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ABSTRACT

An experimental and analytical program examining sodium/sulfur chemistry has
been conducted in a series of fuel rich and lean H,/O,/N, flames, with and without
added sulfur, and covering a wide range of temperatures and stoichiometries.
Fluorescence measurements of OH and Na downstream profiles and sodium line reversal
" temperatures provided a broad data base for kinetic modeling. Analysis indicated NaSO,
to be the only significant sodium/sulfur product formed in the lean flames. Even so, its
concentrations remain an extremely small fraction of the total sodium. The more
important perturbation of the distribution of sodium over its molecular forms results from
the catalytic effect of sulfur on the flame radical concentration levels rather than the
formation of additional species. A bond dissociation energy of D§(Na-50,)=197=20 k]
mol is derived assuming a non-planar structure or 210+20 k] mol™* if the molecule is
planar. NaOS is dominant in the rich flames, coupled with small contributions from
NaSO,, NaSH, NaS, and Na$,. Together, these can constitute from about 10 to 20% of
the total flame sodium and do represent in this case an enhancement of molecular
formation. Preliminary data in fuel rich C;H,/O,/N, flames are consistent with this model.
This further illustrates the genefal insensitivity of alkali chemistry to fuel type.

Analyses based on results developed in the ‘study find Na,5O, formation is
kinetically limited and cannot be a significant gas phase flame product at sodium levels
much below 100 ppm. Na,SO, induced corrosion in combustion systems must result from
heterogeneously formed Na,5O,. When the present results are coupled to those of
deposition studies, it is possible to speculate that one of the more likely mechanisms could

involve gas phase NaO, condensing and reacting with SO, on the surface to ultimately



produce Na,SO;.

INTRODUCTION
Sodium sulfate was identified 45 years ago as a serious corrosive agent in the ash
deposits on power plant boiler tubes.! Subsequently, the surprising corrosive character
of sodium sulfate also was noted in deposits on oxidation resistant turbine alloys in
combustion driven gas turbines.*® Whether it is formed through homogeneous gzs phase
chemistry in the combustion gases or is produced heterogeneously on the surfaces has
remained an unanswered question. There is no chemical kinetic information for modeling
this aspect of the‘ problem. Consequently past efforts to analyze the gas/surface
interactions have been forced to invoke limiting conditions of frozen chemistry or

chemical equilibrium for the sodium/sulfur system.4
Although an extensive literature has developed concerning sodium sulfate in
combustion systems, only a few efforts have been made to understand the underlying
sodium/sulfur flame chemistry. Fenimore® reported a decrease of Na with the addition of
SO, to rich and lean H,/Air flames. He assumed the flame chemistry to be fully

equilibrated and attributed the sodium decay to reaction (1).

NaOH+50,=NaSO,+O0H (1)
By further supposing that the sodium was distributed solely between its Na, NaOH and
NaSO, forms he derived an equilibrium constant value of K,;=5exp(-71 k] mol/RT). Durie
et al.,” in a study in rich and lean C;H;/O,/N, flames, assigned instead the corresponding

sodium decays to the equilibration of reactions (2) and (3), respectively



NaOH+S=NaS+0OH (2)

NaOH+S50,;=NaSO,;+0OH (3)

and derived equilibrium constants K,=8x10%exp(-243 k] mol"/RT) and K,=2x10%xp (-172

k] mol/RT). The flame chemistry in this study was also assumed to be fully equilibrated.

They felt that Fenimore’s lean flame data was better correlated by reaction (3) than by

reaction (1). Frybarg et al.* identified NaSO,, NaSO,, and Na,SO, as gas phase products

in a mass spectrometric study of lean CH, /O, flames seeded very heavily with sodium

and sulfur. They reported clogging of the sample inlet orifice which limited data

gathering and interpretation. Thus it is not possible to conclude whether the observed
species are in fact homogeneous gas phase flame products.

The current study is an extension of two earlier investigations in this laboratory,
the first on sulfur chemistry® in rich H,/O,/N, flames and the other considering sodium
oxidation chemistry®? in lean H,/O,/N, flames. The conclusions of each of these now
have been confirmed elsewhere.!-?

It is well established that the radicals H, O, and OH in the hot burnt gases of
H,/O,/N, flames can sharply overshoot their equilibrium levels through rapid bimolecular
chain reactions (4-6) which are balanced (equilibrated due to their large kinetic fluxes in

an otherwise non-equilibrated flame environment).

H+0,=0H+0 4)
O+H,=OH+H )
H,+OH=H,0+H (6)

From measures of OH, temperature, the overall flame stoichiometry, and the equilibrium

constants for reactions (4-6), the non-equilibrium concentrations of H, O, H;, O,, and



H,O in rich and lean flames are calculable, using such partial equilibriun: concepts. The
radicals recombine through relatively slow 3-body reactions (H+H, O+O, H+OH, and
H+0,). With the addition of sulfur to these flames, radical recombination is catalyzed'+*
and in turn the decaying radical concentrations control the partial equilibrium balances
known to exist between SO,, SO,, SO, H,S, SH, S, and S.8 As with the flame radicals, the
concentrations of these sulfur species are coupled and can be calculated from measured
OH, temperature, total sulfur content, and the equilibrium constants for the appropriate
coupling reactions. SO, is exceptional, being formed only by a slow termolecular
reaction'”® and its concentration can be assumed to be in steady state through reactions

(7-9).’

50,+0+M= 50,+M @)
S0;+H=50,+OH )

The oxidation of sodium in fuel-lean, sulfur free, H,/O,/N, flames was found to
exhibit an interesting chemistry.*® The performance of the total model, consisting of

seventeen possible reactions, is approximated by reactions (10) through (14).

Na+O,+M=NaO,+M (10)
NaO,+OH=NaOH+0, (11)
NaOz+H=NaO+OH (12)
NaO+H,0=NaOH+OH (13)
Na+H,;0=NaOH+H (14)

The dominant oxidation path occurs through a surprisingly fast 3-body process, reaction

(10), the kinetic nature of which is now well established.®** The NaO, reacts with the



radicals, H and OH, and can produce a ver'y large overshoot in NaOH concentrations,
which are’balanced with small amounts of NaO in the very fast reaction (13). The free
~sodium profiles closely track the H-atom profiles in the lean flames. This is mainly a
consequence of the low H-atom concentrations in these flames limiting the conversion of
NaOH back to Na via reaction (14) and is the major factor in controlling the overshoots
of the NaOH. In rich flames reaction (10) is negligible and sodium oxidation is slight,
controlled predominantly by reaction (14). Based on this information, the concentration
proﬁies for Na, NaO,, NaOH, and NaO in the sulfur free flames can now be calculated
from measured OH, temperature, flame stoichiometry, and the total sodium concentration.

The complementary nature of the rich and lean flame systems is of great value to
this study. In lean flames, whereas the sodium chemistry is complex that of the sulfur is
quite simple, and under rich conditions exactly the opposite is found. When the twe are
present simultaneously, the possible sodium/sulfur chemistry is superimposed on their
individually complex yet reasonably well understood systems. What is found is that
sodium sulfidation chemistry competes with sodium oxidation but both are seen to be
heavily influenced, if not controlled, by the flame radicals and the radical/sulfur chemistry
interaction. Although potentially very complex, as will be seen, the system has been

amenable to a reasonable analysis.

EXPERIMENTAL CONDITIONS
Measurements are made in the laminar, premixed, one dimensional flow of the
post flame gases above a Padley-Sugden?® burner of bundled hypodermic tubing with an

overali diameter of 2.2 cm. Sodium is introduced as an aqueous NaNGO,; aerosol generated



in an ultrasonic nebulizer® and transported by a portion of the gas flow to a 1.1 cm
diameter central core of the burner. Sulfur is added as H,S to rich, and SO, to lean flames
to minimize thermal contributions these additives make to flame properties. Except for the
small change in stoichiometry and the accompanying thermal effect, the additions of H,S
or SO, to a given H,/O,/N, flame are equivalent sources of sulfur yielding approximately
the same distribution of sulfur among the species, SO;, SO,, SO, H,S, SH, S,, and S The
central burner core is surrounded by an annular shield section which burns the same
basic flame but without added sodium or sulfur. A schematic of the optical system is
shown in Figure 1. Temperatures are determined by using the sodium line reversal
method. Sodium and OH concentrations are measured by laser induced fluorescence®?2
utilizing a YAG pumped dye laser source beam passed through the flame parallel to the
burner surface. The fluorescence, from a slice of the laser excited flame volume at flame
center, is collected by a 6-inch mirror and focused with unit magnification through an
image rotator into the vertical entrance slit of the monochromator. The burner is mounted
on a motor driven table programmed to collect data as a function of distance (and time)
above the burner surface. The monochromator output is detected with a photomultiplier,
the signal amplified, proceséed in a boxcar integrator, and recorded.

The sodium 589.0 nm transition was pumped and the fluorescence detected via the
collisionally coupled 589.6 nm transition. Saturation excitation was employed to eliminate
quenching uncertainties which may be significant for atomic species. The OH(AZZ*-X41)
(1,0), Ry(6) transition at 281.14 nm was excited and fluorescence detected at 314.69 nm

from the (1,1), Qy(7) transition. The previously validated OH measurements are absolute
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values calibrated against a high temperature flame (H,/O,/N;=4/1/2, T=2500 K) in which

OH is at thermodynamical equilibrium.?

RESULTS
Measurements have been made in 19 lean and rich H,/O,/N, flames containing
sodium with and without added sulfur. The flame matrix is listed in Table 1. Measured
(Na) and (OH) concentration profiles are plotted for a lean flame in Figure 2. The sodium

experimental data have been scaled to refer to the same amount of total sodium in each

Table 1. Experimental flame matrix and burnt gas properties

H,/0,/N, Temperature [H.0] [0.] [H.] [OH]
(K) (molecules/cm®)
0.6/1/1 1906-1929 1.0(18) 1.2(18) 3.8->0.7(16)"
1/1/2 2066-2100 9.9(17) 4.8(17) - 3.8->1.1(16)
1/1/3 1667-1730 9.5(17) 4.7(17) 3.7->0.3(16)
1.4/1/3 2125-2197 9.8(17) 2.0(17) 3.5->1.4(16)
1.4/1/4 1810-1847 9.8(17) 2.1(17) . 3.6->0.5(16)
1.4/1/5 1654-1669 9.3(17) 2.0(17) ~ 3.6->0.3(16)
1.8/1/3 2280-2405 1.1(18) 5.9(16) 4.0->1.9(16)
1.8/1/4 2060-2228 9.8(17) 5.1(16) 3.6->1.4(16)
1.8/1/5 1825-1916 1.0(18) 5.3(16) 3.2->0.7(16)
1.8/1/6 1695-1726 9.6(17) 5.2(16) - 3.1->0.4(16)
2.2/1/4 2160-2308 1.0(18) 1.1(17) 3.8->1.3(16)
2.2/1/5 1975-2106 9.7(17) 9.8(16) 2.7->0.8(16)
2.2/1/6 1780-1897 5.4(17) 9.6(16) 1.9->0.5(16)
3/1/4 2050-2167 9.7(17) 4.8(17) 2.4->0.3(16)
3/1/5 1883-2010 9.1(17) 46(17) 1.2->0.2(16)
3/1/6 1775-1857 8.8(17) 4.4(17) 1.1->0.2(16)
a/1/4 1898-2042 9.1(17) 9.1(17) 1.0->0.2(16)
a/1/s 1767-1900 8.6(17) 8.7(17) 0.6->0.1(16)
4/1/6 1650-1788 8.2(17) - 8.2(17) 0.6->0.1(16)

* Concentrations, read as 3.8x10' near flame decaying to 0.7x10'¢ at 4.0 ms.

flame. Sodium concentrations are the order of 10" cm? (=0.1 ppm), the radicals are at

least a few orders of magnitude greater, with total sulfur at the 1 to 2% level. Thus all
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species can influence the corcentrations of sodium species but sodiun has no effect on
other atomic or molecular concentrations.

What is found at all stoichiometries is that the amour of free sodium fractionaily
decreases in the presence of sulfur and remains approximately constant at all downstreara
distances. This of itself is quite informative, implying that species whose flame profiles
change quite markedly with time probably will not play significant roles. As will be seen,
the decreases in (Na) with added SO,, illustrated in Figure 2, result from two effects. The
first, lwhich is dominant in lean flames, is the increased sodium oxidation resulting from
the sulfur catalyzed flame radical decay and in fact sodium/sulfur chemistry plays only
a small role. On the other hand, sodium oxidation is minor in the rich flames, and

sodium/sulfur compound formation makes a definite contribution.

MODELING OVERVIEW

The experimental data base consists of the non-equilibrium flame profiles of
temperature, OH concentrations, and relative sodium concentrations, all with and without
the addition of H,S or SO,. From the temperature and OH measurements, along with the
monitored sulfur addition to the flames, one can calculate the corresponding profiles of
H,O, the coupled radicals H and O, the trace species H, in lean flames and O; in rich
flames, and the concentrations of the sulfur species S, S,, SH, H;5, SO, SO, and SO,,
These are plotted for a lean flame in Figure 3, and for a rich flame in Figure 4, with and
without the addition of 1% sulfur.

In the lean flame series the radicals, OH, H and O, and the trace species, H,,

exhibit larger nonequilibrium overshoots and subsequent rates of decay toward
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equilibrium as temperature is decreased. As noted in Figure 3, the only significant sulfur
species in the lean flames is SO,. SO and SO, concentrations are generally less than 1%
those of the SO, levels.

In the rich flames the radicals OH, H, and O ahd the trace species O;, exhibit a
more enhariced rate of decay with the ‘addi‘tion of sulfur than is exhibited in the lean
flames. Figures 3 and 4 can be compared in this regard. Decreasing temperature, as in the
lean flames, exhibits increased radical decay amplitudes. The sulfur chemistry iri the rich
flames is more compléx than in the lean flames due to the presence of significant
concentrations of numerous sulfur species. SO,, SO, and S profiles are rather flat and not
very sensitive to temperature. With increasing H,/O, ratios the differences between their
concentrations are decreased, but the relative ordering is maintained.

The reduced sulfur species H,S, SH and S, exhibit similarly shaped profiles and
have approximately equivalent concentrations in any given rich flame as seen in Figure
4. With increasing H,/O, their concentrations increase but always are less than the SO
levels. SO; is negligible in rich flames. The broad data base, exhibiting H,/O, ratios from
0.6/1 to 4/1 and temperatures from 1650 to 2400 K, spans a wide range of differing
conditions and proved to be invaluable for the identification and characterization of the
dominant sodium/sulfur chemistry.

Initially, checks were made on the equilibrium of reactions (1-3) suggested by
Fenimore® and Durie et al.” Assuming that the enhanced sodium depletion with the
addition of sulfur formed NaSO,, NaS or NaSO,, as indicated in reactions (1, 2, or 3), the
corresponding equilibrium constants could be evaluated. However, the log K vs 1/T

graphs exhibited no trends approximatiing to the establishment of any such equilibria.
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A list of about 200 possible reactions can be written for the production and
consumption of NaS, NaSH, NaS,, NaOS, NaSO,, and NaSO; which appear to be the
most likely sodium/sulfur compounds to exist in rich or leén H,/0,/N, flames. At the low
sodium levels (<1 ppm) in this study, the formation of any disodium compounds, Na,SO,
for example, is kinetically suppressed and extremely improbable. Of the above
sodium/sulfur species only NaSH exists at ordinary conditions® and NaSO, has been
prepared in argon matrices.®? None of these species have been directly identified in the
gas phase. NaS, NaSH, NaOS and NaS, are electronic analogs of NaO, NaOH, and NaO,,
respectively, and may be expected to exist in flames. Before modeling of any type could
be attempted, because of their ill-characterized nature, it was initially necessary to
estimate their thermodynamic properties and assess the rate constants for this large

reaction matrix involving these sodium/sulfur species.

SODIUM/SULFUR SPECIES CHARACTERIZATION

Molecular configurations, bond lengths, vibrational frequencies,and sodium-adduct
bond strengths have been appraised to permit third law calculations of the
thermochemical properties of each of the uncharacterized species.* The broad reaction
matrix consists predominantly of bimolecular reactions with a relatively small, but
important set of termolecular processes. Estimates have been made for the gas kinetic
collision frequencies of all the bimolecular processes. Forward and reverse rate constants
have been related through calculated equilibrium constants. These assignments are such
that when a forward or reverse reaction has a gas kinetic rate constant then the

corresponding reverse or forward process does not exceed this. Three body rate constants

14



for sodium with sulfur species were set initially equal to the rate constants for their
sodium-oxygen analogs.” The rate constants for the reverse dissociation processes were
obtained through the ¢/ 1Eulated equilibrium constants.

Some comments are in order concerning the errors these estimates may cause in
any modeling effort. Equilibrium constants are required for each reaction in the model
to relate the forward and reverse rate coefficients. Due to the form of the relationship,
K =Aexp(-AH/RT), the equilibrium constants, and the rate constants théy affect, are most
sensitive to the bond‘ strengths which control the enthalpy changes. At flame
temperatures (=2000 K), an uncertainty of about 12 k] mol?! in a bond strength will
correspond to a factor of 2 uncertainty in the corresponding equilibrium constant. The
coefficient A will involve, among other things, the moment of inertia and vibrational
frequencies of one of these uncharacterized sodium/sulfur species. Very reasonable
estimates may be made for the moment of inertia, I, and K=I2 For the vibrational
frequency uncertainties, a 1% error in a frequency estimate will produce errors in the
coefficient A of about 1% for a magnitude of 100 cm?, 0.7% for 1000 cm™, and 0.3% for
3000 cm™! at flame temperatures (2000 K). These are only moderate influences that will not
seriously degrade rate constant estimates. Obviously, the greatest uncertainty will arise
from bond strength estimates and this is where the greatest care has to be exercised.

Langhoff et al.® have computed properties for a wide range of ionically bound
molecules and show a rather good correlation between the energy, D3,,, for dissociation
to ions and bond length. In the upper half of Figure 5, experimentally based values of
D% (MX) for lithium, sodium and po.assium oxides, dioxides, hydroxides, fluorides,

chlorides, and bromides are plotted against their corresponding bond lengths. The semilog

15
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plots nicely correlate the different families of alkali compounds (solid lines through the
solid points). This appears to be an effective estimation method and has been used for
these sodium/sulfur compounds which are all expected to be highly ionic. For the
processes
MX-+M+X
-M*+X-
the corresponding heats of reaction are given by
Dg=AHM) +AHG(X)-AHZMX)
~and
Dfon=AHYM*)+AH(X)-AHHMX).
These can be reduced to the relationship
D3, (MX)-Dg(MX)=IP-EA

which shows the difference between D3, (MX) and D§(MX) to be accurately known if the
ionization potential (IP) for M, and the electron affinity (EA) for X are well established.
NaS

No experimental data are available for NaS. However, Langhoff et al.® and
Partridge et al.* have made ab initio calcﬁlations for the spectroscopic properties of the
diatomic alkali sulfides and oxides. Their oxide estimates are in reasonable accord with
available measured values. For NaS they determined r.=0.2487 nm, w.=339 cm?, and
Dg=256 k] mol". For KS their D§ calculation yielded 259 k] mol"'. Farber et al.® in a mass
spectrometric measurement, derived D§(KS)=251 k] mol-. Consequently, for the present
analysis the calculated value for D§(NaS)* was scaled and a value of 249 k] mol? taken.

The reasonableness of this magnitude is reinforced by the correlations of Figure 5. This

17



shows the value for KS of Farber et al.® and that taken for NaS. It cannot be seriously in
error. As expected, it is also slightly weaker than NaO. This and the other molecular
parameters for NaS are summarized in Table 2.
NasH ‘

No measurements are available for the molecular properties of alkali hydrosulfides.
In an ab initio study, Pappas® found the alkali hydrosulfides to have nonlinear structures
in contrast to their linear alkali hydroxide analogs. In addition he calculated a dissociaﬁbn
enefgy to Na* and SH- of about 615 k] mol? which is about 59 k] mol? in excess of the
binding energy, e¥r.. The corresponding value for D§(Na-SH) would be 343 k] mol”, a
~ very stable compound, even more so than NaOH, which clearly is unacceptable. As a
result, we have estimated the properties from those of its electronic analog, NaOH. For
the ionically bound NaSH we can set r(NaS-H)=r,(S-H") which was found to have a
value of 0.1351 nm in a velocity modulation laser spectroscopy measurement.” From the
approximation

;e(NaO)-re(Na-OH)=re(Na-S)-re(Na-SH)
with r(Na0)=0.205* r,(Na-OH)=0.193,¥ and r,(Na-5)=0.249 nm* we estimate r,(Na-
SH)=0.237 nm and assume a linear structure. The vibrational frequencies can be estimated
with the valence force approach to linear XYZ molecules treated in some detail by
Herzberg.®* The relationships for the vibrational frequencies are
4 wi+w3) =k (1/m,+1/my)+ky(1/m +1/m,),
l6mtctwiwi=kky(m,+m,+m,)/(mm,m,),
nciwi=[1/(r;r)]4r} /m,+ 13 /m,+(r,+1,)%m, Tk,

where w, and w; are the stretch and w, the bending frequencies; m,, m,, and m, the atom

18
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masses for NaSH=XYZ; r, and r, the bond lengths fcr X-YZ and XY-Z ; k, and k; the
force constants for the X-Y and Y-Z stretch modes, respectively and k; the bending
constant. The first two equations can be solved for the stretch frequencies, w, and w,,
assuming that the force constants k; and k, for NaSH are equal to those for the diatoms
NaS and SH, respectively. With w,(NaS)=339 and w(SH")=2645.6 cm" ¥ we so obtain
w;=337 and w,=2646 cm" for NaSH. The large difference between w, and w, cause them
to be uncoupled and reflect the frequencies of the corresponding diatoms.

Making reasonable estimates for the bending constant k; and the bending
frequency is a little more difficult. The valence force treatment was applied to the alkali
hydroxides, lithium through cesium, for which reasonable data are available.* Their
bending constants were calculated from the corresponding bending frequencies using the
above equation. These were found to vary only *10% about a mean value of 0.053x10"!
dyne cm rad?. Assuming that k,; values for NaSH and NaOH are similar, this predicts
w,(NaSH)=235 cm™,

NaSH is isoelectronic with NaCl and the two do have essentially equal bond
lengths, 0.237 nm as against that for NaCl of 0.2361nm.* Comparisons in Figure 5 of
other isoelectronic pairs such as the alkali fluorides and hydroxides shows that each has
the same metal-adduct bond length, but the corresponding hydroxide exhibits a
somewhat larger value of D3, For example, with NaOH, Ds,,=660 against 641 k] mol
for NaF. Treating the NaSH/NaCl pair in analogous manner, taking D3,,(NaCl)=554 k]
mol?, this predicts a value of about 565 k] mol* for D%,,(Na-5H). The corresponding value

for Dg(NaSH) is then 293 kJ mol“, the most stable of the sodium/sulfur molecules and
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slightly weaker than NaOH. These estimated values for the various properties of NaSH
are summarized in Table 2.
NaS,

No structural data are available for the NaS, molecule. A triangular shape has been
assumed as an electronic analog for the ionically bound NaO,, of known triangular C,,
symmetry.#4 The bond length, 0.2099 nm and the vibrational frequency, 601 cm?, for
S; 4 were assumed to be unchanged in NaS,. It is known that the O, frequency in
NaO,* 1080 cm, is essentially equal to that of the O, diatom, # 1090 cm’. The Na-S
bond length, 0.251 nm, was scaled from the NaS diatomic bond length using the same
proportional increase for the Na-O bond distance in going from NaO with 0.205 nm* to
NaO, with 0.207 nm.*¥ The Na-S stretch frequencies were scaled from that for NaS by the
same ratios as noted for NaO (500 cm)* and NaO4(333 and 391 cm™?).443 The dissociation
of Na$, to ions was assumed to be correlated with the D3, values for the alkali dioxides
ir Figure 5 indicating 565 k] mol™. This yields a value for D§(Na-5,)=230 k] mol. These
estimates for the NaS, structural, spectral and thermochemical parameters are listed in
Table 2.

NaOS

During the course of this study no documented structural information was
available for NaOS. Our modeling was based on a triangular shape as an electronic
analog of NaO,44* The molecule can be assumed to be primarily ionic and the bond
length r(Na-O) was taken equal to that in NaO,, about 0.207 nm, with r(Na-5) equal to
that in Na$S,, or 0.251 nm. The SO- bond length was assumed equal to that of diatomic

SO: or 0.1645 nm.4



The vibrational frequency of SO- in NaOS was assumed to be the same as that for
diatomic SO-. Although no experimental data exist for this, it was noted that the known
value of w(SO)=1149 cm?! is the average of w(O,)=1580 and w(S;)=726 cm'.# Conse-
quently, a value of ©(SO7)=845 cm™ can be obtained by similarly averaging w(O,)=1090
and o(S;)=601 cm™. Correspondingly, the remaining frequencies involving the Na-S and
Na-O interactions in NaOS were taken as averages of the same modes in NaO, and Na$,.

The bond strength for NaOS dissociation to Na+SO undoubtedly is bound by the
flame measured value,® D§(Na-O,)=243, and Dg(Na-5,)=230 k] mol! estimated in Table
2. Assuming D§(Na-OS)=238 k] mol" yields Ds,,(Na-OS)=628 k] mol".. These parameters
are plotted in Figure 5 and appear to be reasonable.

Near the completion of this effort we speculated that a linear NaOS might be
significantly more stable and brought the problem to the attention of H.F. Schaefer III at
the University of Georgia. As a result, Jin and Schaefer®® carried out ab initio calculations
for NaOS. They established that a bent NaOS(?A”’) best represents the ground state with
a value for D§(Na-OS)=209 k] mol"! without correction for zero point vibrational energy.
Their corresponding bond lengths are r (Na-OS)=0.2123 and r(NaO-S)=0.1577 nm with
a bond angle of 87.8°. A linear NaOS(1I) lies about 33 k] mol"! above the bent ground
state. The alternate linear NaSO structure lies at a much higher energy and plays no role.
As a result, the correct chemical formulation should always be written as NaOS. If out of
habit or custom this appears anywhere as NaSO this structural aspect should be
remembered. Their molecular configuration yields a prexponential term in the equilibrium
constant for NaOS formation that differs from the estimate used in the present study by

only 12%. However, considering the bond strengths for NaO, and NaS, discussed already



and the correlations in Figure 5, it would appear that their calculated bond strength is too

small.
NaSO,

The NaSO, structure that has been used was based on an electron spin resonance
study® in an argon matrix. This yielded a non-planar configuration with the sodium
equidistant from the two O-atoms. Bond distances are r,(Na-O)=0.228 and r.(NaS)=0.245
nm. The bond length, r(O-S), in SO, was taken as 0.149 nm with a 110° O-S5-O bond -
angle, and the vibrational frequencies, 985, 495 and 1042 cm™ are those determined by
Milligan and Jacox in an infrared study of Na and SO, deposited in an argon matrix.%
The stretch frequencies 391 and 333 cm, determined by Andrews*! for NaO, in an argon
matrix were assurned for the sodium oxygen interaction in NaSO, together with 160 cm*
from a Na,SO, analysis.® These parameters are listed in Table 2. They have been used
rather than the alternate values of Bencivenni et al.,*’ who also have analyzed infrared
and Raman spectra of NaSO, isolated in an argon matrix. However, they favor a planar
configuration which they have further justified in more recent ab initio calculations.#” An
additional study is needed to resolve this controversy. Its corsequences are that it
introduces an uncertainty in the equilibrium constant value, the major contribution
arising from this symmetry factor. A linear structure would indicate a two-fold larger
magnitude.

NaSO,

Estimates for the molecular properties of NaSO; are based on the FTIR studies of

SO, in a mixture of Cs and SO, in an argon matrix, and an ab initio analysis of SO; by

Stanbury et al.#¥® They computed r(S-O)=0.1483 nm with O-5-O angles of 113.8° for a



non-planar SO;". They found the alkali ion cBupled to two of the three oxygen atoms. We
have assumed the Na and SO, compoﬁents to be coplanar. The Na-O distance is taken
to bé equal to that in Na,5O,* Stanbury et al.* identified frequencies for SO,. Those
assigned to the Na-O interaction correspond to the values estimated for NaSO,.

We estimate the Na*-SO; bond strength to be about 607 k] mol?! from the
correlations noted in Figure 5. This corresponds to D§(Na-SO;)=276 k] mol. These

parameters are summarized in Table 2, and D§ and D3, values are plotted in Figure 5.

KINETIC MODELING

As indicated, the introduction of sulfur to the sodium/flame media introduces the
possibility of many chemical reactions between the numerous possible species. A typical
reaction scheme for NaOS formation and consumption is seen in Figure 6. The reaction
net is an expansion of the sodium oxidation model for which 17 possible reactions
interconnect Na, NaO,, NaOH and NaO.*" Four boxes for NaSH, NaSO,, Na$, and NaS$,
are also shown. However, the corresponding complicated reaction nets connecting these
latter species are not illustrated nor are those reactions that connect one sulfur species to
another, otherwise the figure would be far too confusing.

All the flame data refer to a time frame of 0.25 to 4 ms in the burnt gases measured
from the primary reaction zone. In this region, concentrations and temperatures are not
changing rapidly and the kineuic fluxes are such that a steady state distribution has been
illustrated in the sodium oxidation cycle.*® The sodium distribution effectively adjusting
and tracking the demise of the flame radicals. The kinetic fluxes controlling the major

channels that involve the various sodium/sulfur compounds also appear to be sufficiently
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large that there is no reason to doubt that these also will become locked into a
corresponding steady state distribution. Consequently, equipped with the initial estimates
for the rate constants of the many possible reactions, this permitted a preliminary steady
state kinetic analysis to be examined on this large block of reactions.

With no sulfur present, the total sodium concentratior is given by the equation

(Na)y =(Na),+(NaO,),+(NaOH),+(NaO),

and with sulfur by |

(Na)y =(Na),+(NaO,),+(NaOH),+(NaO),+(NaOS)+

(NaSO,)+(NaSO,)+(NaSH)+(NaS)-+(NaS,).
The subscript "s" indicates the presence of sulfur. Eliminating (Naj; we obtain
(Na),=(Na)(1+x+y+2z),/(1+x+y+z+p+q+r+u+v+w),

where x=(NaO,)/(Na), y=(INaOH)/(Na), z=(NaO)/(Na), p=(NaOS)/(Na), q=(NaSO,)/(Na),
r=(Na50,)/(Na), u= (NaSH)/(Na), v=(NaS)/(Na), and w=(NaS5,)/(Na). The equation relates
the sodium concentrations with and without sulfur at corresponding times in the profiles
for a given H,/O,/N, flame. The values x, y, z, p, q, I, u, v, w were evaluated in a matrix
solution of the set of steady state kinetic relaiions applied to the production and
consumption of the trace species Na, NaO, NaOH, NaO, NaOS, NaSO,, NaSO,;, NaSH,
NaS$, and NaS; all with concentrations less than 0.1 ppm.

The parameter (1+x+y+z), is calculated using the oxidation model applied to the
sulfur free flames.”™® The parameter (1+x+y+2z+p+q+r+u+v+w), is evaluated for the
sulfur bear‘ng flames and is modeled to optimize agreement between the calculated (Na),
values and those observed experimentally.

Attenuating multipliers were applied to the rate constants for the bimolecular

Ny
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reactions, initially set at their gas kinetic values, to achieve optimal agreement between
calculated and experimental values for (Na). Where possible, the attenuation factors for
many of the sodium/sulfur reaction rates were set equal to the corresponding factors for
chemical analog sodiuﬁﬂoxygen reactions determined in the less complex oxidation
Study.9,10

The large list of possible reactions was screened to identify the controlling
chemistry connecting NaSO, NaSO, NaOS, NaSH, Na$S, and Na$, with the sodium
oxidation species, Na, NaO,, NaOH, and NaO, and with each other. Fortunately, it was
immediately noted that many of the candidate reactions had minor kinetic fluxes resulting
from large thermal barriers and/or small reactant concentrations. Also, early in this
exercise, it was found that NaSO; could not be a kinetically viable sodium/sulfur product
because of the low concentrations of SO, in these flames. In the sodium flame oxidation
chemistry it had previously been found that nnly five out of the possible seventeen
reactions were pivotal in controlling the kinetic fluxes. Similarly, in the case of added
sulfur it was discovered that only sixteen reactions can become dominant in connecting
the sodium sulfidation products with the sodium oxidation species. In addition, ten
reactions can play a role intérconnecting NaSO,, NaOS, NaSH, Na$S, and NaS, with each
other. However, these were found to be of secondary importance and it was not possible
to accurately assign their relative contribution to the total sodium/sulfur chemistry.

The set of rate constants that was found to adequately model these systems is
indicated in Table 3. Significant degrees of sensitivity to absolute rate constant values was
indicated only in tiose reactions marked by an asterisk. In the case of the various

sodium/sulfur compounds ¢aese involve the efficient termolecular production reactions

[
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Table 3. Rate constants utilized in modeling sodium/sullur flame chemistry, cm molecule s units.

k = AT" exp(-E/R",

—Forward Reaction Reverse Reaction
Reaction A n E A n E
kJ mol kJ mol?
R1,-R1 Na+H,0=NaOH+H* 2.8x10" 0.5 177.4 1.1x10"*? 0.5 0
R2,-R2 Na+0,+M=NaO,+M* 2.0x10® -2 0 164 -3 2452
R3,-R3 Na+OH+M=NaOH+M* 5.0x10¥ -1.65 0 10.9 -2.65 338.1
R4,-R4 Na+HO,=NaO,+H 1.5x1012 0.5 0 3.6x10"3 0.5 16.7
R5,-R5 Na+OH=NaO+H 1.8x10"? 0.5 188.3 1.7x10? 0.5 (v}
.R6,-R6 Na+HO,=NaO+OH 1.9x102 0.5 37.2 2.6x10¢ 0.5 0
R7,-R7 Na+0,=NaO+0 1.8x10"2 0.5 253.6 1.5x1074 0.5 0
R8,-R8 Na+HO,=NaOH+0 1.9x101? 0.5 0 1.0x10"* 0.5 435
R9,-R9 NaO,+H=NaO+OH* 5.6x1012 0.5 53.6 3.2x10" 0.5 0
R10,-R10 NaO,+0=Na0+0, 8.0x10"? 0.5 0 5.5x10"? 0.5 11.7
R11,-R11  NaO,+OH=NaO+HO, 1.6x10"? 0.5 204.6 6.5x10"4 0.5 0
R12,-R12 NaO,+H=NaOH+0O £.6x1013 0.5 0 1.2x10% 0.5 26.4
R13,-R13 NaO,+OH=NaOH+0,* 8.0x10¢ 0.5 0 2.1x10"? 0.5 92.0
R14,-R14 NaOH+OH=NaO+H,0*  1.1x10" 0.5 10.5 2.7x10* 0.5 0
R15,-R15 NaOH+H=NaO+H, 6.9x10" 0.5 720 4.1x10™ 0.5 0
R16,-R16 NaOH+0O=NaO+OH 2.1x10™ 0.5 80.3 5.4x102 0.5 0
R17,-R17 NaOH+0,=NaO+HO, 2. 1x10™ 0.5 296.6 3. 2102 0.5 0
R18,-R18 Na+SO+M=NaOS+M* 1.6x10% .2 0 1280 -3 2417
R19,-R19 NaOH+SO=NaOS+OH* 9.7xi10'4 0.5 929 3.6x10"4 0.5 0
R20,-R20 NaOH+S=NaOS+H* 8.9x104 0.5 6.2 1.1x10"? 0.5 0
R21,-R21 Na+S0,+M=NaSO,+M*  1.2x10% 2 0 860 -3 192.1
R22,-R22 NaO+S0,=NaS0,+0* 1.5x10" 0.5 64.8 1.9x10™" 0.5 0
R23,-R23 NaOH+S0,=NaS0,+O0OH* 2.0x10"? 0.5 142.5 6.7x10"* 0.5 0
R24,-R24 NaO,+S0,=NaS0,+0,* 4.3x10¢ 0.5 0 3.8x10"* 0.5 189.5
R25,-R25 Na+S+M=NaS+M* 1.6x10%¢ 2 0 680 -3 2609
R26,-R26 Na+SH=NaS+H* 1.7x102 0.5 109.3 -3.0x10" 05 0
R27,-R27 Na+S,=NaS+S* 1.7x1012 0.5 174.5 4.2x10™ 0.5 0
R28,-R28 NaOH+S=NaS+OH* 1.8x1012 0.5 73.7 3.5x10"? 0.5 0]
R28,-R29 Na+SH+M=NaSH+M* 2.0x10> -1.65 0 290 -2.65 292.0
R30,-R30 Na+H,S=NaSH+H* 1.2x10™" 0.5 99,2 7.4x10"? 0.5 0
R31,-R31 NaOH+SH=NaSH+OH* 2.0x10'? 0.5 426 1.3x10? 0.5 0
R32,-R32 Na+S,+M=NaS,+M* 1.6x10'% 2 0 1210 -3 2341
R33,-R33 NaOH+S,=NaS,+0H* 1.9x10 05 100.5 6.7x10"* 0.5 0
R34,-R34 Na0S+S0,=NaS0,+SO  1.5x10" 05 49.6 1.4x10™2 0.5 0
R35,-R35 NaQS+S,=NaS,+S0 1.5%10"¢ 0.5 7.6 1.4x10"2 0.5 0
R36,-R36 NaOS+SH=NaSH+SO 9.9x104 0.5 0 1.8x10" 0.5 49.3
R37,-R37 Na0OS+S=NaS+S0 7.0x10"® 0.5 0 3.7x10" 0.5 19.2
R38,-R38 NaSO,+S=NaS+S0, 1.6x10"2 0.5 0 9.2x10"? 0.5 36.0
R39,-R39 NaS0,+S,=NaS,+S0, 1.4x10"? 05 0 1.5x10"2 0.5 42,0
R40,-R40 NaSO,+SH=NaSH+SO, 8.9xi0™ 0.5 0 1.8x10"? 0.5 999
R41,-R41 NaS+SH=NaS,+H 5.0x103 0.5 0 6.4x102 0.5 384
R42,-R42 NaS,+S=NaS+S, 6.8x10" 05 0 3.8x10™"° 0.5 26.8
R43,-R43 NaS,+SH=NaSH+8§, 9.0x10"4 0.5 0 1.7x10"? 0.5 57.9




coupled to the major channels which together with thermal dissociation destroy the
compound, coupling it back to the sodium oxidation loop. Often there is little sensitivity
in the kinetic model to effectively distinguish between some of these radical induced
destruction channels and fits may take on global kinetic aspects. A certain kinetic flux is
required by the model and one of several reactions can be equally satisfactory. As a result,
although asterisked, the rate constants in Table 3 for some of the bimolecular reactions
involved in the radical induced destruction of the sodium/sulfur compounds remain only
quali.tative in nature in that they may not be uniquely identified.

On examining the flame data, NaSO, appears to be the only significant
sodium/sulfur product in the lean flames. All other sodium/sulfur products exhibited
negligible contributions to the lean flame chemistry. This result is not too surprising
considering the dominance of SO, in lean flames clearly indicated in Figure 3. It is the
concentration effect that makes it essentially impossible for any of the other sodium/sulfur
molecules to be formed. However, what is unexpected is the small steady state
concentration of NaSO,. A corriparison of the experimental and calculated values for
(Na),, in a lean H, /O, /N, flame, is plotted in Figure 7. Although there is a significant
enhanced depletion of sodium indicated upon adding sulfur, this is seen to result mainly
from adjustments in the sodium oxidation distribution due to the reduced flame radical
concentrations. The actual amount of NaSO, formed is rather small in terms of the total
sodium content. Nevertheless, the kinetic fluxes producing and destroying NaSO, are very
significant even though only a small steady state distribution is produced. The NaSO,
either thermally dissociates, or is converted to NaO, or NaOH and does perturb very

slightly the sodium oxidation distribution because of the large fluxes involved. The
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Figure 7. Comparison of measured and calculated sodium profiles in a lean H,/0,/N,
flame with varying amounts of SO,
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addition of the NaSO, chemistry to the oxidation model improved the fit of the model to
all ten of the lean flames, confirming its presence and role. As previously noted, in these
kinetic cycles optimal fits are most sensitive to unknown bond dissociation energies rather
than rate constants. As a result, it is possible to derive a value for D§(Na-SO,) of 19720
k] mol for an assumed non-planar structure.

When the model was applied to the rich flame data, it was assumed initiaLy that
NaOS was the only significant sodium/sulfur product. Rather good agreement was
obtained between experimental and calculated values of (Na) except that the optimal
value for Dg(Na-OS) appeared to be 293 k] mol’. Obviously such a large value was
unacceptable as it cannot be expected to exceed the 243 k] mol? result determined for
NaQO,>, It was apparent that the only way to produce the required large steady state
concentration of NaOS, with such a simple model, was to minimize its thermal
dissociation by artificially inflating the bond strength. Obviously, alternate production
channels also were occurring. Considerations of the relative formation rates of the other
sodium/sulfur compounds indicated that these also have to be playing a role. As a result,
the model was enlarged to encompass their presence utilizing their respective bond
strengths as listed in Table 2, together with that for NaSO, established from the lean
flame analysis. Under these conditions, but invoking the predicted bond strength of
NaOSs, it is seen that NaOS remains the dominant rich flame product but with small
contributions from NaSO, NaSH, Na$, and NaS, The agreement between model and
experiment is indicated in Figure 8. In the absence of sulfur, most of the sodium is atomic
in fuel rich flames. This results mainly from the high levels of H and OH which suppress

molecular formation and reduce NaOH very effectively back to Na. As a result, in this
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case the enhanced sodium depletions noted in the presence of sulfur arise primarily from
the formation of sodium/sulfur compounds and the essentially freé sodium concentrations
are insensitive to the radical level changes induced by the sulfur. The modeling indicates
that a perturbation of the NaOH/Na relative concentration ratios is very small and any
NaOS or other sodium/sulfur compound convertiﬁg to NaOH rapidly regenerates free Na.
Consequently, unlike lean conditions, where only a small steady state concentration of
NaSO, was produced, a more significant concentration of NaOS is established, roughly
compérable to the observed sodium depletion. Typical profiles of the distributions of the
sodium compounds are shown in Figures 9 and 10 for the same flames as Figurés 3 and
4, respectively. For the lean flame, Figure 9, NaOH is the dominant oxidation product “
with NaO, concentrations about a factor of four smaller. Na and NaSO, become relatively
minor components. For the rich flame in Figure 10, free atomic sodium is the dominant
sodium form. NaOS is the major sodium molecular product followed by NaOH. NaOS
concentrations in the rich flames with 1% H,S ranged from 1 to 16% of the total sodium
with the larger values occurring for the lower temperature and richer flames. NaOH
values ranged from 1 to 17% with the higher values occurring at the higher temperatures
and in the less rich flames. Although NaOH is thermodynamically much more stable tf\an
NaOS, the formation of NaOS and its conversion to NaOH are kinetically controlled with
the result that equilibrium overshoots of NaOS concentrations occur in the cooler rich
flames. NaSO,, NaSH, Na$, and Na$S, are each the order of 1% of the total sodium in
these flames. However, due to the lack of sensitivity it is not possible to accurately

partition the sodium among these relatively minor species.
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Preliminary measurements also have been made in a series of seven fuel rich C;H,
/O, /N, flames, soot-free, with equivalence ratios from 1.2 to 2.0 and temperatures ranging
from 1800 to 2400 K.#° Although sulfur produced very significant catalytically induced
changes to the H and OH radical concentration levels, the effects on the concentrations
of atomic sodium were very slight. This proved to be entirely as predicted by the rich H,
/O, /N, flame model. As is now quite apparent with the sodium flame oxidation
kinetics,'* this implies that the sodium/sulfur chemistry also is insensitive to the presence
of flame carbon. Alkali flame chemistry appears to be independent of fuel type. As a

result, the present work is equally pertinent to all fossil fueled flames.

DISCUSSION

We are now in a position to reassess the earlier sodium/sulfur investigations and
draw conclusions concerning the question of sodium sulfate gas phase formation in
combustion systems. In their studies, Fenimore® and Durie et al.” assumed their flames
were at thern dynamic equilibrium. In the present work, measured OH concentrations
were still significantly in excess of their equilibrium values at 4 ms downstream in rich
and lean flames, with and without 1% added sulfur dopant. Nonequilibrium OH behavior
increased with decreasing temperature below 2200 K. More importantly, Fenimore in his
lean flame analysis neglected the efficient Na+O,+M reaction which is essential to
understanding the sodium oxidation.*® Durie et al. assumed SO, to be equilibrated. As
indicated in this study, SO, formation in flames is kinetically limited through the slow
termolecular reaction(7) and can play no major role. Their lean CyH; /O, /N, flame

analysis was primarily based on Fenimore’s H, /Air flame data. In the absence of
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measured OH concentration profiles in both these studies it is difficult to see how they
could achieve a correct kinetic description of this complex system. Consequently, no
weight can be placed on the interpretation of their data. Their quoted equilibrium
constants for reactions (1) to (3) imply values of D§(Na-SO,)=273, D§(Na-S)=83 and
D§(Na-SO;)=164 k] mol?, which are totally inconsistent with the values in Table 2 and
have no credibility.

The one firm value derived from the present studj/ is D§(Na-SO,)=197+20 k] mol-.
This appears to be consistent with a lower limit estimate of =190+15 k] mol" recently
assessed from a kinetic study of the Na+50O,+Ar reaction.® Their measured rate constant
at 787 K indicates a very efficient process, about 10-fold more so than for the reaction
Na+QO,+N,. As indicated in Table 3, for the flame environment, we have in fact used a
value 6-fold larger. In the light of unknown temperature dependences and third body
effects this appears to be satisfactorily consistent with this first direct experimental
measure.

As mentioned earlier, Bencivenni et al.* favored a planar structure for ground state
NaSO,, whereas we have used a non-planar shape. The difference in symmetry for these
two configurations makes our calculated equilibrium constant of formation one-half that
for the planar structure. Increasing it two-fold would have an effect equivalent to an
increase of 12 k] mol"! in our value for D§(Na-SO,). In their ab initio modeling, Ramondo
and Bencivenni¥ indicated a value for D§(Na-SO,)=254 or D5,,(Na*-SO;)=643 k] mol”,
values totally inconsistent with the lean flame modeling and the correlations of Figure
5. Such a value would result in a sharp overconsumption of sodium relative to that

observed experimentally. In fact, the flames modeling becomes incompatible with bond
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strengths for Na-SO, much in excess of 197 k] mol" for a nonplanar structure or 210 k]
mol? for a planar molecule. The thermal dissociation -loss channel is pivotal in the
modeling and is the reason for this great sensitivity to absolute bond energy value.

The situation in rich flames is more complex and although NaOS is the dominant
new compound, small non-negligible cbntributions from NaSO,, NaSH, NaS and NaS,,
are present. Using estimated values for their respective bond strengths, together with that
derived herein for NaSO,, it can be shown that the observed effects are compatible with
such values. However, the large numbers of adjustable parameters make it impossible to
independently establish a firm measure of any of these.

The question of homogeneous gas phase Na,50O, generation in flame gases has
been a source of considerable confusion. In the present study, Na,SO, cannot be a
significant product because of the low sodium concentration which is less than 1 ppm.
However, we can make some kinetic estimates of its formation which would be favored
in the oxidizing atmosphere of lean ﬂamés. Reaction (15) is the only plausible process by
which Na,SO, might be generatéd directly

NaSO,+NaO,+M=Na,5SO0,+M (15)

from species known to exist in these flames. It might also reflect a large termolecular rate
constant of magnitude 4x103T cm® molecule? s, as was found for the Na+O,+M
reaction. Using data of Figure 9 for the H, /O, /N,=1.4/1/5 flame with 1% SO,, estimates
for Na,SO,(g) formation have been made and are summarized in Table 4. For (Na);=100
ppm at 100 ms downstream from the flame front the Na,SO, concentration corresponds
to about 0.1 ppm. The corresponding Na,SO, dew point is about 1100 K. This is with a

value for ks that is undoubtedly large. Reducing it lowers the Na,50, concentration and
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the dew point. Consequently, such a scheme illustrates that Na,SO, formation would be

far from equilibrium at 100 ms from the burner when (Na)y is 100 ppm..

Table 4. Na,50,(g) formation estimates for a H, /0, /N,=1.4/1/5 flame with 1% S0,

~ (Na)y, ppm (Na,SO,), ppm
Time, (ms)
1 10 100 o (Equilibrium)
1 1.4x10°% 6.3x10° 1.0x10°® 2.1x10*
10 1.4x10* 6.3x10* 1.0x103 2.1x10%
100 1.4x10?2 6.3x102 1.0x10 1.9

Alternatively, bimolecular reaction paths for Na,SO, formation might be

considered, for example reaction (16) followed by reactions (17,18).

NaSO,+NaOH=Na,50;+H (16)
N32503+02=N32804+0 (]7)
Na,50;+OH=Na,SO,+H (18)

AH for reaction (16) can be estimated to be at least 160 k] mol-'. Using a gas kinetic rate
constant for reaction (16) and assuming reactions (17,18) quickly convert all Na,SO, to
Na,SO,, a value is obtained for (Na,SO,) of about 0.003 ppm for (Na);=100 ppm at 100
ms. The three body process is seen to be much faster. Consequently, our present
knowledge of the distribution of sodium over its molecular forms clearly indicates that
Na,SO, cannot possibly be a gas phase component under commonly encountered flame
conditions. It must result from heterogeneous surface catalyzed combinations of simpler
molecules that finally realize the Na,SO, structural form.

In light of our results concerning the apparent minor importance of sodium/sulfur
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compounds in flames it is appropriate to examine the quantitative results of two detailed
Na,SO, deposition studies in an attempt to speculate which gas phase species may be
controlling the heterogeneous process. |

In developing an in situ, Raman scattering diagnostic of flame deposits, McCarty
and Anderson® elegantly demonstrated the nature of the deposition from sodium/sulfur
seeded methane flames. In an oxygen rich flame (equivalence ratio, ¢=0.98) the only
material in the deposit was Na,SO,. However, uﬁder fuel rich conditions, Na,CO; was the
sole ingredient and at stoichiometry both could be formed. This confirmed an earlier
experimentally more difficult study of Durie et al.® in which collected samples were
withdrawn and analyzed by wet chemical techniques. The only difference was that these
results also indicated the presence of Na,SO; in the early part of slightly fuel rich flames
which was not evident in the downstream data of McCarty and Anderson®' The two
studies were experimentally very different, the earlier using C3H; /Air (¢=0.91 to 1.7) with
1% SO, and a significant seeding level of fine particles of sodium oxalate (0.5-0.8% by
weight of Na). Temperatures Spanned 1900 to 2300 K with a collection probe maintained
at 723 K and operating in the first 8 cin downstream region. The more recent work
burned CH,/ O,/ N, (¢=0.98-1.18) and solely added coarse particles of Na,SO, (<105 um
sizes). Temperatures were in the 1800 to 1950 K range, the deposition surface was at
825 K, and data collected much further downstream at 27 cm from the reaction zone.
Even though it might not have been expected to realize complete salt vaporization,
particularly in the latter case®*, they did report an absence of flame particles
downstream. It is well established for alkali salts, including Na,SO,, that once vaporized,

dissociation is rapid and they behave as equivalent sources of alkali.® It is on this very
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basic point that the flame spectral analyses method for alkalis is founded.

In fuel rich flames it is apparent that benign Na,CO, deposits are dominant. We
" now know that such flames contain S0O,, SO, S;, H,S and SH together with Na, NaOS
and NaOH in an environment rich in H and OH radicals. On the other hand, in lean
flames which produce Na,SO, deposits, only SO, is a dominant sulfur species, with
sodium being distributed primarily between NaOH and NaO,, and concentrations of
- NaSO, remaining very small. OH is the controlling flame radical. A comparison of these
two extreme flame stoichiometries shows under fuel rich conditions, in spite of the
presence of numerous species, that these are not able to promote Na,50, formation. As
to whether this results from a missing ingredient or is a consequence of rapid destruction
fluxes has to be seen. In lean flames, the insignificant concentrations of NaSO, appear to
be too small to account for the heterogeneous Na,SO, formation which can occur in spite
of significant OH radical concentrations. As a result, this raises the speculation that the
combination of NaQO, in a significant environment of SO, may hold the answer to Na,50,
formation, the two reacting in some manner on the cooler surface. This is consistent with
current observations but requires further deatailed studies.

The fact that Na,CO, deposits appear under fuel rich fléme conditions also is a
very intriguing observation and might indicate the need for conditions in which
significant concentrations of free atomic sodium exist. This is without doubt likewise a
heterogeneous formation process especially as alkali carbonates are known to be
extremely unstable in flames. However, in the gas phase at room temperatures, Ager and
Howard® have noted the very efficient termolecular recombination of NaO with CO, to

produce NaCOs. The possibility that similar recombinations may occur between Na or

41



NaOH and CO; on cooler flame immersed surfaces is worthy of a more detailed study.

CONCLUSIONS

Sodium/sulfur chemistry has been experimentally monitored and modeled in a series of
rich and lean H, /O, N, flames. It was found that the simple equilibria previously
suggested in earlier studies®” cannot account for the behavior exhibited with the present
more extensive data base and that their analyses are invalid. Kinetic modeling has been
condl‘mted and, as is often the case in flames, one sodium/sulfur product dominates. To
a good approximation this is the situation in both the rich and lean flames. NaSO,
appears to be the only sodium/sulfur product in the lean Hz /0O, /N, flames. NaOS is
dominant in the rich flames, but in this case is accompanied by smaller contributions from
NaSQ,, NaSH, NaS, and Na$,. Data obtained with a series of fuel rich acetylene flames
are explained very adequately by the present model, indicating that the same conclusions
seem valid for fossil fuel flames. A value for the bond dissociation energy of D§(Na-50,)
of 197+20 k] mol? has been derived in the kinetic modeling of the lean flame data
assuming a non-planar structure. If this has a planar shape, as more recently suggested,ﬁ
this will have the effect of increasing the magnitude by about 12 kJ mol™.

Some estimates for Na,50,(g) formation rates have been made for some of the
experimental lean flame conditions of the present study. Using upper limit estimates for
rate parameters, the results predict it would require sodium concentrations of about 100
ppm before significant disodium products or Na,SO, might form. Na,50,(g) is not a
particularly stable molecule in a flame environment®¥ Moreover, kinetically there

appears to be insufficient time for its formation in burnt combustion gases. As a result,
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high temperafure Na SO, induced corrosion in combustion gas flows must proceed
through heterogeneous chemical formation of Na,5O, on surfaces. A comparison of
known flame compositions with reported deposition characteristics raises the speculation
~as to whether it is the combination of NaO, and SO, in lean flame conditions that

constitute the pivotal ingredients for this surface induced Na,SO, formation.
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