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Abstract

Wind tunnel measurements of the rotor trim, blade airloao] structural loads of a full-scale UH-60A
Black Hawk main rotor are compared with calculations ol#dinsing the comprehensive rotorcraft analysis
CAMRAD Il and a coupled CAMRAD II/OVERFLOW 2 analysis. A spksweep at constant lift up to

an advance ratio of 0.4 and a thrust sweep at con

stant spweddap stall are investigated. The coupled

analysis shows significant improvement over compreherasiatysis. Normal force phase is better captured
and pitching moment magnitudes are better predicted imguthe magnitude and phase of the two stall
events in the fourth quadrant at the deeply stalled comtitétructural loads are, in general, improved with
the coupled analysis, but the magnitude of chord bending embis still significantly underpredicted. As
there are three modes around 4 and 5/rev frequencies, tiestl responses to the 5/rev airloads due to
dynamic stall are magnified and thus care must be taken imtblgsis of the deeply stalled condition.

Nomenclature

Cr, rotor lift coefficient

Cr rotor thrust coefficient

M?Cyx  nondimensional section normal force
M?Cy; nondimensional section pitching moment

. wall-effect corrected shaft angle

Qs geometric shaft angle (positive for rearward tilt)
Bo coning, deg

Bie longitudinal flapping, deg

Bis lateral flapping, deg

I advance ratio

o solidity, 0.0826

0, collective, deg

01 lateral cyclic, deg

015 longitudinal cyclic, deg

Introduction

A full-scale wind tunnel test of a UH-60A rotor was recently
conducted (May 2010) by NASA and the U.S. Army in the
National Full-Scale Aerodynamics Complex (NFAC) 40- by,

80-Foot Wind Tunnel to provide an expanded database f
validating and enhancing rotorcraft aeromechanics ptiedic
methodology [1]. This test acquired a comprehensive s
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not subject to copyright protection in the U.S

of validation-quality measurements on a full-scale pressu
instrumented rotor system at conditions that challenge the
most sophisticated modeling and simulation tools. Figure 1
shows these UH-60A rotor blades installed on the NFAC
Large Rotor Test Apparatus (LRTA) in the wind tunnel test
section.

Data were acquired over a wide range of operating conditions
including conditions of airspeed up to 175 kt, thrust up to
32,000 Ib, and advance ratio up to 1.0. The database provides
aerodynamic pressures, structural loads, control postio
and rotor forces and moments, allowing for the validation of
both aerodynamic and structural models. These unique and
extensive test data sets provide a useful resource thatecan b
used to examine the rotor behavior in the most challenging
conditions.

For the present investigation, two parametric sweeps were
selected for analysis. First, a speed sweep was selected
to test simulation accuracy over a wide range of advance
ratios. Second, a thrust sweep was selected to test siomlati
accuracy under conditions extending from unstalled thihoug
some deep stall conditions. The rotor blade aerodynamic
environment at high speed is characterized by compresgibil
and a poor distribution of loading over the rotor disk. At
high thrust, aerodynamics are dominated by dynamic stdll an

?a{rge negative pitching moment.

&omander et al. [2] provided an initial correlation of aatis

with measured data for the same test sets considered in
the present paper using the coupled CAMRAD Il [3] and
OVERFLOW 2 [4]. In the present paper, both CAMRAD ||
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alone and coupled CAMRAD Il and OVERFLOW 2 analyse®ifferential Transformers (RVDTs) on each blade to measure
are carried out and rotor structural loads as well as aidoadhe relative motions of its own articulations. The true lgad
results are compared with the UH-60A rotor wind tunnel tesinotions are obtained through three kinematic equatioris tha
data. Detailed examination and parametric studies are alaocount for the cross-coupling between measurements. The
conducted for the deeply stalled condition, where the pevi  second system, designated the Rotor State Measurement
analysis [2] had difficulty getting good correlation. System, is composed of four sets of three laser distance
transducers (one set mounted to each hub arm). Each
transducer produces a laser beam that is reflected back to
a sensor in the same enclosure by reflective objects within
. . specified distance range. The transducer then produces a
wg deﬁﬁﬁ::g}eﬁstinwgz CUOS(-jg(;:;\e(rjoltrc])rtZT/sl:IeFQCmi?J-nkt)g dsgr']':t?]%oltage proportional to the distance to the object (andeela

) . 0 one of the blade root angles). The accuracy of these blade
NFAC LRTA. The blades used in this test program VeI hot motion measurement systems is currently under review
the same 4 rotor blades flown during the UH-60A Airloads '
Program [5]. A detailed description of the experiment can be
found in Ref. 1, including information on the test hardwareyeg procedure
instrumentation, data acquisition and reduction systeatsy
control systems, and standard test procedures. Informatio
relevant to the current study is provided below. A level flight speed sweep was conducted to provide data
that showed the effects of advance ratio for representative
flight conditions. For each wind tunnel test condition, roto

Two of these blades were heavily instrumented: one with 2420llective, cyclic, and shaft angle were adjusted to match
pressure transducers and one with a mix of strain-gages aft¢ target lift, propulsive force, and hub moments. The 1-g
accelerometers. The pressure blade was originally buitt wi '€vel flight speed sweeps were performed at three lift levels
242 sub-miniature pipette type absolute pressure traesgucCz/o = 0.08, 0.09, and 0.10, up to an advance ratio of 0.4.
embedded below the skin surface of the blade. Absolute

pressures were measured at nine radial locations (1/R 50'2%3\ thrust sweep was performed using specified rotor thrust and

0.40, 0.55, 0.675, 0.775, 0.865, 0.92, 0.965, and 0.99) as ; . X
L . -~ =/ zero hub pitch and roll moments as trim targets until stall
shown in Fig. 2(a). Blade section normal force, pitchin

Yvas detected. Then, collective pitch was manually varied to

moment, and chord force were obtameq by integrating thEetter define the phenomena. During the collective sweeps
absolute pressures. For the blade airloads presented In

. . . . only zero hub moments were achieved (thrust not trimmed).
this paper, only working transducers were included in th . .
. X ) S he thrust sweeps were conducted at three different tip Mach
integrations. Detailed examination of pressures at eac

transducer are still in progress to ensure the accuracyeof tnumbers;Mm, - 0'6?5’ 0.650, and O'.675' The majori_ty of
integrated ailoads the data were acquired at the baselll_lvleq;p = 0.650 with

’ various shaft angles and advance ratios. A limited number
Blade flap bending, chord bending, and torsion moments we@é sweeps at\/;;, = 0.625 were conducted to attain higher
measured with two- or four-leg strain-gage bridges bondegon-dimensional thrusts and advance ratios without reachi
to the second instrumented blade. The gages were locatead limits.
at the blade root (11.3% radius) and then evenly distributed
along the blade at 10% increments of the rotor radius (20%to .
90%) as shown in Fig. 2(b). Most of the gauges were bondéa this paper, the speed sweep ra'_"ged from 0.15 to 0.4
directly to the blade spar and used during the Airloads flighf/!th @ constanC’z /o = 0.09 and a tip Mach number of 0.65

test. Five additional torsion gages were bonded to the blaé\ﬂgunh":’z)' 'Lhe S?'g%t;d tgrust4swe(_erpk)] wap ato.g with a tilp q
skin, including one at the same radial station as a spardzbnd, ach number of . 5 (Run l‘,:’)' e_test points are p.otte
gage to ensure measurement consistency. in Fig. 3 along with aerodynamic rotor lift boundary obtaine

in wind tunnel testing of a model rotor by McHugh [6]. The
The blade root motions occur around elastomeric bearingsaximum thrust obtained in this test is slightly higher thiza
and the “hinges” are the focal points of the bearings. TwdlcHugh lift boundary. Among those sweeps, five data points
independent, specially designed blade motion measureméaircled in Fig. 3) were further selected for detailed asédy
systems were used to determine blade flap, lag, and pitéinom the speed sweep, three points were seleqted.2
angles at the root of each blade. The first systenfRun 52, Point 20)x = 0.3 (Run 52, Point 31), and= 0.4
designated the Blade Motion Hardware (BMH) or “crab(Run 52, Point 52) aC;, /o = 0.09. From the collective
arm”, was used during the Airloads flight test. The BMHsweep, two points including the extreme thrust conditionewve
are mechanical measurement devices that span the maglected(Cr /o =0.06 (Run 45, Point 30) ar@; /o = 0.1255
rotor blade hinge points and include three Rotary VariabléRun 45, Point 38) at = 0.3.

Description of the Test

I nstrumentation



Description of Analytical Method and lag damper were also incorporated. When not coupling
to OVERFLOW, a dual-peak rigid wake model was used,
The analytical results were obtained using the compretiensiexcept af: = 0.2 where the free-wake model was used. The
analysis CAMRAD Il alone and separately using couple@ultiple-trailer with consolidation model was also used fo
CAMRAD II/OVERFLOW 2. This section describes eachthe . =0.2 case and the results were compared with those
method and how they are coupled to produce a higher fideliwyith the baseline rolled-up wake model.

solution. OVERFLOW 2

CAMRADII All  Navier-Stokes Computational Fluid Dynamics

The analytical results were obtained using the compretiensi(CFD) analyses presented herein were performed using
analysis CAMRAD II. CAMRAD |l is an aeromechanics OVERFLOW 2 version 2.2b [4]. OVERFLOW 2 is an
analysis of rotorcraft that incorporates a combinatio@Verset, structured-mesh flow solver developed at NASA.
of advanced technologies including multibody dynamics;0r two decades the OVERFLOW solver has served to
nonlinear finite elements, and rotorcraft aerodynamics [3pnalyze a variety of rotorcraft under a wide range of flight
CAMRAD Il has been used extensively for correlation ofconditions [13]. ~ OVERFLOW 2 offers a wide variety
performance and loads measurements of the UH-60A f@f numerical schemes, turbulence models, and boundary
various flight conditions [7-10]. The aerodynamic modefonditions. For the present study, OVERFLOW 2 was run
is based on second-order lifting line theory [11]. Thawith 4th order central differencing and 4th order artificial
blade section aerodynamic modeling in lifting line theorydissipation in space. Time marching was performed using
is unsteady, compressible, viscous flow about an infinitd 2nd order dual timestepping scheme. Turbulence was
wing in a uniform flow consisting of a yawed freestreammodeled near blade surfaces using the Spalart-Almaras one
and wake-induced velocity. This problem is modeled withifgguation model with rotational corrections. The turbukenc
CAMRAD Il as two-dimensional, steady, compressiblemodel was deactivated in regions one chord length or
viscous flow (airfoil tables), plus corrections for sweptdan further from the rotor blades to reduce numerical dissgrati
yawed flow, spanwise drag, unsteady loads, and dynamic st@f the wake. Blade surfaces were modeled as viscous,
The wake modeling of lifting line theory is an incompressibl adiabatic walls; outer boundaries were modeled using a
vortex wake behind the lifting line with distorted geometrych:;1racteristic condition imposing freestream quantities
and rollup. The wake analysis calculates the rotor nonamifo OVERFLOW 2 computes the flowfield by discretizing the
induced velocities using rigid, prescribed, or free wakdNavier-Stokes equations on a series of overset, structured
geometry. Two wake analyses are available in CAMRAD 119rids.  Grids modeling the rotor blades were body-fitted
a rolled-up model and a multiple-trailer (with consolidt) and curvilinear. These grids, often called near-body grids
model. The rolled-up wake model is based on the assumpti§¥tended approximately one chord length from the blade
that a tip vortex forms at the outboard blade tip. Becausgiface. The near-body grids were nested within one or more
of its simplicity and efficiency, the rolled-up model has dgon grids, called off-body grids, which filled the space between
been used for helicopter rotors. The multiple-trailer mddes the rotor and the boundary of the computational domain. The
also been available and, with the consolidation featurs, h&VERFLOW 2 model included a notional hub, but the LRTA
been applied recently with success to tiltrotor and heliepp and wind tunnel struts were not modeled. All grids exchanged
airloads calculations [9, 12]. flow information in regions of overlap. The amount of this
overlap was sufficient to support full 4th order accuracyhat t
The multiple-trailer model has the far wake trailed votiici boundaries.
divided into several spanwise panels to provide more dtail ) )
structure for the inboard vorticity. This model has a disere 1€ near-body grid representing the bulk of each rotor blade
trailed vortex line emanating from each of the aerodynamigad an "0” topology with 157 points wrapping around the
panel edges. The calculation of the free wake geometRf2de chordwise, 163 points along the blade span, and 75
includes the distortion of all of these trailed lines. WithPoints normal to the surface. The initial spacing at the
multiple far wake trailed vorticity panels, the traileddimat Plade surface had a'yvalue of 1. This grid system is
the aerodynamic panel edges can be consolidated into rolldfiustrated in Fig. 4(a). The near-body grid system (the hub
up lines using the trailed vorticity moment to scale the rat@nd all four blades) contained approximately 11.6 million
of roll-up. It is assumed that all the vorticity in each sef0ints. The off-body grid system used a series of ever larger
eventually rolls up into a single vortex located at the ceigtr Cartesian grids to create shells expanding outward from the
of the original vorticity distribution. near-body grid set. The grid point spacing within each shell
is twice that of the shell immediately preceding it. The
In this work, an isolated rotor was modeled as a flexibléinest off-body grid had a spacing equivalent to 0.1 tip-chor
blade with 11 nonlinear finite elements and 21 aerodynamiengths in all three directions. Seven such shells created a
panels. Detailed rotor control system geometry, stiffpessubic computational domain spanning ten rotor radii in gver



direction. Domain boundaries in this scenario were set to exchanges, this equates to 6 full revolutions for the cayser
freestream characteristic condition thereby simulatimgtar ~ solution. A fully converged coupled solution required
operating in free air. Flow in the off-body grids was treatedcapproximately 17 hours to compute on 1280 SGI Altix ICE
as inviscid and the turbulence model was deactivated. Thigocessors.

off-body grid set consisted of 15.5 million grid points aisd i led Vs . identical
depicted in Fig. 4(b). For coupled analysis, CAMRAD Il input was identical

to uncoupled CAMRAD I input except the wake model
The near-body and off-body grid combination totals 27.Wvas set to uniform inflow. The airload data passed to
million grid points. To reduce computation time, CFDCAMRAD Il accounted for both sectional aerodynamics
simulations were run using a hybrid distributed/sharednd wake effects. The lifting-line aerodynamics and wake
memory scheme with 160 Message Passing Interfaceodel were essentially replaced by airloads provided by
(distributed memory) ranks and eight OpenMP thread®VERFLOW 2.
(shared memory) per MPI rank for a total of 1280 parallel
tasks. OVERFLOW 2 required approximately 31 minutes Results and Discussion
to advance the solution for this configuration 1/4 of a rotor

revolution using 1280 CPUs of an SGI Altix ICE computer. | this section, selected data from the wind tunnel test are

Coupled Analysis of CAMRAD |11/OVERFLOW 2 compared with predictions frqm the two_analysis_ methods.
These test data include rotor trim, blade hinge motion, r@rm

CAMRAD Il uses a lower-fidelity aerodynamics model thanforce, pitching moment, flap bending, chord bending, and

that available in modern CFD codes, and most CFD coddsrsion moments for both speed and thrust sweeps.

lack the sophisticated Computational Structural Dynami(:?r

(CSD) and trim capabilities of comprehensive codes like

CAMRAD II. Coupling a CFD code (e.g. OVERFLOW 2) Figures 5 and 6 show the calculated and measured blade pitch
to a comprehensive code (e.g. CAMRAD II) marries theand flapping angles at the hinge at three different advance
strengths of the two approaches and produces the highegitios:;, = 0.2 (Run 52, Point 20); = 0.3 (Run 52, Point 31),
fidelity solution currently possible. For this study, comgl andy = 0.4 (Run 52, Point 52) for the sarfig, /o = 0.09. The

is achieved by alternate execution of OVERFLOW 2 angrim solution for the speed sweep conditions in the analyses
CAMRAD II. At the end of each code’s turn to execute,solves for the collective and cyclic angles required to fatc

it passes data to the next code. The data passed frgRe measured thrust and hub moments with specified corrected
OVERFLOW 2to CAMRAD llis airload data integrated from shaft ang|e((yc)_ The measured hinge motions were obtained
its Navier-Stokes model of the UH-60 rotor. This air'Oadfrom the BMH hardware and the values averaged over each
data is used to augment CAMRAD II's internal aerodynamicsf the four blades were used for comparison. The measured
model (which consists of airfoil tables and a lower-ordegollective angles increase as the advance ratio increames a
wake model). At the end of its execution, CAMRAD Il the analyses show the same trends but overpredict by about
generates updated control positions and a description @fdeg at all speeds investigated. Note that different seakes
how the blade deforms elastically as it revolves around thgsed for each plot. The calculations show good correlation o
shaft. These quantities are used to give OVERFLOW 27gyclic pitch angles, except lateral cyclic angle:at 0.4 where
grids a realistic motion in response to the aerodynamige analysis underpredicted by about 2 deg. The coupled
environment.  This algorithm, called the delta couplinganalysis shows slightly better agreement with the measured
technique, was pioneered by Tung et al. [14] and implementg§clic angles compared to CAMRAD Il alone.

in OVERFLOW by Potsdam et al. [15] Significantly improved

airloads prediction capability has been demonstratedHer t The measured coning angles at the three different advance
UH-60A rotor in steady level flight conditions using thisratios are almost identical because lift is same for those
loosely coupled approach [2, 15, 16]. The CFD solution igonditions. The calculations show good agreement with
advanced 1/4 revolution during a coupling iteration beeaudhe test data. The difference between the calculations and
this allows each of the rotor’s four blades to sweep througmeasured values are less than 0.2 deg. The difference betwee
a full quadrant of the rotor disk. Taken in aggregate, théhe two analyses is also small.

four blades the_reby detgrmine the airloads at every aZimumrIoadsfor speed sweep

for every coupling iteration. Convergence of the coupling

process was determined by monitoring blade airloads fddlade section normal force and pitching moment for the
periodicity. When the airloads did not vary significantlpdn ~ speed sweep are investigated in this section. Figure 7 shows
one coupling iteration to the next, the solution was judgedondimensional normal force at 92% radial station at three
to be converged. For the present analysis, this generalljifferent advance ratios. At = 0.2, the measured normal
occurred after 24 coupling iterations. Since OVERFLOW Zorce shows pulses due to blade vortex interaction (BVI) on
was allowed to iterate for 1/4 revolution between couplindoth the advancing side and retreating side. The CAMRAD ||

im and blade motion for speed sweep



analysis significantly overpredicts the magnitude of thwiilo However both analyses, in general, show reasonably good
up impulse on the advancing side. The same overpredicti@orrelation at higher advance ratios although peak-tdpea
was also observed with the UH-60A flight test correlatiormagnitude is underpredicted. The coupled analysis imgrove
at 4 = 0.15 [9]. This will be revisited in a later section. phase in the first and second quadrants and waveform in the
The coupled analysis accurately captures the magnitude third and fourth quadrants. The sharp drop around 250-deg
these pulses. At higher speed, the airloads on the bladeimuth is not well predicted even with the coupled analysis

tip region are generally characterized by negative liftha t

eI?\d gf the firs% quadrgnt and the begir{ning of the secorﬁ:{'gure .12 shows oscillato_ry 'pitch link loads. The measgred
quadrant [18] and both: = 0.3 and 0.4 conditions show pitch link loads show similar waveform as the torsion

negative normal force at this radial location. This negaa\tivmoments at /R = 0.4 on the advancing side, but much

loading gets more severe as the advance ratio increases. -F?{g;r vadn_atlor:w Of'.q the rgtreatm%gde.dThe n:)ag:tt;}de |H;|we
magnitude of the normal force is reasonably well predicteare icted In the first and second quadrants by both analyses,

by CAMRAD II, but the phase angle correlation is fair togspecially aty = 0.3 and 0.4, but the correlation is poor

poor. The phase of the airloads from the coupled analysis sl the third and fourth quadrants. Although detailed shapes

significantly improved over the CAMRAD Il analysis. Small, are better predicte_d by the coupled analysis, t_he sharp drop
high frequency oscillations in the test data in the first qaat around 250-deg azimuth is not captured even with the coupled

resulting from the wake interaction are also beginning t&"alySis:

be captured in the coupled solution. Figure 8 showgjgure 13 compares harmonic magnitude of flap bending,
nondimensionalpitching moment at 92% radial station fer thchord bending, and torsion moments along the blade span
speed sweep. The CAMRAD Il analysis shows a significafbr ;, = 0.3. Note that different scales are used for each
underprediction of advancing blade pitching moments at aarmonic. The coupled analysis shows better agreement with
advance ratios. Although there is an underprediction ghe measured data on the 2/rev flap bending moment and
peak-to-peak magnitude and an exaggerated dynamic st@lbst of the 4 and 5/rev moments. Neither analysis does
cycle in the fourth quadrant at = 0.4, the coupled analysis well for the 1, 2, and 3/rev chord bending moment. Even
significantly improves the overall correlation comparetht®  though a nonlinear lag damper model was used, both analyses

comprehensive code alone. especially the moment pulse dgignificantly underpredict the magnitude of chord bending
to BVI is better captured. moment.

Structural loadsfor speed sweep Trim and blade motion for thrust sweep

Figures 9 through 12 compare the calculated and measure@ures 14 and 15 show the calculated and measured blade
structural loads for the speed sweep. Figure 9 showgitch and flapping angles at the hinge at two different thrust
oscillatory flap bending moment at 40% radial station. Sgeadevels;Cr /o = 0.06 (Run 45, Point 30) andr /o = 0.1255
values were removed from both test data and analyses. T(Run 45, Point 38) for the same= 0.3. The trim solution for
CAMRAD Il analysis showed poor correlation at= 0.2 due the CAMRAD Il was solved for the controls that produced
to the overprediction of the magnitude of the down-up normaptor thrust and hub moments to match the measured values,
force impulse on the advancing side as shown in Fig. 7(aith the rotor shaft angle of attack fixed at the measured
The CAMRAD Il calculated flap bending moments show faivalues with correction. It should be noted that the measured
to good correlation on magnitude at= 0.3 and 0.4, but hub moments are very small as zero hub moments were
the phase differs significantly from the measurements. Tre®ught during the test. For the coupled analysis, a difteren
coupled analysis shows better prediction capability then t trim strategy was used. First, baseline case was selected at
CAMRAD Il analysis. Waveform and phase correlation isCr/o =0.08 and the simulation was trimmed to match the
improved in the first and second quadrants by the coupledeasured thrust. Collective deltas were derived from test
analysis. data relative to this baseline and then applied to the sitadila
baseline to produce the remaining target points. This tegul
Figure 10 shows oscillatory chord bending moment at 40% C'p/o = 0.0591 and 0.1243, respectively. For the maximum
radial station. The measurements show significant higihrust condition, the estimated thrust is about 0.96% lower
frequency content unlike flap bending moments.  Botlthan the measured value, with collective of 13.34 deg.
analyses underpredict the magnitude. Although the coupled .
analysis shows much stronger high frequency content trean tROr the Cr/o = 0.06 case, the coupled analysis shows
comprehensive analysis, especially;at 0.2 and 0.3, the slightly better collective and coning angle correlatiorthwi

peak-to-peak magnitude is significantly underpredicted arf’® measured data than the comprehensive analysis, but
phase is not well captured. both analyses overpredict them. For the highest thrust

condition, although collective is still about 1.5 deg highe
Figure 11 shows oscillatory torsion moment at 40% radiahan the measured value, the coupled analysis shows exicelle
station. Correlation is poor gt = 0.2 for both analyses. agreement of coning angle.



Airloadsfor thrust sweep Effect of wake modeling at low speed

Figure 16 shows nondimensional section normal force athe CAMRAD Il analysis significantly overpredicted the
92% radial station for thrust sweep. The measured dafagnitude of the down-up impulse on the advancing side at
show negative normal force at the end of first quadrant anﬁi = 0.2 as shown in Fig. 7(a). A similar trend was also
beginning of second quadrant for both thrust levels. Thgpserved with UH-60A flight test correlation at= 0.15 [9]
measured normal force &tr/o = 0.06 shows BVI-induced gng petter correlation was obtained using a free wake
pulses in the first quadrant, which is similar to that ObSérvegeometry calculation method that combined the multiple-
at lower advance ratio (Fig. 7(a)). At higher thrust, therajler wake with a simulation of the tip vortex formation
measured data show two stall events in the fourth quadrafb‘i'-ocess (consolidation). Calculations are carried out wie

At Crlo = 0.06 condition, the coupled analysis capturesyy|tiple-trailer wake with consolidation in order to idégt

the BVI-induced normal force variation in the first quadrantynether the same improvement can be obtained at this low
and significantly improves phase correlation on the advanci speed condition. Figure 22 shows section normal force and
side. At Crl/o = 0.1255 condition, the coupled analysispscillatory flap bending moment correlation. The multiple
shows good correlation on the retreating side, capturig thyajler with consolidation model reduced the magnitudenef t
large normal force fluctuations in the fourth quadrant due tBulse due to BVI compared to the baseline rolled-up wake
dynamic stall events. However, the coupled analysis shovg, the advancing side and, thus, improved the normal force
a large normal force variation in the first quadrant and thiggrelation. A slight improvement is also observed on the
(along with pitching moment) has an important influence ofyont of the rotor disk. A similar improvement is obtained
high frequency structural loads that will be discussedrlate g the flap bending moment using the prediction with the

Figure 17 shows nondimensional section pitching moment tultiple trailer and consolidation model. This predictiisn
92% radial station for the thrust sweep. The CAMRAD ||Very close to the coupled analysis.

analysis again shows a significant underprediction Oétructural loads caleulation with prescribed measured
advancing blade pitching moments. It should be noted tleat th.

CAMRAD II analysis did not use a dynamic stall model anaawloads

thus there is no high frequency pitching moment variation afnjs section investigates the structural loads calcul&tea
Crlo = 0.1255. The coupled analysis significantly improvegyrescribed measured airloads (normal force, chord foree, a
the correlation by capturing BVI-induced high frequencyyitching moment) using CAMRAD Il alone. Good correlation
impulse in the first quadrant &/ = 0.06 and the magnitude petween prediction and test depends on three factors: aecur
and phase of the two stall events in the fourth quadrant @froads measurement, accurate structural loads measatem
the deeply stalled conditiort/c = 0.1255). Similar to the ang accurate structural model. Prescribing measuredsaislo
normal force, the coupled analysis shows a pitching momegkrmits validation of the structural model without error
pulse in the first quadrant, which was not observed in thgssociated with aerodynamic modelings. This approach
measured data. has been proved successful for the correlation with the
Structural loadsfor thrust sweep NASA/Army UH-60A Airloads Program flight test data [19].

) ) This study found the present structural model to be adequate
Figures 18 through 21 show structural loads correlation for

the thrust sweep. The coupled analysis shows much bettgtructural loads are calculated for btk 0.3 and 0.4 and the
flap bending moment correlation, as shown in Fig. 18, byesults are compared with the measurements and the coupled
improving both magnitude and phase correlation with thanalysis predictions as shown in Figs. 23 and 24. Good
measured data. For the chord bending moment shovagreement between calculations and measurementis atbtaine
in Fig. 19, both analyses underpredict the magnitude #&br flap bending moment for both cases. Underprediction is
Crlo =0.06, although the coupled analysis shows slightlpbserved for chord bending momentat 0.3, but excellent
better peak-to-peak magnitude. However, the couplezbrrelation is obtained at=0.4. Torsion moment correlation
analysis shows significant 5/rev chord bending moment. This poor. There are strong 5/rev responses, which were not
overprediction of the 5/rev harmonic is also observed imbserved with either CAMRAD Il alone or coupled analysis.
the torsion moment and pitch link loads shown in Figs. 20n order to understand poor correlation of torsion moments,
and 21, respectively. This can be explained from a couplezkction normal force and pitching moment near the blade
aerodynamic/structural dynamics point of view. Normatfor tip area are compared in Figs. 25 and 26. Although there
and pitching moment pulses in the first quadrant, combineate pressure transducers installed at r/R = 0.965, airlaszls
with two dynamic stall cycles in the fourth quadrant, getera not available at that radial location due to malfunction.eOn

a strong 5/rev forcing function. As the blade 2nd chorabvious outlier is r/R = 0.99 where there is a significant mean
frequency is about 4.69/rev and first torsion frequency @sb value change and a big hump in pitching moment in the first
4.53/rev, the structural responses to the 5/rev airloads aguadrant for both advance ratios. This may be the cause
magnified. This will be further examined in a later section. of a strong 5/rev response in the torsion moments. Without



measurements at r/R = 0.965, this is the only airload dafeequencyis about4.69/rev and first torsion frequency @b
available acting on the swept tip. Because of the sweepgthe$.53/rev, the structural responses to the 5/rev airloa@stdu
airloads will significantly twist the blade. The same isswsw dynamic stall are magnified. In this case, the soft pitch link
observed at other advance ratios (not shown in this papdr) amoves the first torsion frequency from 4.53/rev to 4.0/red an
thus assessment of structural loads with prescribed medsuprevents this excitation.

airloads was not successfully carried out in full. DetailedN h h limit th dth h dred
examination of pressures at this radial location is wagdnt ear the rotor thrust limit the measured thrust showed reduc

sensitivity to collective change. The higher collectivesea
Parametric studies of maximum thrust condition overpredicted the rotor lift by just 1.43% but produced a
dynamic stall event on the advancing side and significantly
At the high thrust condition, the predicted airloads featlr |arger 5/rev structural responses.
large, first quadrant normal force and pitching moment
variations that appear to stimulate a strong 5/rev strattur )
response. These phenomena are not present in the measured Conclusions

data. In an effort to understand the cause of these . .
mispredictions the effects of collective and pitch linkfse:ss Wind tunnel measurements of the rotor trim, blade airloads,

on airloads and structural loads are investigated. All th@nd structural loads of a full-scale UH-60A Black Hawk
results shown in Figs. 27 through 29 were obtained with thiain rotor are gompared with calgulatlons obtained using
coupled analysis. Figure 27 shows the calculated pitcheangtpe comprehensive rotorcraft analysis CAMRAF) Il alone and
at the maximum thrust. Figure 27(a) is the result of twa* coupled CAMRAD I/OVERFLOW 2 analysis. A speed
different collective angles, 11.88 deg and 14.85 deg. THweep at constant lift up to an advance ratio of 0.4 and atthrus
11.88 deg was chosen to closely match with the measur&y€€P at constant speed into deep stall are investigated.

collective and 14.85 deg was chosen because it is roughtyom this study the following conclusions were obtained:
the same collective change from the baseline collective of

13.34 deg. The lower collective produc€t-/oc = 0.1187 Speed sweep
which is 5.42% lower than the measured value and the high
collective produced’r/oc = 0.1273 which is 1.43% higer.
Larger collective required larger cyclic pitch angles tomtr
the rotor. Another variation, shown in Fig. 27(b), is pitch
link stiffness with the baseline collective. The baseliitelp
link stiffness value of 1090 ft-Ib/deg, which is widely used
previous UH-60A analyses, was determined experimental
from direct measurements of the aircraft hardware by Kufel
and Johnson [20]. The soft value was obtained from the stu
by Shanley [21] under a NASA contract.

Je.f The comprehensive analysis with lifting-line aerodyizsm
significantly overpredicted the magnitude of the down-up
impulse in normal force on the advancing side at low advance
ratio. However, the magnitude of the normal force is
reasonably well predicted at higher advance ratios. Better
Pormal force correlation is obtained at low advance ratio by
sing a free-wake geometry calculation method that consbine

e multiple-trailer wake with a simulation of the tip voxte
drmation process (consolidation).

2) The coupled analysis shows significant improvement over

Figure 28 shows section airloads due to the parametriymnrehensive analysis. Pitching moment magnitudes are
changes. The lower collective (matching measured colleXti peter captured in the coupled solutions. The shape of the

reduces the normal force and pitching moment pulse igiroads curves is better predicted with the coupled aimglys
the first quadrant, but underpredicts negative normal force

peak on the advancing side and misses the phase of t@p The comprehensive analysis shows reasonably good flap
pitching moment peaks on the retreating side. The highé&ending and torsion moment correlation but significantly
collective generates advancing blade stall spikes ancadegr underpredicts the magnitude of chord bending moment. The
correlation. The soft pitch link improves correlation bycoupled analysis improves waveforms and phase of flap
reducing the normal force and pitching moment pulse ifending and torsion moment but does not improve the chord
the first quadrant and correcting normal force phase on tHeending moment much.

advancing side. None of these improves pitching mome

correlation across the front of the rotor disk % Structural loads were calculated by prescribing meabkure

airloads. Strong 5/rev torsion moment, which were not
Figure 29 shows the effects of collective and pitch linkobserved in the test, were predicted and attributed to ttle la
stiffness on structural loads. Both lower collective anét so Of measurements at r/R = 0.965 and anomaly, especially in
pitch link stiffness cases show slightly better correlatio Pitching moment, at r/R = 0.99.
than the_ baseline results. The higher coIIectivc_e g_;eneratg:f‘.]rust sweep
substantially larger 5/rev structural response. This éady
illustrated by the 5/rev torsion moment harmonic correlati 5) The coupled analysis again shows significant improvement
shown in Figs. 29(e) and 29(f). As the blade 2nd chorih the airloads predictions, especially capturing the nitagie



and phase of the two stall events in the fourth quadrant at the American Helicopter Society, Vol. 49, No. 4, October

deeply stalled condition.

6) Accurate analysis of the maximum thrust condition [9]
is challenging because large collective variation produce
small thrust change. The higher collective case, although
overpredicting lift by just 1.43%, produces a dynamic stall

event on the advancing side and significantly larger 5/rev
[10] Yeo, H.,

structural responses.

7) As the blade 2nd chord frequency is about 4.69/rev and first

torsion frequency is about 4.53/rev, the structural respso

the 5/rev airloads due to dynamic stall are magnified. In this
case, a soft pitch link which moves the first torsion freqyenc[11]

from 4.53/rev to 4.0/rev improves the overall structurads
correlation.
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Fig. 1: UH-60A rotor system installed on the Large Rotor Tagparatus in the NFAC 40- by 80-Foot Wind Tunnel.

0.04
xR o0
-0.04
-0.08
0.12

SC1095

r— ‘T ‘<7 SC1094 R8 ‘T rscm% T
: B0
Q o g

0.04

xR o0
-0.04
-0.08
-0.12

1 T T 1 T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

r'R
(a) Pressure transducer locations

1
1

——J

T T T T T T T 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r'R

(b) Strain gauge locations3{ flap bending,o: chord bending, anck: torsion

moment)

Fig. 2: Blade planform with locations of pressure transdsiead strain gauges.
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Fig. 21: Calculated and measured oscillatory pitch linldlfar thrust sweep.
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Fig. 22: Effects of wake modeling,=0.2,C}, /o = 0.92.
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Fig. 23: Structural loads at 40%R calculated with presaribeFig. 24: Structural loads at 40%R calculated with presctibe

measured airloadg, = 0.3,C, /o = 0.09

measured airloadg, = 0.4,C, /o =0.09
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Fig. 25: Measured blade section airloads; 0.3,C, /o =0.09
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Fig. 26: Measured blade section airloads; 0.4,C, /o =0.09
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Fig. 27: Pitch angle and thrugt,= 0.3,Cr /o = 0.1255.
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Fig. 28: Blade section airloads at r/R = 0.925 0.3,Cr /o = 0.1255.
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Fig. 29: Oscillatory structural loadg,= 0.3,Cr /o = 0.1255.



