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ABSTRACT

With the increasing demand for natural gas and depletion of many sweet gas fields, direct usage of sour
gas, usually containing a large percentage of hydrogen sulfide (H,S), becomes a more economical choice
in recent years. However, the laminar burning velocity (S;) of CH;+H,S flames have seldom been in-
vestigated due to the corrosivity and toxicity of H,S, and no available experimental data can be found
for these mixtures burnt in the air. In this work, the laminar burning velocities of CHy+H;,S+air flames
were measured using the heat flux method at 1 atm and 298 K. The experimental data were obtained at
various equivalence ratios and x5 = 0-0.25, where x5 refers to the mole fraction of H,S in the fuel.
Simulations using a detailed mechanism of Mulvihill et al. (2019) were carried out, showing good agree-
ment with the present experimental results. Kinetic analyses of A-factor S; reaction sensitivities, reaction
pathways, and dominant intermediate species pointed out the importance of the C- and S-containing
species interactions. To overcome the convergence problem of the Mulvihill mechanism, an examination
of the unphysical reactions and species was carried out, which could be alleviated by making several re-
actions that violate the collision limit irreversible, accompanied by updating the heat capacity data. It's
also found that substituting the hydrocarbon subset of the Mulvihill mechanism with mechanisms from
FFCM-1, Konnov, San Diego, as well as Aramco noticeably deteriorates the simulation results due to the
selection of different reaction rate constants.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Sour gas is one kind of natural gas that contains a notice-

stoichiometric H,S+air S; data varied over 28-46 cm/s at 1 atm
and 298 K, which in several studies was higher than the typical
35-38 cm/s for CHy+air flame motivating the authors [5] to set
target values of 42-46 cm/s for the burning velocities of H,S-+air

able amount of hydrogen sulfide (H,S), as compared to the “sweet
gas”. For safety and efficiency reasons, the oilfield industries of-
ten “sweeten” the sour gas to reduce the acidic components before
sending it to the end-users [1,2]. However, with the increase de-
manding of natural gas and depletion of many sweet gas fields in
recent years, direct usage of sour gas becomes a more economical
choice [3], and investigations are thus needed regarding the com-
bustion properties of CH4+H,S, the main fuel component of sour
gas.

The laminar burning velocity, S;, is one of the most prominent
properties in combustion research, which is helpful for the valida-
tion and updating of kinetic mechanisms. The S; of CH4 has been
investigated extensively using various methods [4]; while due to
its toxicity and corrosivity, the H,S burning velocities were seldom
studied. As summarized by Bongartz and Ghoniem [5], the scarce
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flames used in their model optimization.

The CH4+H,S flames were investigated in the recent work of
Mulvihill et al. [6]. However, H,S diluted by Ar mixture was used
by Mulvihill et al. [6] to supply the H,S into experimental sys-
tems, thus the tested unburnt reactants are CH4+H,S+0,+Ar with
H,S amount being always lower than 8.25% in the fuel mixtures
CH4+H,S. Considering the prevailing usages of air in the industry
as well as possibly varying H,S amounts in sour gas [3], experi-
mental data of CH4+H,S+air burning velocities are needed, espe-
cially with higher H,S concentrations.

Compared with the extensively studied hydrocarbon systems,
only a few kinetic mechanisms have been developed including the
S reactions [7]. Mechanisms targeting the hydrocarbon+H,S fueled
systems are even rarer, e.g., the mechanisms from Bongartz and
Ghoniem [5] and Gersen et al. [8]. Besides, the building targets of
these hydrocarbon+H,S mechanisms are ignition or flow reactor
experiments, e.g., [9,10], not including the transport property data,
and some of them didn’'t consider the fuel interactions [5], which

0010-2180/© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Table 1
Experimental conditions
gated in the present study.

investi-

XH2s ¢
0-0.25 1
0 0.7-1.4
0.075 0.7-1.4
0.15 0.7-1.3
0.225 0.7-1.2

has been proved important in the analysis of flame propagation [6].
To fill the gap, Mulvihill et al. [6] added a transport property file
to the Gersen [8] mechanism, and incorporated adjustments of 17
key sulfur reactions from Mathieu et al. [11]. Thus, to the best of
our knowledge, the Mulvihill mechanism [6] is the only available
choice for predicting the CH4+H,S flame propagation. However,
this mechanism was tested using limited burning velocity data in
the Ar diluted flames without N,, and significant convergence is-
sues during the calculation processes were reported [6]. Validation
(or even updating) of the mechanism using CH4+H;S+air flame
data is needed. Also, thorough kinetic analyses could be applied
to elucidate important reactions for the interactions between CHy
and H,S in the air environment, as well as to check out where the
mechanism rigidity comes from.

Based on the above-mentioned background, the aims of the
present study are: (1) to investigate experimentally the laminar
burning velocity of CH4+H,S+air flames and compare it with
simulation data using existing kinetic mechanism; and (2) to
find out important interactions between CH4 and H,S in the
air environment as well as ways to overcome the convergence
problem.

2. Experimental setup

In the present experiments, the laminar burning velocities S; of
CH4+H,S+air flames were measured using the heat flux method
at 298 K and 1 atm. The detail of experimental setup can be found
in our previous publications [12-15].

The H,S gas was supplied with 99.99% purity and was con-
trolled using a corrosion-resistant mass flow controller. When the
H,S concentration in the unburnt mixture was high, unexpected
black particle condensations were found on the burner plate sur-
face. After polishing, the color of the brass plate turned from yel-
lowish to purple. This phenomenon is attributed to the corrosiv-
ity of HyS by reacting with Cu in the brass alloy, which peels off
the original oxidation film and produces black solid compounds
of CuS and/or Cu,S. The change of burner plate color could also
be understood since the exposed Cu turns purple quickly when
oxidized by air. It should be noted that this phenomenon has
not been reported in the literature experiments. One possible rea-
son might be the high H,S concentration conditions tested in the
present work, and another possible reason could be the continu-
ous consumption of unburnt mixture by burner stabilized flames,
reinforcing the feature of condensation, as compared with tran-
sient consumption in spherical flames or shock tube measurements
[6].

Since the good heat conductivity of brass is necessary for the
heat flux burner measurement, the burner plate is not substituted
by other corrosion-resistant materials. To avoid the catalytical ef-
fects on the flames, experimental results were only taken for the
conditions without particle condensation conditions. Table 1 lists
the present experimental conditions, where xy,5 refers to the mole
fraction of H,S in the CH4+H,S fuel mixture. The equivalence ratio
¢ is defined such that the complete combustion products are CO5,
H,0, SO,, and N,.
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The experimental uncertainty is evaluated in the same way as
in our former studies [13,16], which considered two main uncer-
tainty sources from the heat flux method measurements, i.e., un-
certainties arising from the burner plate temperatures and gas flow
rates. For most of the measured S; in the present study, the evalu-
ated uncertainty is within =1 cm/s. All the present S; experimen-
tal data with the uncertainties are tabulated in the Supplementary
Material.

3. Numerical calculation

All the kinetic modelings in the present study were performed
with CHEMKIN-Pro-software [17]. The mechanism from Mulvihill
et al. [6] was used. Reactions in the Mulvihill mechanism could be
separated into 3 parts. i.e., (1) hydrocarbon subset from Hashemi
et al. [18], with 69 species and 650 reactions, which has also been
adopted by Glarborg mechanism [19]; (2) H,S subset from Song
et al. [20], where 17 reactions have been updated later by Mathieu
et al. [11], containing 29 species and 277 reactions; and (3) inter-
actions between C and S species from Gersen et al. [8], with 35
species and 299 reactions.

The effects of thermal diffusion (Soret effect), multicompo-
nent transport, and radiative heat losses from CO, CO, and H,0
[21] were taken into consideration. Grid independent results were
obtained by setting the GRAD and CURV progressively to 0.02 and
0.05 during the calculation processes.

4. Result and discussion
4.1. Measured S; of CH4+H,S+air flames

Figure 1 shows the present measured experimental burning
velocity of CH4+H,S+air flames at 1 atm and 298 K, where panels
(a) and (b) show respectively the stoichiometric S; as a function of
H,S blending ratio x5, and S; at different x5 values as function
of equivalence ratio ¢. From Fig. 1, the laminar burning velocities
decrease with the xpg increase from 0 to 0.25, and the difference
caused by xyps is greater at fuel-rich side than that of fuel-lean
side. Considering the target values of 42-46 cm/s burning veloci-
ties of H,S+air flames adopted by Bongartz and Ghoniem [5], the
blending of CH4+H,S disobeys the energy mixing rules discussed,
e.g., in [15], inferring the non-negligible influence of fuel compo-
nents interactions on the S;, or highly uncertain measurements
used in [5], which were reported more than 50 years ago. The re-
sults from Mulvihill et al. [6] were also included in Fig. 1(a), which
possess the same decreasing trend with xy,5 while being lower
than the present experimental data, since they used an O,+Ar
oxidizer different from air. Evaluation of the consistency of the
present and Mulvihill et al. [6] data will be shown in Section 4.2.2,
assisted by simulation results using different hydrocarbon
subsets.

Figure 1 also shows simulation results using the Mulvihill
mechanism. It should be noted that a similar convergence prob-
lem as discussed in [6] was also encountered in this study,
while by long time and patient grid modifications, convergence
was eventually achieved without changing any hydrocarbon reac-
tions. From Fig. 1, one may conclude that the Mulvihill mecha-
nism acceptably reproduces the present experimental S;, except
the slightly lower and higher predictions at xp,s= 0 and 0.25,
respectively.

4.2. Kinetic analyses
4.2.1. Analyses of the overall Mulvihill mechanism

To understand the fuel interactions in CH4+H,S+air flames, ki-
netic analyses were carried out, using the Mulvihill mechanism.
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Fig. 1. Laminar burning velocities of CH,+H,S+air flames at 1 atm and 298 K.

Fig. 2(a) shows the top 10 reactions that have the largest absolute
A-factor S; sensitivities of the stoichiometric CH4+H,S+air flames.
None of these reactions contain S species, indicating that the S;
predictions are mainly governed by hydrocarbon subset in the
mechanism. This phenomenon is attributed to the limited amount
of H,S introduced in the present study, since when xy,s grows to 1,
the hydrocarbon reactions are irrelevant for the flame. In Fig. 2(a),
sensitivity values of some reactions stay the same as Xyps chang-
ing from 0 to 0.225, while the others vary with xyys. The latter re-
actions indeed govern the variation of burning velocity with xys,
which could be written as {yyys in Eq. (1), since the sensitivity dif-
ference between xpys and x5 = 0 conditions is equivalent to the
sensitivity of {yyos, as shown in Eq. (2).

Cotios = St (XH2s)
¥ St (XH2s = 0)

i dIn ( &xnzs)
1 —
Sense{"st ~ 0dln (kl)

(1)

i i
= SENSEs, (x5) — SEMSEs, (xy35-0) @)

Based on this perception, Fig. 2(b) shows the top 10 reactions
with the largest absolute {yyps sensitivities, which were derived
using a homemade Matlab script. Among the important reactions
shown in Fig. 2(b), 7 of them belong to the H,S and C-S interac-
tion reaction subsets, i.e.,, R1-R4 and R5-R7, respectively. By ad-
justing the rate parameters of these reactions within the uncer-
tainty range, the ¢yyps or equivalently the slope of the S; vs. xys
line can be tuned. Besides, the 3 hydrocarbon reactions in panel
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Fig. 2. A-factor reaction sensitivities of the §; and uas for CHs+H,S+air flames at
1 atm and 298 K.

(b) have all been present in panel (a), meaning that modifications
in these reactions could tune the slope and the absolute value of
S, at the same time. The above categorization could be helpful for
future mechanism updating.

SO,+H(+M)HOSO(+M) (R1)
S+H,SH+H (R2)
S0+0,50,+0 (R3)
$+0,50+0 (R4)
CH3+SH=CH;SH (R5)
CH3SH+H=CH3S+H, (R6)
CH35+0,=CH3+S0, (R7)

Figure 3 shows the reaction pathway analysis for the stoichio-
metric oxidation processes of CH4+H>S in the air with x5 = 0.25.
The thickness of arrows in Fig. 3 represents the integrated rate
of species production, and minor routes are neglected for the
clarity of data presentation. The black arrows connect the C or
S species separately, while the red color is used to denote the
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Fig. 3. Reaction pathways of the stoichiometric CH4+H,S+air flames at Xy25=0.25,
1 atm and 298 K.

C-S interaction reactions. On the left side of Fig. 3, CHy is ox-
idized mainly through CH4->CH3->CH,0->HCO->CO->CO,, with
CH, and CH,(S) branched from CHj forming CH,0. On the right
side of the plot, H,S is oxidized through H,S->HS->S->S0->S0,
with reactions R1-R4 engaged, and part of the formed SO, recy-
cles through the loop SO;->HOSO->S0(S)->S0->S0,. Since 75% of
the fuel is CHy, arrows representing the C routes are thicker than
that of S. The interaction of C-S starts with CH; and HS forming
CH3SH (R5), which is converted to CH3S through reactions R6 and
R8, and finally by reaction R7, the consumption of CH3S forms the
CH3 and SO,, decoupling the C-S interaction.

CH;3SH+SH=H,S+CH;S (R8)

Since reactions R1-R7 take part as dominant oxidation channels
in Fig. 3, it’s easy to understand their importance in the reaction
sensitivities in Fig. 2. Except for CH3SH and CHj3S, other C-S inter-
active species can also be found in the Mulvihill mechanism with
a non-zero rate of production, e.g., CS,, OCS, and CS. These species
and the corresponding reactions are not shown in Fig. 3 only be-
cause their rates of production are lower than the set criterion
when plotting the figure, i.e., 1E-5 mole/cm?2s.

To elucidate important intermediate species in the C-S inter-
actions, maximum concentrations of radicals are recorded, which
are obtained at different positions in flames, and can thus indicate
which radical becomes more important under different conditions.
Fig. 4 shows the maximum mole fractions of OH, CHs3, and five S-
containing radicals with the maximum share in the flames studied,
where panels (a) and (b) show respectively the stoichiometric and
Xmos = 0.225 conditions. To fit the plot, the data of OH and CHs
mole fractions are divided by 5 and 2, respectively, and thus the
labels “OH/5” and “CH3/2” are used. From Fig. 4, the 5 most im-
portant S-containing species in the CH4+H,S+air flames are CHS,
CH3SH, CH,S, SH, and CS,, regardless of xyjs or ¢, and four of
them are C-S intermediate species. The importance of CH3SH has
been shown in the reaction path analyses in Fig. 3, while the CHS,
CH,S, and CS, were not presented because of the smaller rate of
production. It is noted that CH3S, i.e., the other C-S intermediate
species in Fig. 3, has a maximum mole fraction of 6E-5 over the
conditions investigated, as a result of its fast formation and con-
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Fig. 4. Maximum mole fractions of intermediate species in CH4+H,S+air flames, at
1 atm and 298 K.

sumption. This maximum mole fraction number is only 20% of the
bottom species CS,, therefore it is not shown in Fig. 4.

The present kinetic analyses are restricted by the small xyys
conditions in the experiment, while predictions can also be made
by the Mulvihill mechanism on the x5 > 0.25 performance. These
explorations were put to the Supplementary Material, where the
importance of C-S interactions is predominant around Xy = 0.5,
making the burning velocity smaller than under the pure CH4 and
H,S conditions. The predicted laminar burning velocity, reaction
sensitivity, as well as dominant intermediate species can be found
in Figs. S1-S3.

4.2.2. Influence of the hydrocarbon subset

Facing the convergence problem in the flame simulations, Mul-
vihill et al. [6] mentioned that substituting the hydrocarbon reac-
tions by the AramcoMech 1.3 [22] largely helps the convergence,
therefore, several widely used hydrocarbon mechanisms were se-
lected in the present study to check their compatibility with the
Mulvihill mechanism. These mechanisms are FFCM-1 [23], Kon-
nov (version released by Capriolo et al. [24]), San Diego [25],
as well as AramcoMech [22]. It should be noted that the low-
temperature species CH;00 and CH30O0H react with HS through
reactions R9 and R10 in the Mulvihill mechanism, while these
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Fig. 5. Predictions of stoichiometric CH4+H;S+air flame burning velocities at 1 atm
and 298 K.

Table 2
Rate constant differences in the most sensitive reactions in Fig. 2, compared with
those in the Mulvihill mechanism.

Reactions San FFCM Konnov Aramco
H +0,=0+0H 0.10 —0.02 0.04 0.04
CH3+H(+M)=CH4(+M) 0.19 -0.19 0.02 -0.57
HCO(+M)=H+CO(+M) 2.50 0.64 3.61 4.53
CO+0H=CO0,+H 0.73 0.58 1.04 0.80
H 4+05(+M)=HO,(+M) 0.34 0.32 0.34 0.34
CH,0+H = H+CO+H, - - 0.00 -
CH4+H=CH;+H, 0.00 -0.54 -0.41 -0.41
CH,0+H=HCO-+H, 0.30 0.63 0.00 0.31
OH+H,=H +H;0 0.10 0.10 0.13 -0.09
HCO+0,=C0+HO0, —0.62 —0.75 0.00 -1.00

species are not available in the mechanisms of FFCM-1 and San
Diego, thus reactions R9 and R10 are deleted in the corresponding
combinations.

CH300+SH=HSO0+CH30 (R9)

CH;00H+SH=CH300+H,S (R10)

Effects of these hydrocarbon subsets on the stoichiometric
CH4+H,S+air S; predictions are shown in Fig. 5. Convergence is
more easily achieved using the combinations with FFCM-1, and
San Diego mechanisms, since they have fewer species and reac-
tions. However, none of the checked combinations reproduce bet-
ter the experimental data than the original Mulvihill mechanism,
even the combination with AramcoMech 1.3 suggested by Mulvi-
hill et al. [6]. Since the H,S and C-S subsets used are all the same
in Fig. 5, the differences in the predictions should be caused by
the sensitive reactions in the hydrocarbon subsets, as those shown
in Fig. 2. It is found that the most sensitive reactions are almost
the same for the different mechanisms, while the sensitivity val-
ues and rank orders are slightly different. Table 2 shows the rate
constant differences of the 10 most sensitive reactions among dif-
ferent mechanisms, where the listed reactions follow the same or-
der as in Fig. 2(a), and the differences were derived as (substi-
tuted mechanism/Mulvihill mechanism - 1). From Table 2, all the
reactions, except R11 and R12, have noticeable differences in the
rates of sensitive reactions. Therefore, the divergent predictions in
Fig. 5 by different mechanisms can’t be blamed on one or a couple
of reactions, indeed, they are caused by the very different selec-
tions in the whole hydrocarbon scheme.
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H+0,=0+0H (R11)

OH-+H,=H+H,0 (R12)

Based on the above findings, the hydrocarbon subset in the
Mulvihill mechanism should not be substituted by other mecha-
nisms for the accuracy of prediction. It should also be noted that
the simulations in Mulvihill et al. work [6], i.e., substituting the
hydrocarbon subset from Aramco, are approximately 2 cm/s higher
than the experimental data at stoichiometric x5 = 0.085 condi-
tion. From present Fig. 5, the present experimental data are also
around 2 cm/s lower than simulation using the Aramco subset.
Therefore, the present experiment is expected to be consistent
with Mulvihill et al. [6].

4.3. Solution to the convergence issue

From the last section, substituting the hydrocarbon subset of
the Mulvihill mechanism results in degraded prediction accuracy,
and therefore, a solution to the convergence issue is still needed.
Generally, the convergence issue of a mechanism arises from the
model stiffness, caused by unphysical reactions and thermody-
namic data. In addition, the large size of the model can result in
large CPU cost and makes it difficult to find out proper grid set-
tings. Therefore, the solution to the convergence issue should lie
in dealing with unphysical mechanism parameters, while reducing
the mechanism size may also help. These issues will be discussed
in the following.

4.3.1. Unphysical reactions and thermodynamic data

The main numerical problem of the Mulvihill mechanism is un-
physical thermodynamic data of two species: CH,S, and HSOO,
which have negative heat capacity cj.

In the Mulvihill mechanism, the thermodynamic data of the
HSOO species are from Zhou et al. [26], fitting heat of formation
calculations in their early work [27]. The ¢, data first increase
with temperature and non-monotonically decrease after 3000 K,
while negative values are observed above 4000 K, much higher
than the flame temperature. Since Zhou et al. [26] didn’t report the
upper limit of fitting temperature, the high-temperature range of
the HSOO NASA polynomial coefficient is manually changed from
1000-5000 K to 1000-3000 K, thus excluding negative cp in the
flame calculation.

The thermodynamic data of CH,S, species refer to the theoreti-
cal work from Vandeputte et al. [28], where the tabulated heat ca-
pacity data from 300 K to 1500 K as well as the NASA polynomials
can be found. In [28], the tabulated c, data of CH,S, monotonically
increase with temperature, while that derived using NASA polyno-
mial coefficients has decreasing tendency from 1000 K, leading to
the negative ¢, for temperature higher than 1800 K. Therefore, the
NASA polynomials of CH,S, are refitted in this work using the tab-
ulated ¢, data, with a manually extrapolated 2000 K point added
to avoid negative c, within the flame temperature range. It should
be noted that the enthalpy and entropy derived using the original
fitting coefficients are not changed. The updated ¢, fitting data are
compared with the original tabulated and fitting data in Fig. 6.

Besides, examination of the Mulvihill mechanism reveals that
the rate constants of several reactions in the reverse direction vio-
late the collision limit [29]. Specifically, the following S-containing
reactions (R13-R16) and hydrocarbon reactions (R17-R22), have re-
verse rate constants exceeding 1020 cm3/mole-s at low tempera-
tures:

SO+M = S+0+M (R13)

HSO+0,=HS0,+0 (R14)
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Fig. 6. Comparison of the updated CH,S, heat capacity fitting results with the orig-
inal tabulated and fitting data from Vandeputte et al. [28].

CS,+S0=CS+5,0 (R15)
0CS+M=CO+S+M (R16)
CH3+M=CH+H,+M (R17)
CH3+M=CH,+H+M (R18)
CHp+M=CH+H+M (R19)
CH+M = C+H,+M (R20)
GHy+M = GH+H+M (R21)
C,0+M = C+CO+M (R22)

An easy option to alleviate this problem is just making the
violating reactions irreversible, since it has been demonstrated
[30] that if the reactions thus modified are not in the list of the
most sensitive ones, the calculated burning velocity is very close
to that obtained with the unmodified model. Note, that reactions
R17-R22 in the Konnov mechanism [24] were already made irre-
versible as recently described by Alekseev et al. [31], while the re-
actions are even neglected in the FFCM-1, San Diego, and Aram-
coMech mechanisms. This can explain why the hydrocarbon sub-
stitution in Section 4.2.2 makes the convergence easier.

However, the convergence issues are not only met when mod-
eling the flame propagation, and the underlying reasons should
be linked to either wrong thermodynamics data or wrong rate
constant expressions. It’s noted that all the species in R13-
R22 adopted contemporary thermodynamic data such as from the
Burcat database (2016) [32], and since these species also partici-
pate in many other reactions without trouble, the violation of the
collisional limit should be mainly attributed to the wrong rate
expression. Table 3 lists the information for the R13-R22 reac-
tions, where the temperature ranges for the rate expressions are
all much higher than 300 K, except for the R15 reaction where
the temperature range was not specified. The accuracy of the low-
temperature rate constants is thus difficult to ensure using the fit-
ted high-temperature results. Therefore, refitting of the rate ex-
pression was made in the present work that includes the origi-
nal high-temperature data and an estimated reverse rate constant
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Fig. 7. Rate constant for reaction R13, present fitting compared with the experi-
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Fig. 8. Relative differences in the reduced mechanisms and their predictions, com-
pared with the Mulvihill mechanism.

of 1E18 at 300 K, to avoid exceeding the collisional limit at low
temperatures while keeping the high-temperature rate constants.
The forward rate constants at 300 K are much smaller than at the
high temperatures, and its influence is easily to be ignored in the
direct fitting of k = AT?exp —5—9,). To deal with this difficulty, the
logarithmic format of the modified Arrenius equation was used in-
stead, which increases the weight of the 300 K data. Fig. 7 shows
the suggested rate expression fitting of reaction R13 as an example,
and all the present fitting results are tabulated in Table 3.

To compare with the original Mulvihill mechanism, the modi-
fication with updated reactions R13-R22 rate expressions and up-
dated heat capacities is labeled “Model 1”. Its performance on the
laminar burning velocity as well as ignition delay times will be
shown in Section 4.3.2. The model reduction was also made based
on Model 1, producing a Model 2 without low-temperature reac-
tions and a further reduced Model 3, which is explained in detail
in the Supplementary Material.

4.3.2. Performance of the updated mechanisms

Figure 8 shows specific differences between the new mod-
els and the original Mulvihill mechanism, i.e.,, the numbers of
species and reactions in the mechanism, and the averaged CPU
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Table 3

Combustion and Flame 244 (2022) 112288

Information on the reactions violating the collisional limit in the Mulvihill mechanism and the updated expressions. Type referring to the
data used for the original fitting from Exp.-experiment, Rev.-review, and Est.-estimation; units in cal, mol, cm, and s.

No Original rate expression information Present updated
T(K) A b Ea Type Ref. A b Ea

R13 3000-5000 4.00E14 0 1.07E05 Exp. [33] 4.40E20 —1.45 1.22E05
R14 1000-1500 8.40E-07 5.1 1.13E04 Est. * [34] 5.42E13 -0.52 2.49E04
R15 - 1.00E12 0 1.0E04 Est.** [35] 1.37E24 -3.38 1.95E04
R16 1900-3230 2.50E14 0 6.14E04 Exp. [36] 1.23E19 -1.23 6.74E04
R17 2706-3527 3.10E15 0 8.09E04 Exp. [37] 1.08E30 -3.59 1.09E05
R18 2253-2975 2.20E15 0 8.27E04 Exp. [37] 9.33E38 —6.08 1.16E05
R19 1900-2700 5.60E15 0 8.90E04 Exp. [38] 1.62E27 -3.05 1.02E05
R20 2400-3800 5.80E12 0.5 6.85E04 Rev. [38] 2.57E16 -0.43 7.41E04
R21 700-2500 9.10E30 -3.7 1.27E05 Rev. [39] 5.16E52 -9.68 1.44E05
R22 1785-2270 2.00E15 0 4.42E04 Exp. [40] 4.22E07 2.39 4.62E04

*: the rate expression for R14 was estimated by Rasmussen et al. [34] according to ab initio CBS-QB3 calculations combined with transition

state theory (TST).

**: the rate expression for R15 was a pure estimation with analogous reactions by Glarborg et al. [35], and there is no temperature range

specified for the estimation.
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Fig. 9. Predictions of the new models against CH4+H,S burning velocities and ig-
nition delay times. The ignition delay time experimental data from Mulvihill et al.
[6].

time needed for the calculations. Averaged differences in predict-
ing the stoichiometric CHy4+H,S+air flames with x5 = 0-0.25 are
also shown, which focus on the burning velocities and maximum
mole fractions of dominant intermediate species in Fig. 4 (OH, CHs,
CHS, and CH3SH). The shown difference values in Fig. 8 were eval-

uated in a relative way, which is (value of new model/value of the
Mulvihill mechanism - 1).

From Fig. 8, the average CPU time using Model 1 decreases by
90% from the original Mulvihill mechanism, with negligible dif-
ferences in the stoichiometric CH4+H,S+air flame predictions. For
the further reduced mechanisms, it is seen that with the numbers
of species and reactions decreasing by 13% and 35% for Model 2
and Model 3, the CPU time further decreases by 3% and 6%, respec-
tively. The differences originated from the mechanism reduction in
the stoichiometric S; and maximum OH as well as CH3 mole frac-
tions are hardly noticeable, while up to a 5% increase is found in
the reduced mechanism predictions for the maximum CH3SH and
CHS mole fractions. It should be noted that Model 3 (84 species
and 786 reactions) could be further reduced using different meth-
ods, however, similar but larger deviations as the CHS and CH3SH
mole fractions are expected, and the CPU cost has already reached
an acceptable level, thus the calculations were not carried out in
the present work.

Figure 9 shows the predictions of Models 1, 2, and 3 at con-
ditions other than the stoichiometric burning velocities. Panel
(a) shows the xyps = 0 and 0.225 burning velocities for the
CH4+H,S+air flames, as a function of ¢. Panel (b) shows the igni-
tion delay times of 0.0638% H,S+0.1492% CH4+0.787% 0O,+99%Ar
mixture, where the experimental data are from Mulvihill et al. [6].
From Fig. 9, predictions of the new models all overlap with the
original Mulvihill mechanism under all the investigated conditions,
indicating their capability in reproducing the original mechanism
performances.

5. Conclusion

In this work, the laminar burning velocities S; of CH4+H,S+air
flames were measured using the heat flux method at 1 atm and
298 K. The experimental data were obtained at xyps = 0-0.25,
which has not yet been investigated in the literature and could be
useful for the kinetic mechanism validation. Simulations using the
detailed Mulvihill mechanism were carried out, and results with no
modifications in the hydrocarbon reactions were obtained, showing
good agreement with the present experimental data.

Kinetic analyses using the Mulvihill mechanism were made,
covering the A-factor reaction sensitivities of the burning veloci-
ties, integrated rate of productions, and maximum mole fractions
of dominant intermediate species in the CH4+H,S+air flames.
These results reveal important species and reactions for the in-
vestigated flames, especially the interactions between the C- and
S- containing species. The solution to the convergence problem of
the Mulvihill mechanism was proposed, by updating the unphysi-
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cal thermodynamic data of species CH,S, and HSOO, as well as re-
fitting the rate expressions for reactions violating the collision limit
in the reverse direction. Mechanism reductions were also carried
out to further decrease the computational CPU time while repro-
ducing the Mulvihill mechanism predictions on the burning veloc-
ities, maximum species mole fractions, and ignition delay times of
CH4+H,S mixtures. It’s also found that substituting the hydrocar-
bon subset of the Mulvihill mechanism with the mechanisms from
FFCM-1, Konnov, San Diego, as well as AramcoMech deteriorates
the simulation results noticeably.

Besides, CuS or Cu,S condensations were found when measur-
ing the high H,S composition conditions, which is attributed to
the corrosive H,S reacting with surface Cu in the brass alloy. This
phenomenon is conspicuous in the present burner stabilized flame
setup, and it is suggested to check carefully in future experiments
using different setups, thus avoiding possible catalytical effects of
the formed particles.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This work was supported by the fellowship of the China Post-
doctoral Science Foundation (2021TQ0366), the National Natural
Science Foundation of China (52125605) and the Fundamental Re-
search Funds for the Central Universities (2022ZFJH004).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.combustflame.2022.
112288.

References

[1] AJ. Kidnay, W.R. Parrish, D.G. McCartney, Fundamentals of Natural Gas Pro-
cessing, CRC press, 2019.

[2] M. Stewart, K. Arnold, Gas Sweetening and Processing Field Manual, Gulf Pro-
fessional Publishing, 2011.

[3] MJ. Goodwin, O.M. Musa, J.W. Steed, Problems associated with sour gas in the
oilfield industry and their solutions, Energy & Fuels 29 (2015) 4667-4682.

[4] A.A. Konnov, A. Mohammad, V.R. Kishore, N.I. Kim, C. Prathap, S. Kumar, A

comprehensive review of measurements and data analysis of laminar burning

velocities for various fuel+ air mixtures, Prog. Energy Combust. Sci. 68 (2018)

197-267.

D. Bongartz, A.F. Ghoniem, Chemical kinetics mechanism for oxy-fuel combus-

tion of mixtures of hydrogen sulfide and methane, Combust. Flame 162 (2015)

544-553.

C.R. Mulvihill, C.L. Keesee, T. Sikes, R.S. Teixeira, O. Mathieu, E.L. Petersen,

Ignition delay times, laminar flame speeds, and species time-histories in

the H2S/CH4 system at atmospheric pressure, Proc. Combust. Inst. 37 (2019)

735-742.

F. Zhang, M. Kurjata, N. Sebbar, T. Zirwes, M. Fedoryk, S. Harth, R. Wang,

P. Habisreuther, D. Trimis, H. Bockhorn, Numerical study on flame stabilization

and NOx formation in a novel burner system for sulfur combustion, Energy &

Fuels 36 (2022) 4094-4106.

S. Gersen, M. van Essen, H. Darmeveil, H. Hashemi, C.T. Rasmussen, J.M. Chris-

tensen, P. Glarborg, H. Levinsky, Experimental and modeling investigation of

the effect of H2S addition to methane on the ignition and oxidation at high

pressures, Energy & Fuels 31 (2017) 2175-2182.

[9] H.S.E. Chin, K. Karan, A.K. Mehrotra, L.A. Behie, The fate of methane in a claus

plant reaction furnace, Can. . Chem. Eng. 79 (2001) 482-490.
[10] K. Karan, L.A. Behie, CS2 formation in the claus reaction furnace: a kinetic
study of methane—sulfur and methane—hydrogen sulfide reactions, Ind. Eng.

Chem. Res. 43 (2004) 3304-3313.

[5

6

[7

[8

Combustion and Flame 244 (2022) 112288

[11] O. Mathieu, C. Mulvihill, E.L. Petersen, Shock-tube water time-histories and
ignition delay time measurements for H2S near atmospheric pressure, Proc.
Combust. Inst. 36 (2017) 4019-4027.

[12] X. Han, Z. Wang, Y. He, Y. Zhu, K. Cen, Experimental and kinetic modeling
study of laminar burning velocities of NH3/syngas/air premixed flames, Com-
bust. Flame 213 (2020) 1-13.

[13] X. Han, Z. Wang, M. Costa, Z. Sun, Y. He, K. Cen, Experimental and kinetic mod-
eling study of laminar burning velocities of NH3/air, NH3/H2/air, NH3/CO/air
and NH3/CH4/air premixed flames, Combust. Flame 206 (2019) 214-226.

[14] X. Han, Z. Wang, Y. He, Y. Liy, Y. Zhu, A.A. Konnov, The temperature depen-
dence of the laminar burning velocity and superadiabatic flame temperature
phenomenon for NH3/air flames, Combust. Flame 217 (2020) 314-320.

[15] Z. Wang, X. Han, Y. He, R. Zhu, Y. Zhu, Z. Zhou, K. Cen, Experimental and ki-
netic study on the laminar burning velocities of NH3 mixing with CH30H and
C2H50H in premixed flames, Combust. Flame 229 (2021) 111392.

[16] X. Han, Z. Wang, S. Wang, R. Whiddon, Y. He, Y. Lv, A.A. Konnov, Parametriza-
tion of the temperature dependence of laminar burning velocity for methane
and ethane flames, Fuel 239 (2019) 1028-1037.

[17] ANSYS Chemkin Pro 17.0 (15151), ANSYS Reaction Design: San Diego (2016).

[18] H. Hashemi, ]J.M. Christensen, S. Gersen, H. Levinsky, SJ. Klippenstein,
P. Glarborg, High-pressure oxidation of methane, Combust. Flame 172 (2016)
349-364.

[19] P. Glarborg, J.A. Miller, B. Ruscic, S.J. Klippenstein, Modeling nitrogen chemistry
in combustion, Prog. Energy Combust. Sci 67 (2018) 31-68.

[20] Y. Song, H. Hashemi, J.M. Christensen, C. Zou, B.S. Haynes, P. Marshall, P. Glar-
borg, An exploratory flow reactor study of H2S oxidation at 30-100 bar, Int. J.
Chem. Kinetics 49 (2017) 37-52.

[21] H. Nakamura, S. Hasegawa, T. Tezuka, Kinetic modeling of ammonia/air weak
flames in a micro flow reactor with a controlled temperature profile, Combust.
Flame 185 (2017) 16-27.

[22] W.K. Metcalfe, S.M. Burke, S.S. Ahmed, H.J. Curran, A hierarchical and compar-
ative kinetic modeling study of C1 — C2 hydrocarbon and oxygenated fuels,
Int. ]. Chem. Kinetics 45 (2013) 638-675.

[23] G. Smith, Y. Tao, H. Wang, Foundational fuel chemistry model version
1.0 (FFCM-1), http://web.stanford.edu/group/haiwanglab/FFCM-1/index.html,
(2016).

[24] G. Capriolo, V.A. Alekseev, A.A. Konnov, An experimental and kinetic study of
propanal oxidation, Combust. Flame 197 (2018) 11-21.

[25] U. Mechanism, Chemical-kinetic mechanisms for combustion applications, Me-
chanical and Aerospace Engineering (Combustion Research), University of Cal-
ifornia at San Diego, 2016 http://combustion.ucsd.edu.

[26] C. Zhou, K. Sendt, B.S. Haynes, Experimental and kinetic modelling study of
H2S oxidation, Proc. Combust. Inst. 34 (2013) 625-632.

[27] C. Zhou, K. Sendt, B.S. Haynes, Computational study of the reaction SH + 02,
J. Phys. Chem. A 113 (2009) 2975-2981.

[28] A.G. Vandeputte, M.K. Sabbe, M.-.F. Reyniers, G.B. Marin, Modeling the
gas-phase thermochemistry of organosulfur compounds, Chemistry - Eur. J. 17
(2011) 7656-7673.

[29] D. Chen, K. Wang, H. Wang, Violation of collision limit in recently published
reaction models, Combust. Flame 186 (2017) 208-210.

[30] M. Lubrano Lavadera, A.A. Konnov, Laminar burning velocities of propionic
acid+ air flames: experimental, modeling and data consistency study, Com-
bust. Flame 230 (2021) 111431.

[31] V.A. Alekseev, N. Bystrov, A. Emelianov, A. Eremin, P. Yatsenko, A.A. Konnov,
High-temperature oxidation of acetylene by N20 at high Ar dilution conditions
and in laminar premixed C2H2+ 02+ N2 flames, Combust. Flame 238 (2022)
111924.

[32] E. Goos, A. Burcat, B. Ruscic, Extended Third Millenium Ideal Gas Thermochem-
ical Database With Updates from Active Thermochemical tables, Technion IIT,
Aerospace Engineering, and Argonne National Laboratory, 2016.

[33] H. Plach, J. Troe, UV absorption study of the dissociation of SO2 and SO in
shock waves, Int. J. Chem. Kinetics 16 (1984) 1531-1542.

[34] CL. Rasmussen, P. Glarborg, P. Marshall, Mechanisms of radical removal by
S02, Proc. Combust. Inst. 31 (2007) 339-347.

[35] P. Glarborg, B. Halaburt, P. Marshall, A. Guillory, ]. Troe, M. Thellefsen, K. Chris-
tensen, Oxidation of reduced sulfur species: carbon disulfide, ]J. Phys. Chem. A
118 (2014) 6798-6809.

[36] M. Oya, H. Shiina, K. Tsuchiya, H. Matsui, Thermal decomposition of COS, Bull.
Chem. Soc. Jpn. 67 (1994) 2311-2313.

[37] V. Vasudevan, RK. Hanson, D.M. Golden, C.T. Bowman, D.F. Davidson, High-
-temperature shock tube measurements of methyl radical decomposition, J.
Phys. Chem. A 111 (2007) 4062-4072.

[38] S. Bauerle, M. Klatt, H. Wagner, Recombination and decomposition of methy-
lene radicals at high temperatures, Berichte der Bunsengesellschaft fiir
physikalische Chemie 99 (1995) 870-879.

[39] W. Tsang, R. Hampson, Chemical kinetic data base for combustion chemistry.
Part I. Methane and related compounds, ]. Phys. Chem. Reference Data 15
(1986) 1087-1279.

[40] G. Friedrichs, H.G. Wagner, Investigation of the thermal decay of carbon sub-
oxide, Zeitschrift fur Physikalische Chemie 203 (1998) 1-14.


https://doi.org/10.13039/501100002858
https://doi.org/10.13039/501100001809
https://doi.org/10.13039/501100012226
https://doi.org/10.1016/j.combustflame.2022.112288
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0001
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0002
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0003
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0004
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0005
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0006
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0007
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0008
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0009
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0010
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0011
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0012
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0013
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0014
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0015
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0016
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0018
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0019
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0020
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0021
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0022
http://web.stanford.edu/group/haiwanglab/FFCM-1/index.html
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0024
http://combustion.ucsd.edu
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0026
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0027
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0028
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0029
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0030
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0031
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0032
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0033
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0034
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0035
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0036
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0037
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0038
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0039
http://refhub.elsevier.com/S0010-2180(22)00303-0/sbref0040

	Experimental and kinetic modeling study of the CH4+H2S+air laminar burning velocities at atmospheric pressure
	1 Introduction
	2 Experimental setup
	3 Numerical calculation
	4 Result and discussion
	4.1 Measured SL of CH4+H2S+air flames
	4.2 Kinetic analyses
	4.2.1 Analyses of the overall Mulvihill mechanism
	4.2.2 Influence of the hydrocarbon subset

	4.3 Solution to the convergence issue
	4.3.1 Unphysical reactions and thermodynamic data
	4.3.2 Performance of the updated mechanisms


	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


