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ESR and Mass Spectrometric Studies of Methanol Combustion. II.
Correlation between Labile and Stable Chemical Species
in Methanol-Oxygen-Argon Flame at Low Pressure
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In order to experimentally elucidate the chemical reactions of methanol combustion, the concentra-
tion profiles of ten chemical species were determined in stoichiometric CHsOH-Og2-Ar flat flame at low

pressure, 1.11X10* Pa.

The concentrations of three labile intermediates (H, O, and OH) as well as that

of stable Oz molecules, were measured by means of the probe-sampling-ESR method. The concentrations of
six stable species (CHsOH, CH20, CO, CO2z, Hz, and H20) were measured using a quadrupole mass spec-
trometer. The rates of the net chemical formation (or decay) of these species were determined by subtracting
the effect of diffusion from their observed concentration profiles, and were examined on the basis of the

reaction mechanisms previously proposed for methanol combustion.

The experimental results were

found to be consistent with the oxidation pathway CHsOH—-CH:OH—-CH20—->CHO—-CO—CO:. The re-
sults also showed that the reaction CH2OH+032;—CH20+HO: is an important pathway for Oz consumption.

In order to elucidate complex combustion reactions
in flames, it is indispensable to determine the
concentration profiles of as many chemical species,
both labile and stable, as possible in the flames.
However, it is a difficult task to determine the
concentration profiles, especially, of the labile
intermediates in high temperature flames. We have
been using the probe-sampling-electron spin reso-
nance (ESR) technique to detect the labile inter-
mediates (H, O, and OH; the principal carriers of
chain reactions of combustion), in free-burning
methane and methanol flames.1-?  Recently, we
carried out a combined ESR-mass spectrometric study
in order to examine the concentration profiles of nine
(labile and stable) chemical species in free-burning
methanol-air flames at atmospheric pressure (in the
previous study of this series).® The study was
extended in our work to the CHsOH-O:z-Ar flames at
a low pressure; this allowed us to control more strictly
the physical conditions of combustion and to change
more freely the equivalence ratio of the premixed gas.

The reaction mechanism of methanol combustion
has theoretically been studied over ten years;+?
several numerical models concerning combustion
reactions, including more than twenty species, have
been proposed.t-® However, most of the experi-
mental data so far reported4 5:9-10 have only partially
shown chemical features of the combustion, and have
not been sufficiently comprehensive for a comparison
with theoretical predictions and to substantiate the
proposed models. Akrich et al. first determined the
concentration profiles of stable chemical species in
methanol-air flames at low pressures by means of the
gas chromatographic method.? Pauwels et al.1® later
studied the concentration profiles of H, O, and OH by
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means of the ESR method under the same flame
conditions as those in the above gas chromatographic
study; these gave general support to the numerical
model proposed by Westbrook and Dryer.® Very
recently, Vandooren and Van Tiggelen,!¥ and
Andersson et al.® performed mass spectrometric
studies and obtained a comprehensive set of the
profiles of stable species and labile intermediates in
methanol flames at low pressures. Based on these
results, Dove and Warnatz? developed a simplified
model of methanol combustion. The present ESR-
mass spectrometric study complements these previous
studies and serves as an experimental basis for
obtaining a further insight into chemical reactions
during methanol combustion.

Experimental

The burner and sampling system used in the present study
i1s schematically shown in Fig. 1. The burner comprised
two concentric stainless-steel tubes: The inner tube was
attached with a porous stainless-steel disk (27-mm diameter)
at the end which acted as the burner mouth, and the outer
tube (58-mm diameter) enclosed the flame at a low pressure
and supported a quartz sampling probe. The sampling
probe was pretreated with an aqueous HF solution and
cleaned with aqueous NaOH and HNO:s solutions in order
to reduce the surface destruction of labile intermediates.2-19
Sampling of burning gas was made at several positions on
the center axis of the flame by sliding the inner tube with
respect to the outer one. The burner was cooled by
circulating water.

Oxygen, and argon of purity higher than 99.9% were
supplied from cylinders through regulated rotermeters.
Methanol of reagent grade was continuously injected into
preheated gas flow with a microfeeder. The flames of
premixed gas, CHsOH-O2-Ar, were stabilized in the burner
at a low pressure (1.11X104Pa); this was controlled by
adjusting the pumping rate.

The ESR and mass spectrometric measurements of
burning gas were made with an X-band ESR spectrometer
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Fig. 1. Schematic drawing of the burner and the
sampling system. A) Inlet of premixed gases, B)
porous stainless-steel plate, C) viewing window, D)
magnet, E) ESR spectrometer, F) vacuum gauge, G)
condenser, H) sampling probe, I) vacuum valve, J)
Hg manometer, K) primary pumping system (rotary
pump), L) secondary pumping system (rotary pump
and mechanical booster pump), M) tertiary pump-
ing system (rotary pump and diffusion pump), and
N) quadrupole mass spectrometer.

and a quadrupole mass spectrometer (as previously
described).?  About one-tenth of the burning gas was
continuously sampled through a tiny hole (about 0.1 mm in
diameter) at the tip of the sampling probe; it was subjected
to ESR measurements at 13.3 Pa and mass spectroscopic
measurements at a total pressure of 10~3 Pa. The residence
time of the sampled gas in the sampling probe before
reaching the ESR cavity was estimated to be about 2 ms.
The flame temperature was measured with a SiOz-coated
Pt/Pt-Rh thermocouple.

Analysis of Data

From the apparent local concentration obtained by
ESR or mass spectrometric measurements of the i-th
species at each position in the flame, the mass flux was
calculated as

XM, [V,
G = =2t (14+21), )

where M is the average molecular weight, v the
velocity of the flame gas, and X;, M;, and V; the mole
fraction, the molecular weight, and the diffusion
velocity of the i-th species in the flame gas. By taking
the z-axis along the gas flow, the diffusion velocity
was calculated as

@)
using the binary diffusion coefficients Dj given by

1.66x 10-3(1/M; + 1/ M,)1/*T-1
Po‘j2(8‘j/x)0.17

DU = (3)

Masayuki TanicucHi, Toshiharu YosHioka, and Hiroshi YosHipa

[Vol. 60, No. 5

as well as the Lennard-]Jones potential parameters (o
and ¢;/«) derived by Westenberg and Fristrom,? and
Warnatz.’® In actual calculations, argon was always
taken as the j-th species.

The net reaction rate was then calculated as

oo 46,

K = M,  dz’

4)

where p is the density of the flame gas. This quantity
gives the rate of net formation (or consumption) at a
particular position in the flame solely due to chemical
reactions involving the i-th species, i.e., the net
formation rate derived by subtracting the effect of
diffusion from the concentration profile observed by
ESR or mass spectrometric measurements.

Results and Discussion

Concentration Profiles. ESR spectra due to H, O,
OH, and O; were observed in the present CH;OH-
O2-Ar flame. The spectral features were essentially
the same as those previously observed for methane-
air and methanol-air flames.1=® The intensity of the
spectra of H and O was calibrated with reference to the
spectrum of Oz with a known concentration in order
to determine their absolute concentrations in the ESR
cavity; while the spectral intensity of OH was
calibrated with reference to the NO spectrum.4:19 A
correction for the first-order destruction of H and O
on the wall of the sampling probe before reaching the
ESR cavity was made by changing the residence time
in the sampling probe, as described previously.?

A correction for the destruction of OH during sam-
pling was rather difficult, since it did not follow a
simple first-order process and was thought to be
largely due to unknown reactions occurring at or close
to the hole of the sampling probe.® The correction
factor was, therefore, determined from the observed
ESR intensities of H, O, OH, and Oz in the post flame
region and the assumed partial equilibrium of the
reaction,

H + 0, — O+OH, (R1)

by using the equilibrium constant, K=300. T-0-372exp-
(—8565/T) reported previously.1®

Stable intermediates (Hz, CH20, and CO) were
detected together with the fuel CHsOH and the final
products (COz and H20) by the mass spectrometric
method. The concentrations of the stable species were
determined from the observed intensities of their mass
patterns with reference to those of the mixtures of
known compositions. No correction was made for the
reactions in the sampling probe for these stable
species.

Figure 2 shows the concentration profiles (all in the
mole fraction unit) of stable and unstable species in
the flame of stoichiometric composition (CHsOH:
11.7%, O2: 17.7%, Ar: 70.6%) with the cold gas velocity
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Fig. 2. The profiles of mole fractions (X) of labile and stable species and temperature
(A) experimentally observed in stoichiometric methanol-oxygen-argon flame at
1.11X104 Pa, and (B) calculated in stoichiometric methanol-air flame at 1.01X104

The scale of abscissa is different between

Pa by Westbrook and Dryer (Ref. 6).
the observed and calculated profiles.

of 41.6 cm s—! (mass flow rate of 6.36X10-3 g cm~—2s—1).
The origin of the z-axis corresponds to the beginning
of the luminous zone of the flame. The observed profiles
resemble those for the low-pressure methanol-air
flames of the equivalence ratio (¢, ([fuel]/[Oz])actua/
([fuel}/[Oz])stoichiometric) Of 1.0 observed by Andersson et
al. by means of the mass spectrometric method.®
There is a -slight difference from the previous data
regarding the absolute values at the concentration
maximum of the profiles. This is probably due to a
difference in the flame temperature. The general
trend of the present concentration profiles is also very
similar to that of low-pressure methanol-air flames of
¢=1.08.9:10

Westbrook and Dryer® have reported on the
concentration profiles of chemical species in the
stoichiometric methanol-air flame at 1.01)X10¢Pa
which have been calculated on the basis of the
numerical model of the methanol combustion
including 26 species and 84 reactions. The
concentration profiles observed in the present study
agree with the calculated profiles (as demonstrated in
Fig. 2), except that the transient change in the
observed concentrations is generally steeper than that
expected from model calculations.  The same
agreement between the observed and calculated
profiles has been found for methanol-air flames at
atmospheric pressure in the previous study of this
series.? Thus, it is concluded that the numerical
model proposed by Westbrook and Dryer? reproduces

fairly well the effect of the pressure on the chemical
reactions of methanol combustion. A similar
conclusion has also been obtained from previous mass
spectrometric studies.*+9

Formation and Consumption Rates of Chemical
Species. In order to examine the chemical aspects of
the flame more carefully, the net reaction rate, K, of
each species was derived from the concentration
profile and Eq. 4, and is shown in Fig. 3. The positive
K value indicates net formation, while the negative
value indicates net consumption.

The consumption rates of CH3OH and Oz and the
formation rates of H20, Hg, and CO show maxima at
almost the same positions. In contrast, the formation
rate of CO2 shows a very broad maximum at the
downstream region. It is slowly formed in an
extended region of the flame.

For all the labile intermediates (H, O, and OH), the
K value first grows in the negative side and then
changes to the positive. The features of local K values
of the labile intermediates in flame indicates that the
labile intermediates are supplied by backward
diffusion to the upstream, preheated region, where
they are effectively consumed by reactions with
CH30H.

Reaction Mechanism. The comprehensive reac-
tion mechanism for methanol combustion was first
developed by Westbrook and Dryer® and was later
modified.5:® The calculated concentration profiles for
one-dimensional flames based on this reaction
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mechanism have generally agreed with experimental
results.3:4.9.10  An agreement can also be seen in the
present experimental results (already shown in Fig. 2).

Recently, however, Dove and Warnatz proposed a
different reaction mechanism, which is simpler (14
species and 40 reactions) than the previous one and
explicitly regards the pathway of methanol oxidation

K/10*mol cmids?

0 0.2

Fig. 3. Net formation (or consumption) rates of
labile and stable species in the stoichiometric
methanol-oxygen-argon flame at 1.11X10¢ Pa, di-
rectly derived from the observed concentration
profiles in Fig. 2.
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to be CHsOH—-CH:20OH—-CH:0—CHO—~CO—CO..”?
They have argued that the new model predicts well the
experimentally observed burning velocity.  The
formation (or consumption) rates determined in the
present experimental study will be examined with
reference to the reaction mechanism proposed by Dove
and Warnatz. According to the proposed mech-
anism,” CH3OH reacts mainly with the labile
intermediates (H, O, and OH) as follows:

CH,OH + OH — CH,OH + H,0, (R2)

CH,OH + H —» CH,OH + H,, (R3)
and

CH,0H+0O — CH,OH + OH. (R4)
The reactions of CH20, CHO, and CO are

CH,O + H — CHO + H,, (R5)

CH,O + O — CHO + OH, (R6)

CH,0 + OH — CHO + H,0, (R7)

CHO+M —» CO+H+ M, (R8)

CHO + H — CO + H,, (R9)

CHO + OH — CO + H,0, (R10)
and

CHO + O, — CO + HO,. (R11)
COz is then formed mainly by the reaction,

CO + OH —» CO, + H. (R12)
Though CH3OH can be oxidized also by HOz as

CH,0OH + HO, —» CH,OH + H,0,  (R13)
and

CH,O + HO, — CHO + H,0,, (R14)

Table 1. Elementary Reactions of Methanol Combustion and Their Rate Parameters
Used in the Discussion of the Present Experimental Results

Reaction A n T,
H+ 0O, — O+ OH (R1) 2.4x'101 -0.91 8310
CH,OH + OH — CH,OH + H,0 (R2) 1.0x 108 0 850
CH,OH + H — CH,0H + H, (R3) 4.0x 101 0 3070
CH,0OH + O — CH,0H + OH (R4) 1.0x 1018 0 2370
CH,O + H — CHO + H, (R5) 2.5x 101 0 2010
CH,O0 + O — CHO + OH (R6) 3.5x101 0 1770
CH,0 + OH — CHO + H,0 (R7) 3.0x 1018 0 600
CO+OH — CO,+ H (R12) 4.6x 108 1.5 —370
CO, + H — CO + OH (—R12) 1.6x 1014 0 13200
CH,OH + O, — CH,O + HO, (R16) 1.0x 1013 0 3620
CHOH+ M — CH,O+ H+ M R17) 1.0x 1014 0 12600
CH,OH + H — CH,O + H, (R18) 2.0x 108 0 0

The reactions were taken from the reaction mechanism proposed by Dove and Warnatz (Ref. 7). The
rate parameters are those in the expression of the reaction rate constant k=AT" exp(—T,/T) in cm?®

mol-1s-1 unit.
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these oxidation paths are unimportant compared with
reactions R2—4 and R5—7 under the present high-
temperature conditions. The rate constants of some of
these reactions” are cited in Table 1.

The above oxidation pathway.gives the formation
(or consumption) rates, K, as a function of the
concentrations of reacting species as following:

K(CH,OH) = — {kg,[OH] + kgy[H] + krs[O]} [CH;OH]
®)

and
K(COy) = kr1s[COJ[OH] — k_z1,[CO,][H]. (6)
Assuming a quasi-stationary state for CHO,

K(CO) + K(COy)
= {kgs[H] + kre[O] + kr,[OH]}[CH,0]  (7)

is also obtained. The K values can be calculated from
the observed concentration profiles of the reacting
species and the rate constants cited in Table 1. On the
other hand, the K values have been directly observed
experimentally as shown in Fig. 3 (strictly speaking,
directly derived from the concentration profile of the
species itself). A comparison between the observed
and calculated K’s will verify the relevance of the
reaction mechanism on which the calculation has
been made.

The calculated K is compared with the observed K
for the consumption of CHsOH (Fig. 4). Both K
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Fig. 4. Comparison between the observed (lines) and
the calculated (plots) net formation (or consump-
tion) rates of CHsOH, CO2, and sum of CO and
COqz. The lines showing the observed rates were
taken from Fig. 3. The plots were obtained by
calculating rates based on the rate constants in Table
1 and the concentration profiles of reacting species
in Fig. 2. See text also for detail.
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values agree fairly well, except that the calculated KX is
lower in the very upstream region. The disagreement
in the upstream region is attributable to a perturba-
tion due to the inserted sampling probe: The sam-
pling of burning gas acts as a sink for the labile
intermediates, and violates their concentration pro-
files determined by the balance of chemical reactions
and diffusion. This effect becomes important when
sampling is made at positions close to the burner
mouth, since a backward diffusion of the labile
intermediates (only source of the labile intermediates
existing at the sampling position) is seriously
hindered by the sampling probe. Such a perturbation
due to the sampling probe has been experimentally
shown by observing the OH concentration in the
preheated zone of a propane-oxygen flame by mass
spectrometric (with sampling) and UV spectroscopic
(without sampling) methods.1?

Figure 4 shows an agreement between the observa-
tion and calculation, also for K(COz) and K(CO)+K-
(COg2) in the region z>0.1 cm, where the concentra-
tions of the labile intermediates reach a plateau value
and the perturbation due to the sampling probe is
expected to be insignificant. Because the CH20
consumption appears to balance the formation of CO
and COz, CHO is very probably short-lived and is
converted quickly to CO. Although CH20 can react
with Oz as

CH,O + O, —> CHO + HO,, (R15)

numerical examinations based on the observed con-
centration profiles and the reported rate constants
show that the rate of reaction R15 is much smaller
than the rates of the reactions of CH20 with H, O, and
OH (reactions R5—7) throughout the flame.

The general agreement between the observed and
calculated K values indicates a consistency between
the observed concentration profiles of labile and stable
chemical species in the flame, and gives experimental
support to the simpler mechanism of methanol
oxidation.

According to the Dove and Warnatz's mechanism,?
the consumption of Oz is mostly due to the following
reactions:

H+ 0, — O+ OH (R1)
and

CH,0H + 0, — CH,0 + HO,. (R16)

The rate of Oz consumption is, therefore, given as
—K(Oy,) = {kg,[H] + kr1s[CH,OH]}[O,]
— k_p,[O][OH]. 8
However, the consumption rate cannot be calculated
in a straight-forwatd manner from the observed

concentration profiles, since no experimental data is
available for the CH:OH concentration. If one
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assumes that the decay of CH20H is exclusively due to
its oxidation into CHz20 by

CH,0H + O, — CH,O + HO,, (R16)

CH,OH + M — CH,0 + H4+ M, (R17)
and

CH,0H + H — CH,O + H,, (R18)

reactions of CH:OH will determine the sum of the
formation rates:
K(CH,0) + K(CO) + K(COy)
= {kn16[Os]+ kg2 [M] + kg;s[H]} [CH,OH]. 9)

Substituting [CH20H] of equation 9 into equation 8,

—K(Oy) = kg,[H][O4] — k-z,[O][OH]
4 kayy[0,] K(CH:0) +K(CO) + K(CO,)

R2alOg] + knp[M] + el (O

Thus, the Oz consumption rate can be calculated from
the observed K(CH20), K(CO), K(CQOg), [Oz], [M], and
[H] and from the rate constants cited in Table 1 (the
rate constant k—ri can be obtained from the kgr; value
and the equilibrium constant for reaction R1).

The calculated —K(Ozg), by using the rate constants
in Table 1, is shown in Fig. 5 (curve B). Thus,
calculated —K(O3) differs from the —K(O3) determined
directly from the observed concentration profile of Oz
(curve A), especially in the downstream region. The
agreement between the calculated and observed
—K(Og2) is much improved in the downstream region

-K/10°mol cm™s?

0 0.1 0.2
Z/cm

Fig. 5. Comparison of the consumption rates of Og
obtained in different ways. (A): The observed rate
taken from Fig. 3. (B): The rate calculated based on
equation 10 and by using the rate constants in Table
1. (C): The rate calculated by using the newly-
recommended rate constant for reaction R1. (D):
The rate calculated with the newly-recommended rate
constant and by excluding reaction R16. See also
the text for detail.
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(curve C in Fig. 5), if one uses the rate constant,
kr1=1.2X1017T-0-9exp(—8310/T), recently recom-
mended by Warnatz.1® This is five times as large as
the previous rate constant (cited in Table 1) at the
present flame temperature.

K(Oz2) calculated with the new Kr; and neglecting
reaction R16 is also shown in Fig. 5 (curve D). It is
evident that reaction R16 is an important process for
O2 consumption in the upstream region of the flame.
The observed —K(Oz) appears to agree well with the
calculation including reaction R16 rather than the
calculation excluding it. We do not, however, dare to
stress this agreement in the upstream region, since
there is some ambiguities related to perturbation due
to the inserted sampling probe in this region (as
mentioned before).

Concluding Remarks. Together with seven stable
species, three labile intermediates were observed in the
CH30H-Ar-Oz stoichiomeric flame at a low pressure
by the combined ESR-mass spectrometric method.
Their concentration profiles and the local distribution
of their net formation (or consumption) rates in the
flame were examined to elucidate the chemical
reactions of methanol combustion.

The experimental results agree with the concentra-
tion profiles predicted by numerical calculations
based on the model for methanol combustion
consisting of very many elementary reactions previ-
ously reported by Westbrook and Dryer.® How-
ever, the results are also shown to be consistent
even with the simplified model for the methanol
combustion recently proposed by Dove and Warnatz.”
As far as the authors are aware, the present study
provides some of the most comprehensive exper-
imental data on the distribution of the chemical
species in a methanol flame. There is still no need to
make the reaction mechanism complex in order to
interpret the present experimental results. This does
not necessarily means that the reaction mechanism of
methanol combustion is really simple. Further
progress in combustion chemical experiments is
desirable for unambiguous comparisons with the
proposed models and to totally elucidate the chemical
aspect of combustion.
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