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Abstract

The aeromechanics predictions of HART I rotor obtained using a computational structural dynamics (CSD) code are 

evaluated against the wind tunnel test data. The flight regimes include low speed descending flight at an advance ratio of μ = 

0.151 and cruise condition at μ = 0.229. A lifting-line based unsteady airfoil theory with C81 table look-up is used to calculate 

the aerodynamic loads acting on the blade. Either rolled-up free wake or multiple-trailer wake with consolidation (MTC) 

model is employed for the free vortex wake representation. The measured blade properties accomplished recently are used to 

analyze the rotor for the up-to-date computations. The comparison results on airloads and structural loads of the rotor show 

good agreements for descent flight and fair for cruise flight condition. It is observed that MTC model generally improves the 

correlation against the measured data. The structural loads predictions for all measurement locations of HART I rotor are 

investigated. The dominant harmonic response of the structural loads is clearly captured with MTC model.
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1. Introduction

The Higher-harmonic-control Aeroacoustic Rotor Test 

(HART) programs were conducted at the open-jet anechoic 

test chamber of the German-Dutch wind tunnel (DNW) 

by a joint research team from the German DLR, the French 

ONERA, DNW, NASA Langley, and the U.S. Army in 1994 [1] 

and 2001[2]. The respective programs are called as HART 

I (1994) and HART II (2001). The goals of the tests were to 

measure rotor loads, blade motion, acoustic signature, and 

flow fields in diverse flight conditions, with and without 

higher harmonic control (HHC) pitch control inputs, with 

the objectives to gain physical insights of the blade-vortex 

interaction (BVI) phenomenon and to promote the HHC 

techniques for smart rotor control concepts. Particularly, 

some limited data sets of HART II are released to the public 

in 2005 with the establishment of the HART II International 

Workshop [3]. Since then the test data have been exploited 

by many researchers leading to a remarkable work in the 

field of rotorcraft aeromechanics discipline [4-5]. Despite 

greater recognition of HART II program, HART I has gained 

less attention and only a limited volume of research has 

been reported in the literature [6-10]. Considering the broad 

spectrum of HART I test data in terms of flight regimes and 

the number of stations compared with those of HART II, it 

deserves close attention for comprehensive validation of the 

wind tunnel measurement results. Specifically, the number of 

radial stations measuring both airloads and structural loads 

of HART I rotor is larger than its counterpart rotor so that a 

spanwise variation of the respective loads components can be 

traced systematically.

Most of HART I research has been conducted using blade 

structural properties predicted by the manufacturer of the 

blades [11]. Previous studies conducted by Yeo et al. [9-10] 

confirm that the structural loads of HART I rotor are captured 

well with the test data even though the airloads are reasonably 

matched with the measured data. This observation leads to 

suspicions on the accuracy of the earlier blade properties and 

stimulates to carry out the structural property measurement 

campaign using original HART I blades [12]. It is indicated 
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that a maximum up to 30% deviations are found in the 

blade structural properties and better agreements in the 

aeromechanics responses can be resulted in terms of the 

peak-to-peak magnitudes and phases than the earlier blade 

properties. No further validation efforts have been reported 

so far using the newly measured properties of HART I blades 

to investigate the quality of the test data.

The objective of the present study is to continue the 

validation activities on airloads and structural loads of HART 

I rotor using a comprehensive dynamics analysis combined 

with the updated blade properties. To this purpose, the 

measured blade property set obtained by Jung et al. [11, 12] 

is adopted and a comprehensive aeromechanics analysis 

code CAMRAD II [13] with different levels of free vortex wake 

representation is used for the study. The flight conditions to 

cover include low speed descent (μ = 0.151) and cruise flight 

(μ = 0.229) conditions. According to the test documentation 

[14], these correspond to Data Point (Dpt.) 140 and 291, 

respectively. The measured data on airloads and structural 

loads of the instrumented HART I blade (Blade No. 1) except 

the obvious malfunctioned results are considered for the 

validation study. It is remarked that the present study is the 

first to investigate the spanwise distribution of structural 

loads and also to cover the cruise flight condition for HART 

I rotor.

2. HART I Rotor Test

The HART I test was conducted in the open jet anechoic 

chamber of the Large Low-speed Facility of the German-

Dutch Wind Tunnel (DNW) located in the Netherlands [14]. 

The rotor was a four-bladed, 40% Mach-scaled hingeless BO-

105 model with 2m radius R and 0.121m chord length c. The 

properties of HART I rotor are summarized in Table 1. The 

reference blade (blade No. 1) was equipped with 124 pressure 

transducers as well as 32 strain gauges distributed over the 

span of the blade. The pressure instrumented blade was 

heavier by about 6% due to the sensor installments than the 

rest of the blades. The aerodynamic lift and pitching moment 

were obtained at three spanwise stations (r/R = 0.75, 0.87, 

0.97) by integrating the air pressures (up to 44 sensors at a 

station) positioned over the top and bottom surfaces of the 

specified station (airfoil) of the blade. The structural loads 

such as flap bending, lag bending, and torsion moments 

were measured at up to 14 radial stations between r/R = 0.144 

and 0.81. The strain gauge signals were used to calculate the 

blade elastic deflections and to correlate with those by an 

optical method called PGM (Projected Grid Method) [14]. 

The pressure and strain gauge signals were sampled at a rate 

of 2,048 per revolution and the test data were averaged over 

64 revolutions for each test condition. 

The major focus of HART I test was placed for descent flight 

conditions where BVI (Blade Vortex Interaction) impulsive 

noise and vibration were of prime concern. The test matrix 

covered low to moderate speed descents (μ = 0.114 to 0.275) 

with varying shaft axis angles. The nominal HART I test 

condition without HHC control input called BL (baseline) 

case had the characteristic as: descent flight with an advance 

ratio μ = 0.15, a shaft tilt angle αs = 5.3 deg. aft, and a hover 

tip Mach number Mtip = 0.641. The rotor was trimmed to 

match a thrust level CT = 0.0044 with zero hub roll and pitch 

Table 1. Rotor properties 
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Table 1. Rotor properties  
Properties Values 

Number of blades, Nb 4 

Rotor radius, R 2.0 m 

Blade chord 0.121 m 

Blade solidity,   0.077 

Lock number, γ 8.0 

Nominal rotor speed, ref  1040 rpm 

Blade mass (Instrumented) 2.669 kg 

Linear twist -8.0 deg. 

Precone angle 2.5 deg. 

Airfoil NACA 23012 mod 
 

Table 2. Test conditions of HART I rotor
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Table 2. Test conditions of HART I rotor 

Properties Descent (Dpt. 140) Cruise (Dpt. 291)  

Advance ratio, μ 0.151 0.229 

Advancing tip Mach No. 0.7343 0.7837 

Thrust 3,100 N 3,159 N 

Roll moment 11.2 N 9.30 N 

Pitch moment -20.0 N -12.5 N 

Blade thrust coefficient, CT/σ 0.0561 0.0566 

Shaft tilt angle (positive aft) 4.5 deg. -4.8 deg. 
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moments. Some additional conditions such as hover, climb, 

and level flight were also included in the test matrix. Among 

the variety of test conditions, either the nominal descent 

flight (i.e. BL) or cruise condition (μ = 0.229) is considered 

in the present investigation. Table 2 shows the trim targets 

and test conditions specified for the cases studied. It is noted 

that the shaft tilt angles appeared in Table 2 are corrected 

considering the wind tunnel wall and the fuselage as [15],
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where a numeric value of -0.2 is used for the empirical factor F. The presence of the fuselage is 

shown to have additional adjustments of about 0.2 depending on the flight conditions [4, 14]. 

 
3. Analytical Model 

A comprehensive rotorcraft dynamics analysis code CAMRAD II [13] is employed to compute the 

aeromechanics response of the rotor. The code is characterized by flexible multibody dynamics, non-

linear finite elements, and various levels of rotorcraft aerodynamic models. For the structural analysis, 

the blade motion is expressed as the sum of the rigid body motion and the elastic motion. The rigid 

body motion describes the motion at the ends of a beam element, and the elastic motion is measured 

relative to the rigid body motion. These consist of 6 degrees of freedom (DOF) for the rigid motion 

and 9 DOF for the elastic motion (3 axial, 2 flap, 2 lag, and 2 torsion) resulting in a 15 DOF per beam 

finite element. In the present analysis, the blade structure is discretized into 15 nonlinear beam finite 

elements and the airfoil blade is divided into 17 aerodynamic panels with finer segements 

approaching the tip, as depicted in Fig. 1. It is noted that, to minimize the discretization error, the 
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where a numeric value of -0.2 is used for the empirical factor 

F. The presence of the fuselage is shown to have additional 

adjustments of about 0.2 depending on the flight conditions 

[4, 14].

3. Analytical Model

A comprehensive rotorcraft dynamics analysis code 

CAMRAD II [13] is employed to compute the aeromechanics 

response of the rotor. The code is characterized by flexible 

multibody dynamics, non-linear finite elements, and various 

levels of rotorcraft aerodynamic models. For the structural 

analysis, the blade motion is expressed as the sum of the rigid 

body motion and the elastic motion. The rigid body motion 

describes the motion at the ends of a beam element, and the 

elastic motion is measured relative to the rigid body motion. 

These consist of 6 degrees of freedom (DOF) for the rigid 

motion and 9 DOF for the elastic motion (3 axial, 2 flap, 2 lag, 

and 2 torsion) resulting in a 15 DOF per beam finite element. 

In the present analysis, the blade structure is discretized into 

15 nonlinear beam finite elements and the airfoil blade is 

divided into 17 aerodynamic panels with finer segements 

approaching the tip, as depicted in Fig. 1. It is noted that, 

to minimize the discretization error, the three airloads 

measurement stations (i.e., r/R = 0.75, 0.87, 0.97) are set to 

clocate the center (denoted as aerodynamic sensor; see Fig. 

1) of the corresponding panel elements. The aerodynamic 

model used is based on the ONERA EDLIN unsteady airfoil 

theory combined with C81 airfoil table look-up along with 

free vortex wake model. For the vortex wake representation, 

a free wake geometry is used to compute the non-uniform 

induced inflow around the rotor. For the free wake analysis, 

the formation of the tip vortices is modeled using the single 

trailer rolled-up wake model or the multiple-trailer wake 

with consolidation (MTC) model. The MTC model has 

discrete vortex filaments convected from both ends of the 

aerodynamic panel edges. The trailed filaments are eventually 

consolidated into a single rolled-up state by entrainment or 

compression process (Ref. 9). The computation of the free 

wake geometry involves evaluating the induced velocities 

at the collocation points which generally requires heavy 

computations due to the large number of vortex filaments 

particularly in the MTC model. A parametric study has been 

conducted to determine the best suited number of wake 

trailers leading to reasonable accuracy solutions with high 

efficiency. For the vortex wake model, the initial core size is 

set to 0.5c (50% chord length) with a square root growth over 

four rotor revolutions. The azimuth frequency of the wake 

geometry is 15 deg. Fig. 2 shows the influence of the number 

of wake trailers on the section nomal force coefficients. The 

number is varied from single to eighteen vortex trailers. All 

cases except the single trailer include the root vortex trailer 

located inner most of the blade inboard region. As is seen, the 

inclusion of root vortex trailer appears crucial to capture the 

down-up pattern of the airloads observed in the measured 

signals near the front edge of the rotor. Results with 13 trailer 

case is indicate no significant variations as compared with 

18 trailers. Further, the computation time consumed is 

about 50% smaller. Based on the preliminary investigation, 

13 trailers chosen to produce relatively accurate results for 
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(a) Finite element model 
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Fig. 1 HART I blade models for comprehensive rotor analysis. 
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Fig. 1 HART I blade models for comprehensive rotor analysis. 

 

(b) Aerodynamic model

Fig. 1. HART I blade models for comprehensive rotor analysis.
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Fig. 2 Effect of number of wake trailers on section normal force. 

Fig. 2. Effect of number of wake trailers on section normal force.
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the MTC model. Considering the feature that BVI can be 

crucial for low speed flights where the trailed vortices remain 

close to the rotor tip path plane, the MTC model is exploited 

extensively, while the rolled-up wake model is employed for 

a relative comparison. 

To simplify the analysis, an isolated rotor configuration 

is considered for the present investigation. The effect of a 

fuselage is taken into account indirectly by correcting the 

shaft tilt angles by about 0.2 deg. The rotor trim is reached by 

matching the measured rotor thrust and hub roll and pitch 

moments in the wind tunnel condition. The respective trim 

targets in both flight conditions are specified in Table 2.

4. Results and Discussion

The HART I rotor in either descending flight (Dpt. 140, μ = 

0.151) or cruise condition (Dpt. 291, μ = 0.229) is considered. 

A zero hub moment with fixed shaft angles is used to 

meet the trim targets specified for the rotor in the wind 

tunnel condition. The sign is defined as the positive when 

the advancing side goes up (roll) and a pitch-up motion 

induces. A Newton-Raphson scheme with the Jacobian 

evaluations is adopted in CAMRAD II to obtain the desired 

trim. The resulting trim values are the collective, lateral 

cyclic, and longitudinal cyclic pitch angles. Fig. 3 shows the 

comparison of the predicted control pitch angles for both 

flight conditions, as compared with the measured data. The 

predicted results are obtained using the rolled-up free wake 

model and a refined MTC model. The correlation is relatively 

good for collective pitch angles, fair for longitudinal cyclic 

angles, and poor for lateral cyclic pitch angles particularly in 

the cruise condition. The neglect of a fuselage in the present 

analysis could be a reason leading to the under prediction 

of the lateral cyclic angles, even though the fuselage alone 

does not explain the large deviation (about 2 deg.) between 

the values. This needs further investigation in the future to 

explain the discrepancy. It is observed that the MTC model 

improves the correlation on the cyclic pitch angles when 

compared with the rolled-up free wake case. 

Figure 4 presents the predicted natural frequencies of 

HART I rotor in vacuum condition depicted as a function 

of the rotational speeds nondimensionalized by the rotor 

nominal speed Ω. The measured non-rotating frequencies 

obtained from the test documentation [14] are included for 

comparison purpose. A pitch bearing stiffness of 1,706 N-m/

rad that matches the first torsion frequency of the reference 

(instrumented) blade is used to represent the control system 

stiffness of HART I rotor. The measured blade properties of 

HART I blades reported in Jung et al. [11, 12] are employed 

for the present analysis. The natural frequency results show 

that the present predictions are in good agreements with 

the measured HART I data, indicating the soundness of the 

structural model.

The predictions on section airloads, blade elastic motions, 

and structural loads of HART I rotor in both descending 

flight and cruise conditions are compared with the measured 

data in the following sections. Only the baseline condition 

without HHC inputs is considered. 

4.1  Aeromechanics results in descending flight (Dpt. 
140, μ = 0.151)

The descending flight at the advance ratio μ = 0.151 is one 

of the primary test conditions among the variety of the test 

matrix performed for HART I rotor. In this condition, due to 

the aft tilt of the rotor disk, the tip vortices generated in the fore 

part of the rotor travelled over and convected downstream 

with the free stream entering into the aft of the disk, resulting 

in close blade-vortex encounters. It accompanies unsteady, 

abrupt oscillations in the airloads signals, particularly in 

the first and the fourth quadrants of the rotor disk [16]. Fig. 
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Fig. 3 Comparison of trim control angles of HART I rotor. 
Fig. 3. Comparison of trim control angles of HART I rotor.
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Fig. 4 Comparison of natural frequencies of HART I rotor. 

 

Fig. 4. Comparison of natural frequencies of HART I rotor.
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5 shows the comparison of the section normal forces M2Cn, 

computed at three radial stations, r/R = 0.75, 0.87, 0.97, where 

M denotes the local Mach number and Cn the normal force 

coefficient. The predicted results are obtained using the 

rolled-up free wake model and MTC model. It is seen that 

either prediction is unable to capture the high frequency 

BVI oscillations in the measured signals at all three radial 

stations. However, the low frequency aerodynamic loadings 

are predicted reasonably and accurately with the MTC model, 

in terms of both amplitudes and phases of the signals. The 

rolled-up free wake model shows poor predictions, especially 

near the front edge of the rotor disk. This is due to the lack of 

modeling capability in evaluating the vortex-induced loading 

of the rolled-up wake model. The MTC model improves the 

correlation significantly with the increase of computation 

time. Note that the time resolution used is 15 deg. for the 

present analysis, so most of the high oscillatory signals 

in the advancing and retreating sides are missed for both 

predictions. To capture the BVI signals, a coupling with CFD 

(Computational Fluid Dynamics) code will be necessary such 

as the one conducted by You et al. [17]. 

Figure 6 shows the comparison of the predicted blade 
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Fig. 5  Comparison of section normal forces, M2Cn for HART I rotor in descent (μ = 0.151). 
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Fig. 5.  Comparison of section normal forces, M2Cn for HART I rotor in 
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(c) Torsion motion 

Fig. 6  Comparison of blade tip elastic deflections (μ = 0.151). 
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(c) Torsion motion 

Fig. 6  Comparison of blade tip elastic deflections (μ = 0.151). 

(b) Lag motion

21 

 

(a) Flap motion 

 
(b) Lag motion 

Azimuth angle, deg

Bl
ad

e
tip

el
as

tic
to

rs
io

n,
de

g

0 90 180 270 360-4

-2

0

2

4
Measured
Rolled-up wake
Multiple trailer wake

 
(c) Torsion motion 

Fig. 6  Comparison of blade tip elastic deflections (μ = 0.151). 

(c) Torsion motion

Fig. 6. Comparison of blade tip elastic deflections (μ = 0.151).
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deflections at the tip computed using the two free wake 

models, against the measured data. The blade deflections 

correspond to flap, lag, and elastic twist deformation 

with timewise variations. The blade motion data were 

measured for the instrumented blade (blade 1) using an 

optical technique called TART (Target Attitude in Real-

Time) method along with a series of strain gage bridges 

installed along the blade span [14]. Both predictions show 

reasonable agreements with the measured results for flap 

and lag deflections, in spite of the large deviation in airloads 

signals (see Fig. 6). The large inertia of the blade structure 

can be attributed to the negligible influence of the airloads 

fluctuations on the blade structural response. The source of 

high harmonics encountered in the measured lag motion 

is unidentified. For elastic twist angles, a dominant 2/rev 

(twice per revolution) response is captured well with MTC 

model, however, the rolled-up wake model predicts almost 

the opposite phases with the measured signals particurly 

in the second quadrant of the disk. This assures again the 

deficiency of the rolled-up wake model in the event of close 

blade-vortex encounters and more refined representation 

of wake models such as MTC is required for more accurate 
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Fig. 7  Comparison of blade structural loads at a radial station, 14.4% R (μ = 0.151). 
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Fig. 8  Effect of wake models on flap bending moments (μ = 0.151). 
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Fig. 8  Effect of wake models on flap bending moments (μ = 0.151). 

(b) Rolled-up wake

23 

10
8
6
4
2
0
-2
-4
-6
-8
-10

 

(a) Measured 

Azimuth angle, deg 0

90

180

270

360

0
0.2

0.4
0.6

0.8
1

-10

0

10

 
(b) Rolled-up wake 

Azimuth angle, deg 0

90

180

270

360

0
0.2

0.4
0.6

0.8
1

-10

0

10

 
(c) Multiple trailer wake 

Fig. 8  Effect of wake models on flap bending moments (μ = 0.151). 

(c) Multiple trailer wake

Fig. 8. Effect of wake models on flap bending moments (μ = 0.151).
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results.

The structural loads behavior of HART I rotor is 

investigated next. Fig. 7 shows the comparison of flapwise 

and chordwise bending moments, and torsion moments 

predicted at a blade station, r/R = 0.144, using the two 

different wake models, against the measured data. This radial 

station located near the blade root is chosen among other 

measurement locations, considering the fact that HART I 

rotor has a hingeless configuration. Fair to good correlation 

is obtained as can be seen in Fig. 7. Like in the earlier 

observations, results with the rolled-up free wake model is 

less satisfactory in predicting flap bending moments as well 

as torsion moments than those with MTC model. The rolled-

up wake model underestimates the flap bending magnitudes 

with a significant phase lead problem, whereas the MTC 

model captures the general trend of the measured loads 

signals except the flap bending predictions in the fourth 

quadrant. In this retreating region, both predicted results 

indicate significant phase discrepancies with the measured 

data. It is remarkable that the phase problem met in the 

predicted torsion moments with the rolled-up free wake 

model appears fixed with the MTC model. These improved 
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Fig. 10  Comparison of section pitching moments, M2Cm (μ = 0.229; mean removed). 
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predictions with MTC model are clearly seen when looking 

at all measurement locations for the flap bending moments, 

as depicted in Fig. 8. A 3/rev nature of the flap bending at the 

blade root is captured with MTC model as compared with 

the free wake results, though the peak-to-peak magnitudes 

are substantially under predicted by both predictions.

4.2  Aeromechanics results in cruise flight (Dpt. 291, 
μ = 0.229)

The predicted airloads and structural loads of HART I 

rotor in cruise condition (μ = 0.229) are correlated against 

the measured data. Fig. 9 shows the comparison of section 

normal forces M2Cn obtained between the predictions with 

varying wake models and the measured data, at the three 

radial stations. For relative comparison, the mean is removed 

from both airloads results. Overall, the agreement is less 

satisfactory than the low speed descent case. The phase 

response is accurately captured with the MTC model, while 

the amplitudes in the second quadrant are underpredicted 

significantly, particularly at 87% radial station. The location 

of the retreating blade stall observed near 270 deg. azimuth 

(weak stall) is well predicted with the present analyses. The 

section pitching moment correlations for the respective 

radial stations are presented in Fig. 10. The correlation is 

good at the two inboard locations and poor at the outmost 

tip station r/R = 0.97. The three-dimensional flow effects as 

well as the start location of trailed vorticity induced near the 

blade tip may influence on the induced velocity computation 

of the wake models and their resulting airloads distributions. 

The structural loads comparison at a blade root location 

r/R = 0.1665 is made for flap bending and torsion moments 

in Fig. 11. As can be seen, the correlation is poor for the 

flap bending moments and good for torsion moments. 

For the flap bending, the peak-to-peak amplitudes are 

reasonably predicted, meaning that the low frequency 

oscillatory loads (e.g. fatigue loads) of the rotor can be 

represented accordingly. However, the phase behavior 

especially in the second quadrant shows a large deviation 

with respect to the measured signals. The uncertainties of 

the structural properties in the blade root regions along with 

some measurement error are the probable sources of the 

discrepancy. Both the amplitudes and phases of the torsion 

moments at the inboard location are predicted realistically.

5. Concluding Remarks

The predicted results on HART I rotor in either 

descending flight (μ = 0.151) or cruise condition (μ = 0.229) 

were correlated against the measured wind tunnel data. 

The predictions were based on lifting-line aerodynamics 

with rolled-up free wake and MTC model. The updated 

blade structural properties obtained from the recent 

measurement campaign were employed for the analysis. 

Note that no validation results have been reported in public 

domain for the cruise flight condition. The structural loads 

at all measured stations (except malfunctioned data) were 

compared in the validation study. It is demonstrated that 

the airloads, blade elastic motions, and structural loads 

of HART I rotor in descent were predicted reasonably 

as compared with the measured data. Generally, more 

improved correlations were reached with MTC model. The 

validation was less satisfactory for the cruise flight results 

while acceptable correlation is achieved for descent case. 

The peak magnitudes of the airloads signal in the second 

quadrant were under predicted with the present analysis. 

In addition, the section pitching moments near the tip 

of the blade were predicted poorly as compared with 

the measured data. More refined representation of the 

aerodynamic model such as CFD/CSD coupling might be 

needed to enhance the correlation and judge the soundness 

of the test data.
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