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a b s t r a c t

With a goal of reducing jet engine weight, simulations of a fan blade containment system with an alternate
geometry were tested and analyzed. A projectile simulating a fan blade was shot at two alternate geometry
containment case configurations using a gas gun. The first configuration was a flat plate representing
a standard case configuration. The second configuration was a flat plate with a radially convex curve
section at the impact point. The curved surface was designed to force the blade to deform plastically,
dissipating energy before the full impact of the blade is received by the plate. The curved case was able to
tolerate a higher impact velocity before failure. The computational model was developed and correlated
with the tests and a weight savings assessment was performed. For the particular test configuration used
in this study the ballistic impact velocity of the curved plate was approximately 60 m/s (200 ft/s) greater
than that of the flat plate. For the computational model to successfully duplicate the test, the very high
strain rate behavior of the materials had to be incorporated.

Published by Elsevier Ltd.
1. Introduction

In order to insure passenger and crew safety, international
aviation regulatory bodies, such as the Federal Aviation Adminis-
tration in the United States and the Joint Aviation Authorities in
Europe require that in commercial jet engines a system must exist
which will not allow any compressor or turbine blade to perforate
the engine case in the event that it is released from a disk during
engine operation [1]. Due to this requirement the fan case is the
heaviest single component of a jet engine. The Federal Aviation
Administration further requires that jet engine manufacturers
demonstrate, through a certification test, that the most critical
blade be contained within the engine when a blade is released
while the engine is running at full rated thrust [2]. The most critical
blade in the engine, in terms of maximum kinetic energy, is
invariably the fan blade, and the system designed to prevent it from
penetrating the engine is called the fan containment system.

The fan containment system includes a cylindrical case which
surrounds the fan blades and disk. In modern high bypass turbine
engines the fan blades are large and due to the large diameter of the
fan section of the engine, the fan cases contribute significantly to
overall engine weight. There are two general types of fan contain-
ment systems, commonly referred to as hardwall and softwall
systems. Hardwall systems consist of a relatively stiff section of the
engine case that has sufficient strength to prevent perforation if
ey).

Ltd.
impacted by a blade. Softwall systems usually consist of a relatively
thin inner ring, surrounded by layers of dry fabric. Both systems
include ribs and stiffeners which enhance system stiffness and both
typically have generally flat cylindrical geometries. The geometry of
the fan case can affect containment response. A careful selection of
the geometry can improve containment and efficiency, allowing for
case thickness reduction and reduced engine weight.

The loss of blades in turbine engines, such as those shown in
Fig. 1, can be initiated by material failure due to fatigue, a bird strike
[3], or some other foreign object damage. The fan blades are
initially rotating at a very high rate, on the order of 5000 rpm. A
released blade will attempt to follow a tangential trajectory,
rotating about its center of gravity. That trajectory will cause the
blade to impact the containment case at a relatively consistent
angle and orientation. The character of a blade off impact, including
point of impact, is surprisingly repeatable for an event which is
triggered randomly. As a result, the blade off event may be tested
and designed for in a deterministic manner.

Future fan cases may incorporate an alternate geometry with
a shallow convex curve in the radial direction of the cylindrical case
as depicted in Fig. 2. As a released blade strikes the convex curve it
will deform, dissipating its kinetic energy in plastic deformation
before the full weight of the blade impacts. The proposal that the
radially convex curved geometry will aid in containment was
preliminarily explored using LS-DYNA [4] analysis. After showing
promise in the preliminary analysis, ballistic tests on scaled,
representative flat plates were performed to evaluate the concept.
A final analysis was correlated with these tests, giving an estimate
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Fig. 1. Fan blade losses in two different size engines.
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of the potential weight savings and yielding insight into the
behavior of the subject materials at very high strain rates. The
incorporation of the material behavior at very high strain rates was
found necessary to achieve accurate results. This paper discusses
the ballistic testing, very high strain rate behavior of metals and the
analysis, and demonstrates that a radially convex curved geometry
shows promise.

2. Ballistic impact testing

Ballistic impact testing was conducted at the NASA Glenn
Research Center Ballistic Impact Laboratory using a single stage
compressed gas gun. The gun consisted of a pressure vessel with
a volume of 0.35 m3 (12.5 ft3), a gun barrel with a length of 12.2 m
(40 ft) and an inner diameter of 20.32 cm (8.00 in) (Fig. 3). The
pressure vessel and the gun barrel are mated by a burst valve
consisting of a number of layers of Mylar� sheet. Helium gas is used
as the propellant. The pressurized helium is released into the gun
barrel by applying a voltage across a Nichrome wire embedded in
the Mylar sheets, causing the Mylar sheets to rupture. The velocity
of the projectile is controlled by the gas pressure.

For this test program the projectile was supported by a wood
block inside a cylindrical aluminum sabot that fit snugly inside the
gun barrel. The sabot was stopped at the end of the gun barrel by
a thick steel plate with a rectangular slot large enough to allow the
projectile to pass through. The gun barrel was evacuated to reduce
Fig. 2. A fan containment case with a radially convex curve in its geometry.
blast loading on the specimen and to reduce the amount of pressure
needed to achieve the desired impact velocity.

For the test targets, the fan case was represented by 0.6096 m by
0.6096 m (24.0/24.0 in) in 304L stainless steel plates, with a thick-
ness of 0.47625 cm (3/16 in). Half of the plates were flat and half
had a shallow convex curve with a height of 0.79375 cm (5/6 in)
and a width of 12.7 cm (5.0 in), as shown in Fig. 4. The plates were
securely clamped at their edges and two simple supports were
placed on either side of the target, 0.2032 m (8.0 in) apart. The
blades were simulated by a projectile made from Ti–6Al–4V tita-
nium which nominally weighed 468.26 gm (1.0323 lbs). The blade
simulating projectile was 12.7 cm (5.0 in) long, 9.652 cm (3.8 in)
wide, and 0.508 cm (0.2 in) thick at the narrow end, and 1.27 cm
(0.5 in) thick at the thick end, as shown in Fig. 5. The plates were
held at 45� in relation to the trajectory of the blade. The blade
orientation was in relation to its trajectory, opposite to that of the
plate, as shown in Fig. 6.

High speed digital video cameras (Phantom 5, Vision Research,
Wayne, NJ) were used to record the position, orientation and
velocity of the projectile during the experiment. The recording
speed was 11,200 frames per second, with a 256� 256 pixel reso-
lution. One camera was located at the side of the impact point and
the other was at an oblique angle. For each test the position of the
projectile was recorded as a function of time. The impact velocity
was determined by fitting a straight line to the position time history
Fig. 3. The NASA Glenn Research Center Ballistic Impact Laboratory gas gun.
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Fig. 4. The 304L stainless steel target plate in a view which shows the convex curve geometry.

K.S. Carney et al. / International Journal of Impact Engineering 36 (2009) 720–728722
while in free flight and averaging the slopes of the resulting lines.
In general, the projectile was obscured by the specimen during the
impact itself, so it was not possible to obtain accurate enough
position data to calculate the projectile deceleration and the
resulting force on the projectile during the impact. After each test
the plastic deformation and failure of both the target and the
projectile were evaluated.
3. Analysis

3.1. Material modeling

The finite element analysis was conducted using LS-DYNA [4,5],
a commercially available explicit dynamic analysis code. The
material model of the Titanium was defined using the parameters
defined above and the LS-DYNA Piecewise Linear Plasticity material
model, Mat 24. The material model of the Stainless Steel was
defined using the parameters defined above and the LS-DYNA
Plasticity With Damage material mode, Mat 81. The finite element
discretization of the target plate consisted of 57,600 equally sized
shell elements using the Belytschko–Tsay formulation. The
dimensions of the shell elements were approximately 0.254 cm by
0.254 cm (0.1/0.1 in). The outside edges of the plates were clamp
constrained and 0.2032 m (8.0 in) wide simple supports, on either
side of the impact area, were constrained only in the direction of
impact. The blade was modeled with 6080 constant stress solid
elements. The dimensions of the solid elements were approxi-
mately 0.254 cm by 0.254 cm by 0.254 cm (0.1/0.1/0.1 in).

Both the 304L stainless steel and Ti–6Al–4V titanium were
modeled using plasticity models [4,6] where the stress–strain
behavior is directly defined as follows,
9.652 cm

2.54 cm

12.7 cm

Fig. 5. The blade simulating projectile, w
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bb is the strain rate scale factor, bf hð3
p
eff Þ is the hardening function,

with the carets denoting that they are tabular defined functions,
and 3p

eff is the effective plastic strain. The Ti–6Al–4V titanium blade
material model was defined using the material property data
shown in Table 1 and by directly defining several stress–strain
curves in tabular form where each curve defines the response at
a specific strain rate. Failure was defined at 0.22 effective plastic
strain. The strain rate sensitivities for the high and very high strain
rates were obtained from Nicholas [7], Lesuer [8], and Wulf [9].

The material model for the 304L stainless steel plates also
included damage [4,6], where the stress is scaled by 1=1� u, and
where

u ¼
3p

eff � 3p
fail

3p
rupture � 3p

fail

if 3p
fail � 3p

eff � 3p
rupture: (3)

This damage model successfully reproduces the tearing of steel
which was observed in the ballistic tests. The material behavior of
304L was specified using the material property data shown in
Table 2 and by directly defining several stress–strain curves in
tabular form where each curve defines the response at a specific
strain rate. The onset of damage was defined as 0.36 effective
plastic strain, with element erosion occurring at 0.56 plastic strain.
Tension tests were conducted to determine the static stress–strain
curve, and the value of the onset of damage. The high strain rate
.508 cm

1.27 cm

.254 cm

hich is made of Ti–6Al–4V titanium.



Table 2
Material model properties of 304L stainless steel.

r Density 7750.373 kg/m3 (0.280 lbs/in3)
E Young’s modulus 193.053 GPa (28.0� 106 lbs/in2)
n Poisson’s ratio 0.305
sy Yield stress 339.222 MPa (4.92� 104 lbs/in2)
ET Tangent modulusa w165 MPa (w2.4� 105 lbs/in2)
3p

fail Plastic strain to failure 0.36

a Approximate value. Plastic behavior defined by tabular stress–strain curve.
Trajectory of Projectile

Fig. 6. The orientation of the blade simulating projectile as it impacts the plate.
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data used to create this model was obtained from Nicholas [7], and
for very high strain rates, the strain rate sensitivity was derived
from Dowling [10].

The behavior of both the titanium and the stainless steel at
strain rates greater than 5�103 s�1 was an important factor in
defining the dynamic and failure response of the complete system.
Including the dramatic increase in strain rate sensitivity at strain
rates greater than 5�103 s�1 of both the 304L stainless steel and
Ti–6Al–4V titanium was critical in obtaining a representative
analysis. The very high strain rate sensitivities of both the stainless
steel [10] and the titanium [9] were used to extrapolate the strain
rate curves beyond the tested strain rates. Fig. 7 shows the strain
rate sensitivities used in the analysis.

3.2. Very high strain rate material behavior

As stated in the previous section, a critical aspect in obtaining
a representative analysis was to include the material behavior at
very high strain rates of greater than 105 s�1. This is a region where
it is difficult to measure the properties experimentally, and there is
some debate concerning the physical nature of the assumed
material behavior. Since including this behavior is critical to accu-
rate modeling, and there is some uncertainty introduced by using
the published data as is, a more detailed review of that literature is
warranted. In addition, as this published test data is limited, and
there is disagreement in it as to the real nature of the general
behavior of metals at strain rates of 104 s�1 and greater, a review of
the literature of alloys other than 304L stainless steel and Ti–6Al–
4V titanium is also justified.

The tensile behavior, including full stress–strain curves, of 21
different metals and alloys under low to high strain rates is given by
Nicholas [7]. These include the two materials of interest in the
present work, 304L stainless steel and Ti–6Al–4V titanium. The
tests were conducted using a split-Hopkinson pressure bar,
described by Gray [11]. The maximum strain rate achieved in these
tests is approximately 103 s�1.

Campbell and Ferguson [12] found that the shear strength of
a mild steel, En 3B, is dependent on strain rate as follows: low strain
rate, region I being characterized by a small, nearly constant
increase in strength with the logarithm of shear strain rate; region
Table 1
Material model properties of Ti–6Al–4V titanium.

r Density 4650.22 kg/m3 (0.168 lbs/in3)
E Young’s modulus 110.316 GPa (16.0� 106 lbs/in2)
n Poisson’s ratio 0.31
sy Yield stress 1.00663 GPa (1.46� 105 lbs/in2)
ET Tangent modulus 1.59269 GPa (2.31� 105 lbs/in2)
3p

fail Plastic strain to failure 0.22
II where the increase is still constant with the logarithm of the
strain rate, but the rate dependence is considerably higher; and
region IV, corresponding to strain rates of greater than 5�103 s�1

where the increase in shear strength is directly proportional to the
strain rate. Fig. 8, showing these regions, is reprinted from Ref. [12].
The authors identify region I as being dominated by long-range
internal stresses due to dislocations, precipitate particles, and grain
boundaries. Region II is identified as being controlled by the
thermal activation of dislocation motion, and region IV being gov-
erned by short-range barriers in combination with an additional
dissipative mechanism, but failure not a function of temperature. It
is also shown that almost identical strain rate sensitivity behavior
for room temperature steel is obtained from dynamic punching,
using data from Dowling and Harding [13], and tension, using data
from Campbell and Cooper [14], as that from shear loading.

Dowling, Harding, and Campbell extended the work on mild
steel in Ref. [10] to aluminum, copper, and brass in Ref. [13]. The
dynamic punch loading of all four of these materials showed the
same general strain rate sensitivity as the mild steel in shear of Ref.
[12]. For all four of these materials, at room temperature, there was
a small increase in strength, proportional to the logarithm of strain
rate, at rates below 10�1 s�1, greater increase in sensitivity at rates
between 10�1 s�1 and 103 s�1, and at rates above 103 s�1 even
greater sensitivity with the increase being proportional to the
strain rate. While the general behavior of the four metals is shown
to be similar, the strain rate sensitivity of the four metals is not
identical.

Lesuer [8], compiled the stress–strain rate response of Ti–6Al–
4V titanium alloy from the available literature, and included some
additional test data. Very high strain rate data at rates greater than
103 s�1 was included from Wulf [9] and Meyer [15]. This data shows
titanium exhibiting the same shift documented by Dowling et al.,
[13] for the other metals. When strain rates exceed approximately
5�103 s�1, the strain rate sensitivity becomes a function of the
strain rate, while at strain rates lower than this it is a function of the
1
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Fig. 7. The strain rate sensitivity of Ti–6Al–4V and SS-304L utilized in the analytical
model.



Fig. 8. Variation of lower yield stress with strain rate, at constant temperature. From
Ref. [12].
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logarithm of the strain rate. Fig. 9 is taken from Ref. [8], showing
this behavior. Wulf [9] also shows that the strain rate sensitivity is
not constant.

Frost and Ashby [16] present a strain–rate map for titanium
which shows the mechanisms responsible for the various failure
behaviors. This map associates room temperature failure in regions
I and II with obstacle controlled plasticity, and failure in region IV
with adiabatic shear. In addition it identifies a region of drag-
controlled plasticity failure at strain rates on the order of 105 s�1

and shows that the strength gained at higher strain rates saturates
at the ideal strength of titanium. This occurs at strain rates on the
order of 106 s�1. Frost cautions that the boundaries between the
various regions are first approximations, and should not be regar-
ded as exact.

The published reasons for the apparent large increase in strain
rate sensitivity at strain rates above 5�103 s�1 were called into
question by Gorham [17–19]. To obtain accurate data from the split-
Hopkinson pressure bar [11], certain constraints exist for the
specimen geometry and certain assumptions are made concerning
Fig. 9. Comparison of the stress–strain rate response of Ti–6Al–4V alloy obtained from
this study as well as other studies from the literature. From Ref. [8].
the state of stress in the specimen. Gorham presents evidence that
these constraints and assumptions were not met, and that the
noted increase is due to inertial confinement, specimen dimen-
sions, and a switch away from a one dimensional state of stress. As
a result, the argument is made that this transition is not a result of
material properties of the specimen, but the test specimen’s
structure.

In recent review articles Field et al., [20,21] present a summary
of high rate testing, and discuss using miniaturized Hopkinson bars
to obtain strain rates on the order of 105 s�1. They also note the
increase in strain rate sensitivity at rates 5�103 s�1 and higher, and
concur with Gorham’s explanation that it is an artifact of the test
configuration. However, they point out that some non-compression
tests, where inertia should not be a factor, also show this
phenomenon.

In another recent review article by Jia and Ramesh [22], the use
of miniaturization of the Split-Hopkinson Pressure Bar to obtain
stress–strain behavior at strain rates of up to 5�104 s�1 is assessed
in detail and applied to 6061-T651 aluminum. Due to the small size
of the specimens they avoided geometries which would cause
errors due to inertia confinement, and demonstrated this by using
Gorham’s equations [19]. No quasi-static results are presented in
this work, however, comparing the presented strain rate sensitivity
at strain rates greater than 103 s�1 with published quasi-static
values of this particular alloy appear to show a increase in strain
rate sensitivity, but not to the extent shown in Figs. 8 and 9. The
authors also state that the explanations of the dramatic increases
are occasionally controversial.

Dioh et al., [23] present analytical and numerical evidence
which shows that the apparent increase in the strain rate sensitivity
reported in the literature may result from stress wave propagation
effects present in the test. Oosterkamp et al., [24] tested Aluminum
Alloys 6082 and 7108 and found that for these alloys, the sudden
change in the strain rate sensitivity is a testing artifact. While
Nemat-Nasser et al., [25] show that there is a dramatic increase in
strain rate sensitivity at approximately 5�103 s�1 in a NiTi alloy.
They compare images of the failed material at low and high strain
rates, demonstrating a different failure mechanism.

In summary, there is disagreement in both the qualitative and
quantitative nature of strain rate sensitivity in metals at strain
rates greater than approximately 105 s�1. Some of the published
literature definitely states that the increase in slope seen at these
Table 3
Ballistic impact test results.

Test
ID

Geometry Projectile
weight

Velocity Damage description

LG456 Curved 465.8 gm
(1.027 lbs)

358.4 m/s
(1176 ft/s)

Contained; small perforations on both slap
down corner locations

LG455 Flat 459.9 gm
(1.014 lbs)

358.4 m/s
(1176 ft/s)

Contained

LG457 Flat 463.1 gm
(1.021 lbs)

394.4 m/s
(1294 ft/s)

Contained; perforation at initial contact
location

LG458 Curved 463.1 gm
(1.021 lbs)

395.3 m/s
(1297 ft/s)

Contained; perforations on both slap down
corner locations

LG480 Flat 468.1 gm
(1.032 lbs)

423.1 m/s
(1388 ft/s)

Uncontained; complete projectile size hole
with a massive tear running almost the
length of the plate

LG477 Flat 459.9 gm
(1.014 lbs)

426.7 m/s
(1400 ft/s)

Uncontained; complete projectile size hole

LG459 Curved 464.0 gm
(1.023 lbs)

430.4 m/s
(1412 ft/s)

Contained; perforations on both slap down
corner locations meet forming single tear

LG479 Flat 462.2 gm
(1.019 lbs)

457.2 m/s
(1500 ft/s)

Uncontained; complete projectile size hole
with a massive tear running almost the
length of the plate

LG461 Curved 459.9 gm
(1.014 lbs)

460.2 m/s
(1510 ft/s)

Contained; perforations on both slap down
corner locations meet forming single tear

LG462 Curved 462.2 gm
(1.019 lbs)

490.1 m/s
(1608 ft/s)

Uncontained; complete projectile size hole
with tear beginning on initial contact



Fig. 10. Flat at 394 m/s (1294 fps). Fig. 12. Flat at 457 m/s (1500 fps).
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rates is an artifact of testing, while some of the references
demonstrate the increase in non-compressive tests where these
artifacts would not be present, and some show a change in failure
mechanism in microscopic images. It also seems possible that
some part of strain rate sensitivity increase seen is a material
property and some part a test artifact. Obviously, the effect could
also be alloy dependent.

While there is uncertainty to the degree to which the strain rate
sensitivity slope increase is caused by material or structural
response (testing artifacts), there is significant evidence that there
is a change in the response of metals at strain rates of approxi-
mately 105 s�1 and greater. As discussed in the previous section, the
strain rate sensitivity slope increase was included in the analysis as
a material property. Including this effect was necessary to match
the test results, both threshold velocities and local plastic deflec-
tions. Although the inclusion of the strain rate sensitivity increase
and the subsequent matching of the test data is suggestive, this
does not prove that the increase is a material property. It is also
possible that the inclusion of the strain rate sensitivity increase as
a material property is somehow compensating for some other
phenomena which are not included in the analysis. This possibility
will be discussed in Section 4.
Fig. 11. Flat at 427 m/s (1400 fps).
4. Results and discussion

The results of the ballistic impact tests are shown in Table 3.
Photographs of four selected plates and blade projectiles are shown
in Figs. 10–14. The blades impacting the curved plates are contained
at between 457.2 and 487.68 m/s (1500 and 1600 ft/s) and the
blades impacting the flat plates are contained at between 396.24
and 426.72 m/s (1300 and 1400 ft/s). These ballistic test results
demonstrate that the radially convex curved containment geom-
etry contains the blade projectile at approximately 60 m/s (200 ft/s)
higher than the flat geometry. However, certain conditions must
exist for the convex curved surface to be effective. The convex curve
case requires sufficient strength and stiffness, relative to the blade,
to maintain the curved geometry. Particularly, this includes system
stiffness and local strength. System stiffness required to maintain
the convex curved shape under impact, would normally be
provided by ribs. A simulation of the rib stiffness was required in
the test setup to successfully test this concept. The case must also
be of sufficient thickness and strength to bend the tips of the
incoming blade, without the local section being destroyed.

The plates receive the initial strike from the blade projectile
along an edge, which leaves an indentation in the plate. If the
velocity of the projectile is high enough, the steel proceeds to tear
Fig. 13. Curved at 430 m/s (1412 fps).



Fig. 14. Curved at 460 m/s (1510 fps).
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catastrophically. At somewhat lower velocities, when the initial
edge does not fail, the curved plates experience a perforation when
the thick section of blade rotates into the plate, after initial impact.
The observed advantage of approximately 60 m/s (200 ft/s), which
the radially convex curved plates have over the flat plates, is due
to the energy that is absorbed by plastic deformation of the blade
tips as they impact the curved surface, and the additional energy
absorbed by the plate. The two geometries are compared at 457 m/s
(1500 fps) by computing the running total of energy absorbed by
the blade as shown in Fig. 16. The energy absorbed by the blade in
the curved plate case initially lags the energy absorbed in the flat
plate due to its having to travel a slightly farther distance for full
contact to be made. Then as the blade travels into the curved
section, its tips are bent backward, absorbing energy. Since more of
the total energy is absorbed by the blades in the curved geometry,
the containment structure is required to absorb less of the total
impact energy. As a result, the containment structure may be made
lighter or used to absorb higher impact velocities. The running total
of energy absorbed by the plate for the same analytical cases is
shown in Fig. 17. The energy that the flat and curved plates absorb is
nearly identical until general failure occurs in the flat plate.

In explicit finite element analysis, unless localization effects are
accounted for, the relationship between effective plastic strain to
failure and actual material failure is dependent on the mesh size.
Fig. 15. Curved at 490 m/s (1608 fps).
Since a non-local failure algorithm has not been used in this anal-
ysis, in order to correlate computational models with test results
the effective plastic strains to failure, or element erosion, had to be
adjusted. The effective plastic strain to failure in this analysis only
needed to be adjusted slightly. A sample of this stainless steel was
tested statically and found to fail at a plastic strain of 0.352. A value
of 0.36 effective plastic strain to failure for the steel was found to
reflect the ballistic test results. A value of 0.22 effective plastic strain
to failure for the titanium was found to reflect the ballistic test
results, which is consistent with published data. The consequence
of adjusting the analytical failure strains to match the impact test
results is that this particular set of parameters is only appropriate
for the particular mesh size. For this set of analysis, once the failure
strains were established, the mesh size was not varied.

At the initial contact of the edge of the blade projectile and the
plate, extremely high strain rates in both the plate and projectile
were calculated by the analysis. Calculated strain rates reached the
magnitude of 106 s�1 for a short period of time. During that same
short time period, stresses in the plate reached a very high level. It
was determined that if the dramatic increase in strain rate sensi-
tivity at strain rates greater than 5�103 s�1 was not included in the
material models, unrealistic premature failure in the plate would
inevitably result. If the large increase in strain rate sensitivity was
included, as discussed earlier, then the premature, unrealistic
failure in the plate was avoided, and a reasonable match between
the test and the analysis resulted.
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Fig. 18. Flat analysis 396.2 m/s (1300 ft/s). Fig. 20. Curved analysis 457.2 m/s (1500 ft/s).
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While suggestive, this analysis does not necessarily prove that
the dramatic increase in strain rate sensitivity at very high strain
rates of many metals, seen in the split-Hopkinson pressure bar
tests, is actually a valid material property. There is a possibility that
the inertia confinement or stress wave propagation explanations of
this behavior are duplicated in the ballistic impact tests, but the
shell elements used in the analysis do not model these phenomena.
As a result, including the dramatic increase in the material behavior
may be compensating for not utilizing a finite element mesh which
could represent inertia confinement or stress wave propagation.
Increasing the mesh density of the shell mesh is not a solution, as
the increasing mesh density leads to greater localization and higher
stress values, resulting in even more premature failure. It is possible
that a solid element mesh of sufficient density might represent the
physics of inertia confinement, stress wave propagation, or some
other non-material explanation of the dramatic increase in strain
rate sensitivity. However, such a mesh would be impractical for use
in a full containment case analysis, and is also beyond the scope the
current investigation into the convex curve geometry of that case.

The computational results closely matched the experimental
results, especially considering that the exact orientation of the
blade upon impact could not be precisely controlled in the test.
Fig. 19. Flat analysis 426.7 m/s (1400 ft/s).
Images from the analysis matching the conditions of the tests
shown in Figs. 10–15 are shown in Figs. 18–21. There were several
minor exceptions which should be noted. In the analysis, the blade
did not fragment into several pieces at higher velocities, as
occurred in the tests. This may be a problem with the simple
effective plastic strain to failure in the titanium model, but it could
also be due to the great uncertainty in the very high strain rate
behavior of the titanium. In addition, the trajectory of the blade,
after the initial impact, was somewhat too shallow causing the
second impact to occur closer to the initial impact than what was
observed in the test. This angle of rebound is almost entirely
controlled by the friction value between the plate and the projec-
tile. The exact friction coefficient between the plate and the
projectile at these velocities is not known. In the computational
analysis point failures occurred at the 0.2032 m (8.0 in) wide
simple supports. In the test, the supports were wider and did not
produce the stress concentrations to the extent noted in the anal-
ysis. Since these point failures were away from the section of
interest, and did not lead to catastrophic failure, they were ignored.

The weight saving potential of the convex curved design concept
was evaluated by taking the correlated curve plate model, and
reducing its thickness until the plate failed. This 396.2 m/s (1300 ft/
Fig. 21. Curved analysis 487.7 m/s (1600 ft/s).
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s) velocity impact analysis was compared to the flat plate at the
same velocity. The weight of the thinner convex curve section,
taking into account its 7.25% greater arc length, was compared to
the 0.47625 cm (3/16 in) thick flat plates. It was found that a curved
section thickness of 0.381 cm (0.15 in) failed to the same degree as
the flat plate baseline, yielding an approximate weight savings of
14% in the curved section of the concatenated fan case. The amount
of weight savings that potentially could be realized in a full case
would be dependent on the specific actual design, and so is difficult
to estimate.
5. Conclusion

Using a fan case with a convex curved geometry to increase
containment efficiency has been demonstrated both by test and
analysis. Both the test results and the correlated analytical model
have shown an approximate 60 m/s (200 ft/s) increase in contain-
ment capability using the particular curved geometry. Using
a curved geometry could in turn lead to a significant weight savings
in fan case and engine weight.

A computational model was developed which matches the
behavior of the ballistic impact tests. A critical component of the
computational model was the material behavior at very high strain
rates. The exact nature of the very high strain rate behavior is
uncertain, but for high speed impact prediction accuracy, it must be
accounted for. Further mechanical property tests to determine the
fundamental behavior are warranted.
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