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EXPERIMENTAL INVESTIGATION OF THERMAL-BUCKLING CHARACTERISTICS
OF FLANGED, THIN-SHELL LEADING EDGES

By Jerald M. Jenkins and Walter J. Sefic
Flight Research Center

SUMMARY

/:\ -
K‘The thermal-buckling behavior of a wide range of flanged, thin-shell
leading-edge specimens was investigated. Spe01mens of Varylng geonetry were

subjected to temperature-rise rates up to 50° F per sec %; 7° K per sec) and
rbwa w

maximum heating rates up to 19.6 Btu/ft -sec (222, {% The specimens
1nv§2p1 éted were constructed of EOEK T3 aluminum, SAE i §% steel, or
Incone1;§_jéo Regions of stable T structural behavior were v were established on the
basis of leading-edge dimensional and thermal-load paramete{__j Two types of
buckling were observed in the flanges of most of the specimens. fﬁ%e results of
the experiments provide thermal-buckling information from which a variety of
flanged, thin-shell leading-edge geometries may be selected that are free of
unstable structural behavior while under the influence of severe thermal

loadings. ‘
e A

P———————

INTRODUCTION

The leading edges of winged hypersonic aircraft are known to be subjected
to intense aerodynamic heating (ref. 1) in flight. Detailed research investi-
gations into specific types of leading edges suitable for hypersonic use have
been limited. The heat-sink concept, although excessive in weight and limited
to short durations of heating (ref. 2), has been the most widely used type of
leading edge for hypersonic application. Limited experimental and analytical
work on shell types of leading edges (refs. 3 and 4) has been conducted;
however, the thermal-buckling behavior of leading edges has been defined only
in analytical studies, such as references 5 and 6. These theories include
simplifying assumptions, which impose limitations on their applicability to
design problems.

A series of experimental investigations into the thermal-buckling behavior
of flanged, thin-shell leading edges has been conducted at the NASA Flight
Research Center, Edwards, Calif. Three dimensional parameters were investi-
gated: +the shell radius, the flange depth, and the sheet thickness. The
experiments included specimens constructed of three metal alloys of differing
material properties: 2024-T3 gluminum, annealed SAE 4130 steel, and heat-
treated Inconel X-750.




The results of these experiments are presented in this paper to provide
information useful in establishing a leading-edge geometry free of thermal-
buckling problems. In addition, an insight is offered into the manner in which
failure occurs and the severity of the failure.

SYMBOLS

The units used for the physical quantities in this paper are given both in
the U.S. Customary Units and in the International System of Units (SI).
Factors relating the two systems are given in reference 7.

a,b,c chordwise distance from leading edge to thermocouples 3, 4, and 5,
respectively

a1,8p,83 arbitrary constants

d flange depth, in. (cm)

d

T flange parameter

T inside leading-edge radius, in. (cm)

Ty stagnation-line-failure temperature, °F (°K)

ATg incremental rise above room temperature (80° F (300° K)) at

failure, °F (°K)

Ty maximum experimental temperature, °F (°K)

t sheet thickness, in. (cm)

X,y rectangular coordinates

o coefficient of thermal expansion, in./in.°F (cm/cm°K)
a 2

aATf<€) buckling parameter

DESCRIPTION OF APPARATUS

Eighteen 1130 steel, 15 Inconel X-750, and 18 202L-T3 aluminum flanged,
thin-shell leading-edge specimens were fabricated from standard sheet material.
Four typical specimens are shown in figure 1. The geometry of the specimens is
shown in figure 2(a), and the dimensions are presented in table I. The length
of all the specimens was 16.0 inches (40.6 cm), and the taper angle was
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constant at 15° (0.262 rad); however,
the inside leading-edge radius r, the
flange depth d, and the sheet thick-
ness t were all retained as dimen-
sional parameters. The range of varia-
tion of these parameters was:

t = 0.020 in. (0.051 cm) to
0.080 in. (0.203 cm)

r = 0.25 in. (0.64 cm) to
1.00 in. (2.54% cm)

d = 2.20 in. (5.59 cm) to
5.00 in. (12.70 cm)

The sheet material for the speci-
mens was first sheared to proper size,
then the bend was formed to the desig-
nated taper angle. Channels of the same
material were formed with 1.00-inch
(2.54-cm) flanges to dimensions such
that the channel would fit precisely in-
side the bottom of the leading-edge
specimen. A channel 0.080-inch
(0.203-cm) thick was constructed for
each specimen. Each leading edge was
then resistance-welded to its corre-
sponding channel at intervals of 0.5 inch
(1.27 cm) along the entire length of the
flanges. When the welding operations
were completed, the Inconel X-750 speci-
mens were given a full heat treatment
(ref. 8). No visible warping or distor-
tion resulted from the treatment.

Prior to the experiments, each of
the sgpecimens was instrumented with
externally mounted chromel-alumel
thermocouples (fig. 2(b)). The specimens
were then attached to a beam (figs. 2(c)
and 3) by inserting bearing plates inside
the specimen and passing symmetrically
positioned stainless-steel bolts through
the bearing plate, through the web of the
channel, and finally through the flange
of a stiff beam. The restraining beam
was an American Standard UI7.7 steel beam
modified by milling off the outside
0.4 inch (1.02 cm) of the top of the
flanges of the beam (fig. 2(¢)). The
specimens were then striped with high-
temperature white paint. Banks of

Figure 1.— Four typical flanged, thin-shell

Figure 2.— Sketches showing leading-edge-specimen
geometry, thermocouple location, and restraining

beam.

leading-edge specimens.

(b) Thermocouple location.

——l 0.4 in.
(1.02 cm)

(c) 417.7 restraining beam.




Insulating board

0.25-in. (0.64-cm)
thick steel plate

Stainless-steel bolts

Radiant-heat lamps

4/

7

Leading-edge
specimen

0.080-in. {0.203-cm)
thick channel

Steel restraining beam

Figure 3.— Sketch of test condition.

Insulating board

PROCEDURE

radiant-heat lamps were ar-
ranged about the upper 1.00 inch
(2.54 cm) of the specimens

(fig. 3). The banks of lamps
overlapped the ends of the
specimen to assure uniform heat-
ing along the length of the
specimen. External heat trans-
fer was allowed only on the
radial portion of the specimen
and, in some cases, on a small
part of the flange of the lead-
ing edge. The remainder of the
specimen was protected from
radiant heat by sheets of high-
temperature insulation.

A control thermocouple was positioned on the stagnation line of the cylin-
drical part of the leading-edge specimeh & inches (20.32 cm) from each end.
The heating of the specimen was controlled by this thermocouple. The tempera-
ture along the stagnation line of the specimen was programed to rise from room
temperature at a rate of 50° F per sec (27.7° K per sec) to 700° F (645° K) for
the aluminum specimens, 1200° F (922° K) for the steel specimens, and 1700° F
(1200° X) for the Inconel X-750 specimens.

respective levels for 10 seconds.

The temperatures were held at these

The programed temperature time history of

the stagnation line of the specimens is shown in figure 4. Four additional
thermocouples were installed on all specimens to monitor chordwise temperature

Temperature, °F

2000

1500

1000

500

Stagnation point

2024-T3 aluminum

Inconel X-750

~1250
P4
(<]
-1000 °
SAE 4130 steel ":E
1
750 g-
£
@
[

-500

Time, sec

30

40 50

Figure 4.— Programed temperature time histories for specimen stagnation line.



gradients., Table II lists the locations of the thermocouples shown in fig-
ure 2(b). Temperatures were recorded on conventional strip-chart recorders
with an overall accuracy of *1 percent of full-scale deflection of 2400° F

(1590° X).

The experiment was started by heating the specimen according to the pro-
gramed temperature time history. Two observers were required during the
experiments: one visually monitored the behavior of the specimen, and the
other noted the time and temperature at which pertinent events occurred. At
the conclusion of each experiment, the events were logged, summarized, and
classified by the observers.

RESULTS

The most important single observation made during the heating of the
leading-edge specimens was whether buckling did or did not occur. In addition,
the following items were determined during the experiments:

1. The manner in which buckling occurred.

2. The temperature at which initial buckling occurred.
3. The severity of buckling.

L, The temperature distribution of the specimen.

Teble III summarizes the results of the experiments for each of the
specimens in terms of either unstable (specimen buckled) or stable behavior
(specimen did not buckle). Two modes of unstable behavior were observed
(fig. 5). Mode I occurred in the central regions of the flanges of the
leading-edge specimen. This mode of buckling was either a single- or multiple-
wave pattern similar to the buckling pat-
tern of a plate compressed in one direction
with some restraint on all edges. A
typical example of this type of buckling
pattern can be seen clearly in figure 6 by
placing a straightedge along the longi-
tudinal grid lines painted on the flange
of the specimen. Mode II buckling also
occurred in the flanges of the specimen.
This mode of buckling was a single-wave
pattern similar to that occurring in a
compressed, thin column. An example of
this type of buckling is shown in figure 7.

The severity of the buckling and the
stagnation-line temperature at which Figure 5.— Buckling modes
buckling occurred is shown in table ITI.




Figure 6.— Example of a Mode I buckle.

Figure 7.— Example of a Mode II buckle.

Figure 8.— Example of a cracked specimen.

The severity of buckling was
categorized as follows:

None - Buckles were not ob-
served during or after
the test.

Moderate - Buckles were almost
undetectable by visual
observation.

Severe - Buckles were obvious
by visual observation.

Gross - Buckles were of such
severity that the speci-
men was essentially in-
capable of carrying
external load.

The temperatures recorded in
the stable-behavior column of
the table indicate the maximum
stagnation-line temperature
that the specimen experienced
without buckling.

Two of the 51 specimens
cracked. The cracks occurred
on the flange of the specimen
near the radial part (fig. 8).
In both instances, a single
crack started at a point of
severe buckling and propagated
in several directions after
the heating was stopped.

Chordwise temperature pro-
files of a typical specimen are
shown in figure 9 at 5-second
intervals up to the time of
maximum temperature. The tem-
perature time histories of all
specimens are presented in
table IV for 5-second
increments.



DISCUSSION OF EXPERIMENTS

The large chordwise temperature
gradients and the nonlinear tempera-
ture distribution imposed on the
specimens during these experiments
represent a more severe operating
environment than would be encountered
by a hypersonic aircraft during
actual flight. In addition, the
restraining-beam system used to
retard thermal bending of the speci-
mens during the experiments provided
a stiffer restraint than would nor-
mally be required. An unrestrained
leading edge is subjected to only
first-order (loads arising from non-
uniform temperature fields) thermal
loads, whereas the introduction of
restraint, such as that provided by
the restraining beams, leads to zero-
order (loads arising from nonuniform
thermal action on the mutually con-
nected bodies of a structural system)
thermal loads (ref. 9). The presence
of both zmero and first-order thermal
loads represents a combined thermal
loading on the leading-edge
specimens. Hence, the experimental
data were obtained for an extreme
thermal-loading environment. If the

results are applied to leading-edge geometries within the limitations of this

Temperature, °F

2000

1500

1000

500

Figure 9.— Chordwise temperature distributions at

location
— Time,
sec
35 1250
30 |
B 25
— 1000
20
i 15 J7s0
10
[~ - 500
5
0 250
1 2 3 4
Chord distance, in.
1 { | { |
0 2 4 6 8 10

Chord distance, cm

5-second increments for a typical specimen

(number 50, Inconel X-750).

o Thermocouple

Temperature, °K

investigation in which the combined thermal loadings are less severe, the data

presented represent useful information for design purposes.

the exact stress distribution and the theoretical buckling stress of the
specimens 1s beyond the scope of this paper.

Mode II was the most frequently observed type of buckling during the
experiments, as is shown in the following table:

The computation of

Material
Total
2024-T3 aluminum 4130 steel Inconel X-750
Mode I 1 2 0 3
Mode II 8 5 8 21
Simultaneous 3 5 3 11
None 6 6 h 16




The large number of Mode II buckles appears to be a logical result, con-
sidering the reduced buckling strength that would be associated with the free
edge of the specimen flange. Mode I buckling was observed singularly in only
three specimens; however, the occurrence of simultaneous buckling of both modes
was more frequent. Buckling did not occur in the radial or curved portion of
the specimens. Only two of the specimens cracked. Both of these instances
involved combined gross Mode I and Mode II buckling, and the crack started
after the buckling. Initially, the cracks were very small, but, as the speci-
men cooled upon completion of the test, the cracks propagated in several
directions. This delayed reaction is attributed to residuval tensile stresses

resulting from compressive yielding during the test.

The most severe buckling occurred frequently on specimens with small
thickness. Nine of the 11 occurrences of gross buckling involved specimens
with a thickness less than 0.025 inch (0.064 cm). The results of the tests
indicate that the severity of buckling increased as the leading-edge thickness

decreased.

The effect of specimen thickness on buckling behavior is shown in the
following tabulation:

Numbexr Total
Thickness, in. (cm) of stable number of
specimens specimens
0.078 (0.198) to 0.080 (0.203) 11 11
0.062 (0.157) to 0.063 (0.160) Iy i
040 (0.102) 1 19
0.020 (0.051) to 0.025 (0.06k4) 0 17

As can be seen, the maximum temperatures selected for the experiments were
ingufficient to initiate buckling in specimens having a thickness equal to or
greater than 0.062 inch (0.157 cm). However, it is unlikely that the materials
investigated would be desirable for use as thin-shell leading edges at temper-
atures above the maximum values selected for the experiments, since the elastic
moduli and yield strength of these materials degrade rapidly above these
temperatures. Although the data obtained were insufficient to determine the
actual failure temperatures of the specimens having thicknesses in excess of
0.062 inch (0.157 cm), the knowledge that these specimens did not buckle is of

considerable practical value.

The specimen length of 16.0 inches (40.6 cm) was selected for two reasons:
(1) it was compatible with the lengths of the radiant-heat lamps, in order to
assure uniform heating of the specimen in the lengthwise direction, and (2) it
was of such magnitude that a significant part of the specimen was essentially
free of lengthwise thermal-stress end effects, i.e., the lengthwise first-order



thermal loads in the central regions of the specimen would approach the values
of an infinitely long leading edge.

Except for the single interior channel at the base of the leading-edge
specimen, no other interior or end stiffemers were used. It was decided that
excessive stiffening of the specimens would introduce geometric discontinuities
that would unnecessarily complicate the interpretation and analysis of the
experimental results.

Radius variations had little effect on the failure temperature of the
specimens. The failure temperature was affected primarily by flange depth and
flange thickness, since the radii and thicknesses investigated were of such
proportions that buckling of the cylindrical part of the specimens is an
unlikely mode of failure.

INTERPRETATION OF DATA

The buckling characteristics of the specimens are presented in fig-
ures 10(a) to 10(c) as a function of the flange depth d and the stagnation-
line-failure temperature Tg. Curves representing the specimen thicknesses are

faired through the corresponding groups of data. The experimentally determined
curves provide the stagnation-line temperatures at which failure occurs for a
leading edge with a given flange depth and thickness.

The data plotted in figure 10(a) for the 2024-T3 aluminum specimens are
closely grouped; however, the data for the SAE L4130 steel specimens
(fig. 10(b)) are somewhat erratic and widely scattered. The point at
d = 2.5 inches (6.35 cm), Tp = 600° F (589° K), and t = 0.040 inch (0.102 cm)
is considered a "wild" point and was not used in fairing the constant-thickness
curves. The data for the Inconel X-750 specimens (fig. 10(c)) are the most
closely grouped of the three materials tested.

The general trend of the data presented in figure 10 appears to be logi-
cal. The failure temperature increases as the flange depth decreases. A zero
flange depth implies an almost semicylindrical shell type of configuration.
The cylindrical portions of the specimens were found to have a very high
buckling strength, due primarily to their small radil and large shell thick-
nesses. This characteristic is manifested by the absence of failures in the
cylindrical parts of the specimens. Therefore, a rapid increase in failure
temperature would be expected as the flange depth approaches zero. It is also
logical to expect, for the type of thermal loadings investigated, that, as the
flange depth becomes very large, the fallure temperature should not be affected
and each curve representing constant thickness should approach some constant
failure temperature asymptotically. This characteristic is illustrated in
figure 10 by the tendency of the faired curves to approach zerc slope for the
larger flange depths.
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Figures 11(a), 11(b), and 11(c) illustrate the manner in which the
stagnation-line-failure temperature varies for different flange depths and
thicknesses. The constant-failure-temperature curves were determined from the
data shown in these plots and from the results of figures 10(a), 10(b),
and 10(c). A stable region (representing specimens that did not buckle during
the experiments) was established by considering the general trends of the
curves representing constant failure temperature and the location of the data
obtained from the specimens that did not buckle.

The data in figure 11(a) for the 2024-T3 aluminum specimens are consist-
ent, and the curves representing constant failure temperature were easily
established. The data in figure 11(b) for the SAE 4130 steel specimens are
gsomevhat inconsistent, and considerable scatter is apparent. The curves repre-
senting constant fallure temperature were difficult to establish; however, most
of the points were consistent enough to make it possible to locate the curves.
The data for the Inconel X-750 specimens in figure 11(c) were consistent, and
the curves representing constant fallure temperature were easily located.

The results presented in figure 11 demonstrate further the general obser-
vations discussed previously. The failure temperature becomes larger for
increasing flange thickness and decreasing flange depth. The data for the
Inconel X-750 specimens (fig. 11(c)) indicate slightly steeper constant-
failure-temperature curves for large failure temperatures. In addition, some
of the curves intersect the region in which no buckling occurred (stable
region). This illustrates that there are geometric limitations on the failure-
temperature curves, which, if exceeded, will exclude buckling as the likely
mode of failure for the specific thermal loading applied to the specimen.

10 Experimental data
O No buckling
Tfl OF (OK) w O
.08 - 20
O 700 (644) , .
A 650 (616) Stable region
& 450 (505)
osl U 400 (477)
¢ a 350 (450)
= 0 300 (422)
04 E
) Tg, °F (°K) -
700 (644)
02}
600 (589)
l | I ! I 0
0 1 2 3 4 5 6
d, in.
L | | J
0 5 10 15
d, cm

(a) 2024-T3 aluminum.

Figure 11.— Effect of flange depth and flange thickness on the
stagnation-line-failure temperature.
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t, in.

t, in.

_ Experimental data

(c) Inconel X-750.

Figure 11.— Concluded.
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(b) SAE 4130 steel.
Experimental data
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o6k © 650 (616) o Ty, °F (°K) s
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The constant-flange-depth curves shown in figures 12(a), 12(b), and 12(c)
were obtained by cross-plotting the information in figures 11(a), 11(Db),
and 11(c), respectively. The results of such cross-plotting are families of
flange-depth curves from which a stagnation-line-failure temperature Ty can
be obtained for a specific flange thickness t.

The cross-plots in figures 12(a), 12(b), and 12(c) show that the constant-
depth curves converge for small values of flange thickness and, as the flange
depths increase, the curves tend to approach a more horizontal position. This
trend indicates that, as the flange depth becomes very large, the failure
temperature tends to approach a
single value for small thick-
nesses. This observation is 800~ d, in. {¢m) 7700
conversely coincident with the _3;90__(.7'23)7_ 4‘0_0. “_0'16)_ —Tm
previous observation that, as the 2.00
flange depth becomes infinite, 600~ (5.08)
each curve representing constant
thickness should approach some
constant-failure temperature
asymptotically. The region in
which buckling did not occur is
shown in figure 12(c). This 200
region does not appear in fig-
ures 12(a) and 12(b), because L
the curves of constant-failure 0 02 04 06 08 10
temperature do not intersect the t, in.
stable regions in figures 11(a)
and 11(b). The dashed lines in
figure 12 represent the maximum
experimental temperature Ty to

-1 600

Tg °K

—500
400 -

Tj °F

~ 400

(a) 2024-T3 aluminum.

which the specimens were sub-
Jjected. No data were extrapo- 1600

lated beyond this temperature. d, in. (cm)
4.00 (10.16)

The results of the experi- 1200}
ment are shown in a different
manner in figure 13. A flange

parameter % is plotted °. 800
-

against a buckling parameter

400}

2
qATf<%> for each of the speci- . - 300

mens in which buckling occurred.
The introduction of the buckling 0 02 04 06 08 30
parameter allows the data to be t, in.

presented with a parameter de-
scribing a physical property of
the materials used in the
experiment. The coefficient of (b) SAE 4130 steel.
thermal expansion « dis intro-
duced in addition to the

Figure 12.— Variation of stagnation-line-failure temperature as a
function of flange thickness for several flange depths.
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T °K

temperature change at failure
ATy  and the flange parameter %.

Except for a certain amount of
scatter, which is characteristic
of this type of experiment, the
data are fairly closely grouped
and appear to be almost linear
vhen presented in terms of these
parameters.

The experimental data in
figure 13 indicate a consistency
between the results obtained for
all three materials when the
coefficient of thermal expansion
and the temperature rise at
failure are associated with the
geometric parameters. The uni-
form location of the data leads
to the gquestion of whether data
obtained for other materials,
tested in a similar manner, would

AO

Experimental data
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l | —

160 200 240 280
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Figure 13.~ Effect of the variation of the flange parameter on the
buckling parameter.
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also lie near the experimental curve obtained in this paper. Although the
three materials investigated provide a fairly broad range of physical proper-
ties, the range is far from complete. Other materials may behave similarly;
however, the scope of these experiments does not warrant any conclusion in this
direction.

curve of the form

|
The faired curve in figure 13 may be closely represented by a parabolic
2
X = aj + agy + agy

where
= amy(2)
v = (5)
a1,8p,83 = arbitrary constants
The following constants

a; = -20.72

ap = 0.8013

a3 = 0.0009795

satisfy the faired curve and yield the equation

2 2

! - 2) ool
ozATf<t) = -20.72 + o.8013<t + 0.0009795 T
Solving for ATy results in the equation

1

ATy = &li-go.?z%f + 0.8013(5) + 0.0009795]

which represents empirically the experimental data of figure 13. The equation
may be used to establish the increment of temperature ATy at which leading-
edge buckling will occur, if the configuration and the thermal environment are
within the experimental limitations of this paper and the material, flange
depth, and flange thickness are known. It should again be pointed out that the
scope of this paper does not establish the validity of this equation for use
with materials other than those included in the experiments.
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g o CONCLUSIONS

, An investigation of the buckling behavior of 51 flanged, thin-shell
lealling-edse specimens subjected to temperature rise rates up to 50° F per sec
(27.7° K per sec), which corresponds to a maximum heating rate up to

10.6 Btu/it”-sec (222.4 XW/u"), showed that:

1. Two wmodes of buckling occurred in the flanges of most of the specimens.
Buekling did not occur in the radial portion of the specimens.

2. The severity of the buckling increased as the thickness of the specimen

.

decreasced.  The specimen radius affected the failure temperature only slightly.

4. Failure temperatures increased as leading-edge-flange depths decreased,
for constant values of thickness. Fallure temperatures approached a constant
value as the leading-edge-flange depth became large for constant values of

thickness.

N. The Tailure temperature increased as the flange thickness increased
for constant values of flange depth.

5. Leading-edge thermal buckling will not occur in particular dimensional
egions, provided the maximum stagnation-line temperature is not exceeded, and
the leading-edge temperature distribution is similar or less severe than the
experimental environment.

6. A unified approach may be implemented to predict thermal buckling of
flanged, thin-shell leading edges by associating a property of the leading-
edge material (the coefficient of thermal expansion) with the increment of
temperature required to initiate buckling and with the geometric parameters of
the flange. The experiments led to ggfjfollow1ng[_ﬁp1r1cal equath_J

ATy = 1‘|:20 72( >2 + 0.8013(§> + 0.000979%

where -
}/i;;r Zyﬁ?é:iﬂcremental rise above room temperature at failure, °F (jf?LJ
o = coefficient of thermal expansion, in./in.°F (cm/cm®K) 7; s /
t = sheet thickness, in. (cm) / ;
4&:“’/

d = flange depth, in. (cm)

Flight Research Center,
National Aeronautics and Space Admlnlstratlon,
Edwards, Calif., October 22, 1965.
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TABLE I

GEQMETRY OF LEADING-EDGE SPECIMENS

Specimen Material r, in. (ecm) d, in (em) t, in.  (cm) r/t a/t
1 202h-T3 Aluminum 0.50 (1.27) 2.90  (7.37) 0.080 (0.203) 6.3 36
2 2024-73 Aluminum .50 (1.27) 5.00 (12.70) 080 (.203) 6.3 63
3 2024-13 Aluminum .25 (.64) 2.80  (7.11) .080 2.203 3.1 35
h 202h-73 Aluminum 25 (.6h) k.80 (12.19) L0820 .203 3.1 60
5 2025 -3 Aluminum .50 (1.27) 3.00  (7.62) oo (L102) 12.5 75
0 2024-13 Aluminum .50 (1.27) 5,00 (12.70) oko o (L1oe) 12.5 125
7 2024-13 Aluminum 1.00 (2.54) 5.00 (12.70) .oho (L102) 25.0 125
8 202413 Aluminim 1.00 (2.54%) 3.10  (7.62) o0 (o) | 250 78
9 2024-73 Aluminum 1.00 (2.5k4) hooo (12.45) 020 (.091) 50.0 245

10 2024-13 Aluminum 1.00 (2.54) 3.00  (7.62) 020 (Lo51) 50.0 150
11 202h-73 Aluminum .50 (1.27) koo (12.45) 020 (Loo1) 25.0 245
12 2024-T73 Aluminum 50 (1.27) 3.00  (7.62) .20 (.om1) 25.0 150
13 202013 Aluminum 29 (L.6h) L.oo (12.45) oo (L1oe) 6.3 | 123
1k 2024-T3 Aluminum 25 (L6h) 2.80  (7.11) .oko o (.102) 6.3 70
15 202h-T3 Aluminum 25 (.6h) L.90 (12.45) 020 (.om1) 12.5 245
16 2024 -4 Aluminum 25 (.6h) 2.90 (7.37) 020 (.0o91) 12.5 145
17 202h-73 ALuminum 88 (2.22) 2.20  (5.59) 063 (.160) 13.9 35
18 202 =73 Aluminum .88 (2.22) 3.10  (7.62) 063 (.160) 13.9 Lo
19 SAE 4130 Stecl .50 (1.27) 2.50 (6.35) .080  (.203) 6.3 31
20 SAE 4130 Steel .50 (1.27) L.50 (11.43) 080  (.203) 6.3 56
21 SAE L4130 Steel 25 (.6h) 2.5 (6.35) .080  (.203) 3.1 31
22 SAT 4130 Stecl 25 (.64) k.50 (11.43) 080  (.203) 3.1 56
23 IAE 4130 Stecl .50 (1.27) 2.50  (6.35) oo (.102) 12.5 63
2) SAE 4130 Steel .50 (1.27) L.50 (11.43) .oho (.102) 12.5 113
25 SAL 4130 Steel 1.00 (2.5k) k.50 (11.43) .oho o (L102) 25.0 113
26 SAT, 4130 Steel 1.00 (2.54%) 2.50 (6.35) .oko - (.102) 25.0 63
27 SAE %130 Steel 1.00 (2.54%) h.50  (11.k3) Joe5  (Lo6h) Lo.o 180
28 SAE 1130 Steel 1.00 (2.34) 2.50 (6.35) 025 (.o6h) 40.0 100
29 SAL 4130 Steel .50 (1.27) 4,50 (11.43) .025  (.06h) 20.0 180
30 SAE 4130 Steel 50 (1.27) 2.50 (6.39) 005 (.06h) 20.0 100
31 SAT 4130 Steel .25 (.6h4) L,50 (11.k3) .oko  (.102) 6.3 113
32 SAL 4130 Stecl 25 (.68) 2.50 (6.35) .0ho  {.102) 6.3 63
33 SATL 4130 Steel .25 (.6h) k.50 (11.43) 025 (Lo6k) 10.0 180
34 SAE 4130 Steel 25 (.6h) 2.50 £.35) .025  {.06k4) 10.0 100
35 SAT L4130 Steel 1.00 (2.54) 2.80  (7.11) 080  (.203) 12.5 35
36 SALL 43130 Stecl 1.00 (2.54) 1.80  (4.57) .oho  (.102) 25.0 lyss
37 Inconecl X-750 .50 (r.27) 2.90  (7.37) L0786 (.199) 6.k 37
38 Tneconel X-750 .50 (1.27) 5.00 (12.70) 078 (.198) G 6h
39 Inconel X-750 50 (1.27) 3.00  (7.62) .oho {.102) 12.5 7
Lo Inconel X-750 .50 (1.27) 5.00 (12.70) oo (.102) 12.5 125
41 Inconel X-750 1.00 (2.54) 5.00 (12.70) .0ho  (.102) 25.0 125
ho Inconel X-750 1.00 (2.54) 3.10  (7.62) .oho  (.102) 25.0 78
h3 Inconel X-750 1.00 (2.5L4) L.oo (12.45) 020  {(.051) 50.0 245
I Inconel X-750 1.00 (2.54) 3.00  (7.62) .020  (.051) 50.0 150
b Inconel X-750 .50 (1.27) koo (12.45) .020  (.051) 25.0 245
46 Inconel X-750 25 (.6h) h.oo (12.45) .ok (.102) 6.3 123
Wy Inconcl X-750 25 (.6h) 2.80  (7.11) .oko  (.102) 6.3 70
W& Inconel X-750 25 (.64) L.oo (12.45) 020 (.051) 2.5 ohs
Lo Inconel X-750 25 (.6h) 2.90 (7.37) .020  (.051) 12.5 145
50 Inconel X-750 .88 (2.22) 2.20 (5.59) 062 (.157) 1k 35
51 Inconel X-750 .88 (2.22) 3.10  (7.62) .062  (.157) k.1 50
18




TABLE II

DESCRIPTION OF IEADING-EDGE-SPECIMEN THERMOCOUPLE LOCATIONS
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TABLE IIT

SIRMARY OF RESULTS OF LEADING-EDGE EXPERIMENTS

B Unstable behavior
Stable behavior
Mode 1 Mode 2
bpeplmin Stapnation- Stagnation- Maximum temper-
nubes Severity line tempera- Severity line tempera- ature attained
o failurc turc at fajl- of failure ture at fail- by stable spec-
ure, °F (°K) ure, °F (°K) imen, °F (°K)
1 None | mememmmee-- None | emmmmem--- 690 (638)
2 None | emmmmmm———e None | emmmmem——- 700 (6Lh)
3 None | —-mmmmemee- None | —-emmemee- 710 (649)
k4 None | =-=-mem-mms None |} ==mmmm--—- 700 (644)
5 None | mmemmm—————- Moderate 650 (620) | —-mmem--em-
1 Moderate 2700 (Oklt) Moderate 450 (505) | memmemmeeme-
7 None | comemmmeee- Severe Yoo (k77) | emmmmemm---
) None | semmemmemee- Severe 700 (674) | mmmmmmmee--
9 Nonc | ==-mm-we--- Scevere 350 (b50) | mmmmemm--e-
10 Moderate 500 (933) Scvere hoo (k77) | emmmemmm-e-
11 Moderate 500 (533) Severc Loo (b77Yy | mmmmemmmee-
12 Scvere 400 (477) Severe boo (77) | meemmmmmee-
3 Moderate Loo (477) Severe Yoo (477)y | —--emmmmm--
14 Severe 700 (644} None | —memmmeeme | emmmememeee
15 Severe 700 (6hk) Severe 300 (422) | mmmmmmmme--
16 Gross 4oo (477) Gross Loo (W77) | mmmemmmmee-
17 None | ===mm-mememn Hone | —emmmmee—- 710 (649)
18 None | ~---eme-mene None | —emmmmm--- 700 (6hk)
19 None | mmmmmmem--e- None | —m—m—=e--- 1170 (905)
20 None | —mmmmmmeee- None | mmmme—--=- 1160 (900)
21 None | -emmmmeo—m- None | =—--=---m-- 11ko  (888)
22 None | —mmmmmmem-- None | =--=m-mmm- 1170 (905)
23 Moderate 21200 (922) None | memmmmmmme= | e
2k Moderate 1150 (894) Moderate 1150 (894) | —-emmmmme--
25 Moderate 1000 (811) Gross 1000 (811) |  emm-mm-----
26 None | mmmmemeeeee- Gross 600 (589) | —mmmmmmmee-
27 None | smmmmem-e-- Gross 800 (700) | emmmemmmee-
28 None | —memmmmeme- Jross 1100 (866) |  emmmmmmmme-
29 Moderate 750 (663) Gross 750 (663) | emmmmmee——-
30 Moderate 700 (Ghl) Gross 600 (589) | memmmmmm---
31 Severe 1000 (811) Moderate 1000 (811) |  —-mmmmmee--
32 Severc 1200 (922) None | ==mm=—mme== | mmmmmme——oe
33 Severe 1000 (811) Gross hoo (h77) | memmmmmmmme-
3h Gross 600 (589) Gross 600 (589) | mmmmmmmmee
3y None | —eeem—————— None | —-—m—mm--- 1220 (933)
30 None | cm-mmmm——e- None |  —e=meem————- 1190 (916)
37 None | e==mmeeme--- Hone | —-emmem——an 1690 (1194)
36 None |  —=we———e———- None | ~e—mmmm—-- 1720 (1211)
39 None | —emeem—mme-- Moderate 1300 (977) | @ —mmemmmmem-
Lo Moderate 1100 (866) Severe 950 (783) | eemmmmmmmme-
41 None | memmmmeemo-- s Severe 900 (755) | mememmmme-m-
b2 None | cm-memmmmee Severe 1250 (950) | @ emmmmmmm-e-
b3 toderate 600 (589) Severe 550 (561) | emmmee——ee-
Ik Moderate €oo (700) Severe 750 (633) | —-memmeme--
ny Severe 800 (700) Severe 650 (616) | memmmmmmm--
hé Severe 900 (755) Severe 850 (727) | @ e=m-memm-=-
b7 Moderate 1250 (950) Scvere 1250 (950) | @ —-mmmeee---
W& biross 650 (616) Uross 650 (616) | memmmmmmmme-
Ins) biross 900 (755) Gross 900 (755) | = —memmmmmmme-
50 None | ~--mmemm—ee None | —=-mmme-—- 1760 (1233)
51 None | seemmmmmm—-- None | —-emm—em-- 1700 (1199)

gpecimen buckled during 10-second heat soak at maximum temperature.

bSpoc imen cracked.




CHORDWISE TEMPERATURE-TIME HISTORIES OF THE SPECIMENS

TABLE IV

Temperature, °F (°K)

Specimen | Time,
number sec Thermocouple 2 Thermocouple 3 Thermocouple U4 Thermocouple 5
1 0 80 (300) 80  (300) 80 (300) 80  (300)
1 5 220  (377) 200  (366) 100 (311) 80 {300)
1 10 430 (494) 360 (455) 120 (322) 100 (311)
1 15 610  (594) 500  (533) 200 (366) 120 (322)
1 20 690  (639) 550 (561) 270 (k05) 180 (3%5)
1 25 650  (616) 560  {566) 330  (430) 200 (366)
2 0 8o (300) 80  (300) 80 (300) 80 (300)
2 5 340 (k) 160 (3h4) 90 (305) 90 (305)
2 10 600 (588) 300 (ke2) 120 (322) 100 (311)
2 15 700 (6h4k) Lo (500) 200 (366) 120 (322)
2 20 700 (644) 500  (533) 260  (L400) 160 (34k4)
2 25 640  (611) 520  (544) 300 (L22) 180 (355)
3 0 80  (300) 8o  (300) 80 (300) 80 (300)
3 5 370 (461) 280  (411) 80 (300) 80 (300)
3 10 620  (600) 4ho  (600) 140 (333) 100 (311)
3 15 700 {(6kL) 600  (588) 220 (370) 120 (322)
3 20 700 (64L) 620  (600) 270  (405) 160 (34h)
3 25 6Lo  (611) 600  (588) 300 (422) 180 (355)
L 0 80 (300) 80  (300) 80 (300) 80 (300)
b 5 370 (461) 300 (k4e2) 120 (322) 100 (311)
L 10 630  (605) 520 (54h) 210 (373) 120 (322)
b 15 700 (6h4L) 620  (600) 300 {(Lk22) 180 (355)
b 20 700  (64k) 6ho  (611) 370 (461) 220 (377)
b 25 6Lo  (611) 600  (588) koo (477) 240 (389)
5 0 80  (300) 80  (300) 80 (300) 80 (300)
5 5 oo (477) 240  (389) 100 (310) 100 (311)
5 10 6ho  (611) 450  (508) 140 (333) 130 (327)
5 15 700 (644) 560  (566) 200 (366) 160 (34k)
5 20 700 (6h4k) 600  (588) 300 (Lke2) 170 (350)
5 25 640 (611) 560  (566) 350  (450) 200 (366)
6 0 80  (300) 80  (300) 80 (300) 80 (300)
6 5 360 (455) 220 (377) 120 (322) 80 (300)
6 10 620  (600) oo (k77) 190 (361) 90 (305)
6 15 700 (6kL) 530  (550) 260 (L400) 110 (316)
6 20 700 (6kL) 570 (572) 320 (433) 160 (34h)
6 25 620 (605) 5k0  (555) 350 (450) 200 (366)
7 0 8o  (300) 8o  (300) 80 (300) 80  (300)
7 5 200 (366) 140 (333) 100 (311) 8o (300)
7 10 hoo  (489) 290  (416) 160 (34h) 90 (305)
7 15 660  (622) Lho o (500) 220  (377) 120 (322)
7 20 690  (639) 520 (54k4) 280 (b11) 160 (34h)
7 25 700 (6k44) 560  (566) 340 (hhk) 220 (377)
8 0 80 (300) 80 (300) 80  (300) 80 (300)
8 5 350 (450) 180 (359) 100 (311) 90 (305)
8 10 600  (588) 340 (hklk) 160 (34h) 120 (322)
8 15 700 (6h4k) 520 (5hd) 260 (4%00) 160 (3hh)
8 20 700 (64k) 580 (577) 320 (433) 200 (366)
8 25 6ko  (611) 580 (577) 360 (455) 230 (383)
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TABLE IV.— Continued

CHORDWISE TEMPERATURE-TIME HISTORIES OF THE SPECIMENS

. . Temperature, °F (°K)
Specimen Time,
number sec Thermocouple 2 Thermocouple 3 Thermocouple k4 Thermocouple 5
9 0 80 (300) 80  (300) 80  (300) 80 (300)
9 5 240 (389) 160 (344) 100 (311) 80 (300)
9 10 520  (54h) 340 (hbk) 160 (3h4k) 90 (305)
9 15 720 (655) 480  (522) 240 (389) 110 (316)
9 20 720 (655) 540 (555) 300 (415) 150 (339)
9 25 700 (6L4) 550  (561) 340 (Lhk) 200 (366)
10 0 80 (300) 8o  (300) 80 (300) 80 (300)
10 5 350 {450) 270 (405) 80 (300) 80 (300)
10 10 630  (605) 1o (500) 130 (327) 90 (305)
10 15 710 (649) 540 (555) 220 (377) 120 (322)
10 20 710 (649) 580  (577) 300 (b415) 170 (350)
10 25 690  (638) 570 (572) 320 (433) 190 (361)
11 0 80 (300) 80  (300) 80 (300) 80 (300)
11 5 350 (450) 230 (383) 120 (322) 8o (300)
11 10 600  (588) Loo  (489) 200 (366) 120 (322)
11 15 710 (650) 580 (577) 300 (415) 160 (344)
11 20 710  (650) 600  (588) 380 (466) 210 (372)
11 25 650 (639) 600 (588) 4oo  (477) 250  (394)
12 0 80  (300) 80  (300) 8¢ (300) 80 (300)
12 5 Loo  (477) 290  (416) 120 (322) 8o (300)
12 10 660  (622) 500  (533) 230 (383) 100 (311)
12 15 720 (655) 600 (588) 330 (439) 1ko  (333)
12 20 720 (655) 600  (588) 380  (466) 180 (355)
12 25 620  (600) 560  (566) 380  (L466) 200 (366)
13 0 8o  (300) 8o  (300) 80 (300) 80  (300)
13 5 320 (433) 2ko  (389) 120 (322) 80 (300)
13 10 580 (577) k50 (509) 220 (377) 100 (311)
13 15 700 (6kk) 590 (583) 320 (433) 150 (339)
13 20 700 (6L4) 600  (588) 370 (461) 200 (366)
13 25 630 (605) 570 (572) 390 (bk72) 2ko  (389)
14 0 80  (300) 8o  (300) 8o (300) 80 (300)
1k 5 350 (450) 260  (400) 220 (366) 90 (305)
1k 10 600 (588) 4Lo  (300) 390 (L72) 130 (327)
14 15 700 (644) 580  (577) b0 (516) 200 (366)
1k 20 700 (6hk) 600 (589) 500 (533) 260  (400)
1k 25 660  (622) 570 (572) Yoo (527) 280 (h11)
15 o} 80  (300) 8o  (300) 80 (300) 8o (300)
15 5 250  (394) 160 (344) 100 (311) 8o (300)
15 10 500 (533) 360 (455) 180 (355) 90 (305)
15 15 700 (6kL) 560  (566) 300 (ke2) 120 (322)
15 20 700 (644) 600  (589) 370 (461) 180 (355)
15 25 680 (633) 600 (589) Loo  (477) 220 (377)
16 0 80  (300) 80  (300) 8o (300) 80 (300)
16 5 360 (455) 250  (394) 130 (327) 80 (300)
16 10 6ho  (611) 480  (522) 220 (377) 90 (305)
16 15 720 (655) 620  (600) 320 (433) 120 (322)
16 20 720 (655) 6Lo  (611) 380  (L66) 150  (339)
16 25 680  (633) 620 (600) oo  (477) 180 (355)




TABLE IV.— Continued

CHORDWISE TEMPERATURE-TIME HISTORIES OF THE SPECIMENS

. . Temperature, °F (°K)
Specimen | Time,
number sec Thermocouple 2 Thermocouple 3 Thermocouple 4 Thermocouple 5
17 0 80  (300) 80  (300) 80 (300) 80 (300)
17 5 340 (Bhk) 130 (327) 90 (305) 80 (300)
17 10 600 (588) 280  (L411) 120 (322) 90  (305)
17 15 690  (639) 460 (511) 200 (366) 110 (316)
17 20 700 (64h) 530  (550) 280 (hi1) 140 (333)
17 25 650  (616) 560  (566) 330 (439) 160 (3kh)
18 0 8o  (300) 80  (300) 80 (300) 80 (300)
18 5 310 (k27) 230 (383) 120 (322) 90 (305)
18 10 580 (577) Loo  (b77) 200 (366) 100 (311)
18 15 700 (6Lk4) 500 (533) 270 (405) 130 (327)
18 20 700 (6h4L) 560 (566) 320 (433) 160 (3h4h)
18 25 660  (622) 560  (566) 360 (455) 200 (366)
19 0 80  (300) 80  (300) 80 (300) 80 (300)
19 5 320 (433) 180 (395) 8o (300) 8o (300)
19 10 560  (566) 3h0 (Lhk) 90 (305) 80 (300)
19 15 790 (69k) 500 (533) 110 (316) 80 (300)
19 20 980  (800) 6ho  (611) 140 (333) 90 (305)
19 25 1140 (889) 760 (677) 190 (361) 100 (311)
19 30 1170 (905) 800  (700) 240 (389) 120 (322)
19 35 1120 (877) 80  (711) 280 (k11) 140 (333)
20 0 80  (300) 80  (300) 80  (300) 8o (300)
20 5 330 (439) 90 (305) 80 (300) 80 (300)
20 10 570 (572) 140 (333) 90 (305) 8o (300)
20 15 800  (700) 220 (377) 100 (311) 80 (300)
20 20 1000 (811) 300 (415) 130 (327) 80  (300)
20 25 1150  (894) hoo  (k77) 170 (350) 80 (300)
20 30 1150  (894) 4o (511) 210 (372) 90 (305)
20 35 1100 (866) 500  (533) 250  (394) 100 (311)
21 0 8o  (300) 80  (300) 80 (300) 80 (300)
21 5 330 (439) 200  (366) 80  (300) 80 (300)
21 10 590  (583) 340 (Lhh) 120 (322) 80 (300)
21 15 770 (683) 500 (533) 180 (355) 90 (305)
21 20 950  (788) 6h0  (611) 240 (389) 100 (311)
21 25 1100  (866) 760 (677) 300 (415) 130 (327)
21 30 1120 (877) 820  (711) 350 (450) 150 (339)
21 35 1040 (833) 820  (711) hoo (L77) 180 (355)
22 0 80  {(300) 8o  (300) 80  (300) 80 (300)
22 5 350  (450) 200  (366) 80 (300) 80 (300)
22 10 600 (588) 380 (466) 100 (311) 80 (300)
22 15 830  (716) 550 (581) 130 (327) 80 (300)
o2 20 1020  (822) 700 (6h4L) 170 (350) 90 (305)
22 25 1180  (911) 850  (727) 220 (377) 100 (311)
22 30 1170 (905) 880  (7k4) 260 (L400) 110 (316)
22 35 10h0  (833) 8Lo  (722) 290 (416) 120 (322)




TABLE IV.— Continued

CHORDWISE TEMPERATURE-TIME HISTORIES OF THE SPECIMENS

, , Temperature, °F (°K)
Specimen Time,
number sec Thermocouple 2 Thermocouple 3 Thermocouple 4 Thermocouple 5
23 0 80  (300) 80  (300) 80  (300) 80 (300)
23 5 320 (433) 220 (377) 90 (305) 8o (300)
23 10 560  (566) 380  (L66) 100 (311) 80 (300)
23 15 800  (700) 560 (566) ko (333) 90 (305)
23 20 1060 (84k4) 7ho  (666) 200 (366) 100 (311)
23 25 1160 (901) 80  (727) 250  (394) 110 (316)
23 30 1150  (89%) 880  (7kb) 300 (415) 120 (322)
23 35 1060 (84h) 8ho  (722) 320 (433) 130 (327)
2k 0 80  (300) 80  (300) 80 (300) 80 (300)
24 5 380  (L466) 200  (366) 80 (300) 80 (300)
2k 10 630  (605) 380 (h66) 90  (305) 80 (300)
2k 15 900  (795) 550 (581) 110 (316) 8o (300)
2k 20 1130 (883) 750 (672) 140 (333) 90 (305)
24 25 1130  (883) 800  (700) 160 (340) 100 (311)
2k 30 1120 (877) gho  (722) 200 (366) 110 {316)
2 35 950 (783) 780 (689) 2ko  (389) 120 (322)
25 0 80  (300) 8o  (300) 80 (300) 80 (300)
25 5 Yoo  (477) 270  (%05) 80 (300) 80 (300)
25 10 630  (605) hoo  (489) 100 (311) 80 (300)
25 15 880 (7kh) 580 (577) 130 (327) 90 (305)
25 20 1120  {877) 750  (672) 160 (34k4) 100 (311)
25 25 1210  (920) 8ho  (722) 220 (377) " 110 (316)
25 30 1210 (920) 870  (74k) 270  (L405) 120 (322)
25 35 1110 (872) 820 (711) 310 (427) 10 (333)
26 0 80  (300) 80  (300) 80 (300) 80 (300)
26 5 300 (k15) 220  (377) 130 (327) 80 (300)
26 10 500 (533) hoo  (477) 220 (377) 8o (300)
26 15 750 (672) 570 (572) 320 (433) 100 (311)
26 20 1000  (811) 760 (677) koo (L489) 130 (327)
26 25 1230 (938) 920  (766) 520 (5kk) 170 (350)
26 30 1230 (938) 990  (805) 600  (589) 220 (377)
26 35 1200 (922) 1000  (811) 650 (616) 260  (400)
27 0 80  (300) 80  (300) 80 (300) 80 (300)
27 5 300  (Lke2) 2ko  (389) 100 (311) 80  (300)
27 10 520  (5kk) h30  (LoL) 160 (3b4h) 80 (300)
27 15 780 (689) 630 (605) 230 (383) 90 (305)
27 20 1000  (811) 830 (716) 300 (415) 110 (316)
27 25 1200  (922) 1010  (816) hoo (h77) 1o (333)
27 30 1200  (922) 1040  (833) 460 (511) 170 (350)
o7 35 11k0  (889) 1000  (811) hg0 (527) 200 (366)
28 0 80  (300) 80  (300) 80 (300) 80 (300)
28 5 300 (415) 200 (366) 140 (333) 80 (300)
28 10 520  (5k4k) 380  (L466) 240 (389) 90 (305)
28 15 780 (689) 540 (555) 370 (%61) 120 (322)
28 20 1000 (811) 720 (655) 500 (533) 170 (350)
28 .25 1220 (933) 900 (755) 620 (600) 230 (383)
28 30 1220 (933) 960 (789) 690 (639) 290 (k16)
28 35 1200  (922) 980  (800) 700 (6kL) 340 (Lhk)




CHORDWISE TEMPERATURE-TIME HISTORIES OF THE SPECIMENS

TABLE IV.— Continued

Temperature, °F (°K)

Specimen | Time,
number sec Thermocouple 2 Thermocouple 3 | Thermocouple U Thermocouple 5
29 0 80  (300) 80  (300) 80  (300) 80 (300)
29 5 310 (k27) 230  (383) 150 (339) 90 (305)
29 10 530 (550) k20 (489) 270 (4o5) 100 (311)
29 15 770 (683) 610 (59%4) k2o (489) 150 (339)
29 20 1010  (816) 820  (711) 480 (522) 170 (350)
29 25 1210 (927) 1000  (811) 480 (s22) 190 (361)
29 30 1210 (927) 1030  (827) Y70 (576) 200 (366)
29 35 1180  (911) 1010 (816) Yho  (500) 220 (377)
30 0 8o  (300) 80  (300) 80 (300) 80 (300)
30 5 320 (L433) 220 (377) 120 (322) 80 (300)
30 10 560 (566) oo  (477) 180 (3%5) 90 (305)
30 15 800  (700) 580  (577) 240 (389) 100 (311)
30 20 1020  (822) 770 (683) 300  (415) 130 (327)
30 25 1230 (938) 950  (783) Loo  (477) 170 (350)
30 30 1220 (933) 990  (805) koo (527) 210 (372)
30 35 1200  (9e2) 1000  (811) 540 (555) 240 (389)
31 0 80  (300) 80  (300) 80 (300) 80 (300)
31 5 320 (433) 250  (39%) 90 (305) 80 (300)
31 10 590  (583) 430 (4ok) 120 (322) 90 (305)
31 15 820  (711) 630  (605) 140 (333) 100 (311)
31 20 1060 (8hk) 800  (700) 180 (355) 100 (311)
31 25 1200 (922) 960  (789) 230 (383) 110 (316)
31 30 1200  (922) 990  (805) 280 (k411) 120 (322)
31 35 1120 (877) 960  (789) 320 (433) 140 (333)
32 0 80  {300) 80  (300) 80 (300) 80 (300)
32 5 300 (L415) 250  (39%4) 120 (322) 80 (300)
32 10 560  (566) h2o  (489) 200 (366) 90 (305)
32 15 800  (700) 630  (605) 280 (h411) 110 (316)
32 20 1040 (833) 830  (716) 360 (L55) 140 (333)
32 25 1220 {933) 1000 (811) koo  (489) 190 (361)
32 30 1220 (933) 10k0  (833) 500 (533) 210 (372)
32 35 1190 (916) 1020 (822) 580 (577) 2ko  (389)
33 0 80  (300) 80  (300) 80 (300) 80 (300)
33 5 300 (415) 200  (366) 80 (300) 8o (300)
33 10 530  {550) 380 (466) 110 (316) 80 (300)
33 15 780 (689) 560 (566) 160 (34k) 90 (305)
33 20 1000  (811) 7ho  (666) 220 (377) 110 (316)
33 25 1200 (922) oko  (827) 300 (415) 140 (333)
33 30 1190 (916) 980  (800) 360 (455) 170 (350)
33 35 1150  (894) 1000  (811) Lio  (483) 200 (366)
3k 0 80  (300) 8o  (300) 80 (300) 80 (300)
3L 5 380 (466) 260  (Loo) 140 (333) 80 (300)
3k 10 600  (588) 430 (494) 270 (405) 90  (305)
34 15 850  (727) 600  (588) Yoo (477) 110 (316)
3k 20 1080  (855) 780  (689) 520 (5hk) 150 (339)
3h 25 1220  (927) oko  (827) 640 (611) 200 {366)
3k 30 1210 (933) 980  (800) 690 (639) 230 (383)
3k 35 1120 (877) 970 (79%) 700 (6LL) 2ko  (389)
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TABLE IV.— Continued

CHORDWISE TEMPERATURE-TIME HISTORIES OF THE SPECIMEINS

o s Temperature, °F (°K)

Specimen Time,

number sec Thermocouple 2 Thermocouple 3 Thermocouple 4 Thermocouple 5
35 0 8o (300) 8o  (300) 8o  (300) 80 (300)
35 5 330 (439) 220 (377) 120 (322) 8o (300)
35 10 600 (588) 220 (377) 120 (322) 80 (300)
35 15 8ho  (722) 360 (h66) 180 (355) 100 (311)
35 20 1100 (866) 560 (566) 2ho  (389) 120 (322)
35 25 1220 (933) 760 (677) 320 (433) 160 (34h)
35 30 1220 (933) 860 (739) hoo  (k77) 180 (335)
35 35 1160 (900) 890  (750) k8o (522) 2ko  (389)
36 0 80 (300) 80  (300) 8o (300) 80 (300)
36 5 380 (466) 290  (416) 200 (366) 130 (327)
36 10 640 (611) b0 (516) 320 (433) 200 (366)
36 15 900  (755) 700 (64k) 460  (511) 280 (411)
36 20 11h0  (889) 900 (755) 600 (589) 360 (455)
36 25 1200 (922) 1000  (811) 700 (6Lk) L2o  (L489)
36 30 1200 (922) 1040 (833) 760 (677) 480 (522)
36 35 1050 (839) 960 (789) 740 (666) k8o (522)
37 0 80 (300) 8o (300) 80 (300) 80 (300)
37 5 370 (461) 230 (388) 190 (361) 80 (300)
37 10 610 (594) 370 (461) 270 (ho5) 80 (300)
37 15 870 (7hd) 510 (539) 360 (455) 80 (300)
37 20 1130 (883) 680 (633) hso (50%) 90 (305)
37 25 1380 (1022) 890 (750) 580 (577) 100 (311)
37 30 1630 (1161) 1100 (866) Tho  (666) 120 (322)
37 35 1690  (1194) 1230 (938) 820 (711) 150 (339)
37 ho 1690 (1194) 1300 (977) 890  (750) 190 (361)
37 L5 1540 (1111) 1230 (938) 860 (739) 220 (377)
37 50 1400  (1033) 1170 (905) 830 (716) 240 (389)
38 0 8o (300) 8o  (300) 80 (300) 80 (300)
38 5 320 (%33) 200  (366) 160 (34h) 80 (300)
38 10 600  (589) 340 (hbk) 230  {383) 80 (300)
38 15 880 (7hd) 500 (533) 310 (k27) 90 (305)
39 20 1150 (89h) 680  (633) Loo  (k77) 110 (316)
38 25 1400 (1033 870 (7hl) 500  (533) 120 (322)
38 30 1630  (1161) 1100  (866) 630 (605) 150 (339)
38 35 1720 (1211) 12480 (9hk) 720 (655) 190 (361)
38 ho 1720 (1211) 1320 (989) 770 (683) 230 (383)
38 i 1530 (1005) 1260 (955) 730 (661) 260  (400)
38 50 1360 (1011) 1180  (911) 710 (649) 290 (L416)
39 0 8o  (300) 8o (300) 80 (300) 80 (300)
39 5 Loo  (477) 210 (372) 170 (350) 8o (300)
39 10 660 (622) 350  (450) 250  (394) 80 (300)
39 15 930 (772) 510 (539) 340 (Lhk) 100 (311)
3 20 1200 (922) 710 (649) L30  (L4ok) 120 (322)
39 25 1480 (1077) 930 (772) 590 (583) 140 (333)
39 30 1710 (1205) 1170 (903) 770 (683) 180 (355)
39 35 1700 (1200) 1250 (950) 850 (727) 210 (372)
39 ho 1600 (114k) 1230 (938) 900 (755) 250  (39%)
39 i 1350 (1005) 1100 (866) €30 (716) 280 (L411)
39 50 1180 (911) 1000  (811) 796 (694) 300 (L415)




TABLE IV.— Continued

CHORDWISE TEMPERATURE-TIME HISTORIES OF THE SPECIMENS

. . Temperature, °F (°K)
Specimen | Time,
number sec Thermocouple 2 Thermocouple 3 Thermocouple & Thermocouple 5
4o 0 8o (300) 80 (300) 80  (300) 80  (300)
Lo 5 360 (k55) 200  (366) 100 (311) 80 (300)
Lo 10 610 (494) 320 (433) 130 (327) 80 (300)
4o 15 880 (7hl) 480 (522) 200 (366) 100 (311)
ko 20 1130 (938) 650  (616) 270 (Los) 110 (316)
Lo 25 1400 (1033) 850  (727) 360 (455) 130 (327)
4o 30 16ho  (1166) 1080  (855) 450 (505) 160 (34h)
Lo 35 1710 (1205) 1270 (961) 580 (577) 210 (372)
Lo Lo 1710 (1205) 1350  (1005) 650 (616) 240 (389)
40 45 70 (ro72) 1290 (972) 680  (633) 270 (405)
4o 50 1240 (9hh) 1160 (200) 6ko  (611) 290 (L416)
41 0 80  (300) 8o (300) 80 (300) 80 (300)
W1 5 350  (450) 260  (400) 130 (327) 80  (300)
b1, 10 620  (600) h3o  (hoh) 200 (366) 8o (300)
L1 15 890  (750) 610  (594) 260 (ko0) 110 (316)
b1 20 11k0  (889) 800  (700) 330 (L439) 130 (327)
L 25 1400 (1033) 1000 (811) 430 (49k) 170 (350)
b1 30 1650 (1172) 1220 (933) 570 (572) 220 (377)
L1 35 1700 (1200) 1320  (989) 660 (672) 280 (L411)
ha Lo 1700 (1200) 1370 (1016) 720 (655) 310 (ka7)
b1 5 1430 (1050) 1190 (916) 690 (639) 330 (439)
41 50 1190 (916) 1020 (822) 640 (611) 340 (Lhk)
Lo 0 8o (300) 80 (300) 80 (300) 8o  (300)
4o 5 380 (466) 240 (389) 80 (300) 80 (300)
Lo 10 630  (605) hoo o (477) 100 (311) 80 (300)
4o 15 920  (766) 580  (577) 120 (322) 8o (300)
4o 20 1200 (922) 770 (688) 170 (350) 100 (311)
Yo 25 160 (2066) 990  (805) 230 (383) 110 (316)
ive) 30 1680 (1189) 1230 (938) 320 (433) 130 (327)
Lo 35 1760 (1233) 1350 {1005) hio (483) 160 (34h)
4o Lo 1730 (1216) 1400  (1033) 480  (522) 190 (361)
4o L5 1490  (1083) 1260 (955) 520 (5h44) 210 (372)
b2 50 1270 (961) 1120 (877) 540 (555) 220 (377)
43 0 8o  (300) 8o (300) 80 (300) g0 (300)
L3 5 350 (450) 210 (372) 120 (322) 80 (300)
b3 10 620  (600) 370 (k61) 180 (355) 80 (300)
b3 15 920 (766) 530 (550) 2ko  (389) 100 (311)
b3 20 1200 (922) 720 (655) 310 (h27) 140 (333)
L3 25 1460 (1066) 910  (761) koo (L77) 200 (366)
L3 30 1700 (1200) 1120 (877) 500 (%33) 260  (400)
43 35 17h0  (1222) 1200 (922) 600 (589) 320 (453)
L3 Lo 1720 (1211) 1240 (9hh) 670  (629) 380  (L66)
43 L5 1330 (99%4) 1030 (&27) 630 (605) 390 (472)
43 50 1000 (811) 820  (711) 560  (566) 370 (461)




TABLE IV.— Continued

CHORDWISE TIEMPERATURE-TIME HISTORIES OF THE SPECIMENS

g . . Temperature, °F (°K)
pecimen Time,
number sec Thermocouple 2 Thermocouple 3 Thermocouple 4 Thermocouple 5

Ll 0 80  (300) 80  (300) 80  (300) 80 (300)
L 5 360 (455) 220 (377) 80 (300) 80 (300)
Lk 10 620  (600) 350 (450) 80 (300) 80 (300)
bk 15 890  (750) 500 (533) 100 (311) 90 (309)
Lk 20 1150  (894) 670  (627) 130 (327) 120 (322)
Ly 25 1400 (1033) 830  (716) 200 (366) 150 (339)
Il 30 1650 (1172) 1050  (839) 290 (416) 200 (366)
Il 35 1690  (1194) 1190 (916) koo (489) 230 (383)
bl e 1690 (1194) 1260 (955) 510 (539) 270 (ho5)
LL s 1320 (989) 1080  (855) 590 (583) 280 (411)
Lk 50 1010  (816) 870  (7hb) 570 (572) 290  (416)
L5 0 80  (300) 80  (300) 80 (300) 80 (300)
Ly 5 350 (450) 2ho  (389) 8o (300) 80 (300)
L5 10 650  (639) hoo  (477) 110 (316) 80 (300)
) 15 970 (794) 590  (583) 170 (350) 110 (316)
Ls 20 1270 (961) 800  (700) 230 (383) 130 (327)
b5 25 1540 (1111) 1050 (839) 330 (439) 180 (359)
L 30 1780  (12kk) 1300 (977) 450 (505) 2h0o  (389)
) 35 1760 (1233) 1400  (1033) 610 (539) 300 (k15)
Lz Lo 1650 (1172) 1300 (977) 720 (655) 340 (Lhh)
L5 L5 1220 (933) 1060 (84k) 60 (677) 350 (450)
s 50 920  (766) 880  (7hk) 670  (627) 350 (450)
Lé 0 8o (300) 8o (300) 80 (300) 80 (300)
L6 5 370 (461) 220 (377) 180 (355) 80  (300)
L6 10 610 (394) 370 (L461) 230 (383) 80 (300)
L6 15 870 (7k4) 530 (550) 320 (k33) 110 (316)
46 20 1130  (883) 720  (655) koo (L89) 150 (339)
46 25 1380 (1022) 920  (766) 580  (577) 210 (372)
L6 30 1630 (1161) 1170 (905) Tho  (666) 290  (416)
46 35 1710 (1205) 1290 (972) 860 (739) 360 (455)
LG Yo 1710 (1205) 1360 (1011) 950 (783) hoo o (489)
L6 45 1370 (1016) 1160  (900) 830 (716) hoo  (L489)
46 50 1020  (8e2) 930 (772) 720 (655) 410 (L83)
L7 0 80  (300) 8o  (300) 80 (300) 8o (300)
L7 5 380 (k66) 230  (383) 100 (311) 80 (300)
b7 10 640  (611) hoo  (477) 130 (327) 90 (30%)
by 15 930 (772) 600 (588) 180 (355) 110 (316)
Ly 20 1220  (933) 820  {711) 2Lo  (389) 130 (327)
b7 25 1450 (1061) 1050 (839) 360 (455) 170 {350)
b7 30 1580 (1133) 1230 (938) k8o (522) 210 (372)
L7 35 1650 (1172) 1370 (1016) 590 (583) 260 (400)
47 4o 1680 (1189) 1460 (1066) 690 (639) 290 (416)
g ks 1510 (1094) ko (1055) 720 (655) 310 (h4e7)
b 50 1280 (966) 1260 (955) 710 (649) 330 (439)
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TABLE IV.— Concluded

CHORDWISE TEMPERATURE-TIME HISTORIES OF THE SPECIMENS

. . Temperature, °F (°K)
Specimen Time,
number sec Thermocouple 2 Thermocouple 3 Thermocouple 4 Thermocouple 5
48 0 8o (300) 80  (300) 80 (300) 80 (300)
48 5 370 (461) 200  (366) 100 (311) 8o (300)
48 10 650  (639) 360 (455) 110 (316) 80 (300)
48 15 930  (772) 550 (561) 120 (322) 100 (311)
L8 20 1220 (933) 770 (683) 150 (339) 110 (316)
48 25 1480 (ro77) 980  (800) 200 (366) 120 (322)
48 30 1700  (1200) 1210 (927) 250  (394) 140 (333)
L8 35 1730 (1216) 1390  (1027) 320 (433) 170 (350)
48 4o 1720 (1211) 160 (1066) koo (489) 200 (366)
L8 L5 1330 (994) 1270 {(961) 480 (s22) 230 (383)
48 50 1020 (822) 1030 (&27) 510 (539) 2Lo  (389)
hg 0 80  (300) 80  (300) 80  (300) 80  (300)
b9 5 350 (450) 250 (39%4) 120 (322) 80 (300)
49 10 640 (611) hoo  (477) 180 (355) 100 (311)
b9 15 920  (766) 570 (572) 250 (394) 120 (322)
ko 20 1200 (922) 750 (672) 320 (L33) 140 (333)
49 25 1470 (1072) 930 (772) hoo (L77) 160 (34h)
49 30 1720 (1211) 1160 (900) k90 (527) 190 (361)
b9 35 1760 (1233) 1300 (977) 630 (60%) 230 (383)
49 40 1750 (1222) 1380 (1022) 760 (677) 270 (405)
L9 45 1520  (1100) 1150 (89k) 760 (677) 280 (411)
49 50 1320 {989 920  (766) 680 (633) 280 (411)
50 0 80  (300) 80  (300) 80 (300) 80 (300)
50 5 350 (450) 230 (383) 170 (350) 80 (300)
50 10 640  (611) 390 (h72) 2ho  (389) 90 (305)
50 15 920  (766) 580  (577) 330 (439) 100 (311)
50 20 1200  (922) 770 (683) 430 (L9k) 130 (327)
50 25 1470 (1072) 980  (800) 570 (572) 170 (350)
50 30 1720 (1211) 1200  (922) 720 (655) 220 (377)
50 35 1760 (1233) 1320 (989) 820 (711) 270  (k05)
50 40 1740 (1222) 1380 (1022) 900 (755) 280 (411)
50 L5 1520  (1100) 1280  (966) 890 (750) 300 (Le2)
50 50 1320 (989) 1160 (900) 850 (727) 320 (433)
51 0 80  (300) 80  (300) 80 (300) 80 {(300)
51 5 360 (455) 230 (383) 90 (305) 80 (300)
51 10 620  (600) 360 (455) 100 (311) 80 (300)
51 15 890  (750) 500 (533) 110 (316) 100 (311)
51 20 1150 (894) 630  (605) 140 (333) 120 (322)
51 25 1400 (1033) 810 (703) 180 (355) 130 (327)
51 30 1660 (1177) 1000  (811) 230 (383) 150 (339)
51 35 1700  (1200) 1100 (866) 290 (416) 170 (350)
51 Lo 1700  (1200) 1170 (905) 330 (439) 180 (355)
51 L5 1500 (1089) 1080 (835) 380  (k66) 190 (361)
51 50 1300 (977) 990  (805) 390 (k72) 200 (366)
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