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Abstract

This work conducts a validation study for loads analysis of the UH-60A slowed rotor at high advance ratios. The nonlinear 

flexible multibody dynamics analysis code, DYMORE II, is used with a freewake model for the rotorcraft comprehensive 

analysis. Wind tunnel test data of airloads and structural loads of a full-scale UH-60A slowed rotor are used for this validation 

study. This analysis predicts well the thrust reversal phenomenon at the advance ratio of 1.0. The section airloads such as 

normal forces and pitching moments and the oscillatory blade structural moments in this analysis are compared well or 

moderately with the measured data, although the higher harmonics components of blade torsion moments are not captured 

well. This validation study assesses the prediction accuracy and investigates the unique aeromechanics characteristics of a 

slowed rotor at high advance ratio.       
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Nomenclature

Cd = Section drag coefficient

CT = Rotor thrust coefficient

CT/σ = Rotor thrust coefficient divided by solidity

M = Mach number

M2Cn = Nondimensional section normal force

M2Cm = Nondimensional section pitching moment 

Mtip = Hover tip Mach number

R = Rotor radius, ft

r = Radial location, ft

V = Tunnel speed, ft/s

αs = Rotor shaft angle, deg. (positive for aft tilt)

θ0 = Collective pitch angle, deg.

σ = Rotor solidity

ψ = Azimuth angle, deg.

Ω = Rotation speed of a rotor, RPM or rad/s

μ = Advance ratio

1. Introduction

Conventional helicopters are attractive in that they have 

the capability for vertical take-off and landing (VTOL), and 

hovering. However, they are not capable of the long range 

and high-speed flight, as compared to fixed wing aircrafts. In 

order to solve these drawbacks of conventional helicopters, 

researchers have investigated various compound helicopters 

using wings and auxiliary propulsions as well as rotors. A 

slowed rotor with reduced rotor rotation speed is the most 

essential for efficient high-speed forward flight of compound 

helicopters, because it reduces compressible drag on the 

advancing side of a rotor, therefore a slowed rotor can be 

operated at high advance ratios (of over 0.4).       

There were a few full-scale wind tunnel tests for slowed 

rotors at high advance ratios in the 1930s and 1960s [1-4]. 

These were the Pitcairn PCA-2 Autogiro rotor [1], a two-bladed 

teetering rotor in the NACA Langley 30- by 60-Foot wind tunnel 

[2], the H-34 rotor with zero twist blades [3], and the UH-1D 

rotor in the NASA Ames 40- by -80-Foot wind tunnel [4]. These 

large-scale tests [1-4] focused only on the measurements of 

rotor performance and blade motions at high advance ratios. 

Recently, a full-scale UH-60A rotor was tested with slowed 

rotational speeds (65% and 40% of nominal rotation speed) at 

high advance ratios in the National Full-Scale Aerodynamics 
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Complex (NFAC) 40- by 80-Foot wind tunnel [5, 6]. This test 

produced a comprehensive set of good quality data on rotor 

performance, blade loads, hub loads, and airloads. Wind 

tunnel tests for model-scaled rotors at high advance ratios 

were also conducted in recent years [7, 8]. 

Along with these wind tunnel tests, various analyses 

[9-20] have been conducted to evaluate the prediction 

accuracy, and for obtaining a fundamental understanding 

of the behaviors of slowed rotors at high advance ratios. 

It is important to predict precisely rotor behaviors at high 

advance ratios for the development of high-speed rotorcrafts. 

For these correlation studies between predictions and wind 

tunnel tests, rotorcraft Computational Structural Dynamics 

(CSD) analysis (or rotorcraft comprehensive analysis, [9-18, 

20]) codes such as RCAS [21], CAMRAD II [22], and UMARC 

[23] were used. In addition, Computational Fluid Dynamics 

(CFD) analysis [9] and CFD/CSD coupled analyses [19, 20] 

were conducted for prediction validations. Although the CFD/

CSD coupled analyses provide better predictions for the UH-

60A slowed rotor at high advance ratios [19, 20], they have 

the significant disadvantage that CFD calculations require 

huge computational time and resources. Furthermore, 

rotorcraft comprehensive analyses [9-18] with relatively 

rapid computation can reasonably predict the behaviors of 

slowed rotors at high advance ratios, despite the fact that 

rotorcraft CSD analysis uses various empirical parameters, 

and cannot appropriately investigate detailed flow physics. 

The development of high-speed rotorcrafts needs to consider 

a large number of flight conditions. Therefore, rotorcraft 

comprehensive analysis is more useful and important than the 

CFD or CFD/CSD analysis that is too expensive for calculation.   

The previous validation studies [9-18, 20] using rotorcraft 

comprehensive analyses (except for the reference [17]) used 

the prescribed wake model rather than the freewake model. 

For the UH-60A slowed rotor, the comprehensive analyses 

[14-16, 18, 20] using the prescribed wake model showed 

reasonably good predictions for rotor performance and blade 

loads. However, the predictions in some of the examples for 

aerodynamic pitching moments were not good since they 

showed significant spikes in the third quadrant on rotor disk 

where the inboard reverse flow is observed [18, 20].

For the validation study of the UH-60A slowed rotor, the 

present work uses a different rotorcraft comprehensive 

analysis tool, DYMORE II [24], which is based on nonlinear 

flexible multibody dynamics, along with the freewake 

model [25]. DYMORE II is capable of multibody modeling 

based on an arbitrary topology; therefore, it can model 

the complex rotor system more efficiently, as compared to 

other rotorcraft comprehensive analysis codes. However, 

the stand-alone DYMORE II analysis has not been used 

for correlation work of the UH-60A slowed rotor at high-

advance ratios; although it has been used successfully for 

UH-60A rotor analyses with nominal rotation speed at high- 

and low-speed flight conditions [26-28]. The objective of 

this study is to correlate the DYMORE II analysis using the 

freewake model with the UH-60A slowed rotor test results. 

Unlike most previous research using the prescribed wake 

model [14-16, 18, 20], the freewake model which is a more 

sophisticated wake model is used for the present analyses. 

The section airloads such as normal forces and pitching 

moments and the oscillatory blade structural moments 

such as flap bending, chord bending, and torsion moments 

are considered for the slowed rotor speed conditions (40% 

of nominal rotation speed) at the advance ratios of 0.4 and 

0.9. The present DYMORE II predictions are also compared 

to the previous CAMRAD II analysis results [16, 20] using 

the prescribed wake model. However, the UMARC analysis 

with the freewake model [17] is not considered for the 

present correlation because a complete result set using the 

final analysis model is not given in the reference [17]. The 

present validation study assesses the prediction accuracy, 

and investigates the unique aeromechanics characteristics 

of a slowed rotor at high advance ratios.         

2. Analytical method

2.1 UH-60A slowed rotor test

To measure comprehensively the behavior of a slowed 

rotor at high advance ratios, a full-scale UH-60A rotor was 

tested at the U. S. Air Forces’ NFAC 40- by 80-Foot wind tunnel 

[5, 6] recently. The general properties of a full-scale UH-60A 

rotor are summarized in Table 1. The rotational speed of a UH-

60A rotor in the test was slowed to 65% and 40% of nominal 

rotation speed to achieve high advance ratios of up to 1.0. This 

test measured the data for rotor performance, blade loads, 

hub loads, surface pressure, airloads, and Particle Image 

Table 1. General properties of a full-scale UH-60A rotor
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Table 1. General properties of a full-scale UH-60A rotor. 

Planform Rectangular with tip sweep 

Number of blades 4 

Radius, R 26.83 ft 

Location hinges 0.0466R 

Chord length, ft 1.7408 ft (mean value) 

Solidity, σ 0.0826 

Built-in twist -16.0° (nonlinear) 

Sweepback angle 20° at 0.9286R 

Nominal rotor rotation speed, Ω 258 RPM (27 rad/s) 
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Velocimetry (PIV) wake images. Table 2 summarizes the test 

conditions for the UH-60A slowed rotor test [16]. The rotor 

rotational speed, tunnel speed (V), and shaft angle (αs) were 

set up to match the target values of Mach number (Mtip) at 

the blade tip, advance ratio(μ), and shaft angle for each test 

point. The rotor was trimmed to minimize 1/rev longitudinal 

and lateral flapping angles at all the test conditions. Pressure 

transducers were installed to measure blade airloads at nine 

blade stations (r/R=0.225, 0.40, 0.50, 0.675, 0.775, 0.865, 0.92, 

0.965, and 0.99), but airloads at only three stations (r/R=0.225, 

0.865, and 0.92) are available due to inoperability. Strain 

gauges to measure blade structural moments were bonded 

to the blade at the root (r/R=0.113) and the eight stations 

evenly distributed from r/R=0.20 to 0.90. In addition, blade 

root motions were measured using two different methods: 

the blade motion hardware (BMH) and the rotor state 

measurement system using laser distance transducers. A 

detailed explanation for the test procedure, instrumentation, 

and measurements of the UH-60A slowed rotor test is available 

in the references [5, 6]. For the present validation study, all the 

measured data for the UH-60A slowed rotor are obtained from 

the references [5, 6, 16, 18, 20]. In this validation work, two 

different advance ratios, μ=0.4 (Run 9318) and 0.9 (Run 9528), 

are used with 40% of nominal rotation speed (Mtip=0.26), rotor 

thrust (CT/α) of 0.063, and shaft angle (αs) of 4°. 

2.2 Nonlinear flexible multibody dynamics analysis: 
DYMORE II

The nonlinear flexible multibody dynamics analysis code, 

DYMORE II [24], is used as a rotorcraft comprehensive 

analysis tool for the current validation study of a UH-60A 

slowed rotor. DYMORE II has various multibody elements 

such as rigid bodies, rigid and elastic joints, springs, 

dampers, and nonlinear elastic bodies (beams and shells). 

DYMORE II uses the finite element method in time domain 

to analyze the dynamic behaviors of complex multibody 

systems. Nonlinear elastic beams are modeled by the 

geometrically exact beam theory [29]. The two-dimensional 

unsteady aerodynamics theory [30] along with the C81 

airfoil table look-up is used to calculate the aerodynamic 

loads (3 forces and 3 moments) at airstations on the lifting 

line. DYMORE II includes originally the finite-state dynamic 

inflow model [31] which is relatively simple but efficient. 

However, this inflow model is not appropriate to capture 

the blade-vortex interaction of the UH-60A slowed rotor 

test that is definitely observed when the rotor shaft is tilted 

afterwards [18]. Therefore, for more accurate predictions, the 

present DYMORE II analysis uses a general freewake model 

[25] which has been successfully integrated into DYMORE 

II in the present author’s previous works [27, 28]. The vortex 

core growth is represented by Squire’s square root law [32]. 

The autopilot theory [33] is used to determine the collective, 

lateral, and longitudinal cyclic pitch control angles to match 

the trim conditions.   

      

2.3 DYMORE II modeling for UH-60A slowed rotor

The present DYMORE II model for a UH-60A slowed rotor 

is based on the model constructed in the present author’s 

previous works [27, 28]. The modeling sources for rotor 

configuration, blade section properties, physical properties 

of hinges and lead-lag dampers, and C81 airfoil tables of 

an isolated UH-60A rotor are summarized in the references 

[27, 28]. The present UH-60A rotor model consists of root 

retentions, blades, lead-lag dampers, damper arms, damper 

horns, and a hub. The root retentions and blades are modeled 

as nonlinear elastic beams using cubic beam elements. 

Three co-located revolute joints are used for modeling of the 

flap, lead-lag, and feathering hinges of the articulated root 

system of a UH-60A rotor. Equivalent torsional springs are 

attached to feathering hinges to represent the rotor control 

system stiffness. The hub is modeled as a rigid body. The 

lead-lag damper is modeled as a hydraulic damper. In the 

previous modeling [27, 28], the airstations on the lifting 

line to calculate aerodynamic loads are located from the 

initiation point of the SC1095 airfoil section (r/R=0.1925) 

to the blade tip. However the additional airstations in the 

present modeling are located in the blade shank region, since 

aerodynamic loads particularly drag forces in the inboard 

Table 2. Test conditions for UH-60A slowed rotor
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Table 2. Test conditions for UH-60A slowed rotor. 

Run Mtip αs μ θ0 

66 0.65 (100% Ω) 0 0.3 0 - 10 

  2 0.3 0 - 10 

  4 0.3 0 - 6 

69 0.65 (100% Ω) 0 0.4 0.5, 2 - 8 

  2 0.4 2 - 8 

  4 0.4 0 - 6 

87 0.42 (65% Ω) 0 0.3 - 0.6 0 - 8 

91 0.26 (40% Ω) 0 0.3 - 0.8 0 - 8 

   0.9 0 - 4 

   1.0 0 - 2 

96 0.26 (40% Ω) 2 0.3 - 0.9 2 

   1.0 1 

93 0.26 (40% Ω) 4 0.3 - 0.6 0 - 8 

95 0.26 (40% Ω) 4 0.7 - 0.8 0 - 8 

   0.9 0 - 6 

   1.0 0 , 2 
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region of r/R=0.1925 are important at high advance ratios [9, 

12, 14, 16-20]. Similar to the method used in the references 

[16, 17, 18, 20], the present aerodynamic modeling for blade 

shank region considers constant drag, Cd=0.4, with a chord 

length of 0.69 ft for the region from r/R=0.08 to 0.1304 and 

constant drag, Cd=0.01, for the region with a chord length 

of 1.73 ft from r/R=0.1304 to 0.1925. In the current freewake 

modeling, root and tip wakes are considered and near wakes 

are modeled. The initial core radiuses at the blade root and tip 

use the values of 100% and 20% of chord length, respectively, 

for the modeling of vortex core growth. Furthermore, the 

wind tunnel wall correction is applied for the present 

modeling, thus the corrected shaft angles are 4.265° and 

4.052° for the cases of Run 9318 and 9528, respectively [16]. 

The present analyses use the azimuthal step of 5°.

3. Results and discussion

3.1 Fan plot analysis

Figure 1 shows a fan plot analysis to validate the structural 

dynamics of a UH-60A rotor blade. The rotating blade natural 

frequencies in vacuum are calculated with the collective 

pitch angle (θ0) of 0°. As seen in the figure, the predicted 

rotating blade natural frequencies at both nominal and 

slowed rotation speeds are correlated excellently with the 

previous analysis [16] by CAMRAD II. Thus, it is concluded 

that the present analysis model is well constructed from a 

rotor structural dynamics perspective. 

3.2 Thrust reversal analysis

Although the present validation work focuses on the loads 

analyses of the UH-60A slowed rotor at high advance ratios, 

Fig. 2 investigates the variation of rotor thrust (CT/σ) with 

the sweep of collective pitch angles to validate the unique 

characteristic of a slowed rotor at high advance ratios. In 

this example, the rotor rotation speed of the UH-60A rotor is 

slowed to 40% of nominal rotation speed and the rotor shaft 

angle (αs) is 0°. In addition, the test data (denoted by symbols) 

was obtained from the measured pitch-bearing rotation 

angles using the BMH [16, 18]. The correlation between the 

measured data and the present analyses (represented by 

solid lines) is relatively good at all the advance ratios. For 

a fixed collective pitch angle, the test data and the present 

analysis results both show the decrease of rotor thrust when 

the advance ratio increases. The slope (or sensitivity) for the 

rotor thrust in terms of collective pitch angles decreases as 

the advance ratios increase in both the test data and the 

present prediction. Particularly, at the advance ratio of 1.0, 

the slope of thrust variation becomes slightly negative, which 

describes the thrust reversal that means the decrease of rotor 

thrust in spite of the increase of collective pitch angles. This 

interesting behavior of a slowed rotor at high advance ratios 

is related to significant negative loadings on the advancing 

side and severe reverse flow on the retreating side, which will 

be discussed later. In addition, further detailed explanations 

for fundamental understanding of thrust reversal can be 

found in the references [2, 6, 16, 17-20].

3.3 Airloads analyses

Figures 3 to 10 show the airloads analysis results for 

the slowed UH-60A rotor. Section normal forces (M2Cn) 

and pitching moments (M2Cm) at the inboard (r/R=0.225) 
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Figure 1. Fan plot analysis (collective pitch angle = 0°). 
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Fig. 1.  Fan plot analysis (collective pitch angle=0°)
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Figure 2. Rotor thrust variation in terms of collective pitch angle (40% Ω and αs=0°). 
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and outboard (r/R=0.920) stations are considered for the 

present validation of airloads analyses. The mean values are 

removed in both the test data and prediction results, for the 

correlation of pitching moments. 

Figure 3 correlates the section normal forces (M2Cn) at 

the advance ratio of 0.4 (Run 9318). The present prediction 

using the freewake model is compared relatively well, not 

only with the measured data, but also with the previous 

CAMRAD II analysis using the prescribed wake model [20]. 

At r/R=0.225, the present prediction describes well the 

behavior of M2Cn in reverse flow region on the retreating 

side, but shows a spurious up-and-down behavior in the first 

quadrant which is quite similar to the CAMRAD II prediction 

[20]. At r/R=0.920, the predicted negative loading in the 

second quadrant is correlated well with the test data in terms 

of both the magnitude and the variation, as compared to the 

previous CAMRAD II analysis. In addition, the fluctuations 

of M2Cn due to blade-vortex interaction (BVI) are predicted 

reasonably well than the previous analysis [20]. Fig. 4 shows 

the correlation of section normal forces at the advance ratio 

of 0.9 (Run 9528). The present analysis predicts moderately 

well the overall variation of M2Cn at r/R=0.225, but the 

magnitude in the second quadrant is underpredicted than 

the measured data, and a down-and-up behavior of M2Cn in 

the third quadrant is not predicted. At r/R=0.920, the present 

result shows good predictions on negative loading in the 

second quadrant and a sharp drop at the azimuth angle of 

0°. As seen in Fig. 4, the present analyses using the freewake 

model are quite similar to the CAMRAD II prediction with 

the prescribed wake model [20]. In addition, the negative 

loading of M2Cn on the advancing side becomes more serious 

when the advance ratio increases from 0.4 to 0.9, as shown in 
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Figure 3. Correlations of section normal forces (Run 9318: μ=0.4 and 40% Ω). 
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Figure 4. Correlations of section normal forces (Run 9528: μ=0.9 and 40% Ω). 
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Figs. 3(b) and 4(b).

Figure 5 correlates pitching moments (M2Cm) at the 

advance ratio of 0.4 (Run 9318). The present analysis 

moderately captures the overall behaviors of M2Cm at both 

the inboard and outboard stations. Particularly, the present 

result with the freewake model at r/R=0.225 shows a better 

prediction than the CAMRAD II analysis using the prescribed 

wake model [20] which shows severe spikes in the third 

quadrant where the reverse flow is observed. However, the 

present magnitude of M2Cm at r/R=0.920 is underpredicted 

on the advancing side, that is, it is more positive than the test 

data. Fig. 6 shows the correlation of M2Cm at the advance ratio 

of 0.9 (Run 9528). High pitching moment in the reversed flow 

region (in the third and fourth quadrants) at r/R=0.225 is 

relatively well predicted in this analysis, although it is not as 

sharp as the test data. As compared to the measured data, the 

present prediction for M2Cm at r/R=0.920 is more positive at 

the end of the first quadrant and the beginning of the second 

quadrant, where the negative loading of M2Cn is observed 

in Fig. 4, but the overall behavior of M2Cm is captured well. 

Furthermore, the comparison between the present analysis 

and the previous CAMRAD II prediction [20] is excellent.

Figure 7 shows the distributions of section normal 

forces on rotor disks for the two cases, Run 9318 (μ=0.4) 

and 9528 (μ=0.9). In both figures, the negative loadings 

on the advancing side and the reverse flow regions on the 

retreating side are clearly observed. In addition, the blade 

differential loadings on the advancing sides, which mean 

positive loadings in the inboard region but negative loadings 

in the outboard region [20], are predicted well in both cases. 

Pitching moment distributions at the advance ratios of 0.4 

and 0.9 are shown in Figs. 8. High pitching moments are 
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Figure 5. Correlations of section pitching moments (Run 9318: μ=0.4 and 40% Ω). 
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Figure 6. Correlations of section pitching moments (Run 9528: μ=0.9 and 40% Ω). 
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clearly observed in the inboard reverse flow region on the 

retreating sides in both figures. This characteristic of M2Cm 

distribution becomes much clearer as the advance ratio 

increases from 0.4 to 0.9. The validations of the present 

predictions in Figs. 7 and 8 are not possible since there are 

not measured data or previous analyses in the published 

works. However, it is considered that they may be reasonable 

since the section normal forces and pitching moments 

at r/R=0.225 and 0.920 for the cases of Run 9318 and 9528 

are validated well or reasonably with the measured data or 

previous predictions, as previously shown in Figs. 3 to 6.

Figure 9 compares the section normal forces at the 

azimuth angles of 90° and 270° for the two cases, Run 9318 

and 9528. As the advance ratio increases from 0.4 to 0.9, the 

negative loading region of the advancing blade becomes 

larger. In other words, the blade differential loading on the 
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Figure 7. Comparison of section normal force distributions (Run 9318 and Run 9528). 
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Figure 8. Comparison of section pitching moment distributions (Run 9318 and Run 9528). 

 

Fig. 8.  Comparison of section pitching moment distributions (Run 
9318 and Run 9528)
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Figure 9. Comparison of section normal forces at ψ=90° and 270° for Run 9318 and Run 9528. 
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advancing side becomes more obvious. Furthermore, at 

a higher advance ratio, the reverse flow region is large and 

the normal force in this reverse flow region is slightly or 

moderately negative. Therefore, when the advance ratio 

increases, the negative thrust area becomes larger, and as a 

result, the thrust reversal phenomenon occurs. A different 

way to explain the thrust reversal of the UH-60A slowed 

rotor is available by the introduction of the requirement of 

higher longitudinal cyclic pitch control angle to match the 

trim condition under a more severe effect of reverse flow 

at a higher advance ratio [6, 16]. Figure 10 compares the 

section normal forces at the azimuth angles of 90° and 270° 

for the cases of Run 6912 and 9528. Note that Run 6912 is 

for the baseline case using nominal rotor speed (Mtip=0.65), 

advance ratio (μ) of 0.4, and rotor thrust (CT/σ) of 0.0712 

[20]. The predicted section normal forces for Run 6912 are 

not validated in this analysis since there are not published 

test data or previous analyses. However, since the oscillatory 

flap bending moment for Run 6912 that will be discussed 

in the next section is validated well with the test data, it 

is considered that the present prediction for Run 6912 is 

reasonable. As shown in the figure, the normal force for the 

slowed rotor (Run 9528) is much smaller than that for the 

baseline case (Run 6912), but the negative loading region on 

the advancing side for Run 9528 is much larger compared 

to that for Run 6912. This result will be used when the blade 

structural moments are discussed in the next section.  

3.4 Structural loads analyses

In this section, the blade structural moments of the UH-

60A slowed rotor are validated. For blade flap bending, chord 

bending, and torsion moments at r/R=0.5, the oscillatory 

loads (1/rev and higher) and the vibratory loads (3 to 5/rev 

harmonics components) are considered in both the test data 

and the predictions. 

Figure 11 validates the oscillatory flap bending moments 

at r/R=0.5 at the advance ratios of 0.4 (Run 9318) and 0.9 

(Run 9528). The present results are compared nicely with 

the test data in terms of both the magnitude and the phase. 

In addition, as the advance ratio increases from 0.4 to 0.9, 

the increase of peak-to-peak values is predicted well in this 

analysis. The present analysis also compares well with the 

previous CAMRAD II result. Vibratory flap bending moments 

at r/R=0.5 are validated in Fig. 12. At the advance ratio of 

0.4 (Run 9318), the present prediction captures the 3/rev 

waveform well, but the peak-to-peak value is moderately 

overpredicted compared to both the measured data and the 

CAMRAD II analysis [20]. At the advance ratio of 0.9 (Run 
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Figure 11. Correlations of oscillatory flap bending moments at r/R=0.5. 
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Figure 10. Comparison of section normal forces at ψ=90° and 270° for Run 6912 and Run 9528. 
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9528), both the variation and the magnitude are correlated 

reasonably well with the previous analysis [20] as well as the 

test data. Fig. 13 validates the harmonic content of a blade flap 

bending moment along the blade span at the advance ratio of 

0.9 (Run 9528). The present analysis predicts the variations of 

1, 2, and 3/rev magnitudes along the blade span reasonably 

well, although 1 and 2/rev magnitudes are underpredicted. 

The correlations for 4 and 5/rev magnitudes are not good. 

However, they are small compared to the 1 to 3/rev magnitudes. 

In addition, the present prediction with the freewake model is 

better in terms of both the amplitude and the waveform than 

the previous CAMRAD II using the prescribed wake model for 

all the harmonic magnitudes except for the 4/rev magnitude. 

Figure 14 compares the oscillatory flap bending moments 

at r/R=0.5 for the two cases of Run 6912 and 9528. Again, note 

that Run 6912 is for the baseline case using nominal rotor 

speed (Mtip=0.65) and the advance ratio of 0.4 [20]. In both 

cases, the present analyses compare well with the test data in 

terms of the peak-to-peak values and the phases. Although the 

rotor thrust of the slowed rotor is much lower than that of the 

nominal rotor as previously seen in Fig. 10, the oscillatory flap 

bending moment of the slowed rotor has similar dimensional 

magnitude to that of the baseline rotor with nominal rotor 

speed. This substantial oscillatory flap bending moment of 

the slowed rotor is mainly due to the significant differential 

loading of M2Cn on the advancing side already discussed in 

the previous section. The oscillatory flap bending moments 

for Run 6912 and 9528 are plotted along the blade span (r/

R=0.2 to 0.9), and for one rotor revolution in Fig. 15. In spite of 

40% of nominal rotation speed (Run 9528), the dimensional 

magnitude of the oscillatory flap bending moment for the 

slowed rotor is similar to, or higher than, that of the baseline 

case with nominal rotation speed (Run 6912). In addition, 

the locations of peak values for the slowed rotor are shifted 

inboard, as compared to the result for the nominal rotor. For 

the slowed rotor, the sharp drop behavior is observed in the 

first quadrant, and more wavy variations are clearly shown on 

the retreating side than the baseline case result. 

Figure 16 validates the oscillatory torsion moments of the 

UH-60A slowed rotor at r/R=0.5 at the advance ratios of 0.4 

(Run 9318) and 0.9 (Run 9528). In both cases, the test data 

shows behaviors with high frequency contents; however, 

the present analysis does not predict these high frequency 

contents, although it captures the overall variations 

moderately. The previous CAMRAD II analysis also does 

not predict high frequency contents. Although the present 

analysis uses a sufficient azimuthal step of 5°, high frequency 

contents in Fig. 16 are not predicted appropriately. It is not 

easy to solve this discrepancy between analyses and test 

data although CFD/CSD coupled analyses are used [20]. 

Fig. 17 shows vibratory torsion moments at r/R=0.5 for the 

cases of Run 9318 and 9528. At the advance ratio of 0.4, the 

present prediction is not good because the phase is not 

captured well, although the peak-to-peak value is predicted 

reasonably well. The previous CAMRAD II analysis also 

shows a poor correlation with the test data. At the advance 

ratio of 0.9, the amplitude is predicted well and the predicted 

waveform is moderately good, although the behaviors 

in the second and fourth quadrants are slightly different 

from the test data. The previous analysis [20] shows a good 

prediction of the variation, but its magnitude is significantly 

overpredicted from the end of the second quadrant to the 

beginning of the fourth quadrant. As seen in the results, 

the phases of vibratory torsion moments are not predicted 

consistently for the two cases, Run 9318 (μ=0.4) and 9528 

(μ=0.9). The reason of the phase error in the case of Run 9318 
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Figure 12. Correlations of vibratory flap bending moments at r/R=0.5. 
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is unclear, but the previous CFD/CSD coupled analysis also 

shows a poor prediction for the phase of the vibratory torsion 

moment for Run 9318 [20]. Fig. 18 shows the validation for 

the harmonics magnitude of a blade torsion moment along 

the blade span at the advance ratio of 0.9 (Run 9528). In both 

the measured data and the predictions, the magnitudes of all 

the harmonics decrease from the blade root to the tip. The 

present analysis predicts excellently the 1/rev magnitudes, 
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Figure 13. Correlation of harmonics magnitude of flap bending moment (Run 9528: μ=0.9 and 40% Ω)  
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Figure 13. Correlation of harmonics magnitude of flap bending moment (Run 9528: μ=0.9 and 40% Ω)  
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Figure 13. Correlation of harmonics magnitude of flap bending moment (Run 9528: μ=0.9 and 40% Ω)  
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Figure 13. Correlation of harmonics magnitude of flap bending moment (Run 9528: μ=0.9 and 40% Ω)  
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Figure 13. Correlation of harmonics magnitude of flap bending moment (Run 9528: μ=0.9 and 40% Ω)  
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but underpredicts the 2/rev magnitudes, particularly in the 

blade inboard region. For the 3/rev and 5/rev magnitudes, 

this prediction captures the variations moderately. The 

present prediction for the 4/rev magnitude is poor when 
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Figure 14. Comparison of oscillatory flap bending moments at r/R=0.5 (Run 6912 and Run 9528). 
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(a) Run 9318 (μ=0.4 and 40% Ω) 

 

 
(b) Run 9528 (μ=0.9 and 40% Ω) 

 

Figure 16. Correlations of oscillatory torsion moments at r/R=0.5. 

 

 

0 90 180 270 360
Azimuth angle [deg]

-100

-50

0

50

100
Oscillatory torsion moment at r/R=0.50

Measured: Run 93, Point 18
Present
CAMRAD II [20]

0 90 180 270 360
Azimuth angle [deg]

-300

-150

0

150

300
Oscillatory torsion moment at r/R=0.50

Measured: Run 95, Point 28
Present
CAMRAD II [20]

    

37 

 

 

 
(a) Run 9318 (μ=0.4 and 40% Ω) 
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Figure 16. Correlations of oscillatory torsion moments at r/R=0.5. 
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Fig. 16.  Correlations of oscillatory torsion moments at r/R=0.5
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(a) Run 9318 (μ=0.4 and 40% Ω) 
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Figure 17. Correlations of vibratory torsion moments at r/R=0.5. 
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Figure 17. Correlations of vibratory torsion moments at r/R=0.5. 
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Fig. 17.  Correlations of vibratory torsion moments at r/R=0.5
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Figure 15. Comparison of oscillatory flap bending moment distributions (Run 6912 and Run 9528). 
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Figure 15. Comparison of oscillatory flap bending moment distributions (Run 6912 and Run 9528). 
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compared to the previous CAMRAD II analysis. 

The predicted oscillatory chord bending moment at r/

R=0.5 at the advance ratio of 0.9 (Run 9528) is correlated with 

the test data in Fig. 19. In both the present analysis and the 

previous prediction [20], higher harmonics are included as 

compared to the test data. The present prediction is similar 

to the CAMRAD II analysis [20], but the CAMRAD II analysis 

is wavier on the advancing side and it overpredicts the 
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Figure 18. Correlation of harmonics magnitude of torsion moment (Run 9528: μ=0.9 and 40% Ω)  
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Figure 18. Correlation of harmonics magnitude of torsion moment (Run 9528: μ=0.9 and 40% Ω)  
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Figure 18. Correlation of harmonics magnitude of torsion moment (Run 9528: μ=0.9 and 40% Ω)  
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Figure 18. Correlation of harmonics magnitude of torsion moment (Run 9528: μ=0.9 and 40% Ω)  
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amplitude on the retreating side. The prediction accuracy 

for the blade chord bending moment will be improved with 

more precise modeling of the lead-lag damper.  

4. Conclusion

This work conducted a validation on loads analysis of the 

UH-60A slowed rotor at high advance ratios. The nonlinear 

flexible multibody dynamics analysis code, DYMORE II, for 

rotorcraft comprehensive analysis was used along with the 

freewake model. The thrust reversal at the advance ratio of 1.0 

was predicted well. For the present loads analyses, two different 

advance ratios of 0.4 and 0.9 were considered with a slowed rotor 

rotation speed (40% of nominal rotation speed). The section 

normal forces were reasonably well correlated with both the test 

data and the previous CAMRAD II analysis using the prescribed 

wake model. The validations of section pitching moments were 

moderate, but a better prediction at the blade inboard station 

at the advance ratio of 0.4 was obtained, when compared 

to the previous CAMRAD II prediction using the prescribed 

wake model. In addition, the present analyses appropriately 

described the blade differential loadings on the advancing 

side and the inboard reverse flow on the retreating side. For 

the blade structural moments, the oscillatory flap bending 

moments were compared well with both the measured data 

and the previous study. The oscillatory flap bending moments 

of the slowed rotor were similar to, or higher than that of the 

nominal rotor, which is due to the significant blade differential 

loadings. The validation on oscillatory torsion moment was 

moderate but higher harmonic contents were not predicted. 

The predicted oscillatory chord bending moment captured the 

overall behavior well; however, the present analysis included 

high frequency contents as compared to the test data. 

Acknowledgement

This work was supported by Basic Science Research 

Program through the National Research Foundation of 

Korea (NRF) funded by the Ministry of Science, ICT and 

Future Planning (NRF-2016R1C1B1007199). This work 

was supported by research fund of Chungnam National 

University. This work was conducted at High-Speed 

Compound Unmanned Rotorcraft (HCUR) research 

laboratory with the support of Agency for Defense 

Development (ADD).  

References

[1] Wheatley, J. B. and Hood, M. J., “Full-Scale Wind-

Tunnel Tests of a PCA-2 Autogiro Rotor”, NACA Report 

No.515, 1935.

[2] Jenkins, J. L. Jr, “Wind Tunnel Investigation of a Lifting 

Rotor Operating at Tip-Speed Ratios from 0.65 to 1.45”, NASA 

TN-D-2628, 1965.

[3] McCloud, J. L., Biggers, J. and Stroub, R. H., “An 

Investigation of Full-Scale Helicopter Rotors at High 

Advance Ratios and Advancing Tip Mach Numbers”, NASA 

TN-D-4632, 1968.

[4] Charles, B. D. and Tanner, W. H., “Wind Tunnel 

Investigation of Semirigid Full-Scale Rotors Operating at 

High Advance Ratios”, United States Army Aviation Materiel 

Laboratories, TR 69-2, 1969.

[5] Norman, T. R., Shinoda, P. M., Peterson, R. L. and Datta, 

A., “Full-Scale Wind Tunnel Test of the UH-60A Airloads 

Rotor”, Proceedings of the American Helicopter Society 67th 

Annual Forum, 2011.

[6] Datta, A., Yeo, H. and Norman, T. R., “Experimental 

Investigation and Fundamental Understanding of a Full-

Scale Slowed Rotor at High Advance Ratios”, Journal of the 

American Helicopter Society, Vol. 58, No. 2, 2013, pp. 1-17. 

[7] Quackenbush, T. R., Wachspress, D. A., McKillip, 

R. M. and Sibilia, M. J., “Experimental and Analytical 

Studies of Lifting Rotor Performance at High Advance 

Ratios”, Proceedings of the American Helicopter Society 

Aeromechanics Specialists’ Conference, 2010.

[8] Berry, B. and Chopra, I., “Wind Tunnel Testing for 

Performance and Vibratory Loads of a Variable-Speed Mach-

Scale Rotor”, Proceedings of the American Helicopter Society 

67th Annual Forum, 2011.

[9] Harris, F. D., “Rotor Performance at High Advance 

Ratio: Theory versus Test”, NASA CR 2008-215370, 2008.

41 

 

 

 

 

 

 

 
 

Figure 19. Correlations of oscillatory chord bending moments at r/R=0.5  

(Run 9528: μ=0.9 and 40% Ω). 

 

0 90 180 270 360
Azimuth angle [deg]

-1500

-1000

-500

0

500

1000

1500
O

sc
illa

to
ry

 c
ho

rd
 b

en
di

ng
 m

om
en

t [
ft-

lb
]

Oscillatory chord bending moment at r/R=0.50

Measured: Run 95, Point 28
Present
CAMRAD II [20]

Fig. 19.  Correlations of oscillatory chord bending moments at r/R=0.5 
(Run 9528: μ=0.9 and 40% Ω)



511

Jae-Sang Park    Validation of Loads Analysis for a Slowed Rotor at High Advance Ratios

http://ijass.org

[10] Floros, M. W. and Johnson, W., “Performance Analysis 

of the Slowed-Rotor Compound Helicopter Configuration”, 

Journal of the American Helicopter Society, Vol. 54, No. 2, 

2009, pp. 1-12. 

[11] Quackenbush, T. R. and Wachspress, D. A., 

“Aerodynamics Studies of High Advance Ratio Rotor 

Systems”, Proceedings of the American Helicopter Society 67th 

Annual Forum, 2011.

[12] Yeo, H. and Johnson, W., “Optimum Design of a 

Compound Helicopter”, Journal of the American Helicopter 

Society, Vol. 46, No. 4, 2009, pp. 1210-1221. 

[13] Ormiston, R. A., “A New Formulation for Lifting Rotor 

Performance Including Comparison with Full-Scale Data”, 

Proceedings of the American Helicopter Society 64th Annual 

Forum, 2008.

[14] Ormiston, R. A., “Rotor Aerodynamics Characteristics 

at High Advance Ratio Relevant to Compound Rotorcraft”, 

Proceedings of the American Helicopter Society Future 

Vertical Lift Aircraft Design Conference, 2012. 

[15] Kottapalli, S., “Performance and Loads Correlation of 

a UH-60A Slowed Rotor at High Advance Ratios”, Proceedings 

of the American Helicopter Society Future Vertical Lift Aircraft 

Design Conference, 2012. 

[16] Yeo, H., “Investigation of UH-60A Rotor Performance 

and Loads at High Advance Ratios”, Journal of the American 

Helicopter Society, Vol. 50, No. 2, 2013, pp. 576-589. 

[17] Bowen-Davies, G. M., “Performance and Loads of 

Variable Tip Speed Rotorcraft at High Advance Ratios”, Ph.D 

Thesis, Department of Aerospace Engineering, University of 

Maryland, 2015.

[18] Bowen-Davies, G. M. and Yeo, H., “Update on UH-60A 

Rotor Performance and Loads Correlation at high Advance 

Ratios using RCAS”, Proceedings of the 58th AIAA/ASCE/

AHS ASC Structures, Structural Dynamics, and Materials 

Conference, AIAA SciTech Forum, 2017.

[19] Potsdam, M., Datta, A. and Jayaraman, B., 

“Computational Investigation and Fundamental 

Understanding of a Slowed UH-60A Rotor at High Advance 

Ratios”, Proceedings of the American Helicopter Society 68th 

Annual Forum, 2012.

[20] Potsdam, M., Yeo, H. and Ormiston, R. A., 

“Performance and Loads Predictions of a Slowed UH-

60A Rotor at High Advance Ratios”, Proceedings of the 39th 

European Rotorcraft Forum, 2013.

[21] Saberi, H. A., Khoshlahjeh, M., Ormiston, R. A. 

and Rutkowski, M. J., “RCAS Overview and Application to 

Advanced Rotorcraft Problems”, Proceedings of the American 

Helicopter Society Fourth Decennial Specialists’ Conference 

on Aeromechanics, 2004.

[22] Johnson, W., “Technology Drivers in the Development 

of CAMRAD II”, Proceedings of the American Helicopter 

Society Aeromechanics Specialists’ Conference, 1994.

[23] Bir, G. and Chopra, I., “Status of University of 

Maryland Advanced Rotorcraft Code (UMARC)”, Proceedings 

of the American Helicopter Society Aeromechanics Specialists’ 

Conference, 1994. 

[24] Bauchau, O. A., DYMORE user’s manual, http://

soliton.ae.gatech.edu/people/obauchau/Dwnld/ dymore20 

/DymoreManual.pdf

[25] Bhagwat, M. J. and Leishman, J. G., “Stability, 

Consistency and Convergence of Time-Marching Free-

Vortex Rotor Wake Algorithms”, Journal of American 

Helicopter Society, Vol. 46, No. 1, 2001, pp. 59-71. 

[26] Marpu,R. P., “Physics Based Prediction of 

Aeromechanical Loads for UH-60A Rotor”, Ph.D Thesis, 

School of Aerospace Engineering, Georgia Institute of 

Technology, 2013.

[27] Park, J. S. and Jung, S. N., “Comprehensive Multibody 

Dynamics Analysis for Rotor Aeromechanics Predictions in 

Descending Flight”, The Aeronautical Journal, Vol. 116, No. 

1177, 2012, pp. 229-249. 

[28] Park, J. S., “Multibody Analyses for Performance and 

Aeromechanics of a Rotor in Low-Speed Flight”, Aircraft Engineering 

and Aerospace Technology, Vol. 86, No. 1, 2014, pp. 33-42. 

[29] Hodges, D. H., “A Mixed Variational Formulation 

Based on Exact Intrinsic Equations for Dynamics of Moving 

Beams”, International Journal Solids and Structures, Vol. 26, 

No. 11, 1990, pp. 1253-1273.

[30] Peters, D. A., Karunamoorthy, S., and Cao, W. M., 

“Finite State Induced Flow Models Part I: Two-Dimensional 

Thin Airfoil”, Journal of Aircraft, Vol. 32, No. 2, 1995, pp. 313-

322. 

[31] Peters, D. A. and He, C. J., “Finite State Induced Flow 

Models Part II: Three-Dimensional Rotor Disk”, Journal of 

Aircraft, Vol. 32, No. 2, 1995, pp. 323-333. 

[32] Squire, H. B., “The Growth of a Vortex in Turbulent 

Flow”, Aeronautical Quarterly, Vol. 16, 1965, pp. 302-306. 

[33] Peters, D. A. and Barwey, D., “A General Theory of 

Rotorcraft Trim”, Mathematical Problems in Engineering, Vol. 

2, No. 1, 1965, pp. 1-34. 


