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COMBUSTION SYSTEM PROCESSES LEADING TO CORROSIVE DEPOSITS*
Carl A. Stearns and Fred J. Kohl

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio°44135

and
Daniel E. Rosner

High Temperature Chemical Reaction Engineering Laboratory
Yale University, New Haven, Connecticut 06520

ABSTRACT

Degradation of turbine engine hot gas path components by high tempera-
ture corrosion can usually be associated with deposits even though other
factors may also play a significant role. The origins of the corrosive
deposits are traceable to chemical reactions which take place during the
combustion process. In the case of hot corrosion/sulfidation, sodium sul-
fate has been established as the deposited corrosive agent even when none of
this salt enters the engine directly. The sodium sulfate is formed during
the combustion and deposition processes from compounds of sulfur contained
in the fuel as low level impurities and sodium compounds, such as sodium
chloride, ingested with intake air. In other turbine engine and power gen-
eration situations, corrosive and/or fouling deposits can result from such
metals as potassium, iron, calcium, vanadium, magnesium, and silicon.

Control strategies used to combat high temperature corrosion and fouling
problems can be aided by improved understanding of the thermochemistry,
kinetics, and dynamics of salt formation and deposition in the context of
combustion system processes. The chemistry of sulfur and various metal
salts in flame systems has been experimentally investigated. The flame
chemistry has been related to deposition processes and corrosion. Deposi-
tior mechanisms have been studied, and deposition measurements have been
made for a variety of systems. Ueposition rate theories have been developed
and evaluated. The theories have evolved from the simple transport of a
single condensible vapor species to more general and accurate ones which
inc lude multicomponent vapor transport, thermal diffusion, variable gas
properties across boundary layers, free stream turbulence, and particle size
effects.

This paper will present the current state of understanding of combustion
system processes leading to corrosive deposits by reviewing and summarizing

past and recent work on pertinent flame chemistry and deposition rate theory.

*To appear in the proceedings of the NACE International Conference on
High Temperature Corrosion, San Diege, ! :lifornia, Mach 2-6, 198l.
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INTRODUCT ION

Boilers, combustion turbine engines, and other types of directly fired
energy canversicn systems require components that will function properly,
for long times, in hostile environments, at high temperatures and stresses
(Refs. 1 and 2). Generally the components for such systems have been de-
signed primarily on the basis of mechanical properties. In practice, how-
ever, hot section component life is found increasingly often to be con-
trolled by environmental attack (Refs. 3 and 4). The attack derives from
synergistic combinations of (1) the high temperatures involved, (2) the com-
bustion products of the air and fuel burned, and (3) certain impurities
which enter the system with the fuel and air. In the future, environmental
attack problems can bhe expected to intensify because, as a consequence of
the erergy scenario, the operational trend is directed toward secking high
efficiency, brought about by the use of higher temperatures and pressures,
while burning tuels with increased impurity content (Refs. 1 and 2).

Impurities are a key tactor in life-contrclling environmental attack of
components, tor fuels with essentially no impurities (e.g., natural gas),
attack is usually manifested as only simple oxidation which is seldom life-
limiting for modern superalloy coating materials (Refs. 5-12). However,
certain impurities that enter the system can produce very accelerated, and
often catastrophic, attack which can be life-limiting (Rets. 13-17).
sodium, potassium, vanadium and sulfur have been identified as particularily
offensive (Rets. 13, 14, 16, 18, and 19), but other metals can also contri-
bute to environmental attack under certain conditions (Refs. 15, lo, and
J0). Attack can be manifested as material degradation and/or fouling ot
derodynamic or heat transfer surfaces by the buildup of deposited sub-
stances.  Modes of degradation include various types of high temperature
corrosion, erosion and combined erosion-corrosion (Refs. 21 and 22). Except
tor eroston modes (consideration of which is outside the scope -t this
paper), cecelerated attack beyond pure oxidation 1s usually associated, at
least an part, with some sort of deposit of material on the surtace. For
the hich temperature corrosion associated mainly with surface deposits of
so-called corrosive agents, the attack might be hot corrosion (Rets. 73-31)
or tireside corrosion {Rets, 32-35). For suirace deposits which are corroe-
sively benign, the attack might be fouling (Refs. 14, anu 35-38).
Ohviously, the nature of the deposit and the rate ot uveposition dare ot pri-
mary importance in consideration of environmental attack. This paper
addresses these two tundamental aspects of the environmental attack prob-
Tem. Specitacally considered are (1) the combustion chemistry of some in-
organic ampurities found in tossil fuel tired systems, and (Z) the mech-
anisis and laws ot deposition on surfaces exposed to the combustion produdt
ettluent tlow trom these systems.

CUMBUSTION CHEMISTRY

From the peoint ot view of environmental attack, i1t is essential to know
the hastory and ultimate tate ot impurities that enter the combustion sys-
tem. The history aspect involves the combustion chemistry which, tor aiost
tosst] tuel tired systems, is not well characterized. This situation can be
attributed to two main tactors: (1) there is a wide range in the number,
type, and guantities of impurities involved; and (Z) 1t 13 an excevdingly
fifthcult task to make all of the necessary 1n situ composition, tempera-



ture, and kinetic measurements. Usually the combustion chemistiy is in-
ferred from characterizations of the deposits collected on probes placed in
the particular combustion system in question (Refs. 13-15, 35, and 39-44);
direct flame sampling/monitoring of all species in such systems is still
lacking. Simple flame systems, such as H,/0,, CHa/0o, CHg/air,

etc. in laboratory contexts, have been stuSie extensively and the chemis-
try, while certainly not simple, is generally well in hand (Refs. 44-47),
Laboratory flames seeded with various metal salts and inorganic compounds
have also received considerable attention so that understanding in this area
is developing (Refs. 47-49), However, almost no effort has been given to
studying specific seeding compositions relevant to environmental attack and
high temperature corrosion in particular. Only in the case of sulfur in
combustion systems is there a large background of information and a reason-
ably complete understanding of the oxidation and combustion chemistry
(Refs. 50-5%).

Sulfate formation in flames. - Because sodium and potassium sulfates
play such an important role in environmental attack, it is of considerable
importance to know, especially in considering mechanisms of deposition, how
and when sodium-sulfur-oxyger interactions occur. The works of Fenimore
(Ref. 56) and Durie, et al. (Ref. 57) were attempts to determine the gas
phase reactions of sodium species with sulfur in flames; from these works
indirect evidence was obtained to suggest that, indeed, sodium-sulfur-
containing species were formed in short residence times. Those studies, and
the equilibrium calculations that were a fundamental part of them, did not,
however, include thermodynamic data for the Na,SO4 gas phase molecule.

In 1975, the existence of the NaySO4(g) mofeCule was established by
high-temperature Knudsen effusion-mass spectrometry, and values for the
thermodynamic properties were provided (Ref. 58). With this information
available, better equilibrium composition calculations were possible; such
calculations showed the sodium-containing gas phase species to be a compli-
cated function of temperature or fuel/oxidant mass ratio for any particular
combustion system (Ref. 58). However, the question of the actual gas phase
composition still remained to be established. To address this question,
Svearns, et al. (Refs. 59 and 60) useu high pressure, free-jet sampling mass
spectrometric techniques (Ref. 6l) to characterize and directly identify
species in alkali metal salt/sulfur-doped, atmospheric pressure, premixed,
fuel-lean methane/oxygen flames. Sulfur was added to the fuel-oxidant gas
mixture as either gaseous sulfur dioxide or methyl mercaptan., The alkali
salts were added by nebulizing aspirated aqueous solutions of the salt into
the gas mixing chamber of the laminar flow, flat flame burner. Typical
results obtained for a flame doped with sulfur dioxide and seeded with a
sodium chloride water solution are presented in Fig. 1. The most signifi-
cant points to be noted from the measured composition profiles are (1) the
gaseous sodium sulfate molecule was observed to be formed in the flame,

() this molecule was formed in less than one millisecond from the time when
the reactants entered the flame, (3) gaseous sodium chloride and other
sodium-containing gas phase species persist in the flame, (4) two intermedi-
ate species, NaSOp(q) and NaSO3(g), were directly identified in the

flame, and (5) other gaseous combustion products (e.q., €02, Hp0, HCI,

etc.) were identified in the flame. Not all species identified are shown in
Fig. 1 because experimental considerations precluded profiling all species
observed. The species NaSOp(g) and NaSO3(g) are not considered to be
fragments because they were not observed as such in the Knudsen effusion
vaporization of sodium sulfate (Ref. 58).

[#V]



The next step was to make a comparison of the experimental observations
with equilibrium thermodynamic predictions for the experimental reactant
composition, The equilibrium thermodynamic calculations were made with the
NASA complex chemical equilibrium computer code (Ref. 6Z). In the calcula-
tions the convention was used that CHg and SO2 were labeled fuel while
0p, H20, and NaCl were labeled oxidant. Calculated equilibrium composi-
tions of the reacted flame gas products, at the adiabatic flame temperature,
are presented in Fig. 2 where the compositions are plotted as a function of
the fuel/oxidant mass ratio. For the calculations, the program considered
over seventy gaseous and concdensed phase species made up of C-H-U-S-Na-C(Cl
combinations, including NayS04(g), but not NaSOy(g) or NaSOg(g) for
which no thermodynamic data are available. The results of the calculations
far the lean flames show that sodium is distributed in a complex pattern
between NapSUg{c),* NaOH(y), NapSO4(g), Na(g), NaCi(g),

(NaC1)»(g), Nau(g), and NaH(g). At low values of the fuel/oxidant mass
ratio, and up to a relatively abrupt cut-off, the sodium is tied up almost
exclusively as the condensed phase NapS04. The gaseous species

Na%504 1s expected to be present in significant amounts only over a
relatively narrow fuel/oxidant ratio range. Also, NaySU4(g) would

always be expected to be present at a molar concentration of less than one-
tenth that of NaCl(g). At higher fuel/oxidant ratios, NaOH(g), Na(g), and
NaCl(g) are predicted to be the main carriers of sodium.

Experimental results are compared with the calculated equilibrium re-
sults in Fig. 1. The calculated moie traction column labeled 2032 (T,qip)
is that calculated for the experimental flame conditions and an adiabatic
t lame temperature of 2032 K. These calculated compasitions are seoin to be
in only tair agreement with the measured compositions. However, it nmust be
recognized that for various reasons the true experimental flanme tenperature
at the sampling orifice might be significantly different than the auiabatic
f lame temperature. Because the sampling probe and ambient conditicns can
cenduct heat away from the tlame, the experimental tlame temperature would
be expected in practice to be below the adiabatic temperature. Indeed this
was found to be the case experimentally when the flame was probed with a
siwple thermocouple arrangement (Refs. b0 and 63). The thermocoup le mea-
surements indicated that the experimental flame was about 183¢ K. There-
tore, equilibrium compositions were calculateu for this temperature and
these compositions are also shown in Fiy. 1.

betore making a final comparison between the measured ana calculated
compositions, a number of other ymportant factors musl be considered:

{1) measured profiles as presented here have not been corrected tor sampling
and mass spectrometric sensitivity factors which are yet to be determined by
"calibration" techniques (Ref. 63), and (2) the concentration level of
sodium chloride in the flame has a considerable but unknown uncertainty
associated with 1t because of the method used to introduced the sodium chlo-
ride. Being cognizant of these considerations, we conclude that the agree-
ment between experimental observations and calculated equilibrium composi-
tions 1s redasonably good tor all species, Furthermore, these results are
taken to indicate that equilibrium calculations can be used with redasonable
confidence to predict what species are to be expected and their relative
levels,

TR yepresents 4 condensed phase, either solid or liguid.



Several other flame systems involving sodium, potassium, and sulfur have
been studied by high pressure, free-jet expinsion mass spectrometric tech-
niques and some general results are listea in Table I. For each system,
regardless of the form of the original sulfur or alkali metal salt, the
appropriate alkali sulfate species was formed in the flame and the measured
compositions were in good agreement with those calculated for equilibrium
conditions.

Mechanisms of sodium sulfate formation. - The composition profiles shown
in Fig. 1 for the species NasO,(g), Nas03(g), and Na2504(g) bear on
the kinetics and mechanism of %ormat1on of the NaS04(g). As pointed
out by Steinberg ard Schofield (Ref. 64), NaOH, wﬁether formed in one pri-
mary reaction or in two, appears to be a major potential precursor for the
formation of sodium-sulfur compounds in flames. Fenimore (Ref. 56) favored
NaSOz because for lean (and rich) Ho/a.r flames he found a decrease in
the concentration of sodium atoms with the addition of large excesses of
SO2. In contrast, ODurie, et al. (Ref. 57) found NaSO3 formation more
consistent with their lean flame observations. Only a few possibilities
exist for homogenous gas phase formation of NapSO4. Steinberg and
Schofield consider the most probable one to be that involving a 2-body reac-
tion and simple displacement, viz.,

NaOH(g) + NaS03(g) = NaS04(g) *+ H(g)

This is only speculation at this point in time but laser flourescence stud-
ies are currently in progress to elucidate the detailed mechanisms (Ref. 64).

Other combustion system sampling. - Greene, et al. have used high pres-
sure, free-jet sampling mass spectrometric techniques in an attempt to
directly sample and characterize the gaseous species responsible for fire-
side corrosion in fossil fuel fired systems (Refs. 65 and 66). Measurements
were made on premixed gaseous flames and coal dust-air fiames both seeded
with potassium salts (e.g., KCi and KpC03). The only potassium species
definitely identified in preliminary studies were K and KOH; experimental
complications precluded further characterization.

Wilson and Gillmore (Ref. 67) used a combination of techniques to study
an alkali carbonate-seeded natural gas flame doped with sulfur dioxide. The
combustion chamber simulated gas temperatures, velocities, and residence
times of a large pulverized coal-fired boiler. While the gas characteriza-
tion techniques were rot strictly of the direct measurement type, they were
a step beyond those inference techniques based on only an analysis of a
collected deposit. Results obtained in this study establish that nearly
equilibrium levels of alkali sulfates form in the flame zone dependent only -
on the physical mixing within the flame.

The preponderence of evidence appears to indicate that reactions respon-
sible for the formation of alkali sulfates in combustion systems are suffi-
ciently fast (1) to result in the formation of gas phase sulfate species,
and (2) to allow the attainment of equilibrium compositions. Thus, it might
then appear that the sulfate deposits observed to be responsible for corro-
sion and fouling are formed by the mere condensation of the respective gas
species. However, deposition and mass transport investigations reveal that
alkali sulfate gas may not be the only, or even the major, source contribut-
ing to deposition of the sulfate.




DEPOSITION

Deposition has long been recognized as an important aspect of environ-
mental attack and numerous studies have been devoted to measuring deposi-
tion, characterizing deposits and elucidating deposition conditions (Refs.
13-17, 20, 31-39, 68-70, 72-74 and references cited therein). With the cur-
rent revival of interest in the use of coal or coal-derived products and the
increased impetus to utilize more impure liquid fuels, the depusition prob-
lem has taken on new emphasis. Insights into the techniques being empioyed
and particular problems encountered can be gained by consultation of the
cited references. However, detailed review of this entire area is beyond
the objective of this paper.

Ouir consideration here shall be confined mainly to the ramifications of
corrosive deposits and especially sodium sulfate. This is not to mitigate
the role of other inorganic materials in high temperature corrosion or
environmental attack. For example, the presence of iron, calcium, and phos-
phorous in fuels has been shown to lead to copious enough deposits to cause
severe plugging of turbine-blade cooling holes (Ref. 36). Deposits contain-
ing lead compounds have been shown to be very corrosive (Ref. 20) as have
those containing sodium-vanadium compounds (Ref. 18). In addition to the
elements already noted, potentially harmful deposits could be formed from
other elements and particularly those found in the mineral matter of various
coals, e.g., silicon, aluminum, potassium, and magnesium (Ref. 14). Sone
very recent results obtained for coal-derived fuels (Ref. 43) and coal-oil
mixtures (Ref. 44) have shown that the chemical compositions of the numerous
deposits collected compared favorably with the predictions from eguilibrium
thermodynamic analyses. Furthermore, the substantial deposits observed in
these studies resulted in insignificant corrosion and this was attributed to
the fact that very little sodium or potassium sulfate was formed.

Deposition of sodium sulfate. - In 1965 Hedley et al. (Ref. 68) examined
tour possible mechanisms of deposition and outlined the applicable theories
as thev existed at that time., They concluded that particle diffusion prob-
ably plays no role in the overall deposition observed in practice while
particle impaction could be the major mechanism operating for combustion
systems with high gas velocities and large catchment surface areas. They
felt that thermal diffusion could play a fairly important role for cooled
surfaces but vapor ditfusion was considered by them to be the predominant
mechanism for cooied surfaces in low gas velocity flows. For vapor diffu-
sion, the limiting temperature of the cocled surface for condensation was
pointed out to be a function of gas stream concentration of components and
the vapor pressure-temoerature relationship for the particular ash content
under consideration. This work was followed in 196b by their experimental
study ot vanadium pentoxide deposition from a doped kerosene flame
(Ref. 6Y). Hedley, et al. here demonstrated that, for their conditions, the
dominant deposition mechanism was vapor diffusion and that their measured
deposition rate results could be partially represented by the vapor diffu-
sion rate equation they derived. Brown's later experimental study (Ref. 70)
of the deposition of sodium sulfate was made as a function of air/fuel
ratio, collector surface temperature, exposure time and so-called resiuvence
time, i.e., time from combustion plane to deposition collection surface.
Brown used the same pilot scale, controlled mixing history furnace as used
by Hedley, et al, (Ref. 69) and Brown showed that for this furnace, turbu-
lence intensity was an important tactor which should centribute to the
deposition rate given by the Hedley, et al. vapor diffusion model. For




sodium sulfate the rate of deposition was found by Brown to be independent
of excess air level, residence time and exposure time. The rate was, how-
ever, found to depend on collector surface temperature, The existence of a
dew point was indicated and the dew point temperature was found to be a
function of the sodium concentration added to the carbon disulfide-doped
kerosene-fueled flame. Brown could not satisfactorily fit the rate-
temperature curve to the vapor diffusion model, and he attributed the shape
of the curve to droplet formation within the boundary layer.

The pioneering works of Hedley, Brown and Shuttleworth were followed by
a deposition of sodium sulfate study conducted by Hanby (Ref. 40) who used a
flame tunrel test rig. Based primarily on the fact that he found no sodium
sulfate in his flames seeded with sodium chloride, Hanby concluded that in
gas turbine engines the deposition process on turbine blades occurs by par-
ticle impaction. Hanby's results have recently been questioned (Ref. 71)
because they are in apparent disagreement with more current findings (Refs.
59 and 60). An accurate analysis of Hanby's investigation is complicated by
the nature of his experiemental arrangement. Because of the way his dilu-
tion air was added, the exact fuel/afir ratio in different sections of his
combustor tunnel cannot be defined. Stearns, et al., would predict, from
equilibrium calculations, that for Hanby's experiment with 5 percent excess
air, no sodium sulfate should be expected to form; thus Hanby's results may
not be contrary to current findings (Ref. 60).

Jackson (Ref. 72) used an air-cooled probe to study deposit formation in
residual fuel oil-fired boilers. Mass transfer rates of ash constituents
and magnesium compounds were measured at surface temperatures of 510 and
730" C. From measured rates of deposition and the analyzed deposit cumposi-
tion, both obtained in the absence of magnesium-containing additives,
Jackson concluded that vapor diffusion of sodium hydroxide or sodium sulfate
across the boundary layer is the dominant mode of deposition.

Urbas, et al. (Ref. 73) used a gas turbine combustor simulation rig,
with actual first stage nozzle vane segments as collectors, to measure noz-
zle plugging rates as a function of (1) sodium concentration in the residual
oil fuel and (2) firing temperature. They derived empirical expressions for
plugging rate and developed a model which is independent of the number of
high melting ash particles for constant levels of vanadium and magnesium,
This would suggest a vapor diffusion mode.

Hart, et al. (Ref. 74) used a high pressure rig, modeled on a gas tur-
bine, to study the effect of (1) fuel and air impurity levels, and
(2) operation and combustion conditions on the amounts and chemistry of col-
lected deposits. On the basis of their results, they concluded that deposi-
tion takes place by vapor diffusion accompanied by chemical change within
the boundary layer at the surface collecting the deposit.

Recently Kohl, et al., (Ref. 75) used a high velocity (Mach 0.3) atmos-
pheric pressure burner rig to study deposition from burning Jet A-1 fuel and
air seeded with about 10 wppm of an inorganic salt (NaCl, sea salt or
NaZSO?). Deposition on cylindrical platinum targets was studied as a
function of target surface temperature. For each seeding salt the collected
deposit was found to be mainly NaySO4; only very minor amounts of other
constituents were found for the sea salt tests. The existence of a dew
point temperature was established and this condensation onset temperature
was found to agree with that derived from equilibrium thermochemical
calculations. )

The experimental verification of a dew point temperature above which n
deposition could be observed suggested that for the burner rig test condi-



tions, deposition was associated with vapor diffusion to the surface across
a gaseous boundary layer. Accordingly, Rosner et al. (Refs. 76-82) have
developed a convective diffusion theory, employing multicomponent vapor
transport, for predicting deposition rates for sodium sulfate and other
salts in burner rig experiment;. Rosreris foriulation is sufficiently gen-
eral to include the transport of particles that are small enough to be
treated as heavy molecules and that are dilute in the transfer gas flow mix-
ture. Because this formulation represents current understanding, the theory
shall be considered in some detail.

Vapor diffusion deposition rate theory. - If the combustion product gas
temperature 1s sufficiently high to thermodynamically preclude the existence
of condensed inorganic compounds, or if kinetic barriers prevent their
appearance in the prevailing residence times, then condensates form only at
surface temperatures below the dew point. The mechanism of mass transport
to such surfaces is vapor diffusion across the combustion product flow
boundary layers. Concentration (Fick), thermal (Soret) and turbulent Ciffu-
sion contribute to the mass transport. If, on the other hand, the uncooled
combustion product gas temperature is below the respective dew poin*s for
some offending species, condensates of these species may be present as an
aerosol in the gas flow. Aerosols, either in the mainstream or formed with-
in thermal boundary layers near cooler surfaces, influence deposition rates
because (1) effective Fick and Soret diffusivities are altered from their
purely vapor-values, and (2) sufficiently large size particles move differ-
ently than the local host gas mixture allowing them to cross gas streamlines
and inertially impact surfaces. The important regimes of particle deposi-
tion are summarized in Table I]1 where the smallest particies considered are
the atoms and molecules of which vapors are composed. The size ranges
specified are only approximate because it must de recogrized that the mode
is not fixed by particle size alone., The mode depends on the ratio of size
to (1) the gas mean free path, (2) tne characteristic viscious stopping dis-
tance, (3) the characteristic eddy scale, and /4, the ccllector dimensions.

To predict cepcsiticn rates gquantitatively, it is converient to neglect
chemical reacticr. cordercation and/or coagulation within the thin mass
transfer boundary layers adjacent to the surface. 7Tnis is the tractable
limiting case of a source-free (SF) or a "chemicglly frozen" boundary layer
{BL) within whicn convectien, turbulence, concentration (Fick or Brownian)
diffusion and thermai (Soret) diffusion participate in mass transport
to/from the surface. The multicomponent theory, sketched here, embraces all
inoraanic cnndensed phases and their vapor precurscrc ircluding mixtures
and/or partic.es smail enough to be considered heavy “molecules". Because
the particies participating in the deposition process are often present in
only trace amounts, for each such species or particle size class, i. present
in local mass fractiorn wj, the diffusion mass flux law simpliiies to:

H
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>
Where . . oLensity, ' temperature and Ji 1% the f.ux vel- Lur,
Here the two trarsport properties, Dy (Fick or Brownian aiffusion
ccefficient) arn a; faimensionless thermal diffusion factor), are speci-
fic to each spec:en-host mixture combination. In the absence of mainstream
turbulence and thertal diffusion, the form of £q. (1) leads divectly to the
irtroduction ot tr- aimensionless mase transfer coefficients Nug 3 (local



ma?s transport Nusselt numbers), defined such that each wall flux can be
written:

" (Di")e
-ji'"(SFBL. a; = 0) = —_IT— - Num"(xll., Re, Sc‘. ves) o (0‘.e - "1.w) (2)

Here the subscripts e and w respectively pertain to local conditions at
the boundary layer outer and Tnner "edges” (Fig. 3), and Re and Sc
are, respectively, the prevailing Reynolds' number based on characteristic
length L and Schmidt number.

Insertion of thermal diffusion into the species or size class { mass
conservation equation introduce. three effects:

(1) a convection-1ike (thermophoretic) transport term, producing a “suc-
tion 1ike" augmentation of NuT H

(2) a "sink-1ike" term similar to that which would appear in the pres-
ence of homogeneous reaction of species or size class {;

(3) a non-Fick/Brownian diffusion contribution to the species or size
class i flux at the wall (when is non zero).

Effects 1 and 2 on NqT are Yumped in the factor F; (Soret)
below which depends pred ﬁantly on the dimensionless thernophoretic Ysuc-
tion" parameter:

1/3

Ty =y Loy ) [T =TT (3)

However, F; (Soret) is also influenced by the thermophoretic pseudo-sink
operating both outside and inside the Brownian sublayer. Apart from turbu-
lence within the boundary layer, mainstream turbulence (level and scale) can
also augment transport rates to/from stationary surfaces. Thus, in practice,
each mass transfer coefficient, Nup i, must in addition be adjusted by a
factor Fy (turb). Collecting these results, and in the absence of main-
stream turbulence effects, each wall flux is then written as:

" (D.o)
W —11.:'2 F;(Soret)hu, ((“’1.e TRV A z Sovs (“i.w)“i’) (4)

vhere Nup i includes effects of variable properties but not thermal diffu-
sion or a mainstream turbulence, and F(ncp) is a correction factor for vari-
able (non-constant) properties.

The most important term for the dew point temperature, plus the tempera-
ture dependence and magnitude of the vapor deposition rate is the “driving
force" for species mass transport, i.e., the concentration gradient, (01
wi,w)s fOr each species contributing to the net deposition rate. At the’
boundary layer outer edge the trace species mass fractions, wj will de-
pend on the kinetics and thermodynamics controlling the vapor p ﬁase composi-
tion. If local thermochemicel equilibrium (LTCE) is achieved at station e
near the stagnation line (point), then the species compositions wi e are
those corresponding to LTCE at the prevailing pressure, temperature, and over-
all elemental composition, the latter usually being close to the elemental
compositions entering the combustor.

The situation is more subtle at the gas/condensate interface because, even
if LTCE is imposed, the local element mass fractions of the inorganic con-

g e



G

O

stituents will generally differ from those in the mainstream., Thermal diffu-
sion and multicomponent diffusion both contribute to this element "segrega-
tion", hence self-consistent LTCE calculations at statfon w require simulta-
neous consideration of the transport laws and the LTCE condTtion. Thus, for
the deposition of a single pure compound, say, NaySOq(c) below its “dew
point”, two constraints are simultaneously imposeé:

(1) Vapor-Conden ate Equilibrium (VCE): The vapor mixture composition at
station “w should be compatible with the thermochemical co-existence of
NasSO4(c) at temperature T, and pressure p.

(g) Trace Element Flux-Ratio: Because NapS04(c) 1s being deposited,
the molar fluxes of Na and 5 must stand in the ratio of 2:1 at the prevaling
vapor compositions. — -

For mixed (multicomponent) condensates, the VCE constraint is based on
equelity of chemical potential of each chemical species 1 in both vapor and
condensed phase, and trace element fluxes must stand in the same ratio as in
the co-exisiing condensate,

The multicomponent chemically frozen houndary layer vapor deposition the-
ory implies:

(1) Soret transport of high molecuiar weight vapors shifts the cew points
in 3 given environment to a high:r surface temperature than expected in the
presence of Fick diffusion alore;

(2) In multicomponent systems with unequal diffusion coefficients, chemi-
cal element segregation at the VC-interface is also associated with a dew
point shift when the LTCE-condition is imposed;

(3) The dew-noint detined by extrapclating the CFBL-deposition rate to
zero from below is different theoretically from that defined by the tempera-
ture at which & cooled surface wili first exnhibit surface condensation.

Thus, while vapor systems exhibit characteristic condensate onset condi-
tions associated with the comionly accepted rotion of a "dew point*, this tem-
perature is also infiuenced by transport and kinetic rectrictions.

In contrast to previous treatments of vapor deposition (Refs. 76-82 and
83-84), the Rosner formulation (Refs. 76-82) or CFBL tneory makes explicit
provision in the sodium sulfate case for the effects of:

(1) Na-eiement transport via species of differing mobility (i.e., NaCl(g),

NaOH(g), Na(g), Na,S04(g9), etc.);
(2) thermal (Soret) diffuszon of heavy, Na-containing species;
(3) free stream turbtulence intensity ancg scale.

Applicatior of vapor diifusion CFBL deposition theory. - The CFBL theory
has been applied to the prediction of deposition rates for sea calt-,sodium
chloride-, and sodium sulfate-seeded burner rig experiments (Refs. 75, 77, and
79). While the compariscn between theory and experiment is only encoura?ing,
it must be recognized that burner rig experiments have not yet been developed
to the point where there is adequate control of all variables involved.

A more definitive test of the accuracy of the CFBL theory has been made by
Rosner, et al. (Refs. 80, 8¢, and 85) who use optical techriques to measure
the deposition of 8203 from BC13-seedea propane-air laborata:y flat
flames., The comparison of r95u$ts shown in Fig, 4 indicate that for a pre-
cisely controiled experiment where conditions can be closely defined, the CFBL
theory can be applied with confidence to predict deposition rates.

The results of the application ~f the ("3 theory to the sea salt-seeded
burner rig deposition study are presenteg in :ig. 5. Agreement between the
maximum deposition rates far below the dew pcint is reasonable but the pre-
dicted dependence on surfece temperature exhibits plateau-like behavior not
evident in this set of oxperiments’ resuits,
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By examining the nature of the equilibrium calculated species concentra-
tions in the combustion gas free stream and at the surface of the collector,
some insight may be gained regarding the nature of the transporting species in
the context of the CFBL theory. According to this model, NazSO4(c) growth
on a surface occurs primarily via transport of NaOH(g), Naleg). and Na(g),
but not Na;504(g). In fact, the NayS04(g) species contributes to a
net loss of the NasSO4 condensate layer due to a negative concentration
gradient for this species across the boundary layer. Thus, in the CFBL frame-
work, gas phase conversion of NaCl to NaySO4 in the available res.dence
time is not necessary for the process of Na;SO4 deposition. Rather, of
more importance are heterogeneous reactions at the gas/liquid interface which
convert NaCl(g), NaOH(g), and Na(g) in the presence of excess 0 and
S-containing vapor species to NaSOg(c). Of course, the mechanism of this
conversion may involve an NazSO4 molecule. This situation mekes it clear
that a multicompanent deposition theory is absolutely essential for engineer-
ing applications.

An interesting aspect of calculations of combustion gas and deposit com-
positions is consideration of what condensed phases, other than Naz504,
might be expected to deposit from sodium-seeded combustion gases. NazSO4
was the only condensate expected over a wide range of temperatures for &n
equivalence ratio of less than one (i.e., oxidizing conditions). Under the
conditions investigated, the calculations predict that no NaCl or NaOH con-
densates form, Even if NapSO4(c) were prohibited from forming (by
omitting data for this phase from the program 1ibrary) no NaCl or NaOH con-
densates would form. The calculations show that the phase that would likely
form, from a thermodynamic viewpoint, would be NaCO3. The high stability
of he HC1 molecule is also important here. This phenomenon illustrates that
even though a molecule with a certain stoichiometry (such as NaCl) is one of
the more stable gases in a complex equilibrium, the same composition may not
be the most stable condensed phase. Indeed, the dedosition of Na2C03 has
been observed from Na-seeded, sulfur-free propane/air flames (Ref. 41). Thus,
it is not surprising that, in practice, NaCl is rarely detected as a ccadensed
phase deposit in turbine engines or burner rigs. Situations in which NaCl
deposits were observed (Refs. 39, 42, and 86), at levels greater than those
predicted by Raoult's Law (Ref. 88), are likely attributable to particle
capture.

Another application of the CFBL vapor diffusion deposition rate theory has
been made by Helt (Ref. 89). He used the theoretical framework to calculate
dew points and deposition rate for sodium sulfate formation in the flue gas of
a coal-fired pressurized fluidized bed combustor. Helt's calculations are
presented in clear, step-by-step detail and provide an excellent procedural
guide for making the numerous involved calculations.

Particle diffusion contribution, - As Table Il indicates, the diffusive
modes of mass transport considered above for vapors only represent one extreme
in the deposition behavior of molecules and particles. At the opposite
extreme are particles so large that they cannot foilow the motion of the car-
rier gas, i.e., inertial effects dominate. Between the extremes lies a large
range of particle sizes where thermophoresis can dominate the rate of depos i-
tion to cooled surfaces. Considerable effort is being devoted to understand-
ing deposition rate behavior in this region (Refs. 76, 79, 8l and 90-94).

As is well known, the capture efficiency of aerosoi particles in iso-
thermal forced convection systems falls of/ with increased_particle size,
reaching a minimum value (perhaps of the ordar of only 10-3 - 104 per-
cent) before the onset of inertial deposition. Rosner found that this minimum

11
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capture rate can be dramatically altered (e.g., over two decades) by thermo-
phoretic particle transport to cooled (from heated) surfaces (Refs. 95-97).
The above mentioned theoretical framework for dealing with the simultaneous
effects of Brownian and thermophoretic transport can be used to illustrate
this effect. For example, consider the capture of a NazSO4(1) droplet

from a combustion gas flow over cooled targets simulating gas turbine engine
blades. Figure 6 shows anticipated capture efficiency, for sodium sulfate
transport to a cooled cylinder in crossflow, plotted as a function of particle
diameter for three surface temperatures. Note the almost two decade augmenta-
tion in deposition rate predicted for cold collector surfaces at particle
sizes just below the onset of "pure" inertial impaction, In terms of the CFBL
theory applied to small particles, the effect of particle thermophoresis is
governed by the dimensionless thermophoretic “suction" parameter which can
attain large values in the particle size range of interest, even if negligible
for clusters of molecular dimensions. Other examples of the importance of
thermophoresis in the capture of intermediate size particles are included in
the literature (Refs. 95-98).

The combined effects of diffusion and inertia are the subject of very
recent research (Refs. 97 and 98). This work will permit understanding of the
gradual transition that actually occurs between the diffusicnal and inertial
branches shown in Fig. 6. Whereas "pure" inertial deposition theory leads one
to expect the existance of a critical particle size above which inertial im-
paction becomes possible, the recent results show that the capture of parti-
cles below this size are also influenced by inertia. This effect manifests
itself in inertially produced changes in the local mass loading of particles
(i.e., inertial enhancement or centrifugal depTetion). Once the inertially
influenced distribution of local particle mass loading is achieved at the
outer edge of the Brownian diffusion sublayer, SFBL theory yields the corres-
ponding distribution of the diffusional deposition-rate, Necessary further
research is in progress to deal with the important case of particles which are
too large to follow the turbulent eddy motion within the velocity and thermal
boundary layers.

CONCLUDING REMARKS

High pressure mass spectrometric flame sampling techniques have been used
to help elucidate the flame chemistry of some sodium-sulfur and potassium-
sulfu.-seeded laboratory flame systems. Condensible high temperature molecu-
lar species have been directly identified and some of the kinetics regarding
the time for their formation has been established. Measured compositions of
the gaseous flame products, for these seeded flames, have been shown to agree
with those predicted by equilibrium thermodynamic calculations. The gas phase
chemistry for the sodium-sulfur-seeded flames has been related to deposition
processes and high temperature corrosion.

Deposition measurements, made for numerous combustion systems containing a
wide variety of fuel and air impurities, have been instrumental in ccatribut-
ing to understanding of the mechanisms of deposition. These measurements have
also established the predominant role played by vapor diffusion in the deposi-
tion of corrosive agents like sodium sulfate. Vapor diffusion deposition rate
theories have evolved to the point where they now include the effects of
multicomponent composition, thermal diffusion, variable oas properties across
the gaseous boundary layer and free stream turbulence. Progress is also being
made in efforts to include particle size effects in deposition theories and
some important insights have already emerged.

12



Without question, significant advances have recently been made in under-
standing environmenta] attack aspects of pertinent combustion and deposition
phenomena, However, increased understanding has also heightened awareness
that there is need for additional specific research. Some of the most press-
ing needs are:

(1) Direct measurement of the gaseous a-J particulate composition of real
combustion systems' product effluent,

52; Modeling of the kinetics of metal-containing hydrocarbon flames.

3) Phase equilibrium data and computer models of multielement,
vapor/liquid and vapor/solid equilibrium as required for application to solu-
tion condensate deposition rate theory.

(4) Direct measurements of transport propertieq of inorganic vapor
molecules. .

(5) Development of a transport theory to account for effects of boundary
layer condensation on deposition rate,
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TABLE 1. - ALKALI METAL- AND SULFUR-CONTAINING COMPOUND AGOIT IONS
TO METHANE-OXYGEN FLAMES

Flame Reactant gas composi- Fuel/oxidant Calculated | Flamed
system tion (mole §) mass ratio adiabatic speed,
f lame om sec-l
Fuel Oxidant temperature,
K
NaC1-$07 8.9 CHg 8.1 02 0.072 2032 45
0.92 507 5.9 H20
0.18 NaC1
NaC1-CH3SH 5.3 CHg 87.3 02 0.046 1678 43
1.0 CH3SH | 6.2 H20
0.19 NaC1
NayC03-50; 9.3 Chy 83.6 02 0.077 2097 44
1.0 S0p 6.0 H20
0.051 Na2Co03
KC1-507 9.3 CHg 83.5 02 0.076 2088 44
1.0 S0 6.0 H20
0.19 KCI
K2€03-S02 9.3 Chg 83.8 02 0.075 2101 45
0.92 S0 5.9 H20
0.025 K2C03

2The flame speed, V,

STP flow velocity of the reactant gases.

in om sec-l, was calculated on the basis of the

TABLE 11. - CHARACTERISTICS OF DEPOSITION FOR SPECTRUM OF PARTICE SIZES
Size ranged Mass trans-! Deposition species Transport Deposition characteristics
port mode mechanism
1-10 A Vapor Atoms and molecules | Fick diffusion 1. Tap < Te
diffusion (vapors) soret diffusion 2. Low n and deposition on
eddy diffusion side away from line-of-sight
3. Low sensitivity to T, - Ty,
4. Rate levels off for f. << Tdp
10 A-10-1 um | vapor Heavy molecules Brownian diffusion | 1. Tgp = Te
diffusion (condensate aerosols, | eddy diffusion 2. Lowest n
transition | clusters, submicron thermophoresis 3, High sensitivity to Te - Ty
particles) 4. Rate nearly linear uitg Te =T
10-1-100 ym Inertial Macroscopic Inertial impaction | 1. No apparent Tgp
particles eddy impaction 2. Highest n
3. Independent of Tp - Ty,
4, Preferential deposition
on side facing flow

&ode of deposition 1s not fixed by particle size alone,

n = deposition or collection efficiency. T4
Te = gas mainstream temperature, T g

we wall

= dew point temperature,
emperatyre,
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Figure 2. - Equilibrium chemical composition for NaCl-S0, daped methane-oxygen
flame with fuel/oxidant mass ratio of 0,072, Reactant composition in wt, %:
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Figure 3. - Schematic chemically trozen gaseous boundary layer on 8
cooled surface,
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Figure 4. - Deposition rate of 8,04 from BCly-seeded
prapane-air frame, equivalence ratio - 1. %102
(0.0812 moles BCly per mole fuel). Deposit growth
measured by opticl interference technique Ref, 82),
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