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IMPACT BEHAVIOR OF FILAMENT-WOUND GRAPHITE/EPOXY FAN BLADES
Kenneth J. Bowles
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio

Abstract

The fabrication and impact tests of graphite/epoxy

filament wound fan blades are discussed,

Blades

which were spin tested at tip speeds up to 305 me-
ters per second retained their structural integ-

rity.

Two blades were each impacted with a

454 pram slice of a 908 gram simulated bird at a
tlp speed of 263 meters per second and impact

angles of 22° and 32°.

corded with high-speed movie £ilm,

which was impacted at 22°

lamination but remained intact.
separated the blade from the root.

The impact tests were re-

The blade

sustained some root de-

The 32° impact
No local dam-

age other than leading-edge debonding was observed

for either blade.

The results of a failure mode

analysis are also discussed,

1.0 INTRODUCTION

A gignificant amount of work
has been directed toward the
evaluation of resin matrix/
fiber reinforced composites for
the low temperature components
of turbofan aircraft engines.
It has been shown(l) that im-
provements in the overall en-
gine performance can he real-
ized by the use of these mate-
rials. The substitution of

resin matrix/fiber reinforced

composites f~1r metal fan
blades.
metal nacelles and early stage

metal fan Fframes,

metal compressor blades can
result in a decrease in the
engine weight and specifie

Of the low
temperature engine components,
the fan blade has been the
component undergoing the major
amount of study and testing
because of the foreign object

fuel consumption,

damage (FOD) ingestion re-



quirements that 1t must meet.

The conventlional method used
to fabricate composite engine
fan blades is to build them up
from individual unidirectional
plies of prepreg material. The
individual plies are oriented
at various angles to produce
"tailor-made" directional me-
chanical strength properties as
required by the specific blade
design. For this type of fab-
rication, prepreg tape or
broadgoods must be used. The
individual plies with the
proper fiber orientation are
cut from the prepreg material
and then precisely stacked to
produce the required blade
form for molding and curing.

A filament winding method of
fabricating spar shell blades
has been developed.(z) It has
the potential of reducing the
costs of fabricating resin ma-
trix composite fan blades.

The purpose of this report is
to describe the results of spin
and foreipn object impact tests
that were conducted on fila-
Two blades
were spin tested to proof test
the pinned root design of the
blade and two blades were im-
pacted with simulated birds to
determine the effect of che
filament wound construction on
the blade FOD resistance,

ment wound blades.

2.0 BLADE DESIGN

An illustratcion of the blade

construction is shown schemat-
ically in Figure 1. The blade
was fabricated in a spar shell
configuration from Thornel 300
graphice fiber impregnated
with APCO 2434/2437 epoxy
resin.

The unidirectional 00 spar
filaments were continuous and
extended from the tip of the
blade down the length of the
blade around the metal roct
bushing and up the other side
of the blade to the tip of the
blade. The root of the blade
was of a pin root design, The
continuous longitudinal fibers
had to withstand the tensile
foreces resulting from the
spinning of the blade. They
also had to withstand the
shear forces of the metal
bushing which pressed against
the sides of the fibers where
they were wrapped around the
bottom of the bushing.

Alternacing layers of fiber-
plass cloch laminae were laid
between the longitudinal
graphite fibers in the root
area to increase the shear re-
This
produced a lower root composed
of graphite Ffibers and fiber-

sistance in the root.

glass laminae. The outermost

layer was fiberglass.

The blade airfoil was encased
in a 0.086 cm thick graphite/
epoxy filament wound shell

with a 1459 fiber orientation.



The shell Fibers were contin-
uous except at the blade tip
and che root termination point.
Two blades were fabricated with
a Type 301 sttinless steel
leading edge protection shield.

The blades had a span of

57.15 cm measured from the root
pin axis to the blade tip. The
chord was 15.25 em at the tip.
There was no axial taper to the
blade and the twist was 45°
from the pin to the tip.

3.0 FABRICATION PROCEDURE

The fabrication steps used in
fabricating the blades were as
follows:

(1) Spar winding

(2) :45° Shell winding

(3) Positioning in the

mold

(4) Curing

(5) Trimming

(6) Finishing

Spar winding consisted simply
of winding the graphite fibers
over two metal spool pieces
which were separated by a dis-
tance equal to the sum of two
blade lengths plus 10.2 cm,
The fiber bundles were spread
at the midpoint of the two
spool pileces to obtain the re-
+ quired chordwise contour of the
blades.

After the spar winding had been
completed, the spar-spool as-
sembly was sealed inside of an

adhesive film ovag. The bag

was pressurized with air,
transferred to a winding ma-
chine and overwrapped with the
+45% ghell. (See Fig. 2.)

Afcer the completion of the
shell winding step, the two-
blade assembly was positioned
in the mold, The adhesive
film bag was deflated and the
blade cured.(z)

After the curing step, the
blade pair was removed from
the mold, trimmed (see Fig, 3)
and then the two blades were
separated and finished

(Fig. 4). TFour blades were
fabricated designated FS-1,

2, 3, and 4. Metal protection
sheaths were bonded in place
on blades FS-3 and FS-4 with
epoxy resin.

4.0 EXPERLMENTAL PROCEDURES
4.1 SPIN TEST

The spin tests were conducted
in a rotating arm test rig at
Hamilton Standard, Windsor
Locks, Connecticut. Figure 5
shows the rig with a blade in-
stalled. A detailed descrip-
tion of the faecility is given
in Reference 3,

The test cell was evacuated to
an air pressure of 1.04x10%
N/m® (1.5 psia) to minimize
air friction heating during
the spin tests. Blade surface
temperatures were monitored by
Tempilar temperature sensitive

pairt which was applied to the



surfaoce of the blade before
each test. The cell tempera-
ture was monitored using a
thermocouple. The temperature
limit was set at 93.5° C

(200° F) for the cell and

121° ¢ (250° F) for the blade.

Each of the two blades was
tested at five tip speeds. A
speed of 304.8 m/sec (1000 ft/
sec) was the maximum test speed
(11 percent greater than de-
sign). The four other speeds
were 50, 75, 90, and 95 percent
of the maximum test speed.

The lower speed tests were con-
ducted for 30 seconds. The
spin test at maximum speed of
304.8 m/sec was run for a total
time of 5 minutes. For both
blades the maximum speed test
time was an accumulated time
This
was necessary because at this

of three separate runs.

speed the cell temperature rose
to 93.5° C (200° F) within 1}
to 2 minutes after test start
time. The seven speed cycles
and the time at each speed was
considered to adequately test
the structural integrity of

each blade.

Each blade was tap tested with
a metal hammer at the conclu-
gsion of each spin test run.
Blade F5-2 was sectioned and
examined after the series of
runs was completed.

4.2 TOD TESTS

Uninstrumented impact tests
were performed on the two
blades (F5-3 and FS5-4) which
had metal leading edge pro-
tection sheaths, The test fa-
cility was the same G-5 whirl-
ing arm test rig that was used
for the spin tests. The blades
were impacted by simulated
birds at a point located atc 0.8
of the span of the blade,
Blade tip speeds were 263 me-
ters per second.

The simulated birds welghed
908 gms and were formed from a
mixture of gelatin, water, and
phenolic microballons. The
mixture was proportioned to
produce a specific gravity of
0.69.
drical in shape with a length
to diameter ratio of two. TFig-

The birds were eylin-

ure 6 shows a dimensional
sketech of the simulated bird.

The target simulated bird slice
size for the two impact tests
was 454 gms. The exact weight
of the slice was determined by
the difference in the weights
of the bird before and after

impact. Two impact incidence
angles were chosen for the
tests, One impact was made at

an angle of 22°% with the lead-
ing edge of the blade. This
to the calculated
angle of impact at cruise

corresponds

The second blade was
impacted at an angle of 32°

speeds.




which is the calculated angle
of impact expected under the

full power conditlons experi-
enced during takeoff.

The impact events were recovded
on £ilm by two high-speed movie
cameras. One camera was fo-
cused at the tip of the blade
in line with the longitudinal
axils of the blade airfoil as
the blade passed through the
impact arc of about 25°,  The
second camera was focused on
the pressure surface of the
blade airfoil from an angle of
about 30° to the airfoil sur-
face,

During the calibration of the
simulated bird injection ap-
paratus prior to the 22° impact
test, the leading edge of blade
FS~3 accidentally struck the
bird injection apparatus stand.
Some damage was sustained by
the blade. Radial cracking of
the spar near the leading edge
(Fig. 7), shell debonding

(Fig. 7) and leading edge pro-
tection sheath debonding
(Fig. 8) were evident,
examination of the blade and
tap tests (hand tapping at sev-
eral span locations with a ham-

Visual

mer) indicated that the damage
was confined to the upper

20 percent of the blade span
and the test was continued.

5.0 METHODS OF ANALYSIS
5.1 ANALYSIS OF SPIN TESTED
BLADES

Blades FS-1 and F5-2 were tap
tested between test splne and
at the conelusion of the tests.
The tap testing indlcated that
neither blade suffered struec-
tural degradation from the
forces generated by spinning,
To confirm this qualitative
test, blade F§-2 was sectioned
and examined using a dye pene-
trant method.

5.2 ANALYSIS OF IMPACTED BLADE

The reaection of the blades to
the impacts were measuraed from
the Filmed sequences of the
impacts. Blade tip angles and
blade tip deflections were
measured from projections of
individual frames of the im-
pact events,

Blade F3-3 was sectioned after
it was impacted and was dye
penetrant checked to determine
the nature and extent of dam-
age caused by the impact,

6.0 RESULTS
6.1 BLADE FS-3 (22° IMPACT)

Blade I'S-3 was impacted at an
angle of 22° with the simu-
lated bird. The slice size
was 449 gms. The blade re-
mained intact after the impact.
Figures 9(a), 10¢a}, ll and 12
show the blade after the im-
pact. When these figures are

compared with Figures 7 and 8



it can be seen that the lead-
fng edge protection sheath com-
pletely debonded along the suc-
tion face of the ailrfoil but
side. The
cracking in

not the pressure
amounnt of radial
the spar tip Jdid not increase
significant'y. The Jelamina-
tion of the shell from the
spar at the tip of the blade
(line B-8, Fip. L2) is about
2.54 om to the left of the
dashed line (A-A) in Figure 12.
This
cuent

increase was about 5 per-
of the airfoil pressure

surface. Visual examina-
of the blude root showved

face
tion
that
curred.

some root damage also oc-
The {iberglass voot
overlay wits debonded from the
wedge shaped sides of the root
and there were some tears in
the fiberglass in the cornoers
15.2 em afrfoil
chord Joined the 7.6 cm wide

where the

root,

The blade was sectioned and
examined with dye penetrant.
The results can be seen in
Figure 13, Insets A and B
show the blade tip and a sec-
tion through the area of im-
pact. Some radial cracking of
These
cracks, when compared to the

cracks shown in Flpure 7, ap-

the spar is evident.

pear to be caused when the
blade accldentally struck the
injeetion apparatus stand
prior to testing. No sipnifi-
cant local darmage was revealed

4]

by examination of these two
sectlons,

Inset C of Figure 13 roeveals
the fivst example of blade
damage caused by the simulated
bird fmpact. A sheav type »of
the
trailing edpe of the blade.
Progressing down the blade
(insets D, E, and F) it can
be seen that the crack lenpth-

crack can be secen near

ens across tiwe chord of the
blade. Also, radial ecracking
of the spar is evident. In-
sets G, N, J, and K show that
the crack extends down into
the root of the blade.

A frame-by-frame analysis of
the high-speced camera film
provided encugh information

to obtain a pood understanding
of toe reaction ol the blade
tip to the fmpact. As the
leading edpe of the blade
passed throuph the simulated
birvd,

tip remained unchanged.

the angle of the blade
When
the leading edge of the blade
stavted to emerge from che
bivd,
twisting so as to increase

the blade tip bepan

the anple of incidence be-
tween the blade and the bird.
This twisting continued until
the trailing codge of the blade
started passiong through the
bird., Then the twisting re-
The

blade twisting was in-

versed. fifms showod
that

itiated by two sharp lmpacts.
One was apaiust the leading



half af the blade and the other
was against the trailing half
of the blade. Evidence of two
such heavy impaets can be seen
in Figure 12. Two darkened
scuff marks are visible on the
surface of the blade. OCne is
near the leading edge and the
second extends along most of
the trailing half of the
blade, Blade tip angle meas-
urements and times of measure-
ment are presented in Table 1.

6.2 BLADE FS-4 (32° IMPACT)

Blade FS-4 was impacted with a
409 gm (0.916) slice of the
simulated bird, As a result
of the impact, the blade air-
foil separated from the blade
root (Figs. 9(b), 10(b), and14)
and impacted with the cell wall
at a point 180° from the point
of impact with the bird, Since
the airfoll was pulverized by
the impact with the cell wall,
it was unavailable for section-
ing. Figures 9(b) and 14 show
the pressure face of the blade
root after the impact. The
fiberglass overlay was com-
pietely removed from the sur-
face of the angled transition
section, Spar fiber breakage
extended to where curvature
around the pin bushing begins,
near the leading edge of the
pressure side of the blade
root, On the suction side of
the blade root, all spar fibers
broke where the fiberglass

overlay terminated on the
lower part of the alrfoll,

Examination of the root tran-
gition area revealed that ap-
proximately 33 percent of the
spar fibers that were wound
arcund the bushing were inef-
fective. The fibers were cut
during the root trimming step
of blade fabrication because
they had not been properly po-
sitioned. The cutting of the
fibers significantly reduced
the load bearing capacity of
the root section,

Analysis of the motion pic-
tures showed that blade FS-4
experienced the same chordwise
twisting as blade FS-3, The
data are shown in Table 2.
Figure 15 shows a schematic
description of the reaction of
the blade tip to the impact.
All views are superimposed on
the same reference plane. The
solid tip outline indicates
the position of the blade tip
as the blade was about to con-
tact the bird. The dashed tip
outline shows the position of
maximum twist of the blade tip
that occurred at the time the
trailing edge of the blade im-
pacted the simulated bird.

The dotted tip outline indi-
cates the position of the
blade tip as it was leaving

the viewing area of the camera,

The first impact (leading
edge) started the blade twist-




ing. The second impact
sctopped the twisting but did
not reverse 1t as with blade
Fs-3. Instead of a reverse
twist, the blade bent backwards
with the leading adge fibers
having been strained mueh more
severely than the trailing
edge fibers.

The only sign of local damnge
which could be obaerved from
the films was a complete sepa-
racion of the leading cdge
sheath from the airfoill as the
blade impacted the bird,

7.0 DISCUSSION OF RESULTS
7.1 SPIN TESTS

The results of the spin tests
show that the pin-root design,
which could be adapated easily
0o unidirectional spar winding
techniques, possessed the
scructural characteristics it
was designed to have. Both
blades were gspun to tip speeds
11 percent greater than the
desipn tip speed with no de-
gradation of the structural
integrity of cither blade.

The blades were both tested »y
tap testing at the conclusion
of the spin tests and one
blade was examined by section-
ing. The results of these
tests showed that the two
blades successfully withsteod
the cenctrifugal forces of
spinning.

7.2 IMPACT TESTS

Proevious FOD testing of ply
layup blades has shown that
some local impact damage
{leading edge failure) 1s in-
itiated during che time inter-
val that the blade 18 in con-
tact with the simulated bird
(ref. 4). Under the impact
conditions chosen for these
tests, neicher of the two
blades suffered any sipgnif-
cant local impact damage other
than debonding of the leading
edge protection sheath. The
pnotos of the cross sections
of blade FS-3 (Fig. 13) pro-
vided additional data to sup-
pore this finding. The top
right hand photograph (Sec-
tion B) shows a cross section
of the blade airfoil at the
plane of impact, Delamina-
tions are not visible; only
radial cracks can be seen,
The area of shell delamination
at the tip of blade FS-3
caused by the accldental im-
pact of the blade with the
bird injection stand was in-
creased by the 22° impact.
The delamination increased
only about 5 percent of the
alrfoil surface,

The impact of blade FS-3 with
the simulated bird at an
angle of 22° was sufficient to
initiate some damage in the
root area of the blade. The
damage is shown in Figure 13




{insets D, E, and F) and con-
sists of what appeare to be a
shear failure at the neutral
axis of the blade spar. The
hlade twisting alone did not
cause this failure,

It was observed that when the
blade FS-4 was impacted at an
angle of 32° wich the simu-
lated bird, the same sequence
of events occurred. The blade
started twisting with the lead-
ing edge moving backward and
there were indications of a
second impact in the trailing
half of the blade. Pronounced
backward bending of the lead-
ing edge tip was also observed
with the fibers in the tip of
the leading edge being dis-
placed farther than the fibers
in the tip of the trailing
edge.‘

7.3 RECOMMENDATIONS

In order te improve the struc-
tural integrity of the root,
some obvious improvements can
be made to this blade.

The wrap around plies of tiber-
glass fabric used in building
tvp the root, while strengthen-
ing the root against tensile
forces, did not increase the
resistance to shear or trans-
verse tensile loading. Fabric
oriented parallel to the lon-
gitudinal spar filaments
through the thickness of the
root could possibly increase
the shear and transverse ten-

slle strengths in this area.

While the blade airfoil was
completely encased within a
+¢59 shell of wound fibers,
the root area was not. The
+45° fibers covered only the
suction and pressure faces of
the root. The wedge shaped
sides were trimmed after cur-
ing and the angled fibers were
cut away. LEpoxy impregnated
fiberglass was wrapped over
the root area to provide re-
intorcement, but the fiber-
glass tore at the sharp
corners in both impact tests.
The glass reinforcement may
have been more effective had
these corners been rounded.

A more posiltive method of
aligning the spar filbers in
the root arca would assure
that the fabricated blade root
would possess the actual
strength it was designed to
have. A fabrication process
should be developed which does
not require trimming in the
root area so that both the
radial strength of the spar
tibers and the torsional
strength of the shell tibers
could be utilized in the root,

8.0 SUMMARY OF RESULTS
AN CONCLUSIONS

Based on the results of this
investigation. the following
conclusions can be made:

1. A filament wound root can
be designed to withstand the




centrifugal forces of spinning.

2. The filament wound blade
investigated in this study
withstood a 22° impact with a
454 gm slice of a 908 gm simu-
lated bird., Some root damage
did occur. There was no loss
of blade material other than
the leading edge sheath.

3. The blade root as designed

for this study could not with-
stand a 32° impact with a

454 gm slice of a 908 gm sim-

ulated bird.

4, Failures in the root sec-
tions were initiated by shear
and/or transverse tensile
forces. from blade bending.
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. Table t.  Blade Tip Reaction From 22° Impact
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©Tawie 2. Blade Tip Reaction From 32° Impact ‘
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Time, © Tip itema":ks .
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angle,
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deg
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%g»gﬁgd 22; Trailing edge hits bird = WEDGE - CHOPPED GRAPHITE FIBER EPOXY
<3x10_& - e ; )
iodos| i | ‘ | , Figure 1. - Blade construction.
54.6x1072 | 48.5
i163.7x10 50.0




Figure 2, = Shell winding,

Figure 3, - Blades after curing and trimminag,

Fiqure 4, - Finished blade,
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Figure 5. - Filament wound blade installed 'n whirl rig,
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Figure 6. - Simulated bird configuration.
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Figure 10. - Blade post impact condition, suction side.
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	GeneralDisclaimer.pdf
	0013A02.pdf
	0013A03.pdf
	0013A04.pdf
	0013A05.pdf
	0013A06.pdf
	0013A07.pdf
	0013A08.pdf
	0013A09.pdf
	0013A10.pdf
	0013A11.pdf
	0013A12.pdf
	0013A13.pdf
	0013A14.pdf
	0013B01.pdf
	0013B02.pdf
	0013B03.pdf
	0013B04.pdf
	0013B05.pdf
	0013B06.pdf

