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SUMMARY

An investigation of turbojet combustion-chamber liners from
two types of engine was conducted to determins the factors contril-
buting to failure by cracking. Studies were made of "as-fabricated",
heat-treated, and mechanically finished liners, on liners after:
service operation, and on liners after accelerated engine rums. -

Buckling was produced at or near most cracks by thermal stresses
that resulted from over-all temperature gradlents and from temper-
ature gradients at individual louvers. Cracks that formed in the
buckle were probably caused principally by thermal fatigue of the
buckle. Most of the cracks originated at the immer portions of the
stress-relieving hole of the louvers in the upper bend of the louver
flaps and probably were caused by thermal and mechanical fatigue of
the flaps.

Cracking may be retarded and liner life prolonged by removing
~stress raisers produced by punching operations. Cracks are believed
to originate both in the grain boundaries and in fissures produced
by punching operations. Surface and subsurface scales of appreciable
. thicknesses were found at edges of metal exposed to the hot gases.
Blges of cracks were lined with either or both types of scale and
the subsurface scale (internal oxidation) in particular probably
contributed to the cracking mechanism by forming stress raisers and
subsequently lowering resistance to fatigue. '

INTRODUCTION

‘Combustion-chamber liners used in several types of gas-turbine
engine have failed both by cracking and dbuckling. Cracking is par-
ticularly serious because small pleces of metal have been known to -
break off and be carried into turbine blades causing considerable
damage; both cracking end buckling disturb the air flow.
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The liners used in most American engines are made of Inconel,
an alloy of the following nominal chemical composition (reference 1,

p. 4):

Ni Cr Fe Mn Cu St c S
78.5 14.0 6.5 0.25 0.2 0.25 0.08 0.015

This alloy i1s known to have good heat-resistant properties and is
one of the best available for applications where flames directly
contact the metal.

Although the liners used in this investigation are not of the
latest design, they are considered typical of liners made with louver
flaps or fins protruding into the combustion zone to introduce air for
cooling purposes. Determinations of temperature conditions in liners
have previously been made at the NACA Lewis laboratory. Failures were
.attributed to high local temperature gradients, which were as great as
700° F per inch. Most cracks occurred in the area of maximum temperature.

The investigation reported herein was conducted to determine the
factors that contribute to faillures in combustion-chamber liners.
Such metallurgical conditions as green-rot (reference 2), sulfide
penetration (reference ‘3), oxide penetration, and carburization were
considered.. Analysis of such physical conditions as the thermal
stresses present in the liner was found to be necessary in completing
this regearch.

The effects of heat treatments and of removing stress raisers
from punched edges prior to operation of the liners were determined
by running liners in engines and examining cracks that formed.

APPARATUS AND PROCEDURE

Liners. - Liners from two types of turbojet engine were investi-
gated. They are designated type A and type B (fig. 1). The type-A
liners had cracked in service and had been removed from the engine
for this reason. The history of these liners was unavallable, but
it was known that an unleaded fuel, probably AN-F-32, was used in
their operation. An "ag-fabricated" type-A liner was also examined.
Type-B liners were run in an engine of the type shown in figure 2 in
a cyclic "accelerated-~life" run under the following conditions:
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Duration Rotor speed |[Gas temperature at
(min){ (sec) (rpm) exhaust-cone outlet
(°F)
4 30 4000 £50 1100 max.
Acceleration to
0 15 11,500 1450 +50
15 0 11,500 £50 1240 20
Deceleration to -
0 15 4000 1260 max.

The sulfur content of AN-F-32 fuel i)urchased for the investi-
gation varled from 0.011 to 0.044 percent.

Three groups of type-B liners were examined. - The first group
was run for 66 hours and 57 minutes in an engine used in cyclic tests.
The -1liners became so severly cracked that four of them were removed
for examination. The other two groups of liners were modified by
heat-treating and mechanical finishing in attempts to reduce failures
and were run for 16 hours and 40 minutes.

Metallurgical examination. - The metallurgical exasmination pri-
marily consisted of visual and metallographic studies of type-A
liners that failed 1in service and type-B liners that had been run
in the accelerated-life determinations for 66 hours and 57 minutes.

These liners were visually examined for size, shape, and origin
of cracks, for scale patterns that indicate temperature gradients in
the metal, for carbonaceous deposits, and for buckling or warping.

A large number of cracks were metallographically studied at high
magnifications. Small sections that contained cracks were removed
from the liner, mounted in plastic, end polished with special pre-
cautions to preserve edges and scale formations. In general, three
areas of the mlcrospecimens were examined both etched and unetched:
(1) cracks and adjacent areas, (2) punched edges, and (3) areas away
from surfaces exposed to the gaseous atmospheres. The cracks were
examined for intercrystalline and transcrystalline characteristics,
scale formations, and possible oxidant penetration of the metal
prior to crack formation. The three areas previously mentioned, par-
ticularly the punched edges, were checked for evidence of mechanical
working, the presence of stress raisers in the form of tears, or
figsures, microstructural abnormalities, precipitation of carbides
in grain boundaries and within grains, carburizstion, and grain
size. :
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Microspecimens from the as-fabricated type-~A liner and from a
type-B liner, run for 16 hours and 40 minutes, were also studied.
Te specimsns from the type-A liner were examined to determine the
initiel condition of punched edges prior to use, and the specimens
from the type-B liner were examined to determine whether the cracks
began in an intercrystalline or transcrystalline manner.

The samples were examined with a research metallograph and
gseveral auxiliary measuring eyepieces, such as a filar micromester
eyeplece that could measure distances down to a few hundred thou-
sandths of an inch, and & grain-size measuring eyepiece.

Production of thermal gradients in type-B liner. - An acetylene
flame was used to produce hot zones and tempersture gradients in a
liner similar to those formed in the liners during engine operation.
The oxide patterns formed on the liners run for almost 67 hours
woere used to indicate the temperature patterns that should be pro-
duced with the acetylene flame. In order to determine whether
failures similar to those found in liners could be reproduced in
short periods of time by artificilally crea.ting temperature gradients,
the following experiments were made:

1. A thermal gradient was first produced by heating a louver
flap and the surrounding metal for 1 minute to a maximm temperature
of approximately 17000 F and cooling the portion irmediately down-
gtream of the louver with an air blast. The temperatures were esti-
mated from visual observation and the area was examined for buckling
and cracking. _

2. The zone previously heated was then alte:ma.tely heated and
cooled 30 times a.nd again examined.

3. The upstream portion of the louver in the same zone was then
heated to a maximum temperature of approximately 1900° F and the
entire downstream portion was air-cooled. This procedure was followed
twice, the time of heating in each case being sbout 2 minutes.

4, Several louver flaps were then alternately heated from the
inside of the liner to about 1600° F and air-cooled. Motion of the
flaps during the thermal cycle was observed.
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Chemlcal anslysis. - An attempt was mede to scrape corrosion
rroducts (scale) from the liner surfaces in order to determine the
rresence of sulfur. Samples large enough for chemical analysis
- could not be obtained, however, because the scale was both thin and
tight. Analyses by X-ray and electron diffraction of the scale
were attempted but no conclusions could be drawn from the data. The
results seemed to indicate that oxides were present; however, posi-
tive 1ldentification of individual oxides was impossible with the
techniques used. A large number of similar oxides and isomorphs,
which mey form from the alloying elements in Inconel, made the iden-
tification difficult. Carbon deposits, which were as thick as
l/ 16 inch and were present in all the liners, were scraped and sent
to the National Bureau of Standards for quantitative chemical ana-
lyses for carbon and sulfur. In eddition, a spectrographi¢ analysis
of the deposits was made. R '

Heat treatments and mechanical finishing. - In order to determine
if heat-treating would improve the resistance of Inconel liners to
cracking and if engine runs involving heat-treated liners were
varranted, preliminary investigations were made. Trial specimens were
treated at 900°, 1600°, and 2200° F, air-cooled and water-quenched,
examined metallographically, and hardness tested. The specimens were
mede of 1/32-inch dead soft Inconel and 5/8-inch holes were punched in
them so that in addition to examining the general microstructure, the
punched edges could be checked for distorted grains and the changes -
that the heat treatments produced. A specimen that was not heat-
treated was used as a standard for comparison.

The 900° F heat treatment was recommended to glve this alloy
spring propertles and also the best resistance to fatigue and high-
temperature exposure (reference 1,p. 6). The 16000 T heat treatment
was expected to soften the alloy by agglomerating precipitates and
relieving stresses, whereas the 22000 F treatment was expected to be
a solution treatment and to increase grain size. - '

Because the microstructural differences found in the trial
specimens were significantly great, three type-B liners were selected
from stock and were heat-treated in a neutral atmogphere at 9000 F
for 1 hour and air-cooled, at 1600° F for 2 hours and alr-quenched,
and at 2200° F for 2 hours and air-quenched. .

The atmosphere was produced from propane, which hsd a sulfur
content of 0.005 percent. After ecch sample, except the one treated
at 9000 F, had been held at temperature for the required time, it
was quickly placed in a cylindrical furnace and air-quenched with
a blast of air from all sides.
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Three additional type-B liners were heat-treated at these same
temperatures. Before being heat-treated, however, the punched holes
vere reamed, sanded, and vapor blasted. An additional liner was also
mechanically finished but not heat-treated.

Reaming, sanding, and vapor blasting was employed because infor-
mation from the metallographic examinations indicated that service
life might be improved by removing the roughness of the edges pro-
duced by punching. The procedure was as follows: All air-intake '
holes. and all louver holes were reamed by hand. The air-intake holes
were large enough to sand by hand but the louver holes had to be
vapor blasted. -Vapor blasting is very similar to sandblasting, the
chief difference being that the abrasive particles are suspended in
- a liquid rather than in air. The reaming and the sanding removed a
few thousandths of an inch of metal from the holes. Vapor blasting
was intended to smooth the edges by a cutting action or by hammering
shut the microscopic fissures.

These seven liners were then installed in an engine with ordinary
liners spaced between them. The engine was run for 25 cycles of “the
accelerated-1ife run (a total of 8 hr and 20 min), after vhich all
the liners were removed and inspected for cracks. The position and

the length of each crack and notations about buckling were recorded.
. The engine was reassembled and run for 25 more cycles and the inspec-
tion procedure was repeated. .

. The reaming, sanding, and vapor-blasting treatment seemed to
improve the resistance of the liners to cracking and therefore a new
set of 14 as-fabricated liners was selected to verify the results.
Seven of these liners were reamed, sanded, vapor blasted, and installed
with ordinary liners in alternate positions. The engine was run for

25 cycles and the liners inspected for cracks. The data previously
described for the first trials of this type were again recorded. The
engine was then run again for 26 cycles and the liners were reinspected.

RESULTS

Gemeral description of macrocracks. - A.'lmost all cracks started
from the stress-relieving holes of the louvers. The two most common
types of crack are shown in figure 3. (See also fig. 4.)

These cracks originated in the upper bend of the louver flap at
the imner edges of the stress-reliéving holes (fig. 3(a), point 1).
They proceed in a direction approximately perpendicular to the holes
for a distance of 1/32 to 1/16 inch. The cracks deviate from their
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straight paths at this point and twrn either away from the center
line of the louver or parallel to the center line, as shown in fig-
wre 3(a), point 2 . The cracks proceed in a slightly crooked path
but continme in the same general direction, awey from or parallel to
the center line, (fig. 3(a), point 3). In extreme cases, cracks
extended as far as the air-intake holes. Warping or buckling takes
place-at or near almost every crack. In many cases, the warpage
forms either a ridge or a groove between the stress-relieving holes
of the louvers and the nearest air-intake holes (fig. 3(c)). Buck-
ling is most serious in the second row of louvers from the intake
end (figs. 1 and 4). The louver flaps (fig. 3(a)) do not warp.

Some of the cracks were Jagged and widely separated and looked
like tears vwhereas others were minute. The smaller cracks were
usually much more crooked than the larger ones. Most of the cracks
were located in the second and the third row of louvers fram the
intake end (figs. 1 and 4).

Surface examination and chemical analysis. - Inner surfaces of’
the liners contained carbonaceous deposits, which extended from the
intake end downstream for approximately 5 .inches in type-A liners
.and 8 inches in type-B liners. The thickness of the deposits varied,
some large areas having 1/16-inch coatings and a few others having
- greater thicknesses. A very few locelized areas showed green oxide
- spots in the carbonaceous zone. The National Bureau of Standards
found the carbonaceous material to be approximately 70-percent carbon
and O.3-percent sulfur by microcombustion and combustion analyses,
respectively. The spectrographic anslysis by the National Bureau
of Standards did not reveal any significant results. The sulfur -
ricked up by the carbonaceous deposits is not believed to contribute
appreclably to the cracking mechanism because many cracks formed in
areas awey from the carbonaceous deposits.

Thermel gradients in liners. - Variation in color of the surface
scale permitted estimetion of the metal temperature. A dull gray-
black coating was found on the hottest portiomns, particularly the
zone between the first and the third row of louvers. The louvers
and the adjacent metal 1 or 2 inches upstream were colored dull gray-
black whereas immediately downstreem were cool areas relatively
unoxidized and only slightly discolored (fig. 4). Thus, a drastic
temperature gradient existed at the individual louvers. Upstream-
downstream temperatures at the louvers of type-B liners were measured
in another NACA investigation and differences of as much as 600° F

were found to occur in the second and third rows from the intake end.
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The following observations were made on the type-B specimen -
subjJected to thermal gradients:

1. A thefma.l gradient produced by heating a louver flap and
the surrounding metal to approximately 1700° F for 1 minute ceused
neither buckling nor cracking.

2. When the area was a.ltemately heated to approximately 17000 F
and cooled 30 times, a very slight buckle was formed between the
louver a.nd the air-inta.ke holes. ‘

3. When a slightly higher tempera’cure of 1900° F and a more
severe temperature gradient were produced in the area immediately
upstream and when heating time was increased to 2 minutes, a greater
degree of warping occurred. This warpage was not at all comparable
in degree or shape to warpage or buckling produced in liners run in
accelerated-life determinations or in service.

4. When the louver flaps were heated to approximately 1600° F
and the metal downstream was kept cool, the louver flaps were bent
outward, approximstely halving the gap between the edge of the flap
and the liner surface. Alternate heating and cooling moved the louver
‘flap inward and outward. »

Metallurgical investigation. - The type-A and type-B liners that
failed in service and those that were used for long periods of time
in the accelerated-life determinations were severely cracked (table I).
Cracks of this type are shown in figures 5 and 6. The longer cracks
were chiefly transcrystelline (fig. 7) although most of them had inter-
crystalline segments. Meny branches from the larger cracks were inter-
crystallins.

Both surface and subsurface scales were present at most df the
edges of larger cracks (figs. 8 to 10). In a few cases, branches
from these main cracks appeared to be lined with nothing but surface
scale (fig. 11); whereas in many cases branches seemed to be entirely
of the su'bsur:t‘ace type, (figs. S and 9(b)). The separation of layers
of scale by metal rather than a crack in some cases leads to the obser-
‘vation that a tubular formation of oxides existed about some of the
cracks or branches. Evidence of this type of formation may be seen
in figures 5, 8, and 9(b) and a pictorial explanation of what is
believed to occur is shown in figure 12. Etching sometimes changes
the appearance of the scale until it appears to be a two-phase struc-
ture (fig. 10). The immermost oxidized zone turms purple and the
outer portion remains a dull gray.
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The punched edges, as well as all other edges exposed to the
gaseous atmosphers, are covered with surface scale; very often sub-
surface scale 1s also present. '

The punched edges of an as-fabricated type-A liner were bordered
by a layer of disturbed and elongated grains and were torn in several
places (table I and fig. 13). The fissures produced by tearing were
large enough to act as stress raisers or potential sources of cracking,
the largest being 0.0019 inch longe.

In an ordinary type-B liner run in the accelerated-life run
.for 16 hours and 40 minutes, some punched edges were found to be
lined with small equiaxed grains, less than A.S.T.M. grain size 8§,
inasmuch as the cold-worked layer formed by the punching operation
had recrystallized. ©Smsll incipient cracks extended from the punched
edges through the layer of fine grains (fig. 14). These incipient
cracks were so wide that no definite conclusions could ‘be drawn
regarding their origin. It is possible that initlal cracking, which
extended into the metel deeper than the fine-grained layer, preceded
from soms of the fissures originally present at the punched edges.
Small equiaxed grains were not found on the punched edges of the
type-B liners run for 66 hours and 57 minutes in the accelerated-
* life runs, but distorted grains were present in & few samples.
Scaling very probably removed almost all traces of original grain
gtructure at the edges.

Quantitative microscopic comparisons of punched and cracked edges.
and of immer grains showed no evidence of carburization or decarburi-
zation. ’

Yellow intermetallic compounds were found to be scattered uni-
formly throughout the microstructure and, for this reason, their '
presence could not be correlated with the fallures. Solid nonmetal- |
lic inclusions were found in the metal but no abnormal segregations
of any type were noticed. ' . '

Trial heat treatments. - Heat treatment at 9000 F produced no
significant difference from the as-fabricated sample (figs. 15(a)
and 15(b)). Heating at 1600° F caused precipitation of microcon-
-stituents, whereas heating at 2200° F dissolved most of these micro-
constituents (figs. 15(c) and 15(d)). In addition, heating at
22000 F softened the metal, caused grain growth, and aided recrystal-
lization. No esignificant differences were observed between samples
that were quenched in air or in water (table II).
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Heat treatment and mechanical finishing. - The results of the
thermal treatments of type-B liners indicated that the heat treatments
selected were ineffective in preventing cracking. A slight improve-
ment was noted in some of the reamed, sanded, and vapor-blasted
liners that had been heat-treated. The mechanical finishing of seven
as-fabricated type-B liners, however, materially reduced cracking in
the accelerated-life determinations as shown in table III.

DISCUSSION OF RESULTS

The location of buckling in the zone in which temperatures and
thermal gradients were apparently greatest indicate that thermal
stresses of a large magnitude were induced in the metal. These
stresses were a result of the following conditions:

1. Over-all teniperature differentials produced in a liner during
combustion. The hottest zone is between the first and the third row
of louvers from the intake end of the liners.

2. Temperature gradients produced at individual louvers by
secondary combustion air, which enters the louvers and cools the
metal ijmmediately downstream. An abrupt line of demarcation between
hot and cold areas occurs at or near the stress-relieving holes of
the louvers. :

Buckling occurs between the stress-relieving holes of the louvers
and the air-intake holes because of the geometry of the holes and
louvers and the large temperature gradients (fig. 16). Operational
conditions such as starting, stopping, and power surging, which pro-
duce thermal changes in the liner, are belleved to raise and lower
the buckle to some extent. The fluctuating thermal stresses thereby
produced are belleved to fatigue the metal thermally and to produce
a crack in the buckle of the type shown in figure 3(c).

4 By alternately heating and cooling the louver flap, an outward
and inward movement of the flap was produced. The operational con-
ditions previously described therefore probably caused a similar '

motion of the flaps producing a thermal fatigue. Any bending of the

louver flap would apply maximm bending stresses at the immer edge
of the stress-relieving holes (fig. 3(a), point 1). Because the
lower side of a flap projects into the path of the combustion gases
and thus becomes hot and the upper side is cooled by the flow of
secondary combustion air, tensile and compressive stresses are pro-
duced in upper and lower portions, respectively, as a result of dif-
ferences in thermsl expansion (fig. 17). These stresses produce the
upward bending upon heating. : :
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Mechanically produced fatigue stresses are also believed to con-
tribute to the cracking mechanism and may result from vibrations of
the engine, air flowing over the flaps, and pulsations that occur dur-
ing combustion. Air flow would tend to produce a motion in the flap
gimilar to that of a vibrating reed.

Transcrystalline characteristics of the cracks and the brittle
nature of the failure are also indicative of fatigue failures, par-
ticularly because the longer, more rapidly propagated cracks have
few intergranular cha.racteristics except in the branches.

Stress raisers may be classified into two groups: those pro-
duced by fabrication processes and those formed after the liner is
put into operation.

The investigation has shown the importance of stress ralsers
produced by the punching operatlons, namely, that by removing torn
and worked metal from punched edges cracking is greatly retarded
and liner life thereby increased. Because most cracks originate in
the upper bend of the louver flaps at the imner portion of stress-
relieving holes, ‘it is possible that the working of the grains in
the bend is also harmful. OSurface scales, which formed during engine
operation are believed not only to lengthen and widen the cracks,
but to act as stress ralsers at the tips. Subsurface scales, which
are also found at most crack edges, are inherently harmful because
by expanding the metallic lattice they act as stress ralsers and
lower resistance to fatigue.

The intercrystalline characteristics of many cracks or branches
of cracks and the accompanylng scale formations Indirectly indicate
that some cracks first start at grain boundaries weakened or stressed
by oxide penetrations. Similarly, the improvement in resistance to
cracking of mechanically finished liners indicates that other cracks
originate from small fissures produced by punching operations.
Because the vast majority of cracks were chown to originate in the
stress-relieving holes of the louvers, however, and because bending
of the flap produces maximum stresses at the stress-relieving holes,
it is believed that the cracks are predominantly the result of louver-
flap motion. Thermal and mechanical fatigue stresses could therefore
cause cracking at the stress-relieving holes even if stress raisers
from punching and scaling were not present.
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SUMMARY OF RESULTS

The investigation of turbojet combustion-chamber liners to-
determine the factors contributing to failure by cracking yielded
- the following results:

1. Most cracks originated at the inner portion of the stress-
relieving holes of the louvers in the upper bend of the louver flaps.
They were propegated at first almost perpendicularly from the edge
of the hole but then turned either parallel to or away from the
center line of the louver.

2. Buckling was found at or near almost every crack and usually
oextended from the stress-relieving holes of the louver to the nearest
air-intake hole.

3. Some of the cracks probably began in an intercrystalline
manner; others are believed to origlnate in fissures produced by
punching operations. . As the cracks enlarged, they tended to become
more and more transcrystalline. Most of the cracks were pa.rtly
intercrystalline or had intercrystalline branches..

4. Surfaces exposed to hot gases were covered with scale. Sub-
surface scale (internal oxidation) occurred at meny of these surfaces,
particularly the edges of crackse.

5. Neither carburization nor decarburization was detected.

6. No conclusions or correlations in regard to the mechani sms
of cracking could be drawn from the grain-size measurements, the pre-
sence of intermetallic compounds, or solid nonmetsllic inclusions.

7. Carbonaceous deposits absorbed a relatively large percentage
(0.3 percent) of sulfur from combustion gases. The sulfur picked up
by these deposits, however, did not contribute appreciably to the
fallure by cracking.

8. Heat treatzﬁenté investigated were ineffectual in preventing
cracking.

CONCLUDING REMARKS
The following observations may be made from this investigation:
1. The most common types of crack that extend from the stress-

relieving holes of the louvers probably are caused by thermal and
- mechanical fatigue of the louver flaps. A
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2. Buckling, which 15 produced at or near most of the cra.cks
by thermal stresses, is the result of the production of over-all
temperature gradients in the liner and of large temperature gradients
formed at individual louvers and air-intake holes by the entrance
of secondary combustion air.

3. Cracks that form in the buckle are believed to be caused
principally by thermal fatigue of the buckle.

4, Cracking may be retarded and liner life prolonged by removing
gtress raisers produced during punching operations by reaming, sanding,
and vapor blasting the edges of the punched holes. Some cracks
probably originated from small fissures produced by the punching oper-
ation.

5. The surface and subsurface scales, which formed, are believed
to lengthen and widen cracks, act as stress raisers thereby lowering
resistance to fatigue, and, in soms cases, so weaken or stress grain
boundaries that cracks originate in these boundarles.

Iewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Chio, October 11, 1948.

REFERENCES

1. Anon.: Englneering Properties of Inconel. Bull..T-7, Development
and Res. Div.’o y L;.lhe International Nickel Co., Inc., Lhrch 1943.
R 4 >
2. Evans, Ulick R.: Metallic Corrosion Passivity and Protection.
Longmans, Green & Co. (Niv,rnz:fk), 2d. ed., 1946, p. 116.

3. McKay, Robert J., and Worthington, Robert: Corrosion Resiste.nce
of Metals and Alloys, chs. XIV and XVII. Reinhold Pub. Corp.
ANew York), 1936, pp. 285-326, 350-378. _



1938

NACA TN

14

*(se3pe opye) sed8jume pesodue fpoyound 3oNg
: *(peyound jou) .voulm«

*POMBEOW QJOA SEESOUNOTYI PIUTQWOD oyl ‘jussedd

0J0m GOTEOF ©OBJMEQNE PUE 0DBJME YI0Q SJOUH ‘SIUSWEMEBOW .0jeuiXoJdde UTw3qo O3 Sua osodand oYl ‘pPOPLOOed SJIA MMWIUTH O
WMEIXeEm UBY3 JOY3BJ S9EsPUNOTYI oBvueasy ‘Buyysirod AQ pPequMIFTP ISBOT SUM 38U ‘BOJE UE UO PIINSEOu SUA OTEOS ‘OTUOR JO SSOWNITUL,

) . *oo0tdede Joj0w

~0JoTw JBTTJ puv YdeaBOTTEIAW YOLWeSeJ B UITA SPBW OJoM SOWOUIXO WNWTUTW JO UNWIXVW UBY] JIYIBJ SIUGEOMSTOU ofeasay "Supqsom

30 y3dop €03IN3TIFUCD PMOJ 8Je SuTBId POIBIUOTE UITUM UT pPJaBAu] ¢98pe oYz wolj seduw3efg °paxefnba dde [ejewm Jo sujwad remJdou
osneoeq suUOTIBOT TuUBE YSTY 39 HTQPEOTIOU ST UOTIBBUCTE YL ‘PONOM JO PejVIUCTE ouE sedpe peyound v suyexd ‘Suiniom jJo Aaaoﬁo

BCE 1 R 8 :«-.n 03 &tdde j0u seop puw eefpe peyound 3s seoupedTel Jo sJee3 TEBITURUOSW 03 ftuo sayrdde ‘saanssyy 3sededp Jo w3deq ,
*002X 3% Yzoows sseedde 3wyy ©3pe ‘@8pe yjoowsg

‘PAIOPTSUCD J0u g8 Loyj juesaad 8Jd8 8YIWJD ITaBY oW JO BUO JT ‘*3uessud 0J® 84993 JO EX0BJD [[BWE [BISGASS JT UInod pIJepisucd s
o8po uy ‘*uoTsodsod £q 2o Fujyound &q pesnwd wwa pue 0QZX JO UOIIBOjJTudvw ® 38 JeraBedaay Jo padfef sasedds yoyys e3pse ‘e3pe .._Wpomu

\*UOT3VSJITP BUTTTOJ 03 [O[T[BJed UOT3I098 [BUFER3TBuUCT ‘Suo]
. *uoF30eaIp FUITTOS 03 Jenojpueddad UCFIVEE OBUPASUBIY JO SSOJD ‘SSOJD,

ysog ysog 0% §5000° 1200° cmme—- y3ooug aeanoq| Buor| 9
qaog y3og ‘08 £000° 2100° .e-ee- ysooug asanoy| Suoy 9
eUTTEIeLad8UBIT JdO JeTnUBAN|
-Jd@FUT ST IT Jayjoym Sujw
-J939D O3 epla 003 8T HdvJI) qiog €90°* RGN €2000° mem--- 0£000* yzoous J9ano| ssoan 9
. usog yjog €90° 92000°* Llttoor i 9€000° yaoows dsanoq| SBuon 9 .
suttIE3sdsosusay L1JITYD yyog g¢°o €000°0} 82000°0 hieded 2€000°0 y3ooug asano| Suog 3 .
suyrreIsfudeusdy L£1JOTUD yiog 0% £2000° mwooe. i - 00T10°* . yanoy || “aeanog| Suot [3
waog ysog 05 '92000° 10000 [ ====-= Ltto°o ysnoy oA=IUT_JTY Buo 4
edy .
ysog uiog 1€0°0 |° L1000°0) ==-=ce= cecem- ceeeon -- |ties ssjusp} SBuoq 3
ouyryeIsfaosusay £TJoIUD usog ce* 21000° | ¢2000° Rt ft000° yjooug asanoy| SBuog b
q7s0dep $N09IBUCQIBD
£tqyseod !{30vrq sem o7wdg| TBUJLIXT -eo—- 9t0c0* —————— ceceonn yjoowg [aeanot Jsey| ®soud | of
sufiTvIciaosura; ATJOTYD| TeBUIS3IXT €90° 30000 | 65000° —-e--- £2000° y3jooug Jeanoy| SBuog 1
u3log yzog -4 92000° —m-ee covem= evenre= yjoows |J4eAnoy JeaN| ®s0dd | Y
ouyyTeIshaosuedy ATJOTYD| [BUJSIXT 06°0 ¢t000*0| €£2000° 2€000°0 yjooug aeanoq| Buog ki
ceoarremmmcmgeccnccsacere | covenmmm e -—ewe-=| H000°0 EEE TP —e=e-~ |JoANOT JBON| S80I ud .
uyod . yiog Gz 6000° 9000° yjooumg asano| Suoq ¢
uysog u3og 1% 6000° 6000° ynoy | exsjuy ayy| Suog <
y3og yiog Ge* €000° 2100" - meeceea ySnoy | exsjutr ayy| Suog ¢
yiog yaog ¢100°0 2000°0 9100°0 8200°0 yfnoy |aeanoy asay|  Buog 4
s93nUIN [§ PUB SJNOY §9 JO BUNI SJTI=POIBILTO0E Sujanp Suyxnosad £q PITTEJ YITUM ‘aourl g-odL3 woug peurslqo suswyaedg
ujog . yiog g2 §000* == yBnoy asanoq|’ Buot 4
uiog uiog [T4% ¢gC00* T - yjooug J9ANO] Buug 2
yzog . ujog Lz20°0 100°0 | ===--- €000 ySnoy aeanog| Suoy 2 .
901Aues Bupanp Juiydowad yoyym ‘aeuyy v-ed£3 wodJ peuysiqo susmydedg
ittt €200° semmee yyoousg dasanog| Buog 1
- - £€00° 6000° q8noy deanoq. Suol | 1 Co-
e moo* - mescee= yjooug 234007 Buot 1
cmm——a L100° 6100°0 ySnoy asanoy| Buog 1
————- cmeenee €200°0 o= ysooug aeanoT| Buog T .
-~ aoujl v-odLy pe3voliqej-sE WOJLJ DPOUTVIQO susmyoedg .
(*ur)
9TQIBTA 850840 .
CPELRE) eT8OS 1s808ae1 ('ur) (*uT) (*ut) (*uy) omowvo
Jernuesdaajuy Jo eopgansqne| Jo y3Busy |oeT1898 Jof _eT8os joO BUuRIOM souamsely 389| paydund Jo uo139% g 0T 3008 souy]
eutrieIelaosusdy, a0 eovjuang|egsmixoaddy |essunogyy| Sseunorur|Jo yideq nwooc Jo uzdeg|uoijdyaoseq[Jo wojzedoq| I edAy
Roean Jo sedpa . 898pa peyoung

£3003 QIHONN ANV QEMOVHO JO NOSIMYAWOD UNY NOILVNIAYXZ - I FTAVL




15

1938

NACA TN

*omy13 Fuiyole Tewaouqe us pue L3jsuep

juedJano JeTnfeddy] us pesned suswioeds ay3 y3nodays payIidp eToy Treus,

% paysuanb
~J93EM
‘sanoy gz a0,
*G orduss v owws| G 4G-6¢G g ¢6-2¢ 2 ¢ | TpdiPemy | o
*938ps uo powaoJ sea 67898 YITL *((p)
9T °*31J) saysyjdyoead aTqIsia ou qsowte poTo0O-ugs
dJe 2J0Y3 9sSn®I9q Yd39 03 3JTNOTIITP Laea ‘sanoy 2 J0J
dJe sefaspunoq utedp ‘pejdedxe eq prnoa d 40022 38
88 2a3p2 paydund 38 JOBJBT J0U 8Je SUTERLD 26-6° LY T6-8Y 0¢ -1 vwﬁmmcc< 4
peydouanb
-J9j3em
‘sanoy 2 J0J
d 00097 3®
*¢ atdwes swv oursg 69-19 G*29-6°66 Gh g-1 vwﬁmwg 1
B
*((°) 9T *81J) s9yeyjdyoead geInqots
pue pPIIos JO Jaqunmu 9FJeT B UIBIUOD
sujed® pue sa9gJepunoq utedn °*safpe 3® paTooo-aye
S357X9 Y3modS uysad Jo 90UaptAd 3YITIS fsanoy 2 I0J
*BuiiIom [BOTUBYOSW MOYS puUR PITAUUBYD ad® 4 woowd 3%
eToy peysund Jo se3pa 3 SOTJIEPUNOQ UTERJIDH 89-6°99 29-19 q 8-9 patTesuuy ¢
pa1009-uye '
‘anoy T J0J
4 , d o006 3®
*((q) 9T *31J) T erdwes s® omsg 5°99-29 19-86 St L-S peresuuy 2
*((®) 9T °31J
poxeinbe ouas sSuisad JOJJIPIUT °*SATNQOT
amos pue §93837dioead pyTOs SUFJ UTeIUOD :
§67Jdepunog  *gouy 200°0 ©3 T00°0 Jo syidep Ho03s
ajemyxoadds 03 paxaom aas safpe 3B sujedp 89-6°99 29-19 [} ¢ L-¢ 3J0s-p8aqg 1
' (sentea TeIOTJ
-Jedns woag
SUOFSJI9A ssou (utw)
-UO0J) SSOU |-pdey [BIOTJ|(073£T0a300T2)
. -pasy g| -aadns Jogu|eptusho umipos 8Z1s :
aanjonagsoddiw Jo uogjzdiadsseq TToMqo0y T13mio0y| juedaed-Qy ug uysad juewjseday |etdweg
Jo eBusy Jo adusy swmi3 Butyoly |*W-IL°S°'VY 389y

INIZNLVIYL LVEH HLIM LIJHS TINOONI J0 SSIANQUYH ANV JYNLONHUISOMOIN 40 NOILVIMYA - II JTdVL




NACA TN 1938

TABLE III - EFFECTS THAT REAMING, SANDING, AND VAPOR

BLASTING OF PUNCHED EDGES HAVE UPON CRACKING

Average number of

Time in Average number of
accelerated cracks in seven cracks in seven
1ife runs as-fabricated reamed, sanded,
hr)| (min) liners and vapor-blasted
liners '
8 20 8443 1.86
16 40 20,29 9
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Figure 1. - Combustion-chamber liner investigated.



NACA TN 1938

18

*UOTJeT[e3sU JSUFT JOqmeyo-uoflsnqmod g-edfy Teordfy Bupmoys eutdue jefoqau] - *2 eImItg

7 VWIVN ™

-4 il ] el
>
°ef .
0ol 5%
0006 N.0000
aupBud JO Jedl UWOoXJ PAAITA St ¢ Ooh. o
SJaquMu JIqUEYO-UO0T3Snquo)d < ...0 . . <

O

% 8

©0lo2;

¢
° ° I3atT
% e Jaqureqo-uo3snquod

Jvou4



NACA TN 1938

(a) Most common type of crack.

SUNACA

C.22310
9-29.48

(b) Second most common type of crack.

(¢) Large buckle and typical cracks enlarged from figure 4. N A: C:A;

C.20562
Figure 3. - Typical cracks and buckle at louver. 1-.29.48



Page intentionally left blank

Page intentionally left blank



NACA TN 1938

N
A
i)

P
ole
%o ®e”

ss
tkﬁk’wﬁﬂﬂ

L4
...

Evidence of carbonaceous
, deposit present on outer

surfaces of upper portion
of liner

®
-

| Buckling between
stress-relisving
hole of louver and
‘air intake

oPe®e % ”®
sk &7 2L

Hot metel upétream of yloui'er

Cooled metal downstream of
| louver

NACA

C-22311
9-28-48

Figure 4. - Combustion-chamber liner showing cracks extending from louver holes.
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Crack

Subsurface
scale

Figure 5. - Cracks at edge of air-intake hole. Type-A liner; etchant, none; condition,
failed in service; magnification, X100. Largest crack is approximately 1/4 inch long.

TSCNACA
A A
C-22626
12-9-48

Figure 6. - Cross section showing cracks extending into metal from liner surfaces.
Type-A liner; etchant, none; condition, failed in service; magnification, X100. Cracks
shown were located near large crack.
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T
‘\\'j’Ac\jﬁr’JJ
C-22627
12-9-48

Filgure 7. - Transcrystalline cracking in liner run for 66 hours and 57 minutes. Type-B
liner; etchant, S-percent aqua regia in water, electrolytic; magnification, X350,



Page intentionally left blank

- Page intentionally left blank



NACA TN 1938

27

[—~Tubu1ar formation ,

. . . ? ' .

L‘Dotail A

C-22651

(a) Magnification, X60.

Figure 8. - Portion of large crack showing surface and subsurface scale.
etchant, none; condition, failed in service.

12-10-48

Type-A liner;
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(a) Cross-sectional view; magnification, X100.

Subsurface scale

C-22629
12-9-48

(b) Detail A showing surface scale at edge of crack; magnification, X1500.

Figure 9. - Crack extending from punched edge. Type-A liner; etchant, none; condition,
failed in service.
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—

NACA
C-22631
12-9-48

Figure 11. - Branch of main crack. Type-B liner; etchant, none; condition, cracked during
accelerated-life determination; magnification, X1500. Scale appears to be solid, similar
to surface scale. Edge of main crack is plated with nickel.
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Surface and subsurface scales
present at edges
Subsurface scale
Metal between crack
and scale
YSubsu.rface crack

(b) Cutaway view of crack.

(&) View of crack, which
extends from punched

hole.
S
e | (d) Top view of two-dimensional
1 crack after surface has been
polished to section A-A. g
i Compare with photamicrographs
Wi (f1gs. 5, 8, and 9).
(¢) Top view of crack and
cutaway.

(e) Section through two-
dimensional crack.

Figure 12, - Pictorial explanation of tubular formation.
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. . . .
B 4 ] 4
/, & -
. Y t S e
FA . B 4
),,‘ | /j (o, e /I »
& . ¢
N\ < Equiaxed greins , - - ¥
Filgure 13. - Edge of stress-relieving hole of louver. Type-A liner; etchant, 1l0-percent

sodium cyanide, electrolytic; condition, as fabricated; magnification X750. Note
fissure and elongated grains., Fissure is 0.0019 inch deep.

Figure 14, - Intercrystalline cracks in liner run for 16 hours and 40 minutes. Type-B
liner; etchant, ague regia and glycerine; condition, cracked during accelerated-1life
runs ; magnification, X250. Incipient intergranular cracks formed at punched edge.
Note small grains at edge. Crecks are lined with oxide scale, which does not show.
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(a) Not treated (dead soft).

(b) After heating at 900° F for 1 hour and air-cooling.

Figure 15. - Microstructure of dead-soft Inconel. Etchant, 10-percent sodium cyanide,
electrolytic; magnification, X750.
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(d) After amnnealing at 2200° F for 2 hours and air-cooling.

Figure 15. - Concluded. Microstructure of deai-soft Inconel. ZEtchant, lO-percent sodium
cyanide, electrolytic; magnification, X750.
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ool zone

Cool zone Cocl zone

Figure 16. - Hot and cocl zones about louver. Deshed lines indicate approximate location
of buckles.
Tensile stresses in upper
da rted
o i o portion of louver flap (cool portion)

Alr

had

o

Hot gases

vezz

Compressive stresses in lower portion
of louver flap (hot portion)

(a) Normal position (b) Conditions during
of louver flap. operation.

Figure 17. - Conditions in louver flaps.

NACA-Langley - 10-4-49 - 850



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47



