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Abstract
When the helicopter rotor collides, the relevant impact load on the blade will be transmitted to the fuselage
though its hub. In this paper, collision analysis of the rotor blades under hard impact is conducted by both
experimental and numerical approach. To obtain reliable test results, the collision of the rotating blades will be
simulated by drop and whirl tower tests. UH-60A main rotor blade is selected and designed for each experiment.
For the drop situation, the maximum indentation during the crash impact is evaluated experimentally and nu-
merically using ANSYS LS-DYNA. In addition, the behavior of the rotor blade and the tendency of an impact
force in terms of time and displacement under 2 drop tests are compared. Finally, the rotor blade and hub
design of Mach-scaled UH-60 rotor blade is conducted for the whirl tower tests. In the future, the whirl tower
test will be conducted for hover of both 4-blade and one-blade-out condition at Seoul National University Rotor
Test Stand (SNURTS). The loads acting on the hub are measured and correlated against those predicted

numerically.

1. INTRODUCTION

Helicopter crash may cause catastrophic damage on
the vehicle component, and directly affects the crew
survivability. Therefore, analyzing the consequence
of the crash impact will be crucial for ensuring the
safety of the helicopter and crew. To address this is-
sue, MIL-STD 1290A[1] has been established to
achieve the desirable crash resistance capability.
Park, et al.[2] performed drop test and numerical
analysis on the crash resistance of the composite
lower fuselage based on the impact speed presented
in MIL-STD 1290A. Furthermore, many rotorcraft
crash tests and numerical analyses conducted by
NASA[3] were reported in the literatures. U.S. Army[4]
established new criteria for designing a desirable
crashworthy rotorcraft. Recent studies were con-
ducted to understand the impact behavior of the air-
frame and landing gear[5, 6]. However, relatively few
studies were conducted on its rotor blade impact. The
collision scenarios were limited to be soft such as bird
strike, water and wood impact[7, 8]. Rotorcraft also
operates in a harsh maritime environment such as the
landing on ship deck and the possibility of hard impact
will increase[9]. In this paper, hard impact crash of the
rotor blades against a rigid object will be analyzed by

both experimental and numerical approach. To ana-
lyze the crash impact, both whirl tower and drop tests
are attempted. UH-60A main rotor blade is selected
and the design procedure of the rotor blade for each
experiment purpose are proposed. Drop tests are
conducted to evaluate the impact force and maximum
indentation of the blade damage under the crash im-
pact. In addition, the numerical evaluation is con-
ducted by ANSYS LS-DYNA[10] and the results are
compared and discussed between the experimental
evaluation. Furthermore, Mach-scaled rotor blade
and hub design is conducted for the whirl tower test.
In the future, whirl tower test will be conducted to eval-
uate the load transferred momentarily to the hub.

2. APPROACH FOR ROTOR BLADE CRASH
ANALYSIS

When the rotor blades collide, the impact load will be
transferred to the hub momentarily. However, it is not
quite clear to obtain reliable experimental result con-
sistently from the rotating blade impact. Therefore, in
order to analyze such event, both whirl tower and
drop tests will be conducted. Whirl tower tests are
conducted to analyze the interaction between the
load on the blade and the hub. In addition, the drop



tests are conducted to analyze the impact load or en-
ergy acted upon the rotor blade and the response of
the component. To simulate the crash impact, UH-
60A main rotor blade is selected. The specifications
of it are summarized in Table 1 and Fig. 1.

Table 1: Properties of UH-60A main rotor blade

Property Value
Number of the blades 4
Type Articulated
Radius 26.83 ft
Nominal Chord 20.76 in
Nominal RPM 258 rpm
Airfoils SC1095/ SC1094R8
| SC1095 — SC1094 — I-SC IU95—-I
£J Ofl (l.‘l 0 '3 U*A 0?5 0I.6 U' 7 0*.8 0!9 I]

Figure 1. Schematic of UH-60A main rotor blade[11]

3. ROTOR BLADE DROP TEST
3.1. Rotor blade design

The detailed collision situation is defined in MIL-STD
1290A regarding the outer 10% of the main rotor
blade span colliding with a rigid cylinder. Furthermore,
the outer 10% of the blade span, which is SC1095
airfoil section, is selected as the design point of the
present drop test.

UH-60A main rotor blade is composed of E-glass lam-
inate, titanium spar, filled with honeycomb core in the
trailing edge, and foam core in the leading edge. The
cross section of the rotor blade is shown in Fig. 2.

Figure 2: Cross section of UH-60A rotor blade[12]

To simulate a crash impact realistically, reverse de-
sign of UH-60A main rotor blade is conducted to give
correct characteristics by using the configuration and
experimental results described in Ref. 13. VABS pro-
gram[14,15] is used to evaluate its flapwise, lagwise,
and torsional stiffnesses. Furthermore, an iterative
genetic algorithm-sequential quadratic programming
(GA-SQP) algorithm in MATLAB is used to correlate

the discrepancies on the sectional stiffness against
the experimental result to be smaller than a certain
tolerance. The presently designed cross section and
the stiffnesses of the rotor blade are included in Fig.
3 and Table 2, respectively.

Trailing edge filling Honeycomb Spar (titanium) Skin (E-glass) Foam

Figure 3: Presently designed rotor blade cross sec-
tion for the drop test

Table 2: Stiffness of the present rotor blade

Property Elfiqp Eljgg GJ
[N -m?]
Experi- 6.4x10* 2.4x10° 7.0x10°
ment[12]
Present 6.2x10* 2.4x106 7.2x10%
Discrep- 3.4% 3.0% 0.33%
ancy

3.2. Preparation for drop tests

The present rotor blades are fabricated with the fix-
tures included at both ends and the bottom of the de-
signed test section using E-glass. The fixtures are
filled with E-glass contrary to the rotor blade which
have hollow titanium spar. Therefore, the fixtures at
both ends are designed to cover some portion of the
blade and connect each other to avoid inappropriate
damage at the discontinuous cross sections during
impact. Furthermore, the length of the blade is de-
signed to have negligible effect on the fixture at both
ends during the crash impact. The schematic of the
blade-fixture assembly is shown in Fig. 4. Accordingly,
2 test specimens are fabricated for drop tests as
shown in Fig. 5.



Figure 4: Schematic of the blade-fixture assembly

Figure 5: Fabricated blade-fixture assembly

The rigid cylinder is fabricated to be 8 inch in diameter
as defined in MIL-STD 1290A and the length of 1.5
times the thickness of the blade to avoid an inappro-
priate vibration induced into the blade. Furthermore,
the cylinder will be comprised of SCM440, which has
similar material properties as those of the structural
steel. Additionally, the cylinder is assembled with a
guide arm and a load cell to be constrained with two
poles at both ends to allow only drop in the vertical
direction. The assembled impactor is shown in Fig. 6.

Figure 6: Impactor assembly

The rotor blade is fixed with 4 jigs at the front and
back of both ends. The impact load and indentation
during the crash impact are measured using the load
cell and displacement sensor. Consequently, the im-
pact energy is evaluated. Additionally, the response
of the rotor blade under crash impact is evaluated us-
ing 2 high speed cameras in the front and back of the
rotor blade. The setups for drop tests are shown in
Fig. 7.

'i

Figure 7: Setups for drop test

3.3. Numerical evaluation

The crash impact is numerically evaluated using AN-
SYS LS-DYNA, an explicit nonlinear structural finite
element analysis software. Figure 8 shows the finite
element (FE) representation of the cylinder assembly
and the rotor blade. The rotor blade is constructed as
described in Sec. 3.1. The skin and spar component
consist of shell elements, and all the other compo-
nents of the blade and the impactor consist of solid
elements. Based on the CAD drawing produced by
CATIA V5 and ANSYS Designmodeler, the mesh is
generated using ANSYS Mechanical with a target
mesh size of 10mm. The total mass of the impactor



assembly in numerical analysis is set to be identical
with that of the measured one. Structural steel is used
for the cylinder, and aluminum properties are applied
to the other components of the impactor. In addition,
impactor is assumed to be rigid, since it is expected
to have no significant plastic strain or indentation in-
duced on the cylinder. Since the rotor blade consists
of the composite material, Chang-Chang failure crite-
ria (MAT022) will be employed. It is suitable for simu-
lating the progressive failure of each failure mode of
the orthotropic material. Any individual element that
satisfies the criterion will be eliminated from the anal-
ysis. The boundary condition of the blade is set to be
fixed where the E-glass fixtures are fabricated and the
cylinder assembly is set to move freely only in the ver-
tical direction to satisfy the test condition described in
Sec. 3.2. The finite element representation of the im-
pactor consists of 3,006 elements and 4,882 nodes,
and the blade consists of 19,670 elements and
14,626 nodes. Furthermore, an interaction between
the cylinder and the blade is implemented by using
the penalty method as the node-to-surface contact.
The duration of the analysis is 0.02s so that the be-
havior under the impact can be well captured. Finally,
the impact velocity of 5.42m/s and gravitational force
is applied to the cylinder via the body load function.
As a result, maximum indentation of 20.67mm is ex-
pected where the impact occurs. Figure 9 shows the
deformed blade when the maximum indentation un-
der the crash impact occurs.

(a) Finite element representation of the impactor

(b) Finite element representation of the blade

Figure 8: FE representation of the impactor assembly
and rotor blade for the crash analysis

Figure 9: Deformed blade skin under crash impact

3.4. Experimental evaluation

The crash impact is experimentally conducted using
the drop test facility shown in Fig. 10. The drop height
is set as 1.5m from the leading edge from the rotor
blade. Furthermore, 2 drop tests are conducted and
the maximum indentation analyzed numerically is



compared with the test results. However, load cell
measures the upper part of the impactor assembily,
which is assumed to be 60% of the total weight.
Therefore, impact force and impact energy are only
compared between the test results and discussed in
this paper.

Figure 10: Rotor blade before drop test

The rotor blades during maximum indentation are
shown in Fig. 11. The test results of maximum inden-
tation were 18.8mm and 16.6mm each. In addition,
the discrepancies between numerical analysis and
the experiments are 9.9% and 24.5%, respectively.
The damage from the crash impact did not reach the
titanium spar as shown in the numerical analysis.
Foam core which is filled between skin and spar ab-
sorbed large amount of the impact energy. In conse-
guence, elastic behavior is observed on the impacted
area and as the cylinder bounces up, the rotor blades
tend to keep in shape. However, the impacted skin is
severely damaged. The airfoil of the designed rotor
blade for drop tests is SC1095, which is unsymmet-
rical airfoil. Therefore, different damage mechanisms
are observed between the upper and lower surface.

Wave shaped lines which are major fiber breakage
occurs on the lower surface of the first test specimen
and the upper surface of the first and second test
specimens. On the contrary, large extent of damages
including delamination and fiber breakage are ob-
served across the impacted area of the lower surface
skin of the second specimen. The damages on the
rotor blades after drop tests are shown in Fig. 12.

(a) First test specimen

(b) Second test specimen

Figure 11: Rotor blades during maximum indentation



upper surface

lower surface

(a) First test specimen

upper surface

lower surface

(b) Second test specimen

Figure 12: Rotor blades after crash impact

Force and displacement are set as 0 when the impact
force rises significantly to compare between the test
results. As shown in Fig. 13 (a), it is observed that
extremely similar amount of total impact energies are
applied on the rotor blades. However, different
tendencies on the force curve are observed as shown
in the red box in Fig. 13 (b) and (c). The impact force
on the second test specimen results in a large extent
of damage and the force curve is risen to a certain
amount. However, relatively local damage occurs be-
low the impactor of the first test specimen. This phe-
nomenon is ascribed to be the rotor blade being dis-
enabled to absorb the impact energy resulting in more
indent.
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Figure 13: Experimental results of drop tests

4. ROTOR WHIRL TOWER TEST
4.1. Rotor blade and hub design

To simulate the hub loads of UH-60A and analyze the
interaction of the load transferred to the hub, fan plot
will be constructed by DYMORE as shown in Fig. 8.
The information such as the experimental result of the
rotor blade and configurations of flap/lag hinge, pitch
bearing, pitch link and pitch horn are based on Refs.
13 and 16. Missing information such as the pitch link
stiffness is adjusted to correlate the modal frequen-
cies described in Ref. 14.
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Figure 14: Full-scale rotor blade fan plot

Mach-scaled rotor blade and articulated hub are de-
signed using the following information. The diameter
of the small-scale rotor blade is set to be 2.5m, which
brings the scale factor of 0.153. The dimension of the
hub components is designed according to the scale
factor. Furthermore, first torsion modal frequency be-
comes constant over pitch link stiffness if it is high
enough. Therefore, the pitch link stiffness is designed
to have high stiffness so that the manufacturing vari-
ability do not affect the modal frequency.

To correlate the modal frequencies of full-scale UH-
60 rotor blade within certain discrepancy, cross sec-
tion design of the rotor blade is selected as design
variables. Accordingly, the structural properties of the
small-scale rotor blade cross sections are evaluated
using VABS program. Furthermore, the sectional
properties evaluated by VABS are provided into DY-
MORE. Finally, MATLAB is used to analyze the
modal frequencies to be within allowable tolerance
when compared to those of a full-scale rotor blade.
Figure 15 shows the procedure for designing the
small-scale rotor blade for the whirl tower test.
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Figure 15: Design procedure for the small-scale rotor
blade
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The present design of the Mach-scaled UHG60A rotor
blade is shown in Fig. 16. The rotor blade is divided
into 3 parts so that different layups of E-glass are ap-
plied along the chord. Furthermore, it consists of a E-
glass spar, trailing edge filling and foam core.

Skin #1 Skin #2 Skin #3

e R——

Spar Trailing edge filling

Figure 16: Presently designed rotor blade cross sec-
tion for the whirl tower test

Five modal frequencies along with non-dimensional-
ized rotor speed are correlated within certain discrep-
ancies as shown in Fig. 17. The modal frequencies
are 1t lag, 1%t flap, 2" flap, 2" lag and 1%t torsion
mode each from the bottom.
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Figure 17: Small-scale rotor blade fan plot



4.2. Experimental and numerical evaluation

Whirl tower test will be conducted by using SNURTS
and the rotor blade designed in Sec. 4.1. SNURTS is
fabricated to experiment Seoul National University
Flap (SNUF) blade equipped with an active trailing-
edge flap as shown in Fig. 18[18]. Hover test will be
conducted. In addition, to simulate the condition after
the crash, one-blade-out hover test will be conducted.
Finally, the loads acting on the hub will be measured
and the correlation against the numerical analysis will
be conducted.

Figure 18: Whirl tower test facility

5. CONCLUSIONS

1. In this paper, experimental and numerical evalu-
ation of composite rotor blades under the crash is
presented.

2. The rotor blades are designed to have the correct
characteristics with UH-60A for each purpose of
drop and whirl tower test.

3. Drop test is designed in accordance with MIL-
STD 1290A and it is conducted to evaluate the
maximum indentation and impact force during the
crash impact. In addition, numerical evaluation is
conducted and the correlation against the experi-
mental result is investigated.

4. The design for Mach-scaled UH-60A rotor blade
and hub is conducted to correlate the modal fre-
guencies of the full-scale ones. Whirl tower test
including the hover and one-blade-out hover test
is to be conducted using SNURTS and the corre-
lation between the experimental and numerical
result will be investigated.
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