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THE CHEMISTRY OF SODIUM CILORIDE INVOLVEMENT IN
PROCESSES RELATED TO HOT CORROSION

by Carl A. Stearns, Fred J. Kohl, and George C. Fryburg
NASA-Lewis Research Center
Cleveland, Ohio 44135

Sodium chloride is one of the primary contaminants that enter gas
turbine engines and contribute, either directly or indirectly, to the hot
corrosion degradation of hot-gas-path components., It has been difficult to
define completely the role played by sodium chloride in the hot corrosion
process because the fate of the ingested salt is complex, Various physical
and chemical processes can take place as the salt proceeds through the com-
pressor, combustor, and turbine., Soume of the ingested salt is separated
out of the air stream by the compressor, However, sodium chloride does
pass from the compressor to the combustor where numerous chemical reactioas
can take place, Here some of the salt is vaporized to yield gaseous
sodium chloride molecules; hydrogen and oxygen atoms present in the
combustion products react with some sodium chloride to yield other gaseous
species such as sodium; and a fraction of the salt remains as particulates.
Both the gas phase and condensed sodium chloride can lead to sodium sulfate
formation by various routes, all of which involve reaction with sulfur
oxides and oxygen. It is of course well established that sodium sulfate
is directly involved in the hot corrosion process, In addition to contri-
buting to the formation of sodium sulfate, the sodium chloride can contri-
bute to corrosion directly,

At the NASA-Lewis Research Center, we have been endeavoring to under-
stand the chemistry of sodium chloride in the combustion process, in the
deposition process, and in reactions with certain oxides on the surfaces
of superalloys, Laboratory experiments together with thermodynamic and
mass transport calculations have been used to elucidate the behavior of
sodium chloride in combustion environments, This paper surveys the results
obtained in the various Lewis in-house and contract- and grant-supported
studies,

INTRODUCTION

Directly fired heat engines for propulsion and power generation systems
require components thet will function for long times at high temperatures
and stresses in hostile environments, While these components are designed
primarily on the basis of mechanical properties, in practice component life
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is found increasingly often to be controlled by envirommental attack.
This situation is expected to intensify as the use of dirty alternate fuels
becomes more prominent and the high temperature combusticn environment
becomes more hostile. This scenario has provided the impetus for the devel-
opment of advanced materials that at elevated temperatures possess good .

mechanical properties together with inherent environmental resistance. To
continue to make progress toward this objective requires an understanding
of the mechanisms of fundamental processes involved in environmental attack.

In general, environmental attack arises from synerxgistic combination
of (1) high temperatures, (2) combustion products of the air and fuel
burned, and (3) impurities which enter the system with the air and/or fuel,
Sodium chloride, NaCl, is one of the primary contaminants that enters the
gas turbine engine and contributes to the degradation of hot-gas-path com-
ponents. The role played by NaCl in the hot corrosion process has been
difficult to define completely because (1) the fate of the ingested contami-
nant is complex and (2) there has been a lack of fundamental information on
the various physical and chemical processes which take place as the NaCl
proceeds through the gas turbine engine,

In the hot corrosion literature one can easily find a number of mis-
conceptions about the role of NaCl in the hot corrosion process, We choose
to itemize some of these as;

1. NaCl aerosol cannot be converted to NaCl(g) in the time available
in a turbine engine hot section.

2. NaCl cannot be converted to Na,S50, in the residence time of a gas
turbine engine,

3. NaCl is completely converted to Na,S0, in the presence of 0, and 805,

4, NaCl reacts at high temperature and Pgy with Cr,0,(s) to transport
chromium via the gaseous species NayCr0O;, CrClg of Cr0,Clj.

5. NaCl is converted to NayS804(g) which condenses on components to
yield and be the only source of the corrosive NayS0,(1).

These misconceptions provided an initial stimulus for much of the research
reported here, This paper is an overview of NASA-Lewis Research Center
in-house and contract/grant supported programs directed toward obtaining an
understanding of the chemistry of sodium chloride as related to processes
involved in hot corrosion environmental attack, These studies have been
concerned mainly with three areas: (1) the combustion process, (2) the
deposition process, and (3) gas-solid interactions, While we shall consider
specifics in the context of the gas turbine engine, much of the chemistry
will apply to other systems which may involve closely related impurities.
7or example, coal fired systems are expected to experience high temperature
corrosion problems resulting from release of alkali halide impurities in the
coal, Likewise, MHD systems will have corrosion problems resulting from
alkali sulfates formed in the system, The NASA studies have been of a
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sufficiently fundamental nature that they also find application beyond the
context of the gas turbine engilne,

The chemistry of NaCl in the combustion process has been studied
experimentally by mass spectrometric sampling of salt-and sulfur-doped
laboratory flames (Ref., 1-3). Experimental results have been compared with
equilibrium thermochemical calculations for the experimental ges compositions
and conditions. Reactions between NaCl(c) and hydrogen or oxygen atoms have
been examined in a NASA sponsored study (Ref. 4,5). Also, the deposition
of sodium sulfate, NayS04, on cooled inert collectors has been studied in-
house by seeding the combustor of a Mach 0.3 burner rig with NaCl or sea
salt (Ref. 6). Experimental deposition rate results have been compared
with the predictions of a multicomponent mass transfer theory developed
under NASA grants (Ref. 7,8). The kinetics of conversion of NaCl(e) to
Na,80,4(c) by reaction with Oy and 507 is being examined in-house by thermo-
gravimetric and mass spectral methods. Finally, gas-solild interaction
studies have centered mainly on effects associated with exposure of alloys
to low levels of gaseous NaCl. Target collection and mass spectrometric
techniques have been employed to investigate the vapor transport of material
away from oxide surfaces (Ref. 9,10). Thermogravimetry and microscopy
were used to study the kinetics and surface morphology in gaseous NaCl -
oxide surface Interactions (Ref. 11-14).

SUMMARY OF NaCl INVOLVEMENT

It is useful at the start to examine the overall physicochemical
behavior of NaCl ingested into a turbine engine. Figure 1 shows a conception
of the fate of NaCl which can enter the system by a number of possible
routes, Past studies (Ref. 15-18) have investigated physical aspects of
NaCl containing aerosols as they pass through the various engine sections
and these shall not be considered here. The important fact to note is that
regardless of compressor separation etc., NaCl does ultimately enter the
high temperature combustion region, Here, as depicted in Figure 1, some
NaCl can be vaporized, some can undergo reaction with hydrogen and oxygen
atoms produced 2arly during combustion, and some of the NaCl may remain
unchanged in both its physical and chemical state. The products of these
three possible processes are NaCl(g), Na(g) and NaCl(c),

Gagseous NaCl can contribute directly to corrosion by gas-solid inter-
actions or it can become involved in various gas~gas interactions to yield
species such as NaOH(g), and NapS0.,(g). The Na(g) product can undergo
gas—gas interactions to also contribute to the production of these speciles.
Like the NaCl(g), the NaOH(g) and HCl(g) species can, by gas-solid inter-
actions, effect corrosion directly or synergistically. The NaCl(ec) that
exits the combustor camn undergo gas-solid interactions in the moving hot
gas stream or the salt particles can impact on airfoil surfaces and undergo
reactions on these hot surfaces. Either route leads to the formation of
Nay50, deposits. Of course, condensation and vapor transport mass transfer
processes also lead to the formation of highly corrosive Na2504(1) deposits.
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In the conceptual scheme shown in Figure 1 the possgibility has also
been provided for some NaCl to pass through the hot suction without becoming
involved in the corrosion process, Obviously this overall conception is
highly schematic and no quantitative aspects have been attached to the
various routes., To obtaln some insight into the quantitative aspects one
must consider in detail the chemistry and kineties of the various individual
processes,

The following settiong review the chemistry and kineties. For in-
depth details of the experimental methods and measured results the reader
is referred to the respective references cited,

COMBUSTION CBEMISTRY

Until recently, there was considerable speculation regarding the
molecular compostion of sodium-containing species in flames and the kinetics
of the gas phase formation of sodium sulfate. Generally it had been assumed
that sulfur impurities in the fuel and the sodium chloride impurity in the
ingested air react during combustion to yield gaseous sodium sulfate by
overall reactions of the type:

2 NaCl(g) + S09(g) + 1/2 0,(g) + Hp0(g) = NayS0,(g) + 2 HCl(g) 1)
2 NaOH(g) + SO02(g) + 1/2 0o(g) = NayS04(g) + Ho0(g) (2)

A recent Lewis Research Center high temperature Knudsen cell investi-
gation of the vapor..ation of sodium sulfate (Ref. 19) has lent credence to
such reactions by establishing the existence of the Nazsoa(g) molecule and
by providing values for its thermodynamic properties (Ref. 20). To obtain
a greater understanding of the chemistry and kinetles of hydrocarbon flames
doped with sulfur and sedium salts, high pressure sampling mass spectrometry
has been used to measure the composition of combustion products in several
laboratory flames (Ref. 1-3). The experimental results were compared with
equilibrium thermodynamic calculations of combustion gas composition.

Flame Compositions

Flame Sampling by Mass Spectrometry

Direct mass spectrometric analysis of the species present in salt and
sulfur doped atmospheriec pressure flames was accomplished with a high pres-
sure, free—jet expansion, modulated molecular beam mass spectrometric sampler.
A schematic diagram of the experimental arrangement is shown in Figure 2.
This technique allows one to sample all the gas phase species directly
while preserving their dynamic and chemical integrity (i.e., frozen chemis-
try). The theory and a description of the sampler have been presented
elsewhere (Ref. 21), Premixed fuel-lean methane/oxygen flames were burned
on a laminar flow, flat flame burner (Ref. 1-3). Sulfur was added to the
gas mixtures as either 50, or CH4SH. 1In addition, the gas mixtures could
be seeded with alkalil salts (e.g., NaCl or NapCOj3) by nebulizing aspirated
water solutions into the mixing chamber of the burner, A typical flam: had
a luminous zone located somewhat less than one millimeter above the top
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surface of the burner and a thickness of about one millimeter. The burner
was supported by a mechanical device so that the vertical distance between
burner and sampler, perpendicular to the flame front, could be varied,
Composition profiles were obtained by measuring t'ie various gaseous species
as g function of distance from the burner surface (or residence time),
through the flame and into the post-flame region.

Results are given in Figure 3 for a CH4/0p flame doped with S0, and
seeded with an aspirated solution of NaCl, The flame speed was 42 cm sec™l,
The most significant observations are (1) the gaseous Na,50, molecule was
formed; (2) the residence time required for formation of Nazsoh(g) was less
than one millisecond; (3) not all of the NaCl was converted, that is, gaseous
NaCl persists in the flame; (4) sgodium~ sulfur-containing intermediate
species NaSO;(g) and NaS04(g) wera identified; and (5) the expected permanent
gaseous products (e.g, 002, Ho0, ete.) were 1dentified

Calculations of Flame Composition

To facilitate a comparison of experimental observations with equili-
brium thermodynamic predictions, the mole fractions of flame reaction
products were calculated (Ref. 1-3). The calculations were made with the
widely used NASA complex chemical equilibrium computer program (Ref. 22).
This program is based on the minimization of free energy approach to chemi-
cal equilibrium calculations, subject to the constraint of maintaining a
proper mass balance between reactants and products. The program permits
calculation of chemical equilibrium cowpositions in homogeneous or hetero-
geneous systems for assigned thermodynamic states such as temperature-
pressure (T,P) and enthalpy-pressure (H,P).

The rolc of NaCl in methane/oxygen flames was examined by obtaining
flame temperatures and composticns as a function fuel/oxidant mass ratio.
In the calculations, the convention used was that CH; and SOy were labeled
fuel and 02, Hy0, and NaCl were labeled oxidant. The calculated equilibrium
compositions of the reacted flame gas products at the adiabatic flame temp-
eratures are presented in Figure 4 as a function of fuel/oxidant ratio.
The major products are in the first plot and the sodium-containing species

are in the second. To arrive at the distribution of molecular species depicted

‘in Figure 4, the program considered over 70 gaseous and condensed phase
species made up of C-H-0-S-Na-Cl combinations. Note that only those molecu-
lar species for which the program was given thermodynamic data were con-
sidered in the calculations; no data for NaS0p or NaSO; are available,

The results of the calculations showed that the sodium is distributed
in a complex pattern between NajS0, (c), NaCl(g), NaOH(g), Nap804(g), Na(g),
NaCl,(g), NaO(g), and Nal(g). At low values of the fuel/oxidant ratio
(corresponding to low flame temperatures), and up to a sharp cut-off point,
the sodium is tied up almost exclusively in the condensed phase as Na2504(c).
Based on the calculations, gaseous Na,50, can be expected to be present in
significant amounts only over a relativeiy narrow fuel/cxidant ratio range
and would always be present at a molar concentration of less than one-tenth
that of NaCl(g). At high fuel/oxidant ratios, NaOH(g), Na(g), and NaCl(g)
were found by our calculations to account for most of the sodium,
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Experimental results shown in Figure 3 can be compared with the calcu-
lated results shown in Figure 4 by noting that, according to the fuel and
oxidant convention used, the fuel/oxidant wass ratio for the experimental
Elame was 0.072., For ease of comparison, calculated mole fractions of
product species for this ratio are shown on the right-hand side of Figure 3.
At the outset one must recognize that the following two factors affect
this comparison: (1) the experimental results were not “calibrated" for
various mass spectrometric sensitivity factors and (2) the calculations are
for equilibrium conditions only, at the adiabatic flame temperature. With
these factors in mind, the agreement between experiment and calculation is
considered to be good for all of the species except possibly NaCl and
Nap804. Several reasons may account for the disagreement between experiment
and calculations for these two particular specles: (1) the sodium level in
the flame has uncertainty associated with it due to the method usvd to
introduce the sodium chloride; (2) the concentration of Na,S50 (&) i5 a
rapidly varying function of temperature and fuel/oxidant ratio; and (3) the
true flame temperature 15 expected to be significantly below the calculated
adiabatic f£lame temperature of 2032K., We have calculated that if the
flame were 200K cooley, the predicted level of Na,8504(g) would equal the
experimental level. By reflecting on all of the factors above, we concluded

that the agreement between experiment and calculation is reasonably good for
all speciles. Thus calculations can be useful in predicting, at least qual-
itatively, what is to be expected in experimental doped flame systems.

The NaCl(g)/S0,/H,0/0p Reaction

The reaction between gaseous NaCl, Q9,4 802, and H90 has been studied by
mass spectrometrically sampling the gases from a reaction tube through which
the mixture flowed (Ref. 1). The residence time in the reactor was about
two seconds. The product species NapS04(g), SO03(g), and 4aS03(g) were
observed as illustrated in Figure 5. The relative ¢nncentrations of each
species, including Nap804(g) and S03(g) compared well with those calculated
by equilibrium thermodynamics. These measurements demonstrate that equili-
brium is readily achieved in such a gas mixture at temperatures above 100DO0K.

Reactions of NaCl(c) with Hvdrogen and Oxvygen Atoms

It is generally believed that, in flames, NaCl{(c)} first vaporizes and
its godium i releszsed via gas phase reactlions between the resultant Na(l
vapor and atomic hydrogen (Ref. 23). However, for large particles, the
residence time 1n the combustor may be insufficient for complete vaporizsaiion
(Ref. 17). Thus the possibility arises that heterogeneous reactions may
centribute to sodium release. The kinetics of such reactions, or important
rivals to them, have not previously been explored in any detail.

As part of a WNASA-sponsored program to elucidate the basic kinetics
and mechanisms of these processes, Professor D. E. Rosner and Dr. P. D. Foo
at Yale University have been examining heterpgeneous reactions between solid
NaCl and atomic hydrogen or oxygen (Ref. 4,3):
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H(g) + NaCl{(s) - Na(g) + HCl{g) (3)
0(g) + NaCl(s) =+ Na*(g) + CL0(g) (4)

Here the asterisk represents the excited state of the atom. Because of the
importance of gaseous Na as a possible precursor to NayS0,(c) formationm,
data on these reactionsshould allow the evaluation of alternate mechanisms
to those involving NaCl vaporilzation.

A kinetic and stoichiometric study of reaction (3) was carried out by
using atomic absorption spectroscopy (to detect Na atoms) combined with
microwave discharge-vacuum flow reactor techniques (to produce H atoms)
over the temperature rangée 540 to 680K. The preliminary results (Ref. 4)
indicated that H-atom attack of solid NaCl indeed produces Na-atoms even

at these low temperatures. Because of the low temperature, NaCl vaporizaticn

is negligible and the corresponding homogenecus gas phase reaction
H(g) + NaCl(g) -+ Na{g) + HCl(g) (5)

plays no role in the Na(g) production observed in these studies. Combining
the absorbances measured for Na(g) in the Arrhenuis rate expression with

the Lambert-Beer Law, the apparent activation energy for reaction (3) of
5.2 kecal mole~l was obtained,

Reaction (4) was studied (Ref. 4) by using emission spectroscopy (to
detect Na*{g)) combined with microwave discharge techniques (to generate
O-atoms) in an O,/Ar gas mixture. Even though the thermodynamics for this
reaction would seem to be less favorable than theose for reaction (3), Na*(g)
was readily detectable between 510 and 620K. An Arrhenius treatment of the
data for this reaction yielded an activation energy of 9.4 kecal mole-l.

The fact that the reactions between solid NaCl and atomic hydrogen and
oxygen exhibit such low activation energies is important in understanding
the behavior of sodium in flame chemistry., High concentrations of H and O
atoms exist in the reaction zone of hydrocarbon/air flames. The high
diffusivity of the H atom makes reaction (3) seem to be particularly impor-
tant as a mechanism for Na release and indicates that Na(g) may be released
very early in the combustion process by a heterogeneous reaction. This
process has thusfreed Na atoms which can subsequently react to form other
stable products without going through the route of sodium chloride vapor-
ization. These considerations are especially relevant to aspects of the
Na,504 deposition as will be discussed in the following section.

DEPOSITION PROCESS

The deposition of sodium sulfate from combustion gases containing sodium

and sulfur is regarded as one of the fundamental steps in the phenomenon of
hot corrosion of turbine components. Even though the primary concern of
this paper is the chemistry of NaCl, it is through the formation and depo-

sition of Nap580, that NaCl has its predeminant, albeit indirect, effect in
hot corrosion processes.
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Recently, we described (Ref. 19) an equilibrium thermodynamic method of
predicting condensation onset temperatures (dew points) of Na,50; in flame
enviromrents as a function of sulfur in the fuel and sea salt concentratior
in the intake alr. The method consisted of applying the NASA complex
chemical equdlibrium computer program (Ref, 22). Thermodynamic properties
of gaseous and condensed phase Na350,, along with additional species perti-
nent in sea salt-containing enviromnments, were used in the program to calcu-
late equilibrium combustion gas compositions and temperatures for representa-
tive turbine engine and burner rig flames. Composiltions were calculated
for various fuel/oxidant ratios with different concentrations of sulfur in
the fuel and different concentrations of sea salt added to the intake air,
Iterative calculations were made to determine the temperature below which
condensation of Na2504 should be expected.

Deposition Experiments

Ts validate the thermochemical dew point predictions and to provide the
basis for development of a deposition rate thecry, experiments have been
carried out by using a Mach 0.3 atmospheric pressure burner rig as shown
schematically in Figure 6 (Ref. 6). A characteristic of the burner rig that
was important in this study was the residence time of the dopant in the
Flame. Residence time is here defined as the time interval between intro-
duction of the salt-containg aerosol into the burner and the arrival of the
salt at the collector. CGCalculations based on the geometry of the rig and
the gaseous flow welocity revealed that the residence time was 2.2 milli-
seconds. The burner used Jet A-l fuel. The air was seeded with about 10
wpphi of an inorpanic sodium salt (NaCl, sea salt or Nagsoﬁ). Deposits were
collected on a cvlindrical platinum target situated in the combustion gases.

The deposition rate was determined at different collector target temperatures.

It was anticipated fthat accuracy of thecretical predietions for a burner rig
environment would lend credence to eventual predictions for actual turbine
engine conditions, and to specifications for operating parameters necessary
for more realistic burner rig simulation of engine conditions.

The results of the experiments that used sea salt and NaCl seedding
are given in Figures 7 and 8. Chemical analysis, X-ray diffraction, and
energy dispersive spectrometry analysis showed that the deposits consisted
of mainly NapS04 with minor amounts of K,80,, CaS0;, and MgO from the sea
salt runs; they consisted of pure N2,50, from the NaCl rums. A SEM micro-~
graph of a depesit from a sza salt experiment, shown in Figure 9, disclosed
that the deposit consisted of crystalline needles protruding from a fibrous
mat. The appearance of the crystals indicates that the deposition occurred
by vapor deposition of molecules, and not be impacticn or capture of
particles. Chemical analysis of the water solutions leached from the targets
revealed that no soluble CI was present in the deposits above background
levels, Thus the chemical identification of Lthe deposit composition was in
agreement with the predictions of the chemical equilibrium computer program.
The experimental condensation onset temperatures alsoc agreed within the
experimental uncertainties (#l15K) with the predicted temperatures calculated
from thermochemical data.
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Our observation of the deposition of NajSO; from a burner rig combustor
after a residence time of the order of only 2 milliseconds is taken by us
to be of special significance. This observation and those made in the flame
sampling studies are in apparent disapgreement with the results reported by
Hanby (Ref. 24). An accurate analysis of Hanby's results is complicated by
the nature of his experimental arrangement. Because of the way his dilution
air was added, one cannot definz the exact fuel/air ratio in different
sections of his combustor-tunnel. We would predict from equilibrium calcu-
lations for Hanby's zase of 5% excess air that no NajS80;4 would be expected
to form in his experiment. Apparently he detected NagS04 only after the
fuel/air ratio of the combustion products was changed by the addition of
dilution cooling air. “ This situation makes definition of residence time
uncertain and indicates that the 8 milliseconds he reported for the form-
ation of Na,y50, might be in considerable error,

Deposition Theory

During the course of this research, it became obvious that a theoreti-~
cal prediction was desirable for the rates of deposition of Na,50,(c) at
surface temperatures below the deposition onset temperature, Toward this
end, a comprehensive yet tractable mass transfer equation was developed for
making such predictions by a NASA~sponsored collaborative effort between
Professor D. E. Rosner and associates at Yale University and NASA personnel
(Ref. 6-8). The experimental data obtained from the burner rig experiments
provided a useful basis for developing and velidating a deposition
rate theory. It should be noted, however, that a gas turbine engine is a
much more complicated system than the burner rig described here. The engine
operates at significantly higher pressure and mass flow, and with complex
mixing of fuel and air in the different sections., Thus, the applicability
of the developed theory to engines remains to be demonstrated.

The experimental verification of a "dew point" surface temperature
above which no deposition of Na,;S04{c) was observed suggested to us that
under the burner rig test cenditions, deposition was asspciated with vapor
diffusion to the collector across a "boundary layer"., Furthermore, the
nature of the crystalline needles in the collected deposit, as shown in

Figure 9, suggests vapor deposition rather than particle capture or impactdion.

Accordingly, a convective diffusion theory employing multicomponent vapor

transport for predicting Na,50, deposition rates in the burner rig experiments

is being developed. However, the theory is also sufficiently general to be
able to include transport by particles small encugh to behave like heavy
vapor molecules. In the theory development, two simplifying assumptions have
been made: (1) all sodium added to the combustion gases is available for
transport to the target via vapor species and (2) while local thermochemical
equilibrium is achieved at the outer and inner edges of the concentration
boundary layer arcund the collector, no homogeneous chemical reactions occur
within the diffusion boundary layer. Thus the boundary layer is said to be
chemically "frozen'. This latter assumption markedly reduces computational
time. The theory is referred ro as the chemically frozen boundary layer
{CFBL) theory.
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In contrast to previous treatments of vapor deposition (Ref, 17-18 and
25~26), the CFBL theory makes provision for the effects of: (1) Na-element
transport via species of differing mobility (i.e., NaCl(g), NaOH(g), Na(g),
NapS04 (2)); (2) thermal (Soret) diffusion of heavy, Na-containing species;
and (3) free stream turbulence intensity and secale. The formulation of
the CFBL theory is presented in References 6 and 7.

The results of the application of the CFBL theory to the prediction of
deposition rates for the sea salt and NaCl-seeded burner rig experiments
are given in Figures 7 and 8. Agreement between maximum deposition rates
far below the dew point (ca. 5 mg/hr.) predicted by the theory and those
obtained in the experiments is good, but the predicted dependence on surface
temperature exhibits plateau-like behavior not evident from the experiments.
Nonetheless, the agreement is particularly encouraging in view of the fact
that the burner rig was being seeded heavily with Na-compounds at the gram
per hour level. The theory has also been used to predict the form of the
dependence of the deposition rate on fuel sulfur content and on pressure
level (Ref. 7-8).

While condensed phase NajSQ, can be formally regarded as one of the
diffusing speciles, in practice, our knowledge of the particle size distri-
bution (hence Brawnian and thermophoretic diffusion paramerers) is presently
inadequate to assess this contribution to the observed deposition rates.

For this reason, and because of the highly undersaturated state of our seeded
combustion products upstream of the target, only vapor diffusion has been
included in our treatment up to the present time.

By examining the nature of the equilibrium calculated species concen~
trations in the combustion gas free stream and at the surface of the collec-
toxr, some insight may be gained regarding the nature of the transporting
species in the context of the CFBL theory. According to this model, NayS04(c)
growth on a surface occurs primarily via transport of NaOH(g,, NaCl(g), and
Na(g), not Na:50,4(g) Ia fact the Nap50, (g) species contributes to a net
loss (not gain) of the condensate layer due to a negative cencentraction
gradient for this species across the boundary layer. Thus in the CFBL
framework, gas phase conversion of NaCl to Na,80, in the available residence
time is not necessary for the process of NapS0y ﬁeposition. Rather, of
more importance are heterogeneous reactlons at the gas/liquid interface
which convert NaCl(g), NaOH(g), and Na(g) to Nay50,(1) in the presence of
excess Oy and S-containing vapor species. Of course, the mechanism of this
conversion may involve a Na,S50; molecule, This situation makes it clear
that a multicomponent deposition theory is absolutely essential in engineering
applications.

An interesting aspect of calculations of combustion gas and deposit
compositions was consideration of what condensed phases, other than Na,S0,
night be expected te deposit from sodiur -seeded combustion gases. NajSO,
was the only condensate expected over a wide rarge of temperatures with an
equivalence ratio of less than one (i.e. oxidizing conditions)., Underx
the condirions investigated, the calculations predict that no NaCl or NaOH
condensates form. Even if NapS804 .¢c) were prohibited from forming (by omitting
data for this ph se from the program library) no NaCl or NaOH condensates
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would form. Our calculations show that the phase that would likely form from
a thermodynamic viewpoint would be Na,;CO3, which is much more stable in a
combustion gas environm.nt than NaCl{c). The high stability of the chlorine-
containing HC1 molecule 1s also important here. This phenomenon 1is an
illustration that even though a molecule with & 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 depo-
sition of Naj;COq has been observed from Na-seeded sulfur-free propane/air
flames (Ref. 27?. Thus it 1is not surprising that in practice NaCl is rarely
detected as a condensed phase deposit in turbine engines or burner rigs.
Situations Iin which NaCl deposits were observed (Refs. 28,29,30,31, and 32),
at levels greater than those predicted by Raocult's Law (Ref., 33), must be
attributed to particle capture and the existence of a metastable condition.

o
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Condensed Phase NaCl to Na804 Conversion

In practice NaCl is rarely detected, or is only detected at extremely
low levels, en components from turbine engine hot-gas-path sections. However,
"compressor NaCl shedding theories"” (Ref. 15, 16) and similar ideas suggest
that it should be possible for NaCl to deposit by particle impaction., The
question then arises whether the reaction of impacted NaCl(c) with S0
and 02 to form NapS04(c) and a gaseous Cl-containing species is the reason
why chloride is not detected in deposits. The fundamental chemistry of
this conversion reaction is currently being investigated by W. L. Flelder
and the authors at Lewis Research Center. A knowledge of the kinetics for
this conversion process should be useful in interpreting the behavior of
NaCl particles which deposit by impaction:

b B B B ki

P

M [T

The reaction of single crystals of NaCl at 600 to 900K with flowing
mixtures of Oy and 50, is being studied at atmospheric pressure by thermo-
gravimetric and mass spectrometric techniques. Parameters included in the
investigation include temperature, gas flow rate, and 509~804 concentration.

S, S N T

Preliminary results over the temperature range of 600 to 900K for t¢he
reaction with an initial concentration of 8 mole % S0, in O3 are shown by an
Arrhenius-type plot in Figure 10. The data points shown were obtained from
a number of individual NaCl single crystals and have been combined into
one plot. The activation energy calculated from the data in Figure 10
is 12 kecal mole~l. This low value indicates that the NaCl to Na;304 con-
version can take place readily even at moderate temperatures, and this
may explain the observation that C1~ is rarely detected in deposits from
combustion systems. Thermocdynamics predicts that essentially no condensed -
phase NaCl should exist. Of course, a small amount of NaCl should dissolve ;
in NapS0; according to Raoult's Law for solutions (Ref.33). The low , :
activation energy observed for the reaction indicates that caly small kinetic .
barriers exist to prevent the chemical equilibrium from being achieved. R

ST N
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Interaction of NaCl(g) and HCl(g) with Nanr80, E
Several investigators have reported that NaCl(g) apparently acted to

induce dissociation or vaporization of Na3S504(c) (e.g., Ref. 34-36). Thus
the interaction of NapS04(1) with NaCl(g), HC1l(g), and H,0(g) was studied

T E Al T st LTI T e e e
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in atmospheric pressure flowing air and oxygen at Nazsoa(l) temperatures

of 900 and 1000K (Ref. 33). Thermogravimetric and high pressure mass
spectrometrie sampling techniques were used in the investigation. The exper-
imental results established that previously reported enhanced rates of
weight loss of NapS504(l) in the presence of NaCl(g) are due to the reaction

2 NaCl(g) + SOp(g) + Hy0(g) + 1/2 Oz(g) = Nag80;(1) + 2 HC1(g) (6)

being driven to the left in flowing gas systems. The loss of S0y from the
system results in a net loss of Na,S0, and because 502 is not being replaced
as a reactant, the amount of Na,;S0,(1) in the system decreases. The HC1(g)
needed to drive the reaction to the right is formed by the hydrolysis of NaCl
caused by small but significant amounts of Hp0(g) present in most experimen~
tal systems (and always present in combustion gases) by the reaction

NaCl(g) + Ho0(g) = NaOH(g) + HC1{g) (7)

Supplementing the experimental observations are thermochemical calculations
which show that even with sub-ppm levels of Hzo(g) present, significant
quantities of HCl(g) should be produced.

REACTIONS WITH OXIDES

Equilibrium thermodynamic calculations indicate that the engine hot
section, under conditions conducive to hot corrosion, should be relatively
rich in the contaminant gases NaCl, NaOH, and HCl (Ref. 19). These chemical
species aregenerally considered as highly reactive at high temperatures, and
therefore it seems reasonable to expect that they might play a significant
role in the hot corrosion process. Previously it had been demonstrated that
adverse effects could be associated with exposure of hot oxidizing metals
to partial pressures of NaCl(g) (e.g., see Refs., 36 — 40). The
major effects observed were: (1) NaCl(g) could compromise the so-called
protective oxide scale on certain superalloys by degrading the oxide adher-
ence which resulted in spalling; (2) NaCl(g) removed chromium from samples
as a volatile chromium compound; and (3) NaCl{g) could accelerate the
degradation, by sulfidative oxidation, of certain CoCrAlY-coated alloys
(Ref. 36).

In addition to gas phase NaCl, solid or liquid NaCl may come into con-
tact with oxide surfaces in turbines. It has been shown (Ref. 16) that
compressors of gas turbine engines can physically collect some solid sodium
chloride and sulfate from the sea salt aerosol. These deposits can be
periodically shed from the compressor and pass to the hot section of the
turbine. The particles may then vaporize, react, impact on turbine surfaces,
or pass through the engine. It has been well established Lhat condensed NaCl
or NaCl-Na,S0, mixtures can be very corrosive (e.g., see Refs. 41 - 45).
However, to date, such studies have not been a part of the NAUA program
which has concentrated on the role of gaseous NaCl in relation to corrosion-
related processes.

AT e e - U I P e m e emere ammn e eme e

P T Tt S e T O L e VPR - 121, T

..“ iy f.‘:..- ey

-

i

L W e bl e e e (P e

ot
d M

g

e e T e
Pt ET AT 1 T

sio- T e mabeian, g at .
R T S LR -2 Tur N (e VUL S P



13

Volaiile Products Studies

Cooled target vapor collection techniques were used to study the forma-
tion of volatile products when samples of Cr, Mo, and several superalloys
were exposed at elevated temperatures to oxidizing environments containing
NaCl(g) and Ho0(g) (Refs. 9 and 10), High pressure mass spectrometriec samp-
ling was used to identify directly the volatile product molecules emanating
from these materials, Schematics of the respective apparatus are shown in
Figure 11. The metal samples were suspended in a furnace and mixtures of
0y and ¥aCl(g) with and without added H,0(g) were slowly passed over the
samples. In the target collection experiments, volatile products were
condensed on water-cooled platinum targets, subsequently dissolved in water,
and the resulting solutions analyzed for metal cations by atomic absorption
and/or emission spectroscopy. The identification of the volatile species
was accomplished with the high pressure mass spectrometric sampler,

The target collection experiments with chromium showed that the rate of
transport of chromium as a volatile species was significantly enhanced when
Ha0(g) and/or NaCl(g) was added to the -»'dizing enviromnment. The experiments
are discussed in References 2 and 10. »:.. chromium and chromia~forming
alloys, the volatile specles were idencir .«d by mass spectrometry as being
primarily (NaCl),CrO3 where x = 1, 2, or 3 and (NaOH)yCr0O; wherey = 1 or 2.
The mass spectral data that lead to these identifications for this system are
shown in Figure 12, Similar results were obtained at lower temperatures
(v6759C) for molybdenum where the major species identified were (NaCl)y(Mo0O3)3
and NaOH(Mo03)3. We believe that the complex vapor species observed in our
studies were the first examples of such gaseous alkali halide-metal oxide
complexes, In this regard, one point must be emphasized: the fant that the
wate of transport of chromium was found to increase in the target experiments
when NaCl{g) was added to the system Cr,03(g) + 0,(g) indicates that the
rate is not limited by the vaporization rate of CrO3(g). The only volatile
specics formed in the absence of NaCl(g) was CrO3(g). Therefore, the
Na/Cr-containing species are not products of homogeneous gas phase reactions
but are formed by heterogenecus reactions. Furthermore, because species
such as (NaCl)CrOq are not the product of gas phase reactions, they like-
wise cannot be the product of sampling artifacts such as clustering or
beam rondensatien in the high pressure sampler.

An exhausiive search was made for the freguently proposed vapor molecules
Cr0,Cly, CrCl,, CrCly, and NapCrO4. This effort was urrewarding and only a
trace of the species Na20r207(g) was detected in addition to the previously
ldentified chemical complexes., However, this is not to say that some of the
aforementionad specizs will not form under other conditions, e.g., at low
oxyg.n pressure, im a vacuum, or in the absence 9f sodium. Certainly it is
exp2cted that NapCrO4(g), which has been identified as a stable molecule in
vacuum by a Knudsen cell-mass spectrometry study (Ref. 46), would form when
NapS50; reacts with Cry03 in Oy in the absence of any chlorine,
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We have concluded that the main reactiouns responsible for the vapor
transport of chromium in various situations are:

1/2 Crg03(e) + 3/4 0,(g) = Cr04(g) (8)

1/2 Crg03(c) + 374 09(g) + Ho0(R) = Cr0,(0H) 5(g) (9)

1/2 Cxy045(c) + 3/4 0y(g) + xNaCl(g) = (NaCl),CrO3(g), x = 1, 2, or 3 (10)

1/2 Cr203(c) + 3/4 09(g) + xNaOH(g) = (NaOH),Cr03(g), x = 1 or 2 (11)
Various measured kinetic parameters for Reactions (8) and (10) are reported

in Reference 9. For molybdenum, the main reaction responsible for the
vapor phase transport were deduced to be:

xMo03(c) = (Mo03)y(8), x = 3 or 4 (12)

MoO5(e) + Ho0(g) = MoOy(CH)5(g) (13)

3 MoO4(c) + xNaCl(g) = (NaCl), (MoOg)3fg), x = 1 or 2 (14)
3 MoOg{c) + NaQH(g) = Nau¥(MoOg)(g) | (15)

The molecules that were identified are felt to be the ones responsible
for the vapor phase transport of the respective metals in corrosive sali-
containing atmospheres. They appear ta be more thermodynamically stable
under oxidizing conditions in the presence of NaCl(g) than the other
previously postulated species,

It is intriguing to postulate what the role of the complex vapor mole-~
cules might be in the corresion process. Thinning of a chromium oxide scale
could result in *he formation of regions of aggravated stress where cracking
might occcur, thus compromising the scale. Also, a thinned section ot s»2ale
might be more readlly breached or fluxed hy NaZSO (). In either case,
NaCl(g) attack compromises the oxide scale and thus promotes hot corrosion
attaclk. It is import.nt to emphasize that although the degree of attack by
NaCl(g) is of a much smaller magnitude than the N32504(c) hot corrosion
attack, the NaCl(g) attack may be of comparable importance in the overall
high temperature corrosion processes.

Effect of NaCl(g) on Oxidation and
Hot Corrosion of NiAl and NiCr

To complement the volatile species studies described directly above,
J. G. Smeggil and N. S. Bornstein of United Technologies Research Labora-
tories have investigated, under NASA Contract No. NAS3-20039, the effect of
NaCl(g) on the oxidation and Na,50 -induced hot corrosion of NiAl and several
chromia-forming alloys. The results of these studies are given in References
1l to 14,

It brief, the thermogravimetric oxidation studies and metallography
have demonstratec an effect of NaCi(y) on the oxidation of
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NiAl (Refs. 11 and 13). Even at low concentrations, (ppm levels) NaCl vapor
substantially modifies the high temperature oxidati~u behavior of the
alumina-former NiAl. The vole of the NaCl(g) is two~fold. Firstly,
aluminum is removed from a dense protective Al,03 scale and redeposited on
the surface of the scale as Al,05 whiskers. This effect 1s illustrated

in Figure 13, Secondly, the Naci vapor effects isothermal spallation of the
normally protective Al,0,. The interaction of NaClf{g) with NiAl is not
expected to be unique and likely occurs with other alumina-forming surface
coatings and substrate compositions, At this time, the mechanism of whisker
growth and spalling is not completely understood, although vapor phase and
grain boundary diffusion might account for the obgervations.

In the incubation period assoclated with Na2$04—induced hot corrosion
of NiAl, NaCl(g) has been shown to be effective In removing aluminum from
below the protective alumina scale and redpositing it as Al,04 whiskers
on the surface of the Na,;50,-coated sample (Refs. 1l and 14). The removal
of aluminum from below the surface of the oxide layer locally depletes the
substrate of aluminum and leads to a progressive weakening of the protective
scale-subsgtrate bond. Upon rupture of the protective Al,04 scale, the
substrate locally has an insufficient alumirum activity to reform the protec-
tive layer. At low temperatures, the diffusion rates are not high enough %o
allow alumirum to reform the protective AlsC; scale. This condition has been
shown in oxidation studies to be sufficient to cause accelerated oxidation
rates,

The oxidation behavior of elemental chromium and Ni-25Cr have been
studied at 900 and 1050°C in oxygen atmospheres with and without the addition
of gaseous NaCl (Refg. 11 and 12), Effects arising from the presence of
small concentrations of NaCl{g) are reflected beth in thermogravimetric data
as illustrated in Figure 14 and in the microstructure of the oxide scales
formed. Fur Ni-25Cr, "§'"-shaped oxidation curves ars obtained when NaCl(g)
is present in the oxidizing environmment., This curve shape supgests breakaway
oxidation kinetics for Ni-25Cr with NaCl(g) while no such breakway is seen
for pure chromium. The removal of chromium from chromia scales on Ni-25Cr
affects the formation of a zone depleted of chromium in the alloy substrats
adjacent to the scale. WKith the consequently reduced activity of chromium
thermodynamic considerations favor the formation of the spinel NiCr,0,.

Thus the breaks observed in the thermogravimetric data are taken to repre-
sent and correspond to the conversion of the scale from the protective
chromia to the somewhat less protective spinel.

In simple oxidation the effect of NaCl(g) on B-1900 was found to be
similar to that observed for NiAl, i.e., 0-Al,03 crystals were deposited
on the surface of the normally dense protective oxide. Regions extensively
depleted of gamma prime precipitates were frequently observed in the
underlying substrate. Except for the obvious absence of sulfide precipi-
tates, the observed substrate microstructures were analogous to those found

4in the Nag50,~induced laboratery hot corrosion of this alloy.
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CONCLUDING REMARKS

The cherm’~al studies reviewed here have helped elucidate the possible
roles tha+r NaC. can play in the overall hot corrosion process. Besides
bedng a aourer [ sodium for the formation of corrosive liquid NasS04, the
NaCl 1its .l coutributes in other indirect ways to the material degradation
associated with the high temperature environmental attack. Additionally,
the experirental results lend credence to the conceptual scheme presented

in Figure 1 and resolve conflicting aspects of the NaCl misconceptions
noted at the outset in the Introduction.

Certainly the chemistry and kinetics related to NaCl in combustion
environments will have analogs in other alkali salt systems which might be
more pertinent to alternate fuels for ugse in directly fired heat engines.
Likewise, the methodology developed in the NaCl studies reviewed here can
be applied to other situations where impure fuels and/or industrial environ-
ments are being considered. At the Lewis Research Center some of the
methodology is being applied In the Critical Research and Advanced Technology
Project (CRT) sponsored by the Department of Energy (DOE) (ERDA/NASA intexr-
agency agreement EF-77-A-01-2549). We are using equilibrium calculations
and burner rig tests to ascertain the composition and amounts of deposits
to be expected with various [uels containing numerous impurities. These
caleulations have value in predicting the behavior of complax systems and

they represent a first step in understanding the chemistry involved in
flames and combustion products.

As part of the CRT program, calculations are being made for solvent
refined cval (SRC~II) fuels taking into account the trace metal content of
the fuels (REF. 47). At present we are considering more than 20 elements
and more than 450 phases in our caleculations. Some of the major phases
are listed 4dn Table I. In the NaCl-5 work seventy condensed and gas phase
species (for the elements C, H, 0, 8, Na, and Cl) ware considered to ar-
rive at the molecular species combustion product distributions given in
Figure 4., Obviously the coal-related case in considerably more complex
than the work where NaCl and sulfur were the only impurities. For SRC-II,

predicted deposition composition and dew points are being compared with
experimental results obtained ipn burner rig tests.
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TABLE I.
PRODUCTS

- ME{AL~CONTAINING COMPOUNDS AND MAJOR COMMON GASEOUS COMBUSTION
CONSIDERED IN THERMODYNAMIC EQUILIBRIWM CALCULATIONS FOR IMPURE

FUELS DEPOSITION STUDIES

Elemsnt Cotipounds and phascax
Na NaCl(g.e), NaOH(g), Na804(g,c), NazCO3(c), MagVals(c), NmaPes0y(c)
Nag$i03(c), NaAl0z(c), NayTi03(c)
K KC1(g,c), KOH(g), KpS0,(g,c), KaS(c), Kp03(c)
N Ni0(g,c), NL(OH}z(g)
cr €r0(g), Cr0alg), Crp03(e), WiCr,04(c)
Cu Cu0(g,c) CuCl(g), Cuz0(e)
Fe FeO(g), Fa(OH)5(g), Fep03(c), WiFea04(c), CuFes04(c)
Mg ME(OH)2(g), MgCla(z), MgO(m.e), MpSO4(c), MgAloOs{e), MgoTiO,(e)
Ca Ca(0il} 5{g), CaCla(g), Cz0(g,c), Cas04(c)
Ba Ba{0H)a(g), BaCly(g), Bad{g,c), BaS0y(c)
Al Al0p(g), Al30(g), A10CL(g}, Aly03(e)
54 510(g}, 5102(g,c)
TL Ti0(g), T103(g,c), TiOCLa{g)
v Vo (g}, VOz(g), Va05(c)
Zn Zn0(g,c), ZnS0y(c)
s PbO{g,c), PbCL(g}, PbSO,(c)
i Hy(8)+ Hp0(8), HCL(E)
0 02(g), Ol(g)
N Na(g): NG(g}, NOo(g), Na20(g)
c co(g), CO2(s)
[ §04(g), S03(8), HyS(s), Hp504(g)

*For phases g represents gas and ¢ represents condensed.
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« QUADRUPOLE MASS FILTER

ISOLATION VALVE ~{ 1000 L/S
COLLIMATOR ~f_ ¥ = 00LiS
n \/ =
CHOPPER ';'DY 2400 LIS
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FLAT FLAME =~ SKIMMER
BURNER =~ == Ny SCREEN INLET
0, INLET

GAS INLET

SULFUR-CONTAINING
—L CHg INLET

Hy0 + SALT ASPIRATOR INLET

Figure 2
Schematic cross-section of high pressure mass
spectrometric flame sampling apparatus.
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Figure 3
Composition profiles for a methane-oxygen {lame doped with NaCl
and SOy. Fuel to oxidant mass ratio was 0.072 and mole percent

of reactants was: 8.9 CHy,

84.1 09, 5.9 H0, 0,18 NaCl and 0. 92

SO2. Calculated mole fractions refer to the adiabatic flame

temperature of 2032K,
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3 experimental ion intensity fraction
[ equilibrium calculated mole fraction
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Figure 5

Comparison of measured and equilibrium calculated reaction
products tor the flowing gas mixture of NaCl + SO + H9O +
Oy at a temperature of 1413K,
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Figure 6

Schematic cross-section of burner rig deposition apparatus.
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Figure 7

Comparison of experimental and calculated theoretical deposition
rates of NapSO4 from burner rig seeded with 11.3 wppm sea salt
and 0,038 weight percent sulfur in the Jet A-l fuel.
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Figure 8

Comparison of experimental and calculated theoretical deposition
rates of NaySO4 from burner rig flame seeded with 8.0 wppm of
NaCl in the air and 0.25 weight percent sulfur in the Jet A-] fuel.
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Fignre 9

SEM micrograpa of deposit collected from burner rig flame
combustion pases seeded w.th 11,3 wppm ses salt in the air,
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Figure 10

ersion of single crystal
percent of SOg was

added to flowing O9 at atmospheric pressure,
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Figure 11

Schematic cross-section of target collection apparatus (left)
and high pressure mass spectrometric sampler (right).




INTENSITY RELATIVE TO 1 atm 0p+1

108 107 106 05 o
ioN ! ! ! ! 1 MOLECULE

Na"‘ AR T A N O R SRR B 2 Y NaCl. NaCH
NacI* NaC|
Naﬁ |+ AR LR T § DA e 00 S (Nac ' )2
NaCl3 (NaCl);
Na,Cl3 (NaClj,
NaCr03 NaCiCro,
NaCICr0§ NaCICr0,
Na 2C|Cr0; TN AT WL A IR (NaCl) Zcr03
Na3C1,Cr03 pmrrrrremy (NaCl)3Cr0,
Na2Cr207+ Nach207

TR NaCl
N33C|’ﬂ7 F‘] Naon}Nazc"Zo7
NaOHCrO3 NaOHCr04
Na,0HCrO3 (NaOH),Cr04
WITHOUT H,0(g)
3 WITH H,0(g); 20 torr [ 160 pPm NaCl

Figure 12
Mass spectrum of vapors over the CryO3(c) + Oa(g) + NaCl(g)
system at 1020°C with and without added water vapor.




NiAl OXIDIZED INAIR NiAl OXIDIZED WITH 10 ppm NaCl
VAPOR PRESENT

Figure 13
SEM micrographs of NiAl oxidized at 1050°C for 24 hours in air
and in air with 10 ppm NaCl(g) added. From Rei. 1l.
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Figure 14
Thermogravimetric results for Ni25Cr oxidized at 900°C in air
and in air with NaCl(g) added. From Ref. 11.
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