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Chemical Aspects of Deposition/
Corrosion From Coal-Water Fuels
Under Gas Turbine Conditions

A staged, subscale turbine combustor based on a promising rich-quench-lean com-
bustion approach to reduce NO, emissions was used to evaluate deposition, erosion,

R. A. Wenglarz and corrosion (DEC) from coal-water fuels (CWF). This combustor was operated
with three CWF at conditions of a recuperated turbine. Specimens were exposed in
R. G. Fox, Jr two test sections at temperature conditions of the first stator vanes and first rotor

. a. y ol

blades of the recuperated turbine. The resulting deposits were chemically analyzed.
Deposit-covered segments of specimens were placed in a furnace to extend their
exposure to the potentially corrosive deposits. The deposits produced at higher
temperature first stator conditions differed significantly from those produced at
lower temperature first rotor conditions. The rates of formation of the higher
temperature deposits were high and the deposit chemistries were similar to the coal
ash chemistry. The rates of formation of the lower temperature deposits were one
to two orders of magnitude less and deposit chemistries were not the same as the
coal ash chemistry. Some corrosion of a CoCrAlY coating was detected after a few
hours of exposure in the DEC tests. Corrosion penetration up to one-half of the
coating thickness was observed after an additional 460 h furnace exposure. Much
more testing is needed to explore whether the deposition and corrosion produced
by the fuels evaluated are typical of this fuel form and to assess benefits of alternate
turbine protection measures.

Alfison Gas Turbine Division,
General Motors Corporation,
Indianapolis, IN 46206

Introduction

Direct coal-fired turbines for locomotives were evaluated in
U.S. and Australian programs from the 1940s to the 1960s

is because of major differences in the flowpath conditions of
modern turbines compared to the older vintage machines tested

(Smith et al., 1966; Interdepartment Gas Turbine Steering
Committee, 1973). Turbine flowpath degradation due to coal
ash and contaminants was found to be the major technology
barrier to successful operation. Although deposition was ex-
perienced with some coals, the primary flowpath degradation
was erosion. Significant corrosion was not experienced.
Major technology advances related to coal fuels have oc-
curred since the early coal-fired turbine programs. These in-
clude improved coal cleaning processes to remove ash and
contaminants, development of coal-water suspensions as a fuel
form, staged combustion for NO, control, and greater un-
derstanding of the turbine deposition, erosion, and corrosion
(DEC) degradation processes and their control (Wenglarz,
1987a). Renewed activity to develop coal-fired turbines using
these technology advancements has emerged in recent years
(Crouse, 1986). A major consideration is again turbine flow-
path life. However, the turbine degradation experience of the
early coal-fired turbine projects provides little information
directly applicable to modern turbines operated with coal. This
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with coal. Maximum gas velocities relative to airfoils, maxi-
mum gas temperatures, and maximum surface temperatures
are up to 240 m/s (800 ft/s), 360°C (650°F), and 250°C (450°F)
higher, respectively, in modern turbines.

Consequently, the insignificance of corrosion and the lesser
role of deposition compared to erosion observed in the early
coal-fired turbine programs cannot be assumed for modern
high-temperature turbines operated with coal. The higher gas
and surface temperatures affect the chemistry and phases (solid,
liquid, or gas) of ash and contaminant compounds delivered
to turbine surfaces and tend to increase the interaction (stick-
ing, corrosion) of these compounds with the airfoil surfaces.
The following describes results of deposition, erosion, and
corrosion tests of coal-water fuels at typical temperature con-
ditions representative of the first two airfoil rows (first stator
and first rotor) of aero-derivative turbines. Deposition and
corrosion chemistry factors are emphasized. Physical factors
have been reported in detail elsewhere (Wenglarz and Fox,
1990) and will only be summarized here.

Test Facility

The facility used to evaluate deposition, erosion, and cor-
rosion (DEC) characteristics of coal-water fuels is illustrated
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Fig. 1 DEC test facility
in Fig. 1. A description of this facility has been reported in
detail elsewhere (Wenglarz, 1987b) and will be summarized
here. A fuel-flexible, staged, rich-quench-lean (RQL), subscale
turbine combustor was operated with coal-water fuels. Earlier
tests demonstrated that this combustor concept offers promise
for achieving high combustion efficiencies and NO, control in
future turbines operating with alternate fuels (Novick and
Troth, 1981; Wilkes et al., 1985). Products of combustion
(POC) from the RQL combustor were accelerated in a tran-
sition duct to enter the test sections at a representative turbine
inlet velocity of about 183 m/s (500 ft/s). Five wedge-shaped
specimens were exposed to the POC in each of two downstream
test sections. The combustor exit temperature was adjusted to
produce a gas temperature entering the first test section typical
of a turbine first stator vane (vicinity of 1100°C [2000°F]).
Air was injected at the exit of the first test section to lower
the gas temperature entering the second test section to a typical
inlet value (vicinity of 980°C [1800°F]) of first rotor blades.
Specimens in both test sections were internally cooled to
establish maximum surface temperatures of aero-derivative
turbine first stator vanes (980°C [1800°F]) and first rotor blades
(900°C [1650°F]). Some specimens were cooled to 100°C
(180°F) lower values to explore surface temperature effects on
DEC. One uncooled SiC ceramic specimen in each test section
was used to evaluate the DEC performance of this candidate
future turbine material. The remaining specimens were fab-
ricated from IN 738 turbine alloy covered with a CoCrAlY
coating. Such coatings have demonstrated corrosion/erosion
resistance in past coal-fired, pressurized fluidized bed com-
bustor tests at relatively lower temperatures (maximum of
870°C [1600°F]) as described by Stringer et al. (1985).

Tests

DEC tests were conducted with three coal-water fuels (CWF).
These fuels were formulated from a single batch of bituminous
coal cleaned to 1.25, 0.97, and 0.69 percent ash levels (coal
analyses are shown in Table 1) and slurried at about 50 percent
coal concentration with water and additives to control settling
and flow behavior. A single batch of coal was used for these
fuels to explore the effect of ash cleaning while minimizing
the uncertainty of feedstock variation. The three fuels varied
in maximum coal particle size (40 um for fuel 1 and 15 um
for fuels 2 and 3) and additive levels (twice the viscosity in-
hibiting additive in fuel 3 than in fuels 1 and 2). However,
these differences did not appear to produce major differences
in the products of combustion particle sizes or DEC (Wenglarz
and Fox, 1990). The durations of DEC tests for fuels 1, 2,
and 3 were 5, 1.7, and 4.3 h, respectively.

Deposit—Physical Characteristics

Physical descriptions of the deposits from the CWF are
described in detail by Wenglarz and Fox (1990). In summary,
deposits formed on all specimens for all fuels. Consequently,
underlying specimen surfaces appeared to be protected from
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Table 1 Fuel properties

Ultimate analysis--wt % dry

Element Fuel 1 Fuel 2 Fuel 3
Carbon 82.76 82.79 82,89
Hydrogen 5.19 5.20 5.22
Nitrogen 2,11 2.08 2.15
Chlorine 0.19 0.15 0.17
Sulfur 0.91 0.96 0.71
Ash 1.25 0.97 0.69
Mineral analysils of ash--wt % of ash
Phosphorus 0.88 0.57 0.23
Silicon 12.00 11.48 7.50
Iron 20.40 21.90 23.14
Aluminum 14.24 13.92 10.94
Titanium 0.83 0.83 1.00
Manganese 0.02 0.03 0.04
Calcium 3.82 3.37 4,73
Magnesium 0.82 0.98 1.40
Potassium 1.19 0.98 0.87
Sodium 0.58 0.73 0.98
Oxygen and trace

elements Balance Balance Balance

significant erosion. At high gas temperatures (vicinity of 1100°C
[2000°F]) of the first test section, the level of deposition was
approximately proportional to fuel ash level. However, at the
lower gas temperatures (vicinity of 980°C [1800°F]) of the
second test section, increased levels of ash removal may not
have yielded a proportionate reduction in deposition.

Deposition was highly sensitive to gas temperature. Depo-
sition increased by one to two orders of magnitude (depending
on specimen surface temperature) when the gas temperature
increased from 980 to 1100°C (1800°F to 2000°F). Deposition
increased with increasing surface temperature at a 1100°C
(2000°F) gas temperature. However, no clear trend in depo-
sition with surface temperature was discernible at 980°C
(1800°F) gas temperature. For other candidate turbine coal
fuels, the boundary temperatures between high and lower rates
of deposition may be above or below the value observed for
the fuels evaluated here. This temperature depends on fuel ash
chemistry of the specific fuel, which affects the ash compounds
released and formed in the combustion process and their melt-
ing points.

Deposition rates on the simple geometry specimens using
CWF were referenced to rates in past deposition tests at 1100°C
(2000°F) gas temperature using simple geometry specimens and
a residual oil, which had successfully operated in utility gas
turbines. Deposition rates on specimens at 980°C (1800°F) gas
temperature were comparable to the past residual oil deposition
rates even though the CWF ash levels were 25 times those of
the residual oil. CWF deposition rates at 1100°C (2000°F) gas
temperature were much higher than residual oil deposition rates
at the same gas temperature. For both gas temperatures, CWF
deposit hardness and tenacity after cooldown appeared to be
much greater than for residual oil deposits.

Both the deposition rates and deposit tenacity observed in
the CWF tests may well have been affected by incomplete
combustion efficiency, which typically ranged approximately
from 90 to 95 percent. This resulted in carbon mass levels more
than four times the ash levels in the product of combustion
(POC) particulate. This unburned carbon can significantly in-
crease the gas stream particle size distribution and thereby
increase the rates of delivery of ash material carried to surfaces
by the carbon. Probability of particle sticking upon arrival to
build up deposits can be enhanced by any remaining volatile
carbon (which would be sticky), increased particulate and de-
posit surface temperatures due to burning carbon, and de-
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pressed ash melting points in reducing environments in the
vicinity of the burning carbon.

Deposit Chemistry Characteristics

Analytical Methods. Deposit chemistry and its relation to
fuel ash chemistry were explored with the objective of iden-
tifying critical ash species affecting deposition (and corrosion).
Standard techniques such as energy dispersive X-ray (EDAX)
and atomic absorption (AA) were used to investigate very small
area and bulk chemistry, respectively. However, most of the
deposit analyses utilized secondary ion mass spectroscopy
(SIMS). This method ionized a thin layer of deposit (1/2 um
in depth and about 200 pm in diameter for the analyses de-
scribed here) and then used mass spectroscopy to analyze the
resulting plasma.

SIMS was particularly useful in analyzing the low-temper-
ature test section deposits for which insufficient mass was
available for accurate AA analysis. The SIMS approach of-
fered advantages over EDAX of much higher accuracy (es-
pecially for critical elements such as sodium) and ability to
analyze larger areas. The overall chemistry of the nonuniform
deposit is difficult to determine using EDAX since its meas-
urement area of a few square microns is smaller than many
of individual particles of widely varying chemistry from which
the deposit was formed.

Analytical Results. Tables 2, 3, and 4 give deposit and fuel
ash analyses for the fuels used in DEC tests 1, 2, and 3,
respectively. The element percentages neglect oxygen and trace
elements in the coal ash. Consequently, the ash analysis for
each fuel in Tables 2, 3, and 4 differs from that in Table 1
(which considers oxygen and trace elements) by a constant
factor. SIMS analyses at two locations on the same specimen
from the test of fuels are shown in Table 2. Agreement between
the two readings is good considering the typical variability of
deposit composition with location. SIMS analyses of two lo-
cations on the same high-temperature test section specimen
from the fuel 2 test are also shown in Table 3. Agreement is
not as good as shown in Table 2, especially for Na, which
differs between the two readings by a factor of 30 for the same
specimen. The higher reading for Na might be suspect since
the AA analysis shown in Table 3 of the bulk deposit spalled
from the same specimen gives an Na value more consistent
with the lower SIMS reading. Furthermore, as will be discussed
later, the high Na measurement was more than a factor of 4
greater than the highest reading for any other of the high-
temperature test specimens used in all of the three DEC tests.

The gas and surface temperatures at which the specimens
were exposed are given for the specimen analyses shown in
Tables 2, 3, and 4. Gas temperatures of 1100°C (2000°F)
indicate specimens in the higher temperature test section. Gas
temperatures of 980°C (1800°F) indicate specimens in the
downstream lower temperature section. SIMS analyses on low-
temperature test section specimens were obtained on the outer
surfaces of the relatively thin deposits on the specimens. SIMS
analyses for the high-temperature test section specimens were
usually obtained on the relatively thin deposits remaining on
the specimens after spallation during test shutdown. In a few
cases the SIMS analysis was obtained on the spalled pieces at
surfaces adjacent to the specimen. Consequently, the location
of the SIMS analyses on specimens were typically on a deposit
surface less than 100 um from the specimen surface. AA anal-
yses are also given for the bulk spalled pieces from three of
the high-temperature test section specimens.

Tables 2, 3, and 4 show very high sodium (Na) levels on
some specimens compared to levels in the fuel ash. Concen-
trations of Na on a number of specimens are more than 5
times (up to 30 times) the concentrations in the fuel ash. The
highest sodium level approaches 40 percent (Table 3) of the
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deposit, neglecting oxygen. These increased concentrations of
Na in deposits near the specimen surface are significant because
sodium is a well-known corrodent, which is typically specified
to less than 1 ppm levels in oil-derived turbine fuels. Na can
cause accelerated corrosion because it tends to form low melt-
ing point aggressive compounds. Such molten phases can also
increase deposition by increasing sticking fractions of particles
arriving on surfaces and forming deposit bonding media.

Vanadium (V) is another species that can form molten com-
pounds at relatively low temperatures to contribute to cor-
rosion and deposition. V, like Na, is a recognized turbine
corrodent, which is typically specified to less than 1 ppm in
oil-derived fuels. Examination of Tables 2, 3, and 4 indicates
that levels of V in the deposits are lower than many other
elements. However, V levels in all of the thin deposits analyzed
by SIMS are several orders of magnitude higher than in the
fuels. On the other hand, V levels in all spalled bulk deposits
analyzed by AA are comparable to levels in the fuels. Because
the AA analyses were supplemented with the graphite furnace
procedure for the detection of V, the AA readings for V in
Tables 2, 3, and 4 are expected to be reasonably accurate.
Consequently, the data suggest a great enrichment in vanadium
near the specimen surfaces, which is not apparent in the de-
posits farther from those surfaces.

Most of the deposit chemistries shown in Tables 2, 3, and
4 appear to fall in one of two categories. The first category
(high Na deposits) is characterized by the following:

e high Na percentages in the deposits more than 2.5 times
(up to 30 times) Na percentages in the fuel ash

e Si, Al percentages in the deposits substantially lower (usu-
ally a factor of 2 or more) than percentages in the fuel
ash

e relatively low deposition rates

The second category (low Na deposits) is characterized by the
following:

e Na percentages in the deposits comparable to (and usually
lower than) percentages in the fuel ash

e Si, Al percentages in deposits comparable (to within 50
percent) to percentages in the fuel ash

e high deposition rates

All of the first category (high Na) deposits (except for the one
with a suspect Na reading discussed earlier) occurred on the
specimens in the low-temperature test section (gas temperature
980°C [1800°F]). Except for the one suspect Na reading, all
deposits in the high-temperature test section (1100°C [2000°F])
were in the second category (low Na). However, two of the
ten low-temperature test section deposits described in Tables
2, 3, and 4 were also in the second category. Possible reasons
will be discussed in the following interpretation section for the
usual association of high Na deposits with low gas temperatures
and low Na deposits with high gas temperatures.

Interpretations. Deposits have been produced by other in-
vestigators using a turbine-type combustor operating with a
physically cleaned CWF similar to those tested in this program
(Corman, 1986). An elegant analysis approach indicated that
the potassium (K) from the coal ash remained predominantly
in the alkali aluminosilicate form of illite after the combustion
process. K was not transformed into the well-known alkali
sulfate corrodent.

The deposit analyses described in the last section suggest
that sodium, unlike potassium, may not be retained in the
alkali aluminosilicate forms but may be vaporized during com-
bustion to condense later at lower temperatures. As discussed
earlier, the deposits high in Na were typically low in Al and
Si compared to the fuel, indicating that much of the Na was
probably not mostly associated with aluminosilicates (i.e., Al,
Si).
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Table 2 Deposit chemical analysis for DEC Test 1

Spec temp——°C (°F) Analysis

Gas Surface procedure Si Fe Al Ti Ca Mg _K_ Na S P v
1093 1093 SIMS 22.32 35,17 21.92 1.62 7.77 1.09 1.79 Q.81 - 0.59 0.23

(2000)  (2000)

1093 982 SIMS 18.34 39.40 -18.33 1.14 7.93 1,02 1.30 0.87 0.06 1.29 0.21
(2000) (1800) '

1093 899 SIMS 23.20 33.14 20.20 1,22 11.75 1.27 0.48 0.40 - 1.46 0.03
(2000) (1650)

982 982 SIMS 12.15 38,03 19.22 1.60 8.78 1.12 2.35 1.41 0.12 3.07 0.35
(1800)  (1800)

982 899 SIMS*  11.96 30.22 14.37 0.89 5.07 0.78 2.50 21.93 0.43 1.86 0.20
(1800)  (1650)

982 899 SIMS*  10.48 32.93 13.29 0.89 5.88 0.85 2.61 23.32 0.65 1.61 0.19
(1800)  (1650)

982 899 SIMS 15.80 38.67 20.38 1.48 9.38 1,27 1.28 1,54 0.11 2.78 0.30
(1800)  (1650)

Fuel ash chemical analysis
DEC Test 1

AA 21.31 36.22 25.28 1.47 6.78 l.46 2.11 1.03 2.31 1.5 0.0001

*Analysis of same specimen

Table 3 Deposit chemical analyses for DEC Test 2

Spec temp--°C (°F) Analysis

Gas Surface procedure _Si Fe AL Ti Ca Mg, K Na 5 B '
1093 1093 AA 20.29 36.62 25.91 2,11 9.71 1.91 0.96 0.81 0.62 0.28 0.0001

(2000) (2000)

1093 982 Ab¥ 21.25 38.04 25.44 1.50 8.09 1.86 0.90 0.77 0.74 0.62 0.00003
(2000) (1800)

1093 982 SIMS* 15.03 47.20 23.60 1.50 6.40 0.86 0.64 0.43 0.006 0.26 0.08
(2000) (1800)

1093 982 SIMS* 11.68 42,27 14,59 0.91 6.73 1.07 1.12 13.01 0.04 0.46 0.14
(2000) (1800)

982 982 SIMS 7.36 41.28 10.82 0.76 6.64 0.95 1.50 17.36 0.08 1.04 0.17
(1800)  (1800)

982 899 SIMS 3,36 32.84 5.72 0.39 4.69 0.64 1,35 39,08 0.40 1.34 0.13
(1800)  (1650)

982 899 SIMS 4.46 33.66 6.69 0.49 6.00 0.78 1,61 34.77 0.36 1.08 0.14
(1800) (1650)

Fuel ash chemical analysis
DEC Test 2

AA 20.30 38.73 24.62 1.47 5.96 1.73 1.29 1.29 2,60 1.01 0.00008

*Analysis of same specimen

Table 4 Deposit chemical analyses for DEC Test 3

Spec temp--°C (°F) Analysis

Gas Surface procedure _Si Fe Al Ti Ca Mg K Na S _P v
1093 1093 AA 18.53 34.00 25.92 2.75 12.73 2.89 0.20 0.59 0.88 0.22 0,00005

(2000)  (2000)

1093 982 SIMS 14.82 35.62 24.92 1.81 10.36 2.13 0.22 0.41 0.05 0.23 0.12
(2000)  (1800)

1093 899 SIMS 12.13 44.61 16.54 1.20 8.25 1.70 1.18 2.77 0.75 Q.46 0.09
(2000)  (1650)

982 982 SIMS 11.60 37.17 16.84 1,35 10.10 1.68 0.26 10.26 0.31 0,33 0.12
(1800) (1800)

982 899 SIMS 4,11 37.88 7.15 0.65 6.69 0.75 0.69 27.44 0.31 0.36 0.07
(1800) (1650)

982 899 SIMS 5.35 50.56 9.82 0.92 10.54 1.21 0.85 4.64 0.41 0.23 0.10
(1800)  (1650)
Fuel ash chemical analysis
DEC Test 3

AA 13.88 42,82 20.24 1.85 8.75 2.59 1.61 1.8%L 4.90 0.43 0.00005
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A plausible explanation for the two categories of deposits
observed may be as follows. At high gas temperatures (vicinity
of 1100°C [2000°F] and above), a significant fraction of gas
stream particles larger than a few microns is probably molten.
Significant fractions of larger molten particles were very likely
necessary for the high sticking fractions and rapid deposit
buildup observed in this program for the specimens exposed
at 1100°C (2000°F) gas temperatures. One possible molten
phase at these temperatures might be illite—the potassium
aluminosilicate in CWF deposits produced in the turbine sim-
ulation tests described earlier (Corman, 1986). Other investi-
gators (Bryers and Walchuk, 1984) have observed that illite
separated from coal ash appears to occur as a melt at tem-
peratures as low as 1000°C (1830°F).

Most of the particles larger than a few microns that were
molten at high temperatures could have solidified (frozen) at
the lower gas temperatures in the vicinity of 980°C (1800°F)
and even lower temperatures of cooled specimen boundary
layers for the lower temperature specimens. This could account
for the observed one order of magnitude (uncooled specimens)
to two order of magnitude (cooled specimens) decreased dep-
osition rates for the low-temperature test section compared to
the high-temperature test section. If the previously molten
species at high temperatures were Al-Si compounds (such as
illite) then particles of these compounds would not tend to
stick on impact after freezing at lower temperatures. Conse-
quently, the lower gas temperature deposits would tend to be
depleted in Al and Si compared to the higher gas temperature
deposits, as was observed.

If nearly all of the frozen larger particles delivered by inertial
impaction do not stick upon impact at lower temperatures,
then molten species in smaller particles delivered at much lower
rates and affected by mechanisms such as condensation, dif-
fusion, and thermophoresis could become important. Should
these particles consist of Na complexes (many of which are
highly volatile and form low melting point compounds upon
condensation), the low gas temperature specimen deposits
would be enriched in Na compared to the high gas temperature
deposits, as was observed before. Even if condensation and
delivery of small molten particles were occurring on the high
gas temperature specimens, the relatively low mass concentra-
tions and delivery rates for these particles would be obscured
by the much higher mass loadings and delivery rates for larger
particles if a significant fraction of larger particles (a few
percent) stuck on impact.

Although the condensation and delivery of Na compounds
appear to be important for the low gas temperature specimens,
the composition of these compounds is not clear. The low
levels of sulfur (8) in the deposits relative to Na indicate that
most of the sodium could not have formed the dreaded sodium
sulfate corrodent. Although the deposits were not analyzed
for chlorine, NaCl is one possible condensable, low melting
point compound that might be present in the high Na deposits.
Whatever the form, the presence of most low melting point
Na compounds at a turbine alloy surface would produce an
undesirable corrosion environment.

A network parameter model used by glass technologists and
ceramists in comparing softening ranges of glasses was ex-
plored for deposition evaluations. This model considers glasses
to be made up of network formers (e.g., Si, Al) and network
modifiers. When network modifiers such as Na and K are
added to a glass, the ratio (network parameter) of oxygen ions
to network formers increases and the number of bridging ox-
ygen bonds is decreased (some polymer networks are termi-
nated). The resulting shorter linear molecules produce decreased
interfacial tension and a lowered glass softening temperature
range.

A reasonably high statistical correlation was observed be-
tween the value of the network parameter based on deposit
chemistry and the specimen gas-to-surface differential (AT) as
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exposed to the RQL products of combustion. This result would
be expected if network modifiers Na and K were delivered to
the surfaces by thermophoresis, which depends on AT,

Corrosion Characteristics

Approach. Theapproach selected to evaluate the corrosion
up to a few hundred hours used specimens with adherent de-
posits formed during the actual operation of the RQL com-
bustor burning coal slurry. The specimens were exposed in a
controlled atmosphere furnace at the same surface temperature
as in the RQL deposition, erosion, and corrosion (DEQC) tests.
The sulfur dioxide-air ratio in the furnace was held at 730
ppm SO, to duplicate the molecular concentration of SO, in
an engine full-pressure RQL combustor gas stream. Because
the furnace exposure was at atmospheric pressure while the
turbine operates at 10 atmospheres pressure, furnace SO, con-
centrations were increased upward by the ratio of pressures to
provide the same molecular concentration of SO, (Halstead,
1973). The supply of sodium and potassium was limited to the
concentrations in the original deposits and was not renewed.
It can be inferred that the alkali concentrations fell off with
time during the test due to evaporation at the material test
temperature. This rate of evaporation is believed to be low
since the alkali cations must diffuse to the deposit-gas interface
and then evaporate at 900°C (1650°F). Also, temperature tran-
sients, due to throttle excursions and cyclic instabilities at 3-
100 Hz that characterize gas turbine combustors, were not
duplicated during this furnace test. As a consequence, the
thermal stressing of the oxide scale that would be present in
an engine was not duplicated in the furnace. Note that both
of these relaxations of similitude tend to reduce the rate of
corrosion in the furnace relative to the engine.

Eight 1.3 ¢cm (0.5 in.) long pieces of the 4.72 cm (1.86 in.)
long test specimens from all three DEC tests were enclosed in
a ceramic retort fitted with a bottom gas inlet and top exit.
The retort temperature was controlled by a standard metal-
lurgical test furnace at 899°C + 1.1°C (1650°F + 2°F) for
the test duration. Two specimens were removed at 100 h for
a preliminary metallographic estimation of penetration. The
remaining six pieces were run to a total of 460 h. The pieces
were sliced at 25 and 50 percent of the original length, and the
corrosion penetration was evaluated at several points around
the mounted section to estimate the anticipated variability in
corrosion commensurate with the range in alkali concentra-
tions in the deposits reported earlier (Tables 2, 3, and 4).
Penetration depth, percent penetration of the CoCrAlY coat-
ing, and width of the corroded area were recorded. The met-
allurgical preparation showed depletion of aluminum in the
coating, which is designed to form an Al,O; protective oxide
scale. Since depletion is a precursor of accelerated corrosion,
the depth of the depletion region and percent of coating were
also recorded. Thickness of adherent deposits close to or on
the corrosion site was measured and recorded.

Results. Several of the RQL combustor exposed specimens
were examined for corrosion after a 5-h run (DEC Test 1).
The onset of corrosion was very rapid with pitting corrosion
ranging from no detectable penetration through scattered 0.1
mil fingering to 1.2 mil pits.

The two specimens exposed in the furnace for 100 h showed
very little increase in corrosion over the 5 h measurements.
Accordingly, attention was concentrated on the 460 h speci-
mens.

The specimens were originally fabricated from 1.27-cm
(0.500-in.) diameter cylindrical test bars by grinding two flat
surfaces at various included angles, to form a wedge with two
leading edge corners. This leading edge was oriented into the
gas stream. Figure 2 shows a section of one of the leading edge
corners of specimen 23 (50 percent slice). The flat surface is
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Fig. 2 Leading edge corner, in 738 CoCrAlY Coating: 460-h exposure

vertical with the nose angling up to the left. Three corrosion
zones are shown with the white depleted area surrounding each
zone. The coating (Co balance, 26 percent by weight Cr, 9
percent by weight Al, 0.3 percent by weight Y) is depleted
along the entire gas contact face. Figure 3 shows the corrosion
penetration at a leading edge corner for specimen 23 (50 per-
cent) and a flat surface corrosion zone with a shallow pit
(without corrosion product) of the type seen at about 5 h in
the RQL tests, surrounded by three corrosion zones. Figure 4
shows a leading edge corner SiC specimen with thick ash de-
posits covering an area of extensive defoliation, or flaking, of
the ceramic.

The numerical results for the 460 h furnace specimens are
given in Table 5. The penetration of the CoCrAlY coating
varies from 0.10 to 2.6 mils while the precursor depletion
reaction zone ranges from 0.4 to 2.6 mils in depth. When the
table is examined more closely, a bimodal distribution can be
seen with a clearly defined cause. The flat surface penetration
averages 0.52 mils while the leading edge corners average 1.04
mils. This correlates with the well-known fact that sharp points,
edges, and corners are more chemically reactive than surfaces
in heterogeneous reactions. Interestingly enough there is no
difference in depletion reaction rate between corners and sur-
faces in the data. (Bulk properties dominate diffusion reac-
tions.) This bimodal distribution clearly identified the potential
life-limiting areas for corrosion as the edges and corners of
turbine components.

The flaking of the SiC specimens appeared to result from
metallographic preparation, which probably caused edge
breakdown of the brittle material.

Discussion of Results. The rates of penetration observed
in the CoCrAlY coated IN 738 specimens after furnace ex-
posure were very high and would certainly be prohibitive in a
gas turbine, This comparison furnace environment was prob-
ably less severe than the engine environment in most respects
(ash deposits not being replenished, less severe thermal tran-
sients).

The tests to date indicate a potential for high rates of cor-
rosion for turbines operating with coal-water fuels. As indi-
cated earlier, some corrosion was observed for the RQL
combustor DEC tests even at short durations of 5 h and less.

6/Vol. 112, JANUARY 1990

Fig. 3 Leading edge corner specimen 23 (50 percent) flat surface cor-
rosion (right) and in 738, CoCrAlY coatings at 899°C (1650°F): 460-h
exposure (left)

Fig. 4 Leading edge corner and sintered silicon carbide, specimen 3
(50 percent): 460-h exposure

In addition, high rates of corrosion were observed in extended
exposure furnace tests, which in several respects may have
produced less severe corrosion environments than in an engine.

The presence of carbon in deposits has been previously shown
to accelerate hot corrosion of turbine alloys (McKee and Ro-
meo, 1973, 1975). The corrosion experienced during the 5-h
DEC tests may have been greatly accelerated by carbon in the
deposits. Analysis of captured gas stream particulate revealed
carbon levels greater than 80 percent. Since measured carbon
levels in the deposits after the DEC tests were less than 1
percent, carbon may have been oxidizing (burning) in the spec-
imen deposit. Because most of the carbon had been previously
consumed prior to the furnace tests, carbon effects are expected
to be less in the furnace test than in the DEC test (Wenglarz
and Fox, 1990).

Summary and Conclusions

Specimens were exposed to combustion products from three
CWF in two test sections at representative gas and surface
temperatures of the first stator and rotor of aero-derivative
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Table 5 Corrosion distribution photomicrographs of $0,/air; 899°C (1650°F) furnace corrosion of RQL

adherent deposit specimens (460 h)

Penet
%
Penet CoCrAlY Width
Material Specimen mils coating mils
CoCralY .
IN 738 8-25% 0.10 3.2 1.1
8-50% 0.20 6.7 2.6
5iC 3-25% Below
detect
3-25% Fract <9
. 0.50¢
3-50% Fract 6.5
0.7
CoCrAlY
IN 738 23-25% 1.0 31.3 <<9
23-25% 1.3 43.0 5.8
23-25% 0.8 25.8 4.0
23-25% 0.4 12,5 1.9
23-50% 0.9 33.3 6.5
23-50% 0.5 16.7 1.0
23-50% 1.7 58.2 <9
23-50% 1.0 34.5 4.4
CoCrAlY
IN 738 29-25% 1.1 33.3 4.3
29-25% 0.3 9.2 0.5(3)
0.7
29-50% 0.3 9.1 1.4
29-50% 0.9 27.3 2.7
0.2 6.1 1.8
0.2 26.5 5.4
CoGralY
IN 738 7-25% 1.1 30.6 8.9
7-25% 0.2 5.5 1.1
7-25% 0.9 26.5 <9
7-25% 1.2 38.1 <9
7-50% 0.4 11.4 4.4
7-50% 1.0 29.4 <8
7~-50% 0.2 6.1 1.4
CoCrAlyY
IN 738 25-25% 0.1 3.6 5.2
25-50% 0.5 16.7 3.8
25-50% 2.6(2)  86.7 0.3

(1) Includes corrosion penetration
(2) Depletion at stringer(s)
(3) Two adjacent areas.

turbines. The deposit formed in the two test sections differed
substantially. Deposition rates at first stator conditions were
high and deposit chemistry near the specimen surfaces was
similar to that of the fuel ash (except for trace elements).
Deposition rates at the lower temperature first rotor conditions
were up to 100 times lower and deposit chemistry near the
specimen surfaces was unlike the fuel ash chemistry. Sodium
levels were typically 2.5 to 30 times higher and Si and Al levels
were typically 2 times lower in the lower temperature deposits
than in the fuel ash.

At the higher first stator temperatures, ash particle sticking
to form deposits appears to have been affected mainly by
inertial impaction of larger molten particles. These particles
probably became frozen at lower first rotor temperatures, Ash
sticking at these lower temperatures may have been affected
mainly by condensed phases involving sodium, which are de-
livered to surfaces by diffusion and thermophoresis mecha-
nisms at relatively low rates compared to inertial impaction.

Limited corrosion was detected on some CoCrAlY coated,

Journal of Engineering for Gas Turbines and Power

Penet
%

Deple GCoCrAlY

mils (1) coating Comment

1.4€2) 45,2 Flat surface, adh dep <0.1 mils

0.5 16.7 Flat surface adh dep 0.10 mils pit
(no corrosion products)
Leading edge cornmer, adh dep »0.15
mils
Leading edge corner, adh dep
2.0 mils
Flat surface, adh dep 0.8-1.6
mils

1.6 46.7 Flat surface, adh dep 0.1-0,15 mils

2.2 73.3 Leading edge corner, adh dep
0.05-0.15 mils

1.3 41.9 Leading edge corner, adh dep
0.05-0.10 mils

1.0 32.3 Flat surface, adh dep ¢0.05-0.18
mils

1.4 50.0 Flat surface, adh dep <0.05-0.08
mils

0.7 22.6 Flat surface, (prob high ¥) adh dep
0.2 mils

2.2 82.1 Leading edge corner, adh dep
0,05-0.15 mils

1.5 48.3 Flat surface, adh dep 0.15 mils

1.7 51.5 Leading edge corner, adh dep 0.10
mils

0.6 18.5 Flat Surface, adh dep 0.05-0.10
mils

0.4 12.1 Flat surface, Pit (no corrosion
products)

1.3 39.4 Flat surface, adh dep 0.3 mils

0.6 18.2 Flat surface, adh dep 0.3 mils

1.7 50.0 Leading edge corner, adh dep 0.15
mils

1.4 38.9 Leading edge cornmer, adh dep
0.10-0.35 mils

4.0 12.1 Flat surface, adh dep 0,15-0.70 mils

1.9 55.9 Flat surface, stringer deple., adh
Dep 0.05-0.35 mils

1.8 55.6 Leading edge corner, adh dep 0.15
mil

0.7 20.0 Flat surface, Pit (no correosion
products) adh dep 0.10-0.40 mils

2,2 64.7 Flat surface, stringer deple., adh
dep 0.05-~0.30 mils

¢.5 15.2 Leading edge corner, adh dep
0.05-0.20 mils

0.4 14.3 Flat surface, adh dep 0.20-0.70 mils

0.9 30.0 Flat surface, adh dep 0.10 mils

2.6(2) 86.7 Flat surface, stringer corr. and

deple, adh dep 0.2 mils

IN 738 alloy specimens after only about 5 h of exposure to
the RQL products of combustion. Further exposure of deposit-
coated specimens from the DEC tests in an SO, seeded furnace
produced significant coating penetration by corrosion after a
total of 460 h. The test results suggest a potential for significant
corrosion in turbines operating with coal-water fuels.
Coal-fired utility boiler experience has shown a wide range
of DEC characteristics for coal fuels. The DEC levels observed
in this program were substantially affected by the ash chemistry
associated with the specific feedstock and cleaning processes

- used to formulate the test fuels. Consequently, additional test-

ing will be necessary to determine the range of DEC degra-
dations from candidate CWF used in turbine combustors and
to identify fuel ash specifications and systems measures such
as hot gas cleanup to minimize those degradations.
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Physical Aspec’ts of Deposition
From Coal-Water Fuels Under Gas
Turbine Conditions

Deposition, erosion, and corrosion (DEC) experiments were conducted using three
coal-water fuels (CWF) in a staged subscale turbine combustor operated at condi-
tions of a recuperated turbine. This rich-quench-lean (RQL) combustor appears
promising for reducing NO, levels to acceptable levels for future turbines operating
with CWF. Specimens were exposed in two test sections to the combustion products
Jrom the RQL combustor. The gas and most surface temperatures in the first and
second test sections represented temperatures in the first stators and rotors, respec-
tively, of a recuperated turbine. The test results indicate deposition is affected
substantially by gas temperature, surface temperature, and unburned carbon due to
incomplete combustion. The high rates of deposition observed at first stator condi-
tions showed the need for additional tests to identify CWF coals with lower deposi-
tion tendencies and to explore deposition control measures such as hot gas cleanup.

R. A. Wenglarz

R. G. Fox, Jr.

Allison Gas Turbine Division,
General Motors Corporation,
Indianapolis, IN 46206

Introduction

Coal-water fuels (CWF) are being considered for boiler
plants and combustion turbines. A major area of technical
uncertainty for these applications is component degradation
due to deposition, erosion, and corrosion (DEC) from ash in
the CWF. Some DEC testing of related boiler applications has
been conducted (Jones and Matthews, 1985). However, the
DEC behavior of CWF at boiler conditions is probably not
representative of the behavior of candidate turbine CWF.

Turbine CWF are expected to be more highly processed to
result in lower ash levels (perhaps less than 1 percent) than for
boiler fuels (often > 10 percent). An increased level of coal
cleaning affects not only the overall level of ash but also the
ash chemistry, which could affect the compounds and melting
points of particles formed in the combustion process. Com-
bustion intensities and pressures are much higher with much
shorter residence times (by one to two orders of magnitude)
for typical turbine combustion processes compared to boiler
plant combustion. Consequently, kinetic effects in ash
transformations during combustion are likely more significant
for turbine combustors.

The gas stream conditions and the surfaces that are exposed
to the combustion products are different in turbine applica-
tions and boiler applications. Gas stream velocities are more
than an order of magnitude greater and some surfaces operate
at temperatures that are several hundred degrees higher in tur-
bine applications. The higher velocities tend to increase parti-
cle delivery rates to surfaces and higher temperatures tend to
increase the probability of particle sticking on those surfaces
(and probably increase corrosion potential).

Contributed by the International Gas Turbine Institute and presented at the
34th International Gas Turbine and Aeroengine Congress and Exhibition,
Toronto, Ontario, Canada, June 4-8, 1989. Manuscript received at ASME
Headquarters February 1, 1989. Paper No. 89-GT-206.
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The following discusses some results of early coal-water
fuel deposition, erosion, and corrosion tests under simulated
turbine conditions. Simple geometry specimens were exposed
to the combustion stream produced by a rich-quench-lean
(RQL), low-NO, burner. The emphasis in the results to be
described is the understanding of critical factors and
mechanisms affecting DEC for turbines operating with a
CWF. Such understanding is directed to aiding specification
of fuel properties and turbine system design and operating
conditions for use of coal-water fuels.

Test Facility

A staged, RQL combustor was used for the DEC tests. The
RQL Combustion system was developed originally under Na-
tional Aeronautics and Space Administration (NASA)/DOE
sponsorship to investigate the combustion characteristics of a
rich-lean combustion process aimed specifically at the reduc-
tion of oxides of nitrogen (NO,) yield from fuel bound
nitrogen. The original combustor (illustrated in Fig. 1) has
three stages: rich, mixing, and lean zones followed by a dilu-
tion zone. Airflow to the rich, mixing, and dilution zones is
controlled by three variable geometry mechanisms that can be
adjusted independently of each other. The variable geometry
feature provides a degree of control of combustion conditions
in each zone for the purpose of optimizing overall combustion

" and emissions performance.

The RQL combustor has demonstrated high combustion ef-
ficiency and low NO,, CO, and unburned hydrocarbon emis-
sions using distillate, heavy petroleum residual, and synthetic
coal-derived liquid fuels (Novick and Troth, 1981). Based on
results of subsequent tests (Wilkes et al., 1985) with CWF, the
combustor lean zone was extended to increase residence time
in the lean stage by a factor of 3 to 4 and thereby improve
combustion efficiency.

JANUARY 1990, Vol. 112/9
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Element Fuel 1 Fuel 2 Fuel 3
Carbon 82.76 82.79 82.89
Hydrogen 5.19 5.20 5.22
Nitrogen 2.11 2.08 2.15
Chlorine 0.19 0.15 0,17
Sulfur 0.91 0.96 0.71
Ash 1.25 0.97 0.69
Mineral analysis of ash--wt % of ash

Phosphorus 0.88 0,57 0.23
Silicon 12.00 11.48 7.50
Iron 20.40 21.90 23.14
Aluminum 14.24 13.92 10.94
Titanium 0.83 0.83 1.00
Manganese 0.02 0.03 0.04
Calcium 3.82 3.37 4,73
Magnesium 0.82 0.98 1.40
Potassium 1.19 0.98 0.87
Sodium 0.58 0.73 0.98
Oxygen/trace elements balance balance balance

valve

Lean zone
Gas stream

G
thermocouple as stream

cooling ports
Cooled specimens
with thermocouples

Fig. 2 DEC test facility schematic

The DEC characteristics of products of combustion (POC)
from turbine combustors directly fired with CWF are virtually
unknown and depend on many variables. Consequently, a new
DEC facility was designed and fabricated to control and effi-
ciently explore as many DEC variables as possible with
available resources and provide data that can be extrapolated
to operating turbines. This has been accomplished by using
simple specimen and flow passage geometries, which control
product of combustion (POC) particle impact rates, angles,
and velocities, utilizing a double test section arrangement, and
operating at reduced pressure (310 kPa [45 psia)] while main-
taining the same combustor residence time as for a full-
pressure engine. The data from this test facility are intended to
be used for identification of critical DEC mechanisms and ex-
trapolations using turbine deposition and erosion models to
estimate turbine maintenance intervals. Critical factors and
mechanisms affecting turbine deposition from CWF are
described in this paper. The data extrapolation approach and
maintenance interval extrapolations using data from the tests
described here are given elsewhere (Wenglarz, 1987;
Ahluwalia et al., 1989). The DEC test facility and data ex-
trapolation approach are advancements of those used
previously in 600 h of residual oil tests (Whitlow et al., 1982)
and 1400 h of coal-derived liquid tests (Spengler et al., 1983).

A schematic for the DEC test facility is shown in Fig. 2.
Cooled specimens are exposed to CWF combustion products
from the RQL combustor in two test sections. The gas and
most specimen surface temperatures of the first and second
test sections were representative of the maximum gas and sur-
face temperatures of the first two expander rows (first stator
and first rotor) of a recuperated turbine. The gas temperature
entering the first test section was nominally 1100°C (2000°F).
Air injected immediately downstream of the first test section
reduced the gas temperature entering the second test section to
about 980°C (1800°F). The transition duct from the com-
bustor to the first test section was designed with sufficient
length to accelerate particles to the gas velocity of 183 m/s
(500 f/s). The gas velocity then controlled the particle impact
velocity on the specimens. The wedge-shaped specimen flat
surface orientations controlled the particle impact angles (10,
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Table 2 Carbon levels and size distributions for POC particulate

sampies
Carbon wt-- Carbon burn- Avg particle Vol--% Vol—-%
Fuel % in sample out eff--% dia (um) 210 um 10 to 5 um
TEL e 81.45 94.4 10.2 51.0 28.6
2 96.56 72.5 8.5 43.3 31.3
3 94,43 - - 90.1 14.5 65.4 20.2

30, and 45 deg). The surface temperatures for most specimens
were 980°C (1800°F) in the first test section and 900°C
(1650°F) in the second test section. One specimen in each test
section was cooled up to 100°C (180°F) lower surface
temperature (than a turbine airfoil) to evaluate possible
beneficial effects on deposition and corrosion. One uncooled
SiC specimen was also exposed in each test section to evaluate
the erosion and corrosion resistance of this potential turbine
material. The remaining specimens were constructed of a tur-
bine alloy (IN 738) covered with a CoCrAlY coating of the
type that has demonstrated erosion and corrosion resistance in
coal-fired PFBC cascade tests (Stringer et al., 1985).

Test Fuels

Table 1 gives properties of the three fuels used in the DEC
tests. The fuels were formulated by the one supplier from one
batch of coal cleaned to three ash levels (1.25, 0.97, and 0.69
percent). The cleaned coal was slurried with water and the
same additives to produce a coal loading of about 50 percent.
A common coal feedstock was used to evaluate the effect of
the degree of ash removal and eliminate feedstock variation
effects on DEC. The largest coal particle size was 40 y m for
fuel 1 and 15 pm for fuels 2 and 3. The viscosity-inhibiting ad-
ditive level in fuel 3 was about twice that of fuels 1 and 2. The
differences in the largest coal particle size and additive level
were chosen to explore their effects on atomization, combus-
tion, and resulting DEC.

Although the DEC test duration goal for each fuel was 5 h,
factors such as premature shutdowns resulted in deviations
from the nominal. The durations for DEC tests of fuels 1, 2,
and 3 were about 5.0, 1.7, and 4.3 h, respectively.

Test Results

Product of Combustion (POC) Particulate. Using an
isokinetic probe, POC particulates were captured immediately
downstream of the RQL combustor. The particulates were
rapidly cooled by quenching upon capture to prevent further
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Fig.3 Carbon burnout versus ash concentration in particulate samples

oxidation. Table 2 gives carbon levels and size distributions
for POC particulate samples obtained in combustion tests
conducted at the at the same conditions as the DEC tests for
three test fuels. The relatively high particulate carbon level
shown for the combustor test of fuel 2 was probably. lower for
the corresponding DEC tests. A partial nozzle air obstruction
occurred in the combustion test but was corrected for the DEC
test of fuel 2.

Carbon burnout efficiency for the three fuels is also given in
Table 2. These were obtained using a formula (applicable to
slurry and dry fuels) that obtains fractional carbon burnout by
relating the weight fraction W, of ash in the particulate sam-
ple to the weight fraction W, of ash in the coal from which the
fuel was made (Germane et al., 1984):

burnout fraction = (1- W, /W,)/(1-W,)

Using this formula, Fig. 3 gives carbon burnout efficiencies
versus percentage ash in POC particulate for combustion of
fuels with several ash levels. Figure 3 shows that relatively high
carbon weight fractions greater than 50 percent can occur in
POC particulate even at 99 percent carbon burnout efficien-
cies for fuels containing ash levels <1 percent. In contrast,
POC carbon levels are less than about 5 percent at 99 percent
carbon burnout efficiencies for coal fuels containing = 15
percent ash such as might be used in coal boiler plants.

The much higher carbon fractions in gas stream particulate
for prospective coal-fueled turbine systems compared to con-
vention coal-fired boilers may result in increased deposition.
Several factors could increase particulate delivery rates to tur-
bine surfaces and their probability of sticking upon impact to
build up deposits:

1 Increased amounts of particulate larger than 10 pm in
diameter due to incomplete carbon burnout could result in
higher particle delivery rates to turbine surfaces.

2 Volatile carbon that was not released could be sticky at
gas stream temperatures to cause particle attachment at im-
pact on surfaces. This effect has been observed in deposition
tests (Jones and Matthews, 1985) using CWF at boiler condi-

tions and could be enhanced in turbines due to higher carbon

fractions in the particulate.

3 Carbon in the particulate could be burning in the gas
stream to increase particle temperatures above gas
temperatures and increase the molten fraction of ash carried
with the carbon particles. The higher molten fraction would
increase the probability of particle sticking upon impact on a
turbine surface. At the surface, burning carbon could melt the
ash deposit in its vicinity to provide a sticky surface to capture
other impacting particles.

Journal of Engineering for Gas Turbines and Power

Table 3 Impact fraction versus particle size for first stator passage of
5000 hp turbine

3um  6um -9um Ime 15um 25um
Impact fraction 0.08 0.19 0.30 0.42 0.5 0.84

Table 4 Particulate sample size distribution before and after ashing

Av; rticle dia Vol % > 10 um Vol %-10 to § wm
Before  After Before  After Before After

Fuel ashing ashing aghing  ashing &shing ashing

1 10.2 3.2 51.0 12.2 28.6 19.8

2 8.5 2.9 43.3 9.2 31.3 15.8

3 14.5 2.6 65.4 13.0 20,2 11.7

Table 5 Carbon levels in deposits from DEC test 1

Specimen surface temperature-—°C (°F) Carbon—-—%
1100 (2000) uncooled 0.02
980 (1800) 0.04
900 (1650) 0.07

4 Burning carbon in the gas stream or at turbine surfaces
could result in locally reducing conditions to depress melting
points of ash material carried by the carbon or at the impact
surfaces.

Analyses were conducted to explore whether the above fac-
tors might have contributed to deposition in the DEC tests and
whether they might be significant for turbines operating with
CWF, Table 3 shows the estimated mass fraction of particles
entering first stator passages that impact a stator airfoil sur-
faces for a turbine size in the 5000-10,000 hp range. These im-
pact fraction versus particle diameter results were obtained
with the aid of a turbine inertial impaction particle delivery
model. Table 3 shows that the impact fraction increases with
particle diameter such that virtually all particles larger than
about 30 um impact the first stator surfaces. Comparison of
impact fractions in Table 3 with the size distributions in Table
2 indicates that a significant fr