x 10" 0.1S 2369.4

k(1600 K) = 7.50 x 10"

“A, mol cm® s K.

S,/air ratio has been varied in the range of 0.2 < 4 < 3.0. The results
demonstrate that, apparently, the utilization of the refined rate
parameters slows the burning velocity considerably. The highest value
is 92.6 cm s~ obtained at T = 423 K and 1 = 1.1, which is somewhat
in the lean region (compare to Table 6). The calculated laminar
burning velocity is in the order of magnitude of the burning velocity
of H,S/air mixtures.>>>>

At elevated pressure of P = S atm (right panel of Figure 7), Sy
decreases with pressure. The burning velocity of the S,/air flame at P
= 5 atm attains a maximum of 65.4 cm s™! at 4 = 1.05. We note that
these results should be considered preliminary, and we look for
experimental values of the flame speed to improve the reaction
mechanism.

3.4. Sensitivity Analysis of Laminar Burning Velocities for
Calculated Rate Parameters. As in section 2.2.1, a sensitivity
analysis of the laminar burning velocity with respect to the rate
coefficients of the refined mechanism has been performed for three
equivalence ratios, 4 = 2.5 (lean), 4 = 1.0 (stoichiometric), and A =
0.25 (rich) conditions. The results for stoichiometric and fuel rich
conditions are plotted in Figure 8.

Figure 8 reveals that, whatever the level of the fuel/air ratio,
reaction 1 no longer has impact on the burning velocity. The
explanation lies in the significantly stronger temperature dependency
compared to the rate coefficient in the basic mechanism. Figure 8 also
demonstrates that, with the modified rate coefficient for reaction 1,
the burning velocity exhibits by far the highest sensitivity with respect
to the reaction rate coefficient of the oxidation of SO to SO,, reaction
9, SO + O, — SO, + O, at stoichiometric and fuel rich conditions.
The results from fuel lean conditions, not shown in the Figure 8,
confirm these trends.

3.5. Species Mole Fraction and Temperature Profiles.
Figures 9 and 10 represent mole fraction profiles for the most

100 : ‘ ~ , ; .

P =1 atm
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important reaction partners in the combustion of S, with air from the
CHEMKIN simulations. Figure 9 reveals that, under fuel lean (1 =
2.5, left) and stoichiometric (4 = 1, middle) conditions, S, is
converted completely and rapidly into SO, with some excess of
oxygen. Comparably, under fuel lean conditions (4 = 0.2, right),
oxygen is completely consumed. In parallel, for all mixture fractions,
SO, formation increases steadily to attain a maximum at
stoichiometric conditions. At fuel rich conditions (right), the S,
mole fraction decreases until no oxygen is available and then starts
to increase again. The amount of reformed S, is approximately 21%.

In Figure 10, the mole fraction profiles for SO, S, SO;, and O are
represented for three air/fuel ratios, 4 = 2.5, 1.0, and 0.25. As seen, the
maximum concentration of SO and S are calculated at stoichiometric
conditions, while at fuel lean conditions, little SO and S is formed.
Under fuel rich conditions, SO and S are also important but their
consumption is slow.

The formation of SO; is at its maximum at fuel lean conditions. At
stoichiometric conditions, SO; formation is markedly lower and SO,
is rapidly consumed. With the lack of oxygen, the mole fraction of
SO; is negligible.

The left panel of Figure 11 illustrates the temperature profiles for
three S,/air equivalence ratios, and the right panel of Figure 11
illustrates the corresponding flow velocity profiles in the one
dimensional reaction zone. As seen in the left panel of Figure 11,
for the three air/fuel ratios, the temperature (with Ty = 373 K)
increases steeply in the reaction zone and approaches a temperature
plateau. As expected, the final temperature at lean conditions (1 =
2.5) is the lowest at about 1350 K. At fuel rich conditions, 1 = 0.25,
the flame temperature reaches 1600 K and is above 2000 K at
stoichiometric conditions, which is comparably as high as in
hydrocarbon/air flames.*® It is important to point out that, at
stoichiometric conditions, the temperature reaches its maximum
value, as shown in Figure 11, and, therefore, considerably accelerates
the further reaction of the primary products.

Additionally, in the right panel of Figure 11, the profiles of the flow
velocity in the one dimensional reaction zone are plotted. The steep
increase of the flow velocity can be associated with the acceleration as
a result of the thermal expansion caused by the heat release of the
flame. The flow velocity at inlet conditions represents the burning
velocity. Using the calculated rate coefficients for reaction 1 (Table
5), the laminar burning velocity is in the order of magnitude
comparable to the burning velocity of hydrocarbons. Using rate
coefficients from the literature for the calculation of the laminar
burning velocity results in nearly 10 times faster burning velocities

80 - , . . : . .

~
o

2]
o

Laminar burning velocity (cm/s)
» o
o o

w
o

20 , , y
0o o5 1 15 2 25 3 35

Air/fuel ratio A

Figure 7. Laminar burning velocity with revised rate coefficients for S,/air calculated at Ty = 373 and 423 K and P = 1 and $ atm.



Table 6. Calculated Flame Velocities (cm s™') of S,/Air with Refined Kinetic Parameters for Reaction S + O, — SO + O, with
T, =373 Kand P =1 atm

rich mixture stoichiometric lean mixture

refined k, A=02 A=04 A=038 maximum value A=1 A=15 A=20 A=25
T=423 K 39.79 64.77 85.30 A=11 91.70 85.68 69.51 54.13
P =1 atm 92.59

Ty =373 K 31.57 52.85 70.27 A=11 75.70 69.71 54.94 41.32
P =1 atm 76.41

T=373K 26.85 47.01 62.48 A =105 65.33 56.30 41.80 30.11
P =35 atm 65.37

A=1.0 T0= 373K
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Figure 8. Sensitivity coefficients of the burning velocity with respect to the rate coefficients of the refined mechanism at stoichiometric and rich

conditions (1 = 1 and 0.25).
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Figure 9. Mole fraction profiles of the major species for S,/air flames for (left) 4 = 2.5, (middle) A = 1.0, and (right) 4 = 0.2S.

than typical burning velocities for hydrocarbon/air flames and more

comparable to hydrogen flames.*"**

4. CONCLUSION

The oxidation of S, for a wide range of air/fuel ratios has been
investigated with the help of numerical flame calculations. In a
first approach, a reaction mechanism was employed that has
been derived from a detailed H/O/S combustion mechanism,
removing all reactions involving hydrogen species. Flame
calculations with this mechanism exhibited unusual high
laminar burning velocities.

For that reason, sensitivity analysis of the burning velocity
with respect to the rate parameters of all reactions was
performed, indicating that the highest sensitivity coeflicients of

the laminar burning velocity are created by the reaction rate
coefficient of the reaction S + O, — SO + O. For this reaction,
new reaction rate parameters were calculated with the help of
quantum chemistry methods. The new reaction rate parame
ters indicate a stronger temperature dependency compared to
the corresponding rate coefficients from the literature.
Laminar burning velocities based on that reaction rate
parameter are lower by about a factor of '/, strongly
dependent upon the temperature and pressure, and com
parable to the burning velocities of, e.g, H,S with air.
Sensitivity analysis brings about the fact that these changes
modify the sensitivity of the burning velocity for the
conversion of S, to different reactions, e.g, the reaction of
SO + O, = SO, + O. The reaction rate parameters of these
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Figure 10. Mole fraction profiles of minor species for S,/air flames at 4 = 2.5, 1.0, and 0.25.
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Figure 11. Calculated temperature profiles and flow velocities for three S,/air flames with (lean) 4 = 2.5, (stoichiometric) 4 = 1.0, and (rich) 4 =
025at T=373 Kand P =1 atm.
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