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An experimental investigation was conducted to determine whether
the maximum suifur content of 0.i weight per cent, currently allowed in grade
JP-5 aviation turbine fusl, is a safe level for the protection of turbine
blade alloys used in high-performance engines,

Specimens of two nickel-base alloys (Inconel 713C and Sierra Metal
200) were exposed to vitiated air from the Phillips 2-inch combustor (56 air-
fuel ratio) at high tempsrature (2,000 degrees Fahrenheit), high pressure
(15 atmospheres), and high velocity (500 feet per second) during a five-hour
cyclic test (55 minutes fusl-on and 5 minutes fuel-off). A statistically
designed test program wes used to evaluate the effect of three sulfur
concentration levels in the fuel (0.0002, 0.040, and 0.40 weight per cent)
at three sea salt concentration levels in the air (zero, 1.50, and 15.0 parts
per lillion), and aioo any sulfu' x sea salt interaction. The significance
of test specimen metal losses and changss in tensile properties was
estahlished by analyses of variance, made at a confidence level of G5 per cent.

Both super alloye showed good resistance to oxidation and erosion,
in the absence of sulfur and sea salt, Little or no evidence was found of
sulfur corrosion in the abaence of sea salt. Catastrophic sea salt corrosion
was encountered with both super alloys in scme instances. A significant
sulfur x sea salt interaction was shown by both super alloys; but, while hot
ges corrosion of Incomel 713C was accelerated, hot gas corrvsion of Sierra
Metal 200 was inhibited.

Decreasing sulfur concentration in fuel, from the current JP-5
specification maximum of 0.40 to 0,040 weight per cent, did not reduce sea
salt corrosion significantly. However, the complex interactiorn found with
ingested sea water does not allow for a recommendation as to the naximum
sulfur limit in JP-5, without additional data, It is recommended that this
study be extended to include additional super alloys, evaluated over a range
in exhaust gas temperature. A sxggested test program is outlined to obtain
the recommended additional information.
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EFFECT OF JP-5 _SULFUR CONTENT AND SEA WATER INGESTION ON

HOT GAS CORROSION OF SUPER ALLOYS

I. INTRODUCTION

A, Gas Turbine Engine Operation in Marine Environment

In the past, the 0.4 weight per cent of sulfur allowed in grade
JP-5 aviation turbine f{uel has not accelerated the corrosion of engine hot
section parts significantiy. The concentration of sulphurous gases in the
combustor exhaust stream has not been high enough, under the oxidizing
conditions and at the temperatures prevailing, to result in sulfidation
of turbine blades, The chromium content of the nickel-base alloys involved,
which aids the super alloy in resisting attack by oxygen and sulfur, has
bsen near 20 per cent and operating temperatures have not exceeded 1,700 F.

Continued development of the aircrart gas turbine engine, to
decrease specific fuel consumpti:-' and increase specific power, hes required
the develoment of new alloys to perm’t higher cycle temperatures., Engines
of advanced design are operating now with turbine inlet gac temperituras
of 2,100 F. These new alloys are characterized by a reduction of chromium
convent to near 10 per cunt in order to increase the concentratiun of high
temperature strengthaning elements. While their resistance to oxidation
appears satisfactory, reports of acceleraled corrosion by sulfidation must
be evaluated carefully by the Navy,

Catastrcphic corrosion of nickel-base alloys having lo# chromium
content has been encountered where operatior has been over or near the sea
(Ref. 1 and 2). Traces of sodium sulfate, a major constituent of sea salt,
has been detected on corroded turbine blacss. It has been possible to
reproduce the essential features of the attack on the new type super alloys
in laboratory tests by erposure tuv sea salt.

Required aircraft operstionai patterns exclude control over sea
water and sea salt ingestion by the engine. However, other approaches to
limiting sulfidaticn of hot sectioa components are being investigated by
the Navy. The use of trenspiretion air cooled turbine olades has been
suggosted as a design approach to lower metal operating temperatures (Ref. 3).
Another approach might be the use of fuel of low sulfur content to reduce
the concentration of \ulphurous gases (Ref. 4).
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Changes in metallurgy to improve corrosion resistance do not
appear promising, since they would lose the physical properties which made
a desirable structurali material in the first place, However, the application
of suitable protective cnatings to resist attack by corrosive matrrials is
being vigorously pursued, with much promise (Ref. 5). Perhaps suitable
coatings of a self-healing nature might be made by the use of proper fuel
additives, as has been the practice with industrial gas turbine engines
operating on residual fuels. Such a feature would be of great value, for
even under the best circumstances coatings are susceptible to random defect
failures and reliability remains as the major problem confronting the user.
The perfection of a self-healing coating system might allow the use of
refractory-metal-base alloys operable at temperatures near 3,000 F,

B. Hot Gas Corrosion of Super Alloys

Super alloys (nickel-chromium-cobalt hase with smaller amounte of

aluminum, titanium, columbium, molybdenum, etc.) have been developed for
service in oxidizing atmospheres at temperatures near 2,000 F., Their
superior physical properties are required by aircraft gas turbine engines

for hot section components, such as rotating turbine blades, where mechanical
and thermal stresses are at a maximum. Their resistance to oxidation damage
results from the growth of stable adherent metal oxide acales; therefore,
these parts do suffer from oxidation damage, but it is usually not
significant until after hundreds, or even thousands, of hours of operation.

Under the oxidizing conditions existing in the hot section of an
aircraft gas turbine engine, sulfur attack is normally no more severe than
oxygen attack, due to the formation of a surface oxide film on the alloy
(Ref. 6). However, the deposition of ash from the air or fuel opens the way
for catastrophic rates of sulfidation, associated with the fluxing action
of molten phases formed »n the surface of the metal structure (Ref. 7, 8,

Q, and 10). A common source of such deposits is sea salt, which is rich

in sodium sulfate. The deposits may serve to collect and concentrate
sulfur, which is normally present in harmless concentrations in the exhaust
gas and convey -t to the metal surface beneath the deposit.

There is no generally satisfactory solution to this problem short
of removal of the molten phase from contact with the metal. Wwith oferation
in a marine environment, it is not usually feasible to prevent the ingestion
of sea water and sea salt. The altermate has been to keep the temperature
below the fusion temperature of the predominately sodium sulfate deposit, or
to use an alkaline earth additive to raiss its fusion temperature above the
temperature of operation.

.. Review of Prevjous Work by Phillips Petroleum Company

Limited investigations of the effect of fuel sulfur on "hot section®
dureability of aircraft gas turbine engines have been conducted by Phillips
Petroleum Company working under U. S. Navy Buresu of Naval Weapons
Contracts NOas 58-310-d, NOas 60-6009-c, NOw 61-0590-d, and N60O (19)-58219
(Ref. 11, 12, 13, and 14). Much of this work has been summarized in a
paper presented to the Institute of Petroleum (Ref. 15). In addition, a

e . i .
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small amount of exploratory work was conducted during the first quarterly
period of the present Contract NOw 63-0406-d (Ref. 16). These investigations
have shown that:

1. The form in which sulfur exists in tue fuel (i.e., organic
sulfur compound type) is unimportant to hot gas corrosion as
compared to the gross sulfur content of the fuel. (Ref. 11
and 12)

2. The extent of sulfidation is a linear function with time,
indicating that its mechanism is not diffusion controlled by
a coherent barrier layer of scale. (Ref. 11, 12, 13, 14, 15,
and 16)

3. The aromatic content of the fuel (0 to 25 per cent) had no
measurable effect on hot gas correcsion rates, indicating
that variations in exhaust gas scot content and flame

radiant heating at high pressure were not significant. (Ref.
16)

L., The relative rates of hot gas corrosion for a group of super
alloys at atmospheric pressure did not correlate with rates
obtained at high pressure, indicating that sulfidation
reactions are pressure dependent a».i vary with alloy
composition. (Ref. 1i)

5. Svlfv: hed little, or no, effect on hot gas corrosion--in
the absence of sea salt. (Ref. 15)

6. Sea msalt acceierated hot gas corrosion at high temperatures
1,50C te «,000 F, but had no effect at 1,350 F. (Ref. 13 and
145

D. Contract NOw 63-04,06-d

An experimental investigation of corrosion by hot gases cf modem
super alloys used in aircraft turbine engines of advanced design was
conducted by Phillips Petroleum Company during the third quarterly period,
October through December, 1963, of U. S. Navy Bureau of Naval Weapons
Contract NOw 63-0406-d. Coupons of .luminum-titanium-hardened nickel -
chromium-base alloys were exposed to high velocity gases, it high temperature
and high pressure, to evaluate the affect of the latter's sulfur and sea
salt content.

This study vas made to determine whether the maximum sulfur limit
of 0.4 weight per cent, currently allowed in grade JP-5 aviation turbine
fuel, is a safe level for the protection from hot gas corrosion of turbine
blade alloys used in advanced engines when operating in a marine environment.
If not, information was sought to show whether a reduction in the sulfur
limit for JP-5 would alleviate ot gas corrosion significantly.
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The use of oversimplified test methods, such as furnace exposure
to high temperature or torch exposure to high temperature and high velocity,
does not provide exposure to the full range of variables encountered in
actual service. While a limited amount of such data ar: availahle from
the literature (Ref. 4, 6, 7, 8, 9, and 10), they cannot be accepted with
confidence,

A more restrictive limitation on the amount of sulfur allowed
in JP-5 carries with it the certainty of decreased availability, and the
potential of increased cost. The former can be very important in the event
of a national emergency, while even a small increment in the latter can
amount to a substantial sum because of the large volumes involved.
Therefore, this investigation was carefully designed, using a
high-pressure burner rig to obtain exposure of super alloy test specimens
to conditions closely simulating those prevailing in service. For maximum
severity of test conditions, a high compression ratio aviation gas turtine
operating at sea-level take-off conditions was simulated. The super
alloy test specimens were exposed to the exhaust gas from a combustor
operated at the following conditions:

1. Combustor inlet temperature of 1,000 F.

2. Combustor pressure of 15 atmospheres,

3. Combustor exhaust gas temperature of 2,000 F.

L. Combustor reference velocity of 200 ft/sec.

5. Cyclic operation each hour, with 55 minutes at temperature.
A statistically-designed test program was corducted to show whether the
concentration ¢f sulfur in the fuel accelerated sea salt corrcsion
significantly. The extent of hot gas corrosion was based on evaluation
of:

1. Test svecimen weight loss.

2. Deterioration in test specimen tensile properties.
1. TEST EQUIE T

A. Phillips <-inch Combustor

A schematic diagram of the Phillips 2-inch combustor installation
used in this study {s shown in Figure 1. Design details of this comtustor
have been describe’ previcualy (f.17). asically, it eambodied the principal
features of a modern aircrart gas turtine comrustor. It was a streight-
through, can-type, combustor with fuel atomisation by a single, simpiex-type,
nozzle. The flame tube was fabricated from 2-inch, Schedule 4O, Inconel

b A
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pipe, with added internal dsflector skirts for film cooling surfaces
exposed tc the [lame,

The suproriing test facility has been described previously in
detail (Ref.18). Briefly, air was supplied by rotary Fuller compressors,
filterea by a Selas Vape-Sorber, and preheated by a Thermal Research heat-
exchanger. Fuel was suipiied by nitrogen pressurization of its supply
tank, Also, sea water was supplied by nitrogen pressurization of its
supply tank.

The design of the combustor installation provides for essy access
to the fuel nozzle, flame tube, and test specimens, The combustor
installation was disassembled, inspected, and reconditioned after every
test.

During preliminary testing, sea water was injected into the
primary none of the combustor, near the fuel nozzle. The injection probe
was water cooled to prevent vaporization of sea water, and plugging of the
orifice with sea salt. It became evident immediately that flame tube
life would be limited to a single 5-hour test with sea water because of
severe corrosion of the internal deflector skirts, Therefore, the sea
water injection point was moved downstream to the quench zone of the
combustior, as shown in Figure 1. This markedly improved flame tube life.

During preliminary testing, an air cooled, 310 stainless steel
exhaust section was used. It soon became evident that this would not
stand extended psariods of operation with 2,000 F exhaust gas temperature.
Therefore, it war cooled by water jacketing, with excellent results.

It is of interest to compare data from the preliminary tests with
that obtained following relocation of the sea water injection probe and
addition of water cooling to the exhaust section. It will be noted from
Table I that these modifications in test equipment had a negligible sffect
on hot gas corrosion of Inconel 713C. Therefore, it was concluded that
important changes in the sea salt did not occur as a result of its
exposure to either flame temperature or longer residence time in the
combustor prior to contacting the test specimens. In addition, it was
concluded that an important reduction in test specimen temperaturec did not
resuit from the lower exhaust section wall temperature,

Good test repestability was indicated by the data presented in
Table I. An excellent spread in weight loss is also evident between tests
with the sulfur free (two parts per million) base fuel and the base fuel
with added sulfur plus ingested sea water, In view of these data, it was
decidad to inject the sea water into the quench zone of the combustor and
to water jacket the exhaust section. During the test program that followed,
no failures of either the flame tube or the exhaust section were noted,
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TABLE [

EFFECT OF TEST EQUIPMENT MODIFICATIONS ON LEVEL
OF HOT GAS CORROSION

Average Weight Loss for Two
Inconel 713C Test Specimens at

2,000 F Test Condition, Milligrams

Test Equipment Modification Base Fuel with
0.4v Per Cent Sulfur,
Sea Water Ingestion [Exhaust Section Base Fuel 15 ppm Sea Salt in Air
Combustor Inlet Air Cooled 52 2098
{Flame Zone) 2166 (Check Test)
Combustor Dutlet Water Cooled 20 2167
(Quench Zone; 26 (Check Test) 2246 (Check Test)

B. Specimen Holder

The test specimen holder was of the same design employed in
sarlier work (Ref. 16), Its general location with respect to the 2-inch ccmbustor
has alreaqy veen indicated in Figure 1. It is separated from the 2-inch
combustor by a six-inch long wa.er cooled spocl, and is followed by another
water cooled spool one foot in length. It is mounted in a suitable cavity
in a flange located petwsen these two water cooled apools.

The cross sectional area of fhe 2-irich pipe in which the test
specimen holder is located is 3.36 in.“; however, the unblocked area in
the test specimen holder is only 1.80 in.2. The holder maintains the test
specimens at an angle of 45 degrees to the direction of flow of the exhaust
gas, as shown in Figure 2. This provides for acceleration of the gas flow
over the surface of the test specimens, much as over the turbine blading in
an actual engine,

While the 310 stainless steel test specimen holder is subjected
to considerable attack by the hot exhaust gases, this design provides for
easy removal of the test specimens--and replacement of the holder when
nacessary.

It is apparent from the location of the test specimens relative
tc the flow direction that the specimens were being subjected Lo an appreciable
gas preesure loading whiie a test was in progress. The pressure drop across
the specimens is a measure of the loading and £or most of the test results
discissed in this report, amounted to 5 1b/in.<.




TWO 0.80"" x 2.38" x 06" TEST
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FIGURE 2
TEST SPECIMEN HOLDER FOR PHILLIPS 2—INCH COMBUSTOR




Ressarch Division Report 3686-64R
Pags 9

C. Specimen Electrocleaning

A very satisfactory technique for the removal of specimen scale
or bulk oxide after exposure to hot gas corrosion has been described by
Shirley (Ref. 8). This technique was used in this study. A schematic dia-
gram of the cathodic descaling apparatus is shown in Pigure 3. Test specimens
have a No. 30 drill hole in one end for hanging in the caustic bath.
Briefly, the technique involves immersing the spec 8 in molten sodium
hydroxide (750-790 F) and paseing about 1/3 ampers/ca® through the
specimens for a period of 10 minutes. Thus for two test specimens with a
total surface area of 35.28 cm?, a direct current of 12 amperes was used.
This is followed by a water quench. With new, unexposed specimens, only
a negligible amount of metal is lost with this technique. The effects of
cathodic descaling are discussed in greater detail in the Results section
of the report.

D. Specimen Modification for Tensile

Ag shown in Figure 2, a test specimen consisted of a coupon of
super alloy 0.50 in, wide, 2.38 in. long, and 0.06 in. thick. After
axposure to hot gas corrosion in the combustor, preweighed specimens
wers cleaned as described in Section II-C and then reweighed to determine
the weight loss.

Prior to the measurement of the tensile properties, both before
and after exposure to hot gas corrosion, the new or cleaned specimen was
filleted as shown in Figure 4. The width of the temsile specimen, 0.250 1
0.002 in., was easily measured with a micrometer. However, when the
specimen had been exposed to hot gas corrosion, the irregular surfaces
of the top and bottom sides made tha thickness more difficult to measures.
Therefore, there was 2 minor uncertainty in the cross-sectional area to
be used in the calculation of the ultimate tensile strength of specimens
after exposure to hot gas corrosion,

The tensile specimens were pulled in an Instron Model TTCl
tensile machine operated at a crosshead travel rate of 0.1 in./min. The
gauge length of the tensile specimen was 0.875 in.

III. TEST MATERIALS

A, Fuel

1. Suflur in Petroleum

Natural crade oil is composed of hydrocarbons, primarily. However,
normally there are smnll amounts of organic compounds of sulfur, oxyvgsn,
and nitrogen present, in addition to very small amounts of metallo-organic
campounds of vanadium, nickel, iron, and copper. These non-hydrocarbon
constituents are usually concentrated in the higher-boiling-temperature
portion of the crude oil, along with polymuclear aromatics and mlti-ring

bl
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cycloparaffins. Generally, they have been avoided in aviation turbine
fuels by specification of fractions boiling below 550 F.

Sulfur is the exception. Decomposition of high molecular weight
sulfur compounds occurs during refining operations, to add lower-boiling
sulfur compounds which were not constituents of the original crude oil,
Thus, a kerosine type frection, such as JP-5, usually contains sulfides
(RS), disulrides (RSy), etc.

The amount of sulfur in crude oil varies over a range of several
orders of magnitude; i.e.,, from about 0.05 to 5 weight per cent. South
American, Near and Middle Bast crude oils con?«in, on the average, more
sulfur. However, crude oils produced from a pi7ven geogrephical region can
vary grectly.

Conventional refinery distillation of crude oil normally
concentrates about 95 per cent of the sulfur in the heavy distillate
fraction and residual portion. This leaves the middle distillate fractionm,
used for aviation turbine fuel, relatively free of sulfur. Further removal
of sulfur has long constiturted an important part of refinery practice to
stabilise products with respect t> odor, color, and gum formation.

For more detailed discussions of the above information, see
Ref, 19.

2. Sulfur in JP-5

The sulfur content of 54 samples of grade JP-5 aviation turbine
fuel, repressntative of produnction in the United States from 1957 through
1963, averaged 0,102 weight per cent, but the median value was only 0,060
weight per cent sulfur (Ref. 20). These data are tabulated in Table II.
It is pertinent to point out that the precision of the ASTM Lamp Method
(D-1226) used by the manufacturers to obtair these data is O.Cl weight per
cent sulfur, since 11 per cent of the samples were at, or below, this
level. The majority of the samples, 54 pir cert, were between 0.02 and
0.10 weight per cent in sulfur content. Howuver, thi: left 35 per cemt
which approached the JP-5 specification naximum of 0.4L0 weight per cent
sulfur.

It is of in.erest to note that 288 samples of the sore volatile
grade JP-4 aviation turbine fuel, averaged over tae same pe.iod of time,
showed a sulfur content of 0.04. weight ver cent (Ref. 20), This is 43
per cent of the average sulfur content reported for JP-§5.

On the basis of this and other similar information, it was
decided to corijuct this study using test fuels having three levels of sulfur
concentration. One was chosen at the maximum sulfur content of 0.4C weight
per cent allowsd by the specification for grsde JP-5 aviation turbine fuel,
since a consideradble quantity of production fuel appro. .hes this level.
Another was selected at sn order of magnitude iess in sulfur content, 0.04LC
weight per- cent, to represent the level charecteristic of the ma‘or portion
of aviation turbine fuel produced. A decrease in sulfur content of another
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order of magnitude, to 0.0040 weight per cent, sesmed ressonable for the
third fuel; however, it was felt that an even lower level would be desirable
to allow testing with an essentially sulfur-free base fuel.
T II
SULFUR OF RE A « S, OR SAMPLES OF JP-

U. S. Bureau of Mines Petroleum Product Survey (Ref. 2C)

%
;
E

0.02 0.024 0.01 0.004  0.005 0.005 0.01
0.063 0.053 0.022 0.038 -~ 0.023 0.01 C.027
0.16 0.072 0.027 0.078 0.032 0.024, 0.033
0.18 0.160 0.031 0.182 0.035 0.027 C.039
0.22 0.16 0.036 0.23 0.046 C.028 0.050
0.29 0.04 0.056 0.067 0.087
0.23 0.22 0.0e 0.09
0.35 0.23 C.097 C.15
0.25 ¢.18 0.19
o.18 0.32
C.32
Total
Average 0.129 0.110 0.093 0.106 0.100 0.¢3 G.100 0.102
Kedian 0.16 0.116 C.034 0.078 0.046 0.067 0.069 0.060

3. Base PMuel

The base fuel selected for use during this study was a segregated
sample of production ASTM Type A aviatior turbine fuel. Its physical and
chemical properties of interest tc this investigation are presented in Table
III. Por compcrison purposes, the average valuee of pertinent properties
from the Bureau of Mines Petroleum Product Survey over the period frcm 1957
through 1963 are shown for grades JP-5 and JP-4 aviation turbine fue. (Ref. 20).
It should te noted that the phyaical and chemical properties of the base
fusl closely approximite the averages for JP-5, *rdth the exception of its
very low sulfur content. The basc fuel also was analyszed for metal coatwnt,
to be certain that its iron, vanadium, niciel, and copper content were
aegligible; since, if present, they would concentrate as ash and might
significantly clter ths scale camposition on the test specimer. being ex-
posed to the cambustor exhaust gas.

The base fue) was essentially free of sulfur, containing only 2
parts sulfur per milliou parts of fuel by weight; i.e., C.00L: weight per
cent sulfur. The higher sulfur content test fuels were produced by blending
to 0.04C and 0.AC weight per cent sulfur using ditertiary tatyl disulfide.
This dithiaalkane has beern widely used in past research to obtain high
salfuer coutent test fuesls, since it is relatiwvely inexpensive and availadble
at adequate purity. Also, earlier work hus shown organic sulfur ccapound
type to be unimportant in hot gas corrosion studies (Ref. i2).
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TABLE III

ICAL AND

Distillation Temperature, F

Initial Boiling Point

5 volume per cent evaporsted
i0 volums per cent evaporated
20 volume per cent evaporated
30 volume per cent evaporated
40 volume per cent evaporated
SO volums per cent evaporated
60 volums per cent evaporated
70 volums per cent evaporated
80 volums per cent evanorated
90 volume ver sent evaporated
95 volums per cant evaporated
End Point

CAL PRO

Gravity, degrees AFI . . ... ...

Gum, milligrems por 100 milliliters

Smoke Point, millimeters . . . . .
Composition, weight per cent
Sulfur .

o L] * L L ] L4 . L L] L)

Ketals (d)
Iron . .. ¢ ¢ v 0o ¢ e
Vanadium . .
Nickel . . .

Copper . . ..
Rydrocarbon Types
Normal Pareffins . . . .

Isopareffins . .

Botes:

(a) Segregated sample (BJ63-8-GA9) of production ASTM Type A aviation
turbine fuel, processed from ¥West Texas crude and finished by hydrc-

(v)
(e)

(a)
(o)

treating.

U. 3. Buresu of Xines Petrolewm Product Survey.
Righer sulfur content test fuels obtained by blending to desired suifur

L] L]

* . . L ] [ ) L ] L ] - - L ] L] L
L] L ] L] L] * [ ] L L] L ] [ ]
L L] L] L] -* L] * L] L ] L] * *

L] L ] L] L ] ® * L ] * - L ] L]

L . . * L

leas than
less than
less than

. less than

..........

level using ditertiary butyl dieulfide.

I-rey flucreseence anslysis.
Typical value for this product.
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L

Test Puol Ave
JP-;E ) JP-

87
&35
478
498

a5.2
0.2

‘52-1 5302
1.0 1.0

26,2 23.1 28.1

0.0002(¢) 0©.10 0.04
0.0001
0.0001
€.00C1
0.0001

(Ref. 20)
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B. Sea Water

1. Composition

A synthetic sea water was used in this study. Its formmlation
was taken from the Standard Method of Test for Rust-Preventing Characteristics
of Steam-Turbine Oil ir. the Presence of Water, ASTM Designation D-665-60.
The components and tneir concentrations are shown in Table IV,

Table V compares the composition of this synthetic sea water with
the average composition of sea water, as reported by Goldberg (Ref. 21).
Only the elements present in sea water at soncentrations of 1 ppm, or greater,
have besn tabulated. Smaller concentrations of elements present in sea water
are not included in the synthetic formula. It will be noted that the
abundance of the various elements in the synthetic formula compares very
Iavorably with the average sea water composition. The one exception is
silicon, and its exclusion from the synthetic sea water seems justified
in the light of its reported variation in abundance from one water-mass
to another by a factor of 1000, or more.

It is pertinent to point ocut that ses water will leave a residue
of approximately 4.2 per cent by weight of sea salt upon evaporation of the
vater. Thus, for our purposes, a concentration of 24 parts of sea water per
million parts of air is equivalent to & concentration of se- salt in air of
1 ppm. This sea salt contains approximately 2 per cent by weight sulfur,
combinasd with about 20 per cent of the available scdium as sodium culfates,
Ha250,. The remaining sodium is available tc combine with sulfur f-om the
fuel to produce additional sodium sulfate, as noted by Simons, Browning and
Liethafsky (Ref. 7). If the sulfur contributed by the fuel were completely
scaverged from the hot gas stream, it would require a fuel sulfur content
of only 0.0005 weight per cent at an air-fuel ratio of 6C to convert the
excess sodium to sodium sulfate with a sea salt ingestior rate cf 1.0 ppmin air.

TABLE IV

COMPOSITION OF ASTM D665 SYNTHETIC SEA WATER

Salt (s) _Formmla grams per liter (b)
Sodium Cr.loride NaCl 2k .54
Magnesium Chloride MgCl,.8H0 11.10
Sodium Sulfate RaoS0y L.09
Calcium Chloride CaCl, 1.16
Potassium Chioride KCi 0.69
Scdium Ricarbonate RaHCO3 C.20
Potassium Bromide KBr 0.10
Boric Acid F3B03 0.03
Strentium Chloride SrCl2.6H020 0.04
Sodium Fluoride Rar 0.003

Total &1.953
Notes:

{a) Use cp chemicals.
(b) Use distilled water.

s |
© o ——— .
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TABLE V

COMPOSITION OF SEA WATER

Abundance, grams per liter
Average Synthetic
Composition Sea Water

Flements (a) Principal Species _(Ref. 21) (ASTM D665)
Oxygen Hz0; On(g); 50,2~ 857 857
Hydrogen H,0 108 108
Chlorine Ci- 19.0 19.8
Sodium Na+ 10.5 11.0
Magnesium Mg2+; MpSO, 1.35 1.33
Sulfur 8052- 0.89 0.62
Calcium Cact; CaSO, 0.40 0.42
Potassium K+ 0.38 0.39
Bromine Br~ 0.065 0.068
Carbon HCO4~; HpCO5; 0032-; Organic 0.028 0.028
Strontium Sr<"; SrS0y 0.008 0.013
Boron B(OH)4; B(OH),0" 0.005 0.005
Fluorine F- 0.001 G.001
511icon 51(0H),; 51(OH)30~ 0.002 (t) ————-

Notes:

(a) Elements present at an abundance greater than 1 part per millicn.

(v) Silicon varies in abundance from one .ater-mass to another by a factor
of 1000, or more,

Thus, the amount of sodium sulfate in the ash is likely to be limited only
by the total sodium content of the hot gas stream.

2. Ingestion Rate

Establishing a realistic level for the concentration of sea salt
in the air ingested by a gas turbine engine operating in a marine environment
is difficult from the available literature. Woodstock and Cifford (Ref. 22)
report a concentration at 50 feet over the calm ocean near Bermuda of approxi-
mately 0.003 parts by weight of sea salt per million parts of air (ppm).
Cadle {Ref. 23) comments that salt particles over the ocean may at times be
as concentrated as 100 particles per cubic centimeter, although one per cubic
centimeter is more common. From this information, we can estimate s sea
salt concentration over a rough sea of about 0.3 ppm. Of course, this level
may be augmentsd by the vehicle. Ir fair agreement, unpublished dat: has
indicated & sea salt concentration at the compressor intake of one marine
ipplication to Le approximately 0.0l rpm under normal conditions, rising to
0.5 ppm in rough wsather. Graves and Carleton (Ref. 24), U. S. Navy Bureau
of Ships, point out that marinized gas turbine engines should te capable of
satisfactory operztion with a sea salt ingestion rate of 1 ppm. Other
unpublished data report a sea salt ingestion rate of 1.5 ppm for a helicopter
hovering at 20 feet above the ocean, with the rotor tip vortex action creating
a considerable spray.
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On the basis of this information, it was decided to conduct this
study using three levels of sea salt ingestion. First, a corrcsion base
line was obtained with no sea salt added to the combustion system. Second,
a realistic level of 1.5 ppm sea .alt in air was obtained by the injection
of synthetic sea water into the quench zone of ¢he combustor, as indicated
in Figure 1. Third, an accelerated corrosive effect was cbtained by the
ingestion of sea water alt the level of 15.0 ppm sea 2alt in air. While the
latter imposes artificially severe conditiors, il is a common metallurgical
practice to rely on accelerated testing for guidance.

C. Super Alloys

Two diifarv.av nickel-base alloys were used as test specimena during
this study. The selection of Inconel 713C and Sierra Metal 20C was uade to
obtain cast alloys representative of materials being used for turbine blades
in engines of advanced design. The chemical analysis for the heats from
which the investment castings were made are shown in Table VI, The inspectior
etandards for these castings are shown in Table VII.

Inconel 713C has been widely used ty aircraft gas turbine engine
manufacturers for both turbine blades and turbine nozzis guide vanes. It
possesses excellent strength properties up to 1800 F, and exhibits remarkable
resistance to oxidation at that temperature. It is of intereast to note
that its introduction in 195¢ led a series of cast alloys which permitted
an increase in cperating temperatures of about 100 F abrwve previously availab.
wrought materials.

Sierra Metal 200 is one of the newer cast allcys, introduced to
obtain another 100 F increase in operating temperature; i{.e,, to 1900 F,
This has required a reduction in chromium content to obtain high temperature
strength properties, which has resulted in some lowering of oxidation
resistance, It is of significance tc note the unusually high tungsten
content of this super alloy, for subsequent data show large amounts of
sodium tungstate in the scale of test specimens suffering catastrophic rates
of corrosion,

The mean initial area of the test specimens was 17.6/ cm? The
mean initial weight of the Inconel 713C test specimens was 9386 miiligrams,
and of the Sierra Metal 200 test specimens was 9754 milligrams.
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TABLE VI
COMPOSITION OF SUPER ALLOY TEST SPRCIMENS

Chemical Analysis, per cent

Alloying Elements Inconel 713C Sierra Mstal 200
Rickel Balance (70.63) Balance (60.34)
Cobalt 0.38 $.80
Chromium 12.93 9.14
Mo lybdenum 4.64 —
Tungsten — 12,12
Aluminum 6.48 4.78
Titanium 0.82 2.00
Manganese c.01 0.04
Iron 1.26 0.53
Zirconium 0.14 0.068
Columbium 2.25 0.99
Silieon 0.31 0.01
Boron 0.012 0.015
Sulfur C.007 —
Carbon 0.13 0.17

TABLE V1I

1,

INSFICTION STANDARDS FOR SUPER ALLOY TEST SPECIMENS

Dimensional

1.1 Investment castings were finished to 0.06 in. by 0.5 in.
by 2.38 in., with a tolerance of + 0.01 in.

1.2 Positive roughness was removed, or reduced, by finishing
to obtain a "smooth" section surface.

Visual

2.1 Negative defects which did not exceed 1/16 in. diameter by
1/64 in. deep, and separated by a distance equal to the
diameter of the larger defect, were acceptable.

2.2 Evideace of mold crack, or partline, to 1/64 in. high, or
deep, was acceptabls,

2.3 Positive roughness to 1/64 in. high was acceptable.
Fluorescent Penetrant (Zyglo)
3.1 Cracks and through porosity were not acceptable,

3.2 large faintly fluorescent areas (1/4 in. diameter as a guide)

in which definite glowing areas do not exceed 1/16 {n. were not
cause for rejection.

X-ray
4.l Cracks were not acceptable.

L2 gss.aeebigcluniona up to 3/32 in. in their greatest dimension were
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IV. TEST PROGRAM
A. Procedure

The operating conditions selected as representative of modern,
high performence aircraft are shown in Table VIII under the column heading
2006 F, It 1is ssen that operation was at a pressure of 15 atmospheres,

a refersnce inlet air velocity of 200 ft/sec, an inlet air temperature of
1000 F and an exhsust ga: temperature closely approaching 2000 F. The
resuitent test specimen temperature was 1830 F and the flow velocity over
the specimens was 500 ft/sec. Under these conditions, synthetic sea water
was injected at the rates 0.0, 1.5 and 15 ppm sea salt with fuel sulfur
contents of 0.0002, 0.040 and 0.40 weight per cent.

The procedurs consisted of a five-hour cyclic test with 55 mimtes
of exposure of the test spccimens to hot gases followed by 5 minutes with
the fuel turned off. On completion cf a test, the specimens were cathodically
cleaned, as described in Section II-C, for determination of weight loss.
The tensile properties (ultimate tensile strength, ultimate load and per cent
elongation) were measured zfter preparing the specimens for this purpose as
described in Section II-D.

Photomicrographs of the specimens were made for examination to
determine the depth and the type of the corrosion attack. X-ray diffraction
analyses of the scale from some of the specimens were also made to provide
information conce.ning the chemical composition of ccrrosion products.

In addition, a brief investigation was made of the effect of temp-
erature on the hot gas corrosion of super alloy Inconel 713C. Tests,
simjilar to those described above, were run at exhaust gas temperatures of
1500 and 1750 F under the conditions shown in Table VIII. In these tests,
the sulfur cortent of the fuel we< 0.40 weight per cent and the sea salt
concentration in thre combustor air was 15 ppm. A single test was made at
each temperature ard one specimen was used for weight loss measurement and
the other for X-ray diffraction analysis cf the scale and for photaomicrographs.

Under the high temperature conditions (2000 F), supplementary
tests were made with essentially sulfur free fuel substituting other asources
of sodium compounds (sodium chloride and sodium hydroxide) for sea salt.
Weight losc was measured and the scale was analysed by X-ray diffraction.
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TAB I
0 G S OF PH PS 2-INCH COMBUSTOR
Test Conditions (a)
Test Variables 2000 F 1750 F 1500 F
Temperature, degrees Fahrenheit
Exhaust Gas . . . . . . . 1993 + 18 1746 + 11 1498 + 7
Profile (b) . . . . . 210 190 110
Test Specimens . . . . . . 1830 1720 (¢) 1590 (e¢)
Combustor Inlet Air . . . 1000 £ 10 900 t 10 800 + 10
Pressure, ataospheres
Combustor Inlet Air . . . 15.0 £ 0.1 15.0 £ 0.1 15.0 + 0.1
Combustor Drop . . «. « .« . 0.6 0.8 1.0
Test Specimen Drop . . . . 0.3 0.4 C.5
Mass Flow Rate, pounds per hour
Mr . ..o oo oo 5480 + 40 6120 1 40 68L0 + 4O
h.l * * *® [ ] [ ] [ ] [ L ) * L *® % 90 81
Air-Fuel Ratio . . . . . . 56 68 8L
Flow Velocity, feet per second
Combustor Reference (d). . 200 210 220
Exhaust Ges (¢) . . .. . 270 270 270
at Test Specimens (f) 500 500 500
Combustion Efficiency, per cent (g) 100 100 100
Test Duration, hours (h) . . . 5.00 £ 0.01 5.00 £ 0.01 5.00 £ 0.01

Notes:

(a) Average values, with standard deviation showm for control points.

(v) Maximmm variation between four thermocouples on equal area centers.

(¢) Test specimens probably reflecting flame radiation to give
fictitiously high readings with optical pyrometer.

(d) Cold flow, based on 2.66 in.2 exit aresa in flame tube.

(e) Based on 3.36 1n.2 ares at outlet from combustor.

(£) Based on 1.80 in.? wnblocked area in test specimen holder.

(g) Calculated using mean specific heats and temperature at exhaust gas

core t¢ minimize error from heat loss to water cooled wall.

(n) Operating cycle of 55 minutes at test condition, followed by 5 mirutes

vith fuel off.
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B. Statistical Design

To evaluate the effect of three levels of fuel sulfur content and
three levels of sea salt ingestion with air on hot gas corrosion of super
alloys, an experiment was set up for sach supe: alloy consisting of duplicate
tests at each of the nine possible combinations of sulfur and sea salt.

These 18 tests on each alloy were run in a random order. In each test two
spscimens of the super alloy were exposed to ot gases from the burner.

This type of experiment is known as a split-plot design. The effects of sulfu:
sea salt and possible sulfur x sea salt interaction are evaluated in the main
plots and position-to-position interactions are evaluated in sub-plots.
Evaluations are based on analysis of (1) weight loss from exposure (2)
ultimate load after exposure (3) ultimate tensile strength aftsr exposure

and (4) per cent slongation after expcsurve.

V. BESULTS

A. Basis for Analysis of Data

Four parameters (weight loss, ultimste tensile strength, per cent
elongation and ultimate loed) were studied for Inconel 713C and Sierra 200.
Statistical methods were used in analyzing these data. Notations and tests
ueed are more fully described in texts such as Snedecor (Ref. 25). An analysis
of variance was made on each variable. Since this experiment was set up on
a split-plot design, error (a) is the mean square to use in setting up
variance ratios for "F" tests for significance of suifur, sea salt or sulfur
x sea salt effects while error (b) to test for position or position interectio
effects. Throughout this analysis a confidence level of 95 per cent was used
in testing for significance of effects, determining confidence limits and
determining least significant difference (ILSD) between means. In each analysi
of variance table, "#" isused toindicate a signifi:ant effect.

In an analysis of variance when an interaction is found to be
significart test for significance of main effects cannot be considered.
Comparisons in this case can only be made of one factor with the level of
the other specified. If the interacti-n is not significant comparisons
can be made of the overall means of the main effecta.

In the analysis of weight loss data, logariihms of the weight losse:
were used since the standard deviation varies epproximately directly with
the means. The antilogarithms of the average of the logarithms for a given
test condition is the geometric mean of the data.

The method used in comparing weight losses was to deterzine the ret.
of means at two test conditions and establish confidence limits on the ratio.
If the confidence includes "one” it can be concluded that there is nc signifi
cant difference in the weight losses. Ratios and confidence intervals were
obtained as follows.

(1) Ratic. Obtained by taking difference between logarithms of
the test conditions being compared. The antilogarithm of the
difference is the retio desired.
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(2) Confidence intervals were obtained by adding and subtracting
the least significant difference (LSD) to the differences in

logarithms and then taking antilogarithms to obtain the upper
ant lower nonfidence intervals.

In comparing properties of samples after exposure with properties
of new metal the LSD for unpaired observations and unequal variance was cal-

culated from error (a) mean and the ervor square from the variance
analysis of the new metal. /Stesl and Torris (Ref. 26){ °his is a conservative
approach and will tend to under rather than overstate significance.
B. Inconel C at 2000 F Test C tions

1, t lLoss

The weight loss obtained for each Inconel 713C test specimen at
sach test condition is shown in Table IX.

TABLE IX

WEIGHT LOSS (MG) OF INCOREL c

Sulfur in Sea Salt in Air, pm
Fuel,K Wt. X 0,0 1.50 15.0
0.0002 3.4 23.1 1008.,7
28.7 2i.6 1335.3
22.0 28.2 327.8
18.0 8.7 598.6
0.040 18.5 106.9 906.0
18.2 206.4 1008. 4
16.6 63.7 671.1
13.0 69.6 919.8
0.40 19.3 294.8 1516.4
9.5 209.2 2817.9
7.4 7.3 1817.3
17.8 69.4 2674.1

An analysis of variance of logarithms of weight loss is showm in
Table X. The sulfur x sea salt interaction is significant and comparisons
of one factor can be made only with the level of the other factor specified.
The effect of position and the poaition interactions .. not significant.
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TABLE X
ANALYSIS OF VARIANCE OF LOGIRITHMS OF WEIGHT 1L0SS (MG) FOR INCOMEL 713C

Degrees of Sum of Mean

Source of Variation Freedom Squares Square F
Total 35 2,.1394
Sulfur 2 0.7748 0.387, 5.40 (1)
Sea Salt 2 20.7292 10.3646 144,35 (1)
Sulfur x Sea Salt 4 1.5694 0.3924 5. b
Error (a) 9 0.6462 0.0718
Position 1 0.0091 0.0091 0.38
Sulfur x Position 2 0.0151 0.0075% 0.32
Sea Salt x Position 2 0.0880 0.0440 1.84
Sulfur x Sea Salt x IR 0.0925 0.0221 0.97

Position
Error (b) 9 0.2152 0.0239

(1) With a significant irteraction, the test of main effects is vitiated.

The geomstric means and the confidence .imits are shown in Table XI.

TABIE II
SUMMARY OF METAL WEIGHT 103S OF INCONEL 713C

Geomstric Means, Mg.

Puel, . 1 e,
0.0002 10.1 $22.7 $ 45.6 9.3 $18.7 837.6 357 %717 % L0
0.040 8.2 S 16.4 € 33.0 £9.5 $99.4 $200 431 S 866 € 1740
0.40 6.2 12.5 % 25.0 66.5 €135 $ 268 863 % 2130 € 4290

Lower confidence limit § geometric mean § upper confidence limit

All of the possibie comparisor: of ratios of weight losses for sulfur concen-
tretions with fixed sea salt concentrations and retioe of weight losses for
sea salt concentretions with fixed sulfur concentretions are shown i{n Table XII.
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Concentrations
!1! 0.40/0.0002 (1)

0.0 0.22 £ 0,72 £ 1.9 0.28 £ 0,76 ¢ 2,03 0.20 ® 0.55 S 1.47
1.50 1.98 S 5,32 % 14.3% 0.50 % 1.34 £ 3.60 2.66 $7.16 £ 19.2%
15.0 0.45 $1.21 S 3,24 0.92 S 2.46 * 6.61 1.11 ¢ 2,97 £ 7.99*
sr:lo{“. !&n: 3 1.50/0.0 %‘e«%mmﬁ.ozo.o 69)
0.0002 0.31 £ 0.82 2,21 14.3 = 38.3 £103+% 11.8 € 31.6 = 84.7%
0.0k0 2,26 S 6.06 S 15.9% 3.25 £8.71 $ 23.4* 19.6 S 52.8 = 1A%
0.40 3.99510.7 S 28.7% 5,96 € 15.9 < A2.9% 63.8 € 170 = 459*

(1) Ratios of geometric mean weight losses at concentrations indicated. Lower
confidence limit £ ratio of means < upper confidence limit.

The following conclusions can be drawn from these data.

(1) At 0.0 ppm sea salt, fuel sulfur concentration does not affect
metal weight loss.

(2) At 1.5C ppm sea salt, fuel sulfur concentration of 0.0002 per
cent causes less metal weight loss than 0.040 or 0.40 per cent
salfur.

(3) At _15.0 ppm sea salt, fuel sulfur concentration of 0.0002 per
cent csuses less metal weight loss than 0.40 per cent sulfur.

(s) Increased sea salt comcentretions increased metal weight loss.
with the exception of an increase in sea salt concentration
from C.C to 1.50 ppm at the low (0.0002 per cent) concentration
of fasl suifur.

(5) Changes in sea salt concentration have & mmch greater effect
on metal waight loss than sulfur concentration. The maximam
increase for a change in fuel sulfur was 7.16 times for an
increase from 0.0002 to 0.40 per cent fuel suifur at 1.50 ppm
sea salt while the maximm incresse for a change in sea salt
was 170 times for an incresse fram 0.0 to 15.0 ppm sea salt
at 0.40 psr cent fuel sulfur.

R ———
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2. Ultimate Tensile Strength

The ultimate tensile strength for each test specimen at each test
condition is shown in Table XIII. The mean tensile strength for each sulfur
concentration and for each salt concentration is also shown.

TABLE XIII
ULTIMATE TERSILE STRENGTH OF INCONEL 713C

Ultimate Tensile St 1b/in.2 x 10-3
Sulfur in Sea Salt in Air, pmm ulfar
Fuel, Wt. % 0.0 1,50 — 15,0 Mear
0.0002 117 12 122
120 121 102
128 126 120
119 121 123 120.1
0.040 123 121 110
126 120 99
123 123 117
113 125 117 18.1
0.40 131 123 114
138 119 129
129 115 108
129 114 107 121.3
Sea 5alt
Mean 124.7 120.8 114.0

An analysis of variance of these data is shown in Takle XIV.

TABLE XIV
ANALYSIS OF VARIAKCE OF ULTIMATE TERSIIE STRENGTH OF INCONEL T13C
Degrees of Sum of Mean

Source of Varistion  _Freedm Squares Square r
Total 35 24,37 .000
Sul fur 2 64 .500 3:.250 G.39
Sea Salt 2 700.667 3£G.233 h.2T*
Salfur x Sea Salt & 367.333 91.813 1.12
Error (a) 9 738.500 82.056
Position ] 2.778 2.778 .08
Sulfur x Position 2 49.389 2k .694 .48
Sea Salt x Fosition 2 69.889 2, .94 c.9
Sug\:{ { Sea Salt x

'Y N 118.444 611 0.82
Error bgn 9 325.500 167
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The preceding analysis shows that the effect of sea salt is
significant while all other effects and interactions are not significant.
From error (a) mean lquro a ISD for means of 12 values was calculated to
be 8.4 (8400 1b/1n.2). An examination »f the sea salt means in Table XIII
shows that the only difference which exceeds 8.4 is for an increase in sea
salt concentration from O to 15.0 pra. 'l'his is a significant decresse in
ultimate tens:le strength of 10,70C 1b/in.2., A s wary of ultimate tensile
strength for each test condition is shown in Table XV.

TABLE XV
SUMMARY OF ULTIMATE TENSILE STRENGTH OF INCONEL 713C

Sulfur in Ultimate T e St 1~/in.? X 10°3
Puel, W, % Sea Salt in Alr, 'm
0,0 1.5C ) 15.0
C.0002 121.0 122.5 116.8
0.040 121.2 122.2 110.8
0.40 131.8 17.8 114.5

The effect of cathodic cleaning on tensile strergth of Inconel 713C
is shown in Table XVI. These data were obtained at the same time as daia on
the test specimens and were included to confirm the fact that this cleaning
procedure did ..ot affect the properties of the r stal specimens and to obtain
a base line on new metal for comparison waith samples after test.

TABLE XVI
ZFFECT OF CLEARING ON ULTIMATE TENGILE STRENGTH OF IKCONEL 711C

Ultimste Tensile Strength, 1b/in.2 X 1073

¥o_Cleaning Cleaned
112 133
123 122
105 124
124 13C
Mean 116.c 127.2
Oversll Nean 121.0
Analysis of Variance
Degrees of um of Mean
¢ of Variation Freedom uAres Square F
Totad 7 581.875
Cleanirg 1 <53.125 2%3.145 b.be

Error 6 328.75C 54.79«
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These data show that cathodic cleaning had no significant effect on uliimate
tensile strength ot Inconel 713C. The ultimate tensile strength of new metal

was 121,600 1b/ii..2. The LSD for comparing the mean of 8 new test specimens

with tho mean of 12 test specimens for a given sea salt or sulfur concentration is
8.7(8,700 1b/in.2). With this LSD a mean for a sea salt or sulfur concentraticn
¢. over 130.3 (130,300 1b/in.2) or lese than 112.9 (112,900 ib/in.) would be
significantly different than the new metal. None of the means in Table XIII

is significant.
3. Per Cent Elongation

Th= per cent elongatio.. for each test specimer. at each test conditiun
is shosm in Table XVII. The msan elorgation for each sulfur concentration and
for each sea salt concentration is also showm.

TABIE XVII
PER CENT ELONGATION OF INCONEL 713C

Pe r Cent Elcohgation

Sulfur in Sea Salt in Alr, ppm Sulfur
Fuel, Wt. % 0.0 1,50 _1%8.0 Mean
0.0002 7.07 6.85 6.39
8.20 8.Lk L.78
7.86 13.00 Sl
5.70 11.40 5.92 7.57
0.040 6.72 7.64 5.59
6.95 6.61 6.84
7.0 7.30 3.88
5.70 8.5% 3.88 6$.39
0.4L0 8.77 5.13 £.92
10.24 6.61 4.2£
9.3% 5.48 5.70
8.9C 5.47 1.65% 6.62
Sea Salt
Near, 7.7 7.7 .17

The aralysis of variance of these data is shown in Talle XVIII.
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TABLE XVIII
ANALYSIS OF VARIANCE OF PER CENT ELONGATION OF INCONEL 713C
Degrees of Sum of Mean

Source of Variation Freodon Squares Square F__
Total 35 149.385
Sulfu» 2 9.368 4.68i 1.49
Sea Salt 2 51.647 25.823 8.23#%
Sulfur x Sea Salt 4 Lh 226 11.056 3.52
Error (a) 9 28,235 3.137
Porition 1 0.232 0.232 0.20
Sulfur x Position 2 0.233 0.117 0.10
Sea Salt x Position 2 1.092 0.546 0.47
Sulfur x Sea Salt x

Position 4 3.962 0.990 0.86
Error 9 10.391 1.154

The only significant efiect shown for the abovs data is for sea salt. Using
error (a) mean square the ISD for rvans of 12 values was calculated to be

1.64 per cent elongation. An examination of s2a salt wears in Table XVII shows
no difference in elongation for 0.C and 1.50 ppm sea salt; howeve., 15.0 ppm
sea salt gave significantly less slongation {2.54 per cent) than ejther 0.0 or
1.50 pm sea sait. A summary ~f per vznt elongation for each test condition

is shown in Table XIX,

TABLE XIX
SUMMARY OF PER CENT ELONGATION FOR INCONEI 713C

Per Cent Elongation

Sulfur in Sea Sslt in Air, ppm

Fuel, Wt. % 0.0 1.50 _A5.u
0.0002 7.21 9.92 5.58
0.040 6.61 7.52 5.05
0.40 9.32 5.67 L,.87

The effect of cathodic cleaning on per cent elongation of Inc~nel 713C is
shown in Table XX,
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TABLE XX
EFFECT OF CLEANING OK PER CENT ELONGATION OF INCONEL 713 C
Per Cent Elongstion
No Cleaning Cleaned
6.84 7.64
6.43 7.52
4.56 12.00
9.91 7.98
Mean 6.94 8.78
Overall Mean 7.86
__Analysis of Variance
Source of Variation Degrees of Freedom Sum of Squares Mean Sguare y
Cleaning 1 6.845 6.845 l.4
Error 6 28.651 K775

No significant effect was found for cathodic clieaning on per cent elongation of
Inconel 713C. The per cent elongation of the new test specimens was found to
be 7.86 per cent., The LSD for comparing the mean of 8 new test specimens with
the mean of 12 test specinens for a given sea salt or sulfur concentration is
2.39 per cent elongation. With this LSD a mean for a sea salt or sulfur concer
tration of less than 5.47 would be significant. At 15.0 ppm sea salt an
elongation of 5.17 per cent was significantly lower than the new metal.

4. Ultimate Load
The ultimate load for each test specimen at each test condition is

shown in Table XXI. The mean ultimate load for each sulfur concentration and
for each sea salt concentration is also shown.
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TABLE XX1
ULTIMATE LOAD OF INCONEL 713 C
Ultimgte Load, 1b ~ 103

Sulfur in Sea Salt in Air, ppm Sulfur
Fuel, Wt. X 0.0 1,50 15.0 Mean
0.0002 1.780 1.820 1.730

2.020 1.900 1.520

2.060 1.970 1.630

1.920 2,210 1.760 1.860
0.04C 1.890 1.820 1.780

1.940 1.830 1.830

1.810 2.070 1.420

1.770 1.900 1.310 1.781
0.40 2.000 1.840 1.840

2.230 1.810 1.320

1.930 1.740 1.4L70

2.090 1.770 1.130 1.764
Sea Salt

Mean 1.953 1.890 1.562

An analysis of variance of the ultimate load data is shown in Table XXII.
TABLE XXII
ANALYSIS OF VARIANCE OF ULTIMATE LOAD OF INCONEL 713 C

Degrees of Sum of Mean
Source of Variation Freedom Squares Square F
Total 35 2.0725
Sulfur 2 0.0629 0.0314 0.716
Sea Salt 2 1.0609 0.5304 12.085%
Sulfur x Sea Salt L 0.1956 C.0489 1.114
Error {a) 9 0.3950 0.0439
Position 1 0.0032 0.0032 0.294
Sulfur x “osition 2 0,0285 0.0142 1,307
Sea Sal! X osition 2 0,1031 0.0515 L.728%
Sulfur x see Salt x »aition 4 0.1251 0.0313 2.870
Error (o) 9 0.0982 0.0109

The only significant main effect shown for the above data is for sea salt. The
sea salt x vosition sub-plot interaction is also significant.
of the sea salt X position interaction in the sub-piot analysis was disregarded

since there was no logical basis on which to explain its occurrencs.

The significance

Also,

based on the analysis of the other variables and the feeling of the researchers

involved, it was disregarded.
of 12 values was calculated to be 0.193 (193 1t).

Using error (a) mesn square the LSD for means
Somparing the mean ultimate

loads for sea salt in Table XXI it can be seen tnat the mean ultimate load for
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15.0 ppm sea salt of 1.562 (156. 1bv) s significantly less than for 0.0 or
1.50 ppn sea salt; however, the difference between 0.0 and 1.50 ppm sea salt
is not significant. Table XXIII is a summary of the ultimate load for sach
test condition.

TABLE XXIII

SUMMARY OF ULTIMATE LOAD FOR INCONEL 713 C
Ultimate load, 1b ~ 10-3

et Sn————

Sulfur in Ses Salt in Air, ppm

Fuel, Wt. § 0.0 1,50 15.0
0.0002 1.945 1.975 1.660
0.040 1.852 1.905 1.585
0.40 2.062 1.790 1.440

The effect of cleaning on ultimate load of Inconel 713 C is shown
in Table XXIV,

TABLE XXIV

EFFECT OF CLEANING ON ULTIMATE LOAD OF INCONEL 713 C
Ultimate load, 1b_< 10~

Nc Cleaning Cleaned

1.755 2.030

2,010 1.820

1.570 1.910

1.920 2,020
Mean 1.814 1.945
Overall Mean 1.879

Analysis of Varignce

Degrees of Sum of Mean
Source of Variation _Freedom Squares Square F
Total 7 0.1768
Cleaning 1 0.0344 0.0344 1.452
Error é 0.1424 0.0237

No significant effect was found for cathodic cleaning on ultimate load of
Im;.onel 713 C. The ultimate load for the new test specimens was 1.879 (1£79
1bv).

The 1SD for comparing the mean of 8 new test specimens with the
moan of 12 test specimens for a given sea salt or sulfur concentration is
0.191 (195 1b).  With *his LSD a mean for a sea salt ~r sulfur concentration
of over 2.070 (207¢ 1b) r less than 1.ARR (1688 1t)  rould be significantly
different than the new m.tal. In Table XXI the mean to. 15.0 ppm sea salt of
1.562 (156 1b) .s lower than the mean for the new metal.

T
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The weight loss ohbtained for each Sierra 200 test specimen at each

test condition is shown in Table XXV.

TARLE XXV
MG) OF 3 200

Sulfur in Seg Sglt in Air. ppm
Fuel, Wt, % —0.0 _1.50 _15.0
0.0.02 106.1 1710.1 LOLS .4
AS5.4 2571.2 3722.6
95.5 1551.8 4,084 .7
82.5 1527.9 4827.1
0.040 1081.6 465.6 2092.3
483.7 436.1 3038.7
836.2 517.9 1347.7
331.3 527.8 270L.7
0.h0 164.7 1105.3 1173.5
89.0 194.9 965.2
J18.3 283.0 154.2
60.4 70.9 35,0

An analysis of variance of logarithms of weight loss is shown in Table XXVI.
TABLE XXVI
ARALYSIS OF VARIANCE OF LOGARITHMS OF WEIGHT LOSS (M;) FOR SIERRA 200

13.58 (1)
23.07 (1)
L.6L%

Degrees of Sum of Mean

Source of Variation JYreedom = Squares  Square
Total 35 11.8215

Sulfur 2 2.9522 1.4761
Sea Salt 2 5.0154 2.5077
Sulfur x Sea Salt A 2.0199 0.5050
Error (a) 9 0,978, _0.1087
Position b 0.0732 0.0732
Sulfur x Porition 2 0.2333 0.1166
Sea Salt x Positior 2 0.1641 0.0820
Sulfur X sea Salt X Position L 0.2984 0.0746
Error (b) 9 0.0867 0.009%

7.60 (1)

12.11 (1)
8.52 (1)
7.75%

(1) With a significant interaction, the test of main effects is vitiated.
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is significant and comparisons of sulfur or
level of the other factor specifiad. The

significance of the sulfur x sea salt x position interaction in the sub-plot

analysis was disregarded since the
its occurrence.
plot error (a) mean square.

The geometric mean and ¢

re was no logical basis cn which to explain

The mean square for this interaction is less than the main

onfidence limits of weight loss for each test

condition are shown in Table XXVII.

TABLE XXVII
SUMMARY OF METAL WEIGHT 10SS OF SIERRA 200

ric .
Sulfur in in Alr
Fuel Wt. 0.0 1.50 15,0
0.0002 50.7 € 120 € 282 762 £1790 4240 1760 € 4150 < 9790
0.040 262 S617 S 1470 207 S 485 £1150 930 < 2190 < 5280
0.40 4L,2.8 €101 €238 108 < 256 <603 191 < 4,50 <1060

lower confidence limit < geametric mean < upper confidence limit

All possible comparisons of ratios
with fixed sea salt concentratioms
concentratioms with fixed sulfur c¢

of weight losses for sulfur concentrations
and ratios of weight losses for sea salt
oncentrations are shown in Table XXVIII,

TABLE XXVIII
COMPARISON OF RATIOS OF WEIGHT LOSS FOR CHANGE IN ONE VARIABLE WITH OTHER FIXED
FOR_SIFRRA 200

Sea Salt rison of Sulfur Concentrations

in Air.ppm 0.0002/0. oLQ'm— 0/0.40 (1 0.0002/0.40 (1)
0.0 0.06 €0.19 €0.65 (2) 1.81<6.11<20.6% 0.35< 1.19 €3.99
1.50 1.09 €3.69 € 12.5¢ 0.56 € 1.89 <6.39 2.09 £6.99 € 3.7+
15.0 0.56 €1.89 €6.27 1.46 <14.87 16,42 2.7 £9.22 € 31,00

Sulfur in Comparison of Sea Salt Concentrations

Fuel Wt. 1,50/0.0 15.0/0.0 ()
0.0002 .6 S 1.9 € 50.6% 0.69 €2.32€ 7.78  10.3 € 3.6 <117+
0.040 0.23 € 0.79 < 2.65 1.34 € 4.52 15,2 1.06 < 3,55 < 12,0%
0.40 0.75 < 2.53 < 8.52 0.52 < 1.76 £5.93 1.32 € 4046 S15.0%

(1) Ratio of gemmetric mean weisht
(2) Tnverse ratio significant.

losses at concentrations indicated.

lower confidence limit < ratio of mean < upper confidence limit
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The following conclusions can be drawn frcm these data.

(1)

(2)

(3)

(&)

(5)

(6)

(7)

(8)

2,

At 0.0 ppm sea salt, increasing fuel sulfur from 0.0002
to 0.04 per cent increases metal weight loss while increasing

fuel sulfur from 0.040 to 0.40 per cent decreases metal
weight loss.

At 1.50 pim sea salt, fuel sulfur concentrations of 0.040
or 0.40 per cent cause less metal weight loss than 0.0002
per cent sulfur,

At 15.0 prm sea salt, fuel sulfur concentration of 0.40 per
cent causes less metsal weight loss than 0.0002 or 0.040 per
cent sulfur.

Increasing sulfur concentration showed a significant decrease
in metal weight loss or was directionally lower in weight loas

in the case of non-significance except for a significant
increase in weight loss with an increase in sulfur from
0.0002 to 0.040 per cent at 0.0 ppm sea salt.

At 0.0002 per cent sulfur, increasing sea salt concentration
from 0.0 to either 1.50 or 15.0 ppm increased metal weight
loss.

At 0,040 per cent sulfur, increasing sea salt concentration
from 0.0 to 15.0 or 1.50 to 15.0 ppm increased metal weight
loss.

At_0.40 per cent sulfur, increasing sea salt concentration

from 0.0 to 15.0 ppm increased metal weight loss.

Increasing sea salt concentration showed a significant in-
crease in metal weight loss or was directionally higher in
the cases of ncn-significance except for a non-aignificant
decrease for a change from 0.0 to 1.50 ppm sea sal* at 0.040
per cent sulfur.

Ultimate Tensile Strength

The ultimate tensile strength for each test specimen at each test
condition is shown in Table XXIX.
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TABLE XXIX
ULTIMATE TENSILE STRENGTH OF SIERRA 200

_Ultimpte Tensile Strength, 1b/in.2 X 1073
Sea Salt in Air, pom

Sulfur in
Fuel, Wt 0,0 1.50 15,0
0.0002 123 106 55 (c)
124 103 (e) o1
123 122 95
126 111 (e) n
0.040 15 11 78 (¢)
18 114 1 (e)
96 102 76
115 118 69 (c)
0.40 113 104 84 (c)
103 108 11
118 120 118
102 102 m

(¢) Examination of the break indizated a crack in the test specimen.

The number of test specimens that an examination of the bresk indicated to have
been cracked may affect the analysis of the ultimate tensile strength, per cent
elongation and ultimate load data. As mentioned earlier these test spscimens
were free of cracks prior to test. It may be observed that of the seven
specimens showing a crack five were from tests with 15.0 ppm sea salt, two
with 1.50 ppm sea salt and none with 0.0 ppm sea salt.

An analysis of variance of the ultimate tensile strength data o
shown in Table XXX.

TABLE XXX
ANALYSIS OF VARIANCE CF ULTIMATE TENSILE STRENGTH OF SIERRA 20C
Degrees of Sum of Mean
Source of Variation —Freedom  Squares =~ Square —r
Total 35 18459.889
Sulfur 2 1264,.889 632.444 4L.09
Sea Salt 2 7959.389  3979.694 25.72 (1)
Sulfur x 3ea Salt L 3710.111 927.528 6. 28
Error (a) 9 l:}?:?,:OC 1&.?22
Positior 1 .000 .000 C.25
Sulfu* x °nsition 2 L .667 22.31) LA
Sea 3air X Position 2 69.500 34.75C .24
Sulfur x Sea Salt X rosition IN 1700.332 4,25.083 1.7¢
Error (o) 9 2254, 500 250, 50C

(1) With a significant interaction, the test of main effects is vitiated.

Y
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The above analysis shows a significant sulfw x sea salt interaction and
camparisons of main effects must be made with the level of one variable
specified. The effect of position and the position interactions are not
significant. A sumary of ultimate tensile strength for each test condition
is shown in Table XXXI.

TABLE XX
TE x or s 200
te T st : 2 1093
Fael. ., 1 e R LA
0.0002 12,,.0 110.5 78.0
0.04k0 111.0 111.2 59.2
0.40 109.0 108.5 106.0
Trom error (s) square the LSD for means of 4 values was calculated to be

19.90 (19,900 1Ar.2) With this LSD the following comclusions can be drawn on
ultimate tensile strength of Sierra 200.

(1) A% 0,0 and 1.50 pom ses 3alt, an incresse in sulfur concentra-
tion made no significant change.

(2) At 15.0 poe ses salt, fuel concentrations of 0.0002 and 0.040
per cent sulfur have lower ultimate temnsile strengths than for
0.40 per cent sulfur,

(3) At 2.0002 gand 0,040 per cept sulfur, salt concentration of
15.0 ppm sea salt has a significantly lower tensile strength
than for 0.0 or 1.50 ppm sea salt.

() At _0.40 per cent gulfur, changes in sea salt concentration
have no significant effect on tensile strength.

The effect of cathodic cleaning on ultimate tensile strength of
Sierra 200 is showm in Table XXX1I.
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TABLE XXXII
EFFECT OF CLEANING ON ULTIMATE TENSILE STRENGTH OF SIERRA 200
te T 2 -3
Ultima ensile Strength, 1b/in. X 10
Yo Cleaning Cleaned
137 140
138 140
143 123
130 137
Mean 137.0 135.0
Overall Mean 136.0
of ¥ ce
Degrees of Sum of Mean
e of V tion Freedom Squares Square ¥
Total 7 292.00
Cleaning 1 8.00 8.00 0.16
Error é 284.00 47.33

These data show that cathodic cleaning had no significant effect
on ultimate tensile strength of Sierrs 200. The ultimate tensile strength
of the new metal was 136,000 1b/in.2 The LSD for comparing the mean of 8
new test specimens vit.g the msan of 4 test specimens at a given test condition
1s 15.3 (15,300 1v/in.<). With this LSD any mean in Table XXXI less than
120.7 (120,700 1b/in.2) is significantly lower than the new metal. With
0.0 sea salt at 0,000Z per cent sulfur the tensile strength is unchanged
froa the new metal while all other operating conditions resulted in a loss
in tensile strength.

3. Cent El tion
The per cent elongation for each test specimen at each tecst con-

dition ia shown in Table IXXIII. The mesan elongation for each sulfur concen-
tration and for each sea salt concentration is alec showm.
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TABLE XXXIII
PER CENT ELONGATION OF SIERRA 200
Per Cent Elongstion
Sulfur in t Sulfur
Fuel, Wi, £ 0.0 4.90 13.0 Mean
0.0002 15.0 9.0 8.0 (e)
16.0 10.0 (e) 13.0
16.0 17.0 7.0
20.0 13.0 (¢) 8.0 12.7
0.040 13.0 1.9 9.0 (e)
15.0 18.0 4.0 (¢)
15.0 16.0 9.0
17.0 4.0 7.0 (¢) 12.3
0.40 12.0 12.0 10.0 (e¢)
14.0 1.0 10.0
19.0 16.0 13.0
14.0 17.0 14.0 13.8
Sea Salt
Mean 15.5 13.9 9.3

(¢) Rxamination of break indicated a crack in the test specimen.
An analysis of variance of the elongation data i{s shown in Table XXXIV.

TABLE XXXTV
ANALYSIS OF VARIANCE OF PER CENT ELONGATION OF SIERmA 20C

Degrees of Sum of Mean

Yariati —Jrreedom  Squares  Syumare = _ F
Total 35 494.750
Sulfur 2 13.167 6.583 0.668
Ses Salt 2 2.6.167 123.082 12.482%
Sulfur x Jea Sal. 'y §4.167 13.542 1.3713

9 88.75% 9,861 ,

Position 1 3.361 3.38) C.222
Sulfur X P~gitior 2 2.389 1.19% ¢.079
Ses Salt x Position 2 1,722 C.R4) 0.087
Sulfur x Sea Zalt x Position l 37.278 $.319 ¢.614
Brror (b) 9 136.500 15,187

The only signif.cant effect imdicated by the atcve analysis ia for saa sal:.
Using error (a; mean square the LSD for means of 12 values was calculated to
be 2.90 per ent elongation. Directionally an increase in sea salt concen-
tration decreased per cant e.omgation and 15.0 ppm sea salt had significantl-
less per ocent simgation than 0.C or 1.5C pym sea salt. In Table XXXV o
sumary is show of per oent elomgation for each test condition.

- -~
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TABLE XXXV
SUMMARY OF PER CENT ELONGATION POR SIERRA 200
Per Cent Elonga*.on
Sulfur in Sea Salt in Air, pom
Puel, Wt. % 0.0 150 150
0.0002 16.75 12.25 9.00
0.040 15.00 14.75 7.25
0.4C 14.75 14.75 11.75

The effect of cathodic cleaning on per cent elongation of Sisrra 200 is shown
in Table XXXVI.

TABLE XXXVI
EFFECT OF CLEANING ON PER CMNT FLONGATION OF SIERRA 200

Per Cent Elongation

No Cleqning Cleaned
17.0 17.0
16.0 18.0
18.0 14.C
18.0 19.0
Mean 17.2 17.0
COversll Mean 17.1
Analyslis of Variance
Degrees of Sum of Mean
Source of Variation Freedom Squares Square @ F
Total 7 16.87%
Cleaning 1 0.12% 0.125 C.045
Error 6 15.%5C 2.792

Ko significant effect was frund for cathodic clewning on per cent slongation
of Sierra 200. The per cent elongatica of the new metal wes found tc o

17.1 per cent. The LSD for comparing the mean of 2 new test specimens with

ths mean of 4L test specimens at a given test condiition is 1.83 per cent. With
this 1LSD any mean in Table XXXV less thar 13.27 per cent is significantly iower
than the new metal. The par cent elongation for 1.5C ppm sea salt al C.0002
per cent sulfur !s significanlly lower than the new metal and at 15.(C pm ses
salt at all three suifur corcentrat.cns elongation is much lower than for new
metal.

L. Ultimgte loed

The w timate load for oach test specimen at each test conditicn s
shovm in Table XXYVII.

- e ——
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TABLE ZXXVil
UL?.MATE LOAD OF SIERR4 200
Tltimate Load, 1p _1 107
Sulfur in Sea Salt in Air, ppm
Fnel, Wt. 0.0 1.50 _ ~15.0
0.0002 1.820 1.320 0.284 (c)
1.820 0.980 (e) 0.750
1.750 1.615 0.500
1.890 1.355 (¢) 0.400
0,040 1,450 1.570 0.780 (¢)
1.660 1.570 0.116 (¢)
1.320 1.505 0.900
1.730 1.700 0.625 (¢)
0.40 1.645 1.165 1.180 (e}
1.550 1.590 1.500
1.750 1.785 1.725
1. % 1.505 1.645

(¢) Examination of the break indics*e! s crack in the test specimen.

An analysis of variance of the ultimate load date is shown in
Table XXXVIII.

TABLE XXXVIII

ANALYSIS OF VARIANCE OF ULTIMATE LOAD OF SIFRRA 200

Degrees of Sum of Mean

Source of Variation Freedom Squares Squars F
Total 35 8.1948

Suifur 2 0.8L27 0.4214 9.23 (1)
Sea Salt. 2 4.1319 2.0660 45.25 (1)
Sulfur x)Su Salt 4 22,0034 0.5008 10.97%
Error (a 9 0.4110 0.0457

Position 1 0.0006 0.0006 0.016
Sulfur x Position 2 0.0023 0.0011 0.032
Sea Salt X Position 2 0.0312 0.0156 O.L4LS
Sulfur X 3 & Salt X Position IN 0.4595 0.1149 3.311
Errvr (b) 9 0.3122 0.0347

(1) With a significant intwraction, the test of main effects is vitiated.

The sulfur > sea salt interaction is significant and comparison of
sulfur or sea salt must be made with the other variablie fixed. A summary of
uliimate load data is shown in Table XXXIX.
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TABLE XXXIX
SUMMARY OF ULTIMATE LOAD OF SIERRA 200

Meen Ultimate Logd 1b X 1073 )

Sulfur in Sea Salt in Alr, pim

Fuel, Wt. % 0.0 1,30 15.0
0.0002 1.820 1.318 0.48L
0.040 1.542 1.586 0.605
0.40 1.622 1.51 1.512

From error (a) cf Table XXXVIII the 1SD for means of 4 determinations at &

given set of conditions was calculated to be 0.342 (34 1t). With this LSD
the following conclusions can be drevm from Table XXXIX,
(1) At 0.0 gnd 1.50 ppm sea salt, increasing sulfur content caused no sig-
nificant change in ultimate load.
(2) At 15.0 ppm sea salt, ultimate load was less at 0.0002 or 0.0LO per

(3)

(4)

(5)

Table XL.

cent sulfur than at 0.40 per cent sulfur.

At 0.0002 per cent sulfur increasing sea sslt from 0.0 to 1.50 ppm
decreased ultimate load and increasing sea salt from 1.50 to 15.0
prm decrsased ultimate load.

Al_0.040 per cent sulfur, ultimate load with 15.C ppm sea salt was
lower than with 0.0 or 1.50 ppm sea salt.

At 0.40 per cent sulfur, increasing sea salt concentration had no
sffect on ultimate load.

The effect of cleaning on ultimate load of Sierrs 200 is shown in
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TABLE XL
EFFECT OF CLEANING ON ULTIMATE LOAD OF SIERRA 200
Ultimate Load, 1b X 10~3
Nc Cleaning Cleaned
2.100 2.140
2.120 2,060
2.170 1.800
1.960 2.100
Mean 2.088 2.025
Overal. Mean 2.056
Analysis of Variance
Degrees of Sum of Mean
Source of Variation Freedom Squares Squars F
Total 7 C.1028
Cleaning 1 0.0078 0.0078 0.493
Error é 0.0950 - 0.0158

No significant effect was found for cleaning Sierra 200. The
ultimate load for the new test specimens was 2.056 (2056 1b). The LSD
for comparing the mean of 8 new test specimens with the mean of 4 test speci-
mens at a given test condition is U.265 (265 1b). With this LSD a mean
of leas than 1.791 (1791 1b) for any test condition in Table XXXIX indicates
a loss in ultimate load. The only test condition which did not cause a loss
in ultimate load was 0.0 ppm sea salt at 0.0002 per cent sulfur.

VIII. DISCUSSION

A. Oxidation and Erosion

In the design of the test program it was desired to evaluate the
effects of (a) sulfur, (b) sea salt and (c) the possible interaction of
sulfur and sea salt on hot gas corrosion. Data from tests with nc seas salt
and negligible fuel sulfur permit an evaluation of the effect of oxidation
and corrosion on a specific alloy. Inconel 713C is essentially free of oxi-
dation and erosion attack. Metal weight loss was 1.3 mg/cm?. This amounts
to 0.2 per cent per five hour test or 0.04 per cent per hour. Sierra Metal
200 was poorer than Inconel 713C with respect to resistance to oxidation and
erosion although the attack was not considered excessive. Metal weight .oss
for Sierra Metal 200 was 6.8 mg/cm?. This represents a 1.2 per cent loss of
woeight from the new specimen or 0.2, per cent loss per hour.
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A visual inspection of the test specimens showed considerable
bowing (one-eighth inch) of the Inccnel 713C in the direction of gas flow
and relatively none with the Sierra Metal 200. This relative difference
in ability to withstand the force of the high velocity gas stream is in
agreement with differences in tensile strength. This observation also
indicates that the test specimens were under considerable stress during
exposure to hot gas corrosion.

B. Sulfur Corrosion

The effect of sulfur, per se, was noted in the Results with zero
sea salt in the air., Basically, in the absence of sea salt, increasing the
fuel sulfur concentration from 0.0002 to 0.04 and 0.40 weight per cent
respectively, did not eignificantly affect weight logs, ultimate tensile
strength, elongation and ultimate load of Inconel 713C. Visual inspection
of these test specimens showed little evidence of corrosion. An attempt has
been made to show this by the photographs of test specimens in Figure £.

The insignificant changes in weight loss and tensile properties are shown
in Figures 6, 7 and 8.

With Sierra Metal 200, in the absence of sea salt, increasing the
fuel sulfur content from 0.0002 to 0.040 increased the metal weight loss
slightly while increasing the fuel sulfur from 0.04C to 0.40 weight per cent
decreased metal weight loss. Photographs of the Sierra Metal 200 test speci-
mens under thess conditions are shown in Figure 9. The variation in metal
weight loss is shown graphically in Figures 10 and 11. An increase in fuel
sulfur from 0.0002 to 0.040 and O.40 weight per cent had no significant effect
on the tensile properties of Sierra Metal 200, in the absence of sea salt.
This is shown in Figure 12.

It appears that the effect of sulfur per se, without any sea salt
present and at the 2000 F operating conditions, is almost negligible with
regard to the hot gas corrosion of Inconel 713C and Sierra Metal 200.

C. Sea Salt Corrosion

The effect of sea salt in the combustor air per se, is shown by
analyses in the Results section of this report whea essentially sulfur free
base fuel (2 ppm) was used. This effect is shown visually in Figures 6 and
7 for Inconel 713C. In the bar graphs of metal weight losses the geometric
means and the upper and lower confidence limits of the means are shown. The
presence of 1.5 ppm sea salt in combustor air did not increase metal weight
loss in the essential absence of sulfur; however, at 15.0 ppr of sea salt
metal weight loss was markedly increased. As shown in Figure 5, thias metal
loss was characterized by patches of attack and pitting; i.e., localized
corrosion taking the form of cavities at the surface.

Tensile properties for Inconel 713C are shown in Figure 8. At
2 ppm fuel sulfur there is no directional trend of change in tensile proper-
ties with increased ses salt. Thie indicates that the sea salt attack was
at the surface of the metal, with no deep intergranular penetration.
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Metal weight Joss data for Sierra Metal 20C a-. ' -~wn ‘n Figures
10 and 11. With only 2 ppm sulfur in the fuel, it can be notci that metal
weight loss increases rapidly as sea salt is added to the combust. air.
As showr in Figure 9, this metal loss was characterized by metal wastage and
thinning of the test specimen, indicating gross attack of the m..al on a
broad front.

Tensile properties for Sierra Metal 200 are shown in Figure 12.
At 2 ppm sulfur in the fuel there is a loss in tensile properties as sea salt
is added to the combustor air. This indicates that there was preferential
attack at the grain boundaries, introducing localized stress concentrations,
resulting in corrosion fatigue.

From the abov( metal weight loss data it is obvious that high
(41 mg/cm? or 7.6 per cent for 5 hour test) hot gas corrosion cin occur with
Inconel 713C, and excessive (235 mg/cm? or 42.7 per cent for 5 hour test)
hot gas corrosion can occur with Sierra Metal 200 in a saline atmosphere
with essentially sulfur-free fuel under 2000 F test conditions.,

D. Combined Sulfur-Sea Salt Corrosion

As shown in the Results section there is a significant sulfur x
sea salt intzeraction on metal weight loss of Inconel 7i13C. FKeferring to
Figure 6 and 7, it is shown that the highest leveal of hot gas corrosion occurs
when sea salt in the combustor air and sulfur in the fuel are both at their
maximum concentrations. Metal weight loss is greater than would be predicted
from either sulfur or sea salt in the absence of the other.

Figure 8 shcws no combined sulfur-sea salt effect on tensile
properties of Inconel 713C.

In the Resuits section it is shown that the sulfur x sea salt
interaction on metal weight loss for Sierra Metal 200 is significant. It
is shown in Figures 10 and 11 that maximum metal weight loss occurs when
sea 8alt ir the combustor air was at a maxirum and sulfur in the fuel was
at .he minimum concentration. The inhibiting affect cf zulfur ~n hot gse
corrcsion of Sierra Metal 200 would not be predicted from tests with sulf.r
or sea salt in the absence of the other

In Figure 12 the inhibiting effect of sulfur on tensile properties
of Sierra Metal 200 is shown.

From these data it can be observed that sulfur and sea silt can
hava varied effects on hot gas corrosion with sulfur in the presence of sea
salt promoting corrosion of Inconel 713C and inhibiting corrosion of Sierra
Metal 200 at the 2000 F operating conditions.

E. Metallography

In order to determine whether hot gas corrosion experienced at
tha 2000 F test condition was a deep intergranular penetration, photomicrographs
of the specimens were made. Photomicrographs of the Inconel 713C specimens
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aftsr exposure tc the various test conditions, and after cathodic cleaning,
are shown in Figures .3 (at 100X) and 14 (at 60CX). It may be noted that
surface oxidation was general, with no preferential attack on the grain
boundaries of the stress-corrosion type. The hot gas corrosion appears to
attack the entire surface of the specimen.

Photomicrographs of the Sierra Metal 200 specimens after exposure
to hot gas corrosion at the 2000 F test conditions are shown in Figures 1%
(at 100X) and 16 (at 600X). It ray be noted that with 15.0 ppm sea salt at
the various levels of sulfur, hot gas corrosion attack was several grains
deap. There is some evidence of sulfur attack, as shown by the gray specks
at the metal-scale interface in Figure 16, with the high sea salt ingestion
conditions. This material is usually identified as chromium sulfide.

The fact that there is photomicrographic evidence of a deeper attack
plus the lower tensile strength values, suggests that the sea salt is affecting
the interral structure of the Sierra Metal 200.

F. Mechanism of Corrosion

Tc obtain information on the mechanism of hot gas corrosion, the
statistical program previously described was augmented with a limited number
of test= to evaluate the effect of temperature and to study the effect of
sodium on hot gac ccrrosion in an essentially sulfur-free system (2 parts
per million sulfur in fuel). In the study of mechaniam, X-ray diffraction
analysis of the scale from the test speciaens was used.

1. Effect of Temperature on Hot Cas Corrosion

Operating conditions used to evaluate the effect of exhaust gas
temperature on hot gas corrosion are shown in Table VIII. The supplemental
temperatures of 1500 and 1750 F were selected to be below and above the
freezing point of sodium sulfate (Nazsok), 1623 F. Selection of these
temperatures was based ci. the premise that it is important whether thc
corros!ve agent is in its sclid or liquid phase. The temperatures selected
mav have been somwhat arbitrary since sodium chloride freezes at 1434 F
lnﬂ‘theLSﬂBpurcent sutectic mixture of sodium sulfate-sodiur chloride freezes
at 1153 ¢,

Using Inconel 713C specimens, O.4C weight psr cunt sulfur in the
fuel and 15.0 sea salt in the combustor air, the feilowing data were obtained.
These data represent single tests where one specimen was cathodicaily descaled
for weight loss determination and the other was used for X-ray diffraction,
analysis of scale and photamicrograghs.
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TABLE XLI

| EFFECT OF EXHAUST GAS TEMPERATURE ON HOT GAS CORROSION OF INCONEL 713C

Exhaust Gas Metal Loess,
Temperature, Weight
F X-ray Diffraction Analyses of Scale Per Cent
1500 Nazsoh (Thenardite), MgO (Periclase) 10.0
1750 MgO (Periclase), Na,S0, (Thenardite), Ni,
Fe (Josephinite) 0.4
2000 Ni0 (Bunsenite), MgO (Periclase), Ma, S0y, (Form III) 25.8

As shown in Table XLI, increasing the exhaust gas temperature from
1500 F to 2000 F does not increase metal loss linearly. This suggests that
a change in the mechanism of hot gas corrosion is involved. Photographs of
the specimens before and after cathodic cleaning sre shown in Figure 17. The
amount and appearance of the deposits as well as the X-ray diffraction of the
scale or corrosion products are different at the low and high exhaust gas
temperature. The uncleaned specimen at 1500 F had a thick coating of scale
and a 10 per cent weight loss. This temperature is below the freesing point
of Na2S0y; and MgO which accounts for the heavy build-up of deposits from the
sea salt. No material could be identified as a corrosion product. At 1750 F
the scale was very thin and the metal loss was very low (0.4 per cent).
Since the temperature was above the freezing point of NazSO, a major portion
of molten deposit was washed from the specimen by the high velocity exhaust
gases. The minor amount of Josephinite may have resulted from contamination
from other metal in the burner system since metal weight loss was low. At
2000 F the coating of scale was thin but the attack on the specimen was
heavy as indicated by the weight loss and the photograph of the cathodically
cleaned specimen. This high metal weight loss (25.8 per cent) was associated
with a change in scale composition with the major constituent being NiO and
¥a,50, changing from Thenardite to Form III. The large effect of temperature
shown above merits further investigation. v

Photomicrographs (at 600 X) of the heavily corroded test specimens
at 1500 F and 2000 F are shown in Figure 18. The attack at 1500 F is character-
istic of sulfidation, with the formation of randomly distributed internal gray
globules of chromium sulfide. However, at 2000 F, where the metal is no longer
covered by a heavy layer of sodium sulfate, there is little evidence of sulfi-
dation. Generally, a black oxide lace is found at the surface of the mstal;
however, in some areas, as shown, the attack is led by a very fine grained
structure of sulfides. This 2000 ¥ specimen differs from that shown in Figure
14, in that it was not cathodically cleaned. These findings indicate that the
characteristic sulfidation attack at 1500 F gives way to gross oxidation at
higher temperatures when the metal is no longer covered by a heavy deposit of
sodium sulfate. However, the patches of attack, with pitting, at 2000 F still
indicate localized areas of sulfidation.
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2, X-Ray Diffraction Analysis

X-ray diffraction analyses were made of thw acsls Sy cn Inceonel
713C specimens, under the 2000 F ccnditions, with (a) 0.040 per cent el
sulfur, 15.0 ppm sea salt, (b) 0.40 per cent fuel sulfur, 1.50 pra ssa salt
and (cs 0.40 per cent fuel sulfur, 15.0 ppm sea salt. X-ray dirfraction
patterns were identical for each of the three conditions. These deposits
were chiefly Bunsenite (NiO). Other weaker diffraction 1ines wsre not identified.
There was no evidence of sulfide compounds in the corrosion products as indicated
by X-ray diffraction. This does not eliminate the possibility of the presence
of sulfides since X-ray diffraction techriques are somewhat insensitive to
small concentrations of sulfides and sulfides, if present, would be expected
only adjacent to the metal where an overlay of deposits provides protection
from oxygen in the gas stream. More extensive investigations are needed in
this area.

More axtensive X-ray diffraction data were obtained on corrosion
products from Sierra Metal 200 than from Inconel 713 . These data are shcwn
in Table XLII.

TABLE XLII

X~RAY DIFFRACTION ANALYSIS OF SIERRA METAL 200 CORROSION PRODUCTS

Sea Salt, ppm
Sulfur, % 0.0 1.50 15.0
0.0002 No XRD Data Nio(a) NiO
(2% Wt. Loss) azwo,, (b)
fuc:-) 0, (¢) fuc:-)zo,,
(18% Wt. Loas) (hZ% Wt. Loss)
0.040 No XRD Data
(7% wt. Loss) Ni0 NiO
Fe(AlCr),0
(5% wt. ns) fAlCr)zo
(221 Wt. LOII)
0.40 N1, re(d) N10 Ni0
Y'-Fe30, Pe(AlCr),0 Fe(AlCr)20,
(1% Wt. ‘Loss) (25 W Tobe) (55 Wt 2ons)

(a) N;O - Bunsanite

(v) Sodium Tungstate
?Altr)ﬂ - Aluminian Chromite

(a) Ni Fe - Jouuphinite

(o) \f-FoJ ¢ - Magleriie
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Shown with the X-ray diifraction analysis data are metal weight losses
which oceurred at the >ulfur x ssa 3alt test conditions indicated. In all cases
where saa sait was preeect NiN wac Lhe major constituent in the scale. Of
particular inierest is the occurrence of sodium tungstate (Nazmh) whenever
the waight lors was 18 per cent or above. It may be postulated that sulfur
from tae fuel is reacting with sea salt in the combustor air to prevent formation
of NagWO,. In the sssential absence of sulfur, Na2W0, is formed with 1.50 ppm
sea salt in combustor air; however, with C.O4C per cent sulfur in the fuel
NasWoy 13 not present and metal weight loss is greatly reduced. ILikewise with
15.0 ppm sea salt, increasing fuel sulfur from 0.040 to 0.40 per cent eliminated
NagW0, and markedly reduced metal weight loss.

A more complete investigation of corrosion products might show the
reason for the obvious differences in sea salt x sulfur attack and elucidate
the differences in the mechanism,

3. Sodium Corrosion

In order to study the effect of sodium on hot gas corrosion, a series

of tests were conducted at the 2000 F test conditions with an essentially
sulfur-free system with regard to fuel., These data are shown in Table XLIII.

ABLEY XLIII
EFFECT OF VARIOUS SODIUM CONTAINING COMPOUNDS ON HOT GAS CORROSION

Additive Sulfur  Super Weight X-Ray Diffraction
Additive Con tion In Fuel Alloy loss,¥ Analysis of Scale
None(a) None — ? pmm 713C 0.2 ---
Sea Salt(s) ) 15Spminair 2pm T 6.7 ---
Sodium Chloride 9pminair 2pm 713C 4.2 NiO, Fe{AlCr)20,
None(®) None 2pm  SM200 1.2 ---
Sea Sa1t(a) 15 pm in alr 2 ppm  SM 200 42.7 mo,mzm;‘,ro(ucr}zo,.
Sodium Chloride(®), "9 ppminair 2 ppm SM 200 43,7 NiO,Ne WO, Pe(AlCr)o0,
Sodium Rydroxide!®) & ppm inair 2 pm  SM 200 200(¢) N10,Na3WO,,Fe(A1Cr) 0,

(a) Base line data.

(v) Added at a concentration to obtain a comparable level of sodium as found
in sea salt.

(c) About 90 per cent of the specimen was corroded away in four hours at which
time the test was terminated.

In these tests sodium was introduced in the form of sea salt,
sodium chloride or sodium hydroxide. The concentration of sodium was main-
tained in all cases equivalent to the sodium in sea salt.
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With Inconel 713C it is shown that substitution cf sodium chloride
for sea salt increases hot gas corrosion. This suggests that materials present
in sea salt such as non-aggressive alkaline earths or passive sulfates are re-
tarding the corrosive attack of sodium. Nickel oxide and aluminien chromite
[F.(AlCr)23§_7 were identified by X-ray diffraction of the deposits with sodium
chloride, with NiO being the major component.

With Sierra Metal 200 substitution of sodium chloride for sea
salt had essentially no effect on metal weight loss; howawar  godium hydroxide,
NaOH, was much more severe than sea salt or sodium chloride with respect to
metal weight loass. It is interesting to note that the same corrosion products
were identified by X-ray diffraction for each of the three sodium systems.
This suggests that the same mechanism of attack was involved in all three cases.
While the mechanism of NaOH attack is unknown, it may be that excessive corrosion
was caused by active oxygen from sodium peroxide, Na,0,, or it may be that
sodium hydroxide forms a fused salt of greater solubility for the protective
scale and thus clears the base metal for accelerated attack.

From these data it is quite apparent that catastrophic corrosion
may be experienced in an essentially sulfur-free enviromment.

VII. CONCLUSIONS

The following statements can be made concerning the effects of
sulfur in fuel (0.0002, 0.040 and 0.40 weight per cent) and sea salt in air
(sero, 1.50 and 15.0 puts per million) on hot gas corrosion of super alloys
(Inconel 713C and Sierra Metal 200). They are based on evaluationa of metal
specimens foll exposure to vitiated air from Phillips 2-inch cambustor
(56 air-fuel ratio) at high temperature (2000 degrees Fahrenheit), high pressure
(15 atmospheres), and high velocity (500 feet per second) during a five hour
cyclic test (55 minutes fuel-on, 5 minutes fuel-off). The significance of
test specimen metal losses and changes in tensile properties were established
by analyses of variance, made at a confidence level of 95 per cent.

1. Oxidation and erosion were minor - in the absence of sulfur and sea salt.

2. Sulfur had little, or no, effect on hot gas corrosion - in the absence of

ses salt.

3. Sea salt accelersted hot gas corrosion, in scme inatances to catastrophic
levels.

L. Sulfur x ses salt intersctions were significant; tut, while hot gas corrosion

of Inconel 713C was accelerated, hot gas corrogsion of Sierrs Netal 200 we
inhibited.

5. Decressing sulfur concentration in fuel, from the current JP-5 specification
saximm of 0.40 to 0.040 weight per cent, did not reduce sea salt corrosion

significantly.
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VIII. RECOMMENDATIONS

This study was made to determine whether the maximum sulfur limit of
0.4 weight per cent, currently allowed in grade JP~5 aviation turbine fuel, is
a safe level for the protection of turbine blade alloys used in advanced engines.
If not, information was sought to show whether a reduction in the sulfur speci-
fication limit would alleviate hot gas corrosion significantly. However, the
complex interection found with ingested sea water does not allow for either
recomsendation without additional information.

This study dces rnct indicate a need for precipitate action to
reduce the maximum sulfur limit of 0.4 weight per cent, currently aliowea in
grede JP-5 aviation turbine fuel. Both of the nickel-base alloys used in
this study showed good resistance to oxidaticn, erosion, and sulfidation -
in the absence of sea salt. However, catastrophic sea salt corrosion was
encountered with both super alloys, in some instances. A significant sulfur
x sea salt interaction was shown by both super alloys; but, while hot gas
corrosion of Inconel 713C was accelr.ated, hot gas corrcsion of Sierra Metal
200 was inhibited. The catastrophic level of corrosicn encountered with
Inconel 713 C at high sea salt x sulfur concentrations was reduced to a
negligible level by a drop in exhaust gas tempereture fram 2000 to 1750 F,
indicating the prime importance of operating temperature. Therefore, it is
recomaended that this study be extended to obtain more complete data, covering
additional super alloys, eve'uated over a range in exhaust gas temperature.

IX. FUTURE WORK

A test program to obtain the desired data, concerning the effect
of JP=5H sulfur concentration and sea water ingestion on hot gas corrosion of
turdbine blade and turdbine nossle guide vane materials, would require an esti-
my'ec 108 five-hour tests. Since this would take about six months of test
sacility time for completion, it is not feasible under the present contract.
Nevertheless, the test progrem will be detailed to provide an understanding
of the authors' intent, and to facilitate future planning.

The test prograa recommended to odbtain additional information
differs from that used for the present study in several significant respects,
as follows:

t . Three levels of exhaust gas tempereture (1800,

, and F), bracketing the useful limit for nickei-base and cobalt-

base allo~ -would be investigated to establish whather there are signifi-

cant ci. ;<= 1 Lne mechanism of corrosion occurring at temperatures above
the fress. g cint of sodium sulfate (1623 r).

1.

2. t Congentretion. An interwsdiate concentration of 10 parts per
aillion of sea salt in air, between the 1.50 and 15.0 levels used in
this study, has beern chosen to reduce the total number of tests.
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3. Cascade Testing. 7The super alloy test specimens would be mounted in
pairs, as in the present study; but thres test specimen holders would
be used, stacked in series and successively rotated 120 degrees to prevent
charneling of hot gas flow. This would allow for the exposure of six
test specimens during each test, at little additional cost except for
the price of the test specimens. Cascade testing subjects downsiream
test specimens to corrosion products not normaliy present in the exhaust
gas, as would be the case in a multi-stage turbine.

4. Super Alloys. The composition nf the five super alloys recommended for
future testing are shown in Table XLIV. An attempt has been made to
select turvius Liede &nd/or turbine nozzle guide vace materials used in
high performance engines of advanced design. INCO 713C and SM-200 have
been included because of the background of complex sulfur x sea salt
interaction experienced with them during ihis study. The selection of
IN-100 and Udimet 500 has been tempered by a desire to cover a range of
from 10 to 20 per cent irn chromium content with nickel-base alloys. In
addition, it is recommended that a coated super alloy be included to
obtain a measure of its increased resistance to ccrrosion; specifically,
Miscn Coating No. MDC-1 on INCO 713C. This is an aluminum diffusion
type coating for nickel-base alloys, approxisately 0.002 inches thick,
of sufficient ductility to resist erosion by foreign material.

5. Scale Composition. Studies of the mechanism of corrosion would be en-
hanced by supplementing present measurements of test specimen weight
change, te~sile properties, and metallographic evaluation with more
comprehensive analysis of all corrosion products; using X-ray diffractiom,
X-ray fluorescence, and exission spectroscopy.

wl-32
Rickel 72 60 60 b3 -
Cobalt -— 10 15 19 63
Chromium 13 9 10 19 2
Tungsten - 12 -— -— 1
Alumtrmm 6 b) 5.5 ) ) —
Titaniwm 0.6 2 s 3 —
Iron 1 0.5 0.5 1 2
Columbium 2 1 —— —— 2
Vanadium — -— 1 -— -
Cardbon 0.1 0.2 C.2 G.1 G.5

6. Ighsust Gas Composition. Neasurements of wxbsust gas tempersture by
thermocouples, and sudsequent calculation of combwmstion efficiency,
would be suga=nted by deterxinsiion of sahaust gas composition using
gas chramatography.
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7. 7Tensile Properties. The flat bar test specimen would be reduced in
cross section for tensile evaluation by drilling a 1/8 inch diameter
hole in its center. This would allow for retention of its usually more
highly corroded edges. The present method of reducing cross section
by fillets affords an excellent evaluation of intergranular attack on
the base metal. However, the proposed method would provide a more
sensitive measure of the over-all damage to the test specimen, reflecting
both intergrenular attack and loss in cross sectional area.

The experimental lay-ocut suggested for this test program is shown
in Table YIV. It will allow statistical analysis of the data to evaluate
the effects; and interactions, of the three test variables - (a) sulfur con-
centration in fuel, (b) sea salt in air, and (c) exhaust gas temperature.
A1l six of the super alloys would be tested simmltaneously, with their locations
in the cascade programed so that each super alloy would occupy each of the
three stages twice; once in the left position, and once in the right position.
This will permit analysis of the effects, and interactions, of the three test
variables on each super alloy, as located in each stage of the cascade.

A total of 72 analyses of variance would be made. These would
consist of the aix super alloys, at each of the three stages, for each of
the four response variables - (a) test specimen metal loss, (b) tensile strength,
(¢c) ultimate load, and (d) elongation. Each analysis would be based upon the
various means calculated from the data and interections cbtained from an
analysis of variance table. An analysis of variance for the recommended
test program would have the form showm in Table X1LVI.
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TABLE XLV
RECOMMENDED TEST PROCRAM

Test Variables (a)

“xhaust Sulfur Sea Jait

Position of Cuper Alloy Specimenc in Cascade

Temp., in Fuel, 1in Air, Stage 1 Stage 2 Stage 3
F we, X ppem L R L R L R L R L 2 L R
e ooz w0 X B B R R BB ERBRR
A 1o . 2 2 2 2 2 2 2 A2 2 2 2 A2
1800 0.040 0 X Y, Yo X2 Xo Y2 Yo X2 Xo Y2 Yo X2
%eyg 3-2150 1g-0 ;(2 §2 ‘{;2 ;(‘ X2 ‘§2 32 Y2 X2 §2 3’2 X2
1306 A0 ' (2 2 2 SR L) 2 Yo X Xy 2 Yo X2
1800 0.4C 10.0 X2 Yz Yo X2 X Yo Y2 I ¥ Yo Yz X2
2';\?(‘% C.0002 S I3 I Y17 X3 X3 Y3 Y3 )3 3 N :.'1 X3
2& v‘.ﬁ‘t (:,00C2 10.C 3(3 n N Y3 3 N1 N X3 :'&:3 :{1 1 X3
200 C.0LC 0 P I N1 43 3 N1 Y1 ¥3 X3 N1 N1 X3
2000 C.0LC 1C.0 3 7 N7 X3 i3 D & R T S T SRR & G C
OO e BERTRSRE 2R
20 341 .0 X3 1 1 3 3 T 1 3 I3 Y3 1 A
oUW &, B BRhEBLaAbgR
£ ¥ L e LA . < 21 A1 1 A1 ‘1 3 b4 4
2000 C.CL0 ¢ Xi Y3 5 hoX Y3 Y3 1 X Ta “:g Y;:
Erit & C.OLE 16.4 Xl é Y Xl Xl Y? ‘T; Kl Xl ‘I/q'_ }; 'l:l
e AIFAY G ,‘{1 )4 Y3 Xl X‘l Y- ;} h¢ 1 X 1 Ya MEN X 1
2200 CLT 1C.C I g 3 X 04 fB 3 0% I3 ‘."f 31
Runs 1-36 1A ¥ ¥ : N
Huns 37-72 5 f }zg “i’ ¥ '
Juns 73-10# ?/g ?:6 Hl ‘- 2‘25 %fl‘

4

e )
VRN
SO e
L Fs
i

%

= IN-10C
&
- INCC 723 C
IHCC 713 € with FHisce Aluwminue Diffusion Ceating Yo, MIC-1
ieft hand position in ts2% speciren holder.
Eight hand pesition in test speciren holder.

[N Y o (‘;ﬁ“xﬁ" , 3
gt N e

= First saries of tesis,
= Zecord series of tests,
Procedyre:
2. Choose to run X's or Y's first at rarndom.
E. andoarige the order of Xj, X, X3 and Y3, Y5, Y3 for each greur of 35 muns.
L. Siaps (A) and (B) will provide an ordering of runs in groups of six.

randorize the crder of runs within each of these groups of six.
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TABLE XLV (Continued)

Botes:

(a) Other Phillips 2-inch combustor opersting variables to be held constant
ihroughout the test program.

Combustor Inlet Air Pressure, atmospheres . . . . . . . . . 15.0
Air-Puel Ratio, pounde per pound . . . ¢« ¢ ¢ ¢ ¢ ¢ « « o« o« 60
Exhaust Gags Velocity at Test Specimen, feet per second . . 500
Test Duration, hours . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o ¢ ¢ o o o 5.700

Inlet air temperature to be varied over a range of from 800 to 1200 F,
as required to obtain desired exhaust gas temperature.

Thermal shock to be introduced by an operating cycle of £5 minutes at
test conditions, followed by 5 minutes with fuel off.
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TABLE XLV
ARALTSIS OF VARIANCE FOR RECOMMENDED TEST PROGRANM

Source of Variation Degrees of Freedom

Total, L ] [ ] L ] L ] ] [ ® . L ] L 3 L] * L ] [ ] L] [ ] . e L) 35
Units of SIx Runs. . . ¢ ¢ ¢ ¢ o ¢ ¢ o &
Position (Left vs. Right) . . . . .

Twmratm . - * [} [ ] e [ ] L] L] L] [ ] [ ]
Main Flot Frror ¢« ¢« ¢ ¢ ¢ ¢ o o & &

N+ S ]

W
o

Single Runs in Units of Six. . . . . . .

Se& S&ltd L] * L L ] [ ] » . *
smur. L] . . * L J L] L[ L ] L)
Sea Salt x Sulfur . . . .
Sea Salt x Temperature. .
Sulfur x Temperature. . .
Sea Salt x Sulfur x Temperature
Split Plot Error. . « = . « . .

L] > [ ] L] -
L] > L] L ] -
L] L ] [ ] L] [ ]
WmE DO

- * L L ] - - -
* > L] - L. - L )

[
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