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ABSTRACT

Coupled CFD/CSD (RCAS/Helios and CAMRAD lI/Helios) anagsare performed and the calculated rotor struc-
tural loads are compared with the flight test data obtaineih fhe NASA/Army UH-60A Airloads Program. Three
challenging level flight conditions are investigated: 1gthspeed with advancing blade negative lift, 2) low speed
with blade-wake interaction, and 3) high thrust with dyneustall. The predicted flap bending and torsion moments,
pitch link and lag damper loads, in general, show reasongdd correlation with the test data. A nonlinear lag
damper model is essential for the accurate prediction of chord bending moment and lag damper load. Both
analyses, however, significantly underpredict the chordllmg moments, especially the 4/rev harmonic amplitude.
Parametric study shows that blade stiffness variations baly a small influence on the loads calculations. However,
modal damping in the first flap mode has a significant influemcthe flap bending moments. Inclusion of a simple
one degree-of-freedom drivetrain model shows the potentigortance of high frequency drivetrain modes for the
accurate prediction of the 4/rev chord bending moments arebd to develop a realistic drivetrain model.

NOTATION estimated fatigue design loads (oscillatory rotor loads}-
ten, these design loads are scaled from previous flight test

A rotor disk areamrR? databases, as calculations are not trustworthy. The roacis!
Cr rotor thrust coefficientT /p(QR)?A that are transmitted to the airframe via the rotor hub and
Cw weight coefficientGW/p(QR)?A swashplate are the dominant source of helicopter vibration
GW gross weight Vibration reduction devices, active and passive, are uged t
Lt fuselage lift meet very stringent vibration requirements. However,rthei
Ls stabilator lift cost and weight penalty have been excessive in part becuse o
LTr tail rotor lift inadequate vibration prediction capability. Accuratedice
My hub roll moment (positive right down) tion capability of rotor loads and vibration at an early desi
My hub pitch moment (positive nose up) stage has the potential to significantly reduce costly maaifi
R rotor radius tions, additional testing, weight penalties, and overaifqr-
Tvr main rotor thrust mance degradation.
Voo free-stream velo_c_lty ) Rotor loads and vibration analysis is a challenging multi-
ds shaft angle (posmve for rearward tilt disciplinary problem due to coupling of the complex struatu
H advance ratioy../ QR deformations of rotor blades with the three-dimensional an
p fre(_a-_stream density highly unsteady aerodynamic environment. In recent years,
g solidity ) there has been significant progress in rotorcraft aeronmecha
Q rotor angular rotation rate

Accurate prediction of rotor blade loads and vibration is e
sential for the successful design of rotorcraft.
sign of rotor dynamic components, fatigue life assessmen
of the components depends heavily on the accuracies of the

INTRODUCTION

S
In the de:

ics prediction capability using coupled computationaldlui
dynamics (CFD) / rotorcraft computational structural dynra

ics (CSD) analyses (Refs. 1-5). The CFD methods, which
use a high fidelity, Navier-Stokes, overset grid methodplog
with first principles-based wake capturing, overcame time li
itations of the conventional lifting line aerodynamics dise
torcraft comprehensive codes. The CSD methods (through
comprehensive code) performs the sophisticated stalctur

Presented at the AHS 70th Annual Forum, Montréal, Québegynamics modeling and also carries out trim calculations.

Canada, May 20-22, 2014. This is a work of the U.S. GowCoupling a CFD code to a comprehensive code marries the
ernment and is not subject to copyright protection in the. U.Sstrengths of the two approaches and produces the highest fi-
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delity solution currently possible. (11.3% radius) and then evenly distributed along the blade

The present authors demonstrated improved airloads pfd- 10% increments of the rotor radius (20%90%). Flap

diction capability using a loosely coupled CFD/CSD metho@ending mo_ments were measured at all nine radiaol locations.
in three challenging level flight conditions of the NASA/Aym Chord bending moments were not measured at 90%R and tor-
UH-60A Airloads Program (Ref. 1): 1) high spegd=0.37, SioN moments were measured only at 30%R, 50%R, 70%R,

Cr/o = 0.081 (C8534), with advancing blade negative ”ﬂand 90%R. Additional instrumentation included strain gesug

2) low speedy = 0.15,Cr /o = 0.076 (C8513), with blade- on the pitch links, dampers, and rotor shaft.

wake interaction, and 3) high thrugt,= 0.24,Cr /o = 0.129 All pressure signals were filtered using 550 Hz low-pass
(C9017), with dynamic stall. Blade section normal force ané- pole Butterworth filters and digitized at a rate of 2142 sam
pitching moment magnitudes and phases are accurately cgfes/sec/channel. The non-pressure signals were filtesed u
tured in the coupled solutions, overcoming the inaccusamie ing 110 Hz low-pass 6-pole Butterworth filters and digitized
airloads prediction using comprehensive analysis alone: P at a rate of 357 samples/sec/channel. For a typical lexgitfli
diction of rotor airloads for these three flight conditiorsvl  test condition, a 5 second time slice (approximately 19 1evo
been performed by many researchers using various combidations) was stored in the database. These data are stored in
tions of CFD/CSD tools (Refs. 6-9). All the coupled analyseshe master TRENDS database at the NASA Ames Research
in general, show satisfactory airloads correlation withtihst Center.

data. For comparison with analyses, the raw data in the

Rotor structural loads also have been investigated foethe§RENDS database needed to be post-processed. The first step
conditions by several researchers (Refs. 10-12). In gkneraas a zero azimuth reference correction. The zero azimuth
the prediction of the structural loads did not show the sameference for the TRENDS database aligned the center of the
level of correlation with the flight test data as observedlffer rotor hub, the center of the elastomeric bearing, point$ien t
predicted airloads. blade quarter-chord, and the rotating beacon light on tihe ta

In the present paper, both coupledln oro_ler to d_efine the zero azimuth refererjce to be.parallel to
RCAS (Ref. 13)/Helios (Ref. 14) and the pitch axis, a negative 7-deg blade azimuth shift was ap-

CAMRAD Il (Ref. 15)/Helios analyses are performedplled to all azimuthally dependent data (Ref. 18).

and rotor structural loads results are compared with datafr ~ The second step was a correction for the signal delay
the same three level flight conditions of the NASA/Armycaused by the antialiasing filters. Assuming an ideal 110 Hz
UH-60A Airloads Program. Calculated blade flap and chortbw-pass 6- pole Butterworth filter, the nominal group delay
bending moments, torsion moments, pitch link loads, and lggime shift) of the signal as it goes through the filter is (68
damper loads are compared with the flight test data. Detailsgc (group delays are actually slightly non-linear for fhier

time history and harmonic responses are examined to asstgse). With the standard flight rotor speed of 258 RPM, this
the high fidelity analysis codes’ accuracy in the calcutatib  results in an azimuthal delay of approximately 8.6 deg. This
rotor structural loads. Effects of a nonlinear damper modehzimuthal correction was applied to all the non-pressuageh
blade stiffness, structural damping, and drive train dyicam nels from the flight test, including the shaft bending gauge.

on the rotor structural loads are also investigated. For the 550 Hz filters used for the pressure channels, the
equivalent delay was 0.00112 sec, resulting in a correction
DESCRIPTION OF THE TEST of 1.7 deg.

The first correction has been applied to the test data since
The test data used in the present study were obtained duripghuary 2005 (before 2005, the correction was applied in the
the NASA/Army UH-60A Airloads Program conducted fromwrong direction). The second correction was first applied in
August 1993 to February 1994 (Ref. 16). The database prgg12 for the comparison between the full-scale UH-60A Air-

vides aerodynamic pressures, structural loads, contrgit pojoads wind tunnel and flight test data (Ref. 19). For this gtud
tions, and rotor forces and moments, allowing for the validayoth corrections were applied to the test data.

tion of both aerodynamic and structural models. The steady

level flight test matrix contains a range of advance ratio
and gross weight coefficients as shown in Hig.The three ?')ESCRIPTION OF ANALYTICAL METHOD

test points investigated here and an aerodynamic rotor liftfhe analytical results were obtained using coupled
boundary obtained in wind tunnel testing of a model rotor bcas/Helios and CAMRAD I1/Helios. This section
McHugh (Ref. 17) are also plotted. describes each method and how they are coupled to produce

Two of the blades were heavily instrumented: one witt higher fidelity solution.
subminiature pipette-type pressure transducers and ahe wi
a mix of strain-gauges and accelerometers. Absolute preRCAS and CAMRAD |l comprehensive analyses
sures were measured at nine radial locations. Blade flap-bend
ing, chord bending, and torsion moments were measured wiotorcraft Comprehensive Analysis Systems (RCAS) is a
two- or four-leg strain-gauge bridges bonded to the seaond icomprehensive multidisciplinary, computer software ayst
strumented blade. The gauges were located at the blade rémtpredicting rotorcraft aerodynamics, performance)iits
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and control, aeroelastic stability, loads, and vibratiBCQAS program sponsored by the DoD High Performance Comput-
is capable of modeling a wide range of complex rotorcraihg Modernization Office (Ref. 14). Helios uses an innova-
configurations operating in hover, forward flight, and maneuive dual-mesh paradigm that employs unstructured meshes
vering conditions. The RCAS structural model employs @ the “near-body” close to the surface to capture the wall-
hierarchical, finite element, multibody dynamics formidat bounded viscous effects and structured Cartesian grids in
for coupled rotor-body systems. It includes a library ofipri  the “off-body” to resolve the wake through a combina-
itive elements including nonlinear beams, rigid body massion of higher-order algorithms and adaptive mesh refine-
rigid bar, spring, damper, hinges and slides to build aalily ment (AMR). An overset procedure facilitates the data ex-
complex models. RCAS has been used recently for perfochange and also enables the relative motion between the two
mance and loads correlation of various rotors including theeshes. The parallel domain connectivity solver PUNDIT
UH-60A (Refs. 20-22). automatically handles the data exchange between the two

Comprehensive Analytical Model of Rotorcraft Aero_meshes. CFD is loosely coupled with CSD solvers (RCAS or
dynamics and Dynamics (CAMRAD) Il is an aerome-CAMRAD 1) to solve the rotorcraft structural dynamics and

chanics analysis of rotorcraft that incorporates a combind ™ Alightweight Python-based software integratiormie

tion of advanced technologies including multibody dynam\-’vOrk handles the data exchange between the modules.

ics, nonlinear finite elements, and rotorcraft aerodynamic ~ The near-body unstructured solver NSU3D is a node-
CAMRAD Il has been used extensively for correlation of percentered, finite-volume-based unsteady Reynolds-Average

formance and loads measurements of the UH-60A in variol¥avier-Stokes (URANS) solver that is spatially secondeord
flight conditions (Refs. 23-26). accurate and is capable of handling mixed elements. Time-

accurate computations utilize a 2nd-order backwards+Eule

~ Both analyses include multiple aerodynamic options fofime stepping scheme along with dual-time stepping for con-
airloads, wake-induced flow fields, and aerodynamic 'nterf"jvergence of the nonlinear problem at each physical time step

ence. Airloads models include two-dimensional (2D) airfoiThe spalart-Allmaras turbulence model is used. The struc-
and lifting-line models for rotor blade, wings, and 3D a#tlts  ,req solver SAMARC is used for the Cartesian off-body grid
for bodies. system. SAMARC solves the inviscid Euler equations using a

5th-order spatial discretization scheme and 3rd-ordelia@ixp
Structural modeling Runge-Kutta time integration scheme.

The computational grids model the standard UH-60A
The UH-60A Black Hawk is modeled in comprehensive analblade geometry. The unstructured blade mesh was generated
yses as well as CFD as an isolated rotor, not as a complete aising GRIDGEN and AFLR3 software. The 4 rotor blade
craft. The structural model of the rotor employed in thigigtu grids have 15.4 million nodes and 36.5 million cells. The
is developed from a common UH-60A master input databastnest off-body spacing is 5% chord with a fixed refinement
which was developed by Yeo and has been used extensivegion surrounding the rotor plane; AMR is not used here.
for studies of the UH-60A (Refs. 7,10, 23, 27). Detailed rotoThe off-body grid contains 146 million unblanked grid psint
pitch control system linkage geometry, stiffness, and imenl on 8 levels. Details of the flow solvers, input parameterd, an
ear lag damper are also incorporated. To assess the stauctyrids are available in Refs. 4 and 14.
dynamic modeling, Ho et al. specified measured airloads from
flight test as prescribed external loads and then compaeed oupling procedure and trim
resulting response with the measured response (Ref. 28). Th
close agreement between RCAS and CAMRAD |l prediction§he CFD/CSD coupling procedure uses the standard loose
and between the calculations and test data provides sigmific Or “delta” coupling approach (e.g. Refs. 1 and 2). At

confidence in the structural dynamics modeling and analysgich coupling iteration the aerodynamic loads calculaged b
methodology of the two codes. CFD are passed to CA (Comprehensive AnalysiRCAS

, . or CAMRAD lI). After trimming with the CFD airloads, CA
_ Figure 2 compares the blade in-vacuo natural frequensy g tes the blade deflections relative to the blade frame of
cies calculated by RCAS and CAMRAD Il The frequencieSgterance and passes them back to CFD. This sequence is re-
shown here are for a nominal zero collective pitch with Ve%eated until the airloads, deflections, and control angbes ¢
small structural damping. The frequency predictions by th\'?erge, typically in about 3-4 revolutions, depending onhflig

two comprehensive codes show good agreement. There @&, jitions. The exchange of information between CFD and
strong couplings between modes for the fourth to sixth modgsy ¢qges are handled by the Rotor Fluid Structure Interac-
and participation by each of the contrasting motions depeng, (RFSI) module.

on the rotor speed for the coupled modes. ) _
For those cases that looked at the effects of the drivetrain,

a modified coupling procedure was used. In particular, it was
Helios necessary to return blade deflections from CA in the non-

rotating hub frame of reference, so that the drivetrainsoedi
Helicopter Overset Simulations (Helios) is the rotary-gvin oscillations would be included in the blade motions. Coordi
product of the US Army and CREATE-AV (Air Vehicles) nate system transformations were then applied within Kdelio
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to convert to the blade frame of reference translationsand r  Figure4 compares the calculated and measured structural
tations. loads. Steady values were removed from both test data and

An azimuthal step size of 0.1 deg (3600 steps per roténalyses. Figures(a) 4(d), and4(g) show the oscillatory
revolution) was used in the Helios calculations. A 15-deg aZl2P Pending moments at 30%R, 50%R, and 70%R, respec-
imuthal step size, which is standard for the aerodynamic arityely: The two coupled analyses agree well with each other
structural dynamic calculations in CAMRAD I, was used fordd show reasonably good correlation with the flight tesi dat
the high speed and low speed calculations. A 5-deg azimuthH€ Peak-to-peak amplitude is well predicted but there is an
step size was used for the high thrust condition. For the RCA&PProximate 10-deg phase difference between the data and

calculations, a 5-deg azimuthal step size was used forraléth analyses.

conditions. Figures4(b), 4(e), and 4(h) show the oscillatory chord
The comprehensive analysis trim solution for the UH-60/A4ending moments at 11.3%R and 50%R and lag damper
flight-test data solves for the collective and cyclic colstre- load, respectively. Included in these figures are RCASfseli
quired to obtain the specified rotor thrust and shaft pitath arpredictions using either a linear or nonlinear model of the
roll moments with fixed rotor shaft angle. Because there wdtydraulic lag damper (the CAMRAD ll/Helios predictions
no direct measure of rotor thrust, it was estimated from kmowuse the nonlinear model). The same damper models have
quantities. The procedure is explained below. been used to study the structural dynamics based on the pre-
scribed airloads, and the damper characteristics areahiail
in Ref. 28. When a nonlinear lag damper model is used, both
TmrCOS(as) = GW — Lt — Ls— LR (1) chord bending moment at 11.3%R and lag damper load are
reasonably well predicted. Both models, however, signifi-
whereTur is the main rotor thrust, GW is the measured grosgantly underpredict the magnitude of chord bending moment
weight, Ly is the fuselage liftls is the stabilator lift, andltr  at 50%R. The effects of the linear lag damper model on the

is the lift from the canted tail rotor. The fuselage pitchi-att flap bending and torsion moments are small and thus not in-
tude and stabilator angle were measured on the flight vehid@ded in these figures.

and the fuselage and stabilator lift curve slopes were pbthi ) ) ) )
from wind tunnel test. The tail rotor lift was estimated from Figures4(c), 4(f), and4(i) show the oscillatory torsion mo-

the measured main rotor torque, distance between the mafignts at 30%R and 70%R and pitch link load, respectively.
and tail rotors, sideslip angle, and cant angle. This methd9€ aerodynamic pitching moment on the advancing side
has been used for the comparison between the small-scdfNerates high torsion moments on the blade and pitch link
wind tunnel and full-scale flight test data for the UH-60A ro-0@ds on the advancing side. The torsion moment at 30%R
tor (Ref. 29). Aircraft moment trim can be specified using(most inboard location) and pitch link loads show very sim-

the first harmonics of measured hub moments. The rotor hifg" Waveforms. The analyses show accurate correlation of

moment is obtained from the shaft bending moment measur}f torsion moments at 30%R, and thus pitch link loads, in
from the strain-gauge bridge. the first and second quadrants. However, the correlation is

not satisfactory in the third and fourth quadrants. In geher

The trim targets for the three level flight conditions invesy, ¢ 1qjon moment correlation at 70%R is worse than that at
tigated are in Tabld. The coordinate system used is a rightgo%R

hand coordinate system where the x-axis points forward, y

The vertical force balance equation is

right, and z up. Figure5 compares the half peak-to-peak amplitude of flap
bending, chord bending, and torsion moments along the blade
RESULTS AND DISCUSSION span. The highest flap bending moment occurs at 60%R, with

another peak near the blade root (Figa). This peak load
In this section, selected data from the three flight test tergn is the greatest among the three flight conditions investiat
are compared with predictions from the coupled RCAS/HelioAlthough the analyses are able to capture the trends vety wel
and CAMRAD ll/Helios analysis methods. These test datthe peak load is underpredicted by about 14%. Chord bending
include flap and chord bending moments, torsion momentsioments are strongly affected by the damper loads, particu-
pitch link loads, and lag damper loads. The analytical tesullarly inboard on the blade. The peak load occurs at 30%R and
presented in this section are generated using a nonlingar ia the greatest among the three flight conditions investiat

damper model, unless otherwise specified. The analyses with the nonlinear lag damper model increase
the magnitudes and significantly improve the correlatian<o
High speed condition,u = 0.37,Cr /o = 0.081 (C8534) pared to that with the linear model. However, the effect ef th

nonlinear damper model diminishes around mid span. Unlike
This condition is the maximum-speed counter for the steadie test data, the calculated chord bending moments centinu
level flight test conditions shown in Fig. The rotor blade ally decrease from the blade root to the tip. For this case, th
aerodynamic environment at high speed is characterized hyaximum peak loads are underpredicted by about 35%. The
compressibility, negative lift and large aerodynamic Ipitc half peak-to-peak torsion moments increase from the blade
ing moment on the advancing side, with unsteady thredip to root. The loads show similar magnitude to the high
dimensional flows at the tip (Fi&). thrust condition (shown later). The analyses show readgnab
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good correlation with the test data and slightly underptedi phase difference between the test data and analyses is-consi
the peak magnitude at 30%R by 6%. tent with the high speed condition.

Figure6 compares the half peak-to-peak and harmonic am- Figures9(b), 9(e) and 9(h) show the oscillatory chord
plitude of pitch link and lag damper loads. In general, thending moments at 11.3%R and 50%R and lag damper load,
magnitude decreases as the order of the harmonic increasespectively. Only results with the nonlinear lag damper ar
The half peak-to-peak pitch link correlation is excelleet b shown. Both chord bending moment at 11.3% and lag damper
cause the overprediction of the 1/rev harmonic is compefvad are overpredicted and the correlation is worse than for
sated by the underprediction of 2 and 3/rev harmonic compghe high speed condition. As will be shown later for the high
nents. The 4/rev harmonic correlation is very good. The laghrust condition, this is the only case that the currentyanal
damper load correlation is reasonably good with the nonlinses show unsatisfactory root chord bending moment and lag
ear lag damper model included. The linear lag damper modghmper load correlation. Because of the overall overpredic
significantly underpredicts 1, 2, and 3/rev magnitudes. Thgon, the chord bending moment correlation at 50%R appears

overprediction of the half peak-to-peak magnitude (ab@bi 5 petter compared to the high speed condition.
is caused by the overprediction of the 3/rev harmonic compo-

nent Figureso(c), 9(f), and9(i) show the oscillatory torsion mo-

_ ] ) ments at 30%R and 70%R and pitch link load, respectively.
~ Figure7 compares the harmonic magnitude of flap bendag mentioned earlier, the airloads measured from the flight
ing, chord bending, and torsion moments along the bladgg; show a sharp “down-up” impulse on the advancing blade
span. In general, lower harmonic components have larggnq an opposite impulse on the retreating blade near the blad
magnitude. The maximum peak locations and shapes diffgr, This impulse is a significant source of negative peak of
for each harmonic. The flap bending moment correlation is, i rsion moments and pitch link loads around 270-deg. The

general, very good except for the 3/rev harmonic component,giyses are not able to capture the negative peak on the re-
The underprediction of the 3/rev harmonic component is thl?eating side.

cause of the underprediction of the peak-to-peak magnitude )

shown in Fig.5(a) The measured chord bending moments Figure 10 compares the half peak-to-peak amplitude of
show a sudden increase of 1/rev harmonic component andl@ bending, chord bending, and torsion moments along the
sudden drop of 3/rev harmonic component, although small@fade span. In general, these loads are the smallest among
than the 1/rev harmonic, at 40%R and 50%R. The reason f§te three flight conditions investigated. The measured flap
the sudden changes is not known at present. The analy&1ding moments show much smaller magnitude at the root
with the nonlinear lag damper model show much better agrefan for the high speed condition. The magnitude at 70%R
ment with the measured data for the 1, 2, and 3/rev harmofficreased by about 60% compared to that at 60%R. The anal-
ics. Lag damper modeling has an important influence near ti&eS show reasonably good correlation with the measuréd hal
root of the blade and its effect diminishes around mid spaR€ak-to-peak flap bending moments at all the radial locafion
Even with the nonlinear lag damper model, both analyses si§XCePt at 70%R. The analyses underpredict the magnitude at
nificantly underpredict the chord bending moment; the 4/re§0%R by about 14%, similar to the high speed condition. The
harmonic magnitude is particularly poor. The torsion momerin€asured chord bending moments show almost constant mag-
correlation is, in general, very good. The measured peak magtude along the blade span, which is quite a different iistr
nitude of the 3/rev harmonic component occurs at 70%R, uRHtion than that at high speed and high thrust (shown later)
like the rest of the harmonics where the peak magnitude ogonditions. The calculated chord bending moments continu-
curs at 30%R. The coupled analyses capture the trends, Bly decrease from the blade root to the tip, overpredidineg

significantly underpredict the 3/rev magnitude. half peak—to—.peglk chord bending moments near the root of the
blade and significantly underpredicting along the rest ef th
Low speed condition,u = 0.15,Cy /o = 0.076 (C8513) blade span. The measured half peak-to-peak torsion moments

do not decrease from the blade root to tip compared to the high
At low speed, the airloads are mainly determined by the irspeed and high thrust conditions. The maximum peak occurs
teraction between the blades and the vortices trailed fram tat 70%R, unlike the 30%R for the high speed condition. The
preceding blades. The airloads measured from the flight te§fsion moment correlation is good at 30%R. However, the
show a sharp “down-up” impulse on the advancing blade arnalyses significantly underpredict at 70%R and 90%R.

an opposite impulse on the retreating blade near the blpde ti Figure 11 compares the half peak-to-peak and harmonic
(Fig. 8). amplitude of pitch link and lag damper loads. The analy-

Figure9 compares the calculated and measured structursgs overpredict the half peak-to-peak pitch link load byudbo
loads. Again, steady values were removed from both test det2%. The 1/rev and 4/rev harmonics are accurately predicted
and analyses. Figur&ga), 9(d), and9(g) show the oscillatory However, the 2 and 5/rev harmonics are overpredicted and
flap bending moments at 30%R, 50%R, and 70%R, respettie 3/rev harmonic is underpredicted. As shown in the time
tively. Again, the two coupled analyses agree well with eachistory comparison, the lag damper loads are overpredicted
other. The analyses show reasonably good correlation witt all harmonics, except the 3/rev harmonic component. The
the flight test data at 30%R and 50%R. However, the peak-tanalyses overpredict the half peak-to-peak lag dampefdgad
peak amplitude is substantially underpredicted at 70%RR. Ttabout 35%.
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Figure12 compares the harmonic magnitude of flap benddsed in the solution procedure was increased from the defaul
ing, chord bending, and torsion moments along the blad&lue of 10 to 16 for convergence and accuracy. The analyses
span. The flap bending moment correlation is very good eshow reasonably good correlation with the flight test data at
cept the 3/rev harmonic, where the analyses significantly uB0%R. However, the high frequency waveforms and magni-
derpredict. This is consistent with the results at the hpgesl tudes are not well captured at 60%R and 70%R.

condition. The underprediction of the 3/rev harmonic compo Figuresl4(b), 14(e) and14(h)show the oscillatory chord

nent caused slight underprediction of the peak-to-peak Mmagenqing moments at 11.3%R and 60%R and lag damper load,
nitude shown in Fig10(a) respectively. The measured chord bending moments at 60%R
A recent study using a hybrid method, coupled viscoualso appear to be band-edged. Only results with the nomlinea
vortex particle method (VVPM) with CFD/CSD, showed verylag damper are shown. Both chord bending moment at 11.3%
good correlation of the 3/rev flap bending moment for thisind lag damper load are well predicted, consistent with the
condition (Ref. 12). In this method, the CFD solves only theesults at the high speed condition. The test data at 60%R
flow field near the blade surface and the VVPM resolves thehow a strong negative peak at 225-deg azimuth. However,
detailed rotor wake away from the blade surface. Improvetthe analyses are not able to capture it.
wake modeling from the VVPM might be the reason for the Figuresl4(c) 14(f), and14(i) show the oscillatory torsion

accurate prediction of the 3/rev harmonic component. How: oments at 30%R and 70%R and pitch link load, respectively.

ever, the same improvemen_t was not obt_ained for the hi high thrust, large pitching moments due to two dynamic
speed and high thrust conditions. Even with the VVPM, thgtall cycles on the retreating side have an important infleen

3rev flap be”d.”f‘g moments were S|gn|f|cantlyunderpredmteon the blade torsion responses. The measured torsion mo-
for those conditions.

_ ments show stronger high frequency content compared to the
The measured chord bending moments show that the 2/reigh speed condition. For example, the torsion moment at
harmonic component continues to increase from the blade rogo%R has a large 6/rev component. The analyses show, in

to the tip, and both 1 and 3/rev harmonics also increase géneral, good correlation but are not able to capture the de-
60%R and 70%R. The analyses are not able to predict thigiled waveforms.

trend. The chord bending moment correlation is in general
better than the high speed condition. However, the anal¥lé

T : . bending, chord bending, and torsion moments along the
ses again significantly underpredict the 4/rev magnitudie T bl pde spang The test data ghow that the highest flap be?lding
measured torsion moments show that the peak magnitudes g :

both 2 and 3/rev harmonic components occur at 70%R. Th‘?‘snd chord bending moments occur at the blade root, which is

. . . uite different from the high and low speed conditions where
explains the maximum half peak-to-peak torsion moment a . .
I . peak loads occur just outboard of the blade mid span. The
70%R shown in Figl0(c) The analyses capture this trend . .
; . . analyses capture this trend well. For the flap bending moment
for the 2/rev harmonic, but significantly underpredict thed . . .
: e peak magnitude is underpredicted by about 16%. For the
harmonic because the analyses are not able to capture the

. : . . chord bending moment, the peak magnitude is overpredicted
gﬁggge peak on the retreating side as shown in FIgs, by about 10%. The half peak-to-peak torsion moments in-

crease from the blade tip to root. The analyses show reason-
ably good correlation with the test data and slightly overpr
dict the peak magnitude at 30%R by about 3%.

This condition is the maximum thrust counter for the steady Figure 16 compares the half peak-to-peak and harmonic
level flight test conditions. At this high thrust, aerodynesn amplitude of pitch link and lag damper loads. The pitch link

is dominated by dynamic stall and large negative pitching mdoad in this condition is the greatest among the three flight
ment. The measured data show two stall events in the fourtionditions investigated. The 1 and 5/rev harmonics in this
qguadrant (Fig13). flight condition increased compared to the high speed condi-

Figure 14 compares the calculated and measured oscillOn- The analyses underpredict the half peak-to-peakjland
tory structural loads. Structural loads at some radialtions 2+ @nd 3/rev harmonic pitch link loads. The analyses over-

(e.g. flap and chord bending moments at 50%R) are not avairedict the half peak-to-peak lag damper load by about 9%

able for this flight condition due to strain gauge malfunatio Mainly because of the overprediction of 2 and S/rev harmon-

Figuresl4(a) 14(d) and14(g)show the oscillatory flap bend- '¢S-

ing moments at 30%R, 60%R, and 70%R, respectively. The Figurel7 compares the harmonic magnitude of flap bend-
measured flap bending moments at 60%R appear to be bamty, chord bending, and torsion moments along the blade
edged or clipped on the retreating side. The two coupled anapan. The flap bending moment correlation is very good ex-
yses agree well with each other. As mentioned earlier, a Bept the 3/rev harmonic, where the analyses significantly un
deg azimuthal step size was used in the CAMRAD Il calcuderpredict. The underprediction of the 3/rev flap bending mo
lations for this flight condition. The 15-deg azimuthal stepment is observed for all three flight conditions investigate
size, which was enough for the high and low speed condFhe 1 and 2/rev chord bending moment correlation is reason-
tions, was not sufficient for the high-frequency response caably good; much better than the high and low speed correla-
culations (mostly 5/rev and above). The number of harmonid®n. The torsion moment correlation is worse than the high

6

Figure 15 compares the half peak-to-peak amplitude of

High thrust condition, yu =0.24,Cr /o = 0.129 (C9017)



and low speed conditions, where only 3/rev harmonic comp&0%R. Chord stiffness values are uniformly increased along
nent is underpredicted. The analyses underpredict 1/rev h¢éhe blade span by 20% and 50%, respectively, from the base-
monic and significantly overpredict 4 and 5/rev harmonics. line property. Even with the 50% increase, the chord bending
moment does not change much. Again, structural damping
Parametric studies of high speed condition tends to smooth out the waveform. Modal damping on the
chord modes is not critical because the hydraulic lag damper
The predicted flap bending moments, in general, show regrovides large damping. Although not shown here, the damp-
sonably good correlation with the test data. However, tiere ing value at the pitch bearing has a strong influence on the
the approximate 10-deg phase difference for both high angitch link loads (but not torsion moments).
low speed conditions and the underprediction of 3/rev har-

monic for all three flight conditions investigated. Althdug Hloments are examined next. A simple single-shatt drivetrai

_the nonlinearlag damper model |mpr0_ve_s_the root chord ben.model is included in the CAMRAD Il analysis (baseline anal-
ing moment, the coupled analyses significantly underptedic ) . . . ; .
ses have no drivetrain dynamics). This model is comprised

the peak-to-peak magnitudes, especially the 4/rev h"Jm"nor){llF_poIar mass moment of inertia, spring stiffness, and damp-

component. To better understand these deficiencies, the g , .
. . L Ing, and represents one degree-of-freedom torsion dyrsamic
fects of blade stiffness, structural damping, and drivetdg- . . LT .
. . o The effective drivetrain inertia can be considered as time su
namics are evaluated at the high speed condition. In thése ¢

: . L . ! 8f main rotor driveshaft inertia and engine inertia. The ef-
culations, comprehensive analysis is performed with tred fin__ . . R ;
fective drivetrain stiffness can be considered as the sum of

(converged) delta airloads from CFD in order to save com, ain rotor driveshatft stiffness and engine driveshafregs
putation time. Fully coupled CFD/CSD analyses are carrie he coupled rotor/drivetrain model captures the effecthef

out selectively and almost identical results are obtaingd w . : . :
y drivetrain on the collective lag modes. The analysis should

those with comprehensive analyses using the final delta air- ’ .
b y 9 - solve all four blades as the blades are coupled with the driv-

loads, confirming that these structural variations do ngt si . . . :
o 91 etrain. As explained earlier, CAMRAD II provides the blade
nificantly change airloads. . . . .
. i ) . ) deflections in the non-rotating hub frame and Helios cosvert
Figure 18 examines the effects of increasing flap stiffnesghem 1o the deflections in the rotating blade frame. The data

on the flap bending moments. Flap stiffness values are upjassed from Helios to CAMRAD Il are airloads data for all
formly increased along the blade span by 10% and 20%, rg;r plades.

spectively, from the baseline values and the flap bending mo- _ L
ment results are compared with the flight test and the base- Yarious moment of inertia (50, 100, 1000 slug)fand
line results with RCAS/Helios. The flap stiffness variation Stiffness values (200000, 300000, 400000 ft-Ib/rad) aslus

changed the second flap frequency to 2.86/rev and 2.89/r&R,examine their effects on structural loads. Figiiteshows
respectively, from the baseline value of 2.84/rev. At 509Rr€quency contents of various dynamic modes that commonly
these variations decrease the minimum peak around 135-d&fur in rotoreraft (Ref. 30). Large inertia values used in
azimuth and increase the maximum peak around 240-deg 40 Parametric study approximate the first drivetrain @rsi
imuth. The harmonic comparison shows that although thefEeauency and small inertial values approximate the second

is an increase in the 3/rev harmonic, the correlation of 1 arfifivetrain torsion frequency. Figui2 shows the effects of
2/rev harmonics deteriorates. stiffness values on the flap and chord bending moments with

Fi 19 . the effects of structural d . a fixed moment of inertia value (1000 slugft The results
'gure 1= examines the Etiects ot structural damping ofy, ., ihat the drivetrain changes the phase of both flap and

flap bending moments_. The baseling _analyticall model h%%ord bending moments. A smaller stiffness value (softer
very small modal damping (0.02% of critical damping) to rep- haft) generates a slightly larger phase shift. The 10-Hage

resen_t structure_ll (_1amp|ng of the UH-60A blade. The mOd%iﬁerence of flap bending moment is eliminated in the third
damping value is increased to 0.5%, 1.0%, and 2.0%, resp G the beginning of the fourth quadrants

tively. Although the same modal damping was applied to a
the modes for the results shown here, almost identicalteesul  Figure 23 shows the effects of moment of inertia values
were obtained by applying the modal damping only to the firgdn the flap and chord bending moments with a fixed stiffness
flap mode. The first flap mode frequency of 1.04/rev is veryalue (300000 ft-Ib/rad). The changes in moment of inertia
close to resonance frequency and thus modal damping of tilg not affect the flap bending moment as shown in E&fa)

mode strong sensitivity. The structural damping has a iigni However, they have a significant effect on the chord bending
cant influence on both magnitude and phase. At 30%R, strugioment. The chord bending moment at 50%R in Eig(b)

tural damping tends to smooth out the waveform, eliminatinghows that the analyses start to capture the peaks andsalley
a small hump around 120-deg azimuth. Harmonic compafithin the test data and noticeable differences in the wave-
ison shows that structural damping significantly increasesforms between the test data and the baseline results start to
and 2/rev harmonic amplitudes and has a small influence @liminish. Figures23(c) and 23(d) show that there are sub-

3/rev harmonic. Structural damping has more influence on tiféantial increases in the half peak-to-peak magnitude agd 4
inboard blade section than the outboard section. harmonic component around the mid span and thus the overall
orrelation significantly improves.

The effects of drivetrain dynamics on the chord bending

Figure20examines the effects of chord stiffness and struc
tural damping variations on the chord bending moments at The results show the potential importance of high fre-
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guency drivetrain modes. However, the limitations of thehord bending moment magnitude and the 4/rev harmonic
drivetrain model used in the parametric study should beomponent around the mid span and thus the overall chord
noted. The present single degree-of-freedom model can rdgending moment correlation significantly improves. How-
resent only the fundamental mode of the rotor coupled witaver, due to the limitations of the present simple model, a
a low frequency drive system. Accurate simulation of anore complex drive train model, which can capture higher
high frequency drive system should match both frequency arfilequency modes, should be developed and incorporated into
impedance. Thus, a more complex drive train model, whichnalyses.

can capture higher frequency modes, should be developed.
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Table 1. Rotor trim conditions

Counter u Cr/o as My, ft-lb My, ft-Ib
C8534 0.37 0.081 —-7.3r —5350 —-5025
C8513 0.15 0.076 0.75 —129 —5552
C9017 0.24 0.129 -0.1% —354 —193

0.18 -
McHugh's lift boundary
0.16
high thrust, C9017
0.14 -
o 0.12 - XX X x X x X XX XX
\; X><>§< X x XXX XxxX
o 0.1 XXX Xx % x xx X XX X o
0.08 RXK X X ® X X X X X XXXXXQ
0.06 low speed, C8513  high speed, C8534
0.04 T T |
0 0.1 0.2 0.3 0.4 0.5

Advance ratio

Fig. 1. UH-60A Airloads Program level flight test matrix.
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Fig. 2. Rotor blade natural frequency comparison.
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Fig. 17. Comparison of harmonic magnitude of calculated andneasured structural loads,u = 0.24,Cr /o = 0.129
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Fig. 18. Effects of flap stiffness on flap bending momentg; = 0.37,Cy /o = 0.081 (C8534).
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Fig. 23. Effects of drivetrain inertia on flap and chord bending moments,u = 0.37,Cr /o = 0.081 (C8534).



