COMPARISON OF 1-D AND 3-D FINITE ELEMENT STRUCTURAL DYNAMICS

MODELING
Hyeonsoo Yeo Khiem-Van Truong
Aeroflightdynamics Directorate (AMRDEC) D.A.D.S.
U.S. Army Research, Development, and Engineering Command ONERA
Ames Research Center, Moffett Field, CA, U.S.A. Chatillon, France

Robert A. Ormiston

Aeroflightdynamics Directorate (AMRDEC)
U.S. Army Research, Development, and Engineering Command
Ames Research Center, Moffett Field, CA, U.S.A.

ABSTRACT

Comparisons between 1-D and 3-D analyses are conductesirgtitally for advanced geometry blades which have
tip sweep, tip taper, and planform variations near the ratit warious materials and effects of boundary conditions in
order to better understand the differences between the ppomaches and physics behind them. 1-D beam analysis
is conducted using the RCAS rotorcraft comprehensive aislyith VABS calculated 2-D cross-sectional properties.
3-D finite element analysis is conducted using a commerodédMSC/Marc. Natural frequencies are calculated at
various rotor rotational speeds and the differences aratdigal. There is very good agreement between the 1-D
and 3-D analyses for free-free aluminum beams, even foryashart beam with beam length five times chord (L =
5xc). The 1-D analysis accurately captures the planform tiarianear the root for an aluminum beam. In general,
the differences between the 1-D and 3-D analyses occur wiega ts coupling, either generated from geometry (tip
sweep) or material (composite), especially for high fraggyemodes. Without coupling, the 1-D analysis appears to
capture free vibration characteristics of various advdrgeometry beams and blades reasonably well for at least the
six lowest frequency modes when the beam length is greaartén times chord.

1. INTRODUCTION variations at the blade root. Use of composite material
also complicates analysis due to material anisotropy [6].

Rotorcraft aeromechanics analysis is a challenging probleSuch configurations raise the question of validity of 1-D
due to Coup”ng of the Comp|ex structural deformations Obeam methods. More SOphiSticated structural models such
rotor blades with the three dimensional and highly unsteacdd® Plates, shells, and brick elements will require increase
aerodynamic environment. Rotorcraft Comprehensivéomputational effort. Therefore it is worth aSSESSing the
analyses [1-5] have been widely used to model a broded for additional sophistication of 3-D analysis. Instee
spectrum of rotorcraft attributes, including performancereaders are referred to recent efforts to develop a paeikt|
airloads, structural loads, air flow fields, and hub loadsscalable solution procedure for a 3-D finite element method
Most rotorcraft comprehensive analysis codes use 1-D bedfEM) based rotor dynamics analysis [7] and to develop
elements for rotor blade dynamics modeling. Traditiona® geometrically exact 2-D shell element for rotorcraft
approaches rely on the fact that rotor blades are typical§omprehensive analysis [8, 9].

long slender structures with slowly varying elastic pradjse.

This enables the use of 1-D beam theory for aeroelastiduong calculated modal frequencies of ERATO blade (a
analysis. This method is efficient and accurate as long &ench acronym for “Etude d’'un Rotor Aéroacoustique
the cross-sections are small compared to the wave-lengfechnologiquement Optimisé”) using both 3-D finite
of deformations along the beam. Modern rotor bladeslement analysis and 1-D beam analyses, and compared the
have begun to depart from simple straight planforms byesults with experiment [10]. The 3-D finite element anaysi
incorporating tip sweep and taper. Cantilever (hingelessyas conducted using MSC/Marc and the 1-D analysis was
bearingless rotors) blades involve planform and crostiesec conducted using MSC/Marc (beam model) and Eurocopter’s



aeroelastic code R85, which is a predecessor of tteompared 1-D beam and 3-D analysis results for both
comprehensive helicopter aeroelastic code HOST [5]. Thsotropic and composite straight blades with various lbagt
predicted modal frequencies using the 3-D analysis showeaid quantified the differences and also explored the adgquac
better correlation with the experiment than with the 1-Dof 3-D modeling assumptions and practices [13, 14]. As
analyses. The findings of this study motivated the preseatcontinuation of previous work conducted by the present
cooperative research. The US Army Aeroflightdynamicauthors, this paper focuses on quantifying the differences
Directorate (AFDD) and the French Office National d’Etudebetween 1-D beam and 3-D finite element analysis for
et de Recherches Aérospatiales (ONERA) have conductadvanced geometry blades which have tip sweep, tip taper,
research to investigate the differences between a 1-D beand planform variations near the root. In addition to those,
model approach and a 3-D finite element approach undtgre effects of boundary condition are also examined for
the auspices of the United States/France Memorandum stfaight beams. Comparisons of natural frequencies at
Agreement on Helicopter Aeromechanics. The objective ofarious rotor rotational speeds between the two analyses ar
this effort is to better understand the accuracy of curremonducted systematically to better understand the diffeze
rotor blade structural modeling and identify the level ofand physics behind them.

sophistication required to model modern rotor blades.

AFDD used a geometrically exact, shear flexible, anisotropi

beam element implemented in the Rotorcraft Comprehensi@e I-DANALYSIS

Analysis System (RCAS). The new element, termed

the RCAS geometrically exact composite beam (GCB)

element [11], goes beyond the original RCAS nonlinealt Will be useful to briefly discuss VABS and RCAS
beam (NLB) element. The GCB element is specificaljpeam elements. A rotor blade has its length much
intended for composite blades and it is designed to Hareater than the other two dimensions and thus has often
compatible with Variational Asymptotical Beam SectionaPeen treated as a beam, a 1-D structure, to reduce the
Analysis (VABS) [12], a code developed by Cesnik, Hodgeg;omputational costs associated with the analysis. In order
and their co-workers at Georgia Institute of Technology fofo perform this idealization without loss of accuracy, one
determining beam cross-section elastic and mass Con_starhtgs to capture the behavior associated with the two omitted
The development of RCAS GCB element assumed that tifémensions (the cross-sectional coordinates) by cogrect
cross-sectional strain energy is given in terms of elastigccounting for the cross-sectional geometry and material
constants. These can be calculated by finite-element-bagligtribution. VABS is able to calculate the one-dimensiona
cross-sectional analyses such as VABS. Thus, the streifPSs-sectional stiffness constants, with transversershe
energy is given in terms of certain elastic constants as thé&pd Vlasov refinements, for initially twisted and curved
vary along the beam. The complete process includes creatilf§ams with arbitrary geometry and material properties.
a cross-section mesh, transforming that mesh to an input filde variational asymptotic method (VAM) developed by
format for VABS, running VABS, and inputting the VABS Berdichevsky [15] is the mathematical basis of VABS and
output file into the inertial and elastic property file for RSA is used to split a general 3-D nonlinear elasticity problem

, for a beam-like structure into a 2-D cross-sectional angalys
ONERA used commercial codes MSC/Marc for the 3-D,n4 3 1.p nonlinear beam analysis. It allows one to replace

finite element analysis and MSC/Patran for the generatioNz_p stryctural model with a reduced-order model in terms

of meshes using 3-D bricks, thick shells, and beamg; n asymptotic series of certain small parameters intteren
MSC/Marc is a nonlinear finite element code that provideg§, the structure. These small parameters @teand a/R

capabilities for studying dynamic structures undergoaigé  \yhere 4 is the characteristic length of the cross-sectibn,
deformations and it includes both geometric and material the characteristic wavelength of deformation along the
nonlinearities. It is a general-purpose code for simuatin|g it dinal direction, andR is the characteristic radius of

a wide range of engineering applications and manufacturinge initial curvature and twist. The main small parameter fo
processes. straight blades is/l. As| corresponds to the characteristic
This paper compares the state-of-the-art rotary Wing/avelength of deformation, it will decrease as the mode
structural analysis results with 3-D finite element restdts number (n) increases, roughly proportional to L/n where L is
beams and blades with various materials and geometries, dh@ length of a beam. It is then expected that the accuracy
addresses the validity of 1-D beam analysis. Many previo the 1-D theory deteriorates as a beam length becomes
studies were mostly devoted to development of beam theorigBorter, and especially for higher modes. VABS development
and validation with limited experimental and 3-D analysigind comparison with other composite beam theories are
results. The most logical way to assess the limitation gfescribed in Refs. 16-21.

1-D beam theories for rotor blade application is to directly

compare 1-D and 3-D modeling approaches for relevant

blade geometries. The present authors systematicallihe generalized strain energy per unit length accounting fo



transverse shear and trapeze effect is shown below; The data needed by the 1-D analysis consists of the cross-
T ) sectional 66 stiffness matrix, and the cross-sectional inertia
11 S11S12S13 514 S15 Sis 11 properties. In addition, if the trapeze_ effect is to be inled,
Y Y one needs thexd4 A, B, C, andD matrices.

2y12 S12922 9394 S5 S6 | | 2v12 o ,
The original RCAS NLB element uses geometrically

1) 2yi3 S13 93334 S556 | | 2Y13 nonlinear (but not exact) equations for extension, twist] a
U= 2 bi-axial bending (total 4 variables). The trapeze effect is
K1 514524 534 S04 S5 a6 K1 included, but there are no shear deformation variables. An
K2 Si5 S5 S35 S45 S55 S56 Ko ordering scheme is used to simplify the equations of motion.

The order of several geometrical parameters describing the
undeformed beam and the state of the beam’s deformation is

K3 S16 26 36 46 56 66 | | K3

T estimated in terms of a dimensionless parametso that
Y11 Y11 €2 < 1. All terms are retained in the kinetic and strain
K1 Ky energies througlO(e) relative to the leading terms. The
+ (y11A+ K1B+K2C 4 K3D) GCB element is geometrically-exact, which means that there
K2 K2 is no need for ordering schemes. The only approximations

are in the formulation of the beam constitutive law, the
discretization process, and the element quadrature. GCB

where s i he extensionlsrain messurauzand sy TSN USES S primary varbles, tree fore s
are the transverse shear strain measures of the croseﬂsectmoment strain measures (twist and two bending)
K1 is the elastic twist strain measure, arg and k3 are 9)-

bending strain measures. This is referred to as a genedtalizg, RCAS, large motions of the beam are provided for both
Timoshenko model [19]. Assuming that the elastic constani§. B and GCB elements by the motion of element frames

are correctly determined, itis accurate as long%s< 1° and  that are rigidly attached to their parent elements at their
thus is more accurate than the classical model, partigularjoot. Element deformations are defined with respect to the
for the second and higher modes dominated by bendingiement frame and thus the elastic deformations in each
Cross-sectional analyses are usually linear, but the €éaap gjement remain small if sufficient beam elements are used.
effect” is a nonlinear effect caused by extension-torsiofiye effectiveness of this approach in RCAS addressing both

coupling in beams undergoing large axial forces due tfgid and flexible body kinematics has been demonstrated in
large centrifugal forces. It slightly increases the effeet Ref 23,

torsional stiffness and thus the rotating torsional freties.
Reference 22 provides a more detailed description on hodv3-D FINITE ELEMENT ANALYSIS
the trapeze effect is modeled in VABS.

K3 K3

The finite element method (FEM) is a numerical technique
The elements of the»66 inertial matrix are arranged as for finding approximate solutions to partial differential
~ equations. Two key ingredients in the finite element analysi

H 0 0 0 WXm3 —HXn2 are mesh discretization and interpolation. The geometry
to be analyzed (continuous domain) is divided into smaller
0 H 0 -wes O O regions of finite dimensions called finite elements, corgbct
0 0 L Whe O 0 at discrete points called nodes. The physical variables
associated with the nodes are interpolated over the element
0 —Wms X2 lo2+133 O 0 using polynomials whose order depends upon the number of
nodes assigned to the element.
W O 0 0 Il —lz3
g O 0 0 —ls lag The quality of the mesh plays a key role in the accuracy of

. the results. One of the factors that can affect the quality of

wherepLis mass per unit lengthygz: xvs) is the location of mesh is aspect ratio. Aspect ratio is ratio o_f I_ongest edge
mass centel,, is the mass moment of inertia abotaxis, Ienth to shortest edge length. Normally, finite eleme_nt.f,
la3 is the mass moment of inertia abaut axis, |»3 is the provide more accurate answers wheq the aspect ra.tlo is
product of inertia. closest to 1. For the present modgl_lng and analysis, _|t

was kept below 5. For an accurate finite element analysis,
The complete RCAS plus VABS analysis process includassers need to decide what type of finite element would be
creating a cross-section mesh, transforming that mesh to appropriate and how fine a mesh would be sufficient. Mesh
input file format for VABS, running VABS, and inputting the convergence refers to the minimum element size required
VABS output file into the sectional property file for RCAS.to ensure that the results of an analysis are not affected by



changing the size of the mesh. This is determined by théoung’s modulus is E = 1.0E+07 IbAnPoisson’s ratio is
characteristic sizeh) of the elements. This is called the = 0.3, and the mass densitygs= 2.538E-04 Ib sedin®.

h-refinement of the model. If the mesh is too coarse, the B
elements will not be able to capture the behavior of th&CAS uses 30 elements for L = 2@ and 15 elements for

structure and there would be a discretization error. On thle = 10x¢. The cross-sectional properties were obtained
other hand, if the mesh is too dense, solution time will be toBO™M VABS using 9-noded quadrilateral elements. It should

high. An ideal mesh would use just enough elements to arrif¥ Noted that 86 mass and stiffness matrices can be
at 100% convergence. The alternative to theefinement generated analytically for a homogeneous, isotropicdsoli

is increasing the order of the element shape functiqns (rectangular cross-section. The two methods produced the
refinement). same cross-sectional properties. For the 1-D analysis, the

clamped boundary condition was applied by zeroing all the
MSC/Marc provides linear and quadratic elements for 3six variables (three displacements and three rotationtjeat
D solids. The transformation from the linear elements teoot node. In the 3-D finite element analysis, the beam is
the quadratic elements can be done quasi-automaticalty wimodeled by brick elements as shown in Fig. 2. For the 3-
the graphic interface MSC/Marc Mantat. MSC/Marc alsd analysis, the clamped boundary condition was applied as
offers a wide range of element libraries including 3-D solidfollows. First, all the nodes at the cross-section at th¢ aio®
elements (8-noded and 20-noded hexahedrons, and 4-nogetinected to the center node through rigid links using rigid
and 10-noded tetrahedrons, etc.) and various shell elemeriiody element RBE2 in MSC/Marc as shown in Fig. 2. Then,
It is interesting to note that the choice of elements ighe clamped boundary condition was applied by zeroing three
sometimes dictated by the problem considered. For instangiisplacement degrees of freedom of the center node. Thus,
if aerodynamic nodal forces and moments are applied intbe clamped boundary conditions modeled by the 1-D and
the 3-D structure, there is no other alternative than udiegl s 3-D analyses are not exactly same.

elements for modeling the blade skin, as the nodes of solj .
ure 3 shows the natural frequencies calculated from both

CAS and MSC/Marc. Comparisons are made for up to

8 modes in this figure and throughout the paper. With

MSC/Marc also can be tailored to user needs through usegam length 2@c, there is good agreement between the

defined subroutines written in Fortran. Furthermore, it ha@vo analyses for low frequency modes and most of high

parallel analysis capabilities for all the steps of analysifrequency modes, except the fifth flap mode. As expected,
(assembly, matrix solution, and stress recovery). MSCéMathe rotational speed increases the flap frequencies due to
has been Successfu”y Coup|ed with Comprehensi\f@ntrifugal force, but has a small influence on the Iag and

helicopter aeroelastic code HOST and computatiofprsion frequencies. As the beam length is reduced to

fluid dynamics (CFD) code for rotorcraft aeromechanicd0xc, there is a significant increase in frequencies as would
analysis [24]. 3-D finite element modeling assumption§€ expected. According to classical beam theory, non-

and practices relevant to the present study can be foundfi@fating flap and lag frequencies are proportional te?Hhd

elements have only translational degrees of freedom and
not carry moments.

Ref. 14. torsion frequencies to 1/L. The 1-D beam analysis results
deviate from the 3-D analysis calculations as the beamltengt
4. RESULTS AND DISCUSSION becomes 1@c¢ and the effects of 3-D characteristics become

more important. There is still good agreement between the

Comparisons between the 1-D and 3-D analyses afg, annroaches for lower modes, however, the differences
conducted systematically for several problems to bettGHecome larger for higher modes

understand the differences and physics behind them. First,

effects of boundary condition are examined. Then, effetts @s previously mentioned, there is a difference in the
tip sweep, tip taper, and planform variation near the bladieoundary condition that constrains the clamped end of the
root are investigated. It should be noted that both RCABeam between the 1-D and 3-D analyses. In order to
NLB element and GCB element are used for the investigatiamderstand the effects of boundary condition on the natural
of boundary condition, however, only RCAS GCB elementigrequency calculation, free-free beam analysis is coretlict

used for the remaining analyses. This will eliminate any uncertainties associated with the
o boundary condition. Table 1 compares non-rotating (zero
4.1. Effects of boundary condition and beam length RPM) first torsion frequencies of clamped-free and free-fre

Beams with various beam length. The cross-section geometry

Natural frequencies were calculated for an aluminum soli same as the one in Fid. 1. Analvtical solutions can be found
section beam using 1-D and 3-D analyses. Figure 1 shoWs 9.1 y L o
Tt

the geometry of the beam investigated. The beam is clampt clamped-free Euler-Bernoulli beam ag1 = 3¢ \/,:

to the wall at the root. The width of the cross-section is 3.4ahere GJ is torsional stiffness andl is moment of inertia,

in and the thickness is 0.85-in and the length of the beam &nd the effective length is reduced by half for the free-free
twenty times chord (20c¢) and ten times chord (2). The beam. And thus the L = 20c results for the free-free beam



are identical to the L = 1Rc results for the clamped-free As the sweep angle increases, strong coupling between flap
beam. Both RCAS NLB element and GCB element arand torsion occurs. The tip sweep has virtually no influence
used to compare the capabilities of the two elements. RCA® the first flap and first lag mode frequencies, however, the
results are exactly same as the analytical solutions. Theupling eliminates pure torsion and tends to reduce flap
first torsion frequency of the free-free beam of length L igflap dominant but coupled flap-torsion mode) frequencies as
identical to that of the clamped-free beam of length L/2 as ththe sweep angle increases, especially at higher rotor speed
mid-span of the free-free beam acts as a clamped boundaand increase torsion frequency. The torsion frequencyts no
The 3-D results are quite different from the 1-D results foshown for the swept-tip cases as it is above the eighth mode
the clamped-free case, and the difference gets larger as {lsecond lag mode became the eighth mode), but later plots
beam length decreases. However, they are very close to the composite beams will show the trend clearly. For the 30-
1-D results for the free-free beam. Unlike the 1-D resultgjeg tip sweep, the two analyses show almost identical sesult
the first torsion frequency of the free-free beam of length lup to about 1000 RPM, after that the 1-D beam analysis
is not same as that of the clamped-free beam of length L/&sults deviate from the 3-D analysis calculations for tigh h
The mid-span of the free-free beam experiences warping oequency modes. The biggest differences between the two
the cross section, while it was constrained for the clampeahalyses occur for the eighth mode at the highest rotor speed
condition. and those are 0.11%, 1.48%, 3.29% for the 0-deg, 30-deg,

. . . and 45-deg sweep angles, respectively.
The non-rotating third flap frequencies are compared for

the same beam in Table 2. Again, the analytical solutiofiigure 6 shows the natural frequencies for graphite-epoxy
was obtained for the Euler-Bernoulli beam ag3 = Solid section beams with layup angle [6F]24. The width

(7.855)2 /E_|4, whereEl is flap stiffness andn is mass of the cross-section is _1.0—|n, same as the alun_1|nu_m beam
mL tested. However, the thickness of the cross-section is79.11

per unit length, for the clamped-free boundary conditiod an. The material properties [26] are E= 2.059E+07 Ib/i,
wr3 = (10.996)2, /% for the free-free boundary condition. g,, = Eg3 = 1.42E+06 Ib/iR, G1» = Gi3 = 8.9E+05 Ib/irf,

The NLB elements, which include nonlinear terms, reduc&,s = 8.0E+05 Ib/irf, vi» = V13 = 0.42,v,3 = 0.54, andp
frequencies compared to the results with the classical 1.44E-04 Ib se¥in®. It should be noted that these beams
Euler-Bernoulli beam theory. With the inclusion of sheamare coupled only through tip sweep similar to the aluminum
flexibility, the GCB elements further reduce frequencies fobeams. Both 1-D and 3-D analyses show almost identical
higher frequency modes and shorter beams, and show bettesults and good correlation with the experiment withguit ti
agreement with the 3-D results, especially for L x&case. sweep. Again, the coupling decreases flap frequencies and
Again, there is better agreement for the free-free beam thamcreases torsion frequencies. As the sweep angle in@ease
the clamped-free beam between the two analyses. more differences are observed for the high frequency modes.
The differences between the two analyses are about 4.9% for
the first torsion and second lag modes for the 45-deg sweep

This section investigates the effects of tip sweep wit@n9l€:

aluminum and composite beams and a more realistic rotefgure 7 shows the natural frequencies for graphite-epoxy
blade. Good experimental data for fundamental validatiogolid section beams with layup angle [45°)24. the width

of swept tip blade frequencies were scarce until rotatingf the cross-section is 1.0-in, same as the aluminum beam
beam data were obtained in the University of Marylandested. However, the thickness of the cross-section is70.12
vacuum chamber [25]. This experiment included composit@. |t should be noted that there is flap-torsion coupling
as well as aluminum beams, and those results are used {Rfe to angle-ply lay-up for thg 5°],4 case even without tip
comparison. Figure 4 shows the geometry of the aluminugeep. Unlike the previous two cases, a small difference
beam, which has been tested in the University of Marylangias observed for the fifth flap mode even without tip sweep.
vacuum chamber. The length of the beam tested is L = 40-ifhe difference for the eighth mode frequency becomes larger
which included a 2.5-in hub. The width of the cross-sectioas the sweep angle increases and RPM increases. It is
is 1.0-in and the thickness is 0.063-in. interesting to note that the large difference in the secand |

Figure 5 shows the natural frequencies of aluminum beamCde observed for the layup angle[6f]24 with the 45-deg
eep angle did not occur for this case.

with various tip sweep angles. The calculated results are!
compared with experimental data. Experimental frequendyatural frequencies are calculated for a realistic rotadkel
measurements were made up to 750 RPM. Howeverjth composite construction. The blade examined is a Mach-
analytical calculations are extended to 1500 RPM. An RCAScaled hingeless rotor with straight and swept-tip blades
model of the beam was developed with 20 elements tested in the U.S. Army Aeroflightdynamics Directorate
represent the beam section and 5 elements to represent (AEDD) 7- by 10-Foot Wind Tunnel in order to study
tip. Without tip sweep, both 1-D and 3-D analyses showeroelastic phenomena [27]. These rotors are also referred
identical results and good agreement with the experimerds Advanced Dynamics Model (ADM). The objective of

4.2. Effectsof tip sweep



this investigation is to compare the 1-D and 3-D approachesea is 0.4-in and the width of the main blade part is 2.4-
for the cross-section of a realistic composite blade, thus. There is a linear transition between the two sections
rotor blade flexure region was modeled rigid to simplify thefrom 12%L to 22%L span. The thickness is constant (0.24-
analysis and some of the unknown material properties weig) from the root to tip. Detailed 3-D meshing is shown
assumed. in Fig. 13. About 17000 elements are used for modeling
o _the blade including about 4100 elements for the transition
The planform used for the current analysis is shown ione \which means about 25% of the total elements are
Fig. 8 and the cross-section is shown in Fig. 8(c). Thfeyoted to the 10% of the blade length. Figure 14 shows
width of the cross-section is 3.4-in. The materials anghe natural frequencies of aluminum beam with inboard
geometric qurmatlon used for thg individual componerits Qransition zone. For the 1-D analysis, convergence study wa
the blade are in Ref. 13 and detailed cross-sectional maitergqnqyced to identify sufficient number of elements to captur
properties are listed in Table 3. Figure 9 compares naturgle geometric variations near the root. Figure 14(a) shows
frequencies calculated for the straight and 28-deg swegkcas with 12 elements; 1 element in flexure, 1 in transition

tip ADM blades. Considering the complex geometry anggne and 10 in main blade. Figure 14(b) shows RCAS with
materials and relatively short length, the results show verzg gjements: 4 elements in flexure, 16 in transition zone, and

good agreement without tip sweep. For the 28-deg tip Sweegy in main blade. There is a significantimprovementin the 1-
the two analyses show good agreement up to the sixth mogg o naiysis results by using more elements in the flexure and

However, there is a significant difference in the seventh anghhsition zone and the results from the two analyses show
eighth modes. While the frequency of the seventh mo%ry good agreement.

identified by 3-D analysis as flap-dominant mode increases

as rotor speed increases, the 1-D results are insensititie to Figure 15 plots first torsion and second lag frequencies
rotor speed and it is identified as pure torsion mode by thealculated with RCAS with increasing number of elements

1-D analysis. Further investigation is needed to identify t in the flexure and transition zone. The numbers above each

source of the differences. bar represent number of elements in the flexure and transitio
) zone, respectively. As the number of elements increases,
4.3. Effects of tip taper the frequencies decrease as expected. The 4 elements in the

This section investigates the effects of tip taper with aglexure and 16 in the transition zone is regarded as converged

aluminum beam. Figure 10 shows the geometry of the bea ecause using 32 elements in the transition zone changed the

. . 0 1
The baseline (without taper) geometry is same as the one fauencies only less than 0.2%. It Sh.OUId also pe mentioned
t gt 8 elements in the flexure made virtually no influence.

Fig. 1 and taper starts at 75% of the span and chord is reduc

by 20% at the tip. Figure 11 shows the natural frequencigsigure 16 shows the natural frequencies of graphite-epoxy
calculated from both RCAS and MSC/Marc for two differentsolid section beams with layup angle (f5°]4. The
lengths. As there is no test data available on a beam with tflanform and cross-section geometry are same as the one in
taper, only analysis results are compared. Flap frequencigig. 12. Again, RCAS results with both 12 elements and
did not change much from the baseline (without tip taper3o elements are compared with the 3-D results. The two
results shown in Fig. 3. For the L = 2@ case, the first analyses show good agreement up to the sixth mode when 30
and second lag frequencies increased by 4.18% and 2.238sments are used for the 1-D analysis (the difference igtabo
respectively, compare to those of the straight (no tapexiybe 194 for the sixth mode at 1500 RPM). Among the seventh to
And the first torsion frequencies increased by 6.60%. Thek@inth modes (ninth mode is not shown), the modal frequency
is good agreement between the two analyses for the L |ies cross each other around 850 RPM and 1000 RPM and
20xc case, but the difference increases for the shorter fhe differences between the two analyses are larger around

= 10xc case, especially for the high frequency modes. lthose RPMs. Using 32 elements in the transition zone did
general, moderate taper has a small influence on the naturgt improve the results.

frequencies for the geometry examined. Detailed modeling
of more general tapered beam can be found in Ref. 28: SUMMARY AND CONCLUSIONS

Although the effects of tip taper on natural frequencies argegits from 1-D beam analysis using the RCAS rotorcraft
small, cross-section variations near the blade root mityt p ¢ mprehensive analysis with VABS calculated 2-D sectional
an important role. Thus, the chord variation near the bladg. e rties are compared with 3-D finite element analysis
rootis examined in the next section. using MSC/Marc to assess the validity of 1-D beam theories
4.4. Effects of planform variation near blade root for rotor blade application. Natural frequencies are coraga .

for free-free beams and advanced geometry blades which
This section investigates the effects of planform variatiohave tip sweep, tip taper, and planform variations near the
near the blade root. Figure 12 shows the geometry @bot with various materials. Comparisons between the 1-D
the beam. The length of the beam is L =x& which and 3-D analyses are made up to eight modes at various rotor
included a 5%L hub. The width of the inboard flexurerotational speeds for various beam lengths.



From this study the following conclusions were obtained: The first and third authors would like to express thanks to
Dr. Jimmy Ho at Science and Technology Corporation,

) Ames Research Center and Prof. Dewey Hodges at Georgia
1. There is very good agreement between the 1-Qqiitjte of Technology for sharing their experience and

and 3-D analyses for free-free aluminum beamsknowledge especially Dr.

Jimmy Ho for conducting the

The differences in the first torsion and third flap\zgg analysis for the ADM blade.

frequencies are 0.75% and 1.03%, respectively, for
a very short beam with L = %c, which are much

smaller than the differences for the clamped-free
beams. RCAS geometrically exact composite beam
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aluminum and composite beams when the beam is
sufficiently long and has no sweep. However, the
differences between the 1-D and 3-D analyses increase

as the tip sweep angle increases, especially for higth]

frequency modes.

. There is excellent agreement for the realistic
composite blade (ADM blade) between the 1-D and
3-D approaches without tip sweep, considering very
complicated layups. However, there are significant
differences in the seventh and eighth modes for the
swept-tip case. Especially the difference in the modal
content for the seventh mode is not understood and
further investigation is needed to identify the source
of the difference.

. In general, taper has a small influence on the natural
frequencies for the geometry examined (taper starts at
75% of the span and chord is reduced by 20% at the
tip). The differences between the two analyses did not
change much due to the tip taper.

. The 1-D analysis accurately captures the planform
variation near the root for an aluminum beam when
sufficient number of elements is used. However, the

differences between the two analyses are larger for thg§7]

composite beam with bending-torsion coupling.

. In summary, the differences between the 1-D and
3-D analyses occur when there is coupling, either
generated from geometry (tip sweep) or material

(composite), especially for high frequency modes.[8]

Without coupling, the 1-D analysis appears to capture
free vibration characteristics of various advanced
geometry beams and blades reasonably well for at least

the six lowest frequency modes when the beam Iength[9

is greater than ten times chord.
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Table 1: Comparison of non-rotating first torsion frequeatgluminum beam.

Clamped-free Free-free
L=20xc L=10xc L=5xc|L=20xc L=10xc L=5xc
Analytical solution, Hz| 201.54 403.08 806.17 403.08 806.17 1612.34
RCAS NLB, Hz 201.54 403.08 806.17] 403.08 806.17 1612.34
RCAS GCB, Hz 201.54 403.08 806.17 403.08 806.17 1612.34
MSC/Marc, Hz 204.41 412.93 842.36 404.41 810.29 1624.22
Difference, % 1.42 2.44 4.49 0.33 0.51 0.74
Table 2: Comparison of non-rotating third flap frequencylohginum beam.
Clamped-free Free-free
L=20xc L=10xc L=5xc|L=20xc L=10xc L=5xc
Analytical solution, Hz| 103.42 413.68 1654.78 202.67 810.67 3242.67
RCAS NLB, Hz 103.36 41294  1641.8] 202.42 806.75  3181.27
RCAS GCB, Hz 103.20 410.28  1603.10 202.00 800.40  3089.55
MSC/Marc, Hz 104.00 413.94  1623.61 202.33 804.37  3121.33
Difference, % 0.78 0.89 1.28 0.16 0.50 1.03
Table 3: Material properties of ADM rotor blade
Component Material Density El1l E22 G12 =G13v12
Ib seé/in* Ib/in? Ib/in? Ib/in?
Component1 &4 fiberglass +4545° 1.5976E-04 1.6150E+06 1.6150E+06 6.6079E+05 0.46
Component 2 carbon graphite 1.3470E-04 2.0069E+07 1.28@RE 5.0299E+05 0.30
Component3 &5 fiberglass®0® 1.5976E-04 2.2769E+06 2.2769E+06 3.9662E+05 0.18
Component 6 tantalum 1.2804E-03 2.0972E+05 2.0972E+05292ER+04 0.49
Component 7 foam 1.7871E-05 1.1995E+04 1.1995E+04 4.9e0BE 0.20
Component 8 Fiberite HY-E 9048A1F 1.7094E-04 5.1860E+062325E+06 5.6594E+05 0.27

Component9

foam

8.9343E-06 4.5034E+03 4.5034E+03 1.060BE 0.45
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Fig. 1: Aluminum beam geometry

Fig. 2: 3-D mesh and clamped boundary condition for alumirogam
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Fig. 3: Frequency comparison for aluminum beam.
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Fig. 5: Frequency comparison for aluminum beam with tip qwee
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Fig. 6: Frequency comparison for graphite-epoxy beam vifitsweep[0°]24.
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Fig. 9: Frequency comparison for ADM rotor blade.
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Fig. 12: Blade planform with inboard transition.
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Fig. 15: Effects of number of elements on non-rotating fiestgies for aluminum beam with inboard transition.
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