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ABSTRACT

Sonlec Fatigue experimental test results on a series

of sixty flat rectangular glass fiber sandwich test
panels are presented and discussed. The panels were

of the fluted core (corrugated) type, had nominal
overall dimensions of 24" x 30" x 0.45", and a nominal
surface weight of one pound per square foot. The fluted
core glass fabric (181 and 151 S glass) was of the
integrally woven variety. A vacuum process was employed
to impregnate the glass eloth with resin. Twenty each
of three types of panel were sonic fatigue tested using
a discrete frequency siren, five identical panels at
four different sound pressure levels, to provide three
5-N (Sound Pressure Level Vs. Cycles to Failure) plots.
Twenty aluminum skin-stringer panels of the same

overall dimensions and surface weight were similarly
tested for control.
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SECTION I

INTRODUCTION

Recent advances in the state-of-the-art of composite filamentary tech-
nology in general, and glass fiber composites in particular, have led to
the latter being seriously considered for flight vehicle structural
applications. Reference (1) and (2). The promise of lower weight, lower
cost, lower radar detection, easler maintainability, superior corrosion
resistance, and ready repair of damage in the field, compared with metal
structures, has recently led to proposals for an all glass fiber COIN
aircraft from Convalr, Goodyear and Columbus Division of North American
Aviation,

Developments in resin technology allowing the use of glass fiber composites
for high temperature applications, are expected eventually to permit the
use of such composites in supersonic aircraft, where high noise and temp-
erature environments may be significant factors in the design of the
structure, The increasing use of high powered 1ift fans for VTOL aircraft
has resulted in very high discwete frequency sound pressure levels of the
order of 170 db In structural areas adjacent to the fans. These levels

in combination with thermal problems of hot gas-driven fans constitute a
severe environment for which composite structures may prove the only
solution,

While research and development of more advanced composites utilizing
Boron, Carbon and other recently developed filaments is proceeding rapidly,
glass fiber reinforced composites are more likely to be employed in flight
vehicles on a significant scale in the immediate future. The program
reported herein is therefore designed to provide basic soniec fatigue
tolerance experimental test data and design criteria for glass fiber
flight vehicle structure.

The majority of glass fiber flight wvehicle structural applicatioms to

date have been dictated by radar transparency considerations. These
applications have required the use of simple laminated-skin moulded
structures typical of many radomes. These structures are generally
lightly loaded and have a relatively low structural efficiency. For
primary load bearing structure, such as a wing box or spar, the low
Young's Modulus, coupled with a relatively linear stress-strain relation-
ship (low elongation) of glass fiber composites tends to preclude buckling
of skin panels at high loads. This makes sandwich construction mandatory
in order to achieve the necessary structural stiffness,

The most commonly used glass fiber sandwich is honeycomb. A corrugated
fluted core glass fabric in which the face sheets and cores are inter-
woven was developed some years ago by the Raymond Development Industries
under the name of "Raypan'". This offers an alternate sandwich



construction which has advantages over honeycomb for some applications.

With highly loaded skins the core helps carry part of the load, making

for a more efficient structure. The facing material and core are integral,
requiring a break in the glass filaments for separation, whereas face and
core of honeycomb rely entirely om a secondary adhesive line contact bond.
Fluted core provides better skin to skin shear transfer through the diagomal
truss core compared with honeycomb core. Fluted core is more readily formed
over small radii (across the flute direction) than honeycomb core. Honey-
comb construction tends to be lighter for some low stress buckling applications.
It is easier to manufacture and inspect since the cores are precured before
the skins are bonded. Some aircraft structural applications of glass fiber
fluted core are briefly discussed in Appendix D,

Three glass fiber fluted core sandwich configurations were selected for
sonic fatigue testing and evaluation. The first configuration selected

had a hollow (unstabilized) core, while the second and third configurations
were foam Btabilized. An aluminum control panel of the same surface weight
(L 1b./£ft.“) was used for comparative testing. The data presented in this
report are intended for use in the development of sonic fatigue design
techniques for this type of glass fiber sandwich construction. The data
will be used in the development of a series of Sonic Fatigue Engineering
Design Charts for these and similar composite sandwich constructions, for
use in glass fiber flight vehicle design.

NOTE: All sound gressure levels in this report are in reference
to 2 x 1072 Newtons/meterZ (0.0002 dynes/cm2).



SECTION 1T

SUMMARY

Three types of glass-fiber reinforced plastic sandwich construction were
investigated in an experimental sonic fatigue test program designed to
provide basic sonic fatigue resistivity experimental test data for such
construction, A literature search, (Volume 1 of this report), was made

of glass fiber reinforced flight vehicle structural technology, with
particular emphasis on flight vehicle structural applications, This

search revealed a multiplicity of glass fiber applications to flight
vehicles. These were mainly in secondary structure such as radome

fairings where solid laminate construction was used. The search also
showed a dearth of information on specific glass fiber somnic fatigue
applications. Because of the low Young's Modulus of glass fiber solid
laminates (less than one third that of aluminum), sandwich construction

is mandatory for many structural applications to achieve the mecessary
stiffness. Three types of fluted core {diagonal truss flutes at 60°) were
selected for evaluation, one design with hollow flutes and the other two
designs with polyurethane foam filled flutes. An aluminum skin-stringer
panel with a surface weight of approximately 1 1b/ft.2 was used as a control.
The glass fiber panels were first optimized for end load carrying capability
and - found to be lighter than the control panel. A pilot sonic fatigue test
program was conducted to evaluate proposed panel designs. The control
panel was modified as a result of this program by the addition of stringer
end plates to improve torsional restraint of the stringers. The glass
fiber panel designs were finalized and a choice of discrete frequency

siren sonic fatigue testing was made for all panels in the program.

A tatal of twenty sonic fatigue test panels, five each at four different
discrete frequency sound pressure levels were required to establish

sound pressure level vs. cycles to failure data. The control panel sound
pressure test levels were 140 db, 145 db, 150 db, 155 db. The control

panels approached infinite life at 140 db SPL and failed in approximately

6 minutes at 155 db SPL. The corresponding sound pressure test levels

for the glass fiber panels were 155-156 db, 157.5 db, 160 db and 163 db.

The majority of the glass fiber panels approached infinite life at 155-156 db
and, failed in 3-5 minutes at 163 db SPL.

The glass fiber panels exhibited high damping and excellent sonic fatigue
resistivity compared with the control panel. The Type III glass fiber
panel design (Zerocel foam-filled core at 151-5 glass fabric weave) was
superior In sonic fatigue resistivity to the other two glass fiber panel
designs employing 181-5 glass fabric weave.



SECTION III

PILOT TEST PROGRAM

DISCUSSION

The literature review phase of this program

showed that there are as yet no satisfactory analytical
techniques for designing fluted core structures for sonic fatigue
applications available at present. Accordingly, it was concluded
that an experimental approach using a Pilot Test Program was needed
to evolve satisfactory sonic fatigue test panel designs for pro-
duction testing.

Pilot Test Program Objectives

The principal objectives of this program were:

(a) To evolve three satisfactory glass fiber fluted core
(corrugated) sonic fatipue test panel design configurations
to be designated Type I, Type II, and Type III for comparative
testing with an aluminum control panel of the same surface
weight (1 lb/ft.z) and overall dimensions (24" x 30™),

(b) To determine whether broad band or discrete frequency testing
should be employed for production panels.

{(c) To evaluate test fixture design and test set~up and
instrumentation,

(d) To determine a suitable range of SPI test levels for each
group of test panels,

(e) To examine modal response characteristics of each proposed
test panel design, and identify critical frequencies.

(f) To determine optimum location of strain gages,

(g) To investigate panel failure modes and verify failure
detection methods.

ALUMINUM CONTROL PANEL DESIGN

A number of aluminum sonic fatigue test panel designs were con-
sidered for use as a control panel.

These included aluminum honeycomb sandwich, bonded beaded, chemi-
milled waffle grid, and skin-stringer construction. A skin-stringer



7075-T=6 Aluminum design was selected as the most suitable design
for this program for the following reasons:

(a) Skin-stringer construction is currently considered to be
by far the most representative of the majority of aluminum
flight wvehicle structures.

{b) More experimental sonic fatigue test data are available for
this type of structure than for any other.

(c) Skin-stringer construction is more readily analyzed from a
sonic fatigue aspect than sandwich designs such as aluminum
honeycomb.

(d) Skin-stringer construction can be more readily modified
structurally or repaired during preliminary test evaluation
to alter its potential fatigue life, e.g., by change of
skin gage, whereas bonded or chem-milled panels are difficult
to repair or modify after assembly,

Original Desigg

The general arrangement of this panel is shown on Figure 1.
The design is typical of most current conventional aircraft
structures, the aspect ratio of the bays being quite commonly
found in fuselage, flap, aileron and empennage trailing edge
structures. The 0.040" Z stiffeners are bonded and riveted

to the 0,032" gkins, All materials are 7075 T-6 Alclad.
Overall dimensions are 24" x 30" and the weight is 5 1b, The
1/4 inch stringer tie-in bolts were used to replace the rivets
originally specified when the latter worked loose after a few
preliminary frequency sweeps at low SPL's. Further frequency
sweeps at higher sound pressure levels showed that stringer
rotation was excessive and further modifications were necessary.

Modified Final Design

The modified final design, which was also adapted for production
testing is shown on Figure 2. The 1/2 inch bolts were removed
and small gusset plates were added to provide better stringer-
end tie-in, and limit torsional vibration of the stringers.
These plates proved effective, but did not entirely eliminate
stringer rotation. The addition of the gusset plates increased
the panel nominal weight from 5 1b, teo 5,25 1b.

3. TEST FIXTURE DESIGN

The design objectives for the test fixture were:



(a)

(b)

(c)

To provide a single fixture capable of accommodating all
test panel designs in the program without the need for
changing and attachments.

To provide test panel and fixity approximating that to be
employed in the sonic fatigue investigations omn similar

size test panels in the RTD Sonic Fatigue Facility.

To be compatible with, siren test section of Columbus Divisien
of NAA sonic fatigue test facility.

Origin Test Fixture Design

A general arrangement of this design is shown on Figure 3.

A 36" x 56" x 3/8" thick structural steel plate with a

24" x 36" rectangular hole forms the base, to which are
bolted steel edge members. The aluminum "picture frame'}
Figure 3, was in turn bolted to the steel angle edge members.
Test panels were attached to the picture frame nut plates by
3/16" bolts at 2" spacing.

During preliminary evaluation of this design, it became
obvious that fixture modes were intruding into the control
panel response and detuning was necessary. It was decided

to add heavy edge reinforcing in the form of a bolted-on frame
of channel section structural steel members.

Final Test Fixture Design

The final version of the test fixture design is shown on Figure
4. The 50 1b., lead weights were added to eliminate the first
bending mode of the vertical channel-section edge members. Due
to a mmber of aluminum "picture frame" failures in the corner
welds, Figure 3, it was decided to discontinue welding corners
and assemble the frame as four separate edge members, Figure 4.
This proved quite satisfactory and did not appear to alter end
fixity significantly.

Test Fixture Evaluation

The original test fixture design, Figure 3, was installed in the
discrete frequency siren test facility and the first aluminum
contrel panel Yo, C-1-X was mounted in it. During initial
frequency sweeping at low SPL's, it was immediately apparent
from stroboscopic examination that the fixture and the test
panel were both unsatisfactory. The fixture was modified as
shown on Figure 4, however, the 50 lb. weights were not

inclided at this stage. The 1/4 inch bolts were added to the
control panel, Figure 1.



A total of some twenty-seven accelerometer locations were used
to probe the fixture and panel response. Two important frame
accelerometer locations, positions 1 and 2, are shown on Figure
4, Typical accelerometer frequency response data from these
positions, with the test panel removed, are shown on Figures 5
and 6 respectively, for 150 db SPL. The large peak at 60 Hz,
Figure 5, was at first thought to be a 60 Hz instrumentation
fault, however, it was later identified as first bending mode
of the vertical chamnel section fixture edge reinforcement.
The effect of adding 50 1b. weights is shown on Figure 7 where
this peak virtually disappears.

Figure 8 shows accelerometer location 21 (mid sub-panel)
frequency response at 150 db,

ALUMINUM CONTROL PANEL DISCRETE FREQUENCY TESTS

Frequency Sweep Tests Panel C-1-X

A total of six Budd type C12-121 strain gages were affixed to panel
No. C-1-X as shown on Figure 9. Typical stress vs. frequency response
data for strain gage #2 (mid-panel position) are shown for 140 db and
160 db on Figure 10. A large number of stress-frequency sweéps were
performed on this panel and the stress response data showed multimodal
response characteristics typical of this construction. During the

latter part of the frequency sweep tests the 1/4 inch bolts periodically

worked loose and had to be re-tightened. This was no doubt due to the
large stringer rotation,

Failure Tests - Panel C-1-X

Upon completion of the stress frequency response tests, the panel was
subjected to a discrete frequency SPL of 160 db at 155 Hz. Failure
occurred at a stringer heel, Figure 1, after some ten minutes running
i.e., 9.28 x 10% cycles. Torsional rotation of the stringer was the
primary cause of failure.

Frequency Sweep Tests - Panel C-2-X

The second aluminum control panel No. C-2-X was modified by the
addition of gusset plates, Figure 2. Eight strain gages were

affixed to this panel as shown on Figure 11, and stress vs. frequency
data recorded on tape for SPL's of 145 db and 150 db.

Typical response data for gage #3 and gage #5 for 150 db SPL are
shown on Figures 12 and 13, respectively. Stroboscopic examination
of panel mode shapes showed that the two critical modes corresponded
to sub-panel in-phase (upper frequency) and sub-panel anti-phase
{lower frequency) response, The frequency separation of these modes



was only of the order of 10 Hz,

Failure Tests - Panel (C-2-X

Upon examination of the stress response data, 1t was decided to use
the upper (in phase} frequency for failure test. Considerable
difficulty was encountered in holding the panel on the desired re-
sonant frequency since this shifted gradually downwards from 160 Hz

to 150 Hz in the course of the test. There was evidence of increasing
"oilcan" 1in the sub-panels as the test progressed. The panel failed
after 41 minutes and 8 secdnds at resonance at 145 db, The mean
resonant frequency was 155 Hz, corresponding 3.82 x 105 cycles to
failure. Tailure occurred in the skin adjacent to a stringer heel.
This test showed the effectiveness of the gusset plates in preventing
excessive stringer rotatfion, and the design was adopted for production.
The multi-modal response characteristics of this panel clearly indi-
cated that broad band testing was desirable.

ALUMINUM CONTROL PANEL BROAD BAND STREN TESTS

The third aluminum control panel, No. C-3~X, which was identical

in all respects to panel No. C-2-X, was strain gaged at eight
locations as for panel No. C-2-X and the stress response data from
each gage recorded on tape for a series of test rums at 140 db,

145 db, 150 db, 155 db, and 160 db, in the broad band siren facility.
Typical siren sound test spectrum for am O/A SPL of 165 db is shown
on Figure 14; sound spectra for lower levels were similar., Panel
C-3-X was run for 10 minutes at 155 db 0/A SPL in the broad band
siren without sign of failure. The sub-panel in-phase mode was
evident from a strobescopic examination of the panel motion, however,
many other significant modes were also observed. The panel failed
across #3 strain gage after a further 40 minutes running at 160 db,
Failure (Figure 15) was identical to that of Panel No. C-2-X.

TYPE I GLASS FIBER PANEL PRELIMINARY DESIGN

The general arrangement of this panel is shown on Figure 16. The
panel is made up of an integrally woven fluted core of 181-5

glass, both flutes and skin having a nominal finished thickness of
.010". Polypropylene triangular mandrels are used to keep the
flutes in shape during resin impregnation and pre-cure phase. These
are later removed to give a hollow fluted core. The upper and lower
outer skins consist of two plies of 181-5 glass fabric* layed up
at 45° to the flute direction. The end closeout for the transverse-

.to=flute direction is shown on Figure 16, Section A-A, and for the

parallel-to-flute direction, the flutes were cut off at 60% and the
ends closed out using a secondary-bonded (3~-ply) angle.

*Nominal thickness 0.010" per ply.



Resin impregnation was via the vacuum bag technique using Jones
Dabmey EPIREZ-510 epoxy resin and APCO 320 catalyst. Further
details of manufacture are given in Appendix C.

This panel was optimized for end load carrying capability,**(See
Appendix B). The finished weight was 4.54 1b, (2061 grms.), and
the overall thickness was 0.455 inches,

7. TYPE I GLASS FIBER DISCRETE FREQUENCY TESTS

Frequency Sweep Tests

A number of strain gages were affixed to this panel at locations
shown on Figure 17, The panel was then subjected to constant SPL
vs. frequency sweeps from 0 to 500 Hz at SPL's of 140 db, 145 db,
150 db, 155 db and 160 db, However, because of the fact that most
of the gages failed during preliminary sweeps, it was not possible
to obtain a complete set of data from all gages, The premature
failure of the gages was found to be due to excessive strains iIn
the glass fiber resulting from the relatively low tensile modulus
(E= 3 x 106 psi) for this material. This was incompatible with
the 5% elongation of the Budd Type C-12-141 gages, which were used
successfully on the aluminum panels. Budd Type HE-141 gages (15%
elongation) were substituted for all further glass fiber panels.

Typ}cal stress vs, frequency response data for gage position 1 at
145 db, 150 db, 155 db, are shown on Figure 18,

Figure 19 shows similar data for gage position 3 at 145 db,

The first peak at approximately 60 Hz , Figure 18, is the panel~
aluminum picture frame first mode, the second peak being the panel
first mode, and the upper peak appears to be the fifth harmonic of
the lower mode. The upper peak is not present on the response data
from gage position 3 (in direction of flutes). This is to be
expected since the panel has a much higher stiffness in the flute
direction than occurs across the flute direction.

Failure Tests

This panel was tested for 32 minutes and 24 seconds at SPL of 160 db,
when failure occurred on the skin at the lower right hand corner,
Figure 17, TFaillure was readily detected by a sudden drop out of
resonance when the panel could not be retuned,

*%The panel edge design is not optimum for end loading, however, it was
chosen to provide a-"soft" edge in order to precipitate failure in the

body of the panel. A primary panel edge failure was not considered desirable
for these tests, since panel edge design was not the subject of the
investigation.



10.

TYPE IT GLASS FIBER PANEL PRELIMINARY DESIGN

This panel was of similar construction to the Type I panel, Figure
17, however, polyurethane foam mandrels were used in place of the
removable polypropiyene mandrels of Type I. The foam mandrels were
retained in place for flute stabilization. 1In order to compensate
for the added weight of the foam, one glass fabric ply from the
upper panel surface and one ply from the lower pamnel surface were
omitted. The total number of edge plies of 181-S fabric was thus
reduced from six to four. The finished panel weighed 4.20 1b.
(1,900 grams). Overall thickness was 0.465".

TYPE II GLASS FIBER PANEL DISCRETE FREQUENCY TESTS

Frequency Sweep Tests

A number of strain gages were affixed to this panel as shown on

Figure 20. The panel was then subjected to constant SPL vs, frequency

sweeps from 0 to 500 Hz at SPL's of 145 db, 150 db, and 155 db,
Typical stress vs. frequency response data for these SPL's are given
for mid-panel gages E;, E3, E5 on Figures 21, 22, 23, respectively,
and similar data for panel cormer gages C;, C2, C3, are given on
Figures 24, 25, 26, respectively. Measured stress levels in all
four corners were approximately equal.

Panel Deflection Tests

An accelerometer was placed at the mid-panel position and the mid-
panel displacement as a function of sound pressure was measured for
the panel first resonant mode. These data are presented on Figure
27.

The relatively low stiffness of the glass fiber material accounts
for the large mid-panel displacements at the higher SPL's,

Failure Tests

The Type 1II panel was tested to failure at 160 db SPL at its first
mode. There was a sharp drop in resonant frequency after some 4
minutes and 10 seconds of running. The panel suffered delamination
along its lower edge originating at the edge radius, Figure 28.

TYPE ITI GLASS FIBER PANEL PRELTMINARY DESIGN
The Type III glass fiber panel was of the same general construction
as for Type I .panel, Figure 16, The principal difference was the

use of 151-5 glass fabric (nominal ply thickness 0.007") instead
of 181~S fabric. Four facing plies were used on both upper and

10



11.

12,

lower surfaces. These plies were laid up alternating at 45° to the
flute direction. The panel overall thickness was 0,500" and the
finished weight was 5.07 1b (2,303 grams).

TYPE TITI GLASS FIBER PANEL DISCRETE FREQUENCY TESTS

Strain gages were located on this panel at locations shown on
Figure 29. The panel was subjected to constant SPL vs. frequency
sweeps at 145 db, 150 db, 155 db, 160 db and 165 db. A typical
stress vs, frequency plot for a 165 db sweep in shown on Figure 30.
This panel suffered premature flute failure during a second sweep
at 165 db. Examination of the failed flute showed that the
finished skin to flute thickness ratio was approximately 3.5 to 1.
It was clear that the flutes in this design required foam stabi-
lization.

CONCLUSIONS

The following general conclusions were drawn from the Pilot Test
Program results,

Control Panel Design

The modified control panel design, Figure 2, was satisfactory for
production testing., The modifications introduced a weight increase
of approximately 0.25 1b.

Type I Glass Fiber Papel Design

This design was generally satisfactory, however, the finished weight
of 4.3 1b, was below the specified weight. (5% .2 1b.). Extra
ply facings were needed to bring the panel to the required finished
weight, There was some slight evidence of delamination along the
sharp edge radius; a more generous edge radius was indicated.

Type II Glass Fiber Panel Design

This design was clearly not satisfactory. The lower edge failure
was due to insufficient edge thickness resulting from the trading
of two edge plies of glass fabric for foam stabilizer. The effect
of the sharp edge radius was also detrimental. The finished weight
of 4.2 1b. (1,906 grams), was well below specified design weight.

Type IIT Glass Fiber Panel Design

The obvious defect in this design was the lack of stabilization of

the very thin flutes. The weight was satisfactory. It was concluded

that foam stabilization should be used in this design for the pro-
duction panels,

11



Test Procedures

The multi-modal response characteristics of the aluminum control
panels indicated that broad band testing should be used. However,
the response characteristics of all three glass fiber panels indi-
cated that a much higher range of SPL's would be needed for testing
them than the levels required for the control panel, particularly
when the former were modified and brought up to the desired weight,
It was concluded that the Columbus Division NAA"Broad Band Siren
Facility, had neither the required acoustic output, nor a suffi-
ciently flat spectrum for testing the glass fiber panels. It was
therefore decided to use the discrete frequency siren for all
production testing.,

12



SECTION IV

ALUMINUM CONTROL PRODUCTION PANEL TESTS

DISCUSSION

A total of twenty sonic fatigue aluminum control panels was
specified for production testing, five each at four different
SPL's. The choice of five specimens was based on the relationship

N-1

€=1 -1np + @y gt

for statistical confidence, where

€ = degree of assurance that at least 100 percent of an infinite
number of specimems will fail between the largest and shortest failure
times encountered in a sample of size N. For N = 5 and taking @ =
50 percent

]

€=1-505%+4(5)°

i

80 percent.

Selection of Test SPL's

The, four discrete frequency SPL's selected were: 140 db, 145 db,
150 db and 155 db. A failure time not exceeding twenty hours was
used as a criterion for determining the lowest test SPL (140 db).
Failure times at the highest SPL (155 db) were of the order of
5-6 minutes,

Production Test Panels

All production test panels were made with gusset plate reinforcing
of stringers, Figure 2., Due to some operator production problems
with AF-111 adhesive, five production panels were rejected and had
to be replaced. These problems are fully discussed in Fart 8 of
this section,

"Oilcan' Effects

All control panels were found to be particularly prone to "oilcan'
effects, During production testing it was necessary to pericdically
stop the test and loosen all panel attach bolts to relieve "oilcan'.
The problem was particularly acute during a severe cold weather
spell when overnight chilling of the siren test area frequently
occurred, The effects of "oilcan'" on panel response are discussed
in detail in Part 2 of this section,

13



Test Procedures

The test procedures followed were intended to ensure uniformity of
and, as far as possible, to control all factors which might contribute
to scatter. Two strain gage positions, (Pos. 2 and Pos. 3) Figure 31,
were used for the majority of the production test panels, The effects
of stringer rotational modes were investigated on some panels using
strain gage positions 4 and 5. Frequency sweeps (0-500 Hz) were made
on all test panels at the d¢signated test SPL and where appropriate,
at lower SPL's, before proceeding with fatigue testing. The panels did
not respond significantly at frequencies above 400 Hz., For fatigue
testing the panels were tuned for maximum response at gage position 2
or 3. When gage failures occurred, the panels were tuned using micro-
phone response. Failure was readily detected by a sharp drop in
resonant frequency. All panels failed on the skin at a stringer heel
location, usually across gage position 2 or 3. Some panels showed
evidence of AF-111 adhesive bond failure due to poor bonding. These
panels were later replaced. Full details of the test set up and
instrumentation are given in Appendix A.

PANEL MODAL RESPONSE CHARACTERISTICS

Skin-5tringer Panel Modes

The response characteristics of skin-stringer panels have been
analyzed by Y.K, Lin, Reference (3). Typical normal modes for
continuous panels of this type are shown on Figure 32 (a), (b), (c).

Stroboscopic examination of control panel mode shapes under acoustic
load in the siren showed that the predominant mode shapes were those
shown on Figure 32 (d) and (e).

At times these wmodes interchanged producing a distinct low frequency
beat. The sub-~panel in-phase mode (all bays in phase} Figure 32 (b),
was seldom to be found, This is no doubt connected with the fact
that the free skin sub-panel width for the mid bay (#2) is greater
than that for Bay #1 or Bay #3, Figure 32 (f); the sub-panels

having a strong tendency to vibrate in antiphase. This condition

is accentuated by the stringer torsional mode coupling.

The sub-panel in-phase mode was isolated during panel shake tests
with a panel mounted on a stiff frame suspended from bungee cord,
and driven by a pair or 50 1b, shakers, Figure 33, The sub-panel
third mode for similar conditions is shown on Figure 34. Many
other higher modes were identified during the shake tests, however,
isolation of these modes was difficult. Modal frequencies for
specific modes were in general somewhat lower in the shake test
fixture than in the siren test fixture. This is accounted for by

14



some detail differences in the fixture designs, which affect panel
edge fixity.

MODAL DAMPING MEASUREMENTS

Modal damping measurements were obtained from a number of control
panels for various modes using the amplitude decay method, The
percent critical damping C/C, for a given mode is obtained from
the simple relationship:

C/CD « 0.110
pud

where n = number of cycles to half amplitude. Decay curves in
general tended to show interference from extraneous modes and
slight variation in placement of an accelerometer pick-up was
found to produce a marked change in the purity of the decay curve.
There was significant variation in critical damping ratio for a
given mode between individual panels and between individual bays
of a given panel, The best decay curves were obtained by placing
the accelerometer pick-up on the mid-bay and adding weights to
the adjacent bays to prevent these bays from responding. Some
improvement was also obtained in decay curve purity by using clamps
to restrain the torsional motion of the stringers. Decay curves
obtained by tapping of the panels did not show any significant
improvement over those obtained by shaker excitation. The following ji
damping ratios were found to be typical of the control panels, gt

)

{(a) Sub-panel in-phase (1st mode) C/C, = 0.009 .

PR ) " . » 1 .
(b)  Sub-panel mid-bay (1lst mode) C/C, = 0.014 f:,uﬁt* L il'
~Outer bays clamped - v

(c) Sub-panel mid-bay (lst mode) C/C, = 0.01 VS 3
-Z stringer clamped 5}‘_£ﬁ? Lo

(d)  Sub-panel mid-bay (3rd mode) C/C, = .016
The lower panel modeés are lightly damped and it would appear that
the AF-111 adhesive bonding contributes little to damping since

the foregoing damping ratios are also typical of riveted (non-bonded)
skin-stringer panels.
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PANEL STRESS VS. FREQUENCY RESPONSE DATA

Normal Control Panel Response

Selected stress vs., frequency data (gage position #2 or #3) for
production control panels subjected to 140 db, 145 db, 150 db, and
155 db are presented on Figures 35 through 38, respectively. The
upper resonant peak frequency in each stress vs. frequency plot,
which corresponds with the adjacent sub-panel in-phase mode,
Figure 2 (d) or (e), was used as the test frequency for fatigue
testing of all control panels.

The exact shape of the principal resonant peaks at a given SPL and
their frequencies, were found to vary significantly from panel to
panel and from bay to bay in a given panel. This is no doubt due
to some variation in panel manufacture between individual panels,
to be expected in this type of construction, Minor variations in
Placement of strain gages on individual panels, together with
difffculties in maintaining precise control of the airflow to the
siren at panel resonance were additional factors affecting stress
response at a given strain gage location on a panel.

Y"Oilean'' Effects

The effects of Yoilcan" on stress response are 1llustrated on

Figure 39. The response with "oilcan" present shows a significant
lowering of the critical resonant frequencies and the corresponding
panel stresses at those frequencies, The degree of "oilcan" present

in a given panel could be determined by running a frequency sweep

at the test SPL, and comparing it with the original data obtained
before commencement of the fatigue test. The primary cause of "oilcan"
was found to be differential expansion or contraction of the test
fixture relative to the test panel,.

Some panels developed '"oilcan" in one or wmore bays after a period
of fatigue testing. This was readily relieved by loosening all
attach bolts and rebolting after panel and frame temperatures had
reached equilibrium. All control panels with the exception of
panel #13 were free of "oilcan'" built in at manufacture.

Effects of Stringer Rotation

Figure 40 shows stress response vs., frequency data for gage positions
#2 and #3 (panel skin) and the adjacent stringer response obtained
from stringer gage positions #4 and #5, for applied SPL's of 140 db
and 155 db. The strong influence of the stringer rotation is

evident at the higher SPL. At the 140 db SPL, however, #3 (skin)
gage response does not appear to be influenced by stringer rotationm.
This would indicate that panel mode shape was as shown on Figure 32
(e) for the 140 db sweep.
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NON-LINEARITY EFFECTS

Typical stress vs. applied SPL is plotted for a control panel as
shown on Figure 41. The 155 db point is omitted because of the
large range of sound pressures.

Non-linearity factors based on mean square stress ratios of actual
stress to linear stress are:

SPL db Non~Linearity Factor ()J
140 1
145 0.94
150 0.785
155 0.65

The SPL at which a given panel responds non-linearly is highly
dependent on the amount of "oilcan' present, and possibly the
membrane stresses built in during manufacture.

PANEL SPL VS. CYCLES TO FATLURE DATA

Table I shows sonic fatigue test results on all twenty-five
production control panels, These results are plotted on an SPL

vs., Cycles to Fallure curve on Figure 42, The mean failing stresses
shown, Table I, are those measured at gage positioms #2 or #3,
Figure 31, during failure tests. Most panels exhibited a gradual
drop in resonant frequency and/or stress during test. The test
frequency shown on Table I was that prevailing for the greater part
of the test run, It should be noted that many frequency vs. stress
sweeps were made on most panels at various SPL's, before and during &
farigue testing.

The 140 db test level was selected on the basis of panel #5 data.
This panel was later rejected after other panels showed no failure
at 20 hours of test at this level. The control panels appear to
approach infinite life at 140 db, Panel #12 which showed no
failures after twenty hours testing at 140 db, SPL was retested

at 155 db SPL and failed after 14 minutes testing at this level,
All panels failed on the skin at a stringer heel location,

Figure 43 shows a reverse bending 8-N curve for 7075-T-6 Alclad.

The average of the peak values of failing stress, and cycles to
failure (excluding rejected panels) from Table I for 140 db, 145 db,
150 db and 155 db SPL are also plotted on Figure 43.

These curves indicate that stress concentration factors operating
at the test SPL's are:
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SPL Stress Concentration Factor

140 db 3

145 db 2.5
150 db 2.4
155 db 2.5

SOUND FIELD MEASUREMENTS

Microphone Oscilloscope Traces

The sound field in the siren test section was continuously monitored
during test at the four microphone positions, Figure 44. Microphone
position #4 (mid-panel) was used as prime position for SPL measurement
in all tests. Sound pressure levels measured at microphone positions
#1 and #2 were generally within ¥ 1.5 db of those measured at micro-
phone position #4. Corresponding SPL's measured at microphone
position #3 (nearest siren) were usually 2 to 3 db higher than those
measured at microphone position #4.

Typical oscilloscope traces of the microphone data are shown on
Figure 45. The shape of these traces is determined not only by
the harmonic content of the siren noise itself, but also by panel
re-radiation effects. A 90 degree phase shift between microphone
#4 trace and strain gage position #2 output, Figure 45 ,corresponds
to the panel resonant response.

Narrow Band Analysis

A number of narrow band analysis measurements (2 cycle filter) were
made on microphone and strain gage data at all four test SPL's.
Figure 46 shows a typical narrow band anal ysis plot at 140 db, for
microphone position #4. The corresponding plot for 150 db SPL is
shown on Figure 47. The increase Iin the harmomic content of the
sound at the higher SPL's is evident. Similar results were obtained
from other microphone positions,.

A narrow band analysis plot for strain gage position #2 is shown

on Figure 48 for 140 db SPI,, and similar data for the 150 db SPL

is shown on Figure 49. These plots show the predominantly sinusoidal
response of the panels.

FAILURE ANALYSIS

Normal Panel Failure

A typical AF-111 adhesive skin-stringer bond line is shown on
Figure 50 (a), and a section through a typical skin failure is
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shown on Figure 50 (b). The failure line generally followed that
of the AF-111 adhesive* and was initiated at the sharp edge of
the adhesive bead, where there was an obvious line of stress con-
centration, Figure 51,

The control panel design does not specify precise width or location
of the bonding strip of AF-111 adhesive between skin and stringer,
and in some control panels the adhesive line did not extend much
beyond the flat portion of the stringer heel.

Rejected Panels

Panels #2, #5, #11, #15 and #18, Table I, were rejected because

their failure times were well outside the normal scatter band for

the remaining panels., Sections taken through four "good" and
rejected panels showed no significant thickness variation in adhesive
or aluminum thickness, All failures originated at the stress con-
centration of the adhesive bond line,

Table II shows Rockwell hardness readings taken on “good" and

rejected panels, Table IIT shows results of a dimensional survey
taken of the four panels sectioned. Lap shear tests of sample

test pieces for "good" and rejected panels showed that adhesive

shear stress failure values were well within AF-111 specification
limits. This also applied te panel #9 which suffered a premature bond
failure between skin and stringer resulting in a rivet line failure.
Examination of the failed panel showed evidence of insufficient
clamping pressure during adhesive cure. However, the lap shear
control specimen for this panel was adequately clamped and gave

good results. It was later established that a switch of operators
was made during manufacture of panel #9, and that the new operator
had not followed correct clamping procedure during adhesive cure.

It was noted that In the initial series of production panels, the
AF-111 adhesive did not extend much beyond the heel-skin junction
leaving a significant stress concentration at this point. Accordingly,
it was declided to extend the adhesive beyond this junction in all
subsequent panels. A section through panel #20 with extended adhesive
line is shown on Figure 52(a). The line of failure is still on the
adhesive edge, however, the stress concentration factor is probably
reduced. The fatigue 1life of these panels could be significantly
improved by use of an additional doubler, Figure 52(b).

9, CONVERSION TO RANDOM S-N DATA
Excluding rejected panels, Table 1, the average number of cycles to

failure for the discrete frequency SPL's employed for the control
pariel tests were:

*Panel No. 9 failed along rivet line after premature failure of AF-111
adhesive bond.
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Average No. of Cycles

SPL (db) to Failure N
140 1.06 x 10’
145 2.12 x 106
150 4,5 x 107
155 7.15 x 10%

Using the method ocutlined in Reference (4), a rough estimate of the
equivalent random sound pressure spectrum levels, corresponding to
the above discrete frequeney test SPL's, can be made, The 7075 T-6
Random $5-N curve of Reference (4) is used and reproduced on Figure
53, A critical damping ratio & = 0.0l is assumed. The non-
linearity factor (A ) values of page 17 are used. The multimodal
factor 'y is calculated for each discrete frequency test SPL as
follows:

140 db SPL

From the stress vs. frequency response plot, Figure 35, two (2)
stress peaks are assumed significant,

Frequency Stress
143 Hz 4,400 psi
150 Hz 5,500 pei

Vie.6)% + .52 kpsi

Total stress

= 7.05 kpsi
For 150Hz, Y= 7.05 = 1.28
5.5

145 db SPL

From stress vs, frequency response plot, Figure 36, significant
gtress peaks are assumed to be;

Freguencz Stress
150 Hz 6,500 psi
158 Hz 6,900 psi

Total stress (6.5)2 + (6.9)2 kpsi

= 9,48 kpsi
For 158 Hz, Y = 9,48 = 1,37
6.9
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150 db

From stress vs. frequency response plot, Figure 37, significant
stress peaks are assumed to be:

Frequency Stress
135 Hz 4,900 psi
153 Hz 7,600 psi
162 Hz 8,100 psi

1}

Total stress j4.9)2 + (7.6)2 + (8.1)2 kpsi

= 12.13 kpsi
For 162Hz , y = 12,13 = 1.5
8.1

155 db

From stress vs. frequency response plot, Figure 38, significant
stress peaks are assumed to be:

Frequency Stress
158 Hz 12,200 psi
165 Hz 12,400 psi

Total Stress = A12.2)2 + (12.4)2 kpsi

[}

17.4 kpsi

For 165Hz ,Y'= 17.4 = 1,4
12.4
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1

Discrete sound pressure (psi)
Random sound pressure (psi)

FMS sinusoidal stress (psi)

RMS random equivalent stress (psi)
Test frequency (discrete) Hz

C/C, = percent critical damping

Then PR may be calculated from the relationship:

Pr

140 db SPL Discrete

V& . wsoViavy

For this SPL we have:

;%g\< P

SPLy

P
H

(H -
150 Hz

1.06 x 107 cycles to failure

0,03 Psi

1

1.28

15,000 x .707 = 10,600 psi rms (Figure 53)
7,000 psi (Figure 53)

0.03 x 7,000 = (10 x .01 x 150)1/2 x 1.28
10,600

0.03 x 0.66 = 0,007 psi
2.78

127.5 dbp Spectrum lLevel
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145 db SPL Discrete

For this SPL we have:

£ = 158 Hz
N = 2.12 x 108 cycles to failure
Py = 0.052 psi
A = 0,94
Y = 1.37
g = 16,400 x 0.707 = 11,600 psi rms (Figure 53)
32 = 8,200 psi (Fig, 53)
PR = 0.052 x 8,200 = (1.5877 Y¥/2 x 0.94 x 1.37
11,600
PR = 0.038 = 0,013 psi
2.86
SPLR = 133.0 dbg Spectrum Level

150 db SPL Discrete

For this SPL we have:

£ = 162 Hz
N = 4.5 x 10? cycles to failure
PR = 0.1 psi
A = 0.78
v = 1.5
6y = 21,500 x 0.707 - 15,200 psi mms (Figure 53)
32 = 11,800 psi (Figure 53)
Pp = 0.1 x11,800 = (T x .01 x 162)1/2 x 0.78 x 1.5
15,200
PR = 0.078 = .03
2,64
SPLp = 140 dby Spectrum Level
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155 db SPL Discrete

For this SPL we have:

£

=

SPLR

165 Hz

7.15 x 10% cycles to failure

0.16 psi

0.65

1.4

34,500 x 0.707 = 24,400 psi rms (Figure 51)
18,500 psi

0.16 x 18,500 — (¥ x .01 x 165)1/% x 0.65 x 1.4
24,400

0.118 = .058 psi
2.07

145.5 dbgp Spectrum Level
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SECTION V

TYPE I GLASS FIBER PRODUCTION PANEL TESTS

1. DISCUSSTION

A total of twenty-one Type I (hollow flute) sonic fatigue production test
panels were tested in the discrete frequency siren. The first Type I

panel made by the Flxible Company, Lowdonville, Ohio for tceling and process
try-out was tested at 155 db and failed in 36 min. 21 sec. This panel
showed some evidence of edge delamination and resin starvation in the

edge flutes. The panel was be low minimum weight and it was apparent

that the edge flute radius (.060" was inadequate. This panel was rejected
and it was decided to increase edge flute radius to 0.25" on all subsequent
panels. The resin starvation was due to failure to maintain sufficient
vacuum during impregnation of the core. The finished weight of 4.78 1b.
was due to a miscalculation in number of glass fabric plies required for
the desired weight of 5.2 1b,* An extra glass fabric facing sheet was
added to the lower (outer) panel surface to achieve the desired weight.
Some difficulty was experienced in maintaining weight tolerances with

the latter ten of the twenty Type I production test panels (see Table 4).
The Flxible Company was unable to offer any explanation for the overweight,
however, the resin content of many of the overweight panels appears high

in some panel edge areas.** The problem did not recur on Type II or Type
III panels.

2. PANEL DESIGN

The general arrangement of the Type I Glass Fiber Production Test Panel

is similar teo the Type I original design, Figure 16, with the exception
of edge flute radii and the number of glass fabric facing plies. A cross-
sectional view of the panel is shown in Figure 54(a).

3. PANEL MODAL RESPONSE CHARACTERISTICS

Mode Shapes - The significant modes for this panel were determined by
mounting the panel in a stiff rectangular frame, horizontally suspended

by a bungee cord suspension and driven by a pair of 50 1lb, shakers (see
Appendix A}, These modes are illustrated on Figure 55. Mode shapes were
also investigated by measyring panel accelerations at a number of locations
along a vertical and horizontal line through the panel mid-point, with the-
panel installed in the siren test section, Flgure 56.

* Average aluminum panel weight.

#*%A check on Type I panel flute and skin thickness, showed little variation
between beavy and light panels, indicating most of the excess weight was
in the panel edges.
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The highest panel stresses were obtained in the transverse-to-flute
direction at the mid-panel position (#1 gage Figure 55) when the panel
was driven in its first mode. Specific modal frequencies in the shake
test did not agree with those obtained in the siren test due to differ-
ences in edge fixity of the two installations.

Panel Deflections - Figure 57 shows zero to peak panel deflection along

the flute direction for a range af sound pressure levels, with the panel
tuned to first mode. Corresponding data for the transverse flute direc-
tion are given on Figure 58. Mid-panel deflection as a function of SPL

for panel first mode resonance is shown on Figure 59. This panel goes

non- linear at approximately 150 db SPL., The very large mid-panel deflection
is evident and corresponds with the low Young's Modulus of the glass lami-
nates (E = 2.33 x 10% psi for the transverse-to-flute direction). It should
be noted that measured panel deflections on the panel center lines, Figure
56, show slightly larger deflections along the vertical panel axis than
those at corresponding locations along the lateral panel axis. This is
accounted for by the greater unsupported panel length in the vertical
(flute) direction compared with the lateral (transverse-to-flute) direction.
The lower inherent panel stiffness in the lateral direction is more than
ofifset by the disparity in unsupported span lengths.

4, PANEL STRESS VS, FREQUENCY RESPONSE DATA

All glass fiber production test panels were frequency swept from 0 to 400 Hz
at the test SPL before testing to failure. SPL vs., Frequency Response plots
were obtained for most panels .from gage position #l (mid-panel transverse)
and gage position #2 (right side panel, transverse). Sweep rates were
approximately 2 to 5 cycles per second per second, depending on sound
pressure level. Measured stress levels at the principal resonant peaks

were dependent on the degree of control exercised by the siren air supply
operator when passing through resonance.

This was particularly noticeable when the siren was being operated at high
SPL's, and plant air demand was at a peak. Repeat frequency sweeps were
made on a number of panels at a constant SPL to check repeatability.
Generally, stress levels at the resonant peaks tended to be slightly higher
on the second sweep tending to a constant level at the third and subsequent
sweeps.

Typical mid-panel Transverse Stress vs. Frequency Response Plots for a
Type I panel are shown on Figure 60 for a sound pressure spectrum level
of 155 db. A corresponding typical Frequency Response Plot for gage
position #2 is shown on Figure 61. The double peak at approximately
130 Hz, Figure 61, does not denote two resonant peaks, but is due to
siren air supply variation in passing through resonance.
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3. MODAL DAMPING MEASUREMENTS

The critical damping ratios for the first and second panel modes were
obtained from the Stress vs. Frequency Response Plots from gage position

#1 and position #2 respectively, using the half-power bandwidth method.

For the stress response plot, Figure 60, the half-power bandwidth for the
panel first mode is & f = 9 Hz, while the resonant frequency f, is 133 Hz.

Critical Damping C/Co = A f = 9 = 0.034
2fq 2 x 133

Similarly for the stress response plot, Figure 61, the bandwidth for the
panel second mode is A f = 10 Hz, while the resonant frequency is 308 Hz,

Critical Damping C/C, = Af = 10 = 0.016
2fo0 2 x 308

A summary of critical damping ratios for Type I panels, measured by the
half-power bandwidth method from stress plots made at 155 db sound pressure
spectrum levels, is given in Table V. Damping of the Type I glass fiber
panels appears to be significantly higher than that of the control panels.

The Type I glass fiber panel critical damping ratios were also measured
using the amplitude decay method. The panel was mounted in the siren test
section and excited with a large loudspeaker at its first mode. A typical
decay trace from an accelerometer at panel mid-point position is shown in
Figure 62.

NOTE: The foregoing damping measurements include radiation damping
effects which were not investigated.

6. PANEL SPL VS, CYCLES TO FATILURE DATA

These data are summarized on Table IV and plotted on Figure 63. The first
Type I glass fiber panel tested failed on its edge flute, left side.
Examination of this panel at failure showed that it became extremely hot

over most of its surface during testing (estimated temperature 250°F). It
was obvious that some cooling would be necessary for fatigue testing.
Accordingly, it was decided to have a large cooling fan blowing on all
subsequent panels during test. This maintained the panel surface temperature
at approximately 120°F., or lower, except locally on failure areas where

the temperature rose rapidly during failure. This was particularly notice-
able at the 160 db and 163 db SPL test levels.

With the exception of Panel No. 1 which failed prematurely due to excessive
heating, and Panel Wo. 9 whose failure was due to an aluminum frame failure,
the remaining three panels tested at 155 db showed no damage after twenty

hours running at this level. Panel No. 16 was retested at 163 db after com-
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pletion of twenty hours at 155 db and failed in 2 minutes and 7 seconds at
this level. These results indicate that the panels approach infinite life
at 155 db. Increasing the SPL to 157.5 db produces a marked reduction in
panel life to about 42 minutes (average).

A stress vs. cycles to failure summary for Type I panels is shown on Table
VIi. These S-N data are plotted on Figure 64. The average values of stress
and cycles to failure do not include test points outside the normal scatter
band.

7. SOUND FIELD MEASUREMENTS

Four microphones located inside the test section (see Figure 44) were used
to monitor the sound field. An additional external microphene was added

at the mid-panel position for tuning the panel after failure of the strain
gages. This external microphone produced a clean sinuscoidal signal compared
with the intermal microphones. The #4 microphone (mid-panel position) was
used for setting SPL test levels on all panels. Sound Pressure Levels
measured at microphone position #3 (nearest siren) were generally 2 db higher
than those at microphone position #4. Sound Pressure Levels measured at
microphone positions #1 and #3 were usually 1 db lower than those at
position #4. Typical microphone and strain gage signals for Type I panel
tests are shown on Figure 65, These are also typical of the Type II and

ITI panels.

8. FATLURE ANALYSIS

The primary cause of failure of the Type I glass fiber panels was internal
flute collapse resulting in inner skin flute line failures usually near

the panel edge. A typical Type I panel failed section is shown on Figure
66. The sectioned failed panels were found to have a considerable amount

of powdered resin and glass debris in the flutes. This was no doubt due

to the severe flexing of the thin flutes during test, particularly at the
higher sound pressure levels. Sections through unfailed panels, tested

at 155 db, showed some debris in the flutes and strong evidence of resin
starvation. Prolonged testing at the 155 db test level produced no external
damage and appeared to have little effect on the panel. This was born out
by re-testing panel No. 16 at 163 db SPL after completion of 20 hours at 155
db SPL. The failure time at the 163 db SPL was reduced from approximately

3 minutes to 2 minutes compared with panels tested only at 163 db SPL. The
excessive disparity between skin and flute thickness in the Type I panel is
a basic design weakness and does not permit the full potential of the hollow
fluted core to be realized.
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SECTION VI

TYPE IT GLASS FIBER PRODUCTION PANEL TESTS

1. DISCUSSION

A total of twenty Type II glass fiber production panels was sonic fatigue
tested in the discrete frequency siren. A sound pressure spectrum level
of 155 db was chosen for the lowest test level. Three panels tested at
this level showed no signs of failure after twenty hours testing. Accord-
ingly, it was decided to test the remaining two panels of the group at
156 db SPL; these panels failed in 5.5 and 7 hours respectively. Five
each of the remaining Type II panels were tested at 157.5 db, 160 db, and
163 db SPL respectively. The Type IT panels did not show any significant
improvement in sonic fatigue resistivity over the Type I panels. While
the foam stabilized flutes remained generally intact after testing, a
majority of the panels suffered top and bottom edge doubler failures.

2. PANEL DESIGN

The Type 11 glass fiber panel design is identical in all respects with that
of the Type I panel, with the exception of the flutes which are foam stabi-
lized. Zerocel polyurethane triangular foam mandrels (6 1lb./ft.3 density)
were used to fill the core, and were retained in place during cure cycle.
The extra saeight of these foam mandrels was compensated for by the deletion
of one 181-S glass fabric facing sheet from both the upper and lower panel
surface. (see Figure 54(b)).

3. PANEL MODAL RESPONSE CHARACTERISTICS

Mode Shapes. ~ The Type II glass fiber panels exhibit generally similar
modal response characteristics to those of the Type I anels, Figure 55,
The Type II panel first mode resonant frequency is approximately ten Hz
below that of the Type I panel first mode frequency. This is in accord
with the lower panel stiffness of the Type II panels to be expected from
the deletion of two facing plies. The foam does not affect overall panel
stiffness significantly.

Panel Deflections. - Figure 67 shows typical Type II panel deflected shapes
in the in-flute direction for a number of SPL's. The mid-panel 0-Peak
deflection of 1.34 inches for 155 db SPL compares with 0.88 inches for the
Type I panel, and corresponds with the hipher panel stiffness of the latter.
Type II panel deflected shapes in the transverse-to-flute direction are shown
on Figure 68, Mid-panel 0-Peak deflection vs. SPL is shown on Figure 69.
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4. PANEL STRESS VS, FREQUENCY RESPONSE DATA

Test procedures for the Type II panel frequency sweep tests were identical
with those for the Type I panels (Section III-4). Typical mid-panel trans-
verse stress vs. frequency response plots for a Type II panel at 155 db SPL
are shown on Figure 70,

5. MODAL DAMPING MEASUREMENTS

Critical damping ratios for the first and second panel modes were obtained
from the Stress vs, Frequency Response Plots using the half- power band-
width method and the amplitude decay method. A summary of critical damping
ratios for the first and second modes of the Type II panels, derived from
half-power bandwidth measurements is presented in Table VII. First mode

critical damping from accelerometer decay trace measurements was:

c/co = .0.037

6. PANEL SPL VS, CYCLES TO FAILURE DATA Y

These data are summarized on Table VIII and plotted on Figure 71. The

majority of the Type IT panels suffered top and bottom doubler failures Lﬁé

in the transverse to flute direction. Some panels suffered edge hole
tear-out due to aluminum frame failure. Testing of these panels was
resumed with a replacement aluminum frame and extra large washers to
provide adequate edge damping. A stress vs. cycles to failure summary
for Type 11 panels is shown in Table IX. These S-N data are plotted on
Figure 64.

7. FATLURE ANALYSIS

The Type II Panels exhibited a tendency to fail consistently along the top
and/or bottom secondarily-bonded doubler (See Figure 72). A number of

panels suffered from edge delamination near the doubler and outerface bond.
There was no evidence of any AF-111 adhesive bond failure. The large
deflections of the Type II panels, particularly at the higher SPL's produced
considerable local flexing of the secondarily bonded doublers in the core

end close-outs, The poor tie-in between doubler and flutes is a basic weak-
ness in all three glass fiber panel designs. Examination of a number of the
failed Type II panels showed evidence of mal-distribution of the resin within
the panel cores.
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SECTION VII

TYPE TII GLASS FIBER PRODUCTION PANEL TESTS

1. DISCUSSION

Twenty-one Type III sonic fatigue production test panels were tested in

the discrete frequency siren. A sound pressure spectrum level of 156 db

was used for the lowest test level, and all five panels tested at this level
completed twenty hours testing without failure, indicating that the Type III
panels approach infinite life at this level. At the highest sound pressure
spectrum level of 163 db, the Type III panels failed in 5-6 minutes. The
Type III panels, fabricated from 151-5 glass cloth, and foam-filled as for
Type II panels, were clearly superior in sonic fatigue resistivity to the
Type I and II panels. They failed in a more consistent and satisfactory
manner, and gave less scatter than either Type I or II. The quality of
construction was generally better, judging by external appearance and examination
of sections of failed panels.

Z, PANEL DESIGN

The Type III Panel Design is illustrated on Figure 54{c)}. The 151-5 glass
facing plies have a nominal finished moulded thickness of 0.007" compared
with 0.010" for the 181-35 glass. Three facing plies are used on the top
(inside) surface of the panel and four on the bottom (outside)surface,

The panel is otherwise identical in comstruction to the Type II panel.

3. PANEL MODAL RESPONSE CHARACTERISTICS

Mode Shapes. - The modal response characteristics of the Type III panels
are generally similar to that of Type I and IT panels, Figure 55. The
first panel mode frequency is approximately 125 Hz, compared with 130 Hz
for Type I panels and 115 Hz for Type II panels,

Panel Deflections. - Figure 73 shows zero to peak panel deflection along
the flute direction for 145 db, 150 db, and 155 db SPL. Similar data for
the transverse flute direction are given on Figure 74. Mid-panel zero-peak
deflection as a function of SPL for first mode panel resonance is shown on
Figure 75. The Type III panels become non-linear at approximately 150 db
SPL.

4, PANEL STRESS VS, FREQUENCY RESPONSE DATA
The Type III panel transverse stress vs. frequency characteristics are shown

for a typical pamel on Figure 76. They are generally similar to those of
the Type I and II panels.
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5. MODAL DAMPING MEASUREMENTS

A summary of critical damping ratios for Type III panels, measured by the
half-power bandwidth method from stress plots made at 155 db sound pressure
spectrum level, is.given on Table X.. First mode critical damping from an
accelerometer decoy trace was:

C/CO = 0-027

6. PANEL SPL VS, CYCLES TO FATILURE DATA

These data are summarized on Table XI and plotted on Figure 77. A stress
vs. cycles to failure summary for Type III Panels is shown on Table XII.
These S-N data are plotted on Figure 74.

7. FATLURE ANALYSIS

A typical Type III Mid-panel Failure is shown on Figure 78. The failure
line in the flute direction was approximately four inches long when failure
was detected. The panel was run for a few extra minutes to propagate the
crack. A close-up view of a portion of this crack (approximately X40 magni-
fication) is shown on Figure 79. The broken glass filaments are evident.
Sections taken through a number of failed Type III panels showed that the
flutes were generally intact. Discoloration of the Zerocel foam near the
failure areas showed evidence of high local heating at failure despite the
use of a large cooling fan throughout the test duration.
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SECTION VIII

CONCLIUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Glass Fiber Panel Sonic Fatigue Resistivity.- The Type ILII Glass Fiber Panels
were clearly superior in sonic fatigue resistivity to the Type I or Type II
panels. Test results show that there is little to choose between the latter
two designs from the sonic fatigue aspect. It is not clear whether the
superiority of the Type III panels is due to the 151-3 glass fabric weave

characteristics (smaller yarn diameter and closer mesh weave), or to the [
generally better overall quality of these panels. While all three glass jifﬁ S
fiber panel designs show_guperior sonic fatigue resistivity to the aluminum et A
skin-stringer contrcl panel design, the latter is possibly a worse choice filyaﬂﬂ A
in metal construction for sonic fatigue applications. Aluminum honeycomb [~ * | .- 'a
panels of the same surface weight could be expected to be superior to the ﬁﬁ“fiﬁi s
skin-stringer panels under similar sonic loading. bfn“_iﬁ.ﬂ':
Test Procedures. - The selection of discrete frequency (lst panel mode) ﬁ? ! ﬁ

{
testing for the glass fiber panels and the relatively high range of sound - )@béi
pressure levels required for panel failure resulted in large panel deflec-
tions which could not be considered realistic in an actual flight vehicle
design application. The techniques of composite design and construction
permitting a radical reduction in the number of individual components in
an airframe may result in some very large span unsupported sandwich skins,

e.g., in & fuselage wing, or flap area. Excitation of these surfaces in
their lower resonant modes by sonic loading, e.g., by large lift fans, may
result in unacceptable deflections and stresses leading to sonic fatigue
problems. The predominantly uni-medal response characteristics of the

glass fiber panel designs in this program tend to justify the choice of
discrete frequency testing, however, the particular panel size is possibly
too small to be representaive of many typical glass fiber fluted-core flight
vehicle structural applications.

s

Damping measurements from all three glass fiber panel designs show that the D #

percent critical damping was C/Cy = 0.03 for the panel lst mode and e S
C/Co = 0.015 for the panel 2nd mode. The internal cross-sectional dimen-  , .
sions of,the siren test sectionm (12" x 48") are such that panel radiation ,’f“j‘f{

damping mew~ contribute significantly to the measured values of damping. -
The measured damping ratios may therefore be somewhat optimistic.

Glass Fiber Panel Designg. - All three (3) glass fiber panel designs were
deficient in a number of respects.

{a) Ineffective tie-in between flutes and top and bottom secondarily
bonded close-out doublers. This resulted in many premature panel
failures due to doubler collapse,.
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(b) Adverse flute-to-outer skin thickness ratios making for an
imbalanced weight.

NOTE: This situation was brought about by the choice of integrally-
woven fluted-core fabric rather than sewm-fluted-core (Uni-core)
fabric. The former is normally supplied with flute and skin of the
same thickness, i.e., the standard cloth thickness for the fabric
specified, while the latter may be made of differing core and skin
fabric thicknesses. The addition of many outer surface plies to
reach the required panel weight is unrealistic. However, the
integrally woven glass fabric bond between flutes and skin is
generally considered superior to the stitched bond of the sewn
core. For optimum design, unstabilized core should have a 1:1
flute-to-skin thickness ratio.* With foam filled cores, a flute-
to-skin thickness ratio no less than 1:3 is desirable.

Glass Fiber Panel Manufacturing Methods. - Examination of all three types
of glass fiber production test panels in this program, both before and
after test,showed that the majority of the panels were correctly

made. The surface finish and quality were generally good, However,
weight control of the Type I panels was only fair, Sections taken through
these panels showed internal maldistribution of resin, particularly in the
flutes. The AF-111 adhesive bonding of the panel close-out doublers was
excellent in all cases, no doubler bond failures being recorded. It seems
doubtful if the wet-resin vacuum bag technique for making fluted core com-
posite sandwich structures can be developed to produce the necessary uni-
formity of resin content essential for weight and quality control., It is
possible that the use of some of the newer pre-preg materials may provide
a better solutiom.

Glass Fiber Mechanical Properties. - Due to the very large number of variables
in glass fiber composite structural design, no "standard" composite laminates
have been evolved; the individual fabric lay-up, resin, catalyst, cure cycle,
etc,, are chosen in a somewhat arbitrary manner for many applications. This
has led to a multiplicity of configurations without adequate data on mechanical
properties and fatigue characteristics of these configurations.

Sonic Fatipgue Test Results. - The following general conclusion may be drawn
from the sonic fatigue test results in this program,

(a) Fluted core glass fiber construction can be expected to have
generally excellent sonic fatigue resistivity provided that it
is designed so that large panel lower modes are not significantly
excited by the noise enviromment.

*For standard 60 degree flute angle.
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(b)

(c)

(d)

Better panel edge design and control of resin distribution in
the panels would result in superior sonic fatigue resistivity
than that demonstrated.

Foam stabilized flute construction, where flute to skin thickness
ratios are no less than 1:3, is likely to prove superior to un-
stabilized (hollow) flute construction for sonic fatigue applications.

Large temperature gradients near failure areas were due to the
relatively high damping of the glass fiber panels, low thermal
conductivity, and the poer heat radiation from the dark panel
surface. Adequate cooling is essential in sonic fatigue testing
of composite filamentary structures if heat damage to the resin
system is to be avoided.
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Figure 1. Aluminum Control Panel Original Design
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Figure 2. Aluminum Control Panel Final Design
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Figure 7. Test Fixture Response a
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Figure 15. Panel C-3X after Broad Band Siren Test
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Mid Panel Peak Displacement ({inches)
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Subpanels in Phase 134 Hz(Panel #18)

Figure 33. Aluminum Control Panel Mode Shapes - Sub-Panels First Mode
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Fignre 3L4. Control Panel No. 2L Mid=Pay Third Mode (189 Hz.)
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150 db (Gage Position 2)

72

I . | [ % 1|ﬁﬁ
. ~4§ 1g
. - [ -1
] un
e,
o
3
1 ‘
=T o
. T 2
-
-
=
1 -
-
== 5
| I [
‘ &N
i . [
t g 1
»
i
; P |
H i X H
= L1
! o
' O
I'"
i
]
I T
.Qﬁ
o
w 0 ~F ™ o
—
(tedy)ssed3ig SWY
'Figure 37, Typical Control Panel Stress vs. Frequency Response

Frequency Hz



Figure 38.
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Mierophone No, 1 Mt crophone No. 3

Microphone No. 2 Mierophone No, 4
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Figure L5. Typicsl Control Panel Microphone and Strein Gage Oscilloscope Traces
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(a)

(b)

Figure 50. Cross-sectional View of Control Panel AF-111 Adhesive Bond Line
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(b)

Figure 51. Control Panel Typical Skin Failures
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Skin

(v)

Figure 52. Skin-Stringer Attachment - Improved Design
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Figure Sh. Glass Fiber Production Test Panel Secticnal Views
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Data Taken From Mid Panel Accelerometer
~ Panel WNo. 13_ 1st. Mode 128 Hz.

No. Cycles to Half Amplitude=l .5

c/c° = 11/4.5= .02k

Figure 62. Typleal Type I Panel Amplitude Decay Trece
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Inmner Skin FIute Line Crack

Collepsed Flutes Edge Delamination

Figure 66. Type I Panel Cross-Section After Failure
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Doubler Crack

Discolored Zerocel Foam due to Excessive Local Heating

Edge Delamination

Figure 72, Type II Panel - Cross Section of Top Doubler Fdge after Failure

107



EEEEEN NEEEENN
ENEENE EREEENE
Flute Direction
8 rIIH} :
155 db
AT
' PN
N
o7
- \ 1
N
1 N\
7
4 N
P d m
e W
/ 150 db}
i I, .
—~ 1] Fi
$ / \\' A
.5 "5 P y o
c: T
-~
| B / , N
i
[
[ o
% \
L & i
[ ) '
S ] \
A & ri 145 db N
[ O Fil \
| I ; A |1
13 : ,1, \\‘ ‘
/I N,
pd A
J o 4 N h 1
J o FarY ) d 1
AN by
i \
P h :
! { & ' \
.2 p A Y A
Fi
/ ! N
I
{
! N | \
1Y
10 1 X
{ PinY ¥ &y 1
L7 b o 1
s 1 i . 1
Distance From Mid Panel (inches) !
1 REEREESEESENESE EAEAREEREREN NN RN X
INEENEARNSEESE EEEEEEENNEEREENEEER J
12 8 k 0 L 8 12
Figure 73. Type III] Panel Deflection vs, SPL ir Flute Direction

108



e T 1 1 H . ! T " i T —— -
e L +|T_ﬁlL|L_|TﬂITJIT+.“|- ettt : - SRS EREE 1 +
T ! BTN EREEEE
9P GG1 UOT3S2aTd munﬁm‘ . .HPHL - = T _+.4.f"_ AR e
i J_ R L [N T I H ; T ﬁViIﬂlltlll!. ,, T
N 1 N L B ) = A Gaas
SN R R 1 NSRS EEESE.aib_4n
o L T N | gt ! IR il el
- ST RSN A T W R NS S IRPS= il RV d ,ﬁ
i _, F. wtill] P LDy et Y. L ,
| Ll AR ; N LT 1 .
B ; ' . ! R P : ]
B A T _ I {1 L\,\, ! |
] = | = Tt , .mﬁ
_ il ol I _
el ~ SN Al , SN
= st T~ 17
i LW
L1 ! ; a 1
& P s
N
) B o .m H—
.\ ' : I.\u_‘T
i
- g 1
/ Fd o |
yd _ fu LWT
¥ o 41
=
N\ {1 Y .
== £ -2 N 1
g =B IEs AV g 1]
| | - o - \1./, | I L]
[Ta] T3] ~ ~F Fu
- “It - - @ T
1 2
a ]
T © D 7 o 1]
I~ o |
. D 4
—4 ] T80
W B 117
— ™ N
] ™~ h, 1
bl by
. o i S N - LV
b,
" P -
- I~ -
— =D .
|| I - -
' I -
1 (seyoutr) uotyosTIe(] Hvad—0
7 1 | S SR WA VA SO TN T S T S T S B W [l
foe) o~ O n =1 m [o¥] s
Ps . - - . L] » .

12

12

SPL, Transverse Flute Direction

Type II1 Panel Deflection vs.

Figure 74.

109



Mid Punel O-Pesk Deflection {inches)

.9

N

h

o8

™

ST

5

3

JO i 145 ] 117150
11

i

Sound Pressure Spectrum Level (db)

ol

025

Illll_!illlllLIll!J_lIllrlllllil

.05 .075 .1 .125 .15

RMS Sound Pressure (psi)
Figure 75. Type IIT Panel - Mid Panel Deflection vs. SPL

110




oon

*<H Aouenbaay

00t 002 00T
HENERREAEEEN
-
N
\ 1 A
A |
1
| J
/
]
]
Fi
, L4
,wf L
) -
i .
]
T \\
24 938D
=
T |
§ \\
m p
L] L L
1 1# 38D
L : N
1 T EREEEE
| LT
[ ] [ N [ H
Lt ENEREE RS = ]
M unijoedg 9INssaxd punog qp 9gy
L ;
AEeassassis PR :
(1 S A N A ! - ﬁ

(Tedy) sseats FWH

Figure 76.

Type II1 Panel Frequency Response Characteristics

111



BANT I8 0% SuT04) JO

Jsquny = N

st

8ot

651

091

()¢

£91

=
=

(qp) Teae®l uniqoedy sanssead punoc

anels °PL vs, Cycles tc Failure Dlot

. Type TTT ©

Flgure?7

112



Figure 78. Typical Type III Mid Panel Failure
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Figure 79, Type III Panel Flute Line Failure - Close-up View
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TABLE V

TYPE I GLASS FIBER PANELS - DAMPING DATA

PANEL NO., C/C, 1st MODE C/Co 2nd MODE
1 026 .011
2 .035 .015
3 —— _———
4 .035 .020
5 .035 ——
6 .034 .022
7 .039 -——
8 .039 .028
9 - - -
10 .024 .016
11 .030 -
12 ,024 .022
13 .020 .012
14 .032 .015
15 .031 .010
16 .027 .015
17 .023 .011
18 .035 .010
19 .032 ——
20 .032 .016

Average lst Mode C/C, = 0,030

Average 2nd Mode C/Co = 0.016

Note: All data obtained from Stress vs. Frequency Response
Plots at 155 db. SPL.
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TABLE VI

TYPE I GLASS FIBER PANELS STRESS SUMMARY

PANEL NO. SPL
1 155db
2 155db
9 155db
16 155db
20 155db
3 157 .5db
6 157.5db
10 157.5db
11 157.5db
15 157 .5db
4 160db
5 160db
12 160db
18 160db
19 160db
7 163db
8 163db
13 163db
14 163db
16 163db
17 163db

*No. 1 Strain Gage Transverse-to-Flute Direction

MID PANEL
STRESS*(kpsi)

bt
»
e ]

WM
-
Wb

W & w b
MNP

[ R VCRE g
NP Www o

Ln

(low)

s
(]
W 0P~ Co~n
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2.83 kpsi Avg.

3.88 kpsi Avg.

4.48 kpsi Avg.

4 .62 kpsi Avg.



TABLE VII

TYPE 1I GLASS FIBER PANELS - DAMPING DATA

PANEL No. C/Cq lst MODE C/C, 2nd MODE
1 .030 0.020
2 .027 0.013
3 .035 D0.018
4 —_—— e
5 ,026 D.014
6 .030 0.014
7 ———- 0.019
8 .030 C.018
9 L2 eeeaa

10 03 e
11 035 0.016
12 ———- 0.012
13 .027 —i———
14 03 eemaa
15 041 .013

16 ——— 013

17 .028 011

18 .033 015

19 .028 015

20 .033 015

Average lst Mode C/C, = 0,031

Average 2nd Mode C/C, = 0.015
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TABLE IX

TYPE I1 GLASS FIBER PANELS STRESS SUMMARY

PANEL NO. SPL

4 155 db

5 155 db

7 155 db

9 156 db
10 156 db

3 157.5 db
6 157.5 db
8 157.5 db
11 157.5 db
12 157.5 db
1 160 db

2 160 db
14 160 db
16 160 db
17 160 db
13 163 db
15 163 db
18 163 db
19 163 db
20 163 db

*No.

MYDPANEL
STRESS* (kpsi)

£ 00 uuz_.u
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1 Strain Gage Transverse-to-Flute Direction
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Avg. 3.33

Avg. 4.65

Avg. 5.66

Avg, 6.22

Avg. 7.28



TABLE X

TYPE IT] GLASS FIBER PANELS - DAMPING DATA

PANEL No. C/Colst Mode C/Co2nd Mode
1 _———- D aama=
2 .032 .025
3 021 eaaas
4 .028 .013
5 ,032 .020
6 .028 .017
7 .024 .025
8 _———— D e mam
9 .035 .018

10 032 aeeal
11 .033 .014
12 025 eeeas
13 .028 012
14 .028 .012
15 032 ameaa
16 .032 .014
17 037 eeaaa
18 028 aaees
19 .038 .011
20 ——— s
21 .035 .015

Average lst Mode C/Cq, = 0.030

Average 2nd Mode C/C, = 0.016
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TABLE XII

TYPE III GLASS FIBER PANELS STRESS SUMMARY

MIDPANEL
PANEL No. SPL STRESS* (kpsi)

2 156 db 3.9

9 156 db 3.7

12 156 db 3.4 Avg. 3.76
13 156 db 4.0

21 156 db 3.8

4 157.5 db 4.4

5 157.5 db 4,2 Avg. 4.16
6 157.5 db 4.2

7 157.5 db 4.1

10 157.5 db 3.9

1 160 db -

3 160 db 5.3

14 160 db 5.3 Avg. 5.26
17 160 db 5.4

19 160 db 5.3
20 160 db 5.0

8 163 db 6.6

15 163 db 6.2 Avg. 6.20
16 163 db 5.8

11 163 db 6.2

18 163 db 4.5 (low)

“No, 1 Strain Gage Transverse-to-Flute Direction
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APPENDIX A - TEST SET-UP AND INSTRUMENTATION

Discrete Frequency Sirem Test Set-Up

A simplified block diagram of the discrete frequency siren test set-up is
shown on Figure 80. A view of the sonic fatigue test fixture with a glass
fiber panel installed is shown on Figure 81. The nut plates employed for
panel attachment were generally very satisfactory and only rarely failed.
Each panel was installed using a power wrench which greatly reduced panel
installation time. All microphones were calibrated regularly using Altec
Type 12185 Acoustic Calibrator whose calibration is traceable to a secondary
standard. Standard test instruments such as volimeters were calibrated at
least once each month during the test.

Dynamic Strain Measurements

A simple two arm dynamic strain measuring bridge, Figure 82, was used for
all strain gages.

If Vg = Battery Voltage
Ry = Ballast Resistance (Rg = 120 ohm)
R = Strain Gage Resistance (R = 120 ohm)
F = Gage Factor (F = 2)
Eo = Gage Output (Volts)
E =  Young's Modulus of Panel Material
We have: Ec = VB R {1)
R + RB
dEg . Vj R+ R - Rf _ VmRp
dr (R + Rp)? (R + Rp)? (2)

Since for dynamic applications strain gages are used within their linear
range,

dE; and dR may be replaced by & Eo and AR, respectively.
By definition:

Gage Factor F = A_R - AL
R ' L
where AL = € = strain (3
L
EF = AR
R
(4)
AR = §£FR
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From equation (2)

AE, . VgFgAR _ VRR & FR
(R + Rg)” (R + Rp)”

Setting Rg = R

AE, - VBR%€F . V.er
4R2 4
Now strain g =  gtress
E
S AE; = VB F x OStress
4 E
Stress = 4, A Eg . E
VgF
Example:

For aluminum panels E = 107 psi.

12 volts
2

If Vp
and F

For 1 psi stress

Eo = 12 x 2 31 yolts.
4 x 107

Eo = 12 x 2 3 10% for 10,000 psi
4 x 107

Eo = 6 x 10-3 volts.

If a gain of x 100 is used to amplify the strain gage signal, we have
Ec = 6 x 107} = 0.6 volts = 600 millivolts.
For 10,000 psi on the aluminum panels

Strain e = Stress _ 10% _ 1073 in/in.
E 107

1000 microinches/in.
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For 5,000 psi on the glass fiber panels

Strain € = Stress . __2_5_193_ = 2,150 microinches/in.
E 2.33 x 10°

The hipgh strains in the glass fiber panels (over 20 percent for 5000 psi
stress level) resulted in premature failures of the Budd C-12-141 5%
elongation strain gages, which were employed for the aluminum panels., The
Budd Type HE-141 high elongation strain gages (15% elongation) were a con-
siderable improvement, however, they could only be considered marginal for
the glass fiber panels in this program, since many premature gage failures
were encountered, particularly at the higher sound pressure levels, A
close-up view of a typical HE-141 gage failure is shown on Figure 83, It
should be noted that the cracks through the grid of this gage are not
visible to the naked eye,

Damping Measurements

Damping measurements and panel mode shapes were investigated using a bungee
cord-suspended frame driven by a pair of 50 1lb. shakers, Figure 84. An
alternate method using a large 18 inch loudspeaker to excite the panels

in the siren test section gave much more satisfactory decay traces.

Test Equipment List

Altec Lansing 21BR-180
Altec Lansing, Model 525B
Altec Lansing, Model 12185
General Radio

Bruel and Kjaer Model 3311

Microphones:

Mlcrophone Power Supply:
Mlcrophone Calibration:
Console SPL Meter:

Audio Frequency Spectrometer:

Tape Recorder:

True R.M.S. Voltmeter:
Harmonic Analyzer:

Log Converter:

X-Y Plotter:
Accelerometers:

Accelerometer Amplifier:

Shakers:
Signal Generator:
Counter:

Accelerometer Amplifier:

Ampex FR 1100
Ballantine Model 320
T.P.C. Model 625
Moseley, Model 60D
Moseley, Model 2D-2

1 Glennite Model A3109
Statham Model 270907
MB Model C.31 24 1b.
Hewlett Packard Model 201C
CM. C. Model 203A
Statham Model 270907

Budd Type C12-141 and Budd Type HE-141
Ballantine Model 220B

C.E.C. Model 5-124 12 Channel
Tektronix Model 502 Dual Beam

Strain Gages:
Decade Amplifier:
Oscillograph:
Oscilloscope:

129



YIQUOOAY HO

WO | MAIMEANOD *HOVL
I-X 0l oa NTUTS
SCRICIN(OL AR L HICARC
IENITOA
ul - PRI OTANY 145
"J0DS O
CATATTINY —o \.
*THO0V
MUOMIAN
ITOA BAMOL
AT TIOA o J3NUL *OTI
S ANUL
4
WA LIOTd FAQUOHE
HJW oL qdVE 0L
UIINIANOD .ou..z@ | |
DOT O
" TIOOY
—0 HOVD
NIVIIS g
YALTIS
HAZITYNY HIQIOOM YALITTARY X1dd0S ¥EMod
OINOKYVH qdVL qqvoaa HOVD NIVHIS

Figure 80, Simplified Block Diegrsm of Siren Test Set-up
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Figure 81. View of Sonic Fatigue Test Fixture with Glass Fiber Panel Installed

131



-V
r l ——— |
’ Strain Gage
Amplifier
R E,
‘ X100
-0

Figure 82, Dynamic Strain Gage Clrcuit

132



Figure 83. Typical HE-1L41 Strain Gage Grid Failure
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Test Set-up Panel Mode Shape and Damping Measurements

Figure 84.
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APPENDIX B - GLASS FIBER PANELS STRUCTURAL OPTIMIZATION

INTRODUCTION

A structural optimization study was undertaken in order to determine the
optimum design configuration* of each of the three fluted core sandwich
sonic fatigue test panel designs, Type I, Type II and Type III. The
aluminum control panel design, Figure 2, was used as a basis for
determining bending moment requirements for the glass fiber panels,

The results of the evaluation of the aluminum control panel design

were used as a basis for the design of all three types of glass fiber
panels in the program.

DISCUSSION

Lifting Surface Optimization Program - The strength of the various panels
described herein was established by means of the Revised Lifting Surface
Design Optimization Program (Reference 5). This program optimizes, for
input values of bending moment, the dimensions of the skin panels of a
box beam. Since the panels used in the sonic fatigue program are establi-
shed at 24" x 30" in size, these data served as fixed input. The program
was then used to determine the required skin thickness or core depth
versus bending moment. The box beam size chosen for the study is shown

in Figure 85.

The loads input to the box beam optimization program are in the form of
bending moments. The edge load per inch of chord of the beam shown in
Figure 85 is given by

C=T-= ‘M
24 x 5
where
C = Compression load per inch of skin on the upper panel
T = Tension load per inch of gskin on the lower panel

In the actual testing of the somic fatigue panels, the loading approximates
# uniform pressure over the entire panel. Assuming a maximum sound pressure
level of 170 db to be employed, this pressure will amount to approximately
1.4 psi peak. TFor this pressure, on the aluminum stiffened phkin panel

shown in Figure 86, the stress along the short side (Reference 7) is

given by:

§ = _0.25 wb?

£2

*Optimum for end loading in the flute direction:
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where

= stress (psi)

= unit air pressure on the panel (psi)
sub panel width (inches)

= panel skin thickness (inches)

oo W
|

For the case of a maximum uniform sound pressure the panel might con-
ceivably see (approximate peak pressure at 170.8 db = 1.4 psi) the stress
is:

g = 0.25 (1.4)(6.332) = 13,700 psi
(.0322)

In terms of edge loading, this stress is equal to:
p = 13,700 (.032) = 439 #/in,

This load, in turn, results in a bending moment of
M = (24)(5)(439) = 52,800 in~1b.

This bending moment represents, then, the static bending moment causing
edge loading equivalent to that caused by the expected 1.4 psi normal
pressure,

The approach to the problem was to establish the allowable bending moment
for the aluminum panel and then to optimize a glass fiber panel on that
bending moment. In order to determine the allowable strength of the
aluminum panel, the existing gages of the panel were input to the program
as minimum values. The program searches for optimum thicknesses, but
will not attempt to optimize on any thickness below a minimum gage. Thus,
as successively larger bending moments were supplied to the cross section,
the optimization program supplied either the optimum gage for the panel or
the minimum gage if the bending moment was so low as to cause the optimum
gage to be less than the prescribed minimum gage. The highest bending
moment for which the minimum gage was specified for the panel was then
taken as the allowable bending moment for the aluminum panel.

Using bending moments in the range of the aluminum panel allowable bending
moment as input, the desired configuration of the fiber glass panel was
then input to the optimization program. The configuration chosen for the
fiber glass panels was corrugated sandwich, with fluted core being the
particular corrugation. The weaves chosen for the panel were 181 and 151,
These are considered desirable weaves for a panel subjected to normal
loading due to the near equality of strength in the orthogonal warp and
woof directions.
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Laminate Orientation Optimization Program - A second computer program,
(Reference 6), was used to provide the optimum orientation of skin
laminates for any value of edge loading on a panel, The program
optimizes the direction of a laminate and then subtracts the strength
of that laminate from the loads., This process is continued until the
loads are accounted for. If the panel has a core, the strength of the
core is input to the program and is accounted for by the program during
the optimization process.

Panel Designs - The panel designs arrived at through use of the two
optimization computer programs involve a combination of load capability,
The core chosen was one which indicated a lesser bending moment capability
than the aluminum panel allowable bending moment., The remainder of the
load is then taken up by the necessary number of skin laminates prescribed
by the laminate optimization program,

The panels* designed by the procedures described in the preceding para-
graphs are as follows:

Type I - 181 weave, fluted core, non-foam filled.
Two laminates of 181 weave on each surface
of the panel, at angles of -459 and 4459,

Type 1II - Identical to Type 1 except for being foam
filled.

Type IITI - 151 weave, fluted core, non-foam filled,
Three laminates of 151 weave on each surface
of the panel, at angles of -459, +45% and -90°,

Panel Weights - The term "structurally equivalent" panel can be construed
to mean "equal strength"” or "equal weight". From the standpoint of sonic
fatigue, it was felt that an equal weight equivalence should be established,
with an eye toward the resulting strength to weight ratio. The aluminum
panels, previously established In a study of aluminum sonic fatigue panel
capabilities, all had a target weight of 1 1b./sq. ft. Thus, in a panel
with an area of 2,0 ft, by 2.5 ft., the weight of the several aluminum
panels should approximate 5 1b. Since weight is a factor in the opti-
mization program, the weights of the various panels are known. Based

upon the input data to the Lifting Surface Optimization Program, the
computed weight is 4,67 pounds., This is based, of course, on an ideali-
zation of the panel. Some difference in weight is to be expected between
the computed weight and the actual weight except in the case of a panel
composed of a thick sheet without stiffeners. A second aluminum panel

was also investigated to establish a comparison with the stiffened skin
aluminum panel. This panel is a honeycomb sandwich panel and is available
in three configurations varying in skin thicknesses. The computed weight
of this panel is 3.45 pounds for a panel having the same strength as the
stiffened skin panel, The allowable bending moment for the existing

*These designs were later modified to meet surface weight requirements.
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sandwich panel was computed to be 1,75 times higher than that of the
skin-stringer panel. This was based upon stability considerations in the
optimization program, however, and does not necessarily reflect a sonic
fatigue strength comparison.

The weight of the Type I glass fiber panel was calculated by the optimi-
zation program to be 4.59 pounds, while the weight of the Type II glass
fiber panel was 5.33 pounds. The difference here is the weight of 6 pound
density Zerocel foam included in the Type II panel. The panel strengths are
higher than the strength of the aluminum stiffened skin panel and are designed
here for weight compatibility. Here again, the strengths are based upon
panel buckling allowables. The weight of the Type II1 panel, constructed
from 151 weave material at 0,007 inches per laminate rather than the 0.010
inches per laminate of the 181 cloth in the Types I and II panels, is

4.67 pounds. This panel is structurally equivalent, from panel buckling
congsideration, to the Types I and II panels.

The original intention of the optimization procedure was to produce glass
fiber panels having the same strength as the existing aluminum control

panel. This was decided upon so that some commonality would exist between

the glass fiber and aluminum panels., There are currently no methods avail-
able which permit the design of a glass fiber panel to a desired sonic fatigue
strength., Because of this, it is difficult to substantiate compatibility of
the glass fiber and aluminum panels from a2 sonic fatigue standpoint based

upon equivalence established on an egqual strength basis.

During the evolution of the optimization process on the glass fiber panels,
it was deé¢ided to make up panels which had the same weight as the aluminum
panel rather than the same strength. Thus, the sonic fatigue comparison is
reduced to a pound for pound situation. This has resulted in the construction
of glass fiber panels which are, from a structural standpoint, only 2.4 times
stronger than the existing aluminum test panel. The value of any data
obtained in this manner must be questioned as to its usefulness,

Certainly any future use of glass fiber to replace metal in structural
applications must be based upon the advantages of the glass fiber, mainly
welght savings., It would be unlikely that a metal component would be
replaced by a glass fiber component of equal weight. The only likelihood

of such an occurrence would ‘be the replacement of a minimum gage metal

panel by a glass fiber panel. This would imply the presence of a stability
condition such as panel flutter. In general, the use of a glass fiber
component to replace a metal component would result in a weight reduction.
This is, of course, predicated on the use of the glass fiber in components
which can employ the material efficiently. Thus, any comparison between

a metal and a glass fiber component will not be made on a pound for pound
basis, but on the basis of efficient structural design.

In order to have any grounds for comparison between the aluminum and the
glass fiber panels, some common parameter must be chosen. From this
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standpoint, it would appear that a strength/weight ratio comparison would
be adequate. The comparison of the sonic fatigue life of aluminum versus
glass fiber cannot, of course, be established from the ome strength/weight
ratio data point made available by these tests. Much more work is required
to establish the entire range of strength/weight ratio variation for the
materials., The number of parameters is high in such a study, and con-
siderable time and effort will have to be devoted to this problem in the
future to provide a systematic approach to design for sonic fatigue in
composite structures.

DESCRIPTION OF LIFTING SURFACE OPTIMIZATION PROGRAM

This optimization program consists of four sub-programs defining five
different configurations. The configurations are:

{a) Honeycomb Sandwich-Multispar Construction
{b) Solid Skin Multispar Construction

(c) Stiffened Panel Multi-rib Construction

(d) Corrugation Sandwich Multispar Constwuction
(e) Corrugation Sandwich Multi-rib Comstruction

The structural weight of each configuration is assumed, for optimization
purposes to consist of (1) upper skin panel weight, (2) lower skin panel
weight, and (3) weight of supporting structure, which may be ribs or spars
depending on the specific structural configuration, Fixed inputs to the
program include:

(a) External section dimensions

(b) Upward and downward section bending moments
(¢} Material properties

(d) Supporting structure thickness

The structural design criteria for both the upper and lower skin panels
include compression buckling failure at a stress level equal to or less
than the allowable compression yield stress and also tension failure.

Qutput from the program includes the complete dimensional details of the
optimized structural eross section, operating tensile and compressive
skin panel stresses, section bending and torsional stiffness, and section
weight per unit length.

A sample set of output data from the Lifting Surface Optimization Program

is shown in Tables XIII through XV. This particular output is for 151

weave material. The box beam used in the analytical study is shown in
Figure 85, The geometry of this box beam plus a set of bending moments
representing various panel edge loads were input into the program. The output
for the problem is given in Tables XIII through XV. 1In Table XTII

is shown a tabulated resume of the input data, Material property data are
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given above the table. TIncluded in these data is the material minimum
thickness, in this case 0,007, the thickness of one lamination of the
woven fabric. The semi-span, 30 inches, 1z shown on Figure 87. The
density’/D (rho), of the material is given, as well as the shear modulus,
yield stress, ultimate stress, and elastic modulus. Alsc given are the
end fixity coefficient (KC) of the panel, and the Ramberg-0Osgood coefficient
(small m) of the material, Table XIII gives a reading of the upward
bending moment (M), the ratio (small k ) of the downward to the upward
bending moment, the box beam width (CS), the height (H) of the box beam,
the thickness (TW) of the side beam, the thickness (TW) of the side beams
of the box, the fixed distance, L0, between supporting ribs, and a case
number describing the design parameters. The values are given for each
of the eleven stations used in the problem,

Tables XIV and XV present dimensional data and stresses for the upper and
lower box beam panels, In Table XIV is shown the skin thickness and the
sandwich depth for the upper and lower panels. Also, the length of each
panel is given. The values of weight per running inch of panel (ARHO)

are also given, These values include the weight of the supporting structure,

1
The stresses, both tension and compression, in the upper and lower panels
are given in Table XV. Also included are the stiffness values EI and GJ.
The total weight (SUM ARHO DS) of the ten panels is also tabulated,
Comparison of the results of the optimization procedures from the aluminum
panel and the glass fiber panel allows for rapid equivalence. It can
be seen from the print-outs that the dimensions are available for equal
input loads and also, through use of the weight print-out, panels of
equal weight can be chosen.

DESCRIPTION OF LAMINATE ORIENTATION OPTIMIZATION PROGRAM

This computer program is used to determine the required number of laminates
in a panel and to provide the optimum orientation of each laminate. The
approach is to determine the axial and shear loads at all angles and then
provide the required strength at these angles in the most efficient manner,
The spanwise and chordwise loadings are resolved into normal and shear loads
through 180 degrees in five degree increments, using the basic equations of
the Mohr's circle technique. A basic reference axis system was chosen with
X-axis in the spanwise direction and the Y axis in the chordwise direction,
The spanwise and chordwise loadings are then resolved into normal and

shear loads through 180 degrees in five degree Increments, using the
following equations from Reference 6.

1 2 2 %
PS = [ (Px - P:E) + ny ] (1)
2
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TAN 2ep = 2ny / (Py - Px) (2)

= P ! -
Py % : Py +Pg' C0S 2 (6,-6) (3)
ny = Pg' SIN 2 (ep - ) (4)
where
Op = angle of principal axis measured CCW from the X axis
® = angle CCW from X axis for which Py and Pyy are being
calculated
P, = spanwise loading in pounds per inch (plus is tension)
Py = chordwise loading in pounds per inch
xy = shear flow in pounds per inch (plus is from right to
left looking from the origin along the X-axis)
Py = 1oad normal to plane inclined at an angle 6 from
the X-axis
P, = shear load corresponding to Py

Since Py, 1s the normal load, it was shifted through 90 degrees to obtain
the axial load. After the axial load diagrams are generated for each
condition, two composite conditions are selected which represent the
maximum tension and compression loadings for all input conditioms.

Material properties are calculated at five degree intervals from the
warp direction for each input wmaterial. The following equation was
modified from those given in Reference (8).

A, - cos*®  + SIN*® 4k 1 - 1 SINZ8C0526
F. ) Z a -3 -
(5)
where
F, = allowable axial stress at angle ® from the warp

direction
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Ed = allowable axial stress in the warp direction

Fp = allowable axial stress in the woof direction
F""F = allowable shear stress
K = a constant dependent on the material

Note F_ will be either tension or compression depending on
X -
what values of Fx and Fp are used, K is
approximately 1 for woven materials but is very
small (.01 to .04) for unwoven uni-directional
materials,

For any common glass fiber wmaterial the greatest strength is in the warp
direction for woven materials and in the fiber direction for uni-directional
material, The angle of maximum applied load is determined from the
composite load conditions and the warp of each material is located in turn
in this direction. A pounds per inch allowable is determined for each
laminate at five degrdee intervals and an applied load versus allowable

load ratio is calculated for each of these angles. These ratios are summed
up over 180 degrees for both tension and compression for each material,
Each sum is divided by the approprilate laminate thickness to make the
materials directly comparable from a strength-weight standpoint. The
material which produces the smallest strength ratio sum is the most
efficient. The allowable load diagram for this material is subtracted

from the composite load diagrams and the above process is repeated until
the composite laminate is sufficiently strong in all directioms.

If a sandwich structure is to be used which has a core of some significant
strength, such as an integrally woven fluted core, the major strength
direction of the core is assumed to be in the spanwise direction. The
allowable load for the core is calculated in the same manner as for any
material laminate as previously deseribed. This core allowable strength
is subtracted out of the composite load diagrams and the procedure is

then the same as described for a solid laminate,
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Figure 85. Lifting Surface Optimization Program Box Beam

I 032"
- s : |
- - L
e

Figure 86, Aluminum Control Panel Cross Section
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Calculation of Edge Stresses

3

1— 6 LAMINATES @ .010 = 060"

[ﬁozgh} (1.4) = 0.78#/in. (Portion of
Load Assumed Taken
in Long Direction)

i

NN

30 i ' o

k

/ N_5%

M = 0-732430 2 - 29.2 tn-1b.

S= M. BM -6 (29.2) = 48,700 psi.
7 hZ  (.0602)

Figure 87. Box Beam Glass Fiber Panel, ILoad and Bending Moment Diagrams.
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APPENDIX C. GLASS FIBER PANELS MANUFACTURING DATA

The principal steps in manufacturing the glass fiber fluted core panels
for sonic fatigue testing are illustrated on Figures 88 through 92,

The process begins by laying the cut and trimmed glass fabric plies on the
mould surface, and positioning the core material on top, Figure 88. The

top plies are now positioned, Figure 8%, ready for the caul tool, Figure 90.
When the caul tool is in place, a polyvinyl alcohol sheet is placed over

the entire mould, and the edges are sealed with a putty-like sealant, Figure
91. The resin-catalyst mixture is now poured on the mould surface at the
end of the panel and the polyvinyl alcohol vacuum bag sheet extended to
cover resin mixture and panel. A vacuum is now applied at the opposite

end of the panel and the entire assembly is placed in an oven for the pre-
cure cycle at approximately 170°F., for 60 minutes., The resin viscosity

is lowered by this heating enabling the resin to flow through the core more
easily. Excess resin is absorbed by hair felt placed around the panel edges.
For the cure phase, the temperature is raised to 260°F. for a further 30
minutes, when post curing for 120 minutes at 325°F is commenced. The
finished core is now removed and the polypropylene mandrels extracted (in
the Type I, hollow flute panels). The polyurethane foam mandrels are
retained in the Type IT and III panels. The core ends are now trimmed and
cut off at a 60° angle ready for bonding the end close out doublers.
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Figure 88. Glass Fiber Panel - Lower.Surface and Core Dry Fabric Lay-up
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Figure 89, Glass Fiber Panel - Upper Surface Dry Fabric Lay-up
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Figure 90, Glass Fiber Panel - Caul Tool
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Figure 91. Glass Fiber Panel - Resin Pouring
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To Vacuum Pump Glass Fabric idge

Hair Felt

Ceul Tool
//

Bag Putty Sealant

Vacuum Rag
Mould Surface

Figure 92. Diagram of Vacuum Impregnation System
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APPENDIX D

FLUTED CORE GLASS FIBER FLIGHT VEHICLE STRUCTURAL APPLICATIONS

A number of proposals for use of fluted core glass fiber sandwich constru-
ction in aircraft, notably those-in References (1) and (2), -have been made
in recent years. This type of copstruction was also included in a proposal
for a glass-fiber-reinforced plastic version of the Convair Charger (COIN).
Some typical structural applications of this type of construction are
illustrated in Figure 93.

The wing section (0V-104), Figure 93 uses secondary bonding for joining
spars to outer skins. The tail boom section, Figure 93 is almost monocoque.
This type of constuction has also been proposed for fuselage structures.

The outer skins may be woven glass fabric or filament wound.
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