High-Fidelity Structural Loads Analysis of the ONERA 7A Rotor
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ABSTRACT

The ONERA 7A rotor wind tunnel test data are investigatedst®as the accuracy of analytical tools in the calculation
of rotor airloads and structural loads. Comprehensiveyaigmtodes, HOST and RCAS, and coupled computational
fluid dynamics/comprehensive analysis codes, elsA/HOSITHEIi0S/RCAS, are used to examine the ONERA 7A ro-
tor blade dynamics, trim, airloads, and structural loadd,the calculated results are compared with the measurad dat
for both high-speed and high-thrust conditions. The presksA and Helios analyses include the test stand modeling.
Comprehensive analyses show significant phase differéocdlse airloads and structural loads. The phase corre-
lation is substantially improved by the coupled analysedfiih high-speed and high-thrust conditions. In general,
the coupled analyses also improve the half peak-to-peakletion of structural loads compared to the comprehen-
sive analyses. The majority of the predictions from the dedijanalyses in half peak-to-peak blade structural loads
are within 20% of the measured data. The present study shoprecedented correlation of structural loads for the
7A rotor, consistently better than the previous structlaatls correlation for the UH-60A rotor using Helios/RCAS

analysis.
NOTATION
A rotor disk areariR?
a speed of sound, m/s
c chord, m
C/o rotor lift coefficient,L/p(QR)?Ac
Cx/o rotor propulsive force coefficien /p(QR)?Ac
fm section pitching moment per unit length, Nm/m
fn section normal force per unit length, N/m
M2cm section pitching moment coefficierft,/ 3 pac?
M2c, section normal force coefficient,/2pa’c
L rotor lift, N
R blade radius, m
Voo free-stream velocity, m/s
X rotor propulsive force, N
Os shaft angle (positive for rearward tilt), deg
Bic longitudinal flapping, deg
Bis lateral flapping, deg

6, collective, deg

61c lateral cyclic, deg

61 longitudinal cyclic, deg

u advance ratioy../QR

p freestream density, kgfm

g rotor solidity, 0.084

Q rotor angular velocity, rad/s

INTRODUCTION

Rotor loads and vibration analysis is a challenging multi-
disciplinary problem due to coupling of the complex struc-
tural deformations of rotor blades with the three dimenaion
and highly unsteady aerodynamic environment. Rotorcraft
aeromechanics prediction capability using coupled comput
tional fluid dynamics (CFD) / rotorcraft comprehensive gnal
sis (CA) has advanced significantly in recent years. Compre-
hensive analyses based on multibody finite element model-

Presented at the 42nd European Rotorcraft Forum, Lilléng solve the complex structural dynamics of nonlinear-elas
France, September 5-9, 2016. This is a work of the U.S. Goti€ rotating blades. The CFD methods, which use a high fi-
ernment and is not subject to copyright protection in the. U.Slelity, Navier-Stokes methodology with first principleased
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steady aerodynamics analysis. Coupling a CFD code to a



comprehensive code overcomes the limitations of the cenveonly limited airloads results with comprehensive standalo
tional lifting line aerodynamics used in rotorcraft comipea- analyses. In order to complement the work of Ref. 13, the
sive codes and produces the highest fidelity solution ctlyren present paper investigates the ONERA 7A rotor blade dynam-
possible. This high-fidelity methodology has been extesigiv ics, trim, airloads, and structural loads at both high-dpe
used to validate with flight and wind tunnel test data for théigh-thrust conditions using two comprehensive analysés a
UH-60A rotor (Refs. 1-5), 40% Mach-scaled Bo105 main rotwo coupled CFD/CA analyses. Detailed structural loads cor
tor for HART-II (Refs. 6,7), and 7A/7AD rotors (Refs. 8—11).relation results are shown, and the accuracy of the anadyses
Despite the revolutionary breakthroughs in CFD/CA couplin quantified by presenting the deviation of the calculated hal
methodology, there are still many challenges remainingdpin o peak-to-peak values of blade structural loads from the mea-
taining accurate rotor loads predictions over a wide rarfge sured values.

rotor systems and operating conditions.

The US Army Aviation Development Directorate and the DESCRIPTION OF THE TEST
French ONERA (Office National d’Etudes et de Recherche§he 7A rotor is a four-bladed fully articulated rotor, witha

Aérospatiales) have conducted research to investigataith dius of 2.1 m and solidity, of 0.084. The blade is of rectan-

loads and structural loads of the ONERA 7A rotor undeg ia¢ planform and uses two airfoils, the OA213 and OA209.
the auspices of the United States/France Project Agreememe blade has-3.95 deg/m twist rate and the twist distribu-

on Rotorcraft Aeromechanics and Human Factors Integratigy, js non-jinear near the tip. The 7A rotor was tested in the
Research. The objective of this effort is to accurately jted ONERA S1MA transonic wind tunnel in 1991 (Fig). The

the 7A, rot.orblade loads forv:_;lrious operating Conditio“?g's ONERA S1MA is a closed circuit atmospheric wind tunnel
_h'gh'f'del'ty analys_es and ultimately _demonstrate theaslit with a maximum speed near Mach 1, and has three exchange-
ity of these analysis tools for the design of future rotodel. 56 test sections with a diameter of 8 m. This wind tunnel

Prediction of 7A rotor airloads for a high-speed conditest generated an extensive database covering severt diff
tion (u = 0.4) has been performed by many researchers efit speed and thrust conditions. The database provides roto
ONERA and DLR (German Aerospace Center) using varioygerformance, blade section pressures and airloads, wtalict
combinations of CFD/CA tools (Refs. 8-11). These coupletbads, and blade motions, allowing for the validation ofrbot
analyses, however, showed less than satisfactory blade saerodynamic and structural models of analytical tools.
tion normal force and pitching moment correlation with the Figure 2 shows the blade planform along with the loca-
test data. Analysis results of 7A rotor structural loads, lgjon of the airfoils used and the pressure and structuraldoa
alone measured structural loads, have not been published wieasurements. Absolute pressures were measured at five ra-
til recently. Surrey et al. (Ref. 12) investigated 7A rot@d® gl Jocations (50%, 70%, 82.5%, 91.5%, and 97.5%R). Blade
dynamic characteristics using both 1-D and 3-D structwal d stryctural loads were obtained from strain gages locatei at
namics analyses and examined airloads and structuralédadsggial [ocations (30%, 40%, 55%, 65%, 75%, and 85%R).
the same high-speed condition using two CFD/CA analysegjap bending moments are available at all six radial locatio
Ortun et al. (Ref. 13), as a part of the US Army/French ONHowever, chord bending moments are available at three ra-
ERA cooperative research project, examined 7A rotor aiidoa djz| |ocations (30%, 40%, and 85%R) and torsion moments
and structural loads at not only the high-speed but also-highre available at five radial locations (30%, 40%, 55%, 65%,
thrust conditions using two CFD/CA analyses and showeghq 750R) for the test conditions investigated in this paper
good agreement with the test data. Blade pressure data were collected at a rate of 128 samges/r

Reference 13 by the present authors made significaf®bout 2.8 resolution) and blade strain gauge data were col-
progress on the 7A rotor loads prediction. It investigatesl t lected at a rate of 72 samples/rev (&solution). Both data
effects of the pressure integration method on the airloads ¢ Sets were ensemble averaged over 30 rotor revolutions.

putation. The number of points used to integrate the mea- Data from two different wind tunnel test conditions are
sured pressure data (i.e. the number of pressure transduged in this study: high-speed (pt312) and high-thruso@x2
ers) is much smaller than the grid points used for the CFgonditions. The test conditions are listed in Tahle The
calculations. By integrating the CFD-calculated pressate high-speed conditior(= 0.4,C_ /o = 0.063) is characterized
the same pressure transducer locations used in the meas@igtransonic flow on the advancing blade side which causes
ments, calculated blade section airloads, especiallhipidc high-vibratory hub loads. The high-thrust conditign¥ 0.3,
moments, agreed very well with the measured data. The pgg /o =0.100) is characterized by dynamic stall on the retreat-
per also showed the effects of including the test stand modely blade side. It should be noted that the propulsive force
in the CFD analyses. The test stand generated upflow througbn-dimensionalized with the free-stream dynamic pressur
the front of the rotor disk and downflow over the back of thE{lmezAg) is a constant 0.10, corresponding to a constant
rotor disk. The coupled CFD/CA analyses with the test star\gfag coefficient.

improved trim, pressures, airloads, and structural loadse

. . ) The rotor was trimmed to satisfy the Modane flapping law
lation, showing by far the best correlation up to now.

(Bis = 0, Bic = — 61) in addition to the specified rotor lift and
Reference 13 focused on the effects of the test stand pnopulsive force using the rotor collective and cyclic coig
pressures and airloads with CFD/CA analyses and showedd shaft angle.
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DESCRIPTION OF ANALYTICAL Air Vehicles (CREATETM-AV) program (Refs. 16, 21), is a

METHODS multidisciplinary computational platform for high fidslito-

. . . torcraft analysis. Helios uses a multi-mesh paradigm with
The analytical results were obtained using both standaloe,ctured meshes in the near-body to capture the wall-

comprehensive analyses and coupled CFD/CA analyses. Off5nqeq viscous effects and Cartesian grids in the off-body
ERA used elsA (Ref. 14) for C_:FD and HOST (Ref. 15), roqpive the wake through a combination of higher-order
for CA, and US Army used Helios (Ref. 16) for CFD andaqqrithms and adaptive mesh refinement (AMR). An over-
RCAS (Ref. 17) for CA. Descriptions of each analysis andet hrocedure facilitates data exchange and also enables re
how they are coupled to produce a higher fidelity solution argye motion between meshes using the parallel domain con-
provided in this section. nectivity solver PUNDIT (Parallel UNsteady Domain Infor-
mation Transfer). In this effort Helios solves the nearypod
elsA grids around the rotor blades with the CFD solver OVER-

FLOW (Ref. 22), using a 5th-order central difference scheme
The elsA CFD code (Ref. 14), developed at ONERA, solveg space and a 2nd-order backward differentiation formula

the unsteady Reynolds-Averaged Navier-Stokes (URAN nBDFZ) scheme in time. The Cartesian off-body grids are

equations for both background Cartesian grids and bla Blved with SAMCart using a 5th-order central difference

curvilinear grids. Cartesian grid generation and oversetCheme in space and either a 3rd-order explicit 3-stage®ung

grid ass_embly IS d°'_“e automatically by the pre- an_d_posf{utta scheme or 2nd-order implicit lower-upper symmetric-
processing tool Cassiopee (Ref. 18). The spatial disetétiz Gauss-Seidel method (LU-SGS) BDF2 in time. The fully tur-

of the equations is performed with Jameson’s ceII-c.:e.ntereD lent flow is modeled using the Spalart-Allmaras detached
second order scheme, using 2nd and 4th order coefficients 9 dy simulation (DES) turbulence model in both the near- and

artificial viscosity. The uns_teady_algo_ri_thm corresporulat §ff-b0dy grids. The time step is equivalent to an azimuthal

backward Euler scheme, with an implicit Gear scheme for th&ep size of 0.25 deg. AMR was not used

2nd-order time integration. The time step is equivalent® 0 ' ' '

deg of blade rotation. Turbulence is taken into account by th

Kok k-w model, with SST corrections (Ref. 19) and Zheng

limiter (Ref. 20). The flow is modeled as fully turbulent. Thercas

near-body grids of the blades are rotated and deformed fol-

lowing the blade motion and trim provided, through the loose

coupling, by the rotorcraft comprehensive analysis HOST. RCAS  (Rotorcraft Comprehensive  Analysis  Sys-
tem) (Ref. 17), developed by the US Army, is a com-

HOST prehensive multidisciplinary, computer software system f
predicting rotorcraft aerodynamics, performance, sitgbil

HOST (Helicopter Overall Simulation Tool) (Ref. 15) is aand control, aeroelastic stability, loads, and vibratidrhe

rotorcraft comprehensive analysis developed by Airbus H&A rotor blade is modeled in RCAS using 16 nonlinear beam

licopters. HOST modeling of blade dynamics is multibodyelements and 22 aerodynamic segments. Look-up tables of

like. The blade is represented as an assembly of rigid segA blade airfoils were provided by ONERA so that the same

ments connected by virtual joints. Euler-beam modeling prairfoil tables are used for both HOST and RCAS analyses.

vides 3 degrees of freedom, namely the chordwise bendinBhe rotor hub was modeled as fully articulated with pitch

the flapwise bending and the torsion. A modal reduction afsearing and flap and lag hinges. The elastomeric lag damper

proach is used to reduce the number of degrees of freedahthe 7A rotor was modeled with equivalent hinge stiffness

from a large system of equations. The aerodynamics of HOSind damping values at the lag hinge. The present analytical

is based on a lifting line approach based on airfoil looka#p t model does not include test stand dynamics nor drive train

bles combined with a wake model. In this effort, among theynamics. A 5.0 deg (72 steps per rotor revolution) azimutha

several wake models available, a prescribed wake helical gstep size was used for the structural dynamic calculations i

ometry was used. For the coupling with elsA, HOST airloadRCAS.

are corrected, via the delta method (Ref. 1), by the CFD air-

loads. The 7A rotor blade is modeled in HOST using 25 span- The RCAS standalone analysis was conducted using

wise elements. Section lift, drag, and moment values for thgonuniform inflow with prescribed wake geometry and

OA213 and OA209 airfoils were obtained from airfoil look-upunsteady aerodynamics based on classical quasi-steady

tables. A 6.0 deg azimuthal step size was used for the strutheodorsen theory (Ref. 23). Dynamic stall is very impor-

tural dynamic and trim calculations in HOST. tant for rotor loads at high-thrust conditions. Various sem
empirical dynamic stall models have been developed and in-
Helios tegrated into comprehensive analyses. However, a dynamic

stall model was not used for the current HOST and RCAS
Helios (HELIcopter Overset Simulations), developed by thanalyses because a consistent comparison between the two
US Army and the Department of Defense Computational Renalyses was not possible due to convergence issues with a
search and Engineering Acquisition Tools and Environmentiy/namic stall model.
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CFDICA coupled analysis =0.275 m, outboard of the pitch bearing) and the non-ragatin

natural frequencies were measured for each blade. Thegesul
The CFD/CA coupling procedure used the standard loose flom the shake test of the four blades showed that the vaniati
“delta” coupling approach. At each coupling iteration theamong their modal frequencies is very small, mostly less tha
aerodynamic loads calculated by CFD are passed to CA. Af:0%. The measured frequency values averaged over each of
ter trimming with the CFD airloads, CA computes the bladehe four blades are used for the comparison in Eign gen-
deflections relative to the blade frame of reference andgsasseral, there is good agreement between the two analyses and
them back to CFD. This sequence is repeated until the athe calculated frequencies show reasonably good agreement
loads, deflections, and control angles converge. The trim paith the experiment, except for the first torsion and fifth flap
rameters used in the predictions were the same as those framodes. RCAS underpredicts the first torsion frequency by
the test, a four degree-of-freedom trim. The trim targeés ambout 3.3% while HOST overpredicts it by only about 0.5%.
the specified rotor lift, rotor propulsive force and the Mnda HOST overpredicts the fifth flap frequency by about 4.1%
flapping law B1s = 0, B1c = — 61s). while RCAS undepredicts it by only about 0.3%.

For consistency, the grids of the CFD problems are very

similar between elsA and Helios. Both CFD codes use over: ' '9|'€ 5 compares the blade in-vacuo natural frequen-
. . . - cies calculated by HOST and RCAS as a function of the ro-
lapping grids consisting of structured curvilinear neady

: - . . tor speed. Unlike the clamped blade, this blade model in-
grids rotating in a Cartesian background grid of 10% chord i ) i i
spacing (Fig.3). The computational grids model the 7Acludes both flap/lag hinges and pitch bearing. The frequen

. cies shown here are for a nominal zero collective pitch. Mea-
blade geometry and test stand, but do not include a hub 9r ;
the wind tunnel walls. The size of the elsA grid is approx-surfad frequencies at zero RPM are also pre‘_sented for com-
imately 27M points. The Helios mesh is 120M points i parison. In general, the calculated non-rotating freqiesnc
cluding block splittiﬁg and fringe points. Because AM;? iSmatch well with the measured data except for the first torsion

not used, a fixed refinement box is required to cover the emode. Both analyses overpredict the first torsion frequency

. € Chhe frequency predictions by the two comprehensive codes
tire rotor plane as well as the test stand and some distance .
show excellent agreement with each other up to the fourth

downstream. The near-body grid of the 7A rotor blade has . .
) : ode, however, the differences become larger for the higher
233x201x65 (around chord, spanwise, normal) nodes in el ;
requency modes. The largest difference of about 2.5% was

anq 303x179x65 nodes in OVERFLOW. In both cases thgbserved for the fourth flap mode at 100% RPM.
main blades are O topology.

In the HOST and elsA/HOST analyses, the blade is repre-
sented by the first seven eigenmodes and the blade periodic . .
response was calculated with up to seven harmonics. For tgrém angles for high-speed condition, u = 0.4, G, /0 =
RCAS and Helios/RCAS analyses, although a modal analys 5063 (pt312)
method is available, full finite element representationheaf t
blade is maintained throughout the dynamic analysis and rRigure 6 shows the calculated and measured blade pitch an-
harmonic truncation is used. Neither comprehensive analgies and shaft angle at the high-speed condition. HOST and
sis included blade structural damping, test stand dynagmics elsA/HOST results are compared in Fiija) and RCAS and

drive train dynamics. Helios/RCAS results are compared in Figb). The coupled
analysis results shown here include the test stand modeling
RESULTS AND DISCUSSION HOST shows reasonably good agreement of the measured

blade pitch angles, except lateral cyclic angle which was un
In this section, selected data from the wind tunnel tesierpredicted by about 1.7 deg. The coupled elsA/HOST anal-
are compared with predictions from the two comprehensivgsis shows better agreement with the measured blade pitch
analyses (HOST and RCAS) and the two coupled analysaggles, especially lateral cyclic, compared to the HOSii-sta
(elsA/HOST and Helios/RCAS). These test data include bladtalone analysis. Both analyses, however, underpredict the
frequencies, trim angles, blade section airloads, andebla¢hagnitude of shaft angle by about 1.3 deg. As noted in
structural loads for both high-speed and high-thrust condRef. 13, the coupled analyses underpredicted the latechtcy

tions. angle by about 2.1 deg without the test stand model, but the
underprediction reduced to about 0.8 deg with the test stand
Rotor blade dynamics Although not shown here, a three degree-of-freedom trim was

performed by specifying the measured shaft angle (progulsi

First, 7A rotor structural dynamics models were developefibrce not matched with the measured value) and the calclulate
using HOST and RCAS comprehensive analysis codes, ndpads did not change because collective pitch was adjusted t
rotating natural frequencies are calculated, and the analgompensate for the shaft angle change. Similar resultshare o
sis results are compared with experimental measurements tained from the RCAS standalone and coupled Helios/RCAS
shown in Fig4. Comparisons are made for up to eight modesanalyses. There is, in general, good agreement between the
which include five flap modes, two lag modes, and one torsidwo comprehensive analyses and between the two coupled
mode. In the shake test, the blade was clamped near the rocafalyses.
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Airloads for high-speed condition, 4 = 0.4,C_ /o = 0.063 slightly better predicted by RCAS than HOST. The coupled
(pt312) analyses show better correlation with the data. Waveforn an
phase correlation is substantially improved at all azinarth
Blade section normal force and pitching moment for the highgles by the coupled analyses. The high-frequency responses
speed condition are briefly examined in this section. Morg the RCAS and Helios/RCAS analyses are from an 11.7/rev
detailed pressure and airloads comparisons are availablecoupled flap/lag mode. There are several ways to eliminate or
Ref. 13. Figure7 shows non-dimentional normal force atsuppress this mode by using modal reduction, harmonic bal-
82.5%R and 91.5%R and pitching moment at 91.5%R. Asnce method, larger time step, adding structural dampinly, a
mentioned earlier, the current coupled analyses included tso on. However, no attempt was made in this study to sup-
wind tunnel test stand and the integration of blade pressupeess the high-frequency responses. It is noted that thiemo
to obtain sectional airloads from CFD is consistent with thas not included in the HOST modal analysis.
used for the experimental data. For the comprehensive-analy

ses based on lifting-line aerodynamics and airfoil taliiésje Figure 9 shows oscillatory chord bending moments at

: . o . 30%R, 40%R, and 85%R. The measured data show that
section airloads are calculated from airfoil section liftag a 3/rev harmonic is dominant and all the analyses capture

and moment values based on the local section angle-oﬂ(atta[%is very well. The comprehensive analyses show signifi-
and Mach number, and thus there is no integration of pres- ;

sure involved. The test stand model cannot be included in tli?r;r?h;see:;ﬁe:egces :de ten_d tqf_ovet[f)rgdlct the ma@];]t ud

comprehensive analyses, either. gain, ¢ pied analyses signiticantly improve the pnase
correlation. The Helios/RCAS analysis also improves the am

For the present 7A rotor case, the integration method haflitude correlation compared to the RCAS standalone anal-

a negligible influence on the normal force. However, it sigysis. Overprediction of peak amplitude around 315-deg az-

nificantly affected the pitching moment and the influence wagnuth was observed even with the coupled analyses. This

larger on the advancing side and inboard on the blade. Tlgerprediction was exacerbated by the inclusion of the test
pitching moment at 91.5%R was not affected much by thetand, especially for the elsA/HOST analysis (Ref. 13). It

integration method and thus the same conclusion can be adhould be noted that the elsA/HOST analysis without the test

tained regardless of the integration method used. stand model (e.g. isolated rotor only) showed much better am

The rotor blade aerodynamic environment at h|gh Speed ﬁgitUde correlation than that with the test stand model show
characterized by compressibility, and negative lift antgéa here, although the phase correlation was better with the tes
aerodynamic pitching moment on the advancing blade. Fé&fand model (Ref. 13). Considering difficulties in accurate
the normal force comparison, the standalone comprehensiéediction of chord bending moment, especially for the UH-
analyses show reasonably good correlation on magnitude, PA rotor (Refs. 5,24), the present analyses show very good
the phase correlation is poor, which is a typical limitatiorforrelation with the test data.

of comprehensive analyses based on lifting-line aerodynam Figyre 10 shows oscillatory torsion moments at 30%R,
ics (Ref. 1). The coupled analyses significantly improve thg5o,R  and 75%R. The measured torsion moments show
phase of the negative lift and waveform in the first quadrangtronger 5/rev content compared to the flap and chord bending
The current coupled analyses show significantly bettereeorrmoments. Both comprehensive analyses predict the peak-to-
lation than previous studies (Refs. 8-11) for the 7A rotor USheak amplitudes reasonably well but show significant phase
ing CFD/CA analyses. A large aerodynamic pitching momen§jfferences. Both comprehensive analyses also show bigger
on the advancing side is also better captured by the couplgftey than 5/rev responses. The coupled analyses captire th
analyses. 5/rev content very well. The coupled analyses significantly

improve phase, especially in the first and second quadrants.
Structural loads for high-speed condition,u =0.4,C. /0 =  The peak-to-peak amplitudes are also well predicted exatept
0.063 (pt312) 75%R where the elsA/HOST underpredicts.

This section compares the calculated blade flap bendin_g In general, the structural loads correlation for the 7A roto

chord bending and torsion moments with the wind tunnel te ‘consistently better than that for the UH-60A rotor preedn

data for the high-speed condition. Figu@@shows oscillatory in Ref. 3. This su.ggetc,ts that a lack of a complex hydraulic
flap bending moment at 30%R, 55%R, and 75%R. Steady VA ' da”?per may _S|mpllfy the ana_lyses and that test stand _and
ues were removed from both test data and analyses. The m _\_/etram dy_namlcs, which were |gnored, may not play a sig-
sured data show that a 2/rev harmonic is dominant, which aB'— icant role in the 7A rotor analysis.

pears to be primarily affected by the second flap mode whose

predicted frequency is about 2.4/rev. Itis interestingaten Trim angles for high-thrust condition, u = 0.3,C. /o =

that for other rotors examined in Ref. 24 the second flap fré.100 (pt293)

guencies ranged from about 2.7 to 2.9/rev (closer to 3/m) a

thus 3/rev harmonic flap responses were more dominant th&his section investigates the high-thrust condition. Fégil
2/rev responses. The comprehensive analyses show signéfitows the calculated and measured blade pitch angles and
cant phase differences, similar to the normal force caticela shaft angle. HOST and elsA/HOST results are compared in
shown in Fig.7. In general, the peak-to-peak amplitudes ar&ig. 11(a) and RCAS and Helios/RCAS results are compared
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in Fig. 11(b) Comprehensive analyses underpredicted theave affected the frequency content of the flap bending mo-
trim angles, the largest difference being about 1.5-deg@und ments. The HOST and elsA/HOST analyses are limited to
prediction of lateral cyclic angle by RCAS. HOST underpreseven eigenmodes and seven harmonics, and therefore are not
dicts lateral cyclic angle by only about 0.7 deg. The coupledble to capture the high-frequency responses.

analyses show very good correlation of the trim angles, es- Figure 14 shows oscillatory chord bending moments at

pecially lateral cyclic correlation is excellent. Compate 30%R., 40%R, and 85%R. The measured data show that a

the high-speed condition, the magnitude of shaft angle Wa8rev harmonic is dominant (note that a 3/rev harmonic was

more accurately predicted, The_ difference between the teghinant for the high-speed condition) and both the compre-
and analyses for the shaft angle is less than 0.2 deg.

hensive analyses and coupled analyses are able to capture th
. . . trend. The comprehensive analyses show significant phase
Airloads for high-thrust condition, u =0.3,C./0 =0.100 differences and tend to underpredict the magnitude. Again,
(pt293) the coupled analyses significantly improve both magnitude
ha_lnd phase correlation. The elsA/HOST analysis shows very
good correlation in both magnitude and phase, especially at
ﬁg%R. The Helios/RCAS analysis shows very good phase

pitching moment at 91.5%R. At this high thrust, aerodynamc—orrelation’ but underpredicts the peak-to-peak amitud

ics is dominated by dynamic stall and large negative pighin  Figure 15 shows oscillatory torsion moments at 30%R,
moment on the retreating side. The comprehensive analy&s%R, and 75%R. The measured torsion moments show
predict very small pitching moment and thus were unable tstronger high-frequency (both 5/rev and 6/rev) content-com
capture the large azimuthal variations of pitching momes#, pared to the flap and chord bending moments. The compre-
pecially a strong negative peak at around 290 deg. The RCAf@nsive analyses tend to underpredict the peak-to-pealkamp
analysis slightly better predicts the lift stall on the eetting tude and show phase differences. Both coupled analyses show
side, although normal force correlation is not satisfactmr  very good correlation with the measured data, better ceqgtur

the advancing side. As mentioned before, a dynamic state high-frequency content and phase.

model was not used for the current comprehensive analyses.

The coupled analyses significantly improve the normal forc,
waveform in the first and second quadrants and capture li
and moment stall on the retreating side very well.

Blade section normal force and pitching moment for the hig
thrust condition are briefly examined in this section. FefLi

uantitative structural loads correlation

In the design of rotor dynamic components, accuracies of fa-
tigue life assessment of the components depend heavilyeon th
accuracies of the estimated fatigue design loads (amplitud
of oscillatory rotor loads). In order to characterize thewac
racy of the present analytical tools for the design of a new ro
r blade, the half peak-to-peak structural loads are exadhi
quantitatively by comparing the analyses with the measured

flap bending moment at 30%R, 55%R, and 75%R. The meggta. This is done in two ways. First, half peak-to-peakestru
sured data show that a 2/rev harmonic is dominant, sameté.I al loads are plotted along the blade span. Then, plots of

the high-speed condition. The test data also show stroriy hi‘ga culated half peak-to-peak loads vs. measured half pwak-

frequency content which was not present for the high-spe at‘k Ioadf]: te”rmed dew_anczt?] » are SthtO\t’Yn' dThgstg re;fultmg
condition. This 9/rev harmonic response is more promine oS graphically summarize the quantitative deviatioe

at the inboard section of the blade. At 75%R, the high fregulated results relative to measurements.

guency content is negligible. The comprehensive analyses Figure 16 compares the HOST and elsA/HOST results
show significant phase differences, consistent with thes@hawith the measured data for flap bending, chord bending, and
differences in the normal force shown in Fitf2. In general, torsion moments at the high-speed condition. Both half peak
the peak-to-peak amplitudes are better predicted by RCAS-peak amplitude along the blade span and deviations from
than HOST, and this trend is the same as the high-speed cdine measured data are shown. For the bottom row plots, the
dition. The coupled analyses show much better correlatidmorizontal axes show the measured data and the vertical axes
with the test data. Waveform and phase correlation is subhow the calculations. The 45-deg diagonal line represents
stantially improved at all azimuth angles by the coupled-anaa perfect agreement between analysis and test. The calcu-
yses. The high-frequency responses are better capturkd in lated half peak-to-peak loads lie above the 45-deg linedf th
RCAS and Helios/RCAS analyses. However, the predictiorenalysis overpredicts, and below the line if the analysis un
have a strong 12/rev harmonic which comes from the 11.7/relerpredicts. Lines which represent a deviation:@0% and
coupled flap/lag mode, and the test data show a strong 9/r&v0% from measurements are also shown to indicate corre-
harmonic which may come from the fifth flap mode whoséation trends. A similar approach can be found for the half
predicted frequency is about 9.3/rev. It may be possible thpeak-to-peak structural loads correlation for the UH-68A,

the current RCAS analytical model has inaccurate natugal fr330 (research Puma), SA 349/2, and H-34 rotors in forward
guency content for the high frequency modes, and these méight by Ho and Yeo (Ref. 25).
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Structural loads for high-thrust condition, pu =0.3,C_./0
= 0.100 (pt293)

This section compares the calculated blade flap bendin
chord bending and torsion moments with the wind tunnel te
data for the high-thrust condition. Figut& shows oscillatory



In Fig. 16(a) the measured data show that half peak-toradial locations and torsion moment correlation at 40%R and
peak flap bending moment slightly decreases from 30%R twutboard locations. The elsA/HOST calculations of the half
40%R, and increases to a peak at 65%R before it decreagesk-to-peak chord bending moments are within 20% of the
further outboard. The HOST predictions also exhibit thisneasured data.

behavior, but with up to 40% underprediction as shown in rjg e 19 compares the RCAS and Helios/RCAS results
Fig. 16(d) The elsA/HOST predictions consistently improve it the measured data for flap bending, chord bending, and
the half peak-to-peak flap bending moment correlation along,sjon moments at the high-thrust condition. The RCAS cal-
the blade span, and the predictions are mostly within abog;jations, the same as the HOST calculations, underpredict

20% underprediction of the measured data. As shown ig haif peak-to-peak flap and chord bending and torsion mo-
Fig. 16(b) the measured half peak-to-peak chord bending Monents along the blade span. With the exception of torsion mo-

ment appears to decrease continually from the blade root et 4t 650R, the RCAS calculations are within 40% of the
tip. The HOST calculations capture this trend, but overjoted o451 red data. The Helios/RCAS calculations show similar

the measured data by more than 40% as shown irl&ig)  yeyjiations as the RCAS calculations for the flap bending mo-

The elsA/HOST predictions show almost the same deviationsent hyt significantly improve the correlation of chord ben
as the HOST standalone analysis. As mentioned earlier, gy anq torsion moments. The Helios/RCAS calculations of

elsA/HOST analysis without test stand showed better amplipe paif peak-to-peak chord bending and torsion moments are
tude correlation than that with the test stand model (Ref. 13,ithin 20% of the measured data.

Although not shown here, the deviation from the measured

data is reduced to less than 20% without the test stand model.
As shown in Fig.16(c), the measured half peak-to-peak tor- SUMMARY AND CONCLUSIONS

sion moment decreases continually from the blade root to ti,e ONERA 7A rotor wind tunnel test data are investigated
but the variation is small. The HOST predictions capturs thi;y assess the accuracy of analytical tools in the calculatio
trend very well and show very good correlation with the megs (qor airloads and structural loads for both high-speedl a
sured data. The elsA/HOST analysis shows almost perfegiyn thrust conditions. Two comprehensive analysis codes
correlation up to 55%R, but underpredicts further outboard yosT and RCAS, and two coupled computational fluid dy-
Figure 17 compares the RCAS and Helios/RCAS result®amics/comprehensive analysis codes, elsA/HOST and He-
with the measured data for flap bending, chord bending, atids/RCAS, are used to examine the ONERA 7A rotor blade
torsion moments at the high-speed condition. Figliréa) dynamics, trim, airloads, and structural loads, and the cal
shows that the RCAS predictions agree well with the measulated results are compared with the measured data. The
sured data at 30%R, 40%R and 75%R, but significantly undgsresent elsA and Helios analyses include the test standlimode
predict at 65%R and overpredict at 85%R. The Helios/RCAfg. From this study, the following conclusions are obtdine
calculations slightly reduce the half peak-to-peak vales 1) Non-rotating blade natural frequencies are calculated
thus improve correlation at 85%R but worsen correlation zﬂsing HOST and RCAS, and the analysis results are compared
the other radial locations. With the exception of the RCASith experimental measurements for the clamped boundary
prediction at 85%R and Helios/RCAS prediction at 65%Rqqngition. There is good agreement between the two analyses

both predictions are within 20% of the measured data ag,qg the calculated frequencies show reasonably good agree-
shown in Fig.17(d) Figurel7(b)shows that the RCAS calcu- ent with the experiment, except for the first torsion and fift
lations overpredict the measured data by more than 40%, tﬁgp modes.

same as the HOST calculations. The Helios/RCAS calcula- . . o

tions reduce the half peak-to-peak values and significamtly  FOr the rotating frequency comparison, the predictions by
prove the correlation. The deviation from the measured dat3® tWo comprehensive codes show excellent agreement with
is less than 20% as shown in FitjZ(e) Figure17(c)shows each other up to the fourth mode, however, the differences be

that both RCAS and Helios/RCAS calculations exhibit similacOMe larger for the higher frequency modes. The largest dif-
accuracy in the prediction of the half peak-to-peak amgétu ference of about 2.5% was observed for the fourth flap mode
of torsion moments, although phase prediction was much bt 100% RPM.

ter predicted by Helios/RCAS. Both calculations show very 2) Trim angles (blade pitch angles and shaft angle) are rea-
good correlation with the measured data. The deviation frosonably well predicted by the comprehensive analysespéxce
the measured data are less than 15% as shown il HD. the underprediction of lateral cyclic angle at both higlees

Figure 18 compares the HOST and elsA/HOST resulté‘nd high-thrust conditions due to a lack of test stan.d model-
with the measured data for flap bending, chord bending, affg@- The coupled analyses show very good correlation of the
torsion moments at the high-thrust condition. The HOSTM angles, especially lateral cyclic correlation is eliee.
calculations underpredict the half peak-to-peak flap bremdi Both g:omprehenswe and coupled analyses underpred|ct the
chord bending and torsion moments along the blade span. TR@gnitude of shaft angle by about 1.3 deg at the high-speed
largest difference observed was about 54% underpredictiGRndition, but predicted it accurately (less than 0.2 déigdi
of the half peak-to-peak flap bending moment at 65%R. TH&"C€) at the high-thrust condition.
elsA/HOST predictions improve flap bending moment corre- 3) The coupled analyses significantly improve the phase of
lation near mid-span, chord bending moment correlatioii at ¢he negative lift at the high-speed condition and bettetwrap

7



lift and moment stall on the retreating side at the highghru 9Rodriguez, B., Benoit. C., and Gardarein P., “Unsteady
condition than the comprehensive analyses based on liftingomputations of the Flowfield around a Helicopter Rotor
line aerodynamics without a dynamic stall model. with Model Support,” Paper AIAA 2005-466, 43rd AIAA
4) Comprehensive analyses show significant phase diffeherospace Sciences Meeting and Exhibit, Reno, NV, January
ences for the structural loads. The phase correlation is sub0-13, 2005.
stantially improved by the coupled analyses for all the flap
bending, chord bending and torsion moments at both high!°Beaumier, P., Costes, M., Rodriguez, B., Poinot, M., and
speed and high-thrust conditions. Cantaloube, B., “Weak and Strong Coupling between the
5) In general, the coupled analyses improve the half peaElSA CFD solver and the HOST Helicopter Comprehensive

to-peak correlation of structural loads compared to the-con@nalysis,” 31st European Rotorcraft Forum, Florencey,ltal
prehensive analyses. The Helios/RCAS calculations of theePtember 13-15, 2005.

half peak-to-peak chord bending and torsion moments are; o~ .
within 20% of the measured data. The structural loads cor- Pahlke, K'_’ and van der \_NaII,_ B. G., “Chimera Slmgla-
relation for the 7A rotor is consistently better than that fotlons of Multibladed Rotors in High-Speed Forward Flight

the UH-B0A rotor using the same Helios/RCAS analysis pr/ith Weak Fluid-Structure Couplingfierospace Science and
sented in Ref. 3. Technology, Vol. 9, (5), July 2005.
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Table 1. 7A rotor test conditions

Parameter High-speed (pt312) High-thrust (pt293)
Density, kg/n? 1.002 1.018
Temperature,C 23.9 27.9

Rotor speed, rpm 1012 1022
Airspeed, m/s 89.4 67.5
Advance ratiou 0.40 0.30

Rotor lift coefficientCy /o 0.063 0.100

Rotor propulsive force coefficierfx /o 0.0082 0.0046

Fig. 1. 7A rotor mounted in the ONERA Modane S1IMA Wind Tunnel.
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Fig. 2. Blade planform
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(b) Helios

Fig. 3. Overset grid systems.
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Fig. 8. Blade oscillatory flap bending moment (FBM) at high-peed condition,u = 0.4,C_ /o = 0.063.
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Fig. 14. Blade oscillatory chord bending moment (CBM) at hig-thrust condition, ¢ =0.3,C. /o = 0.100.
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Fig. 15. Blade oscillatory torsion moment (TM) at high-thrust condition, 4 = 0.3,C. /o = 0.100.
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Fig. 16. Half peak-to-peak loads at high-speed conditiory = 0.4,C /o = 0.063, HOST and elsA/HOST.
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Fig. 17. Half peak-to-peak loads at high-speed conditiory = 0.4,C_ /o = 0.063, RCAS and Helios/RCAS.
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Fig. 18. Half peak-to-peak loads at high-thrust condition,u = 0.3,C_ /o = 0.100, HOST and elsA/HOST.
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Fig. 19. Half peak-to-peak loads at high-thrust condition,u = 0.3,C. /o = 0.100, RCAS and Helios/RCAS.
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